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Abstract

The interest in behavior and performance of autonomous rotary-wing aerial vehicles
for Mars exploration has grown vastly. Exploring the challenging conditions will
benefit both future planetary aerial vehicle missions as well as pushing the threshold
of performance further for high tech aerodynamic vehicles on Earth.

This report describes a validated set of analysis tools for designing future Mars plan-
etary vertical lift unmanned aircraft for various missions. The procedure involved
experimental test campaigns under simulated Mars atmospheric conditions to fur-
ther use the test data to correlate with analytical predictions using design tools
currently being used by the rotorcraft community. The goal has been to understand
the capability of the CFD analysis tool RotCFD to predict rotor aerodynamics
under high Mach number and low Reynolds number circumstances with thrust vari-
ances at various pressures ranging from Terrestrial conditions down to 7 millibar
corresponding to the Martian atmosphere.

The experimental test campaign has focused on forward flight rotor performance
for a Mars Helicopter rotor. Due to Mars’s different nature, as credible testing as
possible was performed in the Martian Aeolian Wind Tunnel located in the Planetary
Aeolian Laboratory at NASA Ames Research Center.
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Nomenclature

Symbols Description Unit (metric)
A Projected wing area [m2]
A0 Upper control surface, helicopter flow field [m2]
A∞ Lower control surface, helicopter flow field [m2]
c Chord [m]
Cd0 Profile drag coefficient [−]
Cd Sectional drag coefficient [−]
CD Drag coefficient [−]
Cl Sectional lift coefficient [−]
CL Lift coefficient [−]
Cm Sectional pitching moment coefficient [−]
CM Pitching moment coefficient [−]
CP Power coefficient [−]
CP0 Profile power coefficient [−]
CQ Rotor shaft torque coefficient [−]
D Profile drag [N ]
FD Drag force [N ]
FL Lift force [N ]
G Gravitational constant [m3/kgs2]
g Gravitational acceleration [m/s2]
k Turbulent kinetic energy [J/kg]
Lc Characteristic length scale [m]
Ls Length domain in streamwise direction [m]
Mx Roll moment [Nm]
My Pitching moment [Nm]
m Mass [kg]
ṁ Mass flow [kg/s]
Nb Number of blades [−]
ncs Number of cells in streamwise direction [−]
P Rotor power [W ]
p Pressure [Pa]
p∞ Free flow fluid pressure [Pa]
Q Torque [Nm]
q Dynamic pressure [Pa]
r Radial station [m]
rref Refinement level [−]
R Rotor radius [m]
Rspec Specific gas constant [J/kgK]
Re Reynolds number [−]
T Rotor thrust [N ]
t Time [s]
u1 Velocity in x-direction [m/s]
u2 Velocity in y-direction [m/s]
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Symbols Description Unit (metric)
u3 Velocity in z-direction [m/s]
Vc Helicopter vertical velocity [m/s]
Vh Rotor induced velocity [m/s]
V∞ Free field velocity [m/s]
Vtip Wing tip velocity [m/s]
w Wake velocity [m/s]

Greek symbols Description Unit (metric)
α Angle of Attack [◦]
ε Turbulent Dissipation [J/kgs]
γ Specific Heat Ratio [−]
κ Induced power correction factor [−]
λh Induced flow ratio coefficient [−]
φ Instantaneous flow variable [−]
φ′ Fluctuating part flow variable [−]
φ Mean part flow variable [−]
Ω Angular velocity [rad/s]
θBtw Built-in twist [◦]
µ Dynamic viscosity [kg/ms]
ν Kinematic viscosity [m2/s]
ρ Density [kg/m3]
σ Solidity Ratio [−]
τ Viscous shear stress [N/m2]

Abbreviations Description
BEM Blade Element Model
C81 Gen C81 Generator
CFD Computational Fluid Dynamics
CFL Courant–Friedrichs–Lewy
FM Figure of Merit
JPL Jet Propulsion Laboratory
LC Load Cell
MAWT Martian Aeolian Wind Tunnel
MHS Mars Helicopter Scout
NASA National Aeronautics and Space Administration
NS Navier-Stokes
PAL Planetary Aeolian Laboratory
RANS Reynolds Averaged Navier-Stokes
RPM Revolutions Per Minute
RotCFD Rotorcraft Computational Fluid Dynamics
RotUNS RotCFD Unstructured solver
SIMPLE Semi-Implicit Method for Pressure-Linked Equations
TDN Thrust Down
TUP Thrust Up
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1
Introduction

Exploring Mars and putting mankind on another planet has been an ongoing dis-
cussion and goal since the 1950’s. Planning human missions has been undertaken
multiple times by organizations and space agencies worldwide. Scientists have spec-
ulated whether terraformation is possible and how to utilize both Mars’s surface
and its moons Phobos and Deimos. Currently Curiosity and Opportunity perform
ongoing research on Mars and the next exploration milestone is the Mars 2020 rover,
hopefully with support from the Mars Helicopter Scout.

1.1 Mars Helicopter Flight in Martian Atmosphere

Mars’s challenging environment comes with large temperature changes, sandstorms,
and a challenging surface composition which yields many unreachable spots for Mars
rovers to date. The Mars helicopters main purpose is, besides a proof-of-concept to
prove the ability to generate enough lift to fly autonomously on Mars, map the sur-
rounding terrain, equipped with a high-resolution camera to provide simplifications
of road choices for current and future rover missions. If the mission is successful, it
could benefit both future planetary aerial vehicle missions as well push the thresh-
old of performance further of high tech aerodynamic vehicles on Earth. Fig.(1.1)
describes the MHS design and functions.

1



1. Introduction

Figure 1.1: Point design of the Mars Helicopter Scout [13].

The Mars Helicopter rotor will operate under high Mach number and low Reynolds
numbers conditions on Mars. For a rotor, it is critical that subsonic velocities are
maintained, strong shock waves can cause serious damage to the rotor blades and
make lift production inefficient. Due to the thin atmosphere on Mars, wing tip
velocities stays subsonic and the requirement of high rotational speed of the rotors
on Mars will not be an issue. The symmetrical designed Mars Helicopter with
its co-axial rotor system will autonomously use upper and lower collective and a
lower cyclic to navigate forward. The reduced gravity improves the stability of the
helicopter and hence reduces the frequency of unstable phugoids and translational
sensitivity to gusting [17]. With a proposed rotor diameter of approximately 1.2
meters and a total weight of about 1.7 kilograms, the size of the rotor will be large
relative fuselage and body. The MHS is supposed to fly 1-2 minutes a day with a
top of climb of 5 meters, using a solar powered system. Remaining non-operative
time it will stand on the ground and recharge its batteries. It is purposed to fly on
less gusty days to avoid sandstorms since wind is the number one challenge on Mars.
Wind creates faster instabilities and necessitates control deflections [17]. As a proof
of concept, the helicopter is purposed to give understanding whether there is flying
capabilities on Mars and therefore has to be extremely lightweight and little room
left for redundancy.

2



1. Introduction

1.2 Purpose and goal

The main goal of the research is to conduct experimental low pressure wind tunnel
tests and evaluate the validity of data acquired to predict the aerodynamic perfor-
mance of a Mars rotor. The conducted experimental test campaigns are performed
under various pressures, ranging from Earth’s atmospheric conditions to correspond-
ing Mars pressure - 7 millibar.

Additionally, aim towards is also evaluating possibilities to reproduce experimental
data with numerical predictions, using design tools currently being used by the
rotorcraft community. The purpose of this research is to contribute to a better
knowledge for designing future Mars planetary vertical lift unmanned aircrafts for
different missions.

1.3 Clarifications

The rotor that has been used is not the same rotor nor have the same design as
the rotor that will go to Mars in 2020. Also, the used hardware setup are not
able to simulate a co-axial rotor configuration as well collective and cyclic controls.
Hence, results conducted are to be compared relatively. Thus, this research will not
conclude whether the Mars Helicopter Scout is capable of flying on Mars or not!

3
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2
Literature Study and Background

A brief introduction to the related theory of fluid mechanics and helicopters is nec-
essary. The Mars Helicopter is proposed to operate under incompressible conditions,
thus the incompressible set of Navier-Stokes equations applies. For numerical pre-
diction, CFD software RotCFD was used which uses a flow solver based on Reynolds
Averaged Navier-Stokes (RANS) set of equations to resolve the flow for numerical
solutions. To implement momentum generated by the spinning rotors, RotCFD uses
momentum sources, why the momentum theory is described in detail.

2.1 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is solely based on the Navier-Stokes set of
partial differential equations whose main purpose is, through numerical solutions,
simulate flow behavior and its interactions with solid bodies. This will help the user
to get a perception of fluid mechanical experiments, without actually performing the
experiment in reality. A huge advantage from an economical and time perspective.
With time the computers computational power has increased vastly, good enough
that CFD has become a very common tool in fluid mechanics communities.

The Navier-Stokes set of equations are since long known and describe the evolu-
tion equation of the instantaneous velocities ui(xi, t) and the instantaneous pressure
p(xi, t). Based on three simple physical phenomenons, conservation of mass, New-
ton’s second law and the conservation of energy, Navier-Stokes equations creates
a closed set of partial differential equations. Flow solver RotUNS is developed for
incompressible flows where it is sufficient to use the conservation of mass and mo-
mentum to solve for primary flow variables - velocity and pressure. The energy
equation is only necessary in compressible flow simulations and will not be further
discussed.

Mass can never be destroyed nor created and when incompressibilty condition ap-
plies, net flow in each control volume in the grid is assumed to equal the net flow
out.
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∂ρ

∂t
+ ∂

∂xi
(ρui) = 0 (2.1)

Eq.(2.1) is referred to as the continuity equation and is stated using index notation
where i = 1, 2, 3. Since the flow is assumed to be incompressible, density do not
change over time, ∂ρ

∂t
= 0, and the final mass equation becomes

∂ui
∂xi

= 0 (2.2)

Newton’s second law states that the force equals the the change in momentum over
time. The momentum equations for a control volume is in a Cartesian coordinate
system defined in x- y- and z-direction.

∂(ρui)
∂t

+ ∂

∂xj
(ρuiuj) = − ∂p

∂xi
+ ∂τij
∂xj

+ ρfi (2.3)

2.1.1 Reynolds Averaged Navier-Stokes equations (RANS)

An instantaneous solution is not applicable or rarely seen in special cases, why
proposition is to describe the turbulent flow field statistically. By taking the ex-
pected value of both sides on all four equations and simplify as far as possible
according to the rules of expectation, the RANS set of equations is governed as

∂ui
∂xi

= 0 (2.4)

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p

∂xi
+ ∂

∂xj

[
ν
∂ui
∂xj
− u′

iu
′
j

]
(2.5)

where ui denotes the averaged value of velocities in x- y- and z-direction for instance
[14]. Note that all primary flow variables can be divided individually as

φ(xi, t) = φ(xi, t) + φ
′(xi, t) (2.6)

where φ(xi, t) denotes the instantaneous variable, φ(xi, t) denotes the mean part of
the variable and φ

′(xi, t) denotes the fluctuating part of the variable. φ(xi, t) and
φ

′(xi, t) are varying randomly while φ(xi, t) is not random, together representing a
mean and fluctuating based decomposition called Reynolds decomposition.
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However, this new set of equations referred to as RANS set of equations introduces
six new unknown variables due to the symmetric Reynolds stress tensor Rij = ρu

′
iu

′
j.

The unclosed set of equations now contains in total ten unknown variables but only
four equations. To get the amount of equations needed, the evolution equations of
the stress tensor needs to be derived. Deriving these evolution equations as well
describing the turbulence model, including evolution equation of turbulent kinetic
energy k and turbulent dissipation ε is indeed a part relevant when discussing RANS
simulations. Although it has been chosen to be excluded to stick only to the basics
of the underlying theory. However, this new set will enable unsteady simulations
and is implemented and used in RotCFD.

2.2 Helicopter Hover Momentum Theory

The prime difference between other aerial vehicles and helicopters is the helicopter’s
ability to hover. In addition to the ability to hover, a helicopter’s rotor has three
main functions; generate lift, generate a propulsive force for forward flight and the
ability to control altitude and position. Proper modeling is necessary to understand
how a rotor is generating thrust and lift and how related variables such as power
and torque depend on each other. Initially, the momentum theory will be described
under ideal conditions using conservation of mass, momentum and energy in addition
to Bernoulli’s equation, to be further considered under non-ideal circumstances.

Assumptions have to made as always. For hover flight it is assumed that there is no
forward nor vertical speed. The flow field is axisymmetrical, meaning that velocities
are constant at a constant radius along azimuthal direction. The flow outside the
wake boundaries is relatively still and assumed to have a velocity close to zero, while
the flow in the wake region can reach quite high velocities.

Global conservation of mass, momentum and energy is considered in momentum
theory. Those conservation assumptions is not applied at the flow close the blades
but instead an imaginary actuator disk is considered, adding momentum and energy
due to the moving blade. The flow that is generated is assumed to be incompress-
ible, steady, inviscid and irrotational. The flow that passes through the actuator
disk is assumed one-dimensional and uniform and similarly assumed to follow these
conditions in the far wake with no swirl present.

Fig.(2.1) describes the notations of the aerodynamic variables in order to describe
the hover flight regime for a helicopter. From an axisymmetrical perspective, the
total control volume is divided into three control surfaces. An upper control surface
denoted A0 and a lower denoted A∞ with a surrounding side surface about the axis
of rotation where no mass can flow through. Velocity at upper surface, denoted as
the vertical velocity Vc is defined zero under hover conditions while lower surface
velocity denoted wake velocity w added with the ascend velocity. The conservation
of mass applies for the total control volume, the inflow massflow ṁ0 must equal ṁ∞
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and

ṁ · ~ds = 0 (2.7)

Figure 2.1: Notations of a helicopter in hover flight [4]

In order to get the velocity in the far wake and the induced velocity over the rotor,
momentum and energy equations are used. The rate of momentum change over
upper and lower boundaries equals the applied force, the thrust T .

T = ṁw (2.8)

since the velocity at the upper boundary Vc is zero during hover. The energy rate
of change is the work done per unit time by the rotor as

Tvi = 1
2ṁw

2 (2.9)

Eqs.(2.8) and (2.9) yield the relation w = 2Vh where Vh denotes the rotor induced
velocity during hover. Using this relation and knowing that mass is always con-
served, this will yield that A∞ = 1

2A that states that the far wake area is half the
size of the rotor disk. Then, by using Bernoulli’s equation for a particle that is

8
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travelling vertically from the top of the control volume, through the rotor disk and
down the wake, two equations can be set up,

p∞ = p1 + 1
2ρV

2
h p2 + 1

2ρV
2
h = p∞ + 1

2ρw
2 (2.10)

Note that the pressure is assumed to be atmospheric at the inlet and outlet, de-
creasing until it reaches the rotor where a pressure jump occurs. Highest pressure
is seen at the lower part of the rotor disk and will fade back to atmospheric down
the wake. See Fig.(2.2)

Figure 2.2: Flow fields, pressure and velocity distribution [4]

Continuously, the delta pressure over the rotor and the induced velocity as a function
of the thrust be expressed as

∆p = 1
2ρw

2 T = A∆p ⇒ Vh =
√

T

2Aρ (2.11)

A very important feature in helicopter performance is to obtain a high figure of merit,
FM . The figure of merit is defined as the ideal power over the actual measured
power to generate thrust to maintain hover. The ideal power is the theoretically
consumed power to move the air through the rotor to generate the desired thrust
under ideal conditions. The actually measured power is taking into consideration
non-ideal conditions such as profile drag of the rotating blades, the number of blades
etc. The ideal power is calculated by the energy balance and using Eq.(2.11)

Pideal = 1
2ṁw

2 − 0 = TVh = T

√
T

2Aρ (2.12)
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To non-dimensionalize the induced velocity at the rotor in hover, the induced flow
ratio coefficient is used λh as Vh = λhΩR = λhVtip where Ω is the angular velocity.
This convention is also used to non-dimensionalize other variables with the blade
tip speed, such as thrust, power and torque in same order as

CT = T

ρAV 2
tip

CP = P

ρAV 3
tip

CQ = Q

ρAV 2
tipR

(2.13)

Thrust coefficient is the ratio of thrust over dynamic pressure force, yielding a
relation between induced flow ratio coefficient and the thrust coefficient as

λh =
√
CT
2 (2.14)

The relation between power and torque is P = ΩQ which by insertion will yield
that the power and torque coefficient are equal, CP = CQ. Now the induced flow
ratio is related to the thrust coefficient and the power is related to the torque using
non-dimensionalized coefficients. The power depends therefore of the thrust as

CP = P

ρAV 3
tip

= TVh
ρAV 3

tip

= CT
Vh
Vtip

= CTλh = C
3/2
T√
2

(2.15)

2.2.1 Non ideal effects

So far only ideal conditions has been assumed. Considering situations like non-
uniform flow, tip losses, wake swirl will make the derivation more realistic but more
complex. To determine the actual rotor power required the profile drag needs to be
considered. The profile drag of the blades moving through the air, assuming no twist
and that the blades are not tapered, is expressed by integrating over the blade length
and will yield the necessary power to overcome the drag for each blade where Nb is
the amount of blades and D is the profile drag for each blade as D = 1/2ρ(Ωy)2cCd0.

P0 = ΩNb

∫ R

0
Dydy = 1

8ρNbΩ3cCd0R
4 (2.16)

where Cd0 is the profile drag coefficient and c the chord line. Using the same con-
version as for the power earlier, similarly the profile power coefficient can be derived
from above expression as
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CP0 = 1
8

(
NbcR

A

)
Cd0 = 1

8σCd0 (2.17)

where σ is the solidity ratio which is the blade area over the total rotor disk area
defined as

σ =
(
NbcR

A

)
(2.18)

To compute the actual measured power that the rotor requires to hover can be done
from the actual power coefficient CP,actual. When the drag is taken into consideration
the actual power coefficient for the rotor is defined as

CP,actual = CP,i + CP,0 = κ
C

3/2
T√
2

+ 1
8σCd0 (2.19)

with CP,i is the induced power coefficient corrected by an induced power correction
factor κ which is typically about 1.15 and helps the power consumed (due to the
induced flow field) to be more realistic and therefore slightly increased, for the same
thrust generated. Now the approximated rotor figure of merit can be expressed
using a non ideal approximation for the rotor power [4]

FM = CP,ideal
CP,actual

=
C

3/2
T√

2

κ
C

3/2
T√

2 + 1
8σCd0

(2.20)

Regarding the tip losses, the cause of less lift on the wing tips due to leakage from
bottom of the blade to top. The tip losses can be considered by computing the
effective blade radius the produces lift; Re = BR < R where B < 1. Propositions
of calculation of the factor B is both due to theoretical derivations such as Prandtl
theory, as well empirical (Gessow and Meyers) [4].

2.3 Rotorcraft Comtutational Fluid Dynamics

To conduct numerical simulations, RotCFD has been used, whose strength is its
capacity of integrating rotorcrafts in an aerodynamic environment, such as hover,
forward flight and dust simulations. RotCFD as software is written to only be
used on desktop computers instead of supercomputers which makes it very less
computationally demanding, although a trade-off is computational time increase and
solution accuracy decrease. The Reynolds Averaged Navier-Stokes set of equations
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discussed in previous section are implemented in the RotCFD flow solver. The
RotCFD solver was developed and documented by Sukra HeliTek [5].

2.3.1 RotUNS - Flow Solver

RotCFD offers a wide range of different flow solvers. The choice of solver depends on
each specific case and necessary requirements, such as body integration and its com-
plexity, unstructured/structured grid and need for unsteady simulation for instance.
Flow solver RotUNS (RotCFD Unstructured solver) discretize the finite volumes us-
ing the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE/SIMPLER)
approach with implicit time integration. RotUNS uses the two equation turbulence
model k − ε based on the unsteady Reynolds Averaged Navier-Stokes (RANS) set
of equations and applies for all rotor flows, where k is the turbulent kinetic energy
and ε is turbulent dissipation [5]. RotCFD and RotUNS will be used synonymously
from here.

2.3.2 RotCFD Rotor Model

RotUNS uses a three dimensional time accurate momentum source model - BEM
(Blade element model) where the rotor is treated as a distribution of momentum
sources. This eliminates the need to use a body-fitted grid about the rotor, but
only for external bodies. The imparted rotor momentum source term, S ′i, depends
on geometry of the airfoil and surrounding flow characteristics as a multi-variable
function, and allows calculation of characteristic rotorcraft performance [5]. Also a
steady rotor model can be used, that average the rotor momentum over time, with-
out considering the instantaneous position of the rotor as it turns. This simplified
approach was not used however.

S ′i = S ′i(Cl, Cd, α, Vabs, ω, x, y, z, t, c, ρ, B) (2.21)

Using these source terms, the momentum equations can then be coupled. To im-
plement the blade, the blade is divided in elements in spanwise direction. To reach
a solution along the entire blade, interpolation is used between the solutions for
the cross sections corresponding to the used airfoil tables, see Sec.(6.2) for content
of airfoil tables. The momentum is only inserted in a grid cell whenever the rotor
blade element intersects with it. The position of the momentum applied is defined
by the position vector. Located spanwise from the axis of rotation and components
expressed in normal coordinates as

Rr =
∫ R

0
dScosδ Rθ = 0 Rn =

∫ R

0
dSsinδ (2.22)
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where dS is the distance from the origin to the source point. In a summary this yields
a relation between the global system and the normal coordinates by multiplying the
transformation matrices with each other from the left as

VnVθ
Vs

 = M3M2M1

UV
W

 (2.23)

Local coordinate systems are implemented to express body location, rotor location
and different motions. Local coordinate systems used in this research are the rotor
disc fixed Cartesian system and the rotor based cylindrical polar system along with
the global Cartesian coordinate system (x, y, z).

2.3.3 Rotor Disc Fixed Cartesian system

The rotor disc fixed Cartesian system (ξ,η,ζ) follows the rotor motions as it implies.
η is located along the blade radius and fixed on the rotor blade with ζ 90◦ offset
while the ξ coordinate is located perpendicular to the tip path plane. The rotor disc
fixed Cartesian system relates to the global system by a transformation matrix as

ξη
ζ

 =

cosB sinAsinB −cosAsinB
0 cosA sinA

sinB −sinAcosB cosAcosB


X −Xc

Y − Yc
Z − Zc

 = M1

X −Xc

Y − Yc
Z − Zc

 (2.24)

where A and B is the Euler angles that represents the pitch and lateral angles. Index
notation c represents center in the global system.

2.3.4 Rotor Based Cylindrical Polar System

The rotor based cylindrical polar system (ξ,η,ζ) is mainly used to describe the
blade rotation path as the rotor spins. The z coordinate is intersecting with the ξ
coordinate and moves perpendicular to the tip path plane in the inflow direction.
To define the position of the blade, the azimuth angle ψ is used. The azimuth angle
is measured from an axis which is parallel to tip path plane and the free stream.

why the the following relation between the rotor disc fixed and rotor based cylindrical
coordinates is related

ξ = z η = rcosθ ζ = rsinθ (2.25)
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where θ is defined as θ = π
2 − ψ. There is a pure rotation clockwise in the tip path

plane between the two local coordinate systems. An ordinary linear transformation
matrix is valid.

êrêθ
êz

 =

0 cosθ sinθ
0 −sinθ cosθ
1 0 0


êξêη
êζ

 = M2

êξêη
êζ

 (2.26)
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3
Simulating Martian Flight on

Earth

The experimental testing is limited in the way that not all parameters are possible
to replicate on Earth and if, there might be facility limitations as well. Attempting
to mimic the atmospheric conditions at Mars is a challenging task and comes with
a lot of limitations and required simplifications to be made. Reducing the pressure,
obtaining a similar atmospheric density as Mars is one thing, but reproducing vari-
ables such as the atmospheric composition, temperature changes, speed of sound,
unexpected winds and sandstorms and radiation are almost an impossible task, and
yet the difference in gravity has not even been mentioned. In summary, whatsoever
results that are acquired during Earth simulations, flight abilities for unmanned
aerial vehicles on Mars can never be concluded certainly.

3.1 Difficulties and limitations

NASA Ames possesses an outstanding facility for disposal (see Sec.4.1), where most
of the limitations can be faced as good as possible, while some can not be replicated
but kept in mind for further post-processing and analysis. The rotor that has been
used in this research is not the same as the final rotor and whatsoever results this
rotor design will yield is mainly to be compared to its own experimental and nu-
merical data. Also, the Mars Helicopter is proposed to be equipped with upper and
lower collective as well lower cyclic controls [17], something that has not been able
to replicate during the test campaign. Instead, part of the goal is to investigate how
different factors affect the capability of flight on Mars compared to Earth, as well
how limited wind tunnel testing are on Earth.
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3.1.1 Gravity

The mass of Mars, mMars=6.39E23 kilograms compared to the mass of Earth,
mEarth=5.972E24 kilograms is almost an order of magnitude less. Thus the gravita-
tional pull will be significantly less on Mars, but also the distance to the sun affects
the gravitation.

Fg = GMm

r2 → gEarth
gMars

≈ 3 (3.1)

where G is the gravitational constant, M the mass of the Sun and r the distance
between the Sun and respective object. This means that the gravitational pull on
Mars is only about a third of what it is on Earth. At first, this might seem promising
for aerial vehicles operating on Mars, but the composition of the thin atmosphere
on Mars (∼ 1%) in combination with the high gravity (about ∼ 38%) will require an
outstanding performance and sophisticated design of the Mars Helicopter. Gravity
has for obvious reasons not been able to be replicated during the experimental
testing.

3.1.2 Pressure and Density

The pressure on Mars is very low compared to Earth. It ranges from slightly below
7 millibar up to almost 30 millibar, depending on location, season and temperature,
while atmospheric pressure on Earth is about 1013 millibar. Although what is
important is to match a corresponding density of the Martian atmospheric surface.
The proposed landing sites for the Mars Helicopter on Mars all has an atmosphere
with a pressure that corresponds best to the targeted density within the range 7 to
14 millibar [6].

According to the ideal gas law the interaction between the molecules in a gas needs
to be considered small or that the molecules has completely elastic collisions if
interaction occurs, which never occurs for a real gas but tend to be insignificant
if the temperature is high and the pressure is low, why it can be applied on air.
Although the temperature on Mars is significantly lower compared to Earth, the
pressure is close to vacuum. Therefore, it may be possible to assume that the ideal
gas law is approximately valid on Mars since the Martian atmosphere tend to behave
as an ideal gas due to its low pressure. The pressure of Mars is about 0.7% of Earth
while the density is about 1.3%. The ideal gas law is defined p = ρRT where R is
the specific gas constant.

A low density means that less molecules is present in the atmosphere. To generate
lift for a helicopter, the main idea is to push molecules downwards and use Newton’s
third law in order to generate lift upwards - lower density gives less lift. As a result,
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Mars comes with a huge disadvantage when it comes to generate propulsive lift.
The low pressure and density could be well replicated and has been able to take into
consideration due to the possibility of depressurization.

3.1.3 Reynolds number

The Mars Helicopter is proposed and will be designed to fly on as windless days
as possible. Therefore, the Reynolds number can be mainly calculated from the
angular velocity of the rotor. Reynolds number is a function of, except the geometry
of the wing and the rotational velocity, the density and the dynamic viscosity. The
dynamic viscosity is almost the same on Mars (µMars=1.79e-05 while µEarth=1.75e-
05) and the density is possible to mimic, meaning the Reynolds number is possible
to replicate moderately. Due to the low density on Mars, the Mars Helicopter rotor
will experience low Reynolds numbers. The rotor Reynolds number and the dynamic
viscosity is defined as

Re = ρVtipLc
µ

µ = νρ (3.2)

where ρ is the density of the atmospheric gas, Vtip is the velocity of the rotor blade,
Lc represents the characteristic length of the airfoil session (typically the chord line),
µ is the dynamic viscosity of the fluid and ν is the kinematic viscosity of the fluid.

3.1.4 Atmospheric composition

The composition of Mars’s atmosphere is about 96 % carbon dioxide and ∼2% dini-
trogen [12]. The heat specific ratio (γ = CP

CV
) will remain almost constant (γMars=1.3

while γEarth=1.4). This will in turn affect the speed of sound. The speed of sound
depends on the molecular collisions and by so the state and kind of the gas as well
its temperature. The speed of sound, denoted a, is defined as

a =
√
γRT (3.3)

where T is the surrounding temperature and R the gas constant. Due to low temper-
atures and the different atmospheric composition, the speed of sound will decrease,
which will yield relatively high Mach numbers on Mars. The experienced Mach
number by the rotor, based on the wing tip velocity, is defined M = Vtip/a [13].
Replicating the speed of sound effect during this project was not possible.
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Figure 3.1: Atmospheric composition comparison - Earth and Mars [13]

3.1.5 Temperature

Mars is farther away from the sun and comes with a very harsh and cold environment.
The temperatures on Mars is changing more drastically than on Earth ranging from
30 ◦C to -140 ◦C, with an average temperature about -63 ◦C. The Mars Helicopter
will most likely operate under considerably colder circumstances, compared to what
is possible to achieve during the experimental testing, as well to operate at slightly
constant temperatures. Due to pressure changes and to ambient temperatures, the
temperature will alter a lot during testing. Mars temperatures was not possible to
replicate in a trustworthy manner.

Figure 3.2: Temperature comparison - Earth and Mars [13]

3.1.6 JPL 25-ft Space Simulator

Not only NASA Ames conducts experimental testing for the Mars Helicopter, but
also NASA’s Jet Propulsion Laboratory (JPL). JPL possesses a 25-feet Space Sim-
ulator that allows depressurization (pressure control) and the ability to change at-
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mospheric composition. The space simulator can fill up the chamber with carbon
dioxide (CO2) to mimic a corresponding Martian atmosphere (96% CO2). To con-
trol temperature effects the walls have inside liquid nitrogen flowing to maintain a
constant temperature to minimize heat and temperature effects [11].
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4
Aeolian Wind Tunnel Testing

The first entry of wind tunnel testing were already conducted during Fall 2016. All
data were corrected and compressed to be analyzed, acquired at different running
conditions such as varying wind speeds, shaft angles and rotor speeds throughout a
broad range of pressures.

4.1 Facility Description

All experimental testing has been conducted in the Martian Aeolian Wind Tun-
nel (MAWT) in the Planetary Aeolian Laboratory (PAL) facility at NASA Ames
Research Center. MAWT is one of the worlds largest low-pressure wind tunnels,
capable of simulating pressures ranging from 1 atmosphere down to 5.5 millibar and
is an open-circuit tunnel with dimensions 1.3x1.3x13 meters. Initially it was used
for sand dust simulations but are today used for propulsive flight testing at differ-
ent pressures. In addition to the Martian Aeolian Wind Tunnel, the Titan Aeolian
Wind Tunnel is also facilitated in the PAL, mainly re-purposed for aeolian research
at the moon Titan. In the 1960’s, PAL was used to depressurize spacecraft’s and
spacecraft instruments but presently the facility is solely dedicated for low and high
pressure wind tunnel testing [13].

At atmospheric conditions, the MAWT generates wind by a fan at the end of the
tunnel, hence sucks the air and creates a wind flow. At low pressures, the Mars
wind tunnel uses a different approach to generate wind in the tunnel. Due to the
lack of flowing air molecules at low pressures, the motor of the fan tends to be
overheated. Instead several pipes are mounted horizontally at the end of the wind
tunnel, connected to a pressure chamber with compressed air which supplies the
wind tunnel with an airflow through small holes in the pipes. This creates a sucking
effect and yield velocities up to 100 meters per second. Whenever higher pres-
sures are simulated, this method is less favorable due to a lesser pressure difference.
When compressed air is added into a depressurized chamber, the chamber pressure
increases successively and has to be taken into account. Therefore the pressure has
to be manually controlled continuously, to maintain desired simulation conditions.
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Although, the PAL are not controlling the pressure itself since the vacuum ability is
dependent upon operation of the neighboring facility, the NASA ARC-Jet Complex.

4.2 Mars Rotor Test Configuration

The Mars Helicopter will use a co-axial rotor configuration, designed for forward
flight. To simplify the testing, a 40x22 propeller (see Fig.4.4) has been used as a
two rotor setup, both turning in the same direction. It should be emphasized that a
propeller were used. However, the experiment corresponded to edgewise flight why
the propeller could be treated as a rotor. Also note that the actual Mars Helicopter
rotor design is not yet set and is not the design that has been used. The setup
consists of the propellers which are mounted on a shaft connected to the rotor hub
and the motor.

Figure 4.1: MAWT test configuration

A connecting arm were installed (seen in the front of Fig.(4.1)) to enable change of
rotor tilt angle. The range of possible test angles range from −15◦ to 14◦, enabling
both hover and forward flight testing. The axis which the rotor system were rotating
about, was located 5.75 inches above the floor, see Fig.(4.2). The distance between
the rotors were 2.77 inches with the center point, between the rotors, located 16.88
inches above the wind tunnel floor. To attach the propellers, eight smaller bolts
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were used and a large bolt placed in the center of the rotational shaft, Fig.(4.3). All
bolts were glued before assemblage in order for the bolts to resist vibrations.

Figure 4.2: Rotational motor stand Figure 4.3: Mounting the rotors

4.2.1 Rotor selection

The 40x22 propeller had a radius of 20.115 inches which let the rotor tips come very
close to the walls in the tunnel with only four inches in margin. Facility effects may
occur such as wall and wake effects. Attempts have been conducted to deepen the
understanding of how present those effects are, see Sec.(7.2.4).

The numbering description of propellers consists of four digits representing two
numbers. The first two digits describes the diameter of the propeller in inches and
the last two integers describes the pitch rate. Pitch rate refers to the distance in
inches, that the propeller pulls for each revolution. Pitch rate symbolizes an ideal
case, but due to blade slippage, the actual pulled distance tend to be less in reality.
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Figure 4.4: 3D model of 40x22 propeller

Laser scanning were used to obtain exact dimensions of the propeller blade. Fig.(4.5)
displays the blade tapering while the steep slope of the built-in twist is displayed in
Fig.(4.6). Note that the built-in twist at 70 % of the radius is 16.63◦ with a total
twist rate of 17.08◦. In addition, the cut-out radius were r/R = 0.1651. Due to
edgewise flight testing, the 40x22 propeller will be referred to as rotor from here.
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Figure 4.5: Chord distribution along the radius of the blade, 40x22 Propeller
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Figure 4.6: Twist distribution along the radius of the blade, 40x22 Propeller

4.3 Measurements

During wind tunnel testing, flow properties and chamber condition quantities are
measured and recorded. A lot of properties are desired to monitor, for instance
surrounding temperature and pressure using sensors inside the chamber. Velocities,
both at the inlet and in the wake of the rotors, is measured using pitot tubes.
However, measuring the thrust will be explained more in detail for its importance
in this thesis.

4.3.1 Thrust

The total dead load contains the load of the motor, motor plate, motor shaft and
propellers, placed on top of three strain-gauge pressure sensors, from now referred
to as the load cells, which initially carry all the weight, see Fig.(4.1). The three load
cells are axisymmetrically placed with a 120◦ spacing, third load cell approximately
located on the axis of rotor tilt rotation. Whenever the motor is spinning, lift will
be generated and the thrust is measured parallel to the load cells, independent
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of the shaft angle. The loads measured will help to perceive the rotor’s roll and
pitch moments (Mx and My respectively) whose directions are shown in Fig.(4.7),
including load cell positions.

Figure 4.7: Load cell positions and coordinate system definition.
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Figure 4.8: Mounting load cells to the motor hub.

4.3.2 Chamber temperature and pressure

The temperature and pressure is measured by sensors, placed inside the vacuum
chamber, and connected from inside the chamber to the control room, connected
to a LABVIEW system located in the control room, independent of the AstroMed
system, explained in Sec.(4.3.4).

4.3.3 Accelerometers

For any rotating system, it is crucial to avoid resonance frequencies why a banking
test had to be performed. For such a test, accelerometers were used and placed on
the rotor shaft to measure its acceleration, the rate of change of velocity, which can
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be static or dynamic in nature.

Initially static acceleration was tested. A frequency spectrum for the static hardware
were generated using an impulse impact hammer, see Fig.(4.9), while the motor
was turned off; once generated, the resonant frequencies of the static system could
be identified, and subsequently converted to RPM. This knowledge is important,
by using this method, RPM’s that may create resonance in the system could be
identified and avoided to prevent damage to the hardware while testing.

Secondly the dynamic acceleration was investigated to measure how much the rotat-
ing system were vibrating while actively testing. During the tests, two accelerome-
ters were monitored to make sure they would stay below a certain vibratory thresh-
old, vibrations due to the motor spinning the rotors.

Figure 4.9: Static banking test

4.3.4 Data Acquisition

The data was acquired using an AstroMed Dash 18-X. Basically, a device that reads
in a voltage signal, and converts the signal into engineering units by calculation
off manufacturer calibration. For instance, to spin the motor faster, the electric
current needs to be increased. If current increases, so do the voltage, and the
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increase in voltage is converted into a corresponding RPM by the AstroMed. The
AstroMed collects data at various sample rates. Since noise generation most of the
time were recorded, the sample rate collected 100.000 samples each second due to
the microphone analysis. An exaggerated amount for load cell data for which 200
samples per second would be sufficient. The acquired data was later averaged and
became the main source of data for this project. The devices of interest in this thesis
that were connected to the AstroMed were the following; motor to read motor RPM,
pitot tubes to measure wind speeds in the wind tunnel and the load cells to measure
rotor thrust.

4.4 Test Procedure

The Fall 2016 testing included a multitude of changing variables, including RPM,
pressure, shaft angle, and tunnel wind speed, making it difficult to develop trends in
the data collected. For the Spring 2017 testing, from which the data in this report
was reduced, many of the said variables were held constant, allowing for better
deduction in the post processed data. For instance, in the spring forward flight
testing, the shaft angle was held constant at 14◦, which reduced hysteresis effects in
the actuator. While pressure were held constant, errors in thrust collected could be
reduced.

4.5 Test Matrix

The Spring 2017 test matrix included RPM sweeps at various pressures. Once the
vacuum facility was depressurized to a specific pressure, the following RPM sweep
was executed: 0, 1868, 2100, 2500, 2800, 3000, 2800, 2500, 2100, 1868, 0. That
being said, holding a particular pressure for an extended period of time depending
on constant monitoring and physically maintaining of the vacuum facility, as the
facility naturally increase in pressure at about 1 millibar per minute. Each data
point was 15 seconds, which implies that for each collected point, the pressure may
have drifted by a maximum of 0.25 millibar. From here, RPM sweeps will refer to
the above mentioned RPM’s.
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5
Load Cell Validation

For any experimental testing performed, it is crucial to use reliable equipment to
ensure that the measurements are made correctly. A lot of data were acquired
during Fall 2016 testing and a validation analysis had to be made to confirm the
equipment worked as expected before proceeding to the next entry. An overall
challenge simulating Martian conditions is to capture the small thrusts generated
at the low pressures with a minimized standard deviation. Effort has been put into
investigating and determining how valid the acquired data are.

When the entire test configuration were mounted, the three load cells always carried
a total load of about 110 pounds. The capacity of each load cell was 50 pounds which
yields a total preferable thrust not to exceed 40 pounds. Due to the fact that the
configuration always required the load cells to take up the dead load, more sensitive
load cells with lesser capacity could not have been used. For a valid post analysis,
independently of pressure, the load cells are required to capture the actual thrust.
In an attempt to confirm the load cells validity, repeatability analysis has been
done under both static and dynamic circumstances. Dynamic load cell validation is
discussed in Sec.(7.1.1).

For the static case, weights were stacked on top of the rotor system under static
conditions (motor turned off at zero wind speed), and successively the load was
increased. For each point, all loads were noted, further corrected by relating each
load to the unloaded first point - the zero point. Initially starting with two pound
weights to later increasing with ten pounds weights, finally reaching 50 pounds in
total stacked load upon the system. In the same manner the weights were removed
back to zero.
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Figure 5.1: 50 pounds in load stacked on the hub

Ideally the line in Fig.(5.2) would follow the same path back to zero but due to
mechanical hysteresis, the ability to measure the load gives a slight error. Fig.(5.3)
shows the increase in load for each load cell respectively, for each weight added.
Ideally the three lines in Fig.(5.3) should align. Note, x is not to be confused with
positional direction, but denotes the point number.
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Figure 5.2: Repeatability analysis. Total load, stacking weights on the hub
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Figure 5.3: Repeatability analysis. Individual load cell gain, stacking weights on
the hub
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In a static case, the load cells seems to read properly with a maximum residual of
about a pound. However, the first point taken (see Fig.(5.2)) when the system went
from unloaded to loaded, about one pound error occurs. This might be due to initial
vibrations and friction and might cause the system to read less good.

The dynamic evaluation were done during a pump up drift, comparing the zero
points throughout a four hour long run (run 75) completing eighteen RPM sweeps.
Ideally, the load cells should read the same each time the rotor stops spinning.
Although smaller drifts occurred, see Sec.(7.1.1).

5.1 Weight tare validation

The load cells can only capture the vertical loads due to the experimental setup. In
order to understand the correct thrust at each angle, as well from a repeatability
perspective, a weight tare validation was done. Tilting the rotor system one degree
per point, covering the motor tilt angle range (0◦ to −15◦ to 14◦ and back to 0◦),
the load at each angle can be captured. Small mechanical hysteresis occurred as
seen in Fig.(5.4). An expected result since the same behavior was seen in previous
section.
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Figure 5.4: Weight tares for each load cell, rotor shaft angle changing within the
range -14 to 15 degrees.
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6
Numerical Prediction of Rotor

Performance

To investigate the capability to reproduce low pressure simulations, correlating ex-
perimental data to the testing sessions done, RotCFD has been used. Not only for
correlation purposes, but also for evaluating wall effects, comparing free field (open
air) simulations to tunnel prediction results. Since depressurization till almost vac-
uum is quite a time-consuming and costly process, it would be of great value to be
able to predict aerodynamic performance of rotorcrafts at low pressures. If possi-
ble, RotCFD could become a very valuable tool, not only for the Mars Helicopters
purpose, but also future missions.

6.1 Grid Generation

RotCFD divides the domain into a Cartesian octree grid where the user chooses the
amount of cells in each direction. The Cartesian octree grid sub-divides into tetra-
hedral cells close to the boundaries of any solid body. Although this has not been
used in this research since the rotors are implemented through the beam element
model.

6.1.1 Time grid

To determine cell sizes and the time grid, several basic guidelines have been followed.
As a thumb rule, to determine the time grid settings, at least fifty rotor revolutions
should be simulated as a minimum, to ensure convergence in a free field hover case,
while in a tunnel case, about three hundred.

The time step is based on the time it takes for the rotor to rotate 3◦, thus the time
step becomes a function of RPM. Although different RPM’s have been simulated, the
time step should be proportional to the angular velocity to prevent the solution to be
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altered. Roughly, the amount of time steps set for each simulation has been between
28.000 and 40.000 with flow times about five to seven seconds. A higher amount
of time steps is required for tunnel simulations due to longer convergence time for
a flow in a tunnel compared to an open free field. For reference, the CFL-number
has been calculated based on the wing tip velocity, time step and the smallest cell
width in the grid.

CFL = Vtip∆t
∆xmin

∆xmin = Ls
2rref−1ncs

(6.1)

Ls denotes the length of the domain in streamwise direction, ncs the number of cells
in streamwise direction and rref the refinement level. Although, for the unsteady
simulations, the time step used was solely based on the time it takes for the rotor
wing tip to cover a rotation of 3◦, with the CFL-number criteria kept in mind.

6.1.2 Domain size

To determine the flow field domain size, a good thumb rule for a free field simulation
is that the domain should be at least five rotor diameters wide in all directions and
ten times in the rotor wake direction [3]. For tunnel simulations, the domain was
sized the same dimensions as the actual wind tunnel (for dimensions, see Sec.(4.1)),
to mimic the experiment as good as possible.

Figs.(6.1),(6.2) displays the grid used for free field simulations (835.816 cells) from
side and top view respectively. Two refinement boxes were used to concentrate the
cell amount around the rotors and in the rotor wake. Fig.(6.2) shows how the grid
is symmetrical in z−direction.
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Figure 6.1: Grid used for free field simulations, side view
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Figure 6.2: Grid used for free field simulations, top view

Figs.(6.3),(6.4) displays the grid used for the tunnel simulations (1.115.156 cells)
from a side and front view. Two refinement boxes were used for the tunnel grid as
well. In addition, boundary refinement were used along the walls, in hope to capture
boundary layers and wall effects better. The grid is symmetrical in x−direction.

Figure 6.3: Grid used mimicking the wind tunnel simulation, side view
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Figure 6.4: Grid used mimicking the wind tunnel simulation, front view

RotCFD is developed for use on desktop computers and do not support the use of
super computers. The user can either choose to run on the Graphics Processor Unit
(GPU) or the Central Processing Unit (CPU). GPU is preferable and approximately
three times faster. Although, the user is still limited in computational power and
can not use finer grids than approximately 1.2 million cells, which requires the cells
to be wisely distributed in the domain.

6.2 Airfoil Tables

The Beam Element Model approach requires a predefined solution of Cl, Cd and
Cm (sectional coefficients of lift, drag and moment) before starting the simulation.
Lower case subscripts denotes coefficients for a sectional 2D airfoil. These solutions
are stored in so called airfoil tables, generated in C81 Gen and corresponds to
different Mach numbers and Reynolds numbers at all possible angles of attack α.
Each airfoil table is determined for a specific airfoil location along the rotor blade,
in this research at radial stations r/R =0.29, r/R =0.58 and r/R =0.78. Although,
solutions are only generated within a certain range of angle of attacks (-14◦<α<30◦)
while the remaining angles will correspond to the NACA 0012 airfoil. If an angle of
attack is between two already prescribed values, the solution will be interpolated.
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6.2.1 Angle of Attack

Angle of attack, denoted α, represents the angle between the airfoil chord and the
incoming relative wind, see Fig.(6.5). When the angle of attack increases, it becomes
more difficult for the air to flow smoothly around the airfoil, and at a certain critical
point the airflow will begin to separate over the airfoil, creating turbulence [15].

Figure 6.5: Angle of attack visualization [15]

6.2.2 Lift coefficient

The amount of lift depends on the shape of the airfoil, the density of the surrounding
fluid, the relative incoming wind speed and the angle of attack, why the airfoil tables
for all three coefficients contains a wide range of angles of attack, from −180◦ to
180◦. At small angles of attack, intuition tells that higher angle of attack, the more
lift is generated. When blade inclination increases for larger angles, the lift depends
more significantly of the above mentioned variables. Having a too large angle of
attack will create stall of the wing, forcing the boundary layer to separate. When
stall occurs, the airfoil suddenly loses its lift. The sectional lift coefficient denoted
Cl is defined as

Cl = Fl
qA

(6.2)

where Fl denotes lift force, q the dynamic pressure and A the projected wing area,
and is by so a ratio generated lift to the force generated by the dynamic pressure
on the affected wing area. In an experimental environment such as a wind tunnel,
dynamic pressure and area can be controlled and then the thrust measured. Con-
sequently the thrust can be estimated at different conditions when wind speed or
density is changed for instance [13].
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6.2.3 Drag coefficient

The sectional drag coefficient, denoted Cd depends similarly as the sectional lift coef-
ficient and represents the ratio of drag force and dynamic pressure force. Dependent
of the shape of the airfoil, the angle of attack, density of the air, the incoming rela-
tive wind speed as well the drag force created by the rotor moving through the air,
defined as

Cd = Fd
qA

(6.3)

where Fd denotes drag force. When the airflow starts to separate, turbulence is
created and will result in a huge increase in drag and decrease in lift which is why
an increased inclination will reach a stall state at a critical angle of attack. [15]

6.2.4 Moment coefficient

The sectional pitching moment coefficient, denoted Cm, defines in general any pitch-
ing moment acting on the pitch axis of a moving body. The sectional pitching mo-
ment on an airfoil is the moment produced by the aerodynamic force on the airfoil.
At two percent of the chord line, the pivot is located. From here the moment is
taken. The amount of moment the wing profile feels, will itself affect the rotation
of the airfoil and change angle of attack.

6.3 RotCFD Setup

Beyond setting up a valid time and space grid and generating correct airfoil tables,
additional things has to be set before starting a simulation in RotCFD. To implement
the rotors correctly, besides the use of airfoil tables, twist and chord along the rotors
radius has to be defined. This was done using the laser-scanned design data from
Figs.(4.5),(4.6), along with the wing tip speed which is calculated from the given
RPM

Vtip = 2πRPM
60 R (6.4)

where R is the rotor blade radius. When rotor settings has properly been set,
the surrounding environment such as the flow properties of the air and boundary
conditions has to be defined. The turbulence model is already set (RANS), only
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optional to vary in either steady or unsteady flow, where unsteady option has been
used for all simulations.

6.3.1 Flow properties

The flow properties let the user to define the surrounding conditions in the do-
main. Since there will always be air in the tunnel, the specific gas constant for air,
Rspec=287.05 and the specific heat ratio γ will be constant, independent of pressure.

Static Density 1.225 [kg/m3]
Static Temperature 288.16 [K]

Gas Constant 287.05 [m2/(s2K)]
Specific Heat Ratio 1.4 [−]
Dynamic Viscosity 1.75e-05 [Ns/m2]
Static Pressure 101325 Pa

Table 6.1: Terrestrial flow properties

Static Density 0.008 [kg/m3]
Static Temperature 288.16 [K]

Gas Constant 287.05 [m2/(s2K)]
Specific Heat Ratio 1.4 [−]
Dynamic Viscosity 1.79e-05 [Ns/m2]
Static Pressure 700 Pa

Table 6.2: Martian flow properties

The temperature varies a
lot during depressurization,
always affected due to sur-
rounding temperatures as
well. Therefore the tempera-
ture was assumed to be room
tempered for simplicity,
independent of simulation
case. The dynamic viscosity
µ differs slightly from 7
to 1013 millibar, while the
density, which depends on
the surrounding pressure,
were calculated for all low
pressure simulations using
the ideal gas law, assumed to
apply for such low pressures.

6.3.2 Boundary conditions

The simulated cases can roughly be divided into two categories; free field and tunnel
simulations. Free field means no walls are present where the rotor configuration were
simulated in open air. The boundaries must not interfere with the flow and therefore
a mass outflow boundary condition is set at the outlet and a velocity restriction at
remaining boundaries were air is allowed to pass through. In all hover cases a small
velocity, V∞=0.1 m/s, was set to get the air moving at the velocity boundaries, all
in downward direction.

While simulating the wind tunnel, same boundary condition were used at the out-
flow to replicate the open circuit wind tunnel used. To create an airflow, the inlet
condition uses the velocity restriction, with an inlet velocity in streamwise direction
into the tunnel. Unlike the free field case, air can not pass through the walls in the
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tunnel, why remaining boundaries were set as viscous walls. Viscous wall applies
the no-slip condition at the boundary, as well that no air can pass the boundary. In
addition, a boundary refinement were added to all walls to capture boundary layers.
However as mentioned, there are limitations in how fine grid that can be used, as
well using Reynolds Averaged Navier-Stokes to model the turbulence, it is hard to
capture such effects and were barely seen.

6.4 Correlation Matrix

An aim in this project was to understand RotCFD’s capability to reproduce experi-
mental results from the wind tunnel testing at Martian pressure - 7 millibar. During
the depressurization run, using two rotors, the facility were not able to hold the pres-
sure steady at 7 millibar. When 7 millibar were reached, the pressure started to drift
while data were acquired. Therefore, the five points chosen to be correlated instead
was captured at pressures 9.99, 10.93, 12.27, 13.33 and 13.73 millibar, see Tab.(6.3).
The idea is to run RotCFD under as similar conditions as possible as these points
were taken for, and compare the generated thrusts. See result in Sec.(7.3)

Run Seq. Pt. RPM LC 1 [N] LC 2 [N] LC 3 [N] T [N] p (mbar)
75 32 32 1860 0.43 1.20 -0.02 1.61 9.99
75 33 33 2089 0.58 1.53 0.10 2.21 10.93
75 35 35 2483 0.98 2.14 0.26 3.38 12.27
75 36 36 2780 1.30 2.72 0.56 4.58 13.33
75 37 37 2976 1.88 3.00 0.82 5.70 13.73

Table 6.3: Correlation matrix, experimental data to be compared to numerical
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7
Results

The result chapter is roughly divided in experimental testing results, post processed
in MATLAB, RotCFD results and lastly a correlation section, comparing experi-
mental and numerical data as mentioned in Sec.(6.4).

7.1 Experimental Results

7.1.1 Load cell drifts

The dynamic load cell validation were done during wind tunnel run 75, a four
hour long low pressure run. Run 75 acquired eighteen RPM sweeps at pressures
ranging from 8 to 200 millibars with a two rotor configuration and a motor tilt at
α = 14[◦], thrusting up. Possible reasons why a drift were seen is believed to be due
to either pressure, motor temperature and chamber temperature. Fig.(7.1) shows
thrust against pressure. Clearly load cell 2 shows the most non-consistent behavior.
The horizontal lines refers to the initial value and acts as a reference. Load cell 2
varies with more than a pound, while load cell 1 and 3 varies in a more reasonable
way, about 0.25-0.5 pounds. Note that the uncorrected load appears as negative in
all subplots since positive direction is defined upwards in the tunnel.

47



7. Results

0 20 40 60 80 100 120 140 160 180 200

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 20 40 60 80 100 120 140 160 180 200

-38.5

-38

-37.5

-37

-36.5

0 20 40 60 80 100 120 140 160 180 200

-22

-21.5

-21

-20.5

-20

0 20 40 60 80 100 120 140 160 180 200

-44

-43.5

-43

-42.5

-42

Figure 7.1: Thrust against pressure. Left: Corrected load cell and thrust zero
points. Right: Uncorrected individual load cell zero points.

A jump occurs surprisingly at load cell 2 between 8 and 18 millibar. This corresponds
to about a 5 degrees rise in motor temperature between points, unlike all the other
data points. The load cells are located very close to the motor, see Fig.(4.1) and
by its increase in temperature it may affect the performance of the load cells. A
heat run (run 71) were done at 1013 millibar atmosphere where Fig.(7.2) shows
an attempt to show if thrust is affected by the motor temperature during constant
wing speed and pressure, but no effect were seen. It is likely to believe that at high
pressures, the motor is cooled sufficiently but at 7 millibar, the cooling effects are
significantly less. Unfortunately there were no heat run done at 7 millibar.
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Figure 7.2: Thrust against motor temperature, heat run - run 71

Another interesting finding was the drift in thrust when the pressure were held
constant at 7 millibar during run 26 and 34 respectively. A huge drift in thrust
could be seen in Fig.(7.3) while the pressure was constant. This gives a clue that
the load cell drifts are not or not only, due to pressure. This confirms the challenges
in measuring the thrust at low pressures during the first testing in Fall 2016 that was
discussed in Sec.(4.4). Due to results as these, is why the Spring testing occurred
and the changes in test procedures.
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Figure 7.3: Thrust drift during RPM sweep at 7 millibar

A similar analysis as was done for pressure against thrust (Fig.(7.1)) was done for
motor temperature and chamber temperature. Fig.(7.4) has motor temperature
variation between 114 to 138 degrees Fahrenheit, and shows a similar behavior but
is not very consistent looking at thrust from degree to degree. At 120 and 134
degrees Fahrenheit respectively, there is about 0.5 pounds in difference while barely
no difference in thrust is seen at the two end points at 114 F and 120 F, a six degree
difference. The chamber temperature shows a similar effect as well. The load cells
shows barely no difference in thrust between 15-18 ◦C while the thrust decreases
heavily between 18 and 20 ◦C.
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Figure 7.4: Thrust against motor temperature. Left: Corrected load cell and
thrust zero points. Right: Uncorrected individual load cell zero points.
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Figure 7.5: Thrust against chamber temperature. Left: Corrected load cell and
thrust zero points. Right: Uncorrected individual load cell zero points.
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7.1.2 Pressure effects

Two pump down runs using two rotors has been done, run 25 and 72. Run 25
was executed during the Fall testing and had the rotor configuration flipped by 180
degrees and was thrusting down with a rotor tilt of α=-14 [◦], which is equivalent
to α=14 [◦] when thrusting up. The pressure was successfully dropped down to 7
millibar and covered the entire pressure range. Run 72 used a thrusting up configu-
ration with a motor tilt of α=14 [◦]. This run were less successful in pumping down
the pressure but managed to pump down to 49 millibar. The reason why data is
missing between 105 to 58.6 millibar is due to the data system’s sudden inability to
measure pressure below 103.5 millibar. Pressure were instead measured manually
using a pressure gauge.

Fig.(7.6) shows that thrust approximately depends linearly on pressure. An impor-
tant behavior is that the thrust turns negative when pressure drops below about
30-50 millibar, a behavior that is seen during both Fall and Spring testing. Also,
TUP-configuration gives a steeper thrust curve, likely due to the presence of the
motor setup located in the wake, whilst TDN-configuration avoid such effect.
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Figure 7.6: Depressurization, total thrust, 2 prop., 1250 RPM

Fig.(7.7) shows the rate of change in thrust against pressure and shows an almost
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constant, close to zero, behavior except when pressure goes below about 50 millibar.
Low pressure tendencies during Spring testing could not be fully evaluated since
7 millibar were never reached. Again difficulties is seen to measure the load near
vacuum.
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Figure 7.7: Depressurization, rate of change in thrust against pressure, 2 prop.,
TUP, 1250 RPM

Furthermore, as mentioned in Sec.(7.1.1) the pressure was successfully pumped down
to 8 millibar during run 75, but could not be held constant. While the pressure were
drifting up at a low pace, eighteen RPM sweeps were done ranging pressures from
8 to 200 millibar. There are two ways of correcting the data points. To see drift
tendencies with validation over time, data is corrected using the initial starting point
as reference to correct all remaining data points. To measure the actual values at
the time, the reference point needs to be updated and a new reference point will be
chosen each sweep. Fig.(7.8) used thrust data corrected using the first zero point in
run 75. Besides a drift in consistency for all zero points, what is important, is that
the roll moment, Mx is magnified. The roll moment value depends on the load cells
output, and if the load cell readings are not valid at low pressures, the roll moment
error will be magnified.
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Figure 7.8: Thrust variation during low pressure RPM sweeps

When a new reference point is chosen for every RPM sweep, a more updated thrust
is obtained. The thrust seems to be fairly linear against the pressure, and the delta
thrust between the different RPM’s is getting smaller the lower pressure it gets. The
right picture in Fig.(7.9) is a zoomed in view of the left picture, pressure ranging
from 8 to 50 millibar. Note the wave-like behavior of thrust as RPM changes.
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Figure 7.9: Thrust variation during low pressure RPM sweeps, zero pt. correction
every RPM sweep

7.1.3 Temperature effects

When the pressure is decreased rapidly, the temperature do as well. Depressurization
runs, 25 and 33, were both followed by a successful next run when the pressure was
held at 7 millibar. RPM was held constant at 1250 during the two rotor run (run
26) and held constant at 1930 during the one rotor run (run 34). RPM sweeps were
done during the latter mentioned runs, when pressure were held at 7 millibar. When
the pressure is held, the temperature will not change due to pressure difference, but
due to surrounding temperatures. Fig.(7.10) shows how temperature as well thrust
decreases when the pressure is lowered from 1013 to 7 millibar at a α = −14[◦]
motor tilt, two and one rotors used respectively. The vertical line symbolizes the
temperature when 7 millibar were reached, at 0 and 1.2 ◦C respectively. The thrust
is still varying even after 7 millibar is reached, and proposes that temperature affects
the load cells. Also strange and unexplained jumps was seen during both runs, which
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occurred at different testing days, at about 8-10 ◦C for all load cells, especially for
the one rotor run, seen in the right picture in Fig.(7.10).
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Figure 7.10: Temperature against pressure when pumping down and held pressure
constant at 7 millibar

7.2 RotCFD Results

To understand RotCFD’s capability to reproduce low pressure simulations results
and its validity, validation of the airfoil tables had to be done, to clarify their imple-
mentation correctly. Also comparing free field simulations to tunnel simulations to
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spot potential wall effects and to see if RotCFD is capable of capturing such effects.
Lastly the attempt to correlate a few points (see Sec.(6.4)) from the tunnel testing
at Martian pressures with numerical results from RotCFD will be discussed.

7.2.1 Airfoil Tables comparison

A crucial part to get valid and reasonable results in RotCFD is to have valid airfoil
tables. Sec.(6.2) covers what the airfoil tables contain. Each airfoil table is made for
a specific pressure, meaning that Martian conditions requires its own airfoil table
while Terrestrial atmosphere another. For comparison, four simulations were done
to investigate what impact on the result the airfoil tables has. Two simulations for
7 millibar, one with the correct airfoil tables while the other with airfoil tables for
1013 millibar. Same approach for the 1013 millibar comparison. Tabs.(7.1),(7.2)
displays converged variables of rotor performance, comparing the airfoil tables at 7
and 1013 millibar respectively.

Variable 7 mbar airfoil tables 1013 mbar airfoil tables Delta
CT 1 0.0049 0.0121 0.0072
CT 2 0.0032 0.0078 0.0046
T1[N ] 0.84 2.058 1.218
T2[N ] 0.54 1.315 0.775
Q1[Nm] -0.121 -0.137 -0.016
Q2[Nm] -0.096 -0.115 -0.019
Ptot1[W ] 38.06 43.26 5.2
Ptot2[W ] 30.24 36.16 5.92
Pid1[W ] 9.58 36.51 26.93
Pid2[W ] 7.82 28.92 21.1

Ptot/Pideal1[%] 397 118 -279
Ptot/Pideal2[%] 387 125 -262

Table 7.1: Airfoil comparison, free field hover at p = 7mbar, 3000 RPM

Looking at the differences the tables, it can immediately be concluded that the airfoil
tables affect the result significantly. The thrust generated using the 7 millibar airfoil
tables is about 245% more and about 60% less for the 1013 millibar airfoil tables.
Torque, Q, is less affected but still significant enough to give invalid results.
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Variable 7 mbar airfoil tables 1013 mbar airfoil tables Delta
CT 1 0.005 0.0122 0.0072
CT 2 0.003 0.0077 0.0047
T1[N ] 128.6 316.7 188.4
T2[N ] 83.4 203.1 119.7
Q1[Nm] -18.56 -21.05 -2.49
Q2[Nm] -14.7 -17.6 -2.9
Ptot1[W ] 5830 6620 790
Ptot2[W ] 4620 5532 912
Pid1[W ] 1469 5588 4119
Pid2[W ] 1198 4420 3222

Ptot/Pideal1[%] 397 118 -279
Ptot/Pideal2[%] 386 125 -261

Table 7.2: Airfoil comparison, hover at p = 1013mbar, 3000 RPM

7.2.2 Airfoil tables validation

In general, to decide whether the simulation is valid or not, it is possible to look at
the different angles of attacks along the blades. The airfoil tables used are only valid
for angles between −14◦ to 30◦, and for all other angles, the result will be based
on the NACA 0012 airfoil. This requires, that the angle of attacks stays within
this range during the simulation to conclude that the result obtained applies to the
actual used rotor. See Sec.(6.2) for details. Since the blade performance values
are calculated from a reference azimuth angle, and then averaged over the time,
blade one and blade two give the same output, see Fig.(7.11). For a complete airfoil
validation of the cases simulated, see Appendix B.
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Figure 7.11: Over time averaged angle of attack, blade 1 and blade 2.

7.2.3 Free field hover

Simulating hover in an open air environment is useful for comparison to tunnel re-
sults, in the search for tunnel effects as well flow behavior. An RPM sweep free field
hover case was simulated at 1013 millibar, 0◦ rotor tilt. The free field hover case
simulated at 1868 RPM was chosen to show velocity vectors and pressure contours
in the flow field about the rotors and is displayed in a plane between the two rotors,
viewed from top, Fig.(7.12) and from the side, Fig.(7.13) to expose the rotor wake.
The pressure contours clearly shows how the pressure is high below the upper rotor
and low above the lower rotor in Fig.(7.12). The velocity vectors displays the cir-
culating flow and how the magnitude of the velocity is greater outwards the radius
compared to close to the center of rotation.
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Figure 7.12: Velocity vectors with pressure contours between the rotors, free field
hover

The path of the flow through the two rotors is visualized in Fig.(7.13). The induced
flow at the wing tips due to tip losses were wagely seen from the top view more
clearly shown here. It shows how the air is sucked in from the side and creates a
circulation region due to the pressure difference.

Figure 7.13: Velocity vectors with pressure contours from side, free field hover
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Variable 1868 RPM 2100 RPM 2500 RPM 2800 RPM 3000 RPM
T1[N ] 118.9 150.9 217.2 274.6 315.7
T2[N ] 75.8 96.4 138.6 178.1 203.1
Ttot[N ] 194.7 247.3 355.8 452.7 518.8

Table 7.3: Thrust at various rotor speeds, free field hover at p = 1013 mbar

The converged thrust values for each rotor is displayed in Tab.(7.3) and plotted
in Fig.(7.14) together with total thrust and a curve-fitted line against the squared
RPM axis. The predicted thrust of the upper rotor increases more rapidly with
rotor speed compared to the lower.
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Figure 7.14: Free field, hover RPM sweep, RotCFD

The results seems reasonable. The closest RPM conducted in the wind tunnel runs at
atmospheric pressure with two rotors was at 1200 RPM and corresponds to a thrust
of 102 N (run 71). According to the curve-fitted line for total thrust in Fig.(7.14),
thrust at 1200 RPM free field, predicting with RotCFD, would correspond to ≈73
N . Possible explanation of the delta thrust could be ground and wall effects from
the tunnel as well numerical errors, which are kept in mind.

The velocity magnitude contour plot in Fig.(7.15) predict the flow wake below the
rotor system, for 1868 and 3000 RPM respectively, after four seconds flow time.
A maximum flow velocity of 33 m/s were reached for 3000 RPM while 1868 RPM
reached a maximum of ∼20 m/s. Thus a ∼65 % increase in maximum velocity,
increasing the angular velocity by 61 %.
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Figure 7.15: Velocity magnitude visualization, free field hover

7.2.4 Tunnel effects

As a consequence, ground effect affects the rotor’s aerodynamic performance, when
simulating in a wind tunnel. Ground effect will lead to less power required to gener-
ate the same amount of thrust, as well as generate more thrust for the same power
input. To explore how the results may differ, a free field and a tunnel simulation
were done, both with a forward speed of 3.5m/s, at 7 millibar pressure. Delta values
in Tab.(7.4) proposes that the tunnel effects at 7 millibar are negligible. Although
a tunnel effect comparison were never done for 1013 millibar, where such effects are
likely to be seen. Measuring the wind at 7 millibar was very difficult, and 3.5 m/s
was an approximated guess.
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Variable Free Field Tunnel Delta
CT 1 0.0042 0.0041 -0.0001
CT 2 0.0036 0.0037 0.0001
T1[N ] 0.72 0.71 -0.01
T2[N ] 0.61 0.61 0
Q1[Nm] -0.11 -0.11 0
Q2[Nm] -0.1 -0.10 0
Ptot1[W ] 35.0 34.5 -0.5
Ptot2[W ] 31.7 31.4 -0.3
Pid1[W ] 8.93 8.53 -0.4
Pid2[W ] 7.99 7.88 -0.11

Ptot/Pideal1[%] 391 404 13
Ptot/Pideal2[%] 397 398 1

Table 7.4: Tunnel effects, V∞=3.5 m/s at p = 7mbar, 3000 RPM

7.3 Wind tunnel correlation

Additionally five tunnel runs were simulated, an RPM sweep at corresponding pres-
sures, all with 3.5 m/s wind applied from the right boundary, downstream in x-
direction, to be compared to experimental data, proposed in Sec.(6.4. Figs.(7.16),(7.17)
treats the last proposed point to compare, p=13.73 millibar at 3000 RPM. A max-
imum speed of 25.3 meters per second is obtained in the rotor wake, a relatively
high speed despite the lowered pressure, compared to Fig.(7.15) in a free field en-
vironment. A similar behavior as in Fig.(7.13) is captured as well. Characteristic
flow behavior such as the induced flow that causes tip losses and free stream effects
are seen. The free stream drags the flow downstream, despite the low applied wind,
seen in Fig.(7.17). As well the contour plot implies similar pressure characteristics
with a maximum delta pressure of 0.12 millibar.

Figure 7.16: Velocity magnitude at p=13.73 millibar, t=4 s, α = 14◦, V∞=3.5
m/s, 3000 RPM
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Figure 7.17: Velocity vectors with pressure contours at p=13.73 millibar, t=4 s,
α = 14◦, V∞=3.5 m/s, 3000 RPM

However the result was quite disappointing since data disagreed a lot, seen in
Tab.(7.5). Only thrust data has been included but a similar behavior applied even
for torque Q and power P . The thrust generated using RotCFD was about 54% less
than the thrust from the experimental results. Also the increase in thrust against
RPM2 (see curve-fitted slope) tend to decrease by a factor 2 in the numerical pre-
dicted thrust according to Fig.(7.18).

RPM p (mbar) T1 [N] T2 [N] Ttot,exp [N] Ttot,num [N]
1860 9.99 0.34 0.32 1.61 0.66
2089 10.93 0.54 0.46 2.21 1.00
2483 12.27 0.88 0.75 3.38 1.63
2780 13.33 1.08 0.94 4.58 2.16
2976 13.73 1.38 1.18 5.70 2.68

Table 7.5: Correlation study, including numerical predicted thrust
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Figure 7.18: Experimental and numerical thrust prediction, tunnel at low pressure,
RPM sweep, RotCFD

This may be due to a few reasons. Firstly, RotCFD’s modeling ability may have been
insufficient as well the grid might have been too course to capture all flow effects.
Else, the RotCFD setup might have had errors as well. Secondly, the correct wind
to be applied was not certain. Though the wind effect is likely not that significant
to affect the thrust this much however. Lastly, it is difficult to conclude whether it
is RotCFD or the experimental hardware setup that is incapable of acquire accurate
data since the load cells tend to drift and are unable to read properly at these low
pressures.
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8
Conclusions and
Recommendations

8.1 Conclusions

Throughout the research, a recurring conclusion are the many difficulties of perform-
ing valid low pressure simulations. Issues with the hardware setup keeps occurring
and inabilities to capture accurate data at pressures near vacuum have been seen.
Load cells drifts may depend on multiple variables such as pressure, thermal heating,
manufacturing errors, damaged load cells or using not enough sensitive load cells -
likely a combination. Inconsistencies were particularly seen during the Fall testing
2016 such as the direction of rotor thrust changed in opposite direction when pres-
sure went below ∼30 millibar. Due to a multitude of changing variables (discussed
in Sec.(4.4)), there were difficulties to develop trends and conclusions when lowering
the pressure to 7 millibar and a new testing procedure were necessary.

It was discovered that increased pressure increases lift a lot faster than an increase
in rotor rotational speed as Fig.(7.9) implies. Although, the pressure at the landing
sites is surely nothing that can be changed. Are there potential landing sites in
depths with higher pressures on Mars? Will Mars’s atmospheric pressure ever rise?
One can only be optimistic for an increase. Considering the thin atmosphere at
Mars, Tab.(7.4) proposes that wall and ground effects in the wind tunnel at such low
pressure are negligible. Also the ability to measure the wind speed faded when the
wind tunnel was depressurized. The pitot tube gave unreasonable velocity outputs
and it turned out that it is very hard to measure wind speeds at 7 millibar.

The results in RotCFD did not match the experimental data and was quite disap-
pointing, and reasons why may be many. Divergence may be due to an inability to
replicate the case correctly in RotCFD, RotCFD’s incapability to model the turbu-
lence at low pressures or usage of a too course grid. Furthermore, the tunnel velocity
at 7 millibar was not certain and there might have been velocity effects that affected
the results. Another theory is that RotCFD actually did some fine modeling but
the results acquired in the experimental testing were not correct. Likely to believe,
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due to the inabilities to acquire accurate data at the lowest pressures. Overall,
many factors makes it hard to conclude whether errors lie in the testing facility or
RotCFD. Since the experimental data could not be confidently stated that it was
acquired accurately, it is very hard to conclude RotCFD’s capability to reproduce
experimental testing under Martian conditions.

In summary, to conduct accurate wind tunnel tests is itself a hard thing to do and
requires a hi-tech facility. Then considering simulation at Mars instead of Earth,
predicting aerodynamic performance for aerial vehicles under Martian conditions,
makes the whole process even more complex.

8.2 Recommendations

Simulating Martian conditions seems to more complex than expected. For future
Martian testing, a suggestion would be to look for more suitable and hi-performing
hardware that could match such conditions. The hardware used were not always
the newest technology in its branch.

To conclude if thermal heating affects the load cells, several things could be done.
Firstly, heat up the motor at constant RPM until temperature no longer change,
then depressurize and look for drifts in the data. Also possible, perform a heat
run at 7 millibar when rotor cooling is significantly less for motor temperature
effects. Lastly, heat up the load cells manually at 1013 millibar without the motor
running to look for load cell drifts. For pressure effects, acquire zero points during
a depressurization run, covering the entire pressure range.

Furthermore, a depressurization run without the motor running could lead to ac-
curate wind speed measurements. By recording the load cells, while only pressure
is changing, should give a perception of drift effects due to changing pressure since
there will be no mechanical hysteresis nor thermal heating effects. Also, an in-
triguing next step, provided pitot tube measurements problems are solved, would
be investigating free stream effects at 7 millibar, free field and tunnel, which were
never done. To further conclude the presence of wall effects using RotCFD, discussed
in Sec.(7.2.4), more effort is needed. A tunnel effect comparison were never done
for 1013 millibar, where such effects are more likely to be seen. That would raise
the possibility to show an immense effect, provided modeling is done correctly. An
encouraging idea that could conclude that wall effects during testing under Martian
conditions are negligible.

Will it be possible to simulate helicopter forward flight under Martian conditions?
Many questions remain to be answered whether aerial vehicles can operate on Mars
or not. Till then, human curiosity will lead us further towards the understanding of
exploration on Mars.
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A. Appendix 1 - RotCFD Run Overview

A.1 1013 millibar, free field - rpm sweep
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Figure A.1: 2 props, free field, p = 1013 mbar, RPM = 1868, α = 0◦
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Figure A.2: 2 props, free field, p = 1013 mbar, RPM = 2100, α = 0◦
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Figure A.3: 2 props, free field, p = 1013 mbar, RPM = 2500, α = 0◦
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Figure A.4: 2 props, free field, p = 1013 mbar, RPM = 2800, α = 0◦
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Figure A.5: 2 props, free field, p = 1013 mbar, RPM = 3000, α = 0◦
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A.2 Airfoil Tables comparison
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Figure A.6: 2 props, free field, p = 7 millibar, RPM = 3000, α = 0◦
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Figure A.7: 2 props, free field, p = 7 millibar, RPM = 3000, α = 0◦, using 1013
mbar irfoil tables
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Figure A.8: 2 props, free field, p = 1013 millibar, RPM = 3000, α = 0◦, using 7
mbar airfoil tables
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B
Appendix 2 - Airfoil Tables

Validation

Overview of the angle of attacks behaviour along the radius of the blades, rotor one
and two respectively, for all simulated RotCFD cases.

B.1 Free field hover
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Figure B.1: Angle of attack plot for a free field simulation at p =1013 millibar,
1868 RPM
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Figure B.2: Angle of attack plot for a free field simulation at p =1013 millibar,
2100 RPM
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Figure B.3: Angle of attack plot for a free field simulation at p =1013 millibar,
2500 RPM
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Figure B.4: Angle of attack plot for a free field simulation at p =1013 millibar,
2800 RPM

0 0.2 0.4 0.6 0.8 1

0

2

4

6

8

10

12

14

16

18

0 0.2 0.4 0.6 0.8 1

-2

0

2

4

6

8

10

12

14

16

18

Figure B.5: Angle of attack plot for a free field simulation at p =1013 millibar,
3000 RPM
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B.2 Airfoil comparison

0 0.2 0.4 0.6 0.8 1

6

7

8

9

10

11

12

13

14

15

0 0.2 0.4 0.6 0.8 1

4

5

6

7

8

9

10

11

12

13

14

Figure B.6: Angle of attack plot for a free field simulation at p =1013 millibar
using 7 millibar airfoil tables, 3000 RPM
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Figure B.7: Angle of attack plot for a free field simulation at p =7 millibar using
7 millibar airfoil tables, 3000 RPM
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Figure B.8: Angle of attack plot for a free field simulation at p =1013 millibar
using 1013 millibar airfoil tables, 3000 RPM

B.3 Tunnel effects
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Figure B.9: Angle of attack plot for a free field simulation at p =7 millibar,
α = 14◦, V∞ = 3.5 m/s, 3000 RPM
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Figure B.10: Angle of attack plot for a tunnel simulation at p =7 millibar, α = 14◦,
V∞ = 3.5 m/s, 3000 RPM
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