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Abstract
This research work implements a computational fluiddynamics study of the aerodynamic performance and behavior
of different airfoils at the atmospheric conditions of Mars.
Due to low density and low Reynolds number on the Mars
than in the Earth, the conventional airfoils could not be used
there. Three airfoils - Ishii, Profiled Dragonfly and Triangular
were chosen from the different studies and articles, which
were observed to be efficient at low density and low Reynolds
number. These airfoils were imported in ANSYS Fluent for
the Numerical simulation. This research work scrutinizes the
dependance of the aerodynamic characteristics of all three
airfoils on the given low Reynolds number conditons. From
the results of simulation, it is found that the Ishi airfoil is the
best suited for the low Reynolds number and Mars Flight
applications, since it exhibited the maximum value of cl/cd
than other two airfoils. It is concluded that the performance of
other two airfoils can be improvised by few optimizations in
future works.

Introduction
The development in the aerospace sector has opened the
gateway of research in exoplanets such as Mars and Titan.
When compared to Earth, the environment present at the
exoplanets have different atmospheric conditions. The aerial
vehicles performance such as lift generation is mostly
dependent on those conditions. Therefore, aerial vehicles to be
used on Mars have to satisfy the atmospheric conditions
present there. The recent space exploration missions carried
out by various space research organizations have provided us
with the required data for the development of aerial vehicles
for a successful flight in the Mars environment. Only Rovers,
landers, and artificial satellites have been used for the
previous exploration missions. Rovers and Satellites have
certain limitations that reduce the quantity and quality of the
data collected. Compared to them, Fixed Wing aircrafts are
convenient because they can explore the planet more
efficiently by covering larger regions, and also, they can make
closer detailed observations of the planetary surface. [1] Some
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of the aerial vehicles such as balloons, helicopters, and
flapping wings were also used for Mars exploration and
research purposes. The implementation of fixed wing aircrafts
for the research purpose on Mars is so far believed to be
impossible. But with an improvised geometrical structure, and
propulsive system this can be achieved. Fixed wing aircraft
have certain advantages over the multirotor and flapping
wings. Fixed wing aircrafts offer larger wing planform, better
stability, controllability, and reliability. Also, aircraft missions
for Mars exploration which have been developed by NASA
include fixed wing aircrafts.[2] The Mars’ atmosphere is
thinner than Earth’s atmosphere and filled with mostly carbon
dioxide - 95% and has pressure of 0.0075 × 101.3 kPa and
density of 0.020 kg/m3 at the surface. These different
conditions make aircraft’s lifting devices in the Mars’
atmosphere operate in low Reynolds numbers.[3]
At low Reynolds numbers, the aerodynamic efficiency of
conventional airfoils decreases. The transition point at which
the flow pattern transforms from laminar to turbulent is called
the Critical Reynolds number. Flow separation at the front
region results in boundary layer separation that ultimately
increases pressure drag and a reduced lift. When the Reynolds
number reaches below 105, the performance of conventional
airfoils rapidly degrades.[4] The Reynolds number range is
chosen as 103,104,105 for this numerical simulation, While the
Reynolds number on Earth falls around the order of 10 7. The
following types of airfoils are investigated in this
Computational analysis to identify the best performing airfoil
for Mars fixed wing plane and exploration purposes: Ishii,
Profiled DragonFly, and Triangular airfoil.
Most of the insects have a corrugated configuration of wings,
which helps them to handle the bending forces, mechanical
wear, and tear that the wing undergoes during flapping, and
also for stability of their light weighted body while flying.
According to basic aerodynamic design principles, this rough
cross-section of the wing is not suitable for flight as it has
poor lift and very high drag. But it is found from many studies
that the dragonfly wings at steady or gliding flight conditions
show better aerodynamic performances at low Reynolds
number when compared to the normal conventional airfoils.
This is because the corrugated structure on wings where the
flow of fluid gets trapped causes reattachment of flow and
thereby delaying flow separation even at higher angles of
attack. Despite various reasons for improved aerodynamics
performances, many research works conclude that corrugated
airfoils perform good in low Reynolds number regimes. [5]
Profiled airfoil represents a streamlined corrugated airfoil
designed by creating a spline with the points of extrema of the
corrugated wing section. This is a hypothetical scenario where
we have designed the streamlined dragonfly wing instead of
the original corrugated section. [6]

Understanding the aerodynamic and flow characteristics is
important for the airfoil design of Mars airplanes. The
geometry of an airfoil has a significant impact on
aerodynamic characteristics and researchers have proposed
three shape characteristics that deliver high aerodynamic
efficiency in the low-Reynolds-number area. A pointed and
thin leading edge will increase the Reynolds number
coefficient by fixing the flow separation point at the edge. The
separation area is reduced by having a smooth upper surface.
A symmetric airfoil produces less lift than a cambered airfoil.
The "Ishii" is an airfoil with the above characteristics. Mitsuru
Ishii, the world champion of the free-flight competition for
hand-launch gliders, designed the Ishii airfoil for the main
wing of a glider. In experiments and previous numerical
studies on Ishii airfoil have stated that the Ishii airfoil's
aerodynamic efficiency is unaffected by Reynolds numbers in
the range of Re 104 and 105. [7]
Thick airfoils are generally used for the flow with higher
Reynolds numbers. Their performance at lower Reynolds
number decreases due to the laminar flow separation. The
corrugated profiled airfoils are found to perform good at low
Reynolds numbers. So, the polygonal thin triangular airfoil
having a flat base was considered for this study. The
aerodynamic performance and characteristics of a thin
triangular are also numerically simulated in this study. [8]
From the observations of Okamoto on aerodynamic
characterization in incompressible flow, it is found that the
modification like sharp leading edges, flat surfaces, and
corrugation in airfoils shows high aerodynamic performance
at low range of Reynolds number (103-105). Among the
airfoils available for the application of Martian condition,
Triangular airfoil is chosen for the study because of its sharp
edges and flat surfaces. It is found in some studies that the
Triangular airfoil has a better lift and lift-to-drag ratio. [3]
Methodology
The Martian environment has different characteristics. Due to
this the aerodynamics performance of the airfoil will be
different there. To govern this flow simulation, twodimensional compressible Navier-Stokes equations are used
here.

(1)

(2)

363

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 16, Number 5 (2021) pp. 362-371
© Research India Publications. http://www.ripublication.com
Grid independence study and Solution Setup
A Grid convergence study was done to find the refined and
apt version of the grid which is to be numerically analyzed.
The grid convergence study was done for an airfoil at a
Reynolds number of 1×105, and an angle of attack of 4°. This
study showed values of the Coefficient of lift and drag at
Coarse, Medium, and Fine grids. The fine grid was considered
for the numerical simulation. Edge Sizing and inflation layer
are generated with smaller element size around the test airfoil
to obtain accurate results. Finally, an unstructured grid was
generated with more than three lakh elements for all three
airfoils with a Y+ value of less than 1, maximum Skewness
below 0.83, and maximum Orthogonal quality of 1.
Finite Volume analysis was carried out with ANSYS Fluent
19.2. A double-precision solver is used to run the numerical
simulations. Compressible Reynolds-averaged Navier - Stokes
(RANS) equations and SST k-ω turbulence model was
employed in this study. Under pressure-velocity coupling
option, coupled with second order upwind scheme is used.

(3)
The equation incorporates the effect of density and viscosity
on the flow. Since the flow simulation focuses on twodimensional analysis, two-dimensional equations will be
sufficient for governing the flow. At low Reynolds number
and low density, the impact of compressibility will be
significant. Considering these conditions, the compressible
Navier-Stokes equation is selected. The variables u and v
denote the velocity component of the fluid along the x and y
axis. The density of the fluid is denoted by ρ, and the
kinematic viscosity of the fluid is represented by the variables
and . [9] [10]
Conceptual Design and Boundary Conditions
The airfoil coordinates were imported and generated as 2D
models in ANSYS 19.2. The virtual tunnel was constructed
using specific dimensions. The airfoils were analyzed with a
chord length of 1m and varying thickness for each of the
airfoils. A C-type domain was created around the airfoils with
the frontier edge ahead of 10 chord lengths from the airfoil
leading edge, and the outlet was 20 chord lengths after the
airfoil. The unstructured tri-grid in the C-type domain is
created using ANSYS with an aggregation near the regions of
airfoil. For the boundary conditions, the domain is selected as
fluid and the airfoil surfaces are assigned as wall with no slip
condition. In the domain, Velocity inlet and Pressure outlet
are assigned at respective edges. The Velocity at the inlet is
normalized using a low Reynolds number of 1 x 105. The flow
analysis is carried out for cruise conditions under the above
specified boundary conditions with a fixed angle of attack of
4°.

Figure 2: Graph showing values Coefficient of Lift Vs
Number of elements
SST k-ω Model
The k-ω model is simpler and superior to other turbulence
models, specifically with better numerical stability. Predicting
mean flow profiles is done accurately using this model. But
also, it requires more cost of computation in numerical
simulations. It contains two transport equations. [11]
The D/Dt is the Lagrangian derivative which could be also
expanded as:

(4)
Figure 1: Computational grid around the airfoil in the
C-domain
(5)
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Turbulence kinetic energy is the average kinetic energy per
unit mass associated with the eddies in a turbulent flow. It
measures the intensity of turbulence. The turbulence kinetic
energy is specified by measured root-mean-square velocity
fluctuations. [12] Figure 6 shows the distribution of
turbulence kinetic energy around the three airfoils at the best
performing Reynolds number (105).

Results and Discussions
The performance of three distinct airfoil cross sections at
various Reynolds numbers is captured using Computational
Flow Analysis. As the Reynolds number varied the flow
behavior around the airfoil also changed. The flow was
simulated for cruise conditions to observe the aerodynamic
characteristics and performance of each airfoil. The pressure
distribution, unlike other low Reynolds number symmetrical
airfoils, was observed to be varying a lot between the upper
and lower section of the airfoil. The pressure and velocity
gradients of three different airfoil sections are plotted to
demonstrate the distinct aerodynamic characteristics of them.
From the contours generated it is observed that the velocity at
the upper surface is higher than at the lower surface and the
pressure at lower surface is higher than at the upper surface in
each test case. This satisfies Bernoulli's theorem and provides
enough proof for the generation of the aerodynamic forces.
The comparison of the aerodynamic forces and coefficients
generated is described for further analysis.

Aerodynamic Coefficients
Aerodynamic Coefficients are non-dimensional numbers that
are used to estimate the aerodynamic performance of an
aircraft. By using the aerodynamic coefficients, efficiencies of
airfoils can quickly be compared. Aerodynamic Coefficients
can be determined on a finite wing, an infinite wing, and also
a whole aircraft. The coefficients of an infinite wing are
denoted with a lowercase letter at subscript (Cl). The
coefficients of a finite wing are denoted with an uppercase
letter at subscript (CL). The coefficients of a whole aircraft are
denoted with an uppercase letter at subscript (CL).
Aerodynamic Coefficients are determined by the aerodynamic
angles (Alpha & Beta), Mach number, Reynolds number. The
aerodynamic coefficient can be expressed as:

Flow contours
The flow fields of Ishii airfoil are illustrated in Figure 3 with
the contours of pressure and velocity. The velocity contours
show that the flow tends to get attached to the surface as the
Reynolds number gradually increases. The separation point is
seen after the leading edge in the first case (Re=103). The flow
separation point is gradually shifted in the second and third
cases (Re=104 & 105). The flow travels along the upper
surface of the airfoil without the formation of a separation
bubble at the earlier portion in those cases. The thin, slender
profile of the Ishii airfoil makes the streamwise flow attached
till the mid-chord (x/c≅0.5).
The flow fields of the Triangular airfoil are illustrated in
Figure 4 with the contours of pressure and velocity. Unlike the
other two airfoils, Triangular airfoil has a sharper leading
edge. So, large bands of vortices are formed above the leading
edge. The formed vortices have low pressure which helps in
the suction effect. The separation point is seen after the
leading edge in the first case (Re=103).In the second case
(Re=104), the separation point is seen after the leading edge,
but with a thinner layer of separation bubble. In the third case
(Re=105), the flow gets separated after the sharper leading
edge and reattaches to the airfoil surface at the apex of the
triangle. The sharp leading-edge vortex generation triggers the
lift enhancement across the triangular airfoil upto certain
chord distance.
The flow fields of Profiled Dragonfly airfoil are illustrated in
Figure 5 with the contours of pressure and velocity. The
separation point is seen after the broadened portion of the
leading edge in the first case (Re=103). The separation point is
seen after the first peak of extrema in the second case
(Re=104). In the third case (Re=105), the flow traces along the
portions before 40% of the chord (x/c≅0.4) and gets separated
before the mid-chord and reattaches to the surface near the
trailing edge. The little concave portion of the Profiled
Dragonfly airfoil at its mid-chord paves a way for the
reattachment of the flow.

C( ) = C( ) ( α,β,M,h,δs,T c )
Where, α = angle of attack, β = sideslip angle, M = Mach
number, h = altitude, δs = surface deflection, T c = thrust
coefficient [13]
Some of the common aerodynamic coefficients are Lift, Drag,
rolling moment, pitching moment, pressure, Skin friction
coefficient etc., Coefficient of lift, Drag, and pressure are
discussed here.
The lift coefficient is the ratio of lift force to the force
generated by dynamic pressure times the area.
Cl = L / (q * A)
Where, L = Lift force, q = Dynamic pressure, A = Area [14]
The drag coefficient is the ratio of drag force to the force
generated by dynamic pressure times the area.
Cd = D / (q * A)
Where, D = Drag force, q = Dynamic pressure, A = Area [15]
The pressure coefficient is the ratio of pressure force to
inertial force. It is a dimensionless number which shows the
relative pressures present in an entire flow field.
Cp = p - pinf / qinf
Where, p - pinf = gauge pressure, qinf = dynamic pressure [16]
Figure 7, Figure 8, and Figure 9 shows the Cp distributions of
the three airfoils at the considered Reynolds number range
(103, 104, 105). Negative Cp values are plotted at the lower part
of Y axis.
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Figure 3: Pressure and Velocity contours of Ishii airfoil at Re = 10 3, 104, 105
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Figure 4. Pressure and Velocity contours of Triangular airfoil at Re = 103, 104, 105
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Figure 5: Pressure and Velocity contours of Profiled Dragonfly airfoil at Re = 103, 104, 105
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Figure 6: Turbulence Kinetic Energy contours of Ishii, Triangular, and Profiled Dragonfly airfoils at Re = 10 5

Figure 7: Graph showing Coefficient of Pressure Vs Chord
of the three airfoils at Re = 103

Figure 8: Graph showing Coefficient of Pressure Vs Chord
of the three airfoils at Re = 104
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Conclusion
Computational Fluid Analysis of the three distinct airfoils
were made and their aerodynamic behavior at low Reynolds
number on Mars atmospheric conditions were observed. All
the three airfoils were designed with the equal chord length
and a constant angle of attack of 4 degree for this study. Some
of the important aspects are considered for the comparisons
(Aerodynamic Coefficients, Pressure, Velocity, Turbulence
distributions). Ishii airfoil produced the maximum lift to drag
ratio in all the Reynolds numbers. Triangular airfoil and
Profiled dragonfly generated Lift to drag ratio similar to each
other in few cases. So, it is obtained that Ishii airfoil can be
utilized for the application of Mars flight. Also, the other two
airfoils can be optimized to enhance their performance in
some other aspects. The future work of this research may
include determining the stability and other dimensionless
numbers associated with these airfoils.

Figure 9: Graph showing Coefficient of Pressure Vs Chord
of the three airfoils at Re = 105
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