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ABSTRACT

The next generation of Mars rotorcraft may involve an increase in scale and number of rotors. A key focus area
that has been identified is to increase the fidelity of rotor wake modeling, including its impact on flight dynamics.
To that end, this paper pursues the use of a Viscous Vortex Particle Method (VVPM) for mid-fidelity rotor wake
predictions in Mars atmospheric conditions. Simulated aerodynamic hover performance, as well as control efforts
in trimmed forward flight, of the Ingenuity Mars Helicopter with a VVPM wake is shown to correlate well with
available experimental data. Qualitative and quantitative coaxial wake effects for Ingenuity-type rotors in hover and
forward flight as predicted with VVPM are studied. Utilizing VVPM to evaluate rotor-rotor interference effects in
a large-scale Mars hexacopter across a wide range of flight conditions showcases the capability to comprehensively
model the induced wake of complex multi-rotor configurations within feasible computational cost. An approach to
emulate interference effects derived from the VVPM data that is compatible with finite-state dynamic inflow models is
demonstrated, exemplifying how VVPM can be adopted to inform flight dynamics analysis and control system design

of next-generation Mars rotorcraft.

NOTATION
a Speed of sound, m/s
A Rotor disk area, m?
Cp Rotor power coefficient, P/(pA(QR)?)
Cr Rotor thrust coefficient, T /(pA(QR)?)
Cr, Rotor vertical force coefficient, F,/(pA(QR)?)
c75 Chord at 0.75R, m
d Coacxial rotor separation, m
F, Vertical rotor hub force, N
FM Hover figure of merit, T+/T/(2pA)/P
M Interference gain matrix
M;ip Blade tip Mach number
Ny Number of blades
N, Number of rotors
P Rotorcraft power, W
r R otor radial coordinate, m
R Gas constant, m2/(s2K); rotor radius, m
Re Chord-based Reynolds number, pVe¢/u
RPM Rotor rotational speed, rev/min
t Time, s
T Temperature, K; rotor thrust, N
u Velocity field, m/s
\% Airspeed, m/s
Vi Induced velocity, m/s
X; Position of vorticity particle i, m
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Vortex particle vorticity vector

Angle of attack, deg

Dimensionless induced velocity, v; /(QR)
Specific heat ratio; flight path angle, deg
Dynamic viscosity, N -s/m?; advance ratio
Kinematic viscosity, iL/p

Rotor azimuth angle, deg

Density, kg/m?

Rotor solidity (thrust-weighted)

Rotor collective angle, deg

Rotor cosine and sine cyclic, deg

Rotor rotational speed, rad/s

Vorticity field, 1/s

Particle distribution function
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Sub- and superscripts

ind Self-induced

intf Interference

u,l Upper and lower rotor

h,v Horizontal and vertical

c Smoothing parameter
INTRODUCTION

The success of the Ingenuity Mars Helicopter has broad-
ened the scope of extraterrestrial vertical take-off and land-
ing (VTOL) capabilities. Extensive modeling, simulation, and
experimental testing efforts preceding take-off on Mars were
undertaken in order to bring to fruition Ingenuity’s success.



Capturing the effects of the induced rotor wake on both aero-
dynamic performance and flight dynamics was critical for an
accurate model development of Ingenuity, and will be of even
greater importance as more complex, multi-rotor, and hybrid
vehicle concepts are currently being proposed for Martian
flight (Refs. 1-4). The reliance on model-based analysis for
planetary rotorcraft highlights the need for high-fidelity so-
lutions, as experimental validation is challenging, especially
at forward flight speeds and large vehicle scales that are be-
yond capabilities of current testing facilities suited for Martian
conditions (Ref. 5). The Mars environment presents a distinct
challenge: aerodynamics and flight dynamics of a Mars heli-
copter differ markedly from those observed on Earth, stem-
ming from the low atmospheric density and reduced grav-
ity operating condition, and the resulting unique mechani-
cal design requirements necessary for operating in such an
environment (Refs. 6,7). Numerically simulating rotorcraft
in Martian conditions remains a challenging task, even with
high-fidelity, blade-resolved Computational Fluid Dynamics
(CFD) models, owing to the relatively unexplored flow regime
of low Reynolds and high-subsonic Mach numbers (Ref. 8).
The dynamic inflow model used for Ingenuity (Refs. 9, 10) is
a simple, global representation of the rotor wake and its cou-
pling with (low-frequency) rotor and bare-airframe dynam-
ics (Ref. 11). While computationally tractable for real-time
simulation and suitable for control system design, such mod-
els fail to capture higher-order rotor wake dynamics and do
not explicitly nor a-priori model wake contraction, distortion,
roll-up, rotor-wake interaction, or rotor-rotor interference ef-
fects. Experimental data on multi-rotor applications for the
considered low Reynolds number is limited (Ref. 12), and
even more so in the high sub-sonic aerodynamic regime, hin-
dering semi-empirical formulations such as conventional pre-
scribed or free wake approaches to solve for the wake con-
vection and diffusion. Blade-resolved high-fidelity CFD can
be used to achieve high-resolution numerical simulation of ro-
tor wakes from first principles. However, reliance on blade-
resolved CFD methods comes at a significant computational
cost, which increases drastically with the number of rotors or
aerodynamic surfaces. The identified gap in tools available
for rotor-induced wake modeling for Mars rotorcraft under-
scores the need for a mid-fidelity approach that retains im-
portant higher-order features and wake interactional effects,
while also being applicable to general multiple rotor and com-
pound rotorcraft configurations within a viable computational
cost.

The VVPM approach to rotor wake modeling has been
shown to accurately capture unsteady rotor wake dynamics,
including viscous effects, rotor-wake interaction and rotor-
rotor interference in Earth-based multi-rotor configurations
(Refs. 13-19). VVPM is also increasingly being acknowl-
edged as a mid-fidelity tool from which reduced-order, state-
space inflow models for flight dynamics analysis, control sys-
tem design, and real-time simulations can be derived or en-
hanced (Refs. 20-22). While VVPM has recently gained
attention as a computationally efficient method for model-
ing complex wake interactions in advanced rotorcraft con-

cepts, little research has focused on validating and apply-
ing the method specifically to Mars rotorcraft. Unlike com-
monly used wake models for comprehensive analys that rely
on potential flow assumptions, VVPM accommodates simu-
lating the effect of air viscosity on physical vorticity diffusion
throughout the entire flowfield, a feature that is arguably of
particular interest for Mars applications, considering the dra-
matically reduced prevailing Reynolds number.

This paper aims to demonstrate the utility of VVPM as a mid-
fidelity tool for Mars rotorcraft wake prediction, providing a
bridge between simplified dynamic inflow models and grid-
based high-fidelity CFD. The objective reads two-fold: first,
validate the rotor wake prediction capabilities in the extreme
aerodynamic flow regime the Mars environment poses. Sec-
ond, utilize VVPM to analyze critical wake effects of current
and future Mars rotorcraft configurations. After a brief de-
scription of the numerical approach, simulations of Ingenuity-
type rotors with a VVPM wake is correlated against available
experimental data in representative Mars atmospheric condi-
tions, from vacuum chamber testing as well as select Mars
flight data. Simulated coaxial interference effects and un-
steady aerodynamic loading due to the rotor wake are stud-
ied. Moving towards the next generation of Mars rotorcraft,
VVPM is used to study wake dynamics for Chopper, a pro-
posed large scale hexacopter (Ref. 4). Rotor-rotor interfer-
ence and its impact on trim, rotor loads and induced velocity
distributions are presented for a range of flight conditions, fo-
cusing on the extremes of the flight envelope, including high
speed forward flight. An approach to extract pairwise rotor-
rotor interference velocities is demonstrated, for the purpose
of deriving reduced-order surrogates of the VVPM simulation
data that lend themselves to real-time flight dynamics mod-
els.

NUMERICAL APPROACH

VVPM is a first principles approach to modeling fluid dynam-
ics, utilizing a Lagrangian description of the incompressible
Navier-Stokes equation in its vorticity-velocity form. The
implementation as embodied in the rotorcraft analysis tool
FLIGHTLAB (Ref. 23) has been accounted for in detail in
Refs. 13,24. Let d(-)/dt = d(-)/dt +u-V(-) denote the ma-
terial derivative associated with a velocity field u. For the
vorticity field @ = V x u and kinematic viscosity v, vorticity
dynamics are governed by

do

I =0 -Vu+VA®. (1)
The implicit representation of convection in Equation (1) al-
lows for a numerical solution without artificial dissipation
as compared to traditional finite differencing and volume
schemes. As such, VVPM more efficiently retains vortex cir-
culation strenght over time. The vortex diffusion term VA®
is solved for based on Particle Strength Exchange techniques
(Ref. 25), where the Laplacian operator A is approximated by
an integral operator, avoiding numerical differentiation. Com-
pared to grid-based CFD, the VVPM implementation in this



study is a grid-free approach. Instead, Equation (1) is dis-
cretized through a vortex particle ensemble representation of
the vorticity field, giving the approximation

®(x,1) = Zig(x—x,-)a,- (2)
i=1

where @; is the total vorticity inside the i:th particle located
at x;, and &5 is a distribution function parameterized with a
smoothing parameter ¢ as to avoid a singularity representa-
tion and ensure convergence. The majority of implementa-
tions, including the scheme in FLIGHTLAB, assigns a Gaus-
sian distribution to ;. While the VVPM wake model en-
joys a formulation free from empirical tuning parameters (not
including the rotor aerodynamic model itself), the numerical
discretization and boundary conditions must be prescribed. To
determine the appropriate simulation parameters, preliminary
convergence and sensitivity studies to discretization resolu-
tion and boundary conditions were conducted and substan-
tiated with prior studies (Refs. 19,24). The final parame-
ter bounds are tabulated in Table 1. Aerodynamic surfaces,

Table 1. VVPM Simulation Parameters.

Particle cut-off distance <7TR
Max number of particles 8 x 10°
Far-field boundary condition < 15 rev.
Particle Resolution > 0.0025R
Vorticity Source Resolution > 0.03R

such as rotor blades, act as vorticity sources, shedding new
vortex particles as lift is generated. The considered aerody-
namic rotor blade model is based on lifting line theory with
a Weissinger-L 3-D correction to model tip losses. No addi-
tional unsteady models for attached flow or dynamic stall is
included. Non-linear effects of compressibility and viscosity
on airfoil performance are accounted for through look-up ta-
bles of the sectional lift, drag and moment as function of angle
of attack and Mach number. For varying atmospheric condi-
tions (density and temperature), dedicated airfoil decks are
used to ensure that the effects of Reynolds number are accu-
rately captured. All airfoil look-up tables are derived from 2D
CFD OVERFLOW simulations using current best practices
for low Reynolds number high subsonic simulations. For a
detailed account of the CFD modeling approach and assump-
tions, refer to Ref. 8. The rotor blades are assumed rigid,
and flap dynamics are emulated with hinges, where stiffness
and damping is tuned to match the physical fundamental flap
mode.

THE INGENUITY MARS HELICOPTER

The coaxial rotor system of Ingenuity is modeled in FLIGHT-
LAB with a coupled VVPM wake to validate the prediction
capabilities of rotor performance in aerodynamic conditions
representative for Mars. Simulated performance metrics with
VVPM are compared against available data in a range of at-
mospheric densities. Forward flight trim solutions from select

Mars flight data are compared against VVPM predictions. In
addition, the Ingenuity rotor system is studied in simulation to
characterize coaxial interference and unsteady aerodynamic
loads arising from wake effects.

Experimental Correlation to Ingenuity Hover Test Data

In support of the Ingenuity Mars Helicopter and Sample Re-
covery Helicopters (SRH) (Ref. 26), experimental aerody-
namic performance tests were conducted in the NASA Jet
Propulsion Laboratory 25 ft Space Simulator (JPL SS). The
tests aimed to expand the capabilities of the Ingenuity rotor
system to support increased liftoff mass. The test articles, ex-
perimental set-up, and data collection is covered at length in
Refs. 27,28. The coaxial rotor performance tests of the Engi-
neering Development Model 1 (EDM-1) is considered herein
for VVPM wake model validation. It is noted, that while
the EDM-1 test campaign explored increased blade loading,
Cr/o, with the objective of characterizing stall and power
limits, the nominal operating range of Ingenuity is of primary
interest for test data correlation. The coaxial, two-bladed hin-
geless rotor system of EDM-1 is a very close replica to the
flight vehicle, with the exception of an adjustment to the pitch
links to accommodate larger collective pitch deflections. A
global characterization of the rotor geometry is provided in
Table 2, alongside the aerodynamic environment for the sub-
set of tests replicated in simulation. Collective sweeps for

Table 2. Test Article and Conditions.

Rotor Characteristics

Rotor radius, R [m] 0.605
Number of blades, N, 4
Chord length at .75R, ¢ 75 [m] 0.074
Solidity, o 0.148
Vertical rotor separation, d [m] ~0.17R
Aerodynamic Conditions
Temperature, T [K] 293
Gas constant, R [Nm/kg/K] 188.0
Specific heat ratio, ¥y 1.289
Dynamic viscosity, it [Ns/m?]  1.46 x 1073
Speed of sound, a [m/s] 267

Table 3. Test Matrix for EDM1 VVPM Correlation.

CaseID RPM Density (kg/m®) M, Re
1 2200 0.0100 0.52 5254
2 2043 0.0185 048 8971
3 2550 0.0185 0.60 11230

rotor performance analysis were executed in the experiments
ranging from 1° to 22.5° at a set of density and rotor tip speed
combinations. For the purpose of prediction correlation with



VVPM, collective sweeps were simulated in equivalent con-
ditions as the select test runs as tabulated in Table 3.

The coaxial rotor performance as predicted with the VVPM
wake is compared to the experimental data, discussed as fol-
low. Figure 1 shows the blade loading versus collective (Fig-
ure 1a) and power versus thrust (Figure 1b).

p = 0.0100 kg/m?, M;;, = 0.52
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Figure 1. Comparison of experimental and VVPM predic-
tions of thrust and power for EDM-1.

The numerical predictions of rotor thrust are shown to agree
very well with the experimental data at the nominal operat-
ing blade loading Cr/0 &~ 0.1, and up to Cr/0 =~ 0.15. At
the highest collectives, VVPM overpredicts the thrust. This
holds particularly true for the higher density cases. A simi-
lar trend is seen in the power versus thrust predictions, where
simulation and experiment show excellent correlation at low
to mid thrust. While power is overpredicted for higher thrust
at the lowest density, p = 0.01 kg/m?, the opposite is true for

p = 0.0185 kg/m>. The predicted and measured Figure of
Merit (FM) against blade loading Cr /o is presented in Fig-
ure 2, once again showing a close comparison of rotor perfor-
mance around the nominal operating point. In particular, the
experimental peak Figure of Merit is predicted well across the
range of considered test conditions.
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Figure 2. Comparison of experimental and VVPM simu-
lation predictions of Figure of Merit.

Excellent matching of coaxial rotor performance is observed
around the nominal operating blade loading of Ingenuity, but
similar to Figure 1, VVPM predictions are seen to deviate
from the experiments at increasingly higher blade loadings.
At the higher density case, FM is over-predicted, while the
opposite is true for the lower density. Modeling the (early)
on-set and character of stall is a challenging task in general;
the considered extreme flow regime adds yet another layer
of complexity and is uncertain to date. The discrepancies
in this region are partially attributed to shortcomings of the
aerodynamic rotor model itself, but to what extent remains
inconclusive in the current study. To contextualize the pre-
sented predictions, Koning (Ref. 8) previously analyzed the
same dataset, comparing comprehensive CAMRADII sim-
ulations (lifting-line with free wake) against blade-resolved
3D CFD. Koning’s findings indicated that while rotor per-
formance metrics aligned reasonably well between compu-
tational approaches, discrepancies emerged when compared
to experimental data, particularly at high blade loading. Ad-
ditionally, slight deviations were observed in the computa-
tional versus measured slope in thrust versus collective an-
gle. The magnitude and primary region of these discrepancies
are comparable to those observed with VVPM for EDM-1.
Notably, the present results exhibit more conservative perfor-
mance predictions than both 2D and 3D CFD in Ref. 8§, pri-
marily due to modifications in the airfoil tables used in this
study (Ref. 29). While the impact of wake dynamics mod-
eling on coaxial rotor performance in hover is arguably less
significant than in multi-rotor applications, the overall agree-
ment with comparable—and higher-fidelity—simulations un-
derscores VVPM’s utility and substantiates its applicability in



the considered aerodynamic regime.

VVPM Predictions of Forward Flight Trim Compared to
Flight Data

Compared to hover, the rotor wake in forward flight is con-
vected downwards as well as aft of the rotor(s). An increas-
ing advance ratio breaks the axis symmetry of rotor loads
and induced wake due to the higher velocity of the advanc-
ing blade compared to the retreating side. The non-zero wake
skew angle gives rise to a longitudinal inflow gradient, and the
aerodynamic hub moments imparted by the emergent inflow
gradients are counteracted by the cyclic control to achieve
trim. Thus, the demanded cyclic control effort is a (steady-
state, first-order) reflection of the rotor wake effects on the
helicopter in forward flight. Owing to the low level of aero-
dynamic damping in the Mars atmosphere, the rotor system
of Ingenuity was significantly stiffened to push the poorly
damped flapping modes beyond the control system’s band-
width, reducing the risk of resonant coupling. The stiffening
of the rotor effectively reduces the phase in the rotor tip-path
plane (TPP) response to 1/rev excitation. Consequently, lon-
gitudinal control comes predominantly from the cosine cyclic
(Ref. 9).

While a limited set of forward flight tests were conducted as
part of the Verification & Validation (V&V) of Ingenuity, as-
pects of the wake modeling including interference effects as
function of advance ratio remain unexplored. However, the
end of Ingenuity’s mission involved two system identification
flights, namely Flight 68 and 69 (Ref. 30), with the objective
of reducing modeling uncertainty in the forward flight regime.
Trim data from the steady state segments of Flight 69 are used
to correlate cyclic control effort against simulated VVPM trim
solutions. Moreover, the control effort is contrasted against
predictions using a three state dynamic inflow model as im-
plemented in HeliCAT (Ref. 10), the primary flight dynam-
ics and analysis tool used in the development of Ingenuity.
In the dynamic inflow model, discrete inflow states are gov-
erned by a first-order system of equations based on the deriva-
tions presented in Ref. 11, with modifications to account for
rotor-rotor interference and calibration based on experimental
data. The lower rotor cyclic control effort is compared against
trim data from Flight 69 in Figure 3. The estimated airspeed
reaches approximately 15 m/s, exceeding both the forward
flight speeds tested in the JPL SS and the aircraft’s maximum
authorized groundspeed of 10 m/s. While the lower airspeed
segment is predicted sufficiently well with both models, the
control asymptote with higher airspeed predicted with the dy-
namic inflow model seems to underpredict the actual control
effort, where the VVPM predictions compare better with the
flight data. Recall that a ramification of the stiff rotor system
is an exacerbation of aerodynamic hub moments, and in con-
sequence, a larger sensitivity to edgewise flow. This effect is
hypothesized to be underpredicted with the dynamic inflow
model (Ref. 31).
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Figure 3. Comparison of cyclic control effort as function
of airspeed, Flight 69.

Simulated Induced Rotor Wake and Coaxial Interference

Having presented the experimental results, the simulation data
is studied in more detail in this section to provide further
insight to the characteristics of the induced rotor wake. A
high-level computational analysis, including rotor-rotor inter-
ference effects, of the Ingenuity rotor operating in hover and
forward flight using VVPM is provided. The rotor reference
frame is defined in Figure 4, with the x-axis positive in the
downstream direction, opposite of the direction of forward
flight. For ease of illustration, the same coordinate system
will be referenced regardless of the rotational direction of the
rotor, unless stated otherwise.

Z

X

Figure 4. Rotor hub reference coordinates.

Hover The EDM-1 test campaign entailed a number of “trim
runs” to find a collective setting for a target blade loading
for subsequent runs. Two trim runs targeting blade load-
ings Cr/o = 0.135 and Cr/o = 0.175 at Case ID 1 condi-
tions (p = 0.01 kg/m37 M;;p, = 0.52), are replicated in sim-
ulation with VVPM. The coaxial rotor system in simulation
is trimmed to torque balance to assess the impact of interfer-
ence on thrust share as predicted by VVPM. It is noted that
this was not done in the experiments, nor was the test set-up
equipped with individual rotor load measurement, prohibiting
direct correlation of simulation with experimental data. The
trim protocol as implemented in FLIGHTLAB and detailed



in Ref. 13 is inspired by loose coupling strategies with CFD,
where the higher fidelity wake is active in the outer trim loop,
and a reference, computationally cheap, inflow model is ac-
tive in the inner trim loop. Let Cr, and C7, denote the thrust
coefficients of the upper and lower rotor, respectively. The re-
sulting simulated thrust share and trim collective is tabulated
in Table 4. At the lower blade loading Cr /o = 0.135, closer
to nominal operations of Ingenuity, the upper rotor provides
54 % of the total thrust, which is in agreement with the 53-
56 % coaxial rotor thrust sharing reported for coaxial rotors
on Earth in VVPM literature (Ref. 18). At the higher blade
loading, the upper and lower rotor is seen to converge to an
equal thrust share. The variation in thrust coefficient over one

Table 4. Simulated coaxial rotor thrust share in hover.

Trim Cr /o | Cr,/Cr | 6, [deg] | 6, [deg]
0.135 0.537 15.05 15.80

0.175 0.507 18.71 19.64

full revolution at these conditions are presented in Figure 5,
where solid lines and dashed lines are for upper and lower ro-
tor, respectively. In addition to illustrating the unequal thrust
share, Figure 5 reveals the dominant 4/rev component due
to bound circulation interaction at the blade passing of the
two counter-rotating rotors. The impulsive change in thrust is
slightly more prominent for the lower rotor, in particular for
the higher thrust case.
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Figure 5. Trust variations in hover, trimmed to torque bal-
ance.

In addition to aggregate performance predictions, VVPM al-
lows for direct analysis of the induced rotor wake structure,
and a preliminary analysis of the hovering rotor wake of In-
genuity is presented. A vorticity magnitude (WM) contour in
the y — z plane passing through the hub center (x = 0) is shown
in Figure 6, indicating the root and tip vortex positions and
trajectories as the coaxial wake is convected below the rotor
discs. The distinct vortices are retained to approximately 2R
below the rotor hub, after which the coherent structure starts
to break down and the wake dissipates.

While isolated rotor tip vortex trajectories in hover has shown
to be accurately modeled with empirical formulations such as
that of Langreber (Ref. 32), upper and lower tip vortex trajec-
tories have been found to deviate for coaxial configurations
in experiments (Ref. 33) and simulation, e.g. using a Vortex
Transport Method (VTM) as shown in Ref. 34. The discrep-
ancies are due to interference and vortex interaction effects
in the near wake. A relatively smaller vertical rotor separa-
tion, such as the one of Ingenuity, increases the probability of
inter-rotor vortex interaction.
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Figure 6. Vortex structure of Ingenuity’s rotor wake in
hover, expressed in vorticity magnitude WM, sliced at
x=0. p =0.01 kg/m?, M,;;,=0.52,Cr /0= 0.135.

A closer field of view is presented Figure 7, where the upper
rotor tip vortices are seen to travel radially inward as the upper
rotor wake contracts into an inner “’tube”.
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Figure 7. Near-wake vortex interactions in hover at x = 0,
expressed in vorticity magnitude WM. p =0.01 kg/m°,
M,;;,=0.52,Cr/0=0.135.

The vortex pairing, circulated in red, indicates an inter-rotor
vortex interaction. No characterization of the rotor induced
flow field was done as part of the test campaigns of Ingenu-
ity, prohibiting experimental comparisons of these effects. A
comprehensive study of tip vortex trajectories, interactions,



and (sheet) geometry, and their dependency on Reynolds num-
ber, is out of the scope of this paper and will be considered in
future work.

To characterize the rotor induced velocity distributions, a set
of stationary sampling points distributed radially (14 stations)
and azimuthally (every 10 degrees) probe the velocity field at
the upper and lower rotor disk planes. Time averages of non-
dimensionalized, radial induced velocity distributions, A; =
vi/(RQ), defined positive for a net velocity downwards are
presented in Figure 8, sliced at y = 0.
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Figure 8. Induced velocity distributions, sliced at y = 0.
Cr/o =0.135.
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For the coaxial configuration, non-uniform rotor-rotor inter-
ference is dominantly coming from the upper to the lower ro-
tor. Even though the lower rotor operates at slightly lower
thrust to achieve torque balance, the induced velocity inboard
of r/R < 0.9 is significantly larger due to the interference.
The radial variation is more dramatic, showing a sharp gra-
dient and peak around where the mean trajectory of the tip
vortices of the upper rotor impacts the lower. Contraction of
the upper wake before it reaches the lower rotor exaggerates
the tip upwash on the lower rotor.

Forward Flight This section presents a qualitative and quan-
titative characterization of the forward flight rotor wake of In-
genuity. Snapshots of the rotor wake in Figure 9 as predicted
for Ingenuity at airspeed 15 m/s, u = 0.1, illustrates the de-
velopment of the wake downstream. The sliced iso-surface
in the x-z plane passing through the rotor hub in Figure 9a
shows how, in addition to the individual interaction with its
own wake, the trailed tip vortices from the upper rotor all
pass through the lower rotor plane. The top-down view in
Figure 9b shows the complex vortex roll-up of coaxial rotors,
with interlocking of both the upper and lower rotor trailed tip
vortices to form characteristic supervortices. The correspond-
ing effect on the induced velocities over the rotor disks (av-
eraged over 10 revolutions) are presented in the polar distri-
butions in Figure 10. The inter-rotor blade-vortex interactions

(BVIs) result in a non-uniform distortion of the lower rotor in-
flow distribution. In contrast to the axisymmetric distribution
seen in Figure 8, inflow gradients are seen to form in forward
flight over the rotors in radial the inflow distributions shown
in Figure 11.
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Figure 9. Wake structure in forward flight, u= 0.1.
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Figure 10. Induced velocity distributions in forward flight,
U= 0.1. Left: Upper (CCW). Right: Lower (CW).

An orderly longitudinal gradient is observed at the slice y =0
in Figure 11a. As in hover, sharper gradients are observed in
the distribution for the lower rotor, owing to interactions with
the upper rotor wake. The lateral distribution in Figure 11b
shows the relative increase in induced velocity on the advanc-
ing side (y > 0) of the upper rotor, as would be observed for an



isolated rotor. For the coaxial rotor, the increase in strength of
advancing side tip vortex results in a sharp impulse-like per-
turbation as it hits the lower rotor.
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Figure 11. Induced velocity distributions in forward flight,
p=0.1.

NEXT GENERATION MARS ROTORCRAFT

Following the success of the Ingenuity Mars Helicopter, more
capable vehicles are being proposed for the next generation
of Mars rotorcraft. In particular, larger scale multi-rotor con-
figurations with a significant increase in liftoff mass are be-
ing considered, e.g., to allow for higher scientific payload. In
addition, expanding the forward flight envelope beyond the
small advance ratios of Ingenuity will also allow for longer
range missions. The conceptual design of the Mars Science
Helicopter (Ref. 1) served as a reference vehicle for the sizing
study by Grip in Ref. 4, resulting in the baseline design of
the hexacopter referred to in the following as Chopper, shown
in a CAD rendering in Figure 12. The sheer increase in the
number of rotors operating in close proximity, combined with
higher advance ratios, underscores the need for careful mod-
eling of the rotor wakes across the full flight envelope. Ac-
curately modeling the aerodynamic performance is critical to

inform optimal control allocation and a fair assessment of sta-
bility and control authority margins. This section gives a pre-
liminary characterization of the dominating rotor-interference
effects seen with Chopper, as predicted by VVPM.

Figure 12. Rendering of Chopper, conceptual design.
Credit: NASA JPL (Ref. 4). Rotor Credit: NASA Ames
(Ref. 35).

A schematic of the baselined Chopper configuration rotor in-
dexing and direction of rotation is presented in Figure 13 (not
to scale). While the rotor radius R = 0.675 m falls in be-
tween Ingenuity and SRH, the Chopper rotors have a much
increased solidity, o = 0.3, to support the large-scale vehicle
while minimizing footprint. Rotors with odd indices (1,3,5)
are placed approximately 0.15R above rotors with even in-
dices (2,4,6), and are illustrated with solid and dashed lines,
respectively. As illustrated in Figure 13, the rotor disks have a
non-zero overlap of 0.11R, retaining compactness to comply
with the geometric constraints of the reference aeroshell. For
the benefit of the reader, rotors at the same longitudinal coor-
dinate are paired in colors, with front (1, 6), mid (2, 5), and
aft (3, 4) in green, orange and red, respectively. Unless stated
otherwise, all simulated results in this section are at a fixed
atmospheric density p = 0.0121 kg/m? and tip Mach number
M;ip = 0.748.
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Figure 13. Planform view schematic of Chopper rotor lay-
out configuration.

Wake Effects on Aerodynamic Loads

A VVPM prediction of the wake geometry for Chopper in
trimmed forward flight at a longitudinal airspeed of 30 m/s



(u = 0.165) is shown in Figure 14, providing an apprecia-
tion for the complexity of the flow field and the intra- and
inter-rotor wake interactions at play. Oncoming flow from

Figure 14. Wake structure of Chopper in forward flight,
u =0.15.

interfering rotors will impact the effective angle of attack of
the blades, and in direct consequence, the control effort re-
quired for a given thrust and trimmed flight condition. As a
first order assessment of interference effects on control mar-
gin, Figure 15 shows the trim collective control effort for a
longitudinal airspeed up to 50 m/s.
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Figure 15. Collective trim solutions.

Due to the inclusion of rotor-rotor interference, differentials
between rotor trim collectives are observed in the two hor-
izontal planes (dashed versus solid lines), an effect that an
interference agnostic model would fail to predict.

The azimuthally varying rotor loading due to the interaction
of the wake and rotor blades is studied next. The influence

of the VVPM wake on the unsteady rotor vertical forces over
one revolution is presented for a low- and high speed case in
Figure 16a and Figure 16b, respectively. At low speed (1 =
0.0275), the thrust share across rotors is evenly distributed,
yet a strong Nj,/rev component is observed on the rotors in
the lower horizontal plane due to blade-vortex interactions in
the rotor disk overlaps. At the (relative) high-speed forward
flight, u = 0.275, the thrust share is weighted towards the aft
rotors (red) to pitch the thrust vector and counteract the drag
induced pitch moment.
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Figure 16. Rotor vertical force variations over one revolu-
tion.

The mid and aft rotors in the lower horizontal plane (2,4) ex-
perience a sharp Np/rev loading due to the wake of the up-
stream rotors. However, this effect is mitigated and phase-
shifted for the front rotor (Rotor 6), which is primarily influ-
enced by the interaction with the retreating tip vortex of the
side-by-side rotor (Rotor 1). The dimensionless induced ve-
locity distributions over the disks reveal the origins of these
loads with greater detail and are presented in Figure 17, again
contrasting a near-hover case (Figure 17a) with high-speed
forward flight (Figure 17b). The upper rotor vortices hitting
the lower rotors at the rotor disk overlap gives a significant
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Figure 17. Comparison of induced velocity distributions in low and high-speed forward flight.

non-uniform distortion of the inflow distribution, even near
hover. In high-speed forward flight, the difference in speed of
advancing and retreating blades gives rise to a distinct lateral
inflow gradient. This effect is super-imposed with the interfer-
ence from upstream to downstream rotors, where alternating
rotational directions align the advancing sides within the same
y-coordinate corridor. In contrast, pairs (1,6) and (3,4) enjoy
a mutual upwash effect as orderly observed for rotors in side-
by-side configurations, that in fact has a net-positive effect on
rotor efficiency.

To single out the effects attributable to rotor-rotor interfer-
ence, the sampled induced velocity distribution over the rotor
disks when including interference from the VVPM wake, as
illustrated in Figure 17, is compared against self-induced ve-
locities from an isolated rotor trimmed to the equivalent thrust
and flight condition.
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Figure 18. Radial inflow distribution of Rotor 3 aty =0,

1 =0.275.

The aftmost rotors in forward flight pose a particularly in-
teresting case for interference and are studied more closely.
They are expected to encounter portions of both the front and
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mid rotor wake as the vehicle translates forward, as well as a
mutual, pairwise side-by-side interference effect. The time-
averaged longitudinal inflow distribution for Rotor 3, the aft-
most rotor in the upper horizontal plane, is shown in Fig-
ure 18. In addition to a uniform downwash, which yields a
positive bias to the distribution, an increased velocity at the
front of the rotor disk arises due to interference from upstream
rotors, similar to the effect observed in Ref. 36.

Next, the sharp variation in rotor loads due to the disk over-
lap is highlighted for Rotor 4, the aftmost rotor in the lower
horizontal plane. Figure 19 shows the azimuthally varying
induced velocity at r/R = 0.75. Note that while the Rotor
4 spins clockwise, the azimuthal angle y is defined positive
counterclockwise for visualization.
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Figure 19. Azimuthal inflow distribution of Rotor 4 at
r/R=0.75, u = 0.275.

Where the isolated rotor shows a smooth transition from ad-
vancing to retreating side in the induced velocity distribution,
the tip vortex from the rotor in the plane above yields a close-
to discontinuous jump for Rotor 4 around y = 190 deg when
including interference.



REDUCED-ORDER ROTOR-ROTOR
INTERFERENCE

The previous section highlights that rotor-to-rotor interfer-
ence significantly impacts aerodynamic performance and un-
steady aerodynamic loads on the rotors in non-trivial ways.
Inevitably, these effects propagate to structural dynamics as
well as flight dynamics. Modeling rotor-rotor interference ef-
fects becomes imperative for a successful control design. The
computational efficiency and parallel nature of VVPM, makes
analyzing a wide range of cases off-line feasible. However, it
is still not applicable to real-time simulation, and is not readily
linearizable. This section outlines an approach similar to that
developed and validated for Advanced Air Mobility (AAM)
applications in Ref. 21, to emulate the higher-fidelity VVPM
data with a reduced order model that is compatible with finite-
state dynamic inflow models commonly employed for flight
dynamics predictions.

Model Formulation

An additive interference effect is formulated in Equation (3),
assuming that interference contributions are independent and
can be superimposed to the self-induced wake,

Wi(rialllia )_ md(rlalllla )+Wmlf(rl7llll7 )a (3)

where r; and y; are the radial and azimuthal locations on the
i:th rotor disk. A state-space representation to compute wmtf ,
as in Ref. 21, is considered. With a three-state 1nterference
model, the conventional harmonic expansion consists of a uni-
form component, wi"/ (r;, W, 1) 2wy (#), and a linear variation
over the disk, o< r; (w2 (¢) cos(w;) + W™ (1) sin(y;)). The in-
terference states are related to the aerodynamnic load coeffi-
cients of the interfering rotors through a variable block matrix
denoted by M as defined in Equation (4), parameterized with
the advance ratios M := M(p). For a hexacopter, this ma-
trix is a 18 x 18 square block matrix. As such, every matrix
M;; € R3*3 contains coefficients that relate the aerodynamic
loads of rotor j to its interference contributions onto rotor i.

0 Mp
M(p) = : © |, where )
MNRI 0
M c RSNRX3NR, Ml] c R3><3 (5)

At a given time and flight condition, the total interference con-
tributions to rotor i are computed through Equation (6). The
gain matrix coefficients are multiplied by the aerodynamic
load coefficients of the rotor that is imparting interference, in
a similar vein as for a finite-state dynamic inflow model. This
now allows to query the model to obtain the interference state
vector w/ at any flight conditions within the bounds of the
generated data.

intf }'lntf CT
w; mtf lntf _
g = A A0 =Y M, (6)
lzntf Jj Cu
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Data Generation

The formulation in Equation (6) is predicated upon extrac-
tion of individual rotor contributions to the aggregate, expe-
rienced interference velocity distribution for every rotor. A
heuristic methodology to do so was developed and is sum-
marized in Figure 21. From the left, full vehicle trim runs
provide steady state data, specifically the trimmed thrust and
lateral/longitudinal moments, Cr, C; and Cy, respectively.
Collecting the time averaged aerodynamic coefficients and ad-
vance ratios from the trim solutions, identical isolated rotors
are trimmed to equivalent thrust to back out the self-induced
velocity distribution the rotor would experience would no
other rotor wake impart interference. Analogously, every pair
of rotors is also trimmed to the equivalent thrust from the full
configuration to obtain the pairwise interference velocity dis-
tribution A;;. An example wake structure from a pair-wise run
(Rotor 5 and 6) is provided for illustration in Figure 20.

Figure 20. Pairwise rotor wake structure for rotor pair (5,
6) in forward flight.

To derive the interference matrix coefficients, the pair-
wise distributions are normalized with the interfering ro-
tor’s trimmed aerodynamic load coefficients [CT,CL,CM]JT.
It is noted that a limitation of the formulation Equation (6)
and Figure 21 is that any nonlinear dependencies or cross-
correlations between rotors are ignored. Using this method,
the data generation for a single interference matrix requires
one full vehicle trim case, N, isolated trim cases and ( ) pair-
wise trim runs. For a given configuration, however, symme-
tries can be exploited to reduce the number of runs for a set of
flight conditions.

Example Results

Following the approach outlined in Figure 21, a model is de-
rived for the Chopper vehicle across the full flight envelope
with a total of more than 160 flight conditions, including high-
speed forward flight as well as lateral and vertical winds. For
this demonstration, only a uniform interference component as
function of rotor thrust is considered, which reduces the size



of the interference gain matrix to a 6 x 6 matrix. An illus-
tration of the collected normalized pair-wise uniform interfer-
ence components, lénfjf , for three distinct flight conditions is
presented in Figure 22. Each square in the matrix represents
a rotor pair, where a row index i corresponds to rotor i receiv-
ing interference from the rotor j indexed by the column j. A
red square indicates downwash, meaning an oncoming flow
from above as experienced by the receiving rotor, and a blue
square denotes a net upward velocity, or upwash. As antici-
pated, a dominating downwash on aft rotors caused by rotors
in front in the same y-coordinate corridor is observed. Mutual
upwash is predicted for side-by-side rotor pairs, which agrees
with what is commonly seen for side-by-side rotors, and acts
to mitigate the adverse downwash. This result emphasizes the
complexity of interference patterns in an advanced multirotor
configuration, where competing interference effects combine
into net influences that are challenging to predict in advance.
As seen from the asymmetry across the diagonal of Figure 22,
the biplane positioning of the rotors break the axisymmetry, as
was also indicated by the trimmed control effort in Figure 15.

To arrive at a continuous model, the interference gain matrices
are interpolated as a function of advance ratio. To evaluate the
soundness of the interpolation approach, Figure 23 presents an
interference gain matrix at a a validation scenario: a longitu-
dinal velocity of 35 m/s (i, ~ 0.19) and horizontal flight path
angle y, = 10, a flight condition that was not explicitly in-
cluded in the simulation database. Linear interpolation based
on advance ratio was used to arrive at the middle matrix in
Figure 22b. To the right-most in Figure 22c, the interpolation
error is quantified by taking the absolute difference between
the true and interpolated interference matrices for the given
flight condition. The errors are sufficiently small, confirming
that a linear interpolation protocol provides adequate accuracy
without requiring finer discretization in the dataset parameter-
ization, around this particular flight condition. With the in-
terference gain matrices established, first-order interference
effects can now be incorporated into relevant flight dynam-
ics models by augmenting the induced inflow output equation
with Equation (3).

CONCLUSIONS

The applicability of a Viscous Vortex Particle Method for ro-
tor wake analysis of previous and next-generation of Mars ro-
torcraft was established. Predicted and measured coaxial rotor
performance metrics showed excellent agreement around the
nominal operating blade loading and peak Figure of Merit,
with discrepancies observed at the highest blade loadings.
Predictions of cyclic control efforts at high-speed forward
flight with the VVPM wake was seen to agree well with In-
genuity flight data. The simulated coaxial rotor wake was
analyzed, showing the dominant impact of wake interference
on the performance and unsteady loading of the lower rotor,
contrasting hover and forward flight wake interaction charac-
teristics. Having indicated applicability of the VVPM wake
model in the low Reynolds number high-subsonic aerody-
namic regime, a next generation large-scale Mars hexacopter
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was analyzed using VVPM. Complex rotor wake dynamics,
including blade-vortex-interactions, pair-wise tandem inter-
ference and downwash from vertically separated rotors were
well captured by the wake model. Finally, a method to derive
state-space representations of first-order interference effects
was presented and applied to the Mars hexacopter. Simula-
tion data was generated across a wide range of flight condi-
tions, showcasing the applicability of VVPM as a computa-
tionally tractable mid-fidelity tool for Mars rotorcraft wake
predictions and reduced-order modelling of rotor-rotor inter-
ference. Author contact:

« Tove Agren tove.s.aagren @nasa.gov

* Allen Ruan allen.w.ruan @nasa.gov

FUTURE WORK

This work did not exhaustively cover rotor wake effects of
particular interest at low Reynolds numbers. Phenomena re-
lated to viscous wake effects are likely to be more promi-
nent at these conditions: work by Shukla (Ref. 12) has shown
unexpected viscous effects in an experiment related to swirl
recovery in coaxial-like configurations at Reynolds numbers
down to 40k, which is still significantly larger than studied
herein. Replicating these effects in the current simulation
framework would provide further indication of the utility of
VVPM for Mars rotorcraft application. The rotor-rotor inter-
ference model for Chopper is currently being coupled with
a dynamic inflow model to assess the implications on flight
dynamics. Model improvements are underway, including in-
terference gradients, time delays to capture first-order wake
dynamic effects, and interpolation protocols to better emulate
non-linear interference effects with advance ratio.
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Figure 21. Flowchart for VVPM interference model data generation.
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Figure 22. Uniform interference components for different flight conditions.
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Figure 23. Assessing interference matrix interpolation accuracy. V=35m/s, y, = 10°, 7, =0°
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