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Abstract

As part of an envisioned autonomous swarm exploration mission in Valles Marineris on Mars a design investigation of a
high-range scout UAV is performed in this work. Two VTOL configurations, a coaxial helicopter and a transition tailsitter,
are examined to assess their suitability. A preliminary design framework using Python and the optimization framework
OpenMDAO is created using the preliminary design software NDARC. To model the rotor performance, comprehensive
analysis simulations are executed using CAMRAD II. Structural 2D-FEM beam models are created for the rotor blades and
the wing for weight modeling. Design sizings are executed for operation in the extremely thin atmosphere and the mission
performance for a scouting mission as part of the robotic Valles Marineris Explorer (VaMEx) swarm is examined. A behav-
ioral model is created to evaluate the controllability of the configurations. The results for a mission with a cruise flight of
30 km and 1.4 kg of payload show that for such a mission the transition configuration does not offer advantages over a more
conventional coaxial helicopter design. To understand design sensitivities and to evaluate the respective effects on vehicle
performance parameter sweeps are conducted.

Keywords VaMEXx - Mars - Rotorcraft - Preliminary design - Tailsitter - UAV - Valles Marineris - Swarm - Exploration -
Performance

Abbreviations €hat Specific energy density [Wh/kg]
DGW  Design gross weight €drag Oswald wing efficiency
HC Helicopter configuration (coaxial) f Component weight fraction
MH NASA Mars Helicopter Ingenuity h Flight altitude [m]
TS Tailsitter configuration K Weight model factor
UAV Unmanned aerial vehicle K Non-ideal inflow factor
VaMEx Valles Marineris Explorer My Edgewise advance ratio
. U, Axial advance ratio
List of Symbols . ) N Number of rotors/blades
A Rotor/wing area [m~]
: n Load factor
AR Aspect ratio N
. P Power [W]
b Wing span [m] . .
r Radial station [m]
c Chord length [m] .
. . R Rotor radius [m]
cy Section drag coefficient 1
. c Rotor solidity
Cp Drag coefficient .
. . Vv Flight speed [m/s]
C, Lift coefficient
. w Structural mass [kg]
Cp Power coefficient .
. X Weight model technology factor
Cr Thrust coefficient X Weight model exponent
DL Disk loading [N/m?] £ P
Subscripts
54 Victor Zappek 0 Angle of attack for C; =0
victor.zappek @tum.de br Best range (speed)
cont Contingency (weight)
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eff Effective (cruise efficiency)
min Minimum

ref Reference

tip Rotor blade tip

1 Introduction

The project Mars High Range Scout is part of the VaMEx
initiative by the German Space Agency at DLR. The initia-
tive encapsulates multiple projects, research institutes and
companies with the aim of developing a diverse robotic
swarm for the exploration of the canyon system Valles Mari-
neris on Mars shown in Fig. 1. The swarm will consist of
wheeled rovers and crawler robots that will closely examine
the surface and take samples. The UAV (unmanned aerial
vehicle) maps the environment to identify points of interest
for the rovers and crawlers to investigate. The scientific goal
of this swarm is to search for potential liquid surface water.
In this regard Valles Marineris is an especially promising
site on Mars as it lies up to 7 km below the Mars surface and
the resulting atmospheric pressure of 13 mbar is above the
triple point of water [1]. Additionally, rotorcraft have been
defined as a key technology for ’in-situ mobility’ on other
planets by the Planetary Science and Astrobiology Decadal
Survey as they provide access to hazardous terrain [2].
This work shows preliminary design investigations for
a scout UAV as part of the VaMEx swarm. Aerial explora-
tion of Mars has been a point of research for decades. Early
designs such as the NASA High-flying Mini-Sniffer [4] and
Canyon-Flyer (20kg) [5] looked at airplane designs that
would perform a single exploration mission after deploying
mid-air from the entry capsule. The Mini-Sniffer and more
recent concepts such as the NASA ARES (127kg) [6] and a
Japanese mars airplane (3.5 kg) [7] have been tested in Earth
upper atmosphere but none have been deployed on Mars.
For repeated near-surface exploration, as required for the
VaMEx mission, rotorcraft have become a focus of research
since landing on the rough Martian terrain requires verti-
cal take-off and landing (VTOL) capabilities. First studies
were conducted in the early 2000s [8] with development at
NASA continuing until in 2021 the Mars Helicopter (MH)

Fig. 1 Picture of Valles Marineris, from [3]
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Ingenuity (1.8 kg) [9] completed the first successful powered
flight on Mars [10]. Further investigations into Mars rotor-
craft, manned and unmanned, show the potential rotorcraft
can bring to Mars exploration while also highlighting the
significant challenges posed by space travel and the Martian
atmosphere [11, 12].

These works also discuss the merit of transition configu-
rations such as tailsitter and tiltwing aircraft for long range
Martian exploration due to the improved efficiency of wing-
borne cruise flight. The main goal of the presented work
is to evaluate the suitability of a transition configuration
as a scout UAV for the VaMEx swarm mission. The cho-
sen transition configuration depicted in Fig. 2 is a tailsitter
VTOL aircraft. For propulsion the tailsitter is modeled with
a coaxial contra rotating 2 X 2 rotor, consisting of 2 rotor
planes with 2 rotor blades each. This design was chosen
because it allows a larger rotor disk area to be stowed more
compactly than for example a side-by-side configuration.
Additionally, there is a significant amount of data available
on coaxial rotors in Martian atmosphere due to the recent
NASA development of the MH. Furthermore the tailsitter
has a 15° swept wing with vertical stabilizers at each end
which integrate the landing gear. The trailing edge flaps are
flaperons and act as a combined horizontal stabilizer and
aileron. Tailsitters have the risk of tipping over when sitting
on the ground due to surface winds. The flying wing design
reduces this risk since it lowers the center of gravity while
in upright configuration compared to a design relying on an
empennage. However, no detailed analysis of tipping is con-
ducted since reliable surface wind data is not available for
Valles Marineris. Motors, battery and all other core compo-
nents are housed in an aerodynamic fuselage in line with the
rotor mast. The tailsitter takes off vertically, climbs above
the cruise altitude and transitions into level flight through a
dive maneuver to gain the necessary speed for wing-borne
cruise flight.

To assess the performance of this configuration a more
conventional coaxial helicopter was chosen for comparison.
The helicopter has a similar 2 X 2 rotor setup to the tailsitter.
It does not have an empennage. Fuselage and landing gear
are modeled similar to that of the MH [9] shown in Fig. 3.

I

Fig. 2 Tailsitter configuration with coaxial rotor setup
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Fig.3 Coaxial helicopter configuration

The UAV is supposed to return to the lander for charging so
that neither configuration integrates a solar cell.

2 Mission requirements

The UAV is part of the VaMEXx robotic swarm. This section
describes the mission profile of the UAV within the swarm
and the atmospheric conditions that the aircraft must oper-
ate in.

2.1 UAV mission profile

The planned mission of the VaMEx swarm is the exploration
of a region of interest within Valles Marineris. It is planned
that the lander also functions as a base station for communi-
cations and charging. The ground exploration participants,
such as rovers and crawlers, will then investigate points of
interest within the region. The task of the UAVs is to map
the area and gather image data for swarm-navigation and
the identification of these points to optimize the usage of
the slower rovers and crawlers [1]. To fulfill this task the
gathered scientific data needs to be processed as quickly as
possible so that new flights and the movement of the swarm
can be planned efficiently. Since mapping will accumulate
a significant amount of data and on-board processing needs
to be as minimal as possible to reduce processor weight and
power, the UAV returns to the lander for charging and down-
load of the accumulated science data. Heavy solar panels
for recharging are thereby also made redundant and ena-
bling consistent operation even in Martian winter when solar
cells wold not provide sufficient energy. Mapping and data
acquisition are planned to be executed during cruise flight.
Therefore, the mission does not require a prolonged hover
segment. Instead, it consists only of take-off, climb, cruise,
descent and landing, as shown in Fig. 4. For the transition
configuration the climb segment also includes a climb above
cruise altitude to represent the transition maneuver.

The VaMEx requirements, derived from earlier inves-
tigations in predecessor projects, define a return mission
with an operations radius of 14 km, so a total of 28 km, as
the minimum range. A maximum achievable range is to be

Fig.4 Visualization of UAV mission profile for exploration of Valles
Marineris

identified in the study, with 100km as an ideal target for
a more complex mission that incorporates multiple points
of interest. As initial design point a total flight distance of
30km is set. This represents the required operations radius
including slight deviations from a direct course.

The required payload capacity, comprising of science sen-
sors, cameras and other electronic components, is estimated
from similar terrestrial configurations as 1.4 kg.

The main mission parameters are shown in Table 1.
The total hover time represents the time spent in hover for
take-off and landing. The tailsitter is assumed to fly faster
in cruise since parasitic drag of the configuration is lower
and because the necessary wing area inversely correlates
to the cruise speed leading to smaller and lighter wings at
higher speeds. These cruise speeds are a baseline and can be
adapted should the results show a need to do so. Payload and
range growth potential apart from the initial design point are
investigated in Sect. 4.2.

2.2 Atmospheric conditions

The atmosphere of Mars in general poses several challenges
for any kind of vehicle. The thin atmosphere leads to high
variations in temperature of up to +120 K and strong solar
radiation on the surface. The composition of the atmosphere,
which consists mainly of over 95 % CO, [13] means that no
oxidizing power sources can be used. For aircraft the atmos-
pheric density p and the gravitational acceleration g are the
most relevant factors in regards to lift generation. The mean
surface air density on Mars is only p, .. surface = 0-02 kg/m®

Table 1 Summary of mission

parameters for Mars UAV scout Payload l4kg

mission Total hover time 40
Total flight distance 30km
Cruise altitude 200 m
Cruise speed (HC) 40 ?
Cruise speed (TS) 80 ?
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Fig.5 Density range and average density in Valles Marineris (13.995°
S, 58.332°W, 5 m above surface), from [16]

Table 2 Average atmospheric conditions on Earth, Mars Surface and
Valles Marineris (VM), from [13] [16]

Earth Mars VM
Grav. acc g[3] 9.81 3.71 3.71
Temperature 7 [K] 288 210 218
Pressure p [Pa] 101325 636 895
Density p [<£] 1.225 0.02 0.022
Dyn. visc. 5 [ﬁ] x 105 17 1.1 1.1

340 233 235

Speed of sound a [r:"]

which is less than 2 % of the mean terrestrial air density.
Meanwhile g is 3.71 m/s? or approximately 38 % of Earth
gravity [13]. This makes generating the required lift for
powered flight challenging and necessitates extremely
lightweight construction. The lower air density also leads
to lower Reynolds numbers Re than on Earth which affects
aerodynamic airfoil performance, especially regarding the
minimum drag coefficient Cp, ;.. These Reynolds effects are
discussed in more detail in Sect. 3.3.

To narrow down the mission environment for the design
of the rotorcraft, a reference point is defined in the canyon.
Following [14] and [15] a low point in Valles Marineris at
h = —=5210m is identified at 13.995°S, 58.332°W . Because
of the depth of Valles Marineris its atmospheric condi-
tions differ from the average Martian conditions. The lower
altitude leads to a higher average temperature and density.
Fig. 5 shows the yearly density variation in Valles Marineris
and the yearly average. Since precise mission planning has
not been conducted yet, so that the exact flight times are
unknown, the yearly average is used for these investigations.
The average values for all relevant atmospheric parameters
are shown in Table 2. Since this data is derived from models
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and the exact operation time and Martian season is not final
the influence of varying air densities on the design is inves-
tigated in Fig. 15.

Another aspect that makes VTOL operation on Mars
more difficult than on Earth is the lower speed of sound
which restricts the maximum rotational speed of the rotor.
Further atmospheric characteristics such as winds, dust and
high radiation are not considered in these early investiga-
tions but have to be taken into account for detailed designs.

3 Sizing methodology

To evaluate the performance of both configurations for the
given mission parametric models have to be created that
can be used to perform design sizings. In this section, the
software environment used to create the underlying models
and to perform these investigations are presented.

3.1 Software environment

For the design sizings and performance evaluations at the
core of these investigations the NASA preliminary design
software NASA Design and Analysis of Rotorcraft (NDARC)
[17] is used. Through the Python interface RCOtools [18]
NDARC is connected with the optimization framework
OpenMDAO through which Design of Experiment inves-
tigations can be automated [19]. The comprehensive analy-
sis tool CAMRAD 1I is used for rotor power analysis and
the structural rotor blade design environment SONATA is
employed for weight modeling of rotor blades and tailsit-
ter wing. Figure 6 shows the tools used and how they are
connected.

3.2 NDARC

NDARC is a program for preliminary design, sizing and
performance analysis of new aircraft with a focus on VTOL
configurations. The sizing algorithm designs the aircraft
to satisfy a set of constraints and missions. Analysis tasks
include out-of-design mission analysis and flight perfor-
mance calculations for specific points in the flight envelope.
Aircraft size is characterized by parameters such as total air-
craft weight, empty weight, component dimensions, battery
capacity, and engine or motor power. To achieve flexibility
in configuration modeling, NDARC designs an aircraft from
a set of components, including fuselage, wings, empennage,
rotors, gearboxes, and engines. For efficient program execu-
tion, each component is represented by a surrogate model
for performance and weight estimation. Component models
can be calibrated with higher fidelity modeling software as
well as databases of existing components. The reliability of
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the computational results depends on the accuracy of the
calibrated component models.

NDARC’s rotor performance model is based on an
extended momentum theory.

Preq = Pwmp + P + Poce 1)
Poomp =Pi+Py+P,+P, )
P = KP;jjeq 3)
K=f<ﬁ,,u,...> 4
o
Py = pAV; Cpy 5)
Cpo = %cd,mme ©)
CT
Cd,mean =f<7, Hs > 7

The required power P
nent power P,

req 18 described as the sum of compo-
transmission losses P, ., and auxiliary
power losses P, (1). The component power (2), is thereby
the sum of the induced, profile, parasitic, and interference
power terms [20]. The terms for induced (3) and profile
power (5) are extended by surrogate models to represent
rotor characteristics that go beyond classical momentum
theory. The induced power model accounts for non-uniform
inflow and blade tip losses through the correction factor x
as a function of the advance ratio u and the blade loading
Cr/o. Similarly, the profile power (5) is calculated with a

non-constant mean section drag coefficient ¢, (7) includ-
ing surrogate models for flow detachment, Mach, and Reyn-
olds number effects [21]. F» considers effects of varying
relative flow conditions at the blade elements.

3.3 Rotor model calibration using CAMRAD Il

To improve modeling accuracy the parameters of the afore-
mentioned rotor surrogate models for « and ¢ ,,,,,, should
be calibrated [17] especially in this context since Martian
rotorcraft aerodynamics differ considerably from terrestrial
applications. For this purpose the comprehensive analysis
tool CAMRAD II is used to model the rotor aerodynamics.
CAMRAD II uses blade element theory for rotor power cal-
culations and it can model blade dynamics and blade defor-
mations. Since these studies focus on rotor power the rotor
dynamics are neglected and the rotor blades are modeled
as rigid. The NDARC rotor model calibration includes the
following steps:

e Generation of CAMRAD II model from airfoil polars and
rotor geometry

e Validation with hover results from MH data

e Derivation of scaled models for investigated configura-
tions

e CAMRAD II sweeps (Cy /o, u, or p,)

e Calibration of NDARC rotor model using genetic algo-
rithm

A baseline CAMRAD II model using uniform inflow mod-
eling is built based on the blade geometry [22] and airfoil
data of the MH. This baseline model is then validated using
data from a MH hover flight test, shown in Fig. 7. CAMRAD
II models for the helicopter and tailsitter configuration are
derived with the main difference being a higher blade twist

@ Springer
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Fig.7 Validation of NDARC rotor model calibration with MH data
from [23]

for the tailsitter rotor to account for the cruise flight in which
the rotor operates as a propeller. The modeled rotors have
aradius of R = 1.2 m compared to the MH with a radius of
Ry = 0.605 m since early investigations showed the need
for a much larger rotor. Two flight state sweeps, one covering
hover operation and one cruise flight, are taken into consid-
eration for each configuration. For the hover sweep C; /o
is varied. For helicopter cruise flight C; /¢ and the forward
advance ratio u, are varied, whereas for the tailsitter the
axial advance ratio y, is used to represent propeller opera-
tion. Because propeller operation is modeled the values for
Cr/o are also lower than for the helicopter since the rotor
thrust only counteracts drag and does not provide lift.

To derive NDARC rotor models from these parameter
sweeps a calibration tool is created. For this the NDARC
models were implemented in Python in isolation to speed
up and simplify model calibration. For minimization of
the error between CAMRAD II values and corresponding
NDARC rotor model calculations OpenMDAO is used.
OpenMDAO provides numerous optimization algorithms.
Because the NDARC rotor models include Boolean and
absolute statements gradient-based optimization algorithm
might run into local minima. For this reason a genetic algo-
rithm is employed [19]. Fig. 7 shows a verification of cali-
bration results of the implemented performance functions
compared to NDARC calculations.

The larger rotor blades investigated here lead to higher
Reynolds numbers compared to the MH from which the
airfoil data is taken. This influences airfoil performance
and especially the drag characteristics. To take this effect
into account Reynolds scaling is applied to the calibrated
NDARC model for ¢, in form of Eq. (8) [21].
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Fig.8 Minimum section drag coefficient ¢, versus Reynolds num-
ber Re, derived from [24]

Reref 4
Cd.mean,scaled = m Cd.mean (8)

The exponent y depends on the flow regime that the airfoils
operate in. Fig. 8 shows the relation between the minimum
drag coefficient ¢ ,,;, of flat plates with laminar and turbu-
lent flow and the operating Reynolds number. For laminar
flow the increase of ¢ ,;, at lower Re is more pronounced
at an exponent of y = (0.5 compared to 0.2 for the turbulent
flat plate. Since the expected Reynolds number range lies
between 50000 and 100000 which is in between the two
regimes a conservative estimate of y = 0.3 is used.

3.4 Weight model calibration using SONATA

During early design investigations it became apparent that
the structural weight of the rotor blades is especially critical
for the resulting design gross weight (DGW) of the sized
rotorcraft [25]. For this reason the multidisciplinary rotor
blade design environment SONATA is employed to model
the rotor blades [26]. The integrated structural mesher
SONATA-CBM generates the three-dimensional structure of
the blade or similar slender bodies from the definition of the
cross-sectional material lay-up at different radial/lengthwise
stations and from the distribution of sweep, twist and chord
at these stations. SONATA is coupled with the analysis tool
VABS which splits the three-dimensional elastic problem
into a two-dimensional linear cross-section analysis and a
one-dimensional nonlinear beam analysis [27]. VABS is
used to calculate blade properties including the weight. To
improve weight prediction of the tailsitter wing a SONATA
model of the wing is created as well.

Geometry and lay-up of the rotor blades are based on
the MHSO010 blades of the MH [22]. The layup at the radial
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station /R = 0.3 as modeled and meshed in SONATA-
CBM is shown in Fig. 9. The bidirectional skin fibers of the
MHSO010 are modeled as a +45° and a —45° unidirectional
layer. The inner spar consists of multiple layers of unidirec-
tional 0° fibers. The middle section of the blade is reinforced
with additional spar layers that do not wrap around leading
and trailing edge. ROHACELL 32 IG-F is used as foam-
core filler.

The blade model does not include any detailed blade root
inserts for connection of the blade to the rotor hub. Also,
Chinese weights [9] for reduction of actuator torque require-
ment, as well as pitch horns were neglected. However, there
is no information available whether these weights were
included in the original MHSO010 blade weight or whether
they belong to the flight controls weight. Therefore, these
simplifications may lead to a more optimistic blade weight.
Meshing issues for very thin airfoils limited minimum ply
thickness and lead to a slightly higher blade weight. This
aspect may partially compensate for the neglected blade root
inserts and dynamic tuning weights. Published MHS010
blade weights range from 33 g [9] to 43 g [28]. The final
MHSO010 rotor blade modeled in SONATA has a weight
of 39.5 g, which is found to be sufficiently accurate. Addi-
tionally, the modeled structure is evaluated using VABS.
The maximum expected lift force and centrifugal force are
applied and the minimum safety factor is found to be above
3. No dynamic loads are examined.

From this baseline model geometrically scaled versions
are derived with SONATA by varying the radius and chord.
From these the parameters of a customized NDARC blade
weight model (9) are calibrated. The model calculates the
rotor blade weight (per blade) from a constant factor K;;,,,
and the exponents X, » and X, . which influence how
the blade weight scales with the radius R and the chord
length c. The calibrated parameter values are shown in
Table 3.

_ Xblade. ade,c
Witade = Koo R o X, )

Figure 10 shows the cross-section of the tailsitter wing mod-
eled in SONATA. The airfoil used for this wing is the Ishii
airfoil, which has been designed for a Japanese Mars air-
plane [29]. The skin is modeled as a composite sandwich

Skin: HR40 [j:45 ]ROHACELL 31 IG-F Foam Core

Spar: M46J 12K [0°]

Fig.9 Cross section of the MHS010 blade modeled in SONATA at
r/R=0.3

Spar: M46J 12K [0°]

Skin: HR40 [+45°]
ROHACELL 31 IG-F Foam Core

Fig. 10 Cross section of tailsitter wing modeled in SONATA

structure with a +45° and a —45° unidirectional layer as the
outer skin and two unidirectional 0° layers on the inside of
the foam filler. The three bridges and the endcap before the
trailing edge consist of a foam core with two unidirectional
layers on the outside. To more accurately predict the weight
of the assembled wing including the flaperons, the trailing
edge is modeled in the same way as the bridges.

The standard NDARC wing weight model for non-folding
wings (AFDD93) [21] (10) models the weight depending on
the DGW, the wing sweep A,,;,, = 10°, the design load fac-

torn, ;.. the taper ratio 4 the airfoil thickness ratio iwing

and the projected wing area A,,,,,. Since the model is based
on general aviation aircraft, it is calibrated using the technol-
ogy factor y,,,, to match the modeled wing at the design
wing loading WL. [Note: Eq. (10) uses imperial units]

wing®

Table 3. Summary of important HC TS

model input parameters for

si;in.g of helicopter (HC? an.d pLIN] 55 55

tailsitter (TS) configuration in e ™

NDARC ?Tda 0.1 0.1

np hover [?] 0.8 0.8
My, cruise [?] 0.8 0.68

Kytade 248 2.48
Xplade R 0.9775 0.9975
Xplade.c 1.391 1.391
Cp fuselage 0.2 0.03
CL sving.des - 0.55
Clving statl - 0.9
Cp0.wing - 0.025
CL.Dimin,wing - 0.0
€drag,wing - 0.8
AR, - 6
Ny sving - 3
Nyying - 10°
Avving - 1
t/Cping - 0.07
Xing - 1.3825
@ [15] 278 278
Swrc 0.067  0.0335
Svcont 20 % 20 %
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DGW 0.847 DGW - 8
W o = Xingd 06411 (———— )™ =_——-" 5 _
wing = Xwing ( 1000 cos Awing) Ablade CT/U - 2 NmtorNhladeCR (14)
0.09359 (10) "
0.39579 40.21754 1+ /lwing
0305794021 m The design value is dependent on the airfoil performance

Since there is no reference structure for the wing, a simpli-
fied structural analysis of the expected lifting loads is used.
A constant lift distribution with a load factor of n, = 3 is
applied and the wing root cross-section is analyzed with
VABS. The result is that no point within the cross-section
shows a safety factor below two. This is found to be suf-
ficient as a plausibility test for the created wing structure.
However, it has to be noted that these structural investiga-
tions did not take into account dynamic loads or buckling
loads.

3.5 NDARC model parameter inputs

As stated in Sect. 3.2 NDARC aircraft models consist of
component models which again can be split up into sur-
rogate models regarding aircraft performance and weight
models. The total parameter set is too large to include in
this paper but an excerpt of the most important modeling
parameters is presented here and the respective values are
summarized in Table 3.

The rotor sizing can be based on different parameters
depending on operating conditions and boundary condi-
tions such as size constraints from a lander. Since there is
no lander geometry available at this time, the disk loading
DL, the blade loading C;/o and the rotor hover tip Mach
number M,;, ;... are chosen as design inputs for the sizing
of the rotor. DL determines the area of the rotor disk A as
a constant relation to DGW.

_ DGW - g
DL= ——= (1)
Adisk
DGW - g
Adisk = T = NmmrﬂRz' (12)

The chosen disk loading DL represents a compromise
between a larger rotor disk which reduces the required
induced power in hover and correspondingly increasing rotor
blade length with unrealistically slender blades. The design
blade loading C; /o, is the ratio of design thrust DGW - g
to blade area A;,;,;, normalized with p and the blade tip speed
= M, - a. It determines the total blade area of the rotor.

Vtip tip
DGW-g
CT _ PAdiskV,z,-p _ DGW - 8 (13)
A - 2
O des Lblade PAp1de Ve
At blade " tip
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and should be chosen so that there is a thrust margin between
required hover thrust and the point of blade stall. Since the
rotor blades are modeled after those of the MH C; /o, is
also taken from the MH design [28]. The MH has a thrust
margin in hover of Cr .,/ Cr 405 & 1.5 [23]. The tip Mach
number in hover My, 4, is chosen so that the tip mach
number of the advancing blade in helicopter cruise flight
does not exceed 0.95. For the tailsitter configuration, the tip
speed is modeled to be lower in cruise flight to reduce cruise
power in propeller operation [30].

The wing loading WL and the aspect ratio AR determine
the wing area A,;,, and span b,,,. At a fixed cruise speed
Veruise WL 1s directly proportional to a design wing lift coef-
ficient C ¢ des-

DGW - g 2
WL = A— = pvcruiseCL,Wi”g’d” (15)
wing
DGW - g
Awing = = bgving/AR' (16)

2
CL,wing,deS PV rise

Compared to terrestrial operation the wing airfoil will oper-
ate at drastically lower Reynolds numbers. While notable
progress in the design and optimization of airfoils for these
conditions has been conducted their lift and drag perfor-
mance in the expected Reynolds numbers range does not
match that of conventional airfoils under terrestrial con-
ditions [31-33]. Therefore, Cy ;¢ 4e5 18 set lower than for
equivalent terrestrial configurations. The value shown
in Table 3 is estimated from low Reynolds number air-
foil investigations [31-33] and the high-altitude test of a
Japanese Mars airplane design [7]. The parameters of the
NDARC wing drag model (17) and the maximum wing lift
coefficient at which stall occurs C ;0 o Were also esti-
mated from these references.

(CL = Cpp)

AR -7 - €drag.wing

a7

CD,wing = CD,O,wing +

Since the helicopter configuration is modeled after the MH
the fuselage drag is modeled accordingly [28]. For the tail-
sitter an aerodynamic fuselage with a lower drag coefficient
Cp fuselage 1S Modeled [34] because of the higher cruise speed.
The drag coefficients refer to the wetted fuselage area in
this case.

Rotor blade weight and wing weight are modeled accord-
ing to Sect. 3.4. For the stabilizers the same weight model
as for the wings is employed. The landing gear weight is
modeled as a fraction of aircraft weight f, ;5. The value
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for the helicopter configuration is based on the MH. For
the tailsitter f,,; ; represents the structural reinforcement of
the stabilizers that the aircraft stands on and is assumed to
be 50 % of the value used for the helicopter. Weight models
for the fuselage, motors and flight controls are derived from
the MH [28]. To ensure control authority the motors are
sized so that maximum power is 150% of hover power. For
the specific battery energy density e, an estimation from a
JPL technology forecast [35] is used. To account for uncer-
tainties in the modeling an additional contingency weight
factor f,, .., is applied to the aircraft weight. This factor
is currently set at 20 %, which can be considered moderate
to low since uncertainty overall is high at this early design
stage. Since most of the baseline data is based on published
weight information of the MH 20 % is considered reasonable.
Less data is available for tailsitter configurations especially
for Martian operation. Higher values for f, ., might, there-
fore, be appropriate here. The influence of more conservative
contingency margins is examined in Sect. 4.2.

4 Results and discussion

In this section, the resulting sized configurations for the ini-
tial design conditions are presented. To discuss dependen-
cies and uncertainties in the modeling, sweeps of mission
and design parameters are presented. Additionally, a simpli-
fied investigation of the control characteristics is conducted
and is presented here.

4.1 Results at design point

Table 4 shows the dimensions and the weight breakdown
of the helicopter and tailsitter aircraft as sized by NDARC
using the presented model parameters. The avionics weight
and payload are fixed values and represent electronic com-
ponents that do not depend on the aircraft size. The weight
breakdown shows that for a mission with a range of 30 km
and a payload of 1.4 kg the sized design gross weight of the
tailsitter is higher than that of the helicopter. Consequently
its rotor radius is larger as well.

When looking at component weights it stands out that
the battery weight of the tailsitter is lower than that of the
helicopter despite the higher overall aircraft weight. This is
due to the superior effective cruise efficiency (L/D),4 of the
tailsitter compared to the helicopter. (L/D)eﬁ is calculated
as the relation between useful power DGW - g - V and the
actual consumed power P(18).

(L) _DGW-g-V
D eﬁ_ '

5 (18)

Table 4 Geometry and weight breakdown of helicopter (HC) and tail-
sitter (TS) configuration sized for a mission with 30km total range
and 1.4 kg payload

HC TS
R, m] 1.52 1.68
Awing [mz] - 2.4
b\ying [m] - 3.83

m[kg] m[kg] Xcg [m]
Rotor 2.8 35 —0.45
Fuselage 1.4 2.5 0.016
Wing - 34 1.3
Stabilizers - 0.8 0.43
Motors 1.6 2.0 —0.15
Battery 54 39 0.21
Landing gear 14 0.9 0.43
Flight controls 1.9 2.4 —0.45
Avionics* 0.8 0.8 0.0
Payload* 1.4 14 0.0
Contingency 3.8 4.8 0.0
DGW 21.5 26.4 —0.051

Additionally, the center of gravity x-position of components and over-
all aircraft are given for the tailsitter configuration (positive = aft)

*Fixed

4
.~ HC
. TS
Z 24 .
Q' \\\_—’/
1_
0 | | | I

I
0 20 40 60 80 100
V;:ruise [m/h]

Fig. 11 Comparison of power in cruise flight for resulting coaxial
helicopter (HC) and tailsitter (TS) aircraft at design point.

Figure 11 shows that the cruise efficiency of the tailsitter
is more than double that of the helicopter since both con-
figurations have a similar power demand in cruise but the
tailsitter flies at double the speed. This is due to the wing-
borne cruise which in turn reduces the required energy to
fly the mission. For the helicopter configuration the design
cruise speed V,, ;. 4.5 15 €quivalent to the best range speed
V,, of the configuration. For the sized tailsitter the resulting
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V,, is 70 m/s. The reason why v
discussed in Sect. 4.2.

While the superior cruise efficiency of the tailsitter leads
to lower battery weights, the added weight of wing and sta-
bilizers negate these positive effects and lead to an overall
heavier aircraft. No fixed dimensions or requirements for
the lander storage geometry are available yet but it is likely
that the wing span b,,;,, of almost 4 m would necessitate a
complex folding mechanism or a large storage space in the
lander. Detailed studies in this regard must be conducted
once a lander geometry is found.

is kept at 80 m/s is

cruisedes

4.2 Parameter sensitivities

Sweeps of mission and design parameters were conducted
to discuss the influence of deviations from the expected
parameter values on the sized DGW. Figure 12 shows the
dependency between the sized aircraft design gross weight
DGW and the mission range. At the minimum required
range for the VaMEx mission of 30 km and lower, the tail-
sitter is heavier than the helicopter. For higher ranges the
margin decreases. Further examinations show that above a
range of 40 km the sizing actually leads to a lower DGW for
the tailsitter. This shows that a tailsitter configuration does
have merits for high range applications. However, tailsitter
aircraft designed for these higher ranges are significantly
larger and heavier than those designed for the initial range.
For ranges above 45 km no converged solution is found for
either configuration due to the ever faster increasing DGW
that leads to the sizing loop diverging.

For the payload a mostly linear correlation for both con-
figurations can be seen in Fig. 13. Therefore, by adjusting the
payload requirements the aircraft size could be influenced

1.6* ___HC //
o144 18 —
g 12 o
511 —
g —

0.8 +— -~

I I I

x
0.8 0.9 1 1.1 1.2

Range/Range7,ef

Fig. 12 Dependence of sized DGW from mission range for coaxial
helicopter (HC) and tailsitter (TS). DGW,,, = 21.5kg (HC) 26.4kg
(TS) Range,,; =30km (HC) 30km (TS)
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Fig. 13 Dependence of sized DGW from payload for coaxial helicop-
ter (HC) and tailsitter (TS). DGW,,, = 21.5kg (HC) 26.4kg (TS)
PL,,=14kg(HC) 1.4kg(TS)

or alternatively payload capacity could be traded for battery
capacity and thereby range.

For both configurations, the cruise speed v,.,,;,, 1S set con-
stant in the sizing loop to improve numerical stability of
the inner iterations of the NDARC calculations. Since the
best range calculation is not conducted during sizing, the
influence of various values of v, on the sized DGW is
investigated and the results can be seen in Fig. 14. For the
helicopter configuration a minimum in DGW can be seen
at the design cruise speed v,,,;;, = 40 m/s since this coin-
cides with V. as also shown in 11. Higher speeds lead to
increasing trimmed pitch angles in cruise due to the lack
of horizontal stabilizers which limits the maximum speed.

The tailsitter shows a significant connection between

DGW and v,,,;,. Despite the lower best range speed shown
2
--- HC
- TS
x
© 1.5+
=
=
O
Q [~ ~
1 4 Bl M N S

Ucrulse/vc'ruise,ref

Fig. 14 Dependence of sized DGW from cruise speed for coaxial
helicopter (HC) and tailsitter (TS). DGWref =21.5kg (HC) 26.4kg
(TS)v, =40m/s (HC) 80m/s(TS)

cruise,ref
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in Fig. 11, lower speeds lead to a sharp increase in sized
weight, while slightly higher speeds could lead to lighter
configurations than the one shown in Table 4. The main
factor contributing to this trend is that for this examina-
tion the wing lift coefficient C; ;. 4, during cruise is kept
constant. Therefore, the wing size and weight increase for
slower cruise speeds. For faster cruise an optimum between
wing size and drag can be found around v, = 90 m/s.
Nevertheless, the cruise speed is kept at 80 m/s because ini-
tial investigations of possible camera hardware found that
the exposure time at higher speeds becomes too low.

As mentioned in Sect. 2.1 the exact operation area within
Valles Marineris and also the exact time that the flights will
be carried out at have not yet been defined. Hence, the atmos-
pheric density p could change in the final design. Fig. 15
illustrates that the tailsitter sizing is extremely dependent on
the density p while the helicopter shows a lower but still sig-
nificant correlation. At lower densities the rotor blade (14)
and wing area (16) increase, since Cr/6,, and Cp ¢ o5 aT€
kept constant. Because the tailsitter is affected at both rotor
and wing, its design is extremely dependent on p.

However, if flights could, for example, be limited to
Martian winter, the design density could be increased
which would lead to more beneficial results for the tailsitter
configuration.

The aerodynamic airfoil performance of the rotor blades
and the wing is a key difference to terrestrial operation.
The values set for the design blade loading C; /o ,,, and the
design wing lift coefficient C; ;. 4., Were chosen conserva-
tively based on MH data for the blades and low Reynolds
number airfoil investigations for the wing [7, 31-33]. Fig. 16
shows how the sized weight changes with higher blade load-
ings that imply improved airfoil performance. Increased
blade loading leads to a smaller required blade area and a
lower DGW with the trend being similar for both configura-
tions. For this design parameter, a conservative stall mar-
gin needs to be maintained for maneuverability. Hence, the
design point cannot be chosen at the absolute performance
optimum. The design value selected here is based on the
MH. Currently NASA is actively working on improving
Martian rotorcraft performance within the ROAMX project
[36]. A key factor in this are thin airfoils that can provide
better performance at low Reynolds numbers. The studies
show a possible increase in design blade loading of at least
10% [37]. However, these thin airfoils introduce structural
challenges regarding the necessary stiffness to achieve the
required control bandwidth which is why further investiga-
tions would be needed to consider them in such a design
[28].

A similar dependency can be seen for the tailsitter wing in
Fig. 17. The weight is very sensitive to changes in the design
lift coefficient. An increase of 25% t0 C; ying ges = 0.69
results in a 15 % decrease in DGW. The main driving factor

\ -~ HC
_ oo TS
= 3
2 15 '
E\ \\\
[©) ~d
Q \\‘\

1% \\\\‘~\

Fig. 15 Dependence of sized DGW from design air density for
coaxial helicopter (HC) and tailsitter (TS). DGW,, = 21.5kg (HC)
26.4kg (TS) p,,, =0.022 kg/m3 (HC) 0.022kg/m?3 (TS)
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EER

N S
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Fig. 16 Dependence of sized DGW from design blade loading for
coaxial helicopter (HC) and tailsitter (TS). DGW,,, = 21.5kg (HC)
26.4kg (TS) Cr/o,,, =0.1 (HC) 0.1 (TS)

in the weight dependency from blade loading and wing lift
coefficient is the structural weight of blades and wings, since
higher airfoil performance reduces the required lift surface
as described in Egs. (14) and (16).

To evaluate whether higher design values of C;/c and
Cy, wing might be feasible, additional aerodynamic simula-
tions and tests would have to be conducted.

The disk loading DL determines the size of the rotor disk.
In principle a larger rotor reduces the induced velocity which
reduces induced power. DL also determines the rotor solidity
o (at constant v, and Cr/0.,) and thereby the blade chord
c. Combined with the blade weight model (9), which has a
higher exponent for chord variation than for the radius, this
leads to a high sensitivity of DGW from DL depicted in
Fig. 18. When looking only at this data it seems logical to
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Fig. 17 Dependence of sized DGW from Wing lift coefficient for tail-
sitter (TS). DGW,,, =26.4kg Cy 10 oy =0.022Kkg/ m’
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Fig. 18 Dependence of sized DGW from design disk loading for
coaxial helicopter (HC) and tailsitter (TS). DGW,; = 21.5kg (HC)
26.4kg (TS) DL,; =5.5N/m? (HC) 5.5N/m?(TS)

set DL much lower. However, since this would lead to very
slender rotor blades the feasibility of such blades should
be studied first. In [28], structural rotor blade designs for
future NASA mars missions are investigated and it is found
out that larger and more slender blades require structural
reinforcement to meet flap eigenfrequency requirements.
Therefore, it is decided to keep the initial disk loading of
DL = 5.5 N/m? which results in a similar blade geometry
to the MH that the model was derived from. At this disk
loading Fig. 18 also shows a minimum of the rotor radius R
which is beneficial. In detailed designs at a later point, the
rotor size will likely be constricted by the lander geometry
that has yet to be determined.

The influence of differing weight models for the rotor
blades and the wing are examined by applying a technology
factor K., to the respective weight model. Fig. 19 shows
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Fig. 19 Dependence of sized DGW from blade weight technol-
ogy factor for coaxial helicopter (HC) and tailsitter (TS). DGW,; =
21.5kg (HC) 26.4kg (TS) yy et = 1.0 (HC) 1.0 (TS)

the results for the blade technology factor K., pjage- At the
design point the tailsitter design shows a significantly higher
sensitivity towards blade weight. An increase of 18 % leads
to NDARC not finding a converged design solution which
illustrates the importance of blade weight on the design and
that the tailsitter design is generally more susceptible to
such changes. For the wing weight this dependency is less
pronounced.

The structural weight of the rotor blades is a main driving
factor that causes the increase in DGW for most parameters
investigated above. In this regard, it has to be noted that
the weight models presented in Sect. 3.4 do not account
for structural loads caused by higher aerodynamic load-
ing, dynamic loads or requirements such as the mentioned
flap eigenfrequency. In proximity to the respective design
points at which the static structural safety factor is evalu-
ated the models are assumed to be adequate. However, to
conclusively examine these effects a more detailed design
investigation is necessary. The tools NDARC, CAMRAD II,
SONATA and VABS that were already used here could be
more tightly coupled for such an investigation to iteratively
examine structural loads and blade dynamics.

The contingency weight factor £, .., = 20 % aims to con-
sider uncertainties in the modeling. For the helicopter con-
figuration, the published research regarding the MH serves
as data basis so that 20 % is regarded as sufficient.

For the tailsitter, it is assumed that the same model
assumptions also apply which is an additional source of
uncertainty and could be taken into account through a higher
contingency weight. Fig. 20 shows the influence of varia-
tions in f,, .., on the aircraft weight. The sensitivity is sig-
nificantly higher for the tailsitter so that the sizing calcula-
tions diverge earlier and no value above f,, .., = 25 % leads
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Fig.20 Dependence of sized DGW from contingency weight fac-
tor for coaxial helicopter (HC) and tailsitter (TS). DGW,ef =21.5kg
(HC) 26.4kg (TS) f,, cont, ef = 0.2 (HC) 0.2 (TS)
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Fig.21 Simulated flight altitude during transition maneuver of tailsit-
ter

to a result. This dependency underlines the challenges that
designing and building a transition configuration for Mars
entails. Even small deviations from the expected weight esti-
mations could lead to an unfeasible aircraft design. It also
highlights that this configuration is much more sensitive to
potential component weight increase and subsequently the
design tolerates less weight penalty. Hence, the coaxial con-
figuration is the more robust design choice in this regard.

4.3 Control characteristics

As mentioned in Sect. 1 the tailsitter configuration has to
fly a climb and descent maneuver to transition from vertical

take-off to level cruise flight. To evaluate the overall control
characteristics and especially the feasibility of this maneuver
a Desired Response model is developed [38]. This model
can be used to evaluate whether a given configuration meets
control requirements at any point in a mission. For this work
it is used to derive the height of the trajectory needed to gain
cruise speed during the transition of the tailsitter. Fig. 21
shows the simulated altitude during the transition for a cruise
at an altitude of 2 = 350 m.

It shows that the tailsitter has to climb to a substantially
higher altitude than the cruise altitude to gain sufficient
speed during descent to reach cruise speed. The influence
of the center of gravity position is investigated in regards to
control authority during the transition. For this investiga-
tion, assumptions for the position of the components shown
in Table 4, are made. It is found that if the center of grav-
ity is located more than 2 cm forward of the neutral point,
the control authority of the flaperons at the trailing edge
of the wing becomes insufficient. The current position of
Xcg = 5 cm does not fulfill this criterion. However, a more
detailed design is necessary to conclusively evaluate the
control authority of the tailsitter. For the helicopter con-
figuration no control issues were identified.

5 Conclusions

In this presented study, two VTOL configurations were
investigated in regards to their suitability as high range scout
UAVs as part of the Valles Marines Explorer initiative. A
coaxial helicopter based on the NASA Mars Helicopter
Ingenuity and a transition tailsitter were modeled using the
preliminary design software NDARC. To improve modeling
accuracy of the rotor power and component weight, com-
prehensive analysis and 2D-FEM modeling were employed.
The initial design mission was derived from VaMEXx require-
ments, which is defined by a total range of 30 km and a pay-
load capacity of 1.4kg. The following conclusions can be
drawn:

e A tailsitter designed for this range requires less energy
and thereby battery weight than a helicopter sized for the
same mission because of the superior cruise efficiency of
the transition configuration. However, the added weight
of wing and stabilizers leads to an overall higher design
gross weight.

e For higher mission ranges above 30 km it was found that
the DGW of aircrafts rises rapidly. Above 40 km the tail-
sitter shows a performance advantage to the helicopter.
However, at this point the sized aircrafts are significantly
heavier and larger than the baseline. Furthermore, this
range is close to the convergence boundary at 45 km.
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Therefore, the optimal range defined for the VaMEx mis-
sion of 100 km is considered to be unfeasible with either
configuration.

e A sensitivity study of model parameters was conducted
to investigate the influence of differing model assump-
tions. The design atmospheric density p was found to be
a significant influence that requires additional input from
a finalized mission definition and precise atmospheric
data. The investigation of weight and performance model
parameters highlights that the tailsitter design has higher
sensitivities to component weight. Potential for possible
improvements of the tailsitter configuration was found

in the cruise speed v, and the wing lift coefficient

CL, wing, des*

¢ In addition to design sizings, an investigation of the con-
trol characteristics of both configurations was conducted.
It showed that while the helicopter fulfills all handling
requirements the tailsitter configuration is too stable due
to its center of gravity position so that control authority
of the trailing edge flaperons is not sufficient.

e Further challenges and uncertainties arise when con-
sidering a transition configuration, like the tailsitter, for
deployment on Mars. The overall aircraft design com-
plexity is higher because of the added wing and flaper-
ons. Testing such an aircraft on Earth is more difficult,
especially the transition maneuver is complicated to vali-
date.

In conclusion, this study showed that designing a tailsitter
aircraft for the presented mission requirements is signifi-
cantly more challenging than a helicopter configuration.
Considering, that a robust design approach is impera-
tive to a successful VaMEx swarm exploration mission,
the tailsitter configuration can therefore be deemed less
suitable as a high range scout UAV than the helicopter
configuration.

A successor project is planned that aims to study a rotor
designed for Mars in detail. In these studies, a full-scale
rotor will be tested in a simulated Martian atmosphere. The
work is expected to produce valuable data for a successive
final aircraft design and it aims to produce a first iteration
prototype of the UAV rotor system.
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