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This study compares the performance of the CLF5605 rotor airfoil—which flew on Ingenuity—with that of a new
optimized roamx-0201 airfoil designed for Martian conditions at NASA Ames Research Center. Specifically,
performance is studied at a Reynolds number of 20,000 and a Mach number of 0.60 across a range of angles of
attack. In this regime, flow can be highly sensitive to geometry and operating conditions, and results from
computational analysis and physical testing can be strongly affected by small differences in setup. Accordingly,
in order to achieve confidence in observed trends, the airfoils are studied using three independent state-of-the-art
methodologies: implicit large-eddy simulations using NASA’s OVERFLOW solver, direct numerical simulations
using the high-order PyFR solver, and experimental testing in the Mars Wind Tunnel at Tohoku University. Across
methodologies, the roamx-0201 airfoil achieves an ~19—43% improvement in lift-to-drag ratio relative to the
CLF5605 airfoil. Moreover, OVERFLOW and PyFR results show that the roamx-0201 airfoil has superior stall
characteristics and can achieve a maximum lift ~20% higher than the CLF5605 airfoil. The work provides a strong
body of evidence to support further studies into the use of rotors based on the optimized roamx-0201 airfoil for
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future Mars helicopter missions.
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1. Introduction

N APRIL 2021, NASA successfully flew the Ingenuity helicop-

ter on Mars [1], marking a significant milestone in planetary
exploration. Ingenuity went on to complete a further 71 flights,
unequivocally demonstrating that powered flight on the red planet
was possible and paving the way for future helicopter-based explora-
tion of Mars. Consequently, NASA has now begun scoping next-
generation Martian helicopters—such as the Mars Science Helicopter
[2], the Mars Sample Recovery Helicopters [3], and the Mars
Chopper concept [4]—with increased range, flight duration, and
payload capacity compared to Ingenuity, such that they could
explore further and faster and carry scientific instruments and/or
surface samples, enabling a wide range of currently intractable
science and discovery missions.

A key determinant of the overall performance of a Martian
helicopter is the aerodynamic efficiency of the rotor blades, which
in turn depends significantly on the rotor blade airfoil profiles that
are employed. The atmospheric conditions on Mars—and in par-
ticular the low atmospheric density—mean rotors must operate in a
low-Reynolds-number compressible regime for which terrestrial
rotor blades have not been designed [5]. This has led to interest in
a range of novel airfoil concepts [6,7], including corrugated airfoils
[8,9] inspired by dragonfly wing profiles [10], polygonal airfoils,
including triangular airfoils [11-15], and thin cambered plates
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Fig. 1 CLF5605 (a) and roamx-0201 (b) airfoils.

[8,16]. One such design is the optimized roamx-0201 airfoil [8,17],
developed for Martian conditions of Re = 20,000 and Ma = 0.60
using the Evolutionary Algorithm for Iterative Studies of Aero-
mechanics (ELISA) [8], as part of the Rotor Advancement for Mars
Exploration (ROAMX) project [18].

This study compares the aerodynamic performance of the
CLF5605 rotor airfoil shown in Fig. la [19,20]—which flew on
Ingenuity from 2021 to 2024—with that of the optimized roamx-
0201 airfoil shown in Fig. 1b [8,21], at a chord-based Re = 20,000
and Ma = 0.60 across a range of angles of attack a. In this regime,
flow can be highly sensitive to geometry and operating conditions,
and results from both computational analysis and physical testing
can be strongly affected by small differences in setup. Accordingly,
in order to achieve confidence in observed performance trends, the
CLF5605 and roamx-0201 airfoils are studied using three indepen-
dent state-of-the-art methodologies: implicit large-eddy simulations
(ILESs) using NASA’s OVERFLOW solver [22,23], direct numeri-
cal simulations (DNS) using the high-order GPU-accelerated PyFR
solver [24,25], and experimental testing in the Mars Wind Tunnel
(MWT) at Tohoku University [26]. Section II details the computa-
tional methodologies, Sec. III details the experimental methodolo-
gies, Sec. IV presents the results and discussion, and, finally, Sec. VI
draws conclusions.

II. Computational Methodologies
A. Solvers and Numerical Methods

OVERFLOW [22,23] is a compressible Navier-Stokes solver
based on the finite difference method. For the present study, OVER-
FLOW 2.3d was used. Inviscid fluxes were computed using an
improved Harten, Lax, and van Leer flux scheme (HLLE + +)
with a fifth-order WENOM upwind reconstruction [27], and viscous
fluxes were computed using second-order central differencing. Time
was advanced using a second-order backward differencing scheme
(BDF2) with the dual time-stepping approach as described in
[28,29]. ILESs with OVERFLOW were undertaken using CPU
nodes on the Pleiades supercomputer provided by the NASA
High-End Computing Program through the NASA Advanced
Supercomputing Division at Ames Research Center.

PyFR [24,25] is an open-source computational fluid dynamics
solver based on the high-order Flux Reconstruction approach of
Huynh [30]. For the present study, PyFR v1.15.0 and v2.0.3 were
used. Fourth-order polynomials were used to represent the solution
within each element of the mesh, thus nominally achieving fifth-order
accuracy in space. A Rusanov Riemann solver was used to calculate
the interelement inviscid fluxes, the local discontinuous Galerkin
approach was used to calculate the interelement viscous fluxes, an
explicit RK45 scheme [31] was employed to advance the solution in
time, anti-aliasing was employed to stabilize the simulations, and all

runs were performed using double-precision arithmetic. DNSs with
PyFR were undertaken using Nvidia P100 GPUs on Piz Daint and
Nvidia GH200 GPUs on Alps at the Swiss National Supercomputing
Centre (CSCS) under project s1271.

Both OVERFLOW and PyFR have previously been validated in a
low-Reynolds-number compressible regime and used to simulate
flow over Martian rotor blade airfoil concepts [7,13-16,32].

B. Governing Equations

OVERFLOW and PyFR were used to solve the compressible
Navier—Stokes equations for a calorically perfect gas with constant
viscosity, which can be written in three dimensions as

du
E—i—V-f:O €))

where u = u(x, 1) = (p, pvy, pvy, pv, E) is the solution with p the
fluid density; v = (v, v, v,) is the fluid velocity; E is the total

energy per unit volume; and f = f(u, Vu) = f/ — fV is the flux,
with f7 the inviscid flux given by

PUx Py U
pUi+p P, PV,
fi=1 puuy pvy +p PV Uy 2)
PV, PV, pv:+p

w(E+p) v(E+p) v(E+p)

where p is the pressure, which for a calorically perfect gas is
given by

1
p=r=0(E-30lol?) ®

with y = ¢, /c,, where ¢, and ¢, are specific heat capacities at
constant pressure and volume, respectively, and fV is the viscous
flux given by
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where the stress-energy tensor is given by

2
Tij = pu(0v; + 0jv;) — gﬂ(sijv v (5)

where y is the dynamic viscosity, x = uc,/Pr (with Pr the Prandtl
number), and T is the temperature, which for a calorically perfect
gas is given by

— i#ﬁ 6)
cy—1p

In the current study, values of y = 1.4 and Pr = 0.71 are used,
corresponding to the properties of air at ambient temperature. While
values of y = 1.29 and Pr = 1.18 are more representative of the
Martian atmosphere, the chosen values were selected to match the
experimental conditions in the Tohoku University MWT.
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C. Two-Dimensional Simulations
1. Domain

Both OVERFLOW and PyFR were used to undertake two-
dimensional (2D) simulations of flow over the CLF5605 and
roamx-0201 airfoils. Figures 2 and 3 show 2D domains for OVER-
FLOW and PyFR simulations, respectively. In all cases, each airfoil
is defined to have a chord of ¢ = 1.0.

For OVERFLOW simulations, @ was changed by varying the
freestream inflow angle. The origin in the streamwise-vertical
xy-plane was located at the airfoil quarter-chord position. The
dimensions of the computational domain for OVERFLOW simula-
tions were x €[-205,205] in the streamwise direction and
y € [-205,205] in the vertical direction. For PyFR simulations,
a was changed by rotating each airfoil about its trailing edge. The
origin in the streamwise-vertical xy-plane was located at the leading
edge of each airfoil when @ = 0 deg. The dimensions of the
computational domain were x € [-20, 46] in the streamwise direc-
tion and y € [-20, 20] in the vertical direction.

. outlet

A ——
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Eip ==

- outlet

Fig.2 Views of domain and mesh in the streamwise-vertical xy-plane used for 2D simulations with OVERFLOW for the CLF5605 (a) and roamx-0201

(b) airfoils.
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Fig.3 Views of domain and mesh in the streamwise-vertical xy-plane used for 2D and 3D-SP simulations with PyFR for the CLF5605 (a) and roamx-

0201 (b) airfoils when @ = 6 deg.

2. Meshes

For OVERFLOW simulations, overset structured meshes were
used, consisting of near-body and off-body components. Specifi-
cally, a near-body O-mesh was overset with Cartesian blocks in the
wake, extending a distance of 5 chord lengths downstream, and a
coarse Cartesian background mesh, following the approach detailed
in Koning et al. [33]. Figure 2 shows meshes used for the CLF5605
and roamx-0201 airfoils, with each having ~3 X 10° mesh points.

For PyFR simulations, meshes were composed of structured and
unstructured regions. Specifically, structured quadrilateral boundary-
layer meshes were located adjacent to the airfoil upper and lower
surfaces, extending a distance of 0.1 chord lengths normally from the
surface into the domain. Around the leading and trailing edges, a
refined unstructured mesh was located adjacent to the surface,
extending a distance of 0.1 chord lengths normally from the surface
into the domain. Refined regions were extended a distance of 0.5 chord
lengths normally into the domain on the upper surface to provide
enough resolution for the separated flow at the highest angles of attack.
An unstructured refined region was also located in the wake region,
extending a distance of 6 chord lengths downstream of the airfoil.
The remainder of the domain was then tessellated with an unstruc-
tured mix of quadrilaterals and triangles. Figure 3 shows meshes
used for the CLF5605 and roamx-0201 airfoils ata = 6 deg, which

each had ~1-2 x 10* elements and ~4—5 x 10° degrees of freedom
per equation in total when fourth-order solution polynomials were
used to represent the solution within each element.

Mesh independence was demonstrated for both OVERFLOW and
PyFR (see Appendix A).

3. Boundary Conditions

For both OVERFLOW and PyFR, a characteristic boundary con-
dition was applied at the inflow, outflow, bottom, and top planes in
order to achieve freestream flow in the x-direction at the inflow
plane with a chord-based Re = 20,000 and Ma = 0.60 for all
simulations. Also, an impermeable no-slip adiabatic boundary con-
dition was prescribed at the airfoil surface. For the PyFR simula-
tions, a sponge region was applied adjacent to the outlet plane in
order to help damp outgoing wake disturbances and suppress
reflections.

4. Startup Process and Data Extraction

Both OVERFLOW and PyFR simulations were initiated at t = 0
with spatially uniform freestream conditions throughout the domain.
Following Bergmann et al. [34], simulations were then advanced for
a period ¢, to remove initial transients and then for a further ¢,,
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henceforth referred to as the data extraction period, during which
data were extracted for analysis. For OVERFLOW, ¢, = 620z, and
t, = 60t., where for the first 480z, of ¢,, a first-order convergence
criterion was applied at each time step to accelerate the passing of
the transient, and during the data extraction period, a time step of
At =2.5x1073t, was employed. For PyFR, f, = 100¢, and
t, = 100¢z,, and during the data extraction period a time step of
At = 2 x 107%¢, was employed. In all cases, t, = ¢/vy,, Where v,
is the freestream velocity magnitude at the inflow plane.

D. Three-Dimensional Spanwise Periodic Simulations
1. Domain

Both OVERFLOW and PyFR were used to undertake three-
dimensional spanwise periodic (3D-SP) simulations of flow around
each airfoil profile. Domains for each simulation were obtained by
extruding the respective 2D domain a distance of 0.5 chord lengths
in the spanwise direction. Spanwise domain size independence was
demonstrated for both OVERFLOW and PyFR (see Appendix B).

2. Meshes

For OVERFLOW, 3D-SP meshes were obtained by extruding 2D
meshes, similar to those used for each respective 2D simulation, in
the spanwise direction. These 3D-SP meshes had 62.8 x 10® mesh
points for the CLF5605 and 62.4 X 10° mesh points for the roamx-
0201 airfoil.

For PyFR, 3D-SP meshes were obtained by extruding the respec-
tive 2D meshes in the spanwise direction, generating hexahedra and
triangular prisms throughout the domain. These 3D-SP meshes had
~0.8-1 x 10% elements and ~0.1 x 10° degrees of freedom per
equation in total when fourth-order solution polynomials were used
to represent the solution within each element. For the a = 6 deg
case, it was verified a posteriori that 3.5 > A in the wake for 6
chord lengths downstream of the airfoil (see Appendix C), where

_ W
T P+1

O]

is an estimate of the local solution point spacing, with V the local
element volume and P the polynomial order used to represent the
solution within each element of the mesh, and

3\ 1/4
"= (”;) ®)

is the Kolmogorov length scale, with v the kinematic viscosity and
€ = ZI./SUS,] (9)

is the dissipation rate, where S;; is the fluctuating rate-of-strain
tensor. This is consistent with ranges reported in prior DNS studies
[35,36].

3. Boundary Conditions

For both OVERFLOW and PyFR, a characteristic boundary con-
dition was applied at the inflow, outflow, bottom, and top planes in
order to achieve freestream flow in the x-direction at the inflow
plane with a chord-based Re = 20,000 and Ma = 0.60 for all
simulations. Also, an impermeable no-slip adiabatic boundary con-
dition was prescribed at the airfoil surface, and periodic boundary
conditions were applied in the spanwise direction.

4. Startup Process and Data Extraction

Both OVERFLOW and PyFR simulations were initiated and
advanced in an analogous way to the 2D simulations. For OVER-
FLOW, t, = 532.5¢, and 7, = 60¢,, where for the first 480z, of #,, a
first-order convergence criterion was applied at each time step to
accelerate the passing of the transient, and during the data extraction
period, a time step of At = 2.5 x 1073, was employed. For PyFR,

t; = 90¢, and ¢, = 60¢,, where for the first 40z, of ¢,, first-order
polynomials were used to represent the solution within each element
of the mesh, and for the next 40¢,., third-order polynomials were
used, in order to accelerate the passing of the transient, and during
the data extraction period, a time step of Af =2 x 107, was
employed.

E. Virtual Wind Tunnel Simulations
1. Domain

PyFR was used to undertake virtual wind tunnel (VWT) simu-
lations of flow around roamx-0201 at two angles of attack, a =
4.5 deg and @ = 6 deg, in the entire working section of the MWT,
thus accounting for blockage effects and the interaction of the side-
wall boundary layer with the extruded airfoil. As per the 2D and 3D-
SP simulations, the airfoil was defined to have a chord of ¢ = 1.0.
The origin in the streamwise-vertical xy-plane was located at the
leading edge of each airfoil when a = 0 deg. When changing the
angle of attack, the airfoil was rotated about a point at 25% chord to
agree with the experimental setup. The dimensions of the computa-
tional domain were x € [-3.75,4.25] in the streamwise direction,
y € [-1.496, 1.504] in the vertical direction at the inlet, and z €
[0,2] in the spanwise direction, with the top and bottom walls
inclined at an angle of 1.3 deg to the streamwise direction. This
configuration matches the working section of the Tohoku University
MWT, in which the experiments were undertaken.

2. Meshes

The virtual wind tunnel meshes were obtained by extruding
meshes analogous to the 2D streamwise-vertical xy-plane meshes
in the spanwise z direction. The streamwise-vertical xy-plane
meshes were composed of structured and unstructured regions.
Specifically, structured quadrilateral boundary-layer meshes were
located adjacent to the airfoil upper and lower surfaces, extending a
distance of 0.1 chord lengths normally from the surface into the
domain. Around the leading and trailing edges, a refined unstruc-
tured mesh was located adjacent to the surface, extending a distance
of 0.1 chord lengths normally from the surface into the domain.
Refined regions were extended a distance of 0.5 chord lengths
normally into the domain on the upper surface to provide enough
resolution for the separated flow at the highest angles of attack.
Structured quadrilateral meshes were also located adjacent to the top
and bottom walls, extending a distance of 0.3 chord lengths nor-
mally into the domain. Mesh cells adjacent to the wind tunnel walls
are sized targeting A < §,, where §, ~ \/vx/U, is an estimate of
the viscous diffusion length scale based on the Blasius flat-plate
scaling. The remainder of the streamwise-vertical xy-plane meshes
are tessellated with an unstructured mix of quadrilaterals and tri-
angles. Extrusion of the 2D meshes in the spanwise z direction
generates hexahedra and triangular prisms throughout the domain.
Figure 4 shows the external surface of the mesh for roamx-0201 at
a =6 deg. Meshes had ~5x10° elements and ~625x 10°
degrees of freedom per equation in total when fourth-order solution
polynomials were used to represent the solution within each
element.

3. Boundary Conditions

Neither the inlet turbulence intensity nor the inlet boundary-layer
profile at the entrance of the Mars Wind Tunnel test section was
measured during the experimental campaign. Consequently, in the
absence of this information, the inflow for the VWT simulations
was specified as steady and uniform, without synthetic turbulence
injection or prescribed boundary-layer profiles. Specifically, a fixed
uniform total pressure and total temperature were applied at the
inflow plane, and a characteristic boundary condition was applied
at the outflow plane in order to achieve freestream flow in the
x-direction at the inflow plane with a chord-based Re = 20,000 and
Ma = 0.60. Also, an impermeable no-slip adiabatic boundary
condition was prescribed at the airfoil surface and the wind tunnel
walls.
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Fig.4 View of the computational mesh used for the virtual wind tunnel (VWT) with PyFR for roamx-0201 at @ = 6 deg. The origin in the streamwise-

vertical xy-plane is located at the leading edge of the airfoil when @« = 0 deg.

4. Startup Process and Data Extraction

Simulations were initiated and advanced in an analogous way to
the 3D-SP PyFR simulations. Specifically, ¢, = 80z, and 7, = 20z,
where for the first 40z, of ¢, first-order polynomials were used to
represent the solution within each element of the mesh and for the
next 20z, third-order polynomials were used, in order to accelerate
the passing of the transient, and during the data extraction period a
time step of At = 2 X 107¢, was employed.

F. Extracted Quantities
Instantaneous lift and drag coefficients were extracted, defined as
_F _Fp

CL=—, Cp=
9 9

(10)

respectively, where F; and Fp are the sum of the instantaneous
pressure and viscous forces on the airfoil per unit area in the y and x
directions, respectively, and g, is obtained via

1
7S :_poov?x) (11)

2

where p, is the freestream density. From these, time-averaged lift
and drag coefficients C; and Cp could be obtained by time-
averaging C; and Cp, respectively, over the data extraction period.
Additionally, time-averaged pressure coefficients were extracted,
defined as

Val P~ P

Cp=—— 12)

9

where p is obtained by time-averaging p over the data extraction
period. Finally, instantaneous snapshots of density gradient magni-
tude |Vp| in the xy-plane and Q-criterion isosurfaces in the volume
were extracted.

III. Experimental Methodology

A. Mars Wind Tunnel

The Tohoku University MWT [26,37] was used for the exper-
imental measurements. This wind tunnel is housed in a vacuum
chamber, as shown in Fig. 5, and hence experiments can be con-
ducted under low-pressure conditions. The wind tunnel is driven by
an ejector system [38] due to the inability of a fan to generate high-
subsonic flow under low-pressure conditions. The ejector system is
located downstream of the test section and induces a flow in the
wind tunnel via supersonic jets. The pressure in the chamber increases
due to the operation of the ejector. Therefore, an appropriate amount

Fig. 5 The MWT at Tohoku University, Japan. The facility is now
located at Nagoya University, Japan.

of gas is exhausted into a separately installed buffer tank, and the total
pressure inside the wind tunnel can be maintained for a finite period.
The amount of exhaust gas is adjusted by a proportional-integral—
derivative (PID) controller butterfly valve installed in the flow path
connecting the main tank and buffer tank. The test section of the wind
tunnel is 100 mm wide and 150 mm high.

Various fundamental studies of low-Reynolds-number compress-
ible flow over an airfoil [12,39,40], plate [41,42], and circular
cylinder [43,44] have been conducted in the MWT. Surface flow
visualization for a rotor blade, using the pressure-sensitive paint
(PSP) and sublimation method, has also been conducted [45]. In
addition, the experimental report and data for the CLF5605 and
roamx-0201 airfoils are presented in [46].

B. CLF5605 Models

Three models of the CLF5605 profile were produced, as shown in
Fig. 6. Models clf5605-us-s and clf5605-us-fp were fabricated in the
United States from AISI 4130 using electrical discharge machining
(EDM) and used for schlieren measurements and force and PSP
measurements, respectively, and model clf5605-jp-f was fabricated
in Japan from A5052 using an EDM method and used for force
measurements.

C. Roamx-0201 Models

Five models of the roamx-0201 profile were produced, as
shown in Fig. 7. Models roamx-0201-us-f, roamx-0201-us-pu,
and roamx-0201-us-pl were fabricated in the United States from
AISI 4130 using a computer numerical control (CNC) mill and were
used for force measurements, upper surface PSP measurements,
and lower surface PSP measurements, respectively, and models
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a) clf5605-us-fp b) clf5605-us-s

¢) clf5605-jp-f

Fig. 6 Images of CLF5605 models (scale shown in cm).

a) roamx-0201-us-f b) roamx-0201-us-pl

d) roamx-0201-jp-fp

¢) roamx-0201-us-pu

e) roamx-0201-jp-s

Fig. 7 Images of roamx-0201 models (scale shown in cm).

roamx-0201-jp-s and roamx-0201-jp-fpu were fabricated in Japan
from A5052 using EDM and used for schlieren measurements and
force and upper surface PSP measurements, respectively.

The roamx-0201-based PSP assemblies require separate models
for the upper and lower sides since the mounting bracket is part of
the assembly, and hence the model cannot be reversed to illuminate
the lower surface. This is in contrast to CLF5605-based PSP mod-
els, which have sufficient thickness to fix the mounting bracket with
screws, so it can be detached. The roamx-0201-jp-fpu model was
initially only intended for force measurements but was later also
used for upper surface PSP measurements.

D. Operating Conditions

The target flow condition was Ma = 0.60 at Re = 20,000, and
the angle of attack was varied in the range of —2.0 deg <
a < 6.0 deg. Due to time constraints, schlieren visualizations and
PSP measurements were conducted at fewer angles of attack than
the force measurements, as shown in Table 1.

E. Instrumentation
1. Schlieren Visualization

The setup for schlieren visualization is shown in Fig. 8. The
schlieren optical system uses a white LED (PFBR-600SW-LL,
CCS) as a light source. A pinhole (F70, Surugaseiki) with a diam-
eter of 2.0 mm was used, and a point light source was created.
Concave mirrors with a focal length of 1500 mm were used as the

Table 1  List of experimental conditions

Schlieren Force PSP

a, deg visualization measurement measurement
-2.0 v v v
0.0 v v v
2.0 v v v
2.5 — Ve I
3.0 v v v
3.5 R V4 _
4.0 v v v
4.5 —— v ——
5.0 v v v
5.5 — V4 I
6.0 v v v

first and second collimators, and a planoconvex lens with a focal
length of 1000 mm was used as the imaging lens. The knife edge
was installed horizontally, and the lower half of the light flux was
cut off at the focal point of the second collimator, which visualized
the density gradient field perpendicular to the freestream. The time
series of schlieren images was captured by a high-speed camera
(SA-X2, Photron). The exposure time and frame rate were 2.5 ps
and 72,000 fps, respectively. In this experiment, parallel light was
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Fig. 8 Schematic diagram of optical system used for schlieren
visualization.

reflected by a plane mirror and passed through the test section due to
space constraints in the laboratory. The airfoil model was mounted
directly between the optical glasses of the wind tunnel side wall. The
influence of noise caused by atmospheric fluctuations was reduced
physically by covering the optical path with duct hoses both outside
and inside the main tank.

2. Force Measurement

The lift and drag forces were measured using a three-component
force balance system. This balance system consists of load cells
(LC-4100-G-600 and LC-4101-K-003, A&D) for drag and lift
directions and a stepping motor (PK513PA-H50S, Oriental Motor
LTD) for adjusting the angle of attack. The accuracy of the stepping
motor is 0.0144 deg. The zero angle of attack was determined by the
inclinometer, and an airfoil mold was used for placing the incli-
nometer on the airfoil to ensure a reliable reference surface. The
accuracy of the mold placement onto the airfoil was not quantified.
However, we note that the roamx-0201-us models were slightly
modified by the machining process, and thus, the mold and wing
model did not fit perfectly. The accuracy of the inclinometer used to
determine a 0 deg pitch angle is 0.1 deg. The rated capacities of the
load cells for the drag and lift directions are 6 N and 30 N, respec-
tively, and the accuracies are 4.0x 107* N and 1.4 x 1073 N,
respectively. The measurement system samples signals from force
sensors at 100 Hz and records the average value of 10 samples
at 10 Hz.

3. PSP Measurement

The time-averaged measurements of the surface pressure were
performed with polymer-based PSP [47]. Under low-pressure con-
ditions, the normalized sensitivity (normalized by the ambient
pressure) and time response of PSP are degraded [48-50]. There-
fore, PSP specialized for low-pressure conditions must be used. The
PSP used in the present study was composed of Pd(I) meso-
tetra(pentafluorophenyl) porphyrin (PdTFPP) luminophore and
(poly)trimethylsilylpropanoic [(poly)TMSP] polymer [51], which
has high-pressure sensitivity under low-pressure conditions [52,53].
The PC-PSP binder of Sugioka et al. [54], formulated with an 85
weight percent (wt %) particle mass fraction and no luminophore,
was used as the white base coat. Although polymer-based PSPs for
unsteady measurement under low-pressure conditions [35] have
been developed recently, the present study focused on obtaining
time-averaged measurements.

Figure 9 shows a schematic diagram of the experimental PSP
measurement setup. Two UV-LEDs (IL-106, Hardsoft) were used as
an excitation light source, and a scientific CMOS camera (C13440-
20CU, Hamamatsu Photonics) was used as a photodetector. A
camera lens (Nikkor 105 mm f /2.0, Nikon) was used as an imaging
lens with a 640 & 50 nm band-pass filter (PB640-100, Asahi
Spectra) to cut off the light other than PSP emission. Excitation of
PSP and imaging of PSP emission were carried out through the

S-CMOS camera

UV-LED

| | Optical window
—_ 1

Main tank

| Optical window
Wind tunnel |

poly(TMSP)-based PSP

Fig. 9 Schematic diagram of an optical system used for PSP
measurement.

optical windows of the main tank and the upper wall of the wind
tunnel. The optical system was covered with a blackout curtain to
prevent stray light. The exposure time for the imaging was set
between 20 and 200 ms so that the image intensity became approx-
imately 80% of the full-well capacity of the image sensor. Wind-on,
reference, and dark images were acquired. One hundred images
were then obtained for each experiment, and random noise was
reduced by taking the average of each image set.

A single-point pressure measurement was simultaneously con-
ducted by the pressure transducer (CCQ-093-5A, Kulite Semicon-
ductor Products) and was used as a reference pressure for the PSP
measurement. The signal from the pressure transducer was ampli-
fied by an amplifier (SA-570ST, TEAC) and was recorded by a data
acquisition system (PCI6251, National Instruments) with a sam-
pling frequency of 10 Hz. Although the pressure sensor is of a fast-
responding type, it is not embedded in the model and is connected
through a tube. The length of the tubing from the pressure tap to the
sensor is around 15 cm. The measurement system samples the
pressure signal at 100 Hz and records the average value of 10
samples at 10 Hz. Measurements on the upper and lower surfaces
were carried out as individual experiments.

The clf5605-us-fp model uses pressure taps on the upper and
lower surfaces of the airfoil for pressure calibration during PSP
measurements. The pressure taps are routed out to the side of the
airfoil profile to facilitate connection to the pressure gauges. The
roamx-0201-us-pu and roamx-0201-us-pl models are too thin to
route the pressure tap and therefore use a through-hole and a thin
tube on the opposite side of the airfoil, which is used to obtain the
reference pressure data. This naturally requires separate measure-
ments for the upper and lower sides.

The Stern—Volmer coefficient and the temperature sensitivity of
the PSP used in the present experiment were approximately 0.78
and —1.41% /K, respectively, at the ambient pressure of 10 kPa and
temperature of 283 K. A Stern—Volmer coefficient of 0.78 means a
pressure sensitivity of 7.8% /kPa. Note that the PSPs using PTMSP
polymers have a contamination issue due to oil mist from the
vacuum pump, and the pressure sensitivity of the PSP was gradually
degraded during the experimental campaign due to a decrease in the
oxygen permeability caused by oil mist contamination [51,53]. The
oil mist contamination gradually progressed with repeated experi-
ments, and the lowest pressure sensitivity in the present experiment
was approximately 6% /kPa. In addition, the degree of contamina-
tion caused by oil mist adhesion depends on the local flow structure,
and the pressure sensitivity and its distribution slightly change run
by run. Hence, calibration tests were conducted in the wind tunnel
before every experiment. The PSP sensitivity is evaluated locally at
each pixel by in situ calibration [56], allowing spatial variations in
sensitivity to be accounted for in the pressure reconstruction. The
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pressure in the main tank was changed through seven conditions,
and the sensitivity distribution was obtained by correlating the
pressure and intensity of the PSP emission at each pressure.

IV. Results and Discussion
A. Results
1. Lift and Drag

Figure 10 shows plots of C; (a), Cp, (b), and C,/Cp (c) as a
function of @ and C; as a function of C}, (d) for the CLF5605 airfoil.
Results are shown for 2D OVERFLOW, 2D PyFR, 3D-SP OVER-
FLOW, 3D-SP PyFR simulations, and MWT force balance experi-
ments on models clf5605-us-fp and clf5605-jp-f.

Figure 11 shows plots of C; (a), Cp, (b), and C,/Cp (c) as a
function of @ and C; as a function of Cj, (d) for the roamx-0201
airfoil. Results are shown for 2D OVERFLOW, 2D PyFR, 3D-SP
OVERFLOW, 3D-SP PyFR, VWT PyFR simulations, and
MWT force balance experiments on models roamx-0201-us-f and
roamx-0201-jp-fpu.

2. Surface Pressure

Figure 12 shows plots of Cp on both upper and lower surfaces of
the CLF5605 airfoil as a function of X = x/a, where a is the x-wise
distance between the leading and trailing edges of the airfoil, for
various a. Results are shown for 2D OVERFLOW, 2D PyFR, 3D-SP
OVERFLOW, 3D-SP PyFR simulations, and MWT PSP experi-
ments on model clf5605-us-fp.

Figure 13 shows plots of Cp on both upper and lower surfaces
of the roamx-0201 airfoil as a function of X = x/a, where a is the

x-wise distance between the leading and trailing edges of the airfoil,
for various a. Results are shown for 2D OVERFLOW, 2D PyFR,
3D-SP OVERFLOW, 3D-SP PyFR, VWT PyFR simulations, and
MWT PSP experiments on models roamx-0201-us-pu, roamx-
0201-us-pl, and roamx-0201-jp-fpu.

Note that for 3D-SP PyFR, 3D-SP OVERFLOW, and VWT PyFR
results, Cp is measured at the midspan, while for all MWT PSP
experiments, Cp was obtained by taking a spanwise average with a
5% span width (approximately imaging 80 pixels) around the model
centerline.

Plots of Cp at all « are included in Appendix D.

3. Schlieren, Instantaneous Density Gradient Magnitude, and
Time-Averaged Line Integral Convolution

Figure 14 shows schlieren images for MWT experiments using
model clf5605-us-s (top) and images of instantaneous density gra-
dient magnitude |Vp| (middle) and of time-averaged normalized
velocity magnitude |v|/v,, with superimposed Line Integral Con-
volutions (LICs) (bottom) for 3D-SP OVERFLOW (blue) and
3D-SP PyFR (red) for CLF5605 at = -2, 0, 5, and 6 deg.

Figure 15 shows schlieren images for MWT experiments using
model roamx-0201-jp-s (top) and images of instantaneous density
gradient magnitude |Vp| (middle) and of time-averaged normalized
velocity magnitude |v|/v,, with superimposed LICs (bottom) for
3D-SP OVERFLOW (blue) and 3D-SP PyFR (red) for roamx-0201
ata=-2,0, 5, and 6 deg.

Note that for 3D-SP PyFR and 3D-SP OVERFLOW cases,
the images of instantaneous density gradient magnitude and of
time-averaged normalized velocity magnitude were extracted at

s 2D OVERFLOW - % 3D-SP OVERFLOW e MWT clf5605-us-fp
- 2D PyFR -o- 3D-SP PyFR —— MWT clf5605-jp-f
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Fig. 10  Plots of time-averaged lift coefficient C; (a), drag coefficient C}, (b), and lift-to-drag ratio C; /C), (c) as a function of angle of attack « and lift
coefficient C; as a function of drag coefficient C,, (d) for the CLF5605 airfoil.
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Fig. 13  Plots of time-averaged pressure coefficient Cp as a function of x for different angles of attack for the roamx-0201 airfoil.

the midspan plane. Schlieren images and images of instantaneous
density gradient magnitude at all a are included in Appendix E.

4. Instantaneous Q-Criterion Isosurfaces

Figure 16 shows instantaneous Q-criterion isosurfaces colored by
normalized velocity magnitude |v|/|v,| for 3D-SP OVERFLOW
(left) and 3D-SP PyFR (right) simulations of CLF5605 at various a.
Note that two views are included for the @« = —2 deg case to enable
visualization of flow separation on the pressure surface of the airfoil.

Figure 17 shows instantaneous Q-criterion isosurfaces colored by
normalized velocity magnitude |v|/|v,| for 3D-SP OVERFLOW
(left) and 3D-SP PyFR (right) simulations of roamx-0201 at various a.
Note that two views are included for the @ = —2 deg case to enable
visualization of flow separation on the pressure surface of the
airfoil.

Figure 18 shows instantaneous Q-criterion isosurfaces colored by
normalized velocity magnitude |v|/|v| for a VWT PyFR simula-
tion of roamx-0201 at = 6 deg.

B. Flow Physics

Across all methodologies, when @ = —2 deg, both CLF5605 and
roamx-0201 exhibit attached flow on their upper surfaces and
separation on their lower surfaces. This is apparent in the density-
gradient and schlieren images in Figs. 14a and 15a, and is also
apparent in the Cp distributions in Figs. 12a and 13a. For the 3D-SP
OVERFLOW and PyFR simulations, the separated flow over the
lower surface undergoes spanwise breakdown, resulting in near-zero
lift for CLF5605 and near-zero or negative lift for roamx-0201. This
breakdown is visible in the Q-criterion isosurfaces in Figs. 16
and 17.

All methodologies show linear behavior of the lift slope for a
range of a, for both CLF5605 and roamx-0201 airfoils. However,

the range of a varies across methodologies and airfoils. For the
CLF5605 airfoil, 2D and 3D-SP OVERFLOW and PyFR simula-
tions show this behavior for 0 deg < a <5 deg, while MWT
experiments show it for all a. For the roamx-0201 airfoil, 2D and
3D-SP OVERFLOW and PyFR simulations show this behavior for
0 deg<a <4 deg, MWT roamx-0201-us-f experiments for
—2 deg < a <4 deg, and MWT roamx-0201-jp-fpu experiments
for all a. By looking at density gradient and schlieren images in
Figs. 14 and 15 and Q-criterion isosurfaces in Figs. 16 and 17, we
can observe that this linear lift behavior coincides with either
attached flow or spanwise-coherent separated flow. The linearity
of the lift slope, for both airfoils, terminates as soon as the flow
breaks down substantially in the spanwise direction.

For the CLF5605 airfoil, when @ > 5 deg, 3D-SP OVERFLOW
and PyFR simulations exhibit stall. This occurs because the laminar
boundary completely separates from the suction surface, with sub-
sequent spanwise breakdown and a recirculation region in a time-
averaged sense just above the trailing edge of the suction surface.
For 3D-SP OVERFLOW and PyFR simulations, this is apparent in
the density-gradient and LIC images in Fig. 14d and the Q-criterion
isosurfaces in Fig. 16. In contrast, the MWT experiments do not
appear to exhibit stall, and the 2D OVERFLOW and PyFR simu-
lations suppress spanwise breakdown and artificially sustain
spanwise-coherent structures that lead to an increment in lift
when o > 5 deg.

For the roamx-0201 airfoil, when a > 4 deg, 2D and 3D-SP
OVERFLOW and PyFR simulations, VWT PyFR simulations,
and MWT roamx-0201-us-fp experiments all show a lift increment.
This behavior can be attributed to separation from the sharp leading
edge followed by a Kelvin—Helmholtz instability and subsequent
roll-up of vortices close to the upper surface of the airfoil, resulting
in a recirculation region in a time-averaged sense adjacent to the
front half of the upper surface that sustains suction over a significant
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Fig. 14 Schlieren images for MWT experiments on clf5605-us-s (top) and images of instantaneous density gradient magnitude |Vp| (middle) and of
time-averaged normalized velocity magnitude |v|/v,, with superimposed LICs (bottom) for 3D-SP OVERFLOW (blue) and 3D-SP PyFR (red) on

CLF5605 for different a.

portion of the airfoil. This is particularly apparent in the density-
gradient and LIC images in Figs. 15¢ and 15d, the schlieren image
in Fig. 15d, and the Cp distributions in Figs. 13c and 13d.

C. Comparison Between Methodologies
1. Context

The objective of the current study is to compare the aerodynamic
performance of the CLF5605 and roamx-0201 airfoils at a chord-
based Re = 20,000 and Ma = 0.60 across a range of angles of
attack a. In this regime, flow can be highly sensitive to geometry
and operating conditions, and results from both computational
analysis and physical testing can be strongly affected by small
differences in setup. Accordingly, in order to achieve confidence in
observed performance trends, we have adopted various indepen-
dent state-of-the-art methodologies to analyze the flow, including
2D OVERFLOW and PyFR simulations, 3D-SP OVERFLOW
and PyFR simulations, and MWT experiments. Quantitative

differences between results from the various methodologies are
expected and indeed observed in this sensitive regime. They are
discussed below.

2. Comparison Between OVERFLOW and PyFR

Results obtained from OVERFLOW and PyFR are similar across
both 2D and 3D-SP simulations for both CLF5605 and roamx-0201
airfoils. This serves as a good cross-validation of the independent
meshing and solver pipelines. Moreover, it suggests that the ILES
resolution afforded by the OVERFLOW simulations is sufficient to
capture the relevant flow physics.

3. Comparison Between 2D and 3D-SP

For the CLF5605 airfoil, Fig. 10 shows discrepancies between 2D
and 3D-SP results in C; for all a, with lower C; values for 3D-SP,
as well as discrepancies in C, for @ < 0 deg, with higher C/, values
for 3D-SP, and & > 3 deg, with lower C;, values for 3D-SP. The C,,
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Fig. 15 Schlieren images for MWT experiments on roamx-0201-jp-s (top) and images of instantaneous density gradient magnitude |Vp| (middle) and
of time-averaged normalized velocity magnitude |v|/v,, with superimposed LICs (bottom) for 3D-SP OVERFLOW (blue) and 3D-SP PyFR (red) on

roamx-0201 for different a.

discrepancies correlate with discrepancies in Cp distributions in
Fig. 12, where 3D-SP shows lower suction on the upper surface
of the airfoil. These discrepancies, at the lowest and highest values
of a, are caused by flow separation and subsequent spanwise break-
down of the vortices for the 3D-SP simulations, which is not
possible for the 2D simulations. In particular, and notably, the 2D
simulations fail to capture the stall behavior of the CLF5605 airfoil
for @ > 5 deg and show, instead, an increment in lift.

For the roamx-0201 airfoil, Fig. 11 only shows discrepancies
between 2D and 3D-SP results in C, and Cj, for a = -2 deg,
which correlates with discrepancies in Cp distributions for this a.
C,, and Cp, for all other a are in good agreement. However, for a =
5 deg and @ = 6 deg, Fig. 13 shows that Cp distributions on the
suction side of the airfoil differ between 2D and 3D-SP simulations,
due to flow separation and subsequent spanwise breakdown of the
vortices for the 3D-SP simulations, which is not possible for the 2D
simulations. This apparent discrepancy is explained by the fact that

at a =5 deg and a = 6 deg the 2D simulations produce higher
and lower suction regions on the airfoil that coincidentally add to the
same force obtained by the 3D-SP simulations.

4. Comparison Between 3D-SP and MWT Experiments

For the CLF5605 airfoil, Fig. 10a shows that 3D-SP simulations
and MWT experiments follow a similar trend for C; when 0 deg <
a <5 deg with lift increasing approximately linearly with angle of
attack. However, C;, values for the MWT experiments are, in gen-
eral, between 20% and 40% lower. For a« = =2 deg, C, values are
closer. For @ > 5 deg, the MWT experiments do not appear to
exhibit stall behavior, which is seen in 3D-SP simulations. Figure 10b
shows that 3D-SP simulations and MWT experiments follow a
similar trend for C), for all a, but with higher experimental values
up to a =3 deg, after which they begin to overlap. When
a = 0 deg, 3D-SP simulations exhibit attached flow on their upper
and lower surfaces. This is apparent in the density-gradient images
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Fig. 16 Images of instantaneous Q-criterion isosurfaces Q = 1 colored by normalized velocity magnitude |v|/|v, | obtained with 3D-SP OVERFLOW

(left) and 3D-SP PyFR (right) for the CLF5605 airfoil.

in Fig. 14b and the C, distributions in Fig. 12b. However, the
schlieren images from MWT experiments in Fig. 14b and the
MWT C, distributions in Fig. 12b suggest that flow separation
occurs on the lower surface of the CLF5605 airfoil in the MWT
when a = 0 deg.

For the roamx-0201 airfoil, Fig. 11a shows that 3D-SP simula-
tions and MWT experiments follow a similar trend for C, when
0 deg < a <4 deg, with lift increasing approximately linearly
with angle of attack. However, C; values for the MWT experiments
are, in general, between 30% and 55% lower. For @ = —2 deg, C,
values are closer. For @ > 4 deg, 3D-SP simulations and MWT
roamx-0201-us-fp experiments both capture a nonlinear increment
in Cy, although the increment is lower for the MWT roamx-0201-
us-fp experiment. Moreover, for the MWT roamx-0201-jp-fpu
experiment, no such increment occurs. Figure 11b shows that 3D-
SP simulations and MWT experiments follow a similar trend for C,
for all @, but with higher experimental values up to @ = 5 deg, after
which they begin to overlap. When @ = 0 deg, 3D-SP simulations
exhibit attached flow on their upper and lower surfaces. This is
apparent in the density-gradient images in Fig. 15b and the Cp
distributions in Fig. 13b. However, the schlieren images from MWT
experiments in Fig. 15b and the MWT C, distributions in Fig. 13b

suggest that flow separation occurs on the lower surface of the
roamx-0201 airfoil in the MWT when a =0 deg. When
a =5 deg, 3D-SP simulations exhibit separated flow on their upper
surfaces with vortex roll-up. This is apparent in the density-gradient
images in Fig. 15¢ and the Cp distributions in Fig. 13c. However,
the schlieren images from MWT experiments in Fig. 15c and the
MWT roamx-0201-us-fp Cp distributions in Fig. 13c suggest that
flow is only just starting to separate on the upper surface of the
roamx-0201 airfoil when @ = 5 deg.

To aid understanding of discrepancies between 3D-SP simula-
tions and MWT experiments, VWT PyFR simulations were under-
taken for the roamx-0201 airfoil at @ = 4.5 deg and o = 6 deg.
These simulations model flow in the entire working section of the
MWT, thus accounting for blockage effects and the interaction of
the side-wall boundary layer with the extruded airfoil. Figure 18
shows an instantaneous snapshot of Q-criterion isosurfaces colored
by normalized velocity magnitude |v|/|v.,| for the a =6 deg
VWT PyFR simulation, looking along the length of the tunnel from
the entrance of the test section. Vortical structures resulting from the
interaction of the side-wall boundary layer with the extruded airfoil
are clearly visible. C; values obtained from VWT PyFR shown in
Fig. 11a are closer to experimental values, reducing the discrepancy
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Fig. 17 Images of instantaneous Q-criterion isosurfaces Q = 1 colored by normalized velocity magnitude |v|/|v, | obtained with 3D-SP OVERFLOW
(left) and 3D-SP PyFR (right) for the roamx-0201 airfoil.

vl/lvel
0.00 0.50 1.00 1.50 1.75

Fig. 18 Instantaneous shapshot of Q-criterion isosurfaces colored by normalized velocity magnitude |v|/|v | obtained with a VWT PyFR simulation
for the roamx-0201 airfoil with « = 6 deg case.



Downloaded by NASA LANGLEY RESEARCH CENTER on September 22, 2026 | http://arc.aiaa.org | DOI: 10.2514/1.J066610

16

Article in Advance /

with MWT roamx-0201-us-f experiments to approximately 15-20%
and the discrepancy with MWT roamx-0201-jp-fpu experiments to
approximately 40%. However, Cp, values from VWT PyFR shown
in Fig. 11b remain similar to results from 3D-SP.

The reduction in lift for the VWT PyFR can be attributed to the
interaction of the side-wall boundary layer with the extruded airfoil,
which results in further spanwise breakdown and less coherent roll-
up of vortices. Figure 19 shows time series of C; for the data

CAROS ET AL.

extraction period, their corresponding spectra, and snapshots of
instantaneous density gradient magnitude |Vp| for 2D OVERFLOW
and PyFR (a), midspan 3D-SP OVERFLOW and PyFR (b), and
midspan VWT PyFR (c). These images illustrate how the coherence
of the vortices is reduced as one moves from 2D to 3D-SP and then
to VWT PyFR simulations. Specifically, the 2D simulations exhibit
strong spectral peaks at St = 0.1-0.4 and St = 1-2, which are con-
sistent with strong coherent structures. The 3D-SP simulations show
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Fig. 19 C; spectra (left), C; as a function of time over the data extraction period (middle), and images of instantaneous density gradient magnitude
|Vp| (right) for the 2D (a), midspan 3D-SP (b), and midspan VWT (c) simulations of the roamx-0201 airfoil at « = 6 deg.
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a reduction in low-frequency energy and a broader spectral distri-
bution, indicating partial breakdown of these coherent structures.
Finally, the VWT PyFR simulation exhibits reduced energy across
all frequencies and a shift toward higher-frequency, lower-amplitude
fluctuations, indicative of even less coherent structures.

Remaining discrepancies between the VWT PyFR simulations
and the MWT experiments could be caused by manufacturing
tolerances for the MWT airfoil models, which had a chord two
times smaller than the design chord for the actual carbon fiber
ROAMX rotor blades [8]. Indeed, previous studies have shown
how small geometric deviations can significantly impact flow phys-
ics, and in particular separation, in a low-Reynolds-number com-
pressible regime [8,14—16]. To assess the extent of any geometric
deviations here, MWT airfoil models were scanned a posteriori
with an optical EinScan Pro 2X 2020 scanner, and profiles were
extracted and compared with their respective reference airfoils.
Figures 20 and 21 show the scanned model profiles and their
camberlines, compared with corresponding reference airfoils and
camberlines. Furthermore, thickness and camberline deviations are
quantified at selected chordwise locations and presented in Tables 2
and 3 for CLF5605 models and Tables 4 and 5 for roamx-0201
models. We note that thicknesses were calculated as the vertical
distance between the upper and lower airfoil surfaces.

The clf5605-us-fp and clf5605-us-s models remain relatively
close to the reference geometry, with thickness deviations within
approximately +10% and reductions in camberline height of up to
~20%. In contrast, the clf5605-jp-f model is generally thinner,
particularly toward the trailing edge, where thickness reductions
reach up to ~30%. However, the roamx-0201 models exhibit sub-
stantially larger geometric deviations. The roamx-0201-us-f and
roamx-0201-us-pl configurations show pronounced increases in
thickness, with deviations ranging between ~110% and ~140%,

y [mm]
[\®)

accompanied by significant camberline variations of up to ~35%. In
contrast, the roamx-0201-jp-fp model is generally thinner than the
reference geometry, with thickness reductions of up to ~30%, except
near the trailing edge, where it becomes locally thicker by up to
~23%. This model also exhibits camberline deviations of up to
~21%. Additionally, differences in overall chord length are observed
for the roamx-0201 models. The roamx-0201-us configurations
exhibit an increased chord of approximately 50.5 mm relative to
the intended manufactured chord of 50 mm, whereas the roamx-
0201-jp model has a reduced chord of approximately 48.4 mm.

The measured geometric deviations are substantial, particularly for
the roamx-0201 models, and likely contribute to remaining discrep-
ancies between the VWT PyFR simulations and the MWT experi-
ments. However, additional factors may also play a role. These
include uncertainty in MWT angle-of-attack calibration; possible
inlet turbulence in the MWT that is not represented in the VWT
PyFR simulations (indeed, modest turbulence levels can significantly
affect low-Reynolds-number compressible flows [15]); and, finally,
surface roughness variations (indeed, the roamx-0201-jp-s and
roamx-0201-jp-fpu models have slightly rougher surfaces due to
the omission of a polishing step following EDM processing).

5. Comparison Between MWT Experiments

Differences in aerodynamic forces are observed between different
models of the same reference airfoil. Specifically, for the CLF5605
airfoil, clf5605-us-fp and clf5605-jp-f show differences of 10-30%
in C; and 10-20% in Cp, and for the roamx-0201 airfoil, roamx-
0201-us-f and roamx-0201-jp-fpu also show differences of 10-30%
in C, and 10-20% in Cj,. Additionally, Cp distributions for the
roamx-0201 airfoil also differ when comparing roamx-0201-us-pu/pl
and roamx-0201-jp-fpu, where roamx-0201-jp-fpu does not show
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Fig. 20 CLF5605 airfoil profiles (top) and their camber lines (bottom) extracted from the scanned models (dashed lines) and compared with the
reference CLF5605 airfoil and camber line (solid lines). The scanned geometries were aligned by identifying the leading and trailing edges and rotating
them such that both points lie on a common horizontal axis (y = 0). The reference airfoil geometry is scaled to a chord length of 50 mm, corresponding

to the target length of the manufactured models.
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Fig. 21 Roamx-0201 airfoils (top) and their camber lines (bottom) extracted from the scanned models (dashed lines) compared with the reference
roamx-0201 airfoil and camber line (solid lines). The scanned geometries were aligned with the reference roamx-0201 airfoil by identifying the leading
and trailing edges and rotating them such that both points lie on a common horizontal axis (y = 0). The reference airfoil geometry is scaled to a chord
length of 50 mm, corresponding to the target length of the manufactured models.

the area of high suction, or separation bubble, in the time-averaged D. Comparison Between Roamx-0201 and CLF5605

sense, at a = 6 deg identified in the 3D-SP simulations. The afore- Figure 22 compares C; versus a (top row), C,/C), versus a
mentioned differences are likely due to uncertainty in MWT angle- (middle row), and C, versus Cj, polars (bottom row) for CLF5605
of-attack calibration and/or geometric variation between models of and roamx-0201 airfoils obtained using 3D-SP simulations and
the same reference airfoil. Geometric variations are shown in MWT experiments. Associated comparison metrics are summarized
Figs. 20 and 21 and quantified in Tables 2-5. in Table 6.

Table 2  Airfoil thickness comparison at selected chord fractions

CLF5605 clf5605-us-fp clf5605-us-s clf5605-jp-f
x/c mm mm A, % mm A, % mm A, %
0.10 2.34 2.33 -0.3 2.43 4.1 2.28 2.4
0.25 2.45 2.57 4.6 2.65 8.1 2.51 2.2
0.50 1.77 1.87 6.1 1.92 9.0 1.77 0.2
0.75 0.88 0.92 4.8 0.95 7.9 0.80 -9.4
0.90 0.40 043 7.8 043 9.0 0.29 -28.4

Percentage differences are computed relative to the CLF5605 reference airfoil.

Table 3 Camber line height at selected chord fractions

CLF5605 clf5605-us-fp clf5605-us-s clf5605-jp-f
x/c mm mm A, % mm A, % mm A, %
0.10 1.17 0.95 -18.5 0.99 -15.7 0.93 -20.7
0.25 1.87 1.70 -8.8 1.76 =57 1.77 —-4.9
0.50 2.45 2.28 —-6.9 2.39 -2.6 2.55 3.9
0.75 2.36 2.17 =79 2.30 -2.5 2.55 8.1
0.90 1.65 1.35 -17.8 1.48 -10.2 1.76 6.7

Percentage differences are computed relative to the CLF5605 reference airfoil.
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Table 4  Airfoil thickness comparison at selected chord fractions

Roamx-0201 Roamx-0201-us-f Roamx-0201-us-pl Roamx-0201-jp-fp
x/c mm mm A, % mm A, % mm A, %
0.10 0.41 0.93 129.5 0.98 140.2 0.29 —28.6
0.25 0.50 1.04 107.0 1.09 118.8 0.40 —20.8
0.50 0.50 1.05 110.0 1.08 115.2 0.48 -4.8
0.75 0.50 1.09 117.1 1.08 116.5 0.54 8.7
0.90 0.41 0.98 140.8 0.96 135.7 0.50 22.7

Percentage differences are computed relative to the roamx-0201 reference airfoil.

Table S Camber line height at selected chord fractions

Roamx0201 Roamx0201-us-f Roamx0201-us-pl Roamx0201-jp-fp
x/c mm mm A, % mm A, % mm A, %
0.10 0.73 0.80 10.3 0.87 19.4 0.83 13.6
0.25 1.58 1.61 1.9 1.75 11.0 1.66 52
0.50 2.26 1.98 -123 2.12 6.1 2.03 -10.3
0.75 1.84 1.38 -25.0 1.45 -20.8 1.40 -23.6
0.90 0.93 0.62 -334 0.61 —34.6 0.65 -30.4

Percentage differences are computed relative to the roamx-0201 reference airfoil.
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Fig. 22 C; vs a (top row), C; /Cp, vs & (middle row), and C;, vs Cp, polars (bottom row) for CLF5605 and roamx-2021 airfoils obtained using 3D-SP
simulations and MWT experiments.
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Table 6 Summary of comparison between CLF5605 and roamx-0201 airfoils

Metric Airfoil 3D-SP OVERFLOW 3D-SP PyFR MWT experiments (us/jp)
Max C;, CLF5605 1.062 1.069 0.770/0.854
_ Roamx-0201 1.296 1.281 0.861/0.622
Improvement in max C;, —_— +22.1% +19.8% +11.8%/ —27.2%
a at max EL CLF5605 5.0 deg 5.0 deg 6.0 deg/6.0 deg
o Roamx-0201 6.0 deg 6.0 deg 6.0 deg/6.0 deg
Max C; /Cp CLF5605 18.65 18.27 8.51/8.52
~_ Roamx-0201 26.38 26.11 12.20/10.13
Improvement in max C; /Cp —— +41.5% +42.9% +32.3%/ + 18.9%
a at max C; /Cp CLF5605 2.0 deg 2.0 deg 4.0 deg/4.0 deg
Roamx-0201 4.5 deg 4.5 deg 5.0 deg/6.0 deg
Stall observed CLF5605 Yes (@ > 5 deg) Yes (@ > 5 deg) No/no
Roamx-0201 No No No/no
Lift increment observed CLF5605 No No No/no
Roamx-0201  Yes (@ > 4.0 deg) Yes (a« > 4.0 deg) Yes (@ > 4.0 deg)/no

For the MWT experiments, values are reported as a range across the two tested models (us and jp). Percentages are computed as relative

differences with respect to CLF5605.

Across methodologies, the roamx-0201 airfoil consistently
achieves higher aerodynamic efficiency. Specifically, in 3D-SP
simulations, the maximum C; /Cp increases by 41.5% (OVER-
FLOW) and 42.9% (PyFR) relative to CLF5605. MWT experiments
show improvements ranging from 18.9% to 32.3%, depending on
the tested model. The angle at which maximum efficiency occurs is
also shifted to higher a for the roamx-0201 airfoil, indicating a
broader useful operating range.

While both airfoils achieve a linear lift slope for a range of a, their
postlinear behavior diverges significantly. Specifically, 3D-SP sim-
ulations show that the CLF5605 airfoil stalls when a > 5 deg.
However, in contrast, 3D-SP simulations and MWT experiments
show that the roamx-0201 airfoil achieves an increment in lift when
a > 4 deg due to separation from the sharp leading edge followed
by a Kelvin—Helmholtz instability and subsequent roll-up of vorti-
ces close to the upper surface of the airfoil, resulting in a recircu-
lation region in a time-averaged sense adjacent to the front half of
the upper surface that sustains suction over a significant portion of
the airfoil. Consequently, in 3D-SP simulations, the roamx-0201
airfoil can achieve a maximum C; 19.8-22.1% higher than the
CLF5605 airfoil.

V. Future Work

Future work should look to further understand remaining dis-
crepancies between the VWT PyFR and MWT experimental results.
Specifically, further VWT PyFR simulations that incorporate
scanned model geometries, surface roughness representations, and
a range of turbulent inlet conditions could be undertaken. Future
work should also examine sensitivity to Reynolds number, Mach
number, and angle of attack, since Martian rotor blades operate over
a wide range of local Reynolds and Mach numbers due to variations
in rotational speed and chord along their span, and blade twist
introduces spanwise variation in angle of attack. Changes in Reyn-
olds number may alter separation location and vortex coherence,
while changes in Mach number may modify pressure gradients and
the strength of the separated shear layer. Finally, future work should
assess the effectiveness of the roamx-0201 lift generation mecha-
nism under dynamic pitch, including potential hysteresis effects.

VI. Conclusions

This study compares the aerodynamic performance of the
CLF5605 rotor airfoil—which flew on Ingenuity in 2021—with
that of a new optimized roamx-0201 airfoil designed for Martian
conditions at NASA Ames Research Center. Specifically, perfor-
mance was studied at a chord-based Reynolds number of 20,000 and
a Mach number of 0.60 across a range of angles of attack. In this
regime, flow can be highly sensitive to geometry and operating

conditions, and results from both computational analysis and physi-
cal testing can be strongly affected by small differences in setup.
Accordingly, in order to achieve confidence in observed perfor-
mance trends, the airfoils were studied using three independent
state-of-the-art methodologies: ILES using NASA’s OVERFLOW
solver, DNS using the high-order GPU-accelerated PyFR solver,
and experimental testing in the MWT at Tohoku University. Dis-
crepancies between results obtained using the various methodolo-
gies were identified and discussed, including disagreement between
the 2D and 3D-SP simulation results, between the 3D-SP simulation
results and the MWT experimental results, and between the various
MWT experimental results. However, across methodologies, the
roamx-0201 airfoil achieves an ~19-43% improvement in lift-to-
drag ratio relative to the CLF5605 airfoil. Moreover, 3D-SP simu-
lations show that the roamx-0201 airfoil has superior stall character-
istics and can achieve a maximum lift ~20% higher than the
CLF5605 airfoil. The work provides a strong body of evidence to
support further studies into the use of rotors based on the optimized
roamx-0201 airfoil for future Mars helicopters, with the potential to
deliver increased range, flight duration, and payload compared to
Ingenuity. Such capabilities would allow next-generation vehicles
to explore further and faster and to carry scientific instruments and/
or surface samples, enabling a wider set of Mars science and
discovery missions.

Appendix A: Mesh Independence Study
(OVERFLOW and PyFR)

Figure A1 shows absolute percentage differences in time-averaged
lift and drag coefficients with respect to the finest mesh, |AC; |% and
|ACp|%, plotted as a function of the number of elements N, to
assess mesh convergence for 2D OVERFLOW and 2D PyFR simu-
lations of CLF5605 and roamx-0201 at « = 6 deg.

The absolute percentage differences in time-averaged lift and
drag coefficients are defined as

B E(i) _ E(fine)
|AC|% :‘% % 100% and
CL
B 6(1’) _ 6(fine)
|ACp|% =‘% x 100% (A1)
CD

respectively, where Ef) and fg) denote values obtained on mesh i,
and C\"™ and C\i™ refer to the values obtained from the finest
mesh. For both OVERFLOW and PyFR, the 2D meshes for which
both |AC,|% and |ACp|% were below 1% were used for all
simulations, corresponding to the second-finest mesh tested.
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Fig. A1 Absolute percentage differences in time-averaged lift and drag coefficients with respect to the finest mesh, |[AC; |% and |AC | %, plotted as a
function of the number of grid points N,, for 2D OVERFLOW and number of elements N, for 2D PyFR to assess grid convergence of CLF5605 and

roamx-0201 at « = 6.

Appendix B: Domain Span Independence Study
(OVERFLOW and PyFR)

Figure B1 shows plots of Cp on both upper and lower surfaces of
the CLF5605 and roamx-0201 airfoils at @ = 6 deg as a function of

X = x/a for 3D-SP OVERFLOW and 3D-SP PyFR with different
domain spans d, = 0.25, 0.5 and 0.75 chord lengths. Figure B2
shows the absolute percentage differences in C; and Cj, with respect
to the largest spanwise domain, d, = 0.75. For both OVERFLOW
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Fig. B1 Plots of time-averaged pressure coefficient Cp as a function of ¥ for different span lengths of the domain d, to assess domain span length
independence for 3D-SP OVERFLOW and PyFR simulations of CLF5605 and roamx-0201 at « = 6 deg.
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Fig. B2 Absolute percentage differences in time-averaged lift and drag coefficients with respect to the largest spanwise extent of the domain d, = 0.75,
|AC} | %, and |ACp| %, plotted as a function of d_ for 3D-SP OVERFLOW and 3D-SP PyFR to assess the required spanwise extend of the domain for
CLF5605 and roamx-0201 at « = 6 deg.
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Fig. B3 Images of instantaneous density gradient magnitude |Vp| in the y—z plane at a distance of 0.05 chord lengths from the trailing edge for 3D-SP
PyFR on CLF5605 (left) and roamx-0201 (right) at« = 6 deg with domain span lengths of d, = 0.25,d, = 0.5, and d, = 0.75 chord lengths. Note that
for d, = 0.25 and d, = 0.5 chord lengths the periodic data are repeated 3 and 1.5 times, respectively, to facilitate comparison.

and PyFR, the differences decrease as d, increases, with variation To complement this analysis, Fig. B3 presents instantaneous
below 1% in most cases for d, = 0.5, except for the CLF5605 airfoil density-gradient magnitude fields in the y—z plane for different
with PyFR, which varied by ~3.8%. domain spans. For d, = 0.25, the flow exhibits artificially repeated
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spanwise structures due to the imposed periodicity. As the spanwise
extent increases from d, = 0.25 to d, = 0.5, these structures
become less correlated and are allowed to naturally break down.

Based on these results, a domain span of d, = 0.5 chord lengths
was employed here.

Appendix C: DNS Resolution Study (PyFR)
Figures C3 and C4 show plots of A/n along various midspan
lines for 3D-SP PyFR simulations at « = 6 deg for CLF5605 and
roamx-0201, where A is an estimate of the solution point spacing
given by Eq. (7) and 7 is an estimate of the Kolmogorov length scale

A/n

0
-20 -10

a) CLF5605 PyFR

given by Eq. (8). It is shown that 3.57 > A in the wake for 6 chords
downstream of the airfoil. This is consistent with ranges reported in
prior DNS studies [35,36]. Specifically, Buxton et al. [35] examined
the relationship between # and spatial resolution by filtering DNS
data of a nominally two-dimensional planar mixing layer onto
meshes ranging from 2.57 to 157, showing that the required reso-
lution depends on the statistics of interest, with 2.5y — 5# providing
good agreement with experimental data. Similarly, Laizet et al. [36]
compared simulations of grid-generated turbulence at resolutions up
to 27, 4n, and 75 against experimental measurements, reporting that
a resolution of approximately 51 was sufficient to reproduce first-
and second-order statistics within a small margin.
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Fig. C1 Plots of A/z in the midspan plane as a function of y at x = 1, x = 3, and x = 6 for 3D-SP PyFR at @ = 6 deg.
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Fig. C2 Plots of A/#n in the midspan plane as a function of x at y = 0.05 and y = —0.2 for 3D-SP PyFR at « = 6 deg.
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Fig. C3 Plots of A/#n in the midspan plane as a function of y at x = 1, x = 3, and x = 6 for 3D-SP PyFR at @ = 6 deg.
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Fig. C4 Plots of A/n in the midspan plane as a function of x at y = 0.05, and y = —0.2 for 3D-SP PyFR at « = 6 deg.

Appendix D: Surface Pressure for All «

Figure D1 shows plots of Cp on both upper and lower surfaces of
the CLF5605 airfoil as a function of X = x/a, where a is the x-wise
distance between the leading and trailing edges of the airfoil, for all
tested a. Results are shown for 2D OVERFLOW, 2D PyFR, 3D-SP

OVERFLOW, 3D-SP PyFR, and MWT PSP experiments on model
clf5605-us-fp.

Figure D2 shows plots of Cp on both upper and lower surfaces of
the roamx-0201 airfoil as a function of X = x/a, where a is the
x-wise distance between the leading and trailing edges of the airfoil,
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Fig. D1 Plots of time-averaged pressure coefficient Cp as a function of x for different angles of attack « for the CLF5605 airfoil.
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Fig. D2 Plots of time-averaged pressure coefficient Cp as a function of ¥ for different angles of attack « for the roamx-0201 airfoil.

for all tested a. Results are shown for 2D OVERFLOW, 2D PyFR,
3D-SP OVERFLOW, 3D-SP PyFR, VWT PyFR, and MWT PSP
experiments on models roamx-0201-us-pu, roamx-0201-us-pl, and
roamx-0201-jp-fpu.

Appendix E: Schlieren and Instantaneous Density
Gradient for All @

Figure E1 shows schlieren images for MWT experiments on
model clf5605-us-s (left) and images of instantaneous density gra-
dient magnitude |Vp| for 3D-SP OVERFLOW (middle) and PyFR
(right) on CLF5605 at all tested a.

Figure E2 shows schlieren images for MWT experiments on
model roamx-0201-jp-s (left) and images of instantaneous density
gradient magnitude |Vp| for 3D-SP OVERFLOW (middle) and
PyFR (right) on roamx-0201 at all tested a.
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Fig. E1 Schlieren images for MWT experiments on model clf5605-us-s (left) and images of instantaneous density gradient magnitude |Vp| for 3D-SP
OVERFLOW (middle) and PyFR (right) on CLF5605 for different c.
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