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Abstract: After one year of operation, the Ingenuity rotorcraft and the Perseverance rover continue
their exploration missions on Mars. Succeeding the technology demonstration phase, by proving its
flight capabilities, Ingenuity transitioned to a new mission stage to explore modes of flight exploration
for future scouting missions. This research intends to analyze, using numerical simulations, the
aerodynamic conditions such as those experienced by Ingenuity during its flight missions. For
this work, ANSYS Fluent software was used to simulate the flow around the cambered plates,
and a three-equation intermittency (γ) shear stress transport turbulence model with compressible
formulation was implemented. The influence of the camber and its position for the cambered plates
were explored, and a sensitivity analysis with respect to the Mach number was performed. The
objective of this project was to determine the optimal configuration to produce the optimal lift-to-drag
ratio for the range of analysis. The results were in line with the ones shown by NASA (OVERFLOW).
Moreover, this analysis showed the ANSYS Fluent applicability for assessing aerodynamic surfaces
for unmanned aerial systems operating at low density and low Reynolds number regimes.

Keywords: ANSYS 1; boundary layer; CFD; mars; ingenuity

1. Introduction

Unmanned aerial systems (UAS) have been employed for different applications rang-
ing from agriculture, civil, mechanical, and space exploration fields [1–11].

This work intends to explore the airfoil shapes aerodynamic performance under
Martian conditions to improve the range or increase the payload of rotary wing UAS.
Notably, such effort was inspired by the sequence of NASA’s exploratory missions. The
2020 Mars Mission was deployed in July 2020, and the Ingenuity Mars Helicopter (MH)
and the perseverance rover landed on Mars on February 2021. The first flight of the MH
took place in April of that year, proving atmospheric vertical flight on an extraterrestrial
planet. One year after that, the Ingenuity rotorcraft achieved over fifteen flights surpassing
its designed endurance and range parameters. The MH was designed to sustain a flight
endurance up to 90 s and cover approx. 300 m of range during each deployment at approx.
10 to 4 m above the ground [12].

After the technological demonstration, Ingenuity transitioned into a new operation
demonstration phase from the sixth flight onwards, reaching a maximum traveled distance
of 625 m and a maximum groundspeed of 5 m/s during flight #9. A maximum altitude
of 12 m was reached during fight #10 and the longest operation took place during flight
#12, reaching 450 m [13]. According to the Håvard Grip in [14], the flights on Mars are
become more challenging as the density on Mars drops below the design point regime of
the Ingenuity rotorcraft. In turn, the rotor speed has progressively increased to 2800 rpm,
which reflects the drag increment and extra vibration. This flight scenario variability
begs the exploration of different aircraft configurations as well as airfoil shapes to deliver

Fluids 2023, 8, 194. https://doi.org/10.3390/fluids8070194 https://www.mdpi.com/journal/fluids

https://doi.org/10.3390/fluids8070194
https://doi.org/10.3390/fluids8070194
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://orcid.org/0000-0002-6418-6225
https://orcid.org/0000-0001-7236-7520
https://doi.org/10.3390/fluids8070194
https://www.mdpi.com/journal/fluids
https://www.mdpi.com/article/10.3390/fluids8070194?type=check_update&version=2


Fluids 2023, 8, 194 2 of 26

improved aerodynamic performance under critical Martian conditions to expand scouting
capabilities. Further aerial vehicle initiatives for Mars exploration include the Mars science
helicopter (MSH) and the Advanced Mars Helicopter (AMH), among others described
in [15–18]. Similarly, the Dragonfly rotorcraft is expected to achieve the same endeavors as
Ingenuity by the mid-2030s, but on Titan, the largest moon of Saturn [4].

Mars presents atmospheric conditions that vary rapidly depending on the location,
altitude, and season of the planet. The air density is about 1% of the average density on
Earth, consequently causing a reduced lift generation when using the same aerodynamic
surfaces and rotor speeds that suffice on Earth [19]. Figure 1 shows a color scale of the
density (left) and temperature (right) during the Martian summer at noon at 10 m over
the surface. The range of variation is summarized in Table 1, alongside the additional
atmospheric properties [20,21].
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at noon at 10 m over the surface. Mars Climate Database v5.3: The Web Interface.”http://www-
mars.lmd.jussieu.fr/mcd_python/ (accessed on 13 April 2021). mars.nasa.gov, “Location Map for
Perseverance Rover.”https://mars.nasa.gov/mars2020/mission/where-is-the-rover/ (accessed on
13 May 2021).

Table 1. Mars atmospheric conditions at noon at 10 m over the surface [20].

Property Units Range

T ◦C −29 −130
P Pa 1300 87
Density, ρ kg/m3 0.036 0.0023
a m/s 233.55
v∞ m/s 0 23
g m/s2 3.721

The challenge of lift generation due to thin air (low density) can be summarily ad-
dressed by using larger aerodynamic surfaces and/or by increasing the rotational speed.
Obviously, this approach reflects a higher electrical power need and, in turn, an increased
weight for the onboard batteries. Additionally, due to the thin atmosphere, the speed of
sound on Mars is reduced compared to Earth (Table 1), thereby reaching critical Mach
numbers earlier in the proximity of the tips of the blades for relatively high rotational
speeds when compared to standard conditions [16]. The lift generation becomes a tradeoff
between the size of the blade’s surfaces and the rotational speed of the rotors. Ultimately,
both approaches describe a low Reynolds number flow regime where the velocities over
the blades roughly approximate to sonic conditions closer to the blade’s tip.

http://www-mars.lmd.jussieu.fr/mcd_python/
http://www-mars.lmd.jussieu.fr/mcd_python/
https://mars.nasa.gov/mars2020/mission/where-is-the-rover/
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In this research effort, we aimed to develop a framework to perform a numerical
analysis and assess the airfoil performance that would enable a sensitivity analysis for
the variation of the critical sizing parameters under different conditions on Mars. In this
work, the influence of the camber height and the location of the camber height (f and
xc, respectively) of the cambered plates were explored by varying f between a 3% to 7%
chord distance and three different values of xc (30%, 50%, and 70% of the chord distance).
The analyzed Mach number stations were M = 0.2 and M = 0.5. Ultimately, our goal is to
provide an assessment of the lift-to-drag ratio performance and provide insight into the
applicability of the ANSYS Fluent formulations that were used to simulate these scenarios
to establish a baseline for further analysis.

2. Methodology

For the case of Mars atmospheric flight, the propellers of small-size rotorcraft operate
within a very low Reynolds number (Re ≈ 103–104). The air composition, density, tempera-
ture, and rotor operation (Up to 2800 RPM) reflect the transonic flow at the tip of the blade,
which might transition into a sonic flow with a large drag wake.

Under these atmospheric conditions, the boundary layer (BL) over the blade’s surface
may separate toward the trailing edge (TE) with no reattachment, consequently promoting
a larger pressure drag [22–24]. A higher angle of attack (AoA) will lead to separated BL
closer to the leading edge (LE). After the separation of the BL, the flow may experience
unsteady flow and recirculation, allowing for the BL reattachment while generating a
laminar separation bubble (LSB). The reattachment may occur due to turbulent transition
as well. A more extended explanation of the BL configuration in a large range of Reynolds
numbers is given by Koning et al. [23,24].

These changes over the aerodynamic performances of the airfoil sections were simu-
lated using a Reynolds-averaged Navier–Stokes (RANS) formulation with the use of the
commercial multiphysics solution software ANSYS Fluent.

2.1. Governing Equations

Turbulent modeling is commonly described using RANS formulations due to its
easier implementation and low to moderate computational cost when compared to large
eddy scale models (LES) and direct numerical simulations (DNS). Turbulent modeling
formulation begins by considering the flow properties as a combination of a time mean
quantity and a turbulent fluctuating component [25]. This yields to Equations (1) and (2),
as shown below. Notably, the third component in the right part of the momentum equation
(Equation (2)) is known as the Reynolds stress tensor, which needs to be modeled to solve
this system of equations.

Continuity Equation (Cartesian Tensor form):

∂ρ

∂t
+

∂

∂xi
(ρui) = 0; where i = 1, 2, 3. (1)

Momentum Equation (Cartesian Tensor form):

∂
∂t (ρui) +

∂
∂xj

(
ρuiuj

)
= − ∂p

∂xi
+ ∂

∂xj

[
µ
(

∂ui
∂xj

+
∂uj
∂xi
− 2

3 δij
∂ul
∂xl

)]
+ ∂

∂xj

(
−ρu′iu

′
j

)
;

(i = 1, 2, 3; j = 1, 2, 3; l = 1, 2, 3; i 6= j 6= l).
(2)

Energy Equation:

∂

∂t
(ρE) +∇.

(→
v (ρE + p)

)
= ∇.

(
ke f f∇T −∑

j
hj
→
J j+

→
τ e f f .

→
v

)
+ Sh (3)

In addition to the continuity and momentum equations, ANSYS Fluent uses the
energy equation in the form of Equation (3), where ke f f is the effective conductivity and



Fluids 2023, 8, 194 4 of 26

→
J j is the diffusion flux of the species j. The first three terms on the right-hand side
of Equation (3) represent the energy due to conduction, species diffusion, and viscous
dissipation, respectively, and Sh includes the heat of the chemical reactions and any other
volumetric heat sources. For the case of this work, no species diffusion or chemical reactions

were considered. Therefore,
→
J j and Sh were considered to be zero.

The Reynolds stress tensor is commonly solved using the Boussinesq approxima-
tion [26] by expressing it in terms of two new variables, k, the turbulent kinetic energy,
and vt, the turbulent eddy viscosity. A numerical analysis was, therefore, carried out by
solving for k and vt using different turbulence models to approximate these quantities.
One-equation and two-equation turbulence models were not appropriate for low-Reynolds
flow modeling ( Re ∼ 105) due to their inability to model the transition from a laminar to a
turbulent flow [27–29].

In general, the Spalart–Allmaras (SA) and regular k−ω shear stress transport (SST)
models were not appropriate for low-Reynolds flow modeling (Re~105) due to their inability
to model the transition from a laminar to a turbulent flow [28–30]. In consequence, to confi-
dently simulate the pressure gradients, separated flows, possible flow regime transition or
LSB, and leading-edge vortex (LEV) formation, the three-equation intermittency (γ) shear
stress transport (SST) model with a low Reynolds correction was used. The low-Reynolds
intermittency (γ) SST model coupled the equations solved in the k−ω SST model (the
turbulent kinetic energy, k, and the turbulent mean frequency or specific dissipation rate,
ω) with an additional equation for the intermittency, γ. The descriptions of these models
are available in ANSYS Fluent and the parameters used to solve the system of differential
equations are given in the ANSYS Fluent theory guide [31]. The numerical comparison
between the turbulence models is provided in [27,28,30,32].

2.2. Model Verification

To complement the efforts made by NASA to develop and improve the Ingenuity rotor-
craft, this work used the Mars condition 2 (MC2), which is summarized and compared with
the Earth sea level (ESL) properties in Table 2. The MC2 was also used in [12,18,23,24,33–36].

Table 2. Mars conditions used for the simulation in comparison with the ESL conditions.

Variable ESL MC2

Density, ρ [kg/m3] 1.225 0.017
Temperature, T [K] 288.2 223.2
Gas Constant, R [(m2 K)/s2] 287.1 188.9
Specific Heat Ratio 1.400 1.289
µ [N s/m2] 1.750·10−5 1.130·10−5

Static pressure, p [Pa] 101,300 716.6
Speed of Sound, a [m/s] 340 233.55
Gravity, g [m/s2] 9.81 3.71

The geometry used for the solver selection and subsequent model validation is shown
in Figure 2: a cambered plate with a chord length c; a camber of 5% of the chord length,
f, located at 50% of the chord length, xc; and thickness of 1% of the chord length with a
beveled leading edge (bottom surface) of 20% of the chord length.
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Due to the lack of experimental data under Mars atmospheric conditions, in an effort
to validate the results obtained using ANSYS Fluent, only the numerical results were cross
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validated. The numerical data using the same Martian atmospheric conditions in [17]
(cambered plate airfoil lift and drag characteristics (Re/M = 26,000)) were used. The flow
velocity used (116.77 m/s) yielded a Mach number of 0.5 and a Re = 1.3× 104 with a
c = 74 mm. The flow around the airfoil was discretized using an unstructured C-shape
fluid domain with a 25c radius for the inlet arc, 25c for the backward flow, and an inner
circle with a diameter of 5c, as shown in Figure 3. The boundary conditions were set, as
shown in Figure 4. The same turbulence intensity (TI) consistently used by Koning et al. in
their work [23,36,37] was used in the following 2D simulations (TI = 0.082%).
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Given the Martian speed of sound of 233.55 m
s , the inlet velocities used for each station

were 46.71 m
s (M = 0.2), 116.77 m

s (M = 0.5), and 163.48 m
s (M = 0.7). These stations were

modeled as the flow conditions at specific portions of a rotor blade, as shown in Figure 5.
The outlet conditions were set as a zero-gauge pressure. For the inlet boundary conditions,
the velocity inlet magnitude was set depending on the Mach number. The supersonic/initial
gauge pressure as the outflow gauge pressure was left as zero with a temperature of
223.2 K. The outlet condition used was a pressure outlet with a zero-gauge pressure,
a backflow direction that was the same as the boundary, and the same temperature as
the inlet. All the wall boundary conditions were set with a no-slip condition with a
standard roughness.
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A preliminary convergence analysis was conducted at M = 0.5 using a density-based
(DB) solver with a steady state formulation to estimate the refinement level required to
achieve a dimensionless wall distance that was less than the unity (y+ < 1) to assure the
best performance from the turbulence model. To achieve this during all the iterations,
y+ was defined in ANSYS Fluent as the facet maximum over the airfoil surfaces, i.e., the
suction side, pressure side, and trailing edge. A facet value is an averaged value from two
adjacent cells. Therefore, the maximum facet will report the maximum facet value over the
entire airfoil.

Two parameters were used to iterate in the grid analysis, the near-wall element size,
∆1 (the suction side, pressure side, and trailing edge), and the element size inside the inner
circle, ∆2 (Figures 3 and 6). The outer elements were set with a default element size of
10c and a growth rate of 1.1. The near-wall element size varied between 10−1c to 10−4c.
However, when the near-wall element size was ∆1~O−4 c yielded to y+ < 1, then the ∆1
range was focused to 3× 10−5 m < ∆1 < 6× 10−5 m and 0.06 m < ∆2 < 0.0028 m with
a total of 54 mesh combinations. The grid quality of the set of meshes evaluated were
analyzed in terms of the averaged element quality, aspect ratio, skewness, and orthogonal
quality. These mesh quality values were organized into three groups and summarized in
Table 3, i.e., coarse mesh (~100 × 103 elements), medium mesh (~250 × 103 elements), and
fine mesh (~500 × 103 elements). From this analysis, ∆1 = 4 × 10−5 m or smaller resulted
in a consistent y+ < 1 for all the mesh groups.
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Table 3. Grid quality parameters (average).

Mesh Element Quality Aspect Ratio Skewness Orthogonal Quality

Coarse 0.92 1.35 0.12 0.93
Medium 0.95 1.25 0.08 0.95

Fine 0.96 1.22 0.07 0.96

The next convergence analysis was conducted using a transient DB configuration
(time step of ∆t = 1 × 10−5 s) with the intermittency (γ) SST turbulence model where
∆1 = 4 × 10−5 m was maintained and ∆2 varied from 0.5m to 0.001m resulting in un-
structured meshes of 50 × 103 to 300 × 103 elements. Each simulation was solved using
3000 time steps with 15 iterations per time step (0.03s of the total flow simulation). For
this mesh convergence analysis, the data reported were averaged values calculated from
a sample of the last 1000 time step estimations (where the convergence was assumed).
Figure 7 shows the averaged force coefficient estimations produced by the model with
different spatial grid refinements. All the simulations yielded a y+ < 1, as evidenced in
Figure 8. The hatch area represents the standard deviation for the converged sample.

Fluids 2023, 8, x FOR PEER REVIEW 7 of 26 
 

Table 3. Grid quality parameters (average). 

Mesh Element Quality Aspect Ratio Skewness Orthogonal 
Quality 

Coarse 0.92 1.35 0.12 0.93 
Medium 0.95 1.25 0.08 0.95 

Fine 0.96 1.22 0.07 0.96 

The next convergence analysis was conducted using a transient DB configuration 
(time step of Δt = 1 × 10−5 s) with the intermittency (γ) SST turbulence model where Δ1 = 4 
× 10−5 m was maintained and Δ2 varied from 0.5m to 0.001m resulting in unstructured 
meshes of 50 × 103 to 300 × 103 elements. Each simulation was solved using 3000 time steps 
with 15 iterations per time step (0.03s of the total flow simulation). For this mesh 
convergence analysis, the data reported were averaged values calculated from a sample 
of the last 1000 time step estimations (where the convergence was assumed). Figure 7 
shows the averaged force coefficient estimations produced by the model with different 
spatial grid refinements. All the simulations yielded a y+ < 1, as evidenced in Figure 8. The 
hatch area represents the standard deviation for the converged sample. 

  
(a) (b) 

Figure 7. Transient mesh convergence analysis with Re = 13,000, Ma = 0.5, and AoA = 4°. (a) Lift 
coefficient vs. the number of elements; (b) drag coefficient vs. the number of elements. 

 
Figure 8. Max y+ vs. the number of elements. 

As shown in Figure 9, the cl estimations (a) showed a fluctuating relative error with 
a maximum of 6% up to 165 × 103 grid elements, where the cl stabilized to 1%. The 
maximum relative standard deviation from all the datasets regarding the cl predictions 
were 1%. Similarly, the cd estimation (b) showed a fluctuation in the relative error of 
approx. 2%. The final two iterations marginally obtained the same prediction. Moreover, 

0
0.01
0.02
0.03
0.04
0.05
0.06

52 54 62 94 10
6

11
5

12
8

16
5

17
7

21
2

30
0

Dr
ag

 C
oe

ffi
ici

en
t

# Elements [103]

Drag - NASA DB Drag

0

0.5

1

52 54 62 94 10
6

11
5

12
8

16
5

17
7

21
2

30
0

M
ax

 𝑦^+

# Elements [103]

Top Surface Bottom Surface

Figure 7. Transient mesh convergence analysis with Re = 13,000, Ma = 0.5, and AoA = 4◦. (a) Lift
coefficient vs. the number of elements; (b) drag coefficient vs. the number of elements.
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As shown in Figure 9, the cl estimations (a) showed a fluctuating relative error with
a maximum of 6% up to 165 × 103 grid elements, where the cl stabilized to 1%. The
maximum relative standard deviation from all the datasets regarding the cl predictions
were 1%. Similarly, the cd estimation (b) showed a fluctuation in the relative error of
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approx. 2%. The final two iterations marginally obtained the same prediction. Moreover,
the maximum relative standard deviation was 5%. Both trends showed how the force
coefficient predictions became less dependent on the spatial grid. All the grid configurations
with 165 × 103 elements (medium quality or finer, Table 3) obtained a relative error smaller
than 5%. However, the finer meshes also experienced an increased standard deviation. In
consequence, the grid configuration with 165 × 103 elements was selected.

Figure 9. Time grid discretization analysis. (a) Lift coefficient; (b) drag coefficient.

Similarly, the time step influence over the force coefficients was evaluated. Using the
medium grid and 3000 time steps, the reported force coefficients were averaged values
using the last 1000 data points from each run. It was evidenced that the lift generation was
more prominent while using ∆t < 1× 10−4 s, whereas the simulations using ∆t > 1 × 10−4 s
marginally reached the same steady-state (SS) response. Figure 9 shows the averaged force
coefficients and the response to a larger ∆t. A smaller ∆t showed a larger deviation.
This might be due to the non-convergent results or the periodic response. To reduce the
computational expense and to capture the early lift and drag generation, the ∆t = 1 × 10−5

with 3000 time steps was used and the convergence was assumed after 2500 time steps.

2.3. Model Validation

As discussed previously, a turbulence model capable of describing the flow transitions
is necessary to describe the BL configurations developed using low Reynolds numbers
and a compressible flow. Among others, the intermittency (γ) SST model was a good
candidate for this task, which also exhibited a smaller computational cost than the four-
equation turbulence models. The numerical prediction of this three-equation turbulence
model was enhanced using a low Reynolds correction available in ANSYS Fluent. More-
over, a compressible, transient formulation of governing equations using 3000 time steps
(∆t = 1 × 10−5 s, and 15 iterations per time step) was implemented, and an unstructured
grid with 165 × 103 elements was selected for the spatial discretization.

The circular arc cambered plate was the reference geometry (Figure 2). The airfoil was
simulated under M = 0.2, M = 0.5, and M = 0.7. The force coefficients and the lift-to-drag
ratio were compared with the results reported in [17] for a range of the AoA. The results of
the comparison are plotted in Figures 10–12 at M = 0.2, M = 0.5, and M = 0.7, respectively.

At M = 0.2, as shown in Figure 10, the force coefficients maintained a good proximity
to the NASA predictions for the full range and recreated the same curve shape for a
higher AoA [17]. In the range AoA: 0◦–6◦, the global error for the averaged ANSYS Fluent
predictions and the MSH values oscillated close to 7%. However, the precision worsened as
the airfoil reached a 6◦ AoA, causing this range to be a less reliable portion of the measured
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AoA range. These curves showed that the transient convergence assumption conducted at
M = 0.5 was also maintained at M = 0.2 for the whole range but could be improved for a
higher AoA if a longer simulation was performed.

At M = 0.5, as shown in Figure 11, the model provided close estimations of the MSH
within a low AoA. For an AoA larger than 6◦, the ANSYS Fluent curve developed a different
shape for both force coefficients. This could be due to poor transition modeling at a high
AoA. As suggested for M = 0.2, longer simulations for the cases with an AoA > 6◦ improved
the transition modeling and alleviated the curve difference. However, the computational
cost using the current model rendered that route unworthy. Nonetheless, the lift and drag
coefficients estimations at a low AoA were in good agreement with the MSH values.
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Figure 10. Lift and drag coefficients (a,b), and lift-to-drag ratio (c) as functions of the AoA, comparing
ANSYS Fluent density-based solver and NASA solver: case x/c = 50% f/c = 5% cambered plate at
M = 0.2.
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Figure 11. Lift and drag coefficients (a,b), and lift-to-drag ratio (c) as functions of the AoA, comparing
ANSYS Fluent density-based solver and NASA solver: case x/c = 50% f/c = 5% cambered plate at
M = 0.5.
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Figure 12. Lift and drag coefficients (a,b), and lift-to-drag ratio (c) as functions of the AoA, comparing
ANSYS Fluent density-based solver and NASA solver: case x/c = 50% f/c = 5% cambered plate at
M = 0.7.

In contrast to the previous cases, as the flow became transonic, neither the boundary
conditions nor the transient convergence assumption were maintained, resulting in a larger
error, as expected (Figure 12) and rendering any other simulation with the current model at
M = 0.7 as unreliable. However, the model was verified for the cases with Mach numbers
between 0.2 and 0.5 for an AoA in the range of 0◦–6◦, which was the outboard angle of
attack used in the ingenuity rotorcraft.

3. Results

For a four-bladed hexacopter, each rotor had a diameter of 1.28 m and the hover
operational condition was modeled using 2800 rpm. This rotational speed implied a Mach
number at the tip of the blade of ~0.8 (Mtip = 0.805). The stations of interest were located at
25%R and at 62%R. These stations experienced a Mach number of 0.2 and 0.5, respectively.
Each airfoil simulation covered an AoA range from −2◦ to 12◦ with a step of 2◦. The
parametric study of the cambered plate was performed by modifying the camber, f, and the
camber position, xc.

3.1. Parametric Study

Three xc locations along the blade were considered (30%c, 50%c, and 70%c) and were
referred to as the forward, circular arc, and backward camber, respectively. Similarly, three
values for f were used (3%c, 5%c, and 7%c) and were named as low, medium, and high
camber, respectively. A total of nine airfoil shape combinations were enumerated and are
listed in Table 4. The 20%c beveled bottom corner of the leading edge was retained for all
the configurations. These values were selected to numerically evaluate the range in which
the cambered plates showed a better performance according to [37].

3.2. M = 0.2 Results

The nine shapes were simulated and the lift-to-drag ratio was plotted against the AoA
range for each case, as shown in Figure 13. From the results shown in Figure 13, two shapes
stood out over the rest at this station, which were the medium circular arc (#5) and the high
backward cambered plate (#9). Both shapes reached a lift-to-drag ratio of 12.45 and 12.82
at a 6◦ AoA, respectively. It was also noted that the shapes with a low camber performed
poorly at a higher AoA compared to the shapes with a medium and high camber. The
peak performance of the low camber shapes was at 4◦, whereas shapes #5 and #9 showed a
maximum at 6◦, extending the operational range.
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Table 4. Airfoil shapes.

# Configuration Airfoil Shapes
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Figure 13. Parametric study at M = 0.2.

A closer view of each camber level is plotted in Figure 14, which shows the influence
of the camber position at each camber level. A low camber (a) seemed to be unaffected
by x. Shapes 1, 2, and 3 showed virtually the same lift-to-drag ratio performance with
their respective peaks at 4◦ followed by a decrease of 5% at 6◦. In contrast, the medium
camber (b) and high camber shapes (c) were influenced by x. The forward and circular
arc medium cambers showed respective peak lift-to-drag ratios at 6◦. Meanwhile, the
backward medium camber showed a lower peak at 4◦. Inversely, the high camber shapes
(c) gained a better performance from the backward and circular arc cambers at 6◦, while
the forward camber lost its efficiency at 4◦.
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Figure 14. Lift-to-drag ratio as a function of the AoA: influence of the camber position at M = 0.2:
(a) low camber; (b) medium camber; (c) high camber.

Ultimately, the behavior obtained using the 3% fc level was unaffected by the camber
position since the camber height was not prominent enough to vary the BL development
(see later discussion, where results are presented in Figures 17 and 18). Similarly, a flat
plate BL behavior showed similar shapes but different separation points.

3.3. M = 0.5 Results

Similarly, Figure 15 provides a performance overview of the nine shapes considered.
This station presented a more competitive scenario; however, the medium circular arc (#5)
and the high circular arc (#8) showed a better performance compared to all the other shapes.
Shape #5 showed a peak lift-to-drag ratio of 18.9 at 4◦ with a decrease of 22% at 6◦, whereas
shape #8 showed a lift-to-drag ratio of 16.9 at 4◦ with a peak efficiency of 18.5 at 6◦. The
forward low camber cambered plate (#1) exhibited a lower but comparable performance to
shape #5.
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Figure 15. Parametric study at M = 0.5.
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Figure 16 shows the influence of the camber position at each camber level for the
M = 0.5 case. The low camber (a) was positively influenced by a camber location closer to
the leading edge. Shapes 1 and 2 showed respective lift-to-drag ratio peaks at 4◦, while
shape 3 showed a lower performance with a peak at 2◦. Similarly, the medium camber (b)
was influenced by the camber location, but the effect was not linear (low cambers exhibited
a linear behavior) with a peak efficiency at 4◦. The circular arc seemed to promote a better
performance for the medium and high camber shapes. Finally, the high camber shapes
(c) showed an interesting outcome as the camber position was changed. Depending on
the camber location, the peak lift-to-drag ratio was developed at a different AoA. The
backward (#9) position developed a peak at 4◦, whereas the circular arc (#8) and forward
(#7) camber showed efficiency peaks at 6◦ and 10◦, respectively. Although shape #7 has
a higher efficiency (20.75) at a higher AoA, the overall efficiency (the area under the lift-
to-drag ratio vs. the AoA curve) was lower when compared with the efficiency obtained
using shape #8. The non-monotonic behavior, as shown in Figure 16c, could be due to the
numerical model’s limitation for configuration #6. For this reason, our discussion takes the
AoA range from −2 to 6 degrees into consideration.
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Figure 16. Lift-to-drag ratio as a function of the AoA: influence of the camber position at M = 0.5:
(a) low camber; (b) medium camber; (c) high camber.

In general, as the airfoil rotated to the higher AoA, the backward camber forced the on-
set of the BL separation to approach the trailing edge, thereby reducing drag. Additionally,
the concavity towards the trailing edge would function as a “parachute” device, obtaining
increased lift.

4. Discussion
4.1. Cambered Plate at M = 0.2

At 25%R of the rotor’s blade, the airfoil section experienced M = 0.2. All the shapes
marginally exhibited the same lift-to-drag performance over the AOA range. However, as f
increased, the efficiency of the cambered plate improved due to a higher lift generation,
as expected. The variable x showed an increased nuance. A lower f seemed to benefit
from forward x, slightly increasing the efficiency, while a higher f took advantage of the
backward x. At M = 0.2, two airfoil configurations provided the best lift-to-drag ratio
compared to the examined set of shapes #5 and #9. Both shapes shared a similar lift-to-drag
ratio curve (Figure 14) over the AOA range. However, the backward high camber (#9)
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surpassed the efficiency of the medium circular arc described in [17] over the whole range,
except for the negative AoA. The maximum lift-to-drag ratio obtained by shape #9 was
12.8 at 6◦.

As shown in Figure 17, the BL configuration developed over shape #5 at 4◦. As the
flow reached the LE, the flow separated but instantly reattached and remained attached up
to x/c = 78% over the airfoil. This value was extracted from the shear stress in the suction
surface (Figure 17b). After this location, the flow began recirculating, forming a LSB that
broke into a vortex shedding after the trailing edge. On the other hand, as the flow reached
the LE of shape #9, the flow separated and was reattached at x/c = 4.8%, developing a LEV
(Figure 18a). It remained attached up to x/c = 85% where it then separated near the trailing
edge, generating a vortex shedding pattern behind the airfoil. At this AOA, the LEV in
shape #9 (Figure 19) penalized the performance with increased drag, which explains the
slightly lower lift-to-drag ratio compared to shape #5 at 4◦. Similarly to shape #5, the vortex
shedding formed behind shape #9 is evidenced in Figure 18.
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Figure 17. Shape #5 at M = 0.2 at an AoA = 4°: (a) streamlines distribution around the airfoil, (b) 
shear stress X as a function of the chord’s position.  

Figure 17. Shape #5 at M = 0.2 at an AoA = 4◦: (a) streamlines distribution around the airfoil,
(b) shear stress X as a function of the chord’s position.
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Figure 18. Shape #9 at M = 0.2 at an AoA = 4◦: (a) streamlines distribution along the airfoil, (b) shear
stress X as a function of the chord’s position.

At 6◦, both airfoils developed a LEV on the LE and separated closer to the TE. The
LEV over shape #5 closed at x/c = 30%, and the BL remained attached up to x/c = 66%,
separating with no reattachment. Similarly, shape #9 developed a LEV up to x/c = 43%,
and the BL separated at x/c = 83%. The BL over shape #9, despite having a larger LEV,
remained attached longer over the top surface compared to shape #5. This reflected a
lower drag and, consequently, a larger lift-to-drag ratio. The adverse pressure gradient
in the LEV and LSB were expected to increase drag over the airfoils. However, both flow
structures were also expected to promote the reattachment of the BL, resulting in lower
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drag in comparison to the separated BL. This was exhibited at 6◦ between shape #5 and
#9. By analyzing the pressure coefficients developed around both shapes (Figure 20) it was
noticed that after reattachment, the pressure decayed quickly until separation for shape #5
but remained consistent until separation for shape #9. These behaviors were linked to the
precipitated separation in shape #5 and the attached BL over shape #9.
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In general, with a lower camber, the drag coefficient tended to be lower, influencing
the BL separation that would be closer to the trailing edge compared to the configurations
with 4% fc. However, the lift coefficient generated in the later configurations exceeded the
increased drag generation and a more turbulent BL on the suction side appeared. From the
efficiency point of view, the medium camber configuration performed best for the reasons
stated above.

4.2. Cambered Plate at M = 0.5

Shape #8 showed an overall improved performance compared to shape #5 (Figure 16).
The effect of f and x was particular to each camber level. The low camber was considerably
improved with a forward camber due to a smaller LEV. As x moved to the trailing edge,
the lift-to-drag ratio was reduced due to a higher LEV induced drag. The medium camber
shared a similar behavior, where the backward camber showed a poor performance. Finally,
the high camber was greatly influenced by x. In fact, the forward camber not only achieved
a higher lift-to-drag ratio, but also shifted to a higher AoA (10◦) compared to the other
shapes. However, the same shape at 4◦ and 6◦ showed a poor efficiency compared to shape
#8. It seemed that at M = 0.5, the backward camber was not beneficial for the flow transition.
The circular arc with medium and high cambers obtained a quicker transition and a
longer flow.

The streamlines developed around shape #5 at 4◦ are shown in Figure 21. As the flow
reached the LE, an LEV was formed, closing at x/c = 17%. Afterwards, the flow remained
attached up to x/c = 59%. From this point forward, the BL transitioned to a turbulent up
to x/c = 88%, where the flow separated. Shape #8 at 4◦ (Figure 22) developed the same
BL structure. However, the turbulent BL increased from x/c = 55% to x/c = 72%, then
separated with no reattachment. In this latter case, the premature BL separation penalized
the performance of shape #8 at this AoA and increased drag by 25% in comparison to
shape #5.
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As shown in Figure 23, the pressure difference between the suction and pressure sides
was larger for shape #8 in comparison to shape #5, enhancing the lift generation. However,
the increase in lift did not compensate for the larger drag, resulting in a lower lift-to-drag
ratio for shape #8 at 4◦.
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plotted in Figure 26, where the pressure coefficient over the suction side of shape #5 
showed a positive Cp along the chord. This positive value resulted in a reduced to no lift 
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Figure 23. Pressure coefficient distribution as a function of chord’s position at M = 0.5, AoA = 4◦:
(a) shape #5; (b) shape #8.

At 6◦, the BL over shapes #5 and #8 separated at the leading edge and transitioned to
an attached turbulent BL. Then, the BL separated near the trailing edge (Figures 24 and 25).
Despite having the same BL structure and sharing comparable drag coefficients, shape #8
took advantage of a higher lift generation. This was evidenced by inspecting the results
plotted in Figure 26, where the pressure coefficient over the suction side of shape #5 showed
a positive Cp along the chord. This positive value resulted in a reduced to no lift generation.
Similarly, the first half of shape #8′s chord depicted positive values of Cp. However, due
to the taller f, the pressure side showed larger values of Cp along the chord, resulting in
a larger lift generation in comparison to shape #5, explaining the higher lift-to-drag ratio
from shape #8 at 6◦.
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4.3. Cambered Plate at M = 0.7

As the turbulent BL separated, the unsteady response affected the applicability of the
current model. Longer transient simulations may help to understand whether the model
would be able to provide more accurate behaviors or if it is inadequate for higher speed
conditions. A possible way to overcome this would be using a four-equation boundary
equation and finer meshes. The proposed work was limited by the ANSYS license that
was used.
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5. Conclusions

The applicability of the commercial simulation software ANSYS Fluent to simulate
the flow around an airfoil in Mars-like conditions was evaluated in this work. Additionally,
given the computational power limitations, the analysis only focused on 2D simulations.

From the comparison of the results obtained in this study, and the results used for
the ingenuity rotorcraft (0–6◦) [33], it was found that the optimal shapes, among the nine
options examined in this paper, showed a close correlation between the lift and drag
development as the AoA changed. Notably, it was stablished that at M = 0.2, the backward
high cambered plate (#9) showed the best performance over the Ingenuity’s AoA range.
This airfoil shape showed a 2.9% increase in the lift-to-drag ratio at 6◦ compared to shape
#5 (described in [17]). Similarly, the high circular arc cambered plate (#8) presented the best
performance at M = 0.5 with a lift-to-drag ratio that significantly improved by 20% (at 6◦)
compared to the reference cambered plate (shape #5).

The model selected in this study used the transient compressible RANS formulation
coupled with the intermittency (γ) SST turbulence model and was solved using the DB
solver. The model showed comparable results to the MSH force coefficients model reported
in [17] at M = 0.2 and M = 0.5. However, it was not accurate at M = 0.7. The parametric
study showed that the higher f-values had a positive influence over the cambered plates
at both the selected Mach stations. In fact, in all the cases, the lift increment was always
larger than the drag increment which, in turn, reflected a larger lift-to-drag ratio over the
reference circular arc with a 5% chamber. It was also observed that a backward camber
(x = 70%c) had a prejudicial effect over the cambered plates at M = 0.5. At the same time, the
forward camber (x = 30%c) showed potential only with a low camber at M = 0.5. Moreover,
the circular arc cambered plates showed the best response at different Mach conditions and
almost all AoAs.

Ultimately, this work provided insight into the framework for the flow simulation
around an airfoil at Mars-like conditions using ANSYS Fluent. Continuing efforts on
modeling the external flow around airfoils shapes under Martian conditions should use the



Fluids 2023, 8, 194 24 of 26

mass flow rate instead of the constant velocities to include larger Mach number stations
and higher AoAs.

The results provide great insight for the design of a 3D rotor blade. Finer meshes and
more complex turbulent models (four-equation turbulent models, for example) should be
explored in the future.
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Nomenclature

a Speed of Sound (m/s)
c Chord length
cd Drag coefficient
cl Lift coefficient
cp Pressure coefficient
f Camber height (m)
g Gravity (m/s2)
→
J j Diffusion flux of species j (mol/m2s)

k Turbulence kinetic energy (J/kg)
ke f f Effective conductivity
M Mach number
µ Dynamic Viscosity (N s/m2)
p Pressure (Pa)
R Gas constant (m2 K/s2)
Sh Heat of chemical reactions
T Temperature (◦C)
t Time (s)
v Wind speed (m/s)
vt Turbulent eddy viscosity
x Spatial dimension (m)
xc Camber location from leading edge (m)
y+ Dimensionless wall distance
γ Intermittency
∆ Grid element size (m)
ρ Density (Kg/m3)
ω Specific dissipation rate
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