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Abstract

The development of fixed wing aircraft for Mars exploration is desirable, but needs to overcome the
challenge of low Reynolds number due to thin Martian atmosphere. Flapped CoFlow jet(FCFJ) airfoil
has the potential to achieve an ultra-high cruise lift coefficient with acceptable corrected aerodynamic
efficiency of Cp/(Cp + Pc). This study investigates whether FCFJ airfoils and regular CFJ airfoils
can have high aerodynamic performance at cruise condition at three cruise Mach number 0.17, 0.26
and 0.4, which have the corresponding Reynolds number of 5.43 x 10%, 1.42 x 10° and 2.18 x 105,
respectively. The regular CFJ airfoil applies the injection very close to the leading edge at about 2-4%
chord location. The FCFJ airfoil has a long flap with the CFJ applied inside the flap as part of the
airfoil. The research is based on validated CFD simulation using a 2D RANS solver with Spalart-
Allmaras(SA) turbulence model, a third-order WENO scheme for the inviscid fluxes, and second-order
central differencing for the viscous terms. At a Mach number of 0.26, numerical simulations show that
the FCFJ airfoil can obtain a cruise lift coefficient of 3.74, a lift-to-drag ratio (C,/Cp) of 172.54, and
a corrected aerodynamic efficiency of 20.5. At the Mach number of 0.17, the FCFJ flow is mostly
incompressible and the aerodynamic efficiency slightly lower than that at Mach number of 0.26. At
freestream Mach number of 0.4, the flow reaches supersonic and makes it very difficult to attach. The
study indicates that the FCFJ airfoil is promising for a fixed wing aircraft to fly on Mars.

Nomenclature

CFJ CoFlow jet

FCFJ Flapped CoFlow jet
AoA(a) Angle of attack

Ié; Deflection angle
LE Leading Edge

TE Trailing Edge
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S Wing Span length

c Profile chord

U Flow velocity

q Dynamic pressure 0.5 p U?
P Static pressure

p Air density

P Pumping power

C

L Lift coefficient L/(goo S)
Cp Drag coefficient D /(g S)
Cu Jet momentum coef. 7 U;/(¢oo S)
Pec Power coefficient L/(goo S Vo)
(CL/Cp)e  CFJ airfoil corrected efficiency Cr,/(Cp+Pc)
R, Reynolds number
M Mach number
Cp Constant pressure specific heat
Air specific heats ratio
S Planform area of the wing
T; Total temperature
P, Total pressure
H; Total specific enthalpy
m Mass flow across the pump
00 Subscript, stands for free stream
j Subscript, stands for jet

1 Introduction

Recently, interest and research in Mars exploration and colonization have grown significantly. Tech-
nologies, such as launch vehicles like SpaceX’s Starship, suggest that the day when humans can journey
to Mars is not too far in the future. Mars, with its vast and diverse landscape, presents numerous chal-
lenges and opportunities for human exploration and settlement. The development of high-performance,
high-efficiency aircraft designed specifically for the Martian environment is essential to meeting these
challenges and achieving our goals. By providing enhanced mobility and accessibility for exploration of
the vast terrain, such aircraft can play a critical role in accelerating science missions to discover the ge-
ology history of Mars, finding evidence of past life, resource discovery, and identifying suitable locations
for base camps.

One of the key challenges in developing these aircraft is to efficiently generate sufficient lift in the low
Reynolds number due to low-density Martian atmosphere. Addressing these issues will not only deepen
our understanding of the Martian environment, but also pave the way for sustainable colonization and
the future of human space exploration. Due to Mars’ significantly lower atmospheric density compared
to Earth, innovative technologies are required to develop aircraft capable of operating in such challenging
conditions. KEarth-based aircraft rely on the interaction between air and their wings to generate lift,
which allows them to remain airborne. However, Mars’ thin atmosphere, which is about 100 times less
dense than Earth’s, poses a considerable challenge in generating the required lift to keep an aircraft
aloft in the Martian environment. The distinct atmospheric characteristics on Mars demand a different
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approach to aerodynamic design to ensure optimal performance. Aircraft designed for Mars may need
larger wingspans, lower wing loading, and unique control surfaces tailored to the planet’s atmospheric
conditions[I].

Witold et al.[2] explained that “At Reynolds numbers below approximately 500,000, conventional
airfoils lose aerodynamic efficiency. This is because at lower Reynolds numbers, viscous forces become
stronger relative to inertial forces, leading to a delay in the transition from laminar to turbulent flow.
Additionally, the increased boundary layer thickness at lower Reynolds numbers can reduce lift coefficient,
although the impact on lift is generally less significant than the increase in drag coefficient.” For these
reasons, conventional airfoils at low Reynolds numbers have unfavorable aerodynamic properties.

The purpose of this paper is to study a new airfoil configuration for Martian flight at low Reynolds
number, flapped coflow jet (FCFJ) airfoil, which demonstrates high cruise lift coefficient at high Reynolds
number [3, [4]. This study is to show that the same concept is also promising for low Reynolds number
environment on Mars.

1.1 CoFlow Jet Airfoil

Active flow control (AFC) with energy added to the flow has attracted a lot of interest to increase Cf,,,,q.
by suppressing flow separation to increase airfoil circulation. However, using AFC for cruise is challenging
because the benefit gained may not be able to offset the AFC energy consumed for the overall aircraft
system to achieve a net efficiency gain. One promising AFC that has the potential to increase cruise
efficiency is the CoFlow Jet (CFJ) flow control airfoil[5, 6] [7), 18, @1 [10) 11, 12} 13, 14} [15] [16] 17, 18, 19} 20].
For a regular CFJ airfoil, as shown in Fig. 1, a small amount of mass flow is drawn into the suction
duct, pressurized and powered by a pump, and then injected near the LE tangentially to the main flow.
The CFJ AFC is thus a zero-net-mass-flux (ZNMF) flow control, which has only energy exchange with
the controlled flow system with no mass exchange. In comparison with the 2D baseline airfoil, Wang
and Zha[21] show that the 2D CFJ airfoil can achieve a significantly higher cruise lift coefficient and
aerodynamic efficiency, defined as

a
Cp

Cr,

( :CD—i—PC

)e (1)

where Pc is the CFJ required power coefficient. However, for 3D wings with finite aspect ratios, the
CFJ wings can still maintain high cruise Cf,, but the aerodynamic efficiency is decreased to the level of
its baseline counterparts [22]. To reflect the transportation productivity of aircraft represented by the
range multiplied by the gross weight, a cruise productivity efficiency is introduced as [16]:

Ci
Cp

i

( (Cp + Pc)

)e = (2)

CFJ wing can have substantially higher cruise C7 and thus greater productivity efficiency as well.
Taking advantage of the CFJ wing high cruise lift coefficient and thus high suction effect on wing upper
surface, Ren and Zha [23] design a tandem wing aircraft configuration that the front wing tip vortex is
captured by the rear wing to enhance the overall system efficiency. However, for cruise condition, the
regular CFJ configuration as shown in Fig. [1| appears to have rapid energy consumption increase when
(', is greater than 1.6[16], 24]. Even though the aerodynamic drag coefficient Cp can remain small and
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the pure aerodynamic lift to drag ratio Cr,/Cp can be still very high, the corrected aerodynamic efficiency
defined in Eq. can decrease quickly with the increasing C7.

The flapped CFJ has been found to achieve very high C, while maintaining reasonable (Cr/Cp). [3},4].
This technology can compensate the lift force due to low density at altitudes of about 30,000 meters on
Earth or Mars, and will be helpful in performing various missions. In this study, we numerically analyze
the characteristics of the flapped CFJ under low Reynolds number conditions caused by very thin density.

baseline airfoil

injection )
suction

co-flow jet airfoil

Figure 1: Sketch of CoFlow Jet airfoil

1.2 Flapped CoFlow Jet Airfoil

The concept of flapped coflow jet airfoil is adopted from the CFJ airfoil with deflected slipstream for
VTOL aircraft [25]. It is also guided by the CoFlow jet flow separation mechanism study of Xu and Zha
[26].

The CFJ is applied inside a long flap that is a part of the flapped CFJ airfoil, as shown in Fig 131,
which has the injection located at the shoulder of the flap. The regular CFJ airfoil applies the injection
very close to the leading edge at a point of around 2-4% chord location. By deflecting the flap rather
than rotating the front part of the airfoil, the FCFJ airfoil has the advantage of allowing the airfoil to
increase the angle of attack and lift coefficient without tilting the wings or the propeller. Previous studies
demonstrates high cruise lift coefficient at high Reynolds number for FCFJ airfoil [3| [4]. This study is to
show that the same concept is also promising for low Reynolds number environment on Mars.
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Figure 2: Sketch of flapped CFJ airfoil with the CoFlow jet applied on the flap

2 Methodology

2.1 Lift and Drag Calculation

The momentum and pressure at the injection and suction slots produce a reactionary force, which is
automatically measured by the force balance in wind tunnel testing. However, for CFD simulation, the
full reactionary force needs to be included. Using control volume analysis, the reactionary force can be
calculated using the flow parameters at the injection and suction slot opening surfaces. Zha et al. [6]
give the following formulations to calculate the lift and drag due to the jet reactionary force for a CFJ
airfoil. By considering the effects of injection and suction jets on the CFJ airfoil, the expressions for these
reactionary forces are given as :

Fy ;= (Vi +pj1A 1) x cos(01 — a) — (m;Vja + pjadAjz) * cos(f2 + ) (3)

chfj = (mﬂle + plejl) * sin(01 — Ot) + ('rhjgng +pj2Aj2) * Sin(@z + a) (4)

where the subscripts 1 and 2 stand for the injection and suction respectively, and #; and 69 are the angles
between the injection and suction slot’s surface and a line normal to the airfoil chord. « is the angle of
attack.

The total lift and drag on the airfoil can then be expressed as:

D=R,~F,, (5)

L= R; = Fyy; (6)
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where R}, and R; are the surface integral of pressure and shear stress in = (drag) and y (lift) direction
excluding the internal ducts of injection and suction. For CFJ wing simulations, the total lift and drag
are calculated by integrating Eqs. and @ in the spanwise direction.

2.2 Jet Momentum Coefficient

The jet momentum coefficient C), is a parameter used to quantify the jet intensity. It is defined as:

i

c, =10
H L p Vs

(7)

where 711 is the injection mass flow, V; is the mass-averaged injection velocity, p and V, denote the free
stream density and velocity, and S is the planform area.

2.3 Micro-compressor Power Coefficient

CFJ is implemented by mounting a pumping system inside the wing that withdraws air from the suction
slot and blows it into the injection slot. The power consumption is determined by the jet mass flow and
total enthalpy change as the following:

P =1m(Hy — Hy2) (8)

where Hy; and Hyy are the mass-averaged total enthalpy in the injection cavity and suction cavity
respectively, P is the Power required by the pump and 7 the jet mass flow rate. Introducing P;; and Pjo
the mass-averaged total pressure in the injection and suction cavity respectively, the compressor efficiency

7, and the total pressure ratio of the pump I' = %, the power consumption is expressed as:
p= "R o) (9)

Ui

where v is the specific heat ratio equal to 1.4 for air. The power coefficient is expressed as:

P

I
T lpv3s

(10)

If we assume the pumping efficiency in Eqn. |§| as 100%, it represents the power required to achieve
the fluid mechanics effect. The actual power depends on the pumping efficiency as indicated by Eqn.
O Pumping efficiency would vary for different actuators. The CoFlow Jet micro-compressor actuators
can achieve very good efficiency of 80% and above [I7, 27, 28] 29]. A lower power required coefficient is
essential for an AFC to be efficient and effective. If an AFC has high power required to be effective, it
would be difficult to benefit the system as a whole. CoFlow jet AFC demonstrates both high effectiveness
and high efficiency [I8]. The power required is also a parameter that can be accurately measured in
laboratories and simulation for CFJ AFC due to it zero-net-mass-flux feature.
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2.4 Aerodynamic Efficiency

The conventional wing aerodynamic efficiency is defined as:

u (1)
Cp

For the CFJ wing, the ratio above still represents the pure aerodynamic relationship between lift
coefficient and drag coefficient. However since CFJ active flow control consumes energy, the ratio above
is modified to take into account the energy consumption of the micro-compressor. The formulation of
the corrected aerodynamic efficiency for CFJ wings is:

Cr

(S = 2
Cpb

)C:CD—i-Pc

(12)

where P, is the micro-compressor power coeflicient defined in Eqn. and Cf, and Cp are the lift and
drag coefficients of the CFJ wing. If the micro-compressor power coefficient is set to 0, this formulation
returns to the aerodynamic efficiency of a conventional airfoil.

2.5 CFD Simulation Setup

The FASIP(Flow-Acoustics-Structure Interaction Package) CFD code is used to conduct the numerical
simulation. The 2D Reynolds Averaged Navier-Stokes (RANS) equations with one-equation Spalart-
Allmaras(SA) turbulence model is used. A 3rd order WENO scheme for the inviscid flux [30} 311, 32] 33,
34, 35] and a 2nd order central differencing for the viscous terms [30, 34] are employed to discretize the
Navier-Stokes equations. The low diffusion E-CUSP scheme used as the approximate Riemann solver
suggested by Zha et al [31] is utilized with the WENO scheme to evaluate the inviscid fluxes. Implicit
time marching method using Gauss-Seidel line relaxation is used to achieve a fast convergence rate [36].
Parallel computing is implemented to save wall clock simulation time [37].
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Figure 3: Computational mesh used in the current work.

2.6 Boundary Conditions

The 3rd order accuracy no slip condition is enforced on the solid surface with the wall treatment
suggested in [38] to achieve the flux conservation on the wall. The far field boundary is located at
250 chord with a O-mesh topology. The computational mesh is shown in Fig. Total pressure, total
temperature and flow angles are specified at the upstream portion of the far field. Constant static pressure
is applied at the downstream portion of the far field. The first grid point on the wing surface is placed
at yt ~ 1.
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3 Airfoil Geometry Parameters

Three airfoils are studied and compared in this study: 1) baseline NACA 6421 airfoil as shown in Fig.
(top), 2) an optimized regular CFJ NACA-6421 airfoil designed by Wang and Zha [21] shown in Fig.
(lower left), and 3) the flapped CFJ airfoil shown in Figl3| (lower right). The FCFJ airfoil has the flap
starting at 33%C. A parametric study has been conducted to understand the characteristics of FCFJ
compared to regular CFJ and baseline. Table. [I] gives the detailed parameters of the airfoils based on
NACAG6421 baseline with the injection and suction slot size normalized by airfoil chord length (C). The
rugular CFJ airfoil CFJ6421-SST150-SUC133-INJ065 is optimized by Lefebvre and Zha [18] for its high
lift and cruise efficiency and is used as a reference to compare FCFJ. Flapped CFJ6421-SST150-SUC133
(FCFJ) airfoil is also developed based on the NACA 6421 airfoil which has the suction surface translation
(SST) of 1.50%C and suction slot size of 1.33%C as the same as with the regular CFJ. In this study, flap
deflection 3 is varied from 10° to 35°, and injection slot size is varied from 0.3%C to 1.2%C. The suction
slot size is fixed at 1.33%C.

Table 1: Airfoil geometry parameters

Airfoil Deflection Angle (8) SST(%C) INJ(%C) SUC(%C)
NACAG6421 Baseline N/A N/A N/A N/A
CFJ6421-SST150-SUC133-INJ065 (Regular CFJ) N/A 1.5 0.65 1.33
Flapped CFJ6421-SST150-SUC133 (FCFJ) 10° - 35° 1.5 0.3-1.2 1.33

4 Simulated Cases

The Baseline and regular CFJ airfoils are simulated at various AoA as a comparison reference. The
FCFJ airfoil is studied for its AoA and momentum coefficient effect listed in Table[2l The AoA of FCFJ
is determined by the deflection angle . In this study, we performed it for three Ma numbers, 0.17, 0.26
and 0.4, and the resulting Reynolds numbers are 5.43 x 104, 1.42 x 10° and 2.18 x 10° based on the chord
length of 1m, respectively.

Table 2: Simulation cases used in the current work

Airfoil Re M AoA Cu

NACA6421 Baseline 5.43 x 10%, 1.42 x 10°, 2.18 x 10° 0.17, 0.26, 0.4  0° - 20° N/A

Regular CFJ 5.43 x 10%, 1.42 x 10°, 2.18 x 10° 0.17, 0.26, 0.4  3° - 15° 0.03
FCFJ 5.43 x 104, 1.42 x 10°, 2.18 x 10° 0.17, 0.26, 0.4 6.4° - 23.5° 0.03 - 0.15
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5 Results and Discussion

5.1 Baseline airfoil

The effect of angle of attack(AoA) on aerodynamic characteristics is investigated for the baseline
NACA 6421 airfoil at Mach numbers(M) of 0.17, 0.26, and 0.4. Fig. |4 demonstrates that the Cr, of the
baseline NACA airfoil increases with increasing AoA. From 10° to 20°, C}, values at M0.26 and M0.4 are
approximately 25% higher than those at M0.17 due to compressibility effect and higher Reynolds number.
The slope of Cp with increasing AoA at MO0.17 is significantly steeper than at higher Mach numbers.
Consequently, as shown in Fig. |5, the aerodynamic efficiency, represented by Cr/Cp, is approximately
70% higher at both M0.26 and MO0.4 than at M0.17. At M0.4, the maximum Cp/Cp is around 27,
achieved at an AoA of 5° with a corresponding Cr, of 0.88. The maximum C7, value is observed at M0.4,
with only a 2% difference from M0.26. The trends in Cp/Cp for M0.26 and M0.4 are also very similar,
with a difference of only 3%. However, for M0.17, the maximum C7,/Cp is approximately 16, with a
corresponding Cy, of 0.79, also achieved at an AoA of 5°. Compared with the results of the NACA 6421
experiment[39] at Reynolds number of 3.0 x 10%, it is shown that for Cy, it decreases by about 33% at
MO0.17 and C1/Cp by more than 65%.

Fig. [0 illustrates the flow field at an angle of attack of 10° for Mach numbers 0.17, 0.26, and 0.4,
respectively. Flow separation is present in all the cases. Beyond this AoA, there is a rapid increase in
drag coefficient (Cp), while the increase in lift coefficient (Cf) becomes insignificant as shown in Fig.
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Figure 4: Lift and Drag coeflicient for baseline Figure 5: Aerodynamic efficiency for baseline
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Figure 6: Baseline Flow field at AoA 10° according to Mach

5.2 Regular CFJ airfoil

The Regular CFJ airfoil exhibits a larger separation margin at C), of 0.03 compared to the Baseline
airfoil. As shown in Fig. m the Regular CFJ airfoil achieves its maximum lift coefficient (C7) at an angle
of attack of 10° for all three Mach numbers(M) investigated: 0.17, 0.26, and 0.4 at C), of 0.03. Beyond
this AoA, a significant increase in C'p and a decrease in Cf, are observed. Please note that the CFJ airfoil
can always remove the stall and increase the stall AoA by increasing C),. This study is to fix the C), at
its optimal value of 0.03 for the cruise efficiency. Fig. |8 illustrates that the maximum cruising (Cr,/Cp).
and the minimum P, are also maximized at an AoA of 10°. Compared to the maximum C7,/Cp value of
5° for the Baseline airfoil, at M0.4, the Regular CFJ airfoil exhibits a 75% increase in C, to 1.54 and a
55% increase in (C1,/Cp). to 42.4. For M0.26, C}, increases by approximately 66% to reach 1.43, while
the maximum (Cr/Cp). increases by 42% to reach 37.8. At M0.17, Cf, increases by about 60% to 1.28
and (CL/Cp). increases by 63% to 25.6. Fig. [0 presents the flow fields at AoA of 10° at M0.17, MO0.26,
and MO0.4, respectively, demonstrating no flow separation for the Regular CFJ airfoil at C), of 0.03.

11
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Figure 7: Lift and Drag coefficient for regular CFJ Figure 8: Power coefficient and Aerodynamic
airfoil efficiency for regular CFJ airfoil
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Figure 9: Flow field of Regular CFJ airfoil at AoA 10° according to Mach

5.3 Flapped CFJ airfoil

FCFJ is first performed with an injection size of 0.4%/C, which is the shape of the optimal results in
[3]. Fig. |10 to Fig. [13|show Cr, and (Cr/Cp). against the C), from 0.03 to 0.07 with the flap deflection
angle from 5 10° to 35°. At 8 of 10°, Cf tends to increase as C), increases, but (Cr/Cp). decreases.
This is due to the increase in C,/Cp but also the increase in Pc when C), increases as shown in Tables
- [pl The higher the Mach number, the greater the overall C7 and (Cr/Cp). are obtained. For Mach of
0.4 case, (Cr/Cp) is about 19.4 when the maximum CL is 1.72 for C}, of 0.07 and  of 10°.

Fig. @ is the result for 8 of 20°. The Cf tends to increase with increasing C,, but unlike 8 of 10°,
the overall C7, is lowered at M=0.4. (Cr,/Cp). is also found to be the lowest at M=0.4. If 3 increases,

12
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separation will occur at higher cruise Mach number as shown in Fig. [[4] leading to an increase in drag
and a decrease in lift. Looking at the flow field of M=0.4 at 3 of 20° in Fig. a small flow separation
is visible near the trailing edge. For g of 20° and C}, of 0.07, the optimal Mach is 0.26 with the flow very
well attached. The C7, has a value of 2 and higher, and (C1/Cp). can obtain a value around 30.

The results of =30° are shown in Fig. In the case of M=0.4, very large separation occurs in
$=30° and f=35° at C,=0.1. As shown in Fig. The Cp, and (Cr/Cp). are very low with the flow
separation as expected. At 8 = 30°, the C', of M=0.26 is slightly higher than that of M=0.17 with about
6% difference. For M=0.26 and $=30°, at C,, 0.07 to 0.12, Cf, is 3 to 4, which is more than 3 times
higher than that of the baseline airfoil. (Cr,/Cp). has the highest value of 21.9 at C},=0.09 with C7,=3.6.
Cr, and (CL/Cp). at M=0.26 are better than the other Mach numbers, indicating that M=0.26 is the
most efficient Mach number with a low P..

At 6=35° as shown in Fig. the trend of Cp, is similar to that of 5=30°. The case at Mach=0.26
also has the highest C and (C1/Cp). similar to at 8 = 30°. But (CL/Cp). is about 16, about 23% lower
than 8 30° due to increased drag with C,=3.73. At M=0.17, C, is about 6% lower at 3.53 and (Cr,/Cp).
is about 26% lower at 12.6 The M=0.4 case has very poor results due to the massive flow separation.

Fig. shows the Mach contours at different 8 angles and freestream Mach numbers. The flow reaches
the peak Mach number on the suction surface slightly upstream of the injection slot at the deflection
point of the flap. For the freestream Mach number of 0.17 at § = 10° and 20°, the peak Mach number
at the deflection point of the flap is about 0.3-0.4 with the jet Mach number of 0.65. At 8 = 30° and
35°, the peak Mach number is about 0.5-0.7 with the jet Mach number about 0.9 just below the choked
condition.

For the freestream Mach number of 0.26 at the flap deflection angle of 8 = 10°, 20°, 30° and 35°, the
peak Mach numbers in the flow fields are about 0.6, 0.8, 1.1, and 1.2 respectively. The jet Mach numbers
are about 0.99, 1.06, 1.37, and 1.41 respectively. The flowfield is in the transonic regime with no shock
wave with high lift coefficient benefited from the compressibility effect. At 5 = 30°, the injection slot
is choked, but the Mach number of 1.37 is just at the limit before high entropy rise. It thus provides
the optimal aerodynamic efficiency among the different cases of this study. When the 3 is increased to
35°, both the flow peak Mach number and the injection jet Mach number also increase. The overall
aerodynamic efficiency is thus deteriorated.

For the freestream Mach number of 0.4 at the flap deflection angle of 5 = 10° and 20°, the flow reaches
the peak Mach number of 1.2 and 1.4 with the jet Mach number of 1.8 and 2.1. The jet is in the high loss
range with shock waves as shown in the zoomed plots of Fig. With the flap deflection angle further
increase to 30° and above, the jet suffers excessive energy loss and the flow is very difficult to attach with
higher supersonic Mach number and possible shock waves.

Table [3] to Table [f] list the results of M=0.17, M=0.26, and M=0.4. As mentioned earlier, the aero-
dynamic characteristics are the best at M=0.26. At C, of 0.1 and 8 = 30°, the Cf, is 3.74 with the
(CL/Cp)e slightly over 20, which is only about 23% lower than C7/Cp of the Baseline airfoil’s peak
efficient at AoA=5°, but the C, is 335% higher.
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Table 3: Airfoil performance at different 5 for FCFJ airfoil at M0.17

5 AOA CM Cr, Cp CL/CD PR Pc Jet Mach (CL/CD)C
10 6.4 0.03 1.15 0.014 8294 1.118 0.043 0.47 20.15
10 6.4 0.04 1.24 0.009 143.75 1.152 0.064 0.53 17.22
10 64 0.07 147 -0.006 -232.28 1.259 0.139 0.65 11.04
20 13.25 0.03 1.18 0.073 16.14  1.117 0.042 0.45 10.22
20 13.25 0.05 1.84 0.024 76.97 1.156 0.072 0.58 19.32
20 13.25 0.07 2.04 0.01 198.5 1.208 0.11 0.68 16.9
30 20 007 287 0.06 4785 1.317 0.16 0.75 13.05
30 20 0.09 3.48 0.028 125.4  1.358 0.202 0.85 15.15
30 20 0.1 3.61 0.019 187.1 1.389 0.229 0.89 14.54
35 235 0.09 334 0.064 51.87 1.363 0.211 0.85 12.12
35 235 0.1 353 0.051 68.98 1.379 0.23 0.89 12.58
35 235 015 4.16 0.007 561.9 1.546 0.385 1.07 10.62
Table 4: Airfoil performance at different § for FCFJ airfoil at M0.26
8 AOA C# Cr, Cp CL/CD PR Pc Jet Mach (CL/CD)C
10 6.4 0.03 134 0.01 129.74 1.165 0.027 0.68 36.22
10 64 0.04 1.44 0.005 316.68 1.232 0.042 0.78 30.76
10 6.4 0.05 152 -0.002 -723.82 1.420 0.066 0.96 23.86
10 64 0.07 1.63 -0.008 -195.96 1.434 0.098 0.99 18.18
20 13.25 0.03 1.31 0.073 18.03  1.180 0.028 0.67 12.99
20 13.25 0.05 2.02 0.023 87.81 1.229 0.044 0.89 30.27
20 13.25 0.07 2.27 0.007 320.72 1.337 0.073 1.06 28.46
30 20 007 3.13 0.048 65.23 1.558 0.109 1.14 19.92
30 20 0.09 359 0.027 130.74 1.630 0.137 1.29 21.86
30 20 0.1 3.74 0.022 17254 1.706 0.16 1.37 20.54
30 20 011 3.89 0.017 227.28 1.794 0.188 1.46 18.95
30 20 012 4.02 0.013 299.16 1.893 0.22 1.53 17.25
35 235 008 327 0.089 36.53 1.637 0.133 1.18 14.66
35 235 0.09 351 0.074 4771 1.674 0.148 1.29 15.84
35 235 0.1 373 0.061 61.25 1.747 0.173 1.41 15.92
35 235 011 3.88 0.053 7273 1.839 0.204 1.51 15.07
35 235 015 4.33 0.038 113.54 2273 0.36 1.89 10.86
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Table 5: Airfoil performance at different 5 for FCFJ airfoil at M0.4

6 AOA C# Cr Cp CL/CD PR Pc Jet Mach (CL/CD)C

10 64 0.03 138 0.01 136.81 1.355 0.021 1.11 44.94
10 6.4 0.04 151 0.004 384.31 1.528 0.035 1.34 39.33
10 6.4 0.07 172 -0.007 -237.43 2.081 0.096 1.81 19.38
20 13.25 0.03 1.26 0.094 13.42  1.523 0.029 1.11 10.26
20 13.25 0.06 1.78 0.061 29.04  2.123 0.077 1.92 12.92
20 13.25 0.07 194 0.008 256.61 2.705 0.137 2.11 13.4
20 13.25 0.1 214 0.002 1043.11 3.840 0.255 2.42 8.33
30 20 007 1.1 0.205 5.35 2.729 0.133 1.49 3.24
30 20 0.1 1.68 0.447 3.76 3.279 0.209 1.81 2.56
35 235 01 1.2 0.359 3.33 3.281 0.216 1.72 2.08
35 235 015 1.28 0.351 3.65 4.210 0.352 2.05 1.82

6 Conclusion

This paper presents a numerical study of a 2D Flapped Coflow Jet (FCFJ) airfoil specifically designed
for low Reynolds number conditions in the Martian atmosphere. The study investigates the aerodynamic
performance of the FCFJ airfoil at freestream Mach numbers of 0.17, 0.26, and 0.4 and flap deflection
angle of 10°, 20°, 30°, and 35°. When the Mach number is 0.26 and the deflection angle 3 is 30 degrees,
the airfoil exhibits the most promising results in terms of lift coefficient(C7) and corrected aerodynamic
efficiency (CL/Cp)e.

At Mach number 0.26, the numerical simulations demonstrate that the FCFJ airfoil can achieve a lift
coefficient of 3.74, a lift-to-drag ratio(C,/Cp) of 172.54, and a corrected aerodynamic efficiency of 20.5.
While these results indicate a decrease in aerodynamic efficiency of approximately 23% compared to the
baseline airfoil, the lift coefficient is 4.35 times higher, which is expected to overcome the challenges posed
by the low atmospheric density on Mars. At Mach number of 0.17, the overall aerodynamic performance
is slightly lower than that of Mach number of 0.26 probably because the flow is mostly incompressible.
At freestream Mach number of 0.26, the flow is in the transonic regime with full compressible flow. At
flap deflection angle of 30°, the flow peak Mach number is about 1.1 and the injection Mach number is at
supersonic Mach number of 1.37 with low entropy loss. It provides the optimal aerodynamic efficiency.
At freestream Mach number of 0.4, the flow is supersonic at flap deflection angle of 20° with the peak
Mach number of 1.4 and injection jet Mach number of 2.1, which forms the shock waves in the jet region
and the flow suffers high energy loss. Further increasing the flap deflection angle will increase the flow
supersonic Mach number and the injection jet Mach number, which increases the CFJ energy loss and
make the flow difficult to attach.

This study provides compelling evidence that the FCFJ flapped airfoil can significantly enhance the lift
coefficient of airfoils operating in low Reynolds number environments, such as the Martian atmosphere.
Further studies for 3D flows need to be done as the next step.
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