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Given the success of NASA/JPL’s Ingenuity helicopter, the study of Martian flight vehicles
and their aerodynamic characteristics has become a rapidly growing field of research. At NASA
Ames, the '""Rotor Optimization for the Advancement of Mars eXploration' (ROAMX) team
and their partners have published designs for an advanced, second generation Mars helicopter —
the ""Mars Science Helicopter'' (MSH) — which possesses a novel rotor geometry. This paper
presents the independent development and validation of a numerical model for assessing
Mars rotorcraft performance, which uses an MSH-inspired rotor as the primary research
artifact. Performing Mars-analogous or exact recreations of Mars environmental conditions on
Earth is both a costly and difficult technical challenge. Therefore, a transient, 3-D unsteady
Reynolds-Averaged Navier Stokes (RANS) CFD model is proposed to estimate the performance
of an MSH-inspired rotor in Earth atmospheric conditions. The experimental data presented
in this paper corresponds to a sweep of collectives for a 75% span rotor Reynolds numbers of
2.87 % 10°. The numerical simulations use the results of the experimental campaign to validate
the accuracy and fidelity of the model. Delayed Detached Eddy Simulations (DDES) and a
computationally cheaper steady-state RANS approach were validated using experimental data
at low thrust conditions. Then, the RANS approach was used to sweep different collective pitch
angles for both nominal and modified twist geometries that attempt to account for aeroelastic
deformations using low-fidelity modeling. The blades with a modified twist show an improved
agreement with the experimental data, with errors of ~5% in the thrust and torque coefficients
for low collectives. For large collective angles, beyond which the figure of merit peaks, the
RANS simulations predict premature stall compared to the experimental data. The methods
and results presented in this paper are the first phase of an effort to independently estimate
both the aerodynamics and dynamics of such a unique rotor geometry.

I. Nomenclature

A = Rotor disk area, 7R?, m?

Co = Torque coefficient, 0/p(QR)*RA
Co/o = Torque loading coefficient

Cr = Thrust coefficient, T/p(QR)*A
Cr/o = Blade loading coefficient

c = Airfoil, rotor chord, m

FM = Figure of merit, C;/ 2 /N2 Co

k = Turbulent kinetic energy, m?>s~>
M = Mach number, V/+/yRT

Np = Number of rotor blades per rotor disk
(0] = Rotor torque, N m
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Reynolds number, pVc/u

= Rotor radius, m, Gas constant, m2s2k
Thrust, N, Temperature, K

= Velocity, m 57!

= Dimensionless wall distance
= Ratio of specific heats

= Fluid density, kg m™>

Rotor solidity, N,cR/ TR?
Rotor rotational frequency, s~
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I1. Introduction

The study of Martian aerodynamics is a rapidly growing field of research. NASA/JPL’s Martian helicopter, Ingenuity,
continues to set records, aid the Perseverance rover in scouting ground paths, and expand its flight envelope. An
uncommon aerodynamic regime exists for the rotor blades of a Martian rotorcraft vehicle: the cold, thin atmosphere
results in high sub-sonic Mach numbers and low Reynolds numbers. Due to this extreme combination, there are
numerous challenges related to understanding the aerodynamic and aeroelastic characteristics of a Martian flight vehicle.
The low atmospheric pressure — less than 1% of Earth’s at standard sea level conditions — significantly limits the thrust
a rotor generates. Consequently, relatively large rotor solidities, rotation rates, and diameters are required [1]. The
low gravitational acceleration on Mars — approximately 38% of that found on Earth — aids in reducing the significance
of weight considerations, but only partially compensates for the negative effects associated with the atmosphere. To
maximize the payload capacity and vehicle endurance of Martian rotorcraft, rotor efficiency must be enhanced, and
classical optimal rotor considerations valid for rotorcraft flight on Earth may not apply.

Several studies have conducted numerical and experimental investigations of ultra-low Reynolds numbers, which is
defined by the Re = 0(103 - 104) flow domain [2]]. Kroo and Kunz [2]] performed numerical studies on airfoils, while
Kunz and Strawn[3]] carried out numerical and experimental studies on rotors in ultra-low Reynolds number flows at
low sub-sonic Mach numbers. The numerical studies performed by Refs. [2]] and [3]] relied upon a two-dimensional,
incompressible Navier-Stokes flow solver. The main findings of those works indicate that ultra-low Reynolds numbers
primarily lead to laminar flow and the generation of thickened boundary layers, effectively modifying the assessed
geometry. At flight Reynolds numbers greater than 10°, separation caused by sharp leading edges typically indicates the
rapid onset of stall. However, this is uncommon in the ultra-low Reynolds number flow domain [2], which presents an
unsteady high lift regime after leading edge separation.

Tohoku University in Sendai, Japan, houses a dedicated "Mars Wind Tunnel" designed for experimentally assessing
compressible, low Reynolds number aerodynamics. This facility has provided extensive and insightful airfoil performance
data for different geometries, as presented in Refs. [4H7]. These experimental efforts have been used to validate different
numerical methods, ranging from high-order DNS solvers [8]] to commercial finite volume Navier-Stokes solvers [9} [10].
Considering the significant impact the separation regions have on airfoil and rotor performance [11], it is crucial to
simulate the unsteady and three-dimensional flow attributes for determining their impact on rotor performance. Although
accurate numerical simulations of rotors are prohibitively expensive for optimization purposes, having a reliable and
validated numerical tool capable of identifying unique flow features characterizing this regime is very interesting, given
the challenges of experimentally replicating the Martian atmosphere.

NASA Ames, NASA/JPL, the University of Maryland, AeroVironment Inc., and Tohoku University have partnered
to design, build, and test aspects of NASA’s second-generation Martian flight vehicle known as the “Mars Science
Helicopter” (MSH) [[12]]. Previous and on-going design work from, but not limited to NASA and their university and
industry collaborators [1 [11H24], University of Maryland [25H28], JAXA [5}129H31], Politecnico di Torino [10} 32H34]]
and ONERA [35/ 36] have aided in substantiating vehicle design ideas and configurations, airfoil selection and analyses,
optimal rotor design and scaling, vehicle sizing considerations, and identification of exploration sites of interest for a
Martian rotorcraft. A brief summary of the activities involved in the MSH design is described herein for completeness.

At NASA Ames, the “Rotor Optimization for the Advancement of Mars eXploration” (ROAMX) team and their
colleagues have invested significant efforts in computational modeling, numerical analysis, and experimental research
efforts to study the complex flow phenomena occurring during Martian rotorcraft flight, including but not limited
to Refs. [12} 13} [16H18] 26l 137, [38]]. Accurately simulating compressible, low Reynolds number flow for Martian
rotorcraft performance estimation has become increasingly important to support Mars exploration efforts [[12], especially



considering the expense of conducting experiments under similar conditions. As a result of ROAMX’s optimization
efforts, a novel rotor geometry has been proposed for use on the MSH [} [12], and its performance and geometry are the
primary area of focus for this work.

The following sections describe the numerical and experimental campaigns of this research endeavour. The
numerical model is presented in terms of mesh-grid generation, the employed fundamental governing equations, the
discretization scheme, and additional turbulence and wake modeling packages. The numerical method implemented
is based on the compressible Reynolds Averaged Navier-Stokes (RANS) equations, chosen for the non-negligible
importance of modeling turbulence for the Reynolds numbers at which the blade will operate. The effects of enhanced
wake turbulence modeling are analyzed through Delayed Detached Eddy Simulations (DDES). By using different
methods from those applied by the ROAMX team, the list of applicable numerical tools and methods validated for
estimating the performance of "Mars-optimized" rotors and the compressible, low Reynolds numbers domain grows
wider and becomes increasingly accessible to the broader research community.

The experiment is described with respect to the critical hardware used, along with a brief description of the
manufacturing method employed for the rotor blades. A blade based on an 85.3% scaled MSH rotor was manufactured
using composite materials and tested at several collectives and one rotation rate under Earth atmospheric conditions.
The validation described herein, using terrestrial data, was performed at Reynolds numbers exceeding 250,000, which is
over an order of magnitude higher than those found in Martian conditions. Despite the differences in boundary layer
state, the validation is important for checking the agreement with the experimental tests, understanding the complexities
of grid generation for a polygonal-like rotor, and identifying inconsistencies between experimental and numerical results.
These inconsistencies, for example, can be caused by not accounting for aeroelastic or experimental recirculation effects.
Subsequently, a description of the numerical and experimental test matrices is provided. The results of the verification
study are addressed, along with a comparison of different numerical approaches and a discussion of the first-order
modeling employed for estimating aeroelastic effects that deformed the blade. The paper concludes with a discussion of
the study’s most notable results and a brief presentation of a future research framework.

II1. Materials and Methods

A. Rotor Blade Geometry

Below, in Fig.[T} is an adapted representation of the novel MSH rotor geometry from Johnson et al. [1] highlighted
with the airfoil sections that define specific spanwise locations. A simple linear loft connects the defined spanwise
locations with rectilinear plate-like sections. Johnson et al. [1] presents the preliminary blade design and describes that
the rotor’s leading and trailing edges come to a sharp point throughout the entire span. Moreover, between the 7% span
location and the rotor tip, there is -18° of twist. The airfoils shown at the 50%, 75%, and 100% span correspond most
closely to the “Double Edged Plate” (DEP) airfoil geometry optimized by Koning et al. [19}[20] for compressible, low
Reynolds number flow (i.e. Re = 1.67 = 10*, M = 0.52). The airfoils shown for the inboard spanwise locations are of
increased thickness to accommodate sufficiently rigid integration of the rotor with the hub [1]. However, the sharp and
polygonal-like features of the DEP are retained in these most inboard sections for preserving the spanwise continuity of
the rotor geometry. The DEP airfoil forces the flow to separate at the leading edge and reattaches forming a separation
bubble. The periodic coherent shedding of vortical structures over the top of the airfoil aids in lift generation at low
Reynolds numbers, similar to the flapping flight mechanics of insects and birds [11}[19]. An equivalent interpretation of
this phenomenon is presented by Carrefo Ruiz et al. [33]], which associates the improvement of the efficiency of these
airfoils to the presence of an optimal separation bubble that enhances the lift with a small drag penalization due to the
reduced skin friction.



Fig. 1 Isometric view of the MSH hexacopter blade design. Adapted from Johnson et al.][1]

B. Numerical Simulations
This work presents two approaches to simulate rotor ows; an unsteady Delayed Detached Eddy Simulation (DDES)

approach and a steady RANS approach using STAR-CCM+. The compressible RANS equations were used as the
mathematical model in the simulations. The evaluation of the viscous uxes uses a second-order approximation. In
contrast, the calculation of inviscid uxes uses a third-order Monotonic Upwind Scheme for Conservation Laws (MUSCL)
blended with a third-order central di erences reconstruction method combined with Roe's scheme. Furthermore, the
unsteady model employs a second-order implicit time integration method, whereas the steady approach utilizes an
implicit pseudo-time marching scheme to drive the pre-conditioned system of equations to convergence.

1. Computational Domain and Grid

The computational domain is modeled as a truncated cone with all the walls placed over 10 rotor radii from the rotor
to prevent wall/ground/ceiling interference during the simulated physical time, as shown in Fig. 2. The computational
grid used in the unsteady simulations consists of approximately 40 million polyhedral cells with prism layers near the
blade to adequately capture the strong wall-normal gradients in the boundary layét. i§maintained below 1 for
the whole blade surface. The thin geometry of the blade requires a large cell count near the leading and trailing edges.
This can be appreciated by the blade surface mesh shown in Figs. 3 5. The wake is re ned for an extension of one
rotor diameter using a cell size 12 times smaller than the chord at the tip, then it progressively coarsens to avoid an
excessive cell count. This validation is based on integral loads, and therefore resolving a long wake would drastically
increase the computational cost without causing a relevant impact on the rotor performance predictions. However, it is
important to resolve the wake vortex system near the blades well to accurately model Blade Vortex Interaction (BVI).

In the case of steady RANS simulations, we make use of a periodic boundary condition and simulate just a third of
the domain used in the transient simulation. To avoid convergence issues that typically occur in steady-state solutions of
hovering rotors with a small thrust coe cient, we substituted wall boundaries for far- eld conditions with a residual
axial velocity component. We also distinguish in this case two regions, a static region used to adequately impose
boundary conditions and a rotating region in which we solve the RANS equations in a rotating reference frame. Despite
some di erences in the grid caused by the presence of the periodic boundary conditions and the slightly larger rotating
domain to allow for the development of the wake, the near-body and wake resolution are maintained obtaining an overall
cell count of ~14 million.



Fig. 2 Computational domain.

Fig. 3 Computational grid at plane X =0 m.

Fig. 4 Surface grid over the rotor.



Fig. 5 Prism layer details at plane Y = 0.5 m.

2. Turbulence modeling

The results of the simulations rely on computations using the two equatidnshear stress transport eddy viscosity
model presented by Mente39]. This model has been successfully employed to estimate aerodynamic loads on rotors,
including in works by Bergmann et al4(Q] and Carrefio Ruiz et al.4[l]. The rectangular leading edge geometry
creates separation bubbles on the pressure and suction sides when the blade is xed at a zero degree tip angle of attack.
These bubbles are small but increase in size for larger pitch angles. For the zero pitch condition, we also present a
DDES using the approach proposed by Menter et4d]. [This method blends the aforementioned | shear stress
transport model in regions where the grid resolution is insu cient to capture the inertial scales (e.g. boundary layers)
with LES capabilities in regions where larger eddies can be resolved. A similar approach using the DDES methodology
proposed by SpalaréB] has been demonstrated successfully by Yoon et4d] gnd Ventura Diaz et al.4p] for
di erent scale rotors usin@ VERFLOWIn this work we use the nite volume solver STAR-CCM+. In particular, the
DDES simulations have been performed using a third-order central di erence scheme with a 5% upwinding for stability
purposes.

3. Rotation Modeling

The rotation of the grid in the DDES simulation is modeled with a sliding grid approach. A rotating inner region
slides within a static outer region. Both regions are interfaced using an AMI (Arbitrary Mesh Interface) protocol.
Initially, we carried out ten revolutions at a time step of 2.5 degrees per temporal iteration and ve revolutions at a
time step of 1 degree per temporal iteration. The rst revolutions with a larger time step allow the ow to develop by
advecting the starting vortex downstream. Then, successive iterations with a smaller time step ensure a time-accurate
solution. The steady RANS approach uses a Moving Reference Frame (MRF) to model the rotation of the blade while
maintaining a static grid. The RANS equations are formulated in a rotating reference frame which results in extra source
terms in the momentum equations associated with centrifugal and Coriolis accelerations.

C. Mars Rotor Test Stand and 85% Scaled Blade Design

The Mars Rotor Test Stand used in the experiments is shown in Fig. 6a and is rst described by Bensignd6égt al. [
For completeness and to re ect updates to the hardware, the experimental setup is described in brief. Select components
of the test stand are labeled, including the FUTEK MBA500 889.6 N, 25.6 N m load cell, the torque and thrust transfer
shaft, the passive vibration isolating interface, and the fully articulated rotor head swashplate mechanism. Moreover, the
rotor stand is considered out of ground e ect with respect to the testing room, as there are no obstructions within two
rotor radii in the wake propagation directiofif]. Experimental performance of the rotor was captured in terms of
thrust generated and torque produced and are presented non-dimensionally as blade loading cog digrtgrque
loading coe cient, g<f and gure of merit, "



(a) Pro le test stand view. (b) Manufactured rotor blades

Fig. 6 Select components and rotors used on the Mars Rotor Test Stand

To avoid confusion, the rotors manufactured that are based on and inspired by the MSH design will be referred to as
the "scaled rotors." The scaled rotors are shown in Fig. 6b. They are sized at 85.3% full scale of the MSH and have a
total span length of 0.546 m. The rotor head paddle/blade root attachment point is 0.096 m radially o set from the rotor
rotational axis. The root of the scaled rotors extends 0.016 m inboard from the connection point to provide su cient
structural support along the centrifugal loading axis. The tip radius is 0.6259 m, and the disk are&i$. ITh& MSH
rotor solidity is 0.142 1], however, due to the scaling and the rotor blade attachment point o set, the solidity of the
scaled rotors manufactured is 0.108. The 85.3% scaling was chosen such that two rotor diameters could t between the
rotor rotational axis and the vacuum chamber facility wall to be used in future experiments.

To produce a structurally rigid internal core, berglass reinforced epoxy resin, a brass tube for rotor head integration,

a 100% in Il 3-D printed root insert, and strands of carbon ber tow comprised the internal make-up of the rotor blade.
Although all rotor blades were built using the same layup technique, it is possible that the sti ness and mass attributes
of each blade di er due to small variations in material properties associated with the composite layup method and
human factors. Early destructive testing of the scaled rotors determined that the method used was su ciently strong and
resulted in a solidly lled rotor blade.

Extensive quanti cation of the rotor thickness, twist, weight, and center of mass location were performed on the
set of blades used in the experiment to ensure consistency and su cient characterization. These measurements were
performed using digital calipers and a rotor balancing tool and were repeated several times. The average of the measured
linear ts characterizing the twist rate demonstrated a 0.845% error with respect to CAD model of the rotor. Due to
the downsized scaling of the rotor, and material constraints, the scaled rotor set was nominally thicker along the span
compared to the CAD model. However, each plate section thickness measured demonstrated no more than a 1.2 mm
di erence then the CAD design criteria. The rotor set has an average mass of 164.02 g and a standard deviation of
0.081 g (i.e. the blades were balanced to less than a 1/10th of a gram di erence). In summary, the scaled rotor blades
are quantitatively and qualitatively similar to the CAD model of the blade. The reader may refer to a set of manufactured
blades by ROAMX in Ref. [12] for a visual and qualitative comparison of the blades described herein.

D. Test Conditions

The numerical simulations spot check results from the experimental data obtained at an average RPM of 998. The
resultant 75% span Reynolds number and tip Mach numbe2-a7e 10° and 0.190, respectively. The 75% span
location is at a radial distance 0.469 m and has a chord length of 0.091 m. (Note that the 75% span location is not where
the 75% airfoil is located as depicted by Fig. 1 due to the rotor head paddle/blade root attachment o set.) The density
and temperature used in the simulations correspomnitd«177:6+<3 and) = 300 , which are within 3 % of the
experimental conditions for all collective angles. The electronic speed controller used in the experiments attempts to
maintain the given RPM input, however, small uctuations do occur. Thus, an average RPM is presented for each sweep
of collectives. This averaged RPM is used to de ne the rotation rate in the numerical simulations.



IV. Rotor Performance Results
This section presents both numerical and experimental results. First, preliminary ow visualizations generated
with the numerical model demonstrate some of the interesting aerodynamic phenomena occurring for the zero pitch
condition. Next, select experimental results are presented and are then compared with the results of the numerical
simulation for di erent pitch conditions. The collective angle is de ned relative to the rotor tip angle of attack for the
experiments performed. For the deformed rotor blade conditions assessed below, the collective was referenced in the
simulation via the root-hub.

A. Numerical Results and Flow Visualization at Zero Degrees Collective Pitch

Simulations have been computed for the zero-pitch condition using both a DDES and a steady RANS approach, as
shown in the previous section. The former approach is computationally exhaustive while the latter allows a reduction of
CPU cost of around an order of magnitude. This reduction is achieved partially by simulating only one-third of the
domain pro ting from the axial symmetry of the rotor and boundary conditions. An additional reduction is obtained by
using a steady-state approach to drive the solution to convergence.

Table 1 compares the blade loading coe cients and gure of merit obtained experimentally with the numerical
results using the aforementioned approaches. RANS and DDES simulations exhibit discrepancies within approximately
5%. Both sets of results are in good agreement with the experimental values. To further explore the di erences between
these numerical approaches, Fig. 7 presents the blade loading and torque loading coe cient distributions along the
radial coordinate. The in uence of BVI is notably intense, featuring a characteristic in ection point in the thrust per
unit length distribution, which is well captured by both approaches. Figure 8 shows how the tip vortex impinges the
blade in the outboard sections causing the aforementioned blade loading distribution. On the other hand, the torque
per unit length is in good agreement towards the inboard stations but towards the tip, RANS calculations slightly
underestimate the value predicted with the DDES. Considering the intense BVI in this region, the steady nature of
the approach, and the di erences in turbulence modeling, discrepancies in the torque coe cient of approximately 5%
may be anticipated. The important reduction in CPU time and the good agreement demonstrated suggest that steady
RANS modeling is an interesting alternative for rotor performance predictions in this Reynolds number regime. The
simulations presented in this work were computed using 96 cores from three Intel Xeon Scalable Processors Gold 6130
operating at 2.10 GHz. The computations were performed at the high-performance computing facility of Politecnico di
Torino (HPC@POLITO).

Figure 9 shows how the leading edge geometry produces separation bubbles on the suction and pressure sides of the
blade. These are characterized by a reversed ow creating a negative chordwise wall shear stress. Figure 10 shows how
these bubbles are relatively small but extend for almost the entire radial coordinate on the suction side and the outboard
sections on the pressure side. The pressure side bubble will disappear for higher pitch angles, but the suction side
bubble will grow with increasing collective angle. The suction side separation bubble occurs by design as it reduces
skin friction for Reynolds numbers below 20,000, at which this blade is designed to operate. These bubbles are found to
be steady in the rotating reference frame in both DDES and RANS approaches at the zero pitch condition.

Table 1 Comparison between numerical and experimental results for the scaled rotor blade at zero collective
pitch.

Thrust Coe cient (10 3) Torque Coe cient( 10 %) Figure of Merit CPU hours

RANS 6.84 6.90 0.580 1,980
DDES 6.95 7.30 0.561 14,400
Experimental 6.74 7.08 0.553 -
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