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Abstract 

Due to the low Reynolds number compressible regime of the Martian atmosphere, the airfoil utilized to design the blade 
is of significant importance. The current study aims at evaluating the 2D performance of NACA 5605, Camber 4603 and 
DEP 4535-01 airfoils and the hovering performance of the blades built with these three airfoils using numerical analysis. 
The result has revealed that the type of airfoil for the blade design depends on the pitch angle at which the Figure of 
Merit reaches its peak. Prior to that pitch angle, which is 8deg, DEP 4535-01 airfoil is beneficial otherwise NACA 5605 
is desirable. At the pitch angle of 8deg, the Figure of Merit of DEP 4535-01, NACA 5605 and Camber 4603 blades are 
0.73, 0.71 and 0.70 respectively. Finally, the structural analysis is conducted on DEP 4535-01 blade to ensure the 
thickness distribution. The maximum stress and deformation are 393.15MPa and 485.54mm respectively and the 
minimum factory of safety is 1.12, which indicates the need of internal structures for the blade.  
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1. Introduction

The Martian atmosphere is characterized by a low density (ρ = 0.0178kg/m3) and low speed of sound (a = 233m/s) 
which result in low Reynolds number compressible regime [1]-[3]. This regime combines the effects of low Reynolds 
number and high Mach number, two phenomena affecting the airfoil and blade performance. At low Reynolds number 
flow, the boundary layer does not carry sufficient momentum and as a result, the shear layer separates when 
encountering a strong adverse pressure gradient. The separated shear layer can act like a boundary layer trip incepting 
Kelvin-Helmholtz vortices which break down into small turbulent spots resulting in reattachment. The length between 
the boundary layer separation and reattachment known as Laminar Separation Bubble LSB reduces the effective camber 
and increases the pressure drag. Added to the low Reynolds number phenomenon is the compressible effect which 
results in shock wave formation. These two phenomena require a careful selection of the airfoil to design a high-
performance blade. 

The blade structure is composed of cross-section airfoils which vary in shape (thickness and camber distribution and 
chord length) and twist angle along the blade radius thus, the blade performance depends on the aerodynamic 
characteristics of the airfoils. Koning et al. [4]-[6] surveyed the airfoils to be employed for the blade design at Martian 
atmospheric conditions and concluded that cambered, thin and sharp edge airfoils are beneficial as they help delay the 
boundary layer separation and reattachment points. The optimized airfoils for Martian micro rotorcraft obtained by 
Désert et al. [7] and Oyama et Fujii [8] are cambered from leading to trailing edge. The rotor blade of Mars Helicopter 
Ingenuity, which operation on the planet ended in the beginning of 2024 was designed using CLF 5605 airfoil. The airfoil 
was optimized to generate high lift-to-drag ratio as well as to meet the structural requirement. However, as revealed 
recently by Koning et al. [9], the primary source of stress for a Martian blade is the inertia force rather than aerodynamic 
load and the thickness of CLF 5605 airfoil can be reduced further to increase the overall performance. Monday et al. [10] 
investigated the performance of a sharp edge triangular airfoil and found the airfoil to exhibit high non-linear lift at high 
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angles of attack due to the vortex generated by the sharp leading edge. Many more of these studies are limited to 2D 
and there are few researchers who have ventured to evaluate the aerodynamic performance of the blade design using 
various airfoil categories. The current study is conducted to fill this gap by using three categories of airfoils to know, 
NACA 5605, Camber 4603 and Double-edged plat DEP 4535-01 as shown in Figure 1. 

 

Figure 1 Three airfoils used to design the three Martian blades. 

With the advent in super power computers, Computational Fluid Dynamics CFD and Finite Element Analysis FEA offer 
possibilities to accurately predict the low Reynolds number compressible flow regime over a blade including root, 
spanwise and tip effects and to perform structural analysis provided the solver has adequate resolution. Marinus et al. 
[11] and Mian et al. [12] compared the blade aerodynamic results obtained by low-fidelity and CFD and found that CFD 
results agreed well with the experimental data. Brocklehurst et Barakos [13] employed the high-resolution CFD to gain 
deeper insight into blade aerodynamics and tip design. Among the adequate resolution the CFD solver needs to have, is 
the selection of a model. The most reliable models such as Direct Numerical Simulation DNS and Large Eddy Simulation 
LES are costly especially when computing for blade aerodynamics that requires over millions of elements to capture the 
tip effect. Koning et al. [14] evaluated the performance of a transition model with that of fully turbulent model in 
predicting the Figure of Merit FM of Ingenuity rotor. The transition model prediction agreed well with the experimental 
curve even after the peak FM whereas fully turbulent model overpredicts the efficiency metric. Thus, the transition 
model 𝑆𝑆𝑇 𝛾 − 𝑅𝑒𝜃 , coupling the equations of the shear stress transport, intermittency 𝛾  and thickness momentum 
Reynolds number is utilized. The model does not rely on nonlocal parameters which make it suitable for CFD codes and 
complicated predictions [15-16]. CFD results can be coupled with the Finite Element Method to account for the natural 
frequencies, blade deformations, root loads and 3D stresses resulting in Fluid-Structure Interaction FSI.  

The current paper aims at investigating the airfoil aerodynamic efficiency of the three airfoils (NACA 5605, Camber 
4603 and DEP 4535-01) and the hovering performance of the three blades using CFD solver, Fluent. The 2D performance 
of the airfoils is evaluated at 75% of the blade radius where the Mach and Reynolds numbers are 0.56 and 18692 
respectively. As for the blade, the design constraints are the blade radius being 0.6m, a payload of 1.8kg and the tip Mach 
number of 0.75 equivalent to 2783RPM. The projected area of the blades is approximately equal to that of Lumba et al. 
[17] and the pitch axis is at 40% chord. To ensure the structure safety of DEP 4535-01 blade, the finite element analysis 
is conducted by using Carbon Fiber as material and applying the pressure contour obtained from CFD solver and the 
inertia force.  

2. Rotor Reynolds number and hovering performance 

Reynolds number is generally given as the ratio of inertial force to viscous force where the reference length is the length 
of the object being studied. However, when a rotor blade is considered, the reference length is the chord length at 75% 
of the blade radius and Reynolds number is given as: 

                   𝑅𝑒 =
𝜌𝑉𝑤𝑎𝑘𝑒𝐶0.75𝑅

𝜇
=

𝜌(0.75Ω𝑅)𝐶0.75𝑅

𝜇
.      ……………..(1) 

Where ρ and μ are the fluid density and viscosity respectively, Ω is the rotational velocity, R the radius and C0.75R are 
chord length at 75% of the blade radius. 

The flight regime of interest in this study is hover where the flow is treated as one dimensional. The hovering 
performance is evaluated by the Figure of Merit FM which is defined as the ratio of ideal power to the actual power. It 
is given as follows: 
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Where 𝐶𝑇 and 𝐶𝑃 are thrust and power coefficients respectively given by 

𝐶𝑇 =
𝑇

𝜌𝑛2𝐷4 , 𝐶𝑃 =
𝑃

𝜌𝑛2𝐷5  𝑎𝑛𝑑 𝑛 =
Ω

60
 (

𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑠𝑒𝑐𝑜𝑛𝑑
) ……………   (3) 

3. Numerical method 

3.1. Governing Equations and Transition Model 

High fidelity CFD is utilized to carry out the flow simulation over the airfoils and blades. The integration form of Navier-
Stokes equations and of Energy equation are used as governing equations and are given respectively as:  

𝜕
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𝑆
+ 𝑄̇𝑣𝑖𝑠𝑐𝑜𝑢𝑠 + 𝑊̇𝑣𝑖𝑠𝑐𝑜𝑢𝑠.   …….. (4)  

Where 𝑉 and 𝑝 are the freestream velocity and the pressure respectively, 𝑒 and 𝑞̇ are internal energy and volumetric 
rate of heat addition per unit mass respectively, 𝐹𝑣𝑖𝑠𝑐𝑜𝑢𝑠 is the viscous force, 𝑄̇𝑣𝑖𝑠𝑐𝑜𝑢𝑠 and 𝑊̇𝑣𝑖𝑠𝑐𝑜𝑢𝑠 are the rate of heat 
and work due to viscous effects respectively. The letters 𝜐 and S denote control volume and surface. 

The above equations introduced more unknowns than the number of equations. Assuming that the fluid is continuous 
and the gas molecules are calorically perfect, the equation of state and the internal energy equation can be added to 
solve for the unknowns in (4) and given respectively by:  

         𝑝 = 𝜌𝑅𝑇 𝑎𝑛𝑑 𝑒 = 𝐶𝑣𝑇   ………….  (5) 

where 𝑇 is the temperature, 𝑅 and 𝐶𝜐 are the gas constant and heat specific at constant volume respectively. 

Moreover, the transition model γ − Reθ SST based on four transport equations is employed to discretize the governing 
equations into algebraic equations. 

3.2. Airfoil Aerodynamic Performances 

The performance of the three airfoils, to know NACA5605, Camber 4603 and DEP 4535-01 was evaluated at the radial 
station 𝑟/𝑅 = 0.75, corresponding to a chord-based Reynolds number of 𝑅𝑒𝑐 = 18692 and Mach number of 𝑀𝑎 = 0.56. 
The static pressure and specific heat ratio were 720kPa and 1.3 respectively and the chord length of these airfoils was 
90mm. 

Counsil et Boulama [18] studied the effect of the computational domain on the flow features where two domains of 10c 
and 20c upstream of the airfoil were considered. For both configurations, the far-field downstream of the airfoil was 
20c. It was found that the domain of 20c upstream the airfoil was independent of the separation and reattachment 
points. Thus, the current computational domain was designed after their configuration as shown in Figure 2. As the 
freestream Mach number exceeded 0.3, the pressure-far-field boundary condition was applied to the edges of the 
computational domain. Besides the effect of the computational domain, numerical results depend on the grid density. A 
total of 4 grids with C-H typology centered around the airfoil were considered to study the grid sensitivity at angle of 
attack of 𝛼 = 6𝑑𝑒𝑔 (see Table 1). A medium grid resolution denoted by Grid 1 was originally created. Grids 2 and 3 were 
generated by refining Grid 1 in the wall normal and streamwise directions respectively. And Grid 4 was obtained by 

equally refining Grid 3 by the factor of √2. For all the cases, the first cell distance was set as  1 × 10−5where 𝑦+ did not 
exceed 1.  
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Figure 2 Computational domain and grid typology around Camber 4603 airfoil. 

The computed results using 𝛾 − 𝑅𝑒𝜃 𝑆𝑆𝑇 model at 𝛼 = 6𝑑𝑒𝑔 were summarized in Table I. The lift and drag coefficients 
were taken as the average over the number of iterations. The cases 1 and 2 were inappropriate as they predict larger 𝐶𝑙 
and 𝐶𝑑. However, cases 3 and 4 predicted relatively consistent results. Because case 4 was generating by refining case 

3 by the factor of √2, case 3 was therefore chosen for the rest of the study. 

Table 1 Grid independence verification around the airfoil 

Grid Grid density AoA, deg 𝑪𝒍 𝑪𝒅 

1 480x135  

6 

1.07003 0.10331 

2 480x190 1.06943 0.10315 

3 630x190 1.05047 0.09960 

4 886x268 1.04916 0.09956 

The performance of the three airfoils defined by the ratio of the lift coefficient to drag coefficient over the angles of 
attack spectrum is shown in Figure 3. Two regions could be identified. From 𝛼 ≤ 4𝑑𝑒𝑔 , the airfoil performances 
increased suddenly and reached the peak values. The peak values of DEP 4534-01, NACA 5605 and Camber 4603 airfoils 
were 23, 21 and 20 respectively. The other region started after 𝛼 = 4𝑑𝑒𝑔 where the performance decreased due to the 
increase in drag component. Moreover, from 𝛼 = 9𝑑𝑒𝑔, DEP 4535-01 airfoil outperformed NACA 5605 and Camber 
4603 airfoils. However, post 𝛼 = 9𝑑𝑒𝑔, its performance dropped below that of NA5605. From this result, it can be said 
that the airfoils with small thickness are beneficial at low angles of attack in the low Reynolds number compressible 
flow. Whereas at high angles of attack where the flow separation is pronounced, an airfoil with a fair thickness such as 
the case of NACA 5605 airfoil proved to be aerodynamically effective. These three airfoils were used further to design 
the blades in order to compare their 3D hovering performance. 

 

Figure 3 Aerodynamic performance of the three airfoils 
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3.3. Grid Sensitivity Study 

CFD results depend mainly on three factors: mesh sensitivity and computational domain, turbulence model and settings. 
However, previous studies have proved that the mesh sensitivity made a huge impact on the result and having a good 
quality of the mesh with fair number of elements can minimize the computational error. Kwon et al. [19] stated that due 
to the complexity of propeller’s geometry, the computational domain ought to be larger, from 7 to 10 blade radius in 
order to accurately capture the flow features of the wake vortices near the blade tip. Figure 4 shows the computational 
domain, a half cylinder with a radius of 10R and height of 60R. The blade was placed at 20R and 40R away from the 
front surface and rear surface respectively. A structured mesh is used for the entire domain and the blade. Pressure-far-
field was applied to inlet and outlet boundary conditions and the rotational periodic was applied to the two parts of the 
bottom surface. The second order Scheme was utilized to minimize errors. 

Table 2 Grid independence verification around the blade 

Grid No. of spanwise 
nodes 

No. of chordwise 
nodes 

No. of leading edge 
nodes 

No. of elements 

Grid 1 121 42 14 1.20 × 105 

Grid 2 150 52 16 2.15 × 106 

Grid 3 183 65 20 3.75 × 106 

Grid 4 216 78 32 5.06 × 106 

 

Figure 4 Computational domain and blade grid 

 

 

Figure 5 Thrust and power coefficient of the four grids 
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A number of blades were to be computed and it is crucial to find a grid density which is independent. To validate the 
grid independence, four grids with different densities were considered to compute for the aerodynamic characteristics 
where the rotational speed is 2783RPM and the incoming flow is zero. Figure 5 displays the thrust and power 
coefficients of the four grids. It can be noticed that as the grid density increased, the result became stable. The grids 1 
and 2 were not appropriate as the results of thrust and power coefficients are not stable. Grids 3 and 4 gave a nearly 
stable thrust and power coefficients. The convergence criteria for Grid 3 shown in Figure 6 were below 10−4. Thus, 
considering the computational time, the density for Grid 3 was adapted to the blades. 

 

Figure 6 Plot of residuals over iterations of Grid 3 

4. Results 

4.1. Performance Curve 

The hovering flight regime is the distinguishing feature of the rotary-wing from the fixed-wing. This flight regime is 
performed by generating thrust to offset the gravitational force. The gravitational acceleration on Mars is about g =
3.72m/s2 resulting in the required thrust per blade of Treq = 1.67N for a payload of 𝑚 = 1.8𝑘𝑔. Figure 7 showcases the 

aerodynamic characteristics (thrust and torque) of the three blades at 2783RPM. At a pitch angle of 0deg, all the three 
blades did not generate sufficient thrust to perform hovering; thus, the performance curve was conducted with a pitch 
angle increment of 2deg. NACA 5605 blade met the required thrust earlier along the pitch angle than Camber 4603 and 
DEP 4535-01 blades. As can be seen in Fig. 7, the thrust generated by the three blades increased linearly whereas the 
torque parabolically with the increase in pitch angles. NACA 5605 blade generated high thrust and torque compared to 
the other blades due to the high camber and thickness distribution of the airfoil. The thrust generated by Camber 4603 
and DEP 4535-01 were somewhat the same. Prior to pitch angle of 8deg, DEP 4535-01 generates minimum torque 
compared to NACA 5605 and Camber 4603 blades; however, the torque increased significantly beyond 8deg. 

Figure 8 displays the Figure of Merit FM of the three blades over the pitch angle range of [0deg, 12deg]. The FM of the 
three blades reached its peak at pitch angle of 8deg. Prior to this pitch angle, DEP 4535-01 blade outperformed NACA 
5605 and Camber 4603 blades. However, post this pitch angle, DEP 4535-01 blade performance dropped below that of 
NACA 5605 blade. At the peak FM pitch angle, the hovering performance of DEP 4535-01, NACA 5605 and Camber 4603 
blades were 0.73, 0.71 and 0.70 respectively. It can be concluded that the type of airfoil to be used for Martian blade 
design depended on the pitch angle as the airfoil performance depended on the angle of attack.  

DEP 4535-01 blade at pitch angle of 8deg is selected to examine the thickness distribution by conducting structural 
analysis. 
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Figure 7 Aerodynamic characteristics of the three blades 

 

 

Figure 8 Figure of Merit of the three blades 

4.2. Structure Analysis 

Table 3 Material properties of carbon fiber 

Property Value 

Density, 𝑘𝑔/𝑚3 1850 

Young Modulus 
𝐸𝑥, 1011 𝑃𝑎 

2.3 

Young Modulus 
𝐸𝑦, 1011 𝑃𝑎 

2.3 

Poisson’s ratio, 
𝜈𝑥𝑦 

0.2 

Shear Modulus, 
𝐺𝑥𝑦, 109 𝑃𝑎 

9 

The structural analysis of the double-edged plate blade was carried out using Static Structure workbench within the 
commercial software Ansys. The main purpose was to assure the structural safety of the blade under external loads.  
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The selection of the material is based on the compatibility of the chosen material with Martian atmosphere and its 
weight. The Martian atmosphere is humid where the average temperature is roughly −60°C  [20]. With this low 
temperature, materials are subject to corrosion which reduces the fatigue life. Because of its ability to resist corrosion 
and lightweight [21], Carbon Fiber was applied to the blade with its properties listed in Table 3. Figure 9 shows the 
blade structured mesh with 735672 elements and the applied loads. The blade hub was constrained as fixed boundary 
condition and a free boundary condition was set at the blade tip. The external loads applying on the blade were the 
centrifugal force due to the rotation of the blade and pressure contours obtained from Fluent solver. 

 

Figure 9 Blade structured mesh and loads applied on the blade 

The total deformation and maximum equivalent stress are the set metrics to evaluate the structural safety of the blade. 
Figure 10 displays the stress and deformation of DEP 4535-01 blade at pitch angle of 8deg under the applied loads. The 
maximum stress occurs in the root section with a value of 393.15MPa. The tip section of the blade experiences the 
highest deformation of magnitude of 485.54mm. Furthermore, the factor of safety FoS defined as the ratio of the 
maximum stress to the working stress has a maximum value of 15 and a minimum of 1.12. This minimum value of FoS 
may require adding internal structures to increase the fatigue life and reduce the deformation. 

 

Figure 10 Stress and deformation of DEP 4535-01 blade at pitch angle of 8deg. 

5. Conclusion 

Martian atmosphere is characterized by low density and low speed of sound leading to a low Reynolds number 
compressible regime which reduces the overall performance by inducing flow separation and shock wave. The current 
study investigated the 2D performance of NACA 5605, Camber 4603 and DEP 4535-01 airfoils at Mach number of 𝑀𝑎 =
0.56 and the chord-based Reynolds number of 𝑅𝑒𝑐 = 18692 and the 3D hovering performance of the blades at tip Mach 
number of 𝑀𝑡𝑖𝑝 = 0.75. The 2D and 3D performance curves were conducted for the angles of attack range of [0deg, 
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16deg] and the pitch angle range of [0deg, 12deg] respectively, with an increment of 2deg. The following conclusions 
could be drawn from this study: 

• For the 2D performance, the result showed that the airfoil with the smallest thickness, which was DEP 4535-
01 outperformed the other airfoils at low angles of attack in the low Reynolds number compressible flow. 
Whereas its performance dropped below that of NACA5605 at high angles of attack.  

• As for the blade hovering performance, the result proved that the selection of the airfoil type depended on the 
peak FM pitch angle which was 8deg. Prior to the pitch angle of 8deg, DEP 4535-01 blade outperformed NACA 
5605 and Camber 4603 blades. Post to that pitch angle, DEP blade performance dropped suddenly below NACA 
blade. At the peak FM pitch angle, the Figure of Merit of DEP 4535-01, NACA 5605 and Camber 4603 blades 
were 0.73, 0.71 and 0.70 respectively.  

Finally, to ensure the structural safety of DEP blade, the structure analysis was conducted at a pitch angle of 8deg. The 
maximum stress and deformation were 393.13 MPa and 485.54mm respectively and the minimum and maximum 
factors of safety were 1.12 and 15 respectively, demanding internal structures for the blade.  
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