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ABSTRACT 

In 2015, NASA’s Jet Propulsion Laboratory partnered with Ames Research Center, Langley Research Center, and 

AeroVironment to develop Ingenuity, a small coaxial helicopter capable of flying within Mars’ unique atmospheric 

conditions. Ingenuity was successfully deployed from its protective shroud on the underside of the Mars 2020 

Perseverance Rover and has flown 17 flights on Mars as of December 2021. A number of rotorcraft analysis tools 

were utilized, and a series of experimental tests were performed to ready Ingenuity for its launch with the Perseverance 

Rover in July 2020. In this paper, RotCFD, a Reynolds-averaged Navier-Stokes flow solver, is used to model Ingenuity 

in hover and forward flight for the purposes of validating tools to aid in the development of a future generation of 

Mars rotorcraft. The results from the RotCFD modeling are benchmarked against results from hover performance tests 

of the Ingenuity prototype in the 25-Foot Space Simulator at the Jet Propulsion Laboratory and are also compared to 

hover and forward flight predictions made by CAMRAD II, a well-known comprehensive rotorcraft analysis code. 

Surrogate performance models are trained to obtain a set of trimmed rotor settings for Ingenuity at different forward 

flight speeds, which are then used as inputs for the RotCFD forward flight simulations. Additionally, a study of the 

airframe-rotor interaction and a study of the aerodynamics of the individual airframe components of Ingenuity in 

forward flight are performed. Finally, to better understand performance predictions by RotCFD and CAMRAD II, a 

study is conducted on how sectional angles of attack in each code vary with radial station and azimuth. 

 

NOTATION 

𝐴  rotor1disk area, m2 

𝐶  Courant number  

𝐶𝑃  power coefficient, 𝑃/(𝜌𝐴𝑉𝑡𝑖𝑝
3 )  

𝐶𝑇  thrust coefficient, 𝑇/(𝜌𝐴𝑉𝑡𝑖𝑝
2 )  

𝐶𝑄  torque coefficient, Q/(𝜌𝐴𝑉𝑡𝑖𝑝
2 𝑅) 

𝐷  drag, N 

𝐹𝐷𝐿 airframe download, N 

𝑔  acceleration due to gravity, m/s2 

𝐻  in-plane rotor drag, N 

𝐿   lift, N 

𝑚  mass, kg 

𝑀  hover figure of merit 

𝑀𝑡𝑖𝑝 rotor tip Mach number 

𝑝  fluid pressure, Pa 

𝑃  rotor power, W 

𝑞  dynamic pressure, N/m2 

𝑄  rotor torque, N ∙ m 

𝑟  rotor disk radial coordinate, m 

𝑟𝐷  lever arm of drag force, m 

𝑅  rotor radius, m 
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𝑅𝑒  Reynolds number 

𝑡   time, s 

𝑇  rotor thrust, N; temperature, K or ℃ 

𝑣𝑓𝑓   forward flight speed, m/s 

𝑉𝑡𝑖𝑝  rotor tip speed, m/s 

𝑊  weight, N 

𝑋  free-stream axis drag force, N 

 

𝛾  specific heat ratio 

𝛿𝑃  differential collective, deg. 

𝜃 rotorcraft pitch attitude (positive values indicate 

forward tilt) 

𝜃0.75 collective pitch angle at 75% radius 

𝜇   dynamic viscosity, (N ∙ s) / m2 

𝜌  density, kg/m3 

𝜎  rotor solidity 

 

C81Gen C81 Generator 

CAMRAD Comprehensive Analytical Model of 

Rotorcraft Aerodynamics and Dynamics 

CFD   Computational Fluid Dynamics 

DoE   Design of Experiments 

JPL SS  Jet Propulsion Laboratory Space Simulator 
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MC   Mars Condition 

RANS   Reynolds-Averaged Navier Stokes 

RotCFD  Rotorcraft Computational Fluid Dynamics 

RotUNS  Rotor Unstructured Solver 

 

INTRODUCTION 

NASA developed the Ingenuity Mars Helicopter to 

improve upon the range, mobility, and three-dimensional 

exploration capability of rovers and landers used in 

previous Mars missions. Rotorcraft on Mars are intended to 

act as scouts for rovers, improve the resolution of surface 

images with respect to satellite images, and expedite sample 

gathering. However, the atmosphere’s low density and 

temperature necessitates rotor operation in uninvestigated 

Mach-Reynolds number regions [1].  Given Mars’ unique 

atmosphere, extreme terrain, and weak gravitational pull, 

careful consideration was necessary in the design of this 

first-generation Martian rotorcraft. 

Ingenuity Design: 

Ingenuity—shown in Figure 1—has a mass of 1.8 kg and a 

rotor diameter of 1.21 m. The rotor system consists of two 

counter-rotating coaxial rotors. This design benefits from a 

compact rotor system, increased thrust per unit of power 

with respect to non-coaxial rotor systems, torque balancing 

from counter-rotating rotors, and symmetry of lift during 

forward flight. To reduce weight and maintain structural 

integrity, the blades were built using a molded foam-core 

composite structure; bi-directional carbon fiber was cured 

around a machined foam core, yielding blades that weigh 

only about 28 grams each [2]. Ultralightweight rotors and 

vehicle hardware is key to the success of Mars rotorcraft.  
 

 

Figure 1: Ingenuity on the surface of Mars [3] 

Above the rotors is a solar array which captures solar energy 

to charge the battery system. Ingenuity’s landing gear 

consists of four carbon-fiber legs which emanate diagonally 

from the top of the airframe, offering a large footprint for 

stable take-off and landing maneuvers.  Titanium flexures at 

the top of each leg offer suspension during landing. 

 

Ingenuity’s guidance, navigation, and control is provided by 

a commercial off-the-shelf inertial measurement unit, laser 

altimeter, processor and camera, and field-programmable 

gate array chips [4].  The demonstration of solar-electric 

rotor propulsion by Ingenuity through periodic battery 

recharging is a key enabler of sustained multi-Sol and multi-

sortie flight missions on Mars for future Mars rotorcraft.    

Objective 

Just as rotorcraft analysis tools were critical to the 

development of Ingenuity, the work presented here will 

support the design and development of future Mars 

rotorcraft designs.  This paper aims to correlate hover and 

forward flight performance predictions of Ingenuity from a 

mid-fidelity CFD tool, Rotorcraft CFD (RotCFD), against 

CAMRAD II, a comprehensive rotorcraft analysis software. 

Furthermore, these predictions are correlated to 

experimental hover data acquired in the 25-Foot Jet 

Propulsion Laboratory Space Simulator (JPL SS). Only 

recently [5] has an initial set of forward flight test data—

using a “wind wall” in the 25-Foot SS been published; 

correlation with this experimental data, and perhaps flight 

test data from Mars, ought to be included in future work in 

this area. Nevertheless, this paper seeks to expand upon the 

effort to enhance modeling fidelity of rotorcraft in Martian 

conditions. 

 

Rotorcraft CFD (RotCFD) [6] is selected as the 

aerodynamic modeling environment for Ingenuity for this 

paper. The software tool provides a robust aerodynamic 

modeling environment that can model Ingenuity and 

accurately relate rotorcraft design inputs to performance 

predictions.  RotCFD is a mid-fidelity computational fluid 

dynamics tool developed by Sukra Helitek—partly under 

NASA Small Business Innovation Research funding—that 

uses two-dimensional airfoil data and a Reynolds Averaged 

Navier Stokes (RANS) solver to simulate unsteady, 

incompressible flows. RotCFD was one of the tools used 

during the Ingenuity development, especially in examining 

test facility interference effects on rotor performance and 

flight dynamics. 

 

RotCFD is used here to model Ingenuity’s coaxial rotors 

without its airframe in the hover flight condition and 

Ingenuity’s rotors with its airframe in forward flight. For 

hover simulations, the interrelation between the power and 

thrust of the rotor is predicted as well as the rotors’ figure of 

merit. For forward flight, the interrelation between the 

coefficients of thrust and power and forward flight speed is 

predicted. 

Mars Conditions 

The atmosphere of Mars consists of approximately 95% 

carbon dioxide, 2.7% nitrogen, and 1.6% argon [7] with an 

atmospheric density of approximately 0.017 kg/m3—about 

1.5% of the air density at sea level on Earth [8]. The 

atmospheric composition and low air temperatures yield a 

lower speed of sound than Earth’s. Furthermore, Ingenuity’s 

small rotor system and the low air density result in low 

chord-based Reynolds numbers. Together, these factors 

constrain rotor design and operation, making it more 

difficult to generate thrust. However, Mars’ gravitational 

acceleration is approximately 3.71 m/s2—roughly 38% of 

Earth’s—which lowers thrust requirements. 
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MODELING, SIMULATION, AND TESTING 

ENVIRONMENTS 

 

NASA Ames Research Center has long had a research 

interest in the development of Mars rotorcraft, stemming 

from the late 1990s [9]. Ames’ contributions to Ingenuity 

development included providing expertise and performing 

engineering tasks for both vehicle analysis and experimental 

testing. The Ingenuity initial concept was documented in 

[10] by JPL.   

Ingenuity Airfoil Analysis 

In 2018, Koning et. al. [8] generated a set of two-

dimensional airfoil tables for Ingenuity’s blades, which 

were designed by AeroVironment, Inc. These airfoil 

aerodynamic coefficient tables were produced by the C81 

Generator (C81Gen) software tool, which used the NASA-

developed time-dependent compressible RANS solver 

ARC2D, with the outer software framework developed by 

Sukra Helitek. Koning et. al. [1] then improved upon this 

analysis with higher-fidelity, time-accurate simulations in 

OVERFLOW, an implicit compressible RANS solver [11]. 

The purpose of the second iteration was to enable higher-

accuracy aerodynamic coefficients, a thorough 

understanding of the flow structure, denser grid meshes, and 

modeling of realistic trailing edge thicknesses. Airfoil tables 

were made for both a set of average Martian atmospheric 

conditions—Mars condition (MC) 2—and JPL SS 

conditions (see Table 1). MC 1, MC 2, and MC 3 are sets of 

air properties that represent the low, middle, and high 

values, respectively, of air density recorded diurnally at the 

Ingenuity landing location on Mars [8]. 

RotCFD 

RotCFD [6] aids with fluid dynamics analysis of rotorcraft, 

propellers, and wind turbines. RotCFD provides an 

integrated development environment with an embedded 

graphical user interface which affords efficient geometry 

manipulation, grid-generation, pre-processing, flow 

solving, post-processing, and flow visualization. 

 

The software includes flexible modeling capabilities, both 

in regard to body geometry manipulation and rotor system 

representation. RotCFD can model rotors using the 

unsteady, time-dependent blade element theory or steady, 

time-independent actuator-disk model. To reduce 

computational complexity, steady modeling is chosen for 

these analyses. 

 

To model the aerodynamic performance of Ingenuity, the 

Rotor Unstructured Solver (RotUNS) is used. This solver 

operates on an unstructured mesh grid, utilizing three 

dimensional, incompressible RANS equations to model the 

flow. 

CAMRAD II 

Comprehensive Analytical Model of Rotorcraft 

Aerodynamics and Dynamics (CAMRAD II) is a 

comprehensive rotorcraft analysis software tool that aids in 

the design, analysis, and aeromechanics evaluation of rotors 

and rotorcraft [12]. It provides the ability to predict rotor 

performance, loads, vibration, and dynamic stability 

assessments; furthermore, the tool is able to perform trim, 

transient, and aeroelastic blade flutter tasks.  

 

CAMRAD II models aerodynamic characteristics of rotors 

using lifting-line theory and free-wake modeling. Two-

dimensional airfoil characteristics at various radial rotor 

stations are prescribed through C81 airfoil input files which, 

in turn, are computationally used to determine the 

circulation distribution of each blade and, thus, the flow 

through the rotor. The free-wake vortex wake is modeled 

through a combination of rolled-up trailed vortices and 

inboard vortex sheets. 

 

CAMRAD II has been extensively and successfully used by 

the rotorcraft design and analysis community in modeling 

the performance and loads of many types of rotorcraft—

including coaxial helicopter configurations [13]. 

 

This software is used to model Ingenuity as a set of coaxial 

rotors in both JPL SS conditions as well as MC 2 conditions 

in hover, as shown in Table 1. Additionally, CAMRAD II is 

used to model Ingenuity in a parametric sweep of forward 

flight speeds to obtain rotor trim settings and forward flight 

performance predictions. Results from these simulations 

serve as a benchmark against which RotCFD predictions are 

compared. 

Jet Propulsion Laboratory Space Simulator 

The NASA JPL SS is a 25-foot diameter chamber designed 

to test spacecraft or rotorcraft in simulated interplanetary or 

Martian conditions. The chamber is able to simulate extreme 

temperatures, atmospheric densities, and solar radiation 

levels [14]. 

 

To simulate Mars conditions for flight tests, the chamber 

was evacuated and then backfilled with CO2 to achieve a 

density of 𝜌 = 0.0175 kg/m3. Nevertheless, the temperature 

of the chamber was left at its ambient level of 𝑇 = 20℃. 

 

For hover testing, a full-scale prototype was developed. The 

prototype’s rotor speed was fixed at 2,600 RPM; thus, for 

the 1.21 m diameter rotor, the tip speed was 165 m/s, or 

𝑀𝑡𝑖𝑝 = 0.62. To simulate the reduced gravitational pull on 

Table 1: Operating conditions for MC 2 [8]  

Variable MC 2 JPL SS 

Density, 𝜌 [kg/m3] 0.017 0.0175 

Temperature, 𝑇 [K] 223.15 293.15 

Gas constant, 𝑅 [m2/(s2 ∙ K)] 188.90 188.90 

Specific heat ratio, 𝛾 1.289 1.289 

Dynamic viscosity, 𝜇 [(N ∙ s)/m2] 1.13e-05 1.504e-05 

Static pressure, 𝑝 [kPa] 0.716 0.969 

Speed of sound, 𝑎 [m/s] 233.13 269.44 
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Mars with respect to Earth’s, certain elements of the 

rotorcraft were removed to reduce weight, such as the power 

source for prototype hover testing. Rather, power was fed to 

the prototype via an electrical tether. 

 

Nevertheless, the thrust and power consumption 

measurements from within the JPL SS—the measurements 

against which RotCFD and CAMRAD II performance 

predictions are compared in this paper—were captured 

using a stationary test stand on which Ingenuity’s two 

counter-rotating rotors were mounted.  Further information 

about the JPL SS and the Ingenuity tests are discussed by 

Balaram and Tokumaru [10]. 

 

The results from these JPL experimental tests provide the 

set of data against which hover performance predictions in 

RotCFD are compared. 

TECHNICAL APPROACH 

Hover 

A series of CFD simulations is conducted to compare 

Ingenuity’s hover performance predictions in RotCFD 

against data from the JPL SS and CAMRAD II. Initially, a 

collective pitch sweep is performed for an isolated rotor to 

understand the interrelation between a single rotor’s 

collective pitch, thrust, power, and figure of merit.  

 

Once the isolated rotor model is calibrated in RotCFD, a 

collective pitch sweep is conducted for both rotors 

configured in their coaxial configuration without the 

airframe for the same purpose. The airframe is omitted to 

simplify grid generation and aid in solution convergence. 

 

A key challenge in the control and stability of coaxial 

counter-rotating rotors is directional stability. To better 

understand the mode of directional control, a study of 

differential collective pitch between the rotors is performed. 

The collective pitch of the top rotor is decreased while the 

collective pitch of the bottom rotor is increased the same 

amount about a fixed nominal value. This actuation is 

known as antisymmetric collective [15]. In effect, the net 

thrust is nearly held constant while the net yawing moment 

is varied. A linear model is then fit to quantify the 

relationship between differential collective setting and the 

resultant net torque coefficient. 

 

A collective sweep is first performed in MC 2 conditions in 

RotCFD and CAMRAD II. Then, a collective sweep is 

performed in JPL SS conditions with both codes. The results 

from the latter are compared against experimental results 

from hover tests in the JPL SS in the section titled “Hover 

Comparison in JPL SS Conditions.” 

Forward Flight Modeling 

For the forward flight condition, RotCFD performance data 

is compared against CAMRAD II predictions. To model a 

valid steady-state forward flight condition, all forces and 

moments need to be balanced. In this paper, the x+ -axis of 

the coordinate system points into the free-stream direction 

while the z+ -axis points upward, orthogonal to the free-

stream axis. Furthermore, a positive pitch attitude, 𝜃, 

indicates a forward tilt. This convention is depicted in 

Figure 2 below. 
 

 

Figure 2: Forward flight coordinate system convention 

The z-component of the net rotor thrust and in-rotor-plane 

drag need to balance with weight, 𝑊, and the aerodynamic 

download on the airframe, 𝐹𝐷𝐿. 
 

∑𝐹𝑍 = 𝑇 ∙ cos(𝜃) + 𝐻 ∙ sin(𝜃) − 𝑊 − 𝐹𝐷𝐿 = 0  (1) 
 

Similarly, the x-component of the net rotor thrust needs to 

balance the airframe drag, 𝐷, and the x-component of the in-

rotor-plane drag.  
 

∑𝐹𝑋 = 𝑇 ∙ sin(𝜃) − 𝐻 ∙ cos(𝜃) − 𝐷 = 0 (2) 
 

Furthermore, for directional stability, the net rotor torque 

between the rotors needs to be equal to zero.  
 

∑𝑀𝑍 = 𝑄𝑡𝑜𝑝 + 𝑄𝑏𝑜𝑡𝑡𝑜𝑚 = 0   (3) 
 

Longitudinal equilibrium is enforced by balancing the sum 

of pitching moments of the rotors about Ingenuity’s center 

of gravity and the cross product of the airframe drag and the 

distance to Ingenuity’s center of gravity. 
 

∑𝑀𝑌 = 𝑀𝑌,𝑡𝑜𝑝 +  𝑀𝑌,𝑏𝑜𝑡𝑡𝑜𝑚 − 𝑟𝐷 × 𝐷 = 0  (4) 
 

For simplicity, lateral—or roll—stability is omitted from 

this analysis. Accordingly, the sensitivity of lateral cyclic 

pitch is not explored. 

 

In addition, the forces on the airframe will be shown in a set 

of results. These results will follow the coordinate system 

set forth here, with drag in the negative x-direction and 

download in the negative z-direction. 

Surrogate Modeling of Rotor Trim Settings for Forward 

Flight  

A surrogate model is constructed to map a given forward 

flight speed to pitch attitude and a set of trimmed rotor 

collective settings that yield balanced forces and moments 

for Ingenuity in level, unaccelerated flight in RotCFD. In 

contrast, the trim task is leveraged in CAMRAD II to 
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converge upon trimmed pitch attitude and rotor settings for 

each forward flight speed. 

 

To begin, a full-factorial design of experiments (DoE) is 

constructed that sweeps through forward flight speeds, 𝑣𝑓𝑓, 

of 5, 10, 15, 20, 25, and 30 m/s and a range of pitch attitude 

angles, 𝜃. For forward flight speeds of 5 and 10 m/s, the 

pitch attitudes span 0 to 8 deg. with an interval of 2 deg. For 

forward flight speeds of 15, 20, 25, and 30 m/s—where 

greater pitch attitudes are required to generate the 

propulsive force that counters drag—the upper and lower 

limits of pitch attitude angles modeled are increased 

accordingly. In total, the DoE consists of thirty-six cases. 

Table 2 details this DoE below. 
 

Table 2: Forward Flight DoE 

Case Range 
Forward Flight 

Speed [m/s] 
Pitch Attitude 
Range [deg.] 

[1, 5] 5 [0, 8] 

[6, 10] 10 [0, 8] 

[11,15] 15 [2, 10] 

[16, 22] 20 [2, 14] 

[23, 29] 25 [2, 14] 

[30, 36] 30 [9, 14] 

 

For each case, the trim tool within RotCFD is used to find 

the collective and cyclic rotor settings that generate a force 

of 6.75 N—or the weight of Ingenuity on Mars—in the z-

direction while balancing moments about the y- and z-axes. 

 

Inevitably, there is an imbalance of forces in the freestream 

direction as the pitch attitude angle is not trimmed to 

balance forces in the x-direction. Thus, a neural network 

surrogate model is trained to map the input space—a given 

forward flight speed; sum of forces in x and z; and net 

moment about y and z—to the output space—nominal 

collective pitch, differential collective, and cyclic settings.

  

Thus, a user may query rotor settings that yield 

unaccelerated, level forward flight by inputting a forward 

flight speed and zeros for the force and moment inputs into 

the neural network.  

  

Once the trimmed settings are obtained from the neural 

network, a final forward flight sweep is performed using the 

trimmed rotor settings. The forward flight performance 

predictions are then benchmarked against those of 

CAMRAD II for the same forward flight sweep. 

HOVER RESULTS 

Differential Collective Torque Matching 

For three nominal collective settings—5, 10, and 15 deg.—

a differential collective sweep is performed from -1 to 0.6 

deg. To clarify, a differential collective setting of -0.5 deg. 

at a nominal collective setting of 10 deg. would set the top 

and bottom collective pitches to 9.5 and 10.5 deg., 

respectively.  

Figure 3 depicts how the net torque coefficient of the two 

rotors varies with differential collective setting for each 

nominal collective setting. The net torque coefficients for 

each nominal collective value are uniformly shifted such 

that the net torque coefficient is zero at a differential 

collective value of 0 deg. 
 

 

Figure 3: Shifted net torque coefficient versus 

differential collective for varied collective pitch settings 

in hover 

For each set of data, the partial derivative of net torque 

coefficient with respect to differential collective setting, 

∂CQ/∂𝛿𝑃, is recorded. The partial derivative for 5, 10, and 

15 deg. is calculated as 1.851×10-4, 3.525×10-4, and 

3.942×10-4 deg.-1, respectively. Thus, for the same unit 

differential collective control input, the change in net torque 

coefficient increases with nominal collective. 

Rotors-Only Hover Comparison in MC 2 Conditions 

Hover performance predictions from RotCFD and 

CAMRAD II are compared for MC 2 conditions. 

Specifically, a collective sweep is performed for Ingenuity’s 

rotors in their coaxial configuration. For each code, the 

rotors are trimmed to zero net torque using differential 

collective. 

 

In Figure 4, the added thrust coefficients of the top and 

bottom rotors are plotted against collective pitch. 
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Figure 4: Thrust coefficient versus collective pitch for 

coaxial rotors in MC 2 conditions 

For low collective settings, RotCFD overpredicts thrust 

coefficients with respect to CAMRAD II. RotCFD and 

CAMRAD II closely agree for collective settings of 15 and 

24 deg., yet RotCFD underpredicts thrust for collective 

settings between these values. 

 

Figure 5 depicts how power coefficients vary with thrust 

coefficients through the collective sweep. 

 

 

Figure 5: Power coefficient versus thrust coefficient in 

MC 2 conditions 

For the design thrust coefficient range—which spans from 

thrust coefficients of 0.015 to 0.020 and represents the 

nominal operation of Ingenuity—there is good agreement 

between RotCFD and CAMRAD II. For higher thrust 

settings, RotCFD predicts greater power coefficients.  

 

In Figure 6, the rotors’ figure of merit is plotted against 

thrust coefficient divided by solidity. 
 

 

Figure 6: Figure of merit versus thrust coefficient over 

solidity in MC 2 conditions 

There is some agreement between the data sets for the 

design thrust coefficient range. However, for high thrust 

coefficient settings, there is a divergence in the data sets. 

RotCFD overpredicts the power coefficient with respect to 

CAMRAD II; thus, RotCFD underpredicts the rotors’ figure 

of merit for high thrust coefficients with respect to 

CAMRAD II. 

Hover Comparison in JPL SS Conditions 

Without the airframe of Ingenuity, the rotors are modeled in 

their coaxial configuration to elucidate the intra-rotor 

interaction and total rotor system performance in CAMRAD 

II and RotCFD. These results are compared against those of 

the experiments in the JPL SS. Figure 7 below depicts the 

difference between the coaxial rotors of Ingenuity modeled 

in RotCFD and the rotors mounted to the thrust-

measurement test stand in the JPL SS. 
 

 

Figure 7: Coaxial rotors of Ingenuity in RotCFD (top) 

and the thrust-measurement test stand in the JPL SS 

(bottom) [4] 

 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.00 5.00 10.00 15.00 20.00 25.00

Th
ru

st
 C

o
ef

fi
ci

en
t,

 C
T

Collective Pitch, θ0.75 (deg.)

CAMRAD II RotCFD

0

0.002

0.004

0.006

0.008

0.01

0.00 0.01 0.02 0.03

P
o

w
er

 C
o

ef
fi

ci
en

t,
 C

P

Thrust Coefficient, CT

CAMRAD II RotCFD

0.0

0.2

0.4

0.6

0.8

0.00 0.05 0.10 0.15 0.20

Fi
gu

re
 o

f 
M

er
it

, M

Thrust Coefficient/Solidity, CT/σ

CAMRAD II RotCFD



7 

 

 

Figure 8: Thrust coefficient versus collective pitch for 

coaxial rotors in JPL SS conditions 

In Figure 8, the thrust coefficients are plotted against 

collective pitch. The thrust coefficients predicted by 

RotCFD show satisfactory correlation with those of 

CAMRAD II and experimental results from JPL SS, 

particularly for collective pitch settings from 10 to 17 deg.  

 

Power coefficients are plotted against thrust coefficients in 

Figure 9. 
 

 

Figure 9: Power coefficient versus thrust coefficient in 

JPL SS conditions 

As in the case of the MC 2 conditions, there is agreement 

between the datasets for the design thrust coefficient range. 

Here, CAMRAD II predictions match the experimental data 

quite well; though, for higher thrust settings, RotCFD 

predicts greater power coefficients with respect to the other 

two datasets. 

 

Figure 10 below depicts the rotors’ figure of merit versus 

thrust coefficient divided by solidity. 
 

 

Figure 10: Figure of merit versus thrust coefficient over 

solidity in JPL SS conditions 

RotCFD generally agrees with CAMRAD II predictions and 

experimental results for modest thrust coefficients. 

However, like the trend observed for MC 2 conditions, 

RotCFD overpredicts the rotors’ power coefficients for high 

thrust settings with respect to the benchmark data. Thus, a 

disagreement in the figure of merit trends is observed at 

these high thrust settings. Nevertheless, CAMRAD II only 

slightly underpredicts figure of merit with respect to 

experimental data.  

FORWARD FLIGHT RESULTS 

Forward Flight Pitch Sweep 

The full Ingenuity model—including the coaxial rotors, 

rotor mast, airframe, legs, and solar array—is included in 

the forward flight modeling. A forward flight sweep is 

conducted for forward flight speeds of 5, 10, 15, 20, 25, and 

30 m/s.  

 

Figure 11 below depicts a sample velocity vector field for 

Ingenuity in forward flight at 𝑣𝑓𝑓 = 10 m/s with the 

freestream entering from the left. From the figure, one can 

observe the deflection of the flow around the solar array and 

fuselage and the redirection of freestream flow through the 

rotor disks. 
 

 

Figure 11: Velocity vector field of Ingenuity in forward 

flight at 10 m/s [16] 
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A pitch attitude sweep is performed for each forward flight 

speed while using a trim tool within RotCFD which 

balances forces in the z-axis and moments about the y- and 

z-axes. A linear model is then fit for each forward flight 

speed between the sum of forces in the x-direction, or 

freestream-axis, and pitch attitude. These results are 

depicted below in Figure 12. 

 

 

Figure 12: Freestream axis force versus pitch attitude 

through the forward flight sweep 

The x-intercept of each linear model thus represents the 

pitch attitude for which forces in the free-stream axis are 

balanced. Figure 13 below illustrates the relationship 

between trimmed pitch attitude and forward flight speed. 
 

 

Figure 13: Trimmed pitch attitude versus forward flight 

speed 

There is a monotonic relationship between the forward 

flight speed and trimmed pitch attitude. As forward flight 

speed increases so does dynamic pressure and thus airframe 

drag; furthermore, Ingenuity’s hinge-less rotors generate 

significant pitch moments in forward flight. Consequently, 

a greater pitch attitude is required to balance freestream 

forces for higher forward flight speeds. 

Trimmed Forward Flight Comparison 

Using the trimmed pitch attitudes from the previous section, 

another forward flight speed sweep is performed. The 

RotCFD results are plotted against performance predictions 

from CAMRAD II. Though, the trimmed model settings—

including pitch attitude, collective pitch, differential 

collective, and cyclic—are independently calculated in each 

code. 

 

In Figure 14, thrust for each rotor is plotted against forward 

flight speed. 

 

 

Figure 14: Top and bottom rotor thrust versus forward 

flight speed 

There is a tight correlation between RotCFD and CAMRAD 

II for the predicted thrust for each forward flight speed. 

Additionally, both codes predict that the top rotor 

contributes a greater share of the thrust for low forward 

flight speeds and that the thrusts approach the same value 

for higher speeds. 

 

Figure 15 plots total rotor power against forward flight 

speed. 
 

 

Figure 15: Power versus forward flight speed 

Once again, there is general agreement between the two 

codes; however, the power bucket of CAMRAD II is 

slightly more pronounced than that of RotCFD. 

Nevertheless, both codes predict that the lowest power 

consumption is achieved at a forward flight speed of 

approximately 18 m/s. 
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The nominal collective pitch setting is plotted against 

forward flight speed in Figure 16. Nominal pitch setting is 

defined here as the average collective pitch of the two rotors. 
 

 

Figure 16: Nominal collective pitch setting versus 

forward flight speed 

For forward flight speeds greater than or equal to 15 m/s, 

there is a tight correlation between RotCFD and CAMRAD 

II for the predicted nominal collective pitch setting. 

However, RotCFD underpredicts the nominal collective 

pitch setting required from low forward flight speeds with 

respect to CAMRAD II. In Figure 17,  the trimmed 

differential collective settings are plotted against forward 

flight speed. 
 

 

Figure 17: Differential collective setting versus forward 

flight speed 

Like nominal collective pitch setting, there is agreement for 

the required differential collective for torque matching at 

high forward flight speeds. However, RotCFD reports lower 

trimmed differential collective settings than CAMRAD II at 

low speeds. 

 

Lastly, the trimmed pitch attitudes are plotted against 

forward flight speed in Figure 18. 

 

 

Figure 18: Trimmed pitch attitude versus forward 

flight speed 

For forward flight speeds greater than or equal to 5 m/s, 

RotCFD underpredicts the required pitch attitude by 

approximately 1 degree, on average, compared to 

CAMRAD II. The discrepancy could be due to a difference 

in airframe drag in the RotCFD and CAMRADII models or 

due to different rotor load dependence on pitch. 

Airframe Effects on Forward Flight Results 

The next set of runs sought to understand the effects of 

Ingenuity’s airframe on the performance of the rotors in 

RotCFD. To do so, performance predictions are compared 

between the airframe-included cases and the rotors-only 

cases. The pitch attitudes for the rotors-only cases are set at 

the trimmed settings depicted in Figure 13 for forward flight 

speeds 5 to 30 m/s. The CAMRAD II cases are performed 

without the effects of the airframe. 

 

When comparing the rotors-only cases and airframe-

included cases in RotCFD, there is minimal difference seen 

in most performance metrics. The only metric that shows 

significant variation is the differential collective input, 

shown in Figure 19. 
 

 

Figure 19: Trimmed differential collective settings 

versus forward flight speed 
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The differential collective setting for the RotCFD airframe-

included cases requires a lesser differential at all forward 

flight speeds, excluding 15 m/s, where it briefly requires 

more than the values predicted by CAMRAD II and 

RotCFD without the airframe included. In contrast, there is 

only a marginal difference in the average collective pitch 

predicted for the cases in which the airframe is and is not 

included. 

 

Next, the Ingenuity model is decomposed into two bodies: 

the main fuselage and the solar array. The cases are run 

again with the same conditions, and the force and moment 

for each individual body are recorded. The main forces of 

interest are the drag, or the x-component of total force, and 

download, the z-component of total force. These forces are 

divided by the dynamic pressure, to get D/q and 

download/q, respectively. D/q is shown in Figure 20, and 

download/q is in Figure 21. 
 

 

 

Figure 20: Drag over dynamic pressure versus forward 

flight speed 

 

 

Figure 21: Download over dynamic pressure versus 

forward flight speed 

As expected, the fuselage is the main body contributing to 

the drag force in the results, and the solar array drives the 

download. The download shows that the solar array 

provides a small negative lifting force, especially at lower 

forward flight speeds. As forward flight speed increases, 

both coefficients approach and asymptote near zero. 

It is expected that D/q should be relatively constant for a 

fixed frontal area and drag coefficient; this phenomenon is 

illustrated in Figure 20 for forward flight speeds greater than 

20 m/s. Furthermore, this figure is consistent with the 

increase in drag coefficient observed at low Reynolds 

numbers [17]. 

 

The final study for airframe effects analyzes the effect pitch 

attitude has on drag and download. This study is conducted 

at a fixed forward flight speed of 20 m/s. The pitch attitude 

is swept from 0 to 10 deg. The solar array and fuselage 

remain separated to understand how different pitching 

angles affect the forces on each body. Figure 22 shows the 

D/q for this set of results, and Figure 23 shows the 

download/q. 
 

 

Figure 22: D/q versus pitch attitude at a forward flight 

speed of 20 m/s 

 

Figure 23: Download/q versus pitch attitude at a 

forward flight speed of 20 m/s 

As the pitch increases, both D/q and download/q increase in 

magnitude, with D/q increasing positively and download/q 

increasing negatively. The slope of download/q versus pitch 

attitude indicates that more lift force is generated as the 

pitch attitude increases. While the trend is largely linear, at 

higher pitch angles, the download/q from the solar array 

appears to start leveling off slightly. If the solar array is 
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one could interpret this asymptotic trend to indicate that the 

solar array is approaching stall. 

 BLADE PERFORMANCE COMPARISONS 

To further understand the performance predictions of 

Ingenuity by RotCFD and CAMRAD II, sectional blade 

analysis is performed. Both programs output a variety of 

metrics as a function of radial station, r/R, and azimuth, ψ. 

For this analysis, the sectional angle of attack is selected for 

analysis. This provides an insight into the differences in 

trimming behavior between the two programs. 

 

First, the differences in sectional angle of attack between the 

rotors-only cases and airframe-included cases are shown. 

Figure 24 shows the comparison for the top rotor, and Figure 

25 for the bottom rotor. Two azimuthal locations are shown 

on each plot, at ψ = 0 and ψ = 180 deg. Small differences 

can be seen between the two cases at the selected azimuthal 

position, mostly at lower r/R values. Nevertheless, the two 

cases closely agree for r/R values greater than 0.5. For low 

r/R values for both azimuthal locations, the local angle of 

attack is higher for the airframe-included cases. Likely, the 

presence of the airframe encumbers the induced flow near 

the rotors’ center, thus increasing the local angle of attack.  
 

 

Figure 24: Sectional angle of attack versus radial 

station for rotors-only and airframe-included cases for 

the top rotor 

 

 

Figure 25: Sectional angle of attack versus radial 

station for rotors-only and airframe-included cases for 

the bottom rotor 

Next, RotCFD and CAMRAD II are compared to each 

other. The rotors-only cases are selected for this comparison 

since there is no airframe modeled in CAMRAD II. Figure 

26 shows the comparisons at two azimuthal angles for the 

top rotor, and Figure 27 shows the comparisons for the 

bottom rotor. The largest differences again occur at smaller 

r/R values for both rotors. For the top rotor, there is 

agreement for both azimuthal stations for r/R values from 

0.4 to 0.7. For the bottom rotor, there is agreement at ψ = 

180 deg. for r/R values from 0.4 to 0.8.  
  

 

Figure 26: Sectional angle of attack versus radial 

station for top rotor 
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Figure 27: Sectional angle of attack for bottom rotor 

One final check is to compare the sectional angle of attack 

as a function of azimuth angle at a fixed radial station. The 

location r/R = 0.64 is chosen for this comparison. Both the 

top and bottom rotor are shown in Figure 28. No clear trends 

are seen in this figure between RotCFD and CAMRAD II. 

 

 

Figure 28: Sectional angle of attack versus azimuth at a 

fixed radial station of r/R = 0.64 

The overall differences between the sectional angle of attack 

per radial station may provide some insight into the 

differences between the results from each code. However, 

more in-depth analysis is necessary to determine the true 

basis of these discrepancies. 

CONCLUSION 

RotCFD hover performance predictions are compared 

against both CAMRAD II and experimental hover test data 

in JPL SS conditions and solely against CAMRAD II in MC 

2 conditions. For both comparisons, it is observed that all 

predictions are in general agreement for the design thrust 

coefficient range of Ingenuity. However, RotCFD predicts 

higher power coefficients than CAMRAD II for high thrust 

settings even though both codes use the same C81 airfoil 

tables. Disparities, therefore, also arise in comparisons of 

figure of merit for high collective pitch and thrust settings.  

 

RotCFD forward flight performance predictions using 

rotors-only and airframe-included models of Ingenuity are 

compared to CAMRAD II predictions in which a rotors-

only model is used. A trim surrogate model is leveraged to 

find pitch attitude settings in RotCFD that balance forces in 

the free stream direction. The trimmed settings from the 

surrogate are used in a comparison of trimmed forward 

flight simulations. The codes closely agree on the 

relationship between thrust and power and forward flight 

speed. Additionally, the trim settings are in close alignment 

for forward flight speeds greater than or equal to 15 m/s. 

Nevertheless, disparities arise in the nominal collective 

pitch setting and differential collective setting for low 

speeds. Furthermore, RotCFD underpredicts the required 

pitch attitude for each forward flight speed with respect to 

the trimmed settings of CAMRAD II. 

 

A study of the aerodynamics of the individual components 

of the airframe of Ingenuity is performed. RotCFD 

corroborates the expected trends in how the download and 

drag of the solar array and fuselage vary with forward flight 

speed and pitch attitude. Specifically, it is confirmed that the 

solar array acts as a wing which generates most of the 

predicted download, especially for high pitch attitudes. 

Furthermore, it is found that the fuselage of Ingenuity 

generates most of the airframe drag and that the drag 

coefficients sharply increase for low Reynolds number 

flows.  

 

Lastly, a study is conducted on the how the sectional angles 

of attack vary with radial station and azimuth in RotCFD 

and CAMRAD II. In RotCFD, it is found that the inclusion 

of the airframe has minimal effect on this relationship. Thus, 

it is reasonable to compare the rotors-only RotCFD cases 

with those of the CAMRAD II cases. Between RotCFD and 

CAMRAD II, a significant discrepancy is observed between 

the sectional angles of attack as a function of radial station, 

particularly for low values of r/R; there is agreement for r/R 

values between 0.4 and 0.7, generally. A similar 

discrepancy is observed when comparing the RotCFD and 

CAMRAD II predictions for sectional angle of attack versus 

azimuth angle. 
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FUTURE WORK 

Concerning the performance prediction comparison for 

hover between RotCFD, CAMRAD II, and the experimental 

data from JPL SS, further work is required to address the 

disparity in total rotor power for high collective and high 

thrust settings. Addressing this disparity would also address 

the disagreement in figure of merit predictions, as these 

values are coupled. Such future work includes further grid 

refinement studies and the analysis of rotor-disk sectional 

load distributions data. 

 

Regarding forward flight results, there are several areas that 

require future work and attention. Firstly, additional 

analyses are required to understand the disparity between 

RotCFD and CAMRAD II in the predicted trimmed nominal 

collective pitch settings and trimmed differential collective 

settings for low forward flight speeds. Furthermore, more 

studies are needed to address the disagreement in trimmed 

pitch attitudes. To do so, it is recommended that rotors-only 

and airframe-only cases are simulated to distill airframe-

rotor interactions and to address differences in predicted 

airframe drag. Once the two codes agree upon predicted 

airframe drag, it is anticipated that trimmed rotor settings 

and pitch attitudes will be in agreement for all speeds in the 

considered forward flight domain. 
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