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This paper proposes and describes a methodology for the preliminary design of aerobots for future Martian
exploration missions within a framework. The methodology takes into account inputs derived from top-level
mission requirements and site locations to obtain the critical mission parameters that affect the performance
of the rotorcraft. The proposed methodology allows for incorporating multi-rotor configurations into the trade-
offs based on the required power to perform flight profiles. The equations, based on momentum theory for
conventional helicopters, are derived and generalised to estimate the required power for flight segments such as
hover, vertical climb, and forward flight for rotorcraft with both overlapping and non-overlapping rotors such as
coaxial, tandem, and multirotor configurations. The resulting performance data is used for sizing and selecting
the critical components of the aerobot in a mission scenario, such as rotor and battery sizes. Notably, the analyses
conducted on rotorcraft with single and dual rotors identified a tandem rotorcraft configuration without folding
mechanisms as the optimal choice due to its superior power efficiency and mechanical simplicity. Through
calculated equations for battery mass and available empty mass estimation, this framework enables the opti-
misation and selection of an efficient rotary VTOL aerobot for Martian missions in the years to come.

1. Introduction collaboration between future rovers and aerial surveyors [2]. The in-
sights gained from designing and operating the Mars Helicopter offer
valuable knowledge for developing advanced aerobots for Mars

exploration.

The predominant approach to in-situ exploration of Mars has his-
torically relied on landers and rovers, but their limitations have sparked
interest in designing specialised aerial robots known as aerobots. The
concept of unmanned aerial vehicles has gained prominence due to their
advantages over surface rovers, including increased speed, broader
range, obstacle avoidance capabilities, and improved visibility [1].
While chronological planetary exploration mainly explored the use of

1.1. Martian flight conditions

The unique features of Mars pose challenges for rotorcraft design,

lighter-than-air airships or fixed-wing planes, recent advancements in
drone technology have rekindled interest in rotorcraft for Mars explo-
ration. These technological advancements culminated in the successful
deployment of the first operational aerobot on Mars by NASA’s In-
genuity Mars Helicopter. The vehicle, having landed on Mars in
February 2021, completed 72 short autonomous pre-commanded flights
before retiring in January 2024, accumulating approximately 129 min
of flight time, covering 17 km, reaching altitudes of up to 24 m, and
achieving ground speeds of up to 10 m/s [2]. These flight tests marked
the transition of Ingenuity from the Technology Demonstration phase to
the Operations Demonstration phase, demonstrating the potential for
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primarily due to its atmospheric conditions. Despite the lower gravity of
Mars, its average atmospheric density is approximately 100 times lower
than that of Earth [3], leading to a very low Reynolds number during
rotor operations, especially for small-scale helicopters. However, the
Mach number on Mars would be significantly higher due to two main
factors: the necessity for higher tip speeds to compensate for the lower
atmospheric density, and the reduced speed of sound on the Martian
surface, which is only about 70% of that on Earth. These conditions
significantly constrain the rotorcraft design [4]. Another challenge in
sustaining the flight of Martian drones involves managing the heat
generated by the propulsion system while generating the required lift.
This task is exceptionally demanding given the low Reynolds number
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involved. Furthermore, the size constraint set by an aeroshell required to
transport the aerobot to Mars introduces additional complexities [5].
These factors have historically cast doubt on the feasibility of using
rotating-wing aerobots on Mars, a scepticism dispelled by the first Mars
Helicopter.

The success of Ingenuity, while groundbreaking, exposes the
inherent limitations of small-sized, basic-configured aerobots on Mars.
These constraints limit their ability to conduct expansive scientific
missions that demand extended flights, larger payloads, advanced
communication systems, or robust propulsion for high-altitude en-
deavours. Addressing these limitations necessitates reimagining the
parameters of Martian aerobot missions. Enhancing the Ingenuity He-
licopter could involve augmenting its size or integrating fixed wings into
its configuration, aiming to extend endurance, and payload capacity and
accommodate more solar panels.

1.2. Literature

Diverse proposals for Mars exploration have explored VTOL aircraft
with rigid or adaptable body configurations [6-16]. The first rotary
VTOL planetary aerial vehicle design concepts were pioneered by Young
et al. (2000) [6], particularly advocating for a Mars tiltrotor as a
balanced solution between hover performance and cruise range as both
attributes are critical for Mars exploration. Y-4 Tilt-Rotor VTOL Aerobot
[71, the fourth and final design iteration studied at the University of
Surrey from 2004 to 2016, was such a concept that used two smaller
tractor tiltrotors to provide the thrust needed for both vertical and
horizontal flight, and a coaxial rotor embedded at the centre of the
blended wing for VTOL. Whereas another configuration, called MIRAGE
[8], used a fan embedded in the centre of the blended wing body (4.8 m
wingspan) for VTOL and a propeller on the nose for forward thrust.
Among these types of transitioning aircraft is the tailsitter configuration,
which takes off and lands vertically on its tail, and for forward flight the
whole body tilts horizontally in midair. Martian Twin Rotor Tailsitter
design [9] and Mars Electric Reusable Flyer (MERF) [10] are dual-rotor
VTOL tailsitter concepts proposed with a reusable option and foldable
body, which when deployed would have a wingspan of 7.5 m and 0.9 m,
respectively. VITAS [11] is another tailsitter concept with 4 coaxial
rotors positioned at the tips of an x-wing configuration with a wingspan
of about 2 m and is equipped with a canard for pitch control. Besides
using vertical propulsion generated by rotary blades, there are concepts
such as Mars Gashopper [12] and Marshopper [13], that propose to
utilise local carbon dioxide to store and pressurise the gas inside the
aircraft system and then propel it out to hop above the surface of Mars
for VTOL. Both these designs are equipped with wings to glide around
for increased endurance during forward flight. Among large foldable
and small rigid fixed wing rotorcrafts, there is an inflatable wing concept
that offers the advantage of transporting the aircraft to Mars in the
limited aeroshell size. VALKERIE (Vertical-takeoff And Landing Kom-
pact Electric Reusable Inflatable Explorer) [14] is such a design which
merges the above-mentioned tailsitter MERF with BIGBLUE (Baseline
Inflatable-wing Glider, Balloon-Launched Unmanned Experiment).
BIGBLUE is an inflatable wing glider technology that was introduced
and worked on by the students at the University of Kentucky for low air
density environments such as Mars. The LILI (Long-term Ice-field Levi-
tating Investigator) concept [15] further expands on foldable hybrid
mobility by integrating a tandem rotor configuration with a
ground-based sled system. This approach allows for efficient navigation
of polar ice fields on Mars, leveraging the tandem rotors for aerial
capability while optimising power use through surface mobility. NASA
started developing the second generation of Mars Helicopters such as the
Mars Science Helicopter (MSH) and Advanced Mars Helicopter (AMH),
even before Ingenuity Helicopter had landed on Mars. MSH had two
short-listed designs with foldable mechanisms and each weighed 20 kg,
namely a coaxial rotorcraft with 2.5 m diameter rotors and a hexacopter
design with 1.28 m diameter rotors [5], whereas AMH is a similar design
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to Ingenuity with 1.2 m diameter rotors but weighs 4.6 kg and is
equipped with improved airfoils and science payload [16], on which
attitude control and autonomous navigation are investigated in
Ref. [17].

Among these concepts, the Valles Marineris Explorer (VaMEx)
initiative evaluated coaxial helicopters and transition coaxial tailsitter
configurations as part of a robotic swarm for Mars high ranges explo-
ration [18]. For a mission with a 30 km cruise range and a 1.4 kg
payload, the study shows that the 3.83 m wingspan transition tailsitter,
while offering better cruise efficiency and enabling longer range through
reduced battery weight, is outweighed by the added mass of its wings
and stabilisers, resulting in a heavier and more complex design. In
contrast, the coaxial helicopter, with 1.52 m rotors, is simpler, lighter,
and more efficient, making it better suited for shorter missions. These
findings highlight the need for comprehensive assessments to optimise
rotorcraft designs for Martian conditions, particularly within aeroshell
size constraints, assuming the stability of launch and re-entry technol-
ogies in the coming decades. Accommodating larger craft may require
alternative solutions, such as separate transport, packaging with a
smaller ground spacecraft, or innovative folding mechanisms within the
aeroshell. However, aircraft design constraints imposed by practical
aeroshell sizes are frequently disregarded in studies, particularly those
not conducted by space agencies. For instance VaMEx study [18] defers
the selection of aeroshell size and relative dimensions for future research
and MIRAGE [8] proposed 5 m diameter aeroshell, which currently does
not exist. Although the development of new aeroshells could provide
greater flexibility, space missions prioritise established designs, such as
the 4.5 m diameter aeroshells utilised in the Mars Science Laboratory
(2011) and Mars 2020 missions, due to their proven reliability [5].

Previous studies in Martian rotorcraft design can be broadly classi-
fied into two categories: conceptual designs without feasibility valida-
tion and high-fidelity mission-specific studies. Conceptual studies often
propose novel configurations, such as tiltrotors or hybrid rotorcraft
models proposed in Ref. [4] and Coaxial Tri-rotor and Jumping Flying
Aircraft concepts proposed in Ref. [19], but lack detailed analyses to
quantify their practicality under Martian conditions. High-fidelity
studies, while providing detailed performance evaluations, are compu-
tationally intensive and limited to predefined configurations. For
instance, study such as in Ref. [20] used Blade Element Theory and
experimental validation for quadrotor designs but do not generalise
findings to other configurations. Similarly, studies on coaxial and tran-
sition vehicles for the Valles Marineris Explorer (VaMEx) [18] missions
are modified to specific operational scenarios and do not extend to
broader mission profiles. Multidisciplinary design frameworks, such as
the one illustrated in Ref. [6], focus on vertical lift planetary aerial ve-
hicles but emphasise spacecraft integration over rotorcraft design
scalability.

1.3. Proposed research

This research introduces a scalable framework that combines the
exploratory strengths of conceptual studies with the practicality of high-
fidelity analyses. The framework integrates multidisciplinary design
considerations, such as mission requirements, environmental con-
straints, and spacecraft integration, into a systematic process for pre-
liminary rotorcraft design. A fundamentally novel aspect of this
framework is its parametric analysis methodology, based on rotorcraft
momentum theory, which enables rapid evaluation of power re-
quirements, rotor sizing, and payload capacities for configurations such
as single rotors and dual-rotor systems, including coaxial and tandem
rotors. Although this paper focuses on these configurations, the meth-
odology also applies to multirotor systems. This methodology integrates
mission constraints, such as aeroshell size and power limitations, into a
streamlined design process, making it inherently adaptable to varying
planetary environments. By updating planetary parameters such as air
density and gravitational acceleration, the framework can be applied to
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other atmospheric environments, such as Titan [21] and Venus, making
it a versatile tool for future exploration efforts. By simplifying aero-
dynamic analyses while maintaining computational efficiency, the
framework accelerates decision-making and supports iterative design
refinements. The performance outcomes, such as rotor and battery
sizing, provide actionable insights for researchers and engineers,
ensuring that the preliminary designs are grounded in theoretical
rationale and aligned with mission requirements. Consequently, this
approach addresses the limitations of small-sized aerobots while
advancing scalable, mission-specific designs, paving the way for the next
generation of Martian rotorcraft.

The structure of this research article is such that it begins with an
overview (section 2) of the framework for preliminary Martian aerobot
design methodology, a systematic approach on which the rest of the
sections are constructed. This is succeeded by the development of a
mission statement and requirements (section 3), and a definition of
relative parameters (section 4). The outlined specifications and objec-
tives highlight the complexity of Martian missions and the innovative
strategies necessary to overcome challenges, providing insights into the
potential outcomes of employing an aerobot in Mars exploration, and
emphasising the advancements and challenges involved in planning and
executing missions beyond Earth. A generalised methodology rooted in
simplified momentum theory (section 5) is explained that enables the
calculation of the required flight power of diverse Martian rotorcraft
configurations, including overlapping rotors. Likewise, a methodology
for the initial sizing of battery-electric aircraft (section 6) is introduced
which inputs the flight required power to estimate the required battery
mass and hence, provides insights into determining the total mass of the
rotorcraft. After the description of the methodologies, study cases for
parametric analysis are established (section 7) by forming a basic flight
profile mission and locking necessary parameters to perform analysis on
a single conventional helicopter, coaxial rotorcraft, and three created
cases of tandem rotorcraft configurations. Subsequently, the results are
demonstrated from the analysis performed (section 8) using the above-
mentioned methodology to examine the relationship between rotor disk
size and the power demands for hover, vertical climb, and forward flight
across the selected rotorcraft configurations in the Martian environ-
ment. The insights from the rotorcraft power requirement analysis allow
for the identification of the most power-efficient configurations for
aerobot design. However, certain theoretical optima may introduce
complexities due to design constraints, a factor pivotal in the selection
and refinement of these configurations. Hence, based on this analytical
approach the most suitable rotorcraft design is rationalised and short-
listed for the preliminary sizing (section 9).

2. Framework for preliminary Martian rotary VTOL aerobot
design methodology

The flow chart in Fig. 1 illustrates the framework of the systematic
methodology proposed and applied in this research for the preliminary
design of future rotary VTOL Martian aerobots. The methodology is
generalised with the aim of developing a rational case for the design of a
Martian aerobot customised to a specific mission. Interplanetary space
missions, given their complexities and one-shot nature with minimal
margin for error, are inherently high-stakes operations. Any proposed
advanced solution addressing current space exploration challenges must
align with the existing state-of-the-art space infrastructure, as a
mismatch could result in lengthy implementation timelines and render
the solution obsolete before it can be deployed. Therefore, the first step
in the framework is to identify the mission aim for the future aerobot,
which should align with the priorities of global space agencies for up-
coming Mars exploration missions. The second step is choosing a
possible landing site that meets the engineering constraints and scien-
tific goals and requirements set by the Mars scientific community. The
next stage is to define the top-level mission profile for the operation of
the aerobot. The subsequent step is to determine the flight operations
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«Identifying mission aim

*Selecting a landing site for spacecraft

*Defining the top level mission profile for the aerobot
*Determining flight operations and profile for the primary mission
«Setting performance criteria for the aerobot

*Specifying key parameters

«Establishing rotary VTOL aerobot configuration cases for analysis

»Conducting a trade-off study on the established configurations
through parametric performance analysis

* Performing initial sizing on the shortlisted designs

*Calculating the empty mass of the aerobot by specifying structural
material and subsystem components

- — o ——

«Iterating steps 7 to 11 until a desirable aerobot configuration merges

Fig. 1. Flow chart of the framework for the preliminary Martian aerobot design
methodology.

and profile for the primary mission. Setting the performance criteria for
the aerobot will follow as the fifth stage in the design. The sixth step in
the process is to specify the localised values of the key parameters that
are essential for the flight of the aerobot.

The seventh step in the flow chart is to establish possible rotary VTOL
aerobot configuration cases, along with specifying all the parametric
values required for the performance analysis. The next stage is to
perform the parametric performance analysis based on the methodology
explained in section 5 for estimating the required flight power of
rotorcraft configurations. In this eighth step, a trade-off study is con-
ducted based on the results. The ninth step is to perform initial sizing on
the shortlisted designs using the methodology explained in section 6 for
the initial sizing, given it is a battery-electric aircraft. The second-last
step is to calculate the empty mass (mass exclusive of payload and
fuel) of the aerobot by identifying the components and materials of the
structure of the whole system. Once the empty mass is determined, it
will be utilised to balance the initial sizing equation. The outcome is
unlikely to be desirable the first time and thus, it would require step 11
which is an iteration of steps 7 to 11 until an acceptable outcome is
achieved. The subsequent sections provide detailed explanations and
methods for each step using an example case, except for step 10, which is
beyond the scope of this paper.

3. Mission statement and requirements

The first 5 steps of the framework for preliminary Martian aerobot
design introduced in Fig. 1 are exemplified in this section by forming a
mission scenario supported by relevant tools and methodologies. Start-
ing with the identification of the mission aim and the justification of the
selected landing site of the spacecraft, the top-level mission profile is
defined using a mapping tool. Next, the flight operations and profile are
determined based on the primary mission profile and current standard
capabilities of an aerial drone in the Martian environment. Subse-
quently, the performance criteria of the potential Martian aerobot are
framed by comparing its capabilities with those of recent mobile
spacecraft operating on Mars’ surface.
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3.1. Mission aim identification

For over a decade, the Mars sample-return mission has remained a
primary focus for NASA, ESA, CNSA, JAXA, Roscosmos, and other global
space agencies. This mission not only enhances human understanding of
Martian astrobiology but also lays the groundwork for future human
exploration on Mars [22]. To mitigate mission risks and optimise sci-
entific output, selecting a previously investigated region for the
sample-return mission is imperative [23]. An aerial robot on the Martian
surface, equipped with advanced scientific surveillance capabilities and
significantly greater speed than a rover, stands as a crucial asset,
accelerating the safe and efficient execution of the Mars sample collec-
tion mission. Therefore, the mission aim for this research project is to
generate high-resolution aerial mapping of the area and mark potential
experimental/sample collection points for future rover missions using a
reusable VTOL aerobot.

3.2. Mission location requirement and justification

The design of the Martian aerobot must be adapted for the selected
mission region. There can be numerous mission zones that can have one
or more distinct territorial characteristics such as plains, highlands,
arctic poles, underground caves, steep hills, and deep valleys. The se-
lection of a landing site first requires fulfilling the criteria of engineering
constraints and safe Entry, Descent, and Landing (EDL), as well as
operation of the spacecraft. Post fulfilment of engineering constraints,
the focus shifts to identifying scientifically significant sites. The Mars
scientific objectives revolve around the major science goals; namely life,
climate, geology, and preparation for human exploration, that are set by
NASA’s Mars Exploration Program Analysis Group (MEPAG) [24]. One
of the ways to understand the selection of the landing site process is to
look at the engineering parameters and requirements, particularly for
sky crane-based EDL, alongside the science objectives of recent Mars
missions such as the Mars 2020 mission (summarised in Table 1). Jezero
Crater was selected from a database of 55 candidate landing sites for this
mission because of its astrobiological importance while meeting engi-
neering constraints.

The selected landing site on Mars for this study is the Southwestern
(SW) Melas Basin within Valles Marineris which is the largest canyon
system in the solar system (see Fig. 2a). Although ranked among the top

Table 1
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8 sites for previous NASA missions by planetary scientists [22], it was
often rejected due to its rugged terrain and the extensive distances
required to reach specific scientific locations [4]. However, now EDL in
such terrain is possible because the Mars 2020 mission incorporated two
new technologies, Range Trigger and Terrain Relative Navigation, for a
precision landing in rougher terrain [25]. Accessing the designated
Regions of Interest (ROIs) highlighted in Fig. 2b, such as delta and hy-
drated silica deposits, would require a rover drive of approximately 6
km, with travel times of less than 50 sols (Martian day) with a driving
efficiency of 35-75 m/sol estimated in Ref. [22]. However, these eval-
uations were overly optimistic, as the actual driving efficiency observ-
able from the Perseverance rover track record indicates values of <25
m/sol [26]. Thus, employing an aerial drone to map routes to ROIs aims
to enhance rover driving efficiency, underscoring the necessity for a
functional Martian aerobot equipped with scientific instruments in
future.

3.3. Top-level mission profile definition

Valles Marineris extends over 4000 km, covering about one-fifth the
circumference of Mars, with some parts running as deep as 7 km and as
wide as 200 km [27]. Fig. 3 shows the mission operation profiles,
including the estimated pathway of the aerobot and traverse distance
calculated using JMars 5, a publicaly available geospatial information
system (GIS) software [28]. The overall mission can be divided into
three geographical sub-missions, marked with magenta, orange and
yellow lines, that enable comprehensive coverage of the expansive
canyon region systematically. This hierarchical approach aims to pro-
gressively boost confidence in the capabilities of the aerobot. Notably,
other sections of the canyon, like East Melas Chasma, are among the 55
candidate landing sites [22]. The fundamental design of the aerobot is
required to be based on the primary mission, which also includes the
demonstration phase. Although, the longevity history of the spacecrafts
that have landed successfully on Mars has shown that these do surpass
expectations and carry on the scientific investigation for many years.
Hence, the secondary and extended missions of an aerobot can be a good
practice to be added to the list of design considerations. The definition of
mission in terms of time and distance sets the foundation of the pre-
liminary design and function of the aerobot. The primary mission of the
aerobot would be to explore the SW Melas Basin, traversing a total of

Summary of Mars 2020 mission landing site engineering constraints & safety criteria, and main scientific objectives [22].

Engineering Parameters Landing Sites Science Objectives

Requirements

Latitude 30°N to 30°S (due to Perform Geology: Analyse the geological processesina  Enabling Potential Sample Return: Collect
surface thermal thorough in- selected Martian area linked to ancient the future scientifically chosen samples with
limitation) situ science environments and diverse geology, documented context, highlighting

Elevation <—0.5km (Relative to indicating potential astrobiological astrobiological importance and site
datum) importance. geological diversity.

Landing Ellipse <16.0 km (West-East)

14 km (North-South)
Rock Height <0.6m
Terrain Relief/Slopes (length scale) 2-10 km:
<20°
1-1000 m: <100 m
relief

Radar Reflectivity
Load Bearing Surface
Atmosphere

Surface Winds for
Thermal Environment
for Rover Science
Operations

Ka band reflective
Not dominated by dust
Up to 25m/s
horizontal and 20 m/s
vertical winds during
EDL

During Operation:
<15m/s (steady)
<30m/s (gusts)
Non-Operation
(sleeping):

<40 m/s (steady)

Astrobiology: Evaluate the habitability of a
historic Martian setting, examine materials
conducive to preserving signs of life, and

Human Exploration/Technology: Aid in
preparing for Mars human exploration by
addressing key knowledge gaps

search for potential evidence of past life.
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Fig. 2. a) Map showing SW Melas basin (red spot) in Valles Marineris. Cropped Topographic Map of Mars (M 25M RKN) by USGS 2003 based on data from the Mars
Orbiter Laser Altimeter, an instrument on NASA’s Mars Global Surveyor. b) Close-up of SW Melas Basin perches on the southwestern rim of Melas Chasma, with two
ROI (red dots). The white outline (not to scale) is the 9.7 x 8.7 km landing ellipse centred at - 9.81° N, - 76.46° E, elevation —1.92 km [22]. Image created using
JMars 5 (GIS) [28]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Color

@
”7
@

Name Distance (km)

Primary Mission 105.11
Secondary Mission 1,494.45

Extended Mission 2,503.98

Fig. 3. Mission profile map showing Valles Marineris created in JMars5 (GIS) [28]. The green and red dots on each mission profile line depict the start and finish,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

~100 km, in the first ~30 sols after deployment. The secondary mission
would explore the boundary of Melas Chasma, traversing a total of
~1500 km, in the next ~450 sols. The extended mission would explore
the in-between of Melas Chasma and Coprates Chasma, traversing a total
of ~2500 km, in the next ~750 sols. From this specified mission plan
further specifications and parameters can be derived.

3.4. Flight operations and profile definition

Terrestrial mid-level electric battery-powered aerial drones
commonly sustain an average flight time of ~20 min, while high-end
consumer drones typically achieve ~30 min, with exceptions in some
advanced drones and fixed-wing aircraft that can fly for several hours
[29]. The flight duration on Mars is limited to short bursts due to the
necessity of ensuring a sufficiently charged helicopter battery to avoid
electrical issues during high-power manoeuvres. Effective energy man-
agement on Mars is important, with much energy allocated for tem-
perature control, posing flight endurance challenges due to poor thermal
dissipation in the thin Martian atmosphere [30]. The 20-min commu-
nication delay between Earth and Mars hinders real-time monitoring
[31], relying on Earth station commands for aerobot navigation,
limiting daily flights. Consequently, flight activities may occur inter-
mittently, with much mission time devoted to tasks like charging, data
transmission, and flight planning.

According to the primary mission objectives, the aerobot aims to
traverse 100 km in 30 sols, translating to a total of 10 sols allocated for
flight, with one sol dedicated to flying and two sols for data transmission
and planning. This arrangement results in a range of 10 km per sol for
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Cruise
Range = 10 km

Altitude

1 km

Flight Time = 5-10 mins

Vertical Take-off Vertical Landing

Fig. 4. Flight specifications and profile of an aerobot for the proposed
Mars mission.

flight operations. Flight time range can be between 5 and 10 min,
depending on the capability of the aircraft. A flight altitude of 1 km is
selected, as aerial mapping at this altitude will ensure extensive
coverage to bridge the gap between satellite and rover imaging. Fig. 4
summarises the selected specifications of the flight profile at which the
aerobot would fly normally in pursuit of completing the missions
defined above.

3.5. Aerobot’s performance criteria establishment

A concise comparison between the Perseverance Rover, Ingenuity
Helicopter, and the Potential Aerobot is presented in Table 2, outlining
their mobility capabilities and mission-related requirements. The
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A comparison of requirements and capabilities between Perseverance Rover [26], Ingenuity Helicopter [2], and the Potential Aerobot (PA) according to the mission
specification. Mars 2020 mission data is based on its completion of 1000 sols on Mars. 1 Martian year = 668 sols.

Metrics Mars Spacecrafts

Perseverance Rover

Ingenuity Helicopter Potential Aerobot (PA) PA times (x) to

Rover Ingenuity
Distance travelled per Martian year (km) 15 10 2227 149 222
Predefined Traverse Speed (m/s)" 0.04 2 22 556 11
Mean Operational Range per sol (km/sol) 0.022 0.015 3.33 149 222
Mean Number of Flights per Martian year (flights/yr) NA 45 223 NA 5
Mean Operational Range per flight (km/flight) NA 0.23 10 NA 44
Mean Operational Endurance per flight (min) NA 1.5 7.5 NA 5

@ Traverse speed of PA is based on the average flight time (i.e. 7.5 mins).

Potential Aerobot (PA) represents a hypothetical case study within the
mission scenario, designed to evaluate the feasibility of long-range aerial
exploration while offering comparative insights against existing ground
systems on Mars. Notably, the Potential Aerobot demonstrates capabil-
ities exceeding those of the Mars 2020 mission, which included both the
Perseverance Rover and the Ingenuity Helicopter. Top-level perfor-
mance requirements result from this comparison of a non-exhaustive list
of metrics, which then inform the preliminary design of the aerobot.
Compared to the rover, the Potential Aerobot can approximately cover
150 times more distance per Martian year and per sol on average, with
about 550 times greater specified traverse speed, marking a significant
advancement. When compared to the Ingenuity Helicopter, the Potential
Aerobot’s traverse speed is 11 times greater. However, it can be noticed
that Ingenuity covered far less distance per Martian year than the rover.
This inconsistency arose from the helicopter’s lack of an independent
communication system and its confinement to the vicinity of the
Perseverance Rover, which restricted its mobility. Conversely, the Po-
tential Aerobot is intended to possess higher traverse speed and fully
equipped communication and navigation systems, enabling multiple
long-range flights. As the design progresses, additional metrics for per-
formance criteria will be necessary to delve into more specific design
considerations.

4. Specification of key parameters

Specifying the parametric values that are central to the flight per-
formance of the aerobot is the sixth step in the preliminary Martian
aerobot design framework (Fig. 1). This section discusses methods and
tools utilised to determine the values or a set of values of parameters
such as air density, air viscosity, flight speed, rotor spin rate and
rotorcraft size constraints. The key parameter upon which most of the
aerodynamic calculations of the aircraft depends is the air density at
which it will typically fly. The variation between air densities appears
negligible, but a minute change can significantly impact the flying
capability of rotorcraft in low-density environments like Mars. For
instance, NASA’s Ingenuity helicopter’s thrust margin could drop from
30% to 8% with a slight decrease in air density from 0.0145 kg/m? to
0.012 kg/m?® [34]. To compensate, the rotor speed must be maximised,
leading to challenges such as encountering higher Mach numbers and
addressing structural resonances. This highlights the sensitivity of
rotorcraft operations to changes in air density, underscoring the
requirement for precise measurements and adaptation of Martian
rotorcraft designs to local atmospheric conditions for reliable perfor-
mance. Overly optimistic values could falsely indicate superior perfor-
mance in the aerobot design process, while overly conservative values
may limit the demonstration of its full potential.

4.1. Approaches to local air density determination
Three approaches are presented to determine the air density on Mars

for the design of the aerobot. The first approach provides the most
generic estimate using the mean surface air density, which is 0.02 kg/m®
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on Mars [32]. This value reflects an overly optimistic atmospheric
condition because regional air density depends on location and altitude
from the datum (sea level), and varies across seasons and time of day.
The second method for determining the air density involves a more
specific approach based on NASA’s Mars atmospheric mathematical
model, which considers altitude effects and consists of separate equa-
tions for the lower atmosphere (<7 km) and the upper atmosphere (>7
km) [33]. In both zones, the temperature decreases linearly, and the
pressure decreases exponentially with respect to the change in altitude.
By inserting the desired altitude (H) value, measured above the ground,
into Eq. (1) and Eq. (2), both temperature (T) and pressure (p) can be
estimated, respectively. Different values of constants a and b are used in
equations for the lower and upper atmosphere zones in Eq. (1) to
determine temperature. Air density (p) is then calculated using Eq. (3)
by inputting the corresponding values of temperature and pressure.

Tcelsivs = —a@ — bH7 (@)
-H
p=poe /Ho, @
p
= , 3
p R(TQ) 3

where Tcesius (°C) is the temperature on Celsius scale; H (m) is the
altitude from the ground; p (kPa) is the atmospheric pressure; p (kg /m?)
is the air density; a (°C) is a temperature intercept constant (=31 °C
when H <7000 m; = 23.4 °C when H >7000 m); b (°C /m) is a lapse rate
constant (=0.000998 °C/m when H <7000 m, = 0.00222 °C/m when H
>7000 m); po(kPa) is a reference pressure constant (=0.699 kPa); Hy
(m) is an atmospheric scale height constant (=11111.1 m); R (kJ /kg /K)
is a gas constant (=0.1921 kJ/kg/K); Tk (K) is the temperature on Kelvin
scale (= Tceisius + 273.15)

Continuing with the case study developed in the previous section 3,
the Potential Aerobot requires flying from O to 1 km altitude according
to the standard flight profile (Fig. 4). Applying this mathematical model
at the surface (H = 0) and 1 km (H = 1000) altitudes yields an air density
of 0.015 kg/m® and ~0.014 kg/m?, respectively. These values are rather
overly conservative estimates because although the model considers
altitude effects, it does not account for atmospheric variations related to
regional attributes such as datum level, seasons, and time of day.

The third technique for a more precise estimate of the local air
density involves the utilisation of the Mars Climate Database (MCD
Version 6.1) software [35]. This method requires additional knowledge
about the red planet and inputs such as time of flight. Mars’ calendar
year has 12 months, which can be of varying numbers of sols depending
on the solar longitude (Ls), which is a measure of the eccentric orbital
position of Mars from the Sun. The span of 30 in Ls represents a month
and the season on Mars changes after each 90" span, starting from the
Northern Hemisphere’s spring equinox (Ls = 0°) [35]. When applying
this method to the Potential Aerobot mission scenario, the air density is
estimated by taking the average of Mars regional air density spread
across one Martian year with MCD’s standard climatology scenario, for
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the altitude of up to 1 km from the surface of SW Melas Basin. For a
solar-powered autonomous aircraft, optimal flight times typically lean
towards later in the day, allowing solar panels to recharge the battery
after overnight heater use. However, a conservative local flight time of
around 11 a.m. is used on Mars for regions in the middle latitudes, as
delaying too long risks subjecting the rotorcraft to intensified winds due
to increased solar heating in the lower atmosphere [30]. The MCD can
present air density data output in two formats: a range presentation or
distinct curves, as illustrated in Fig. 5. The graph in Fig. 5a depicts a
visually coloured presentation of air densities over the range of 0-1000
m altitude at the 11th hour at SW Melas Chasma for a full Martian solar
longitude range based on the climatology average solar scenarios.
Conversely, Fig. 5b shows two distinct curves of air densities at 0 m and
1000 m altitudes under the same set of conditions.

The MCD is a publicly available reliable source, however, a
discrepancy was found between these two graphs, as in Fig. 5b the
maximum value of air density is about 0.0178 kg/m> (at 60  Ls and
altitude 0 m), whereas in Fig. 5a it is 0.02 kg/m>. Similarly, the mini-
mum value of air density is about 0.0129 kg/m® (at 165 Ls and altitude
of 1000 m) in the graph (b), as opposed to 0.014 kg/m? in the graph (a).
Therefore, the average of the maxima and minima from both graphs is
taken first, from which the mean value 0.016 kg/m? of the air density is
determined that will be used in the initial aerobot sizing. Similarly, air
viscosity data can be extracted from MCD. The viscosity estimates
coinciding with the maxima and minima (at Ls of 60" and 1655,
respectively) of air density are taken and then averaged. Hence, kine-
matic viscosity (=viscosity/density) is used to calculate the Reynolds
number, which is required to define the accurate airfoil and streamlined
aerodynamic body of the aerobot in the later stages of the design. For the
secondary mission at East Melas Chasma (Latitude —12.22'N, Longitude
290.9°E), approximately 4 km below the datum, estimates for regional
air density and air viscosity for various altitudes above the surface can
be obtained using the same method. Air density reaches 0.025 kg/m? at
the surface, indicating potential for improved flight performance during
secondary missions.

4.2. Aerobot’s size constraints definition

Another critical parameter is the geometric restriction imposed by
the maximum allowable size of the aerobot. This constraint stems from
the dimensions of the protective heat shield required for the Entry,
Descent, and Landing (EDL) system, known as the aeroshell, which en-
cases the spacecraft during transportation to Mars. Previous successful
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NASA EDL systems, such as the Pathfinder aeroshell (1997, 2.65 m
diameter), Viking aeroshell (1976, 3.5 m), and Mars Science Laboratory
(MSL) aeroshell (2012, 4.5 m), serve as benchmarks [5]. Fig. 6a shows
the actual MSL aeroshell during testing, along with two Mars aerobot
concept studies in the literature with folding mechanisms to fit into the
Pathfinder aeroshell (Fig. 6b) and Mars 2020 mission aeroshell (Fig. 6¢).
The aeroshell size of the Mars 2020 mission was the same as that of MSL,
which is currently the largest available aeroshell. Thus, this predefined
limit sets the aerobot’s maximum dimensions at 4.5 m in diameter and
approximately 2.2 m in height. For the parametric performance analysis
(step 8, Fig. 1) of potential design configurations in the Potential Aer-
obot case study, the rotor disk size range considered, excluding any rotor
folding mechanism, spans from 5% to 100% (i.e., 0.23m-4.5m) of the
aeroshell diameter.

4.3. Rotor speed limits determination

On Mars, where the speed of sound is approximately 240 m/s [4],
operational constraints are imposed on rotor tip speed and forward ve-
locity to mitigate the formation of transonic compression waves. In
forward flight, the speed of the advancing blade is required to be
approximately three times the airspeed of a helicopter to maintain lift on
the retreating blade [36]. Typically, maximum rotor tip speed is con-
strained to be around 0.75 Mach (180 m/s). Therefore, a maximum
forward velocity of 60 m/s is proposed, aligning with one-quarter of
Mars’ average speed of sound and conforming to one-third of the
allowable maximum rotor tip speed. This means the RPM of the rotor
must adjust so that the Mach number at the rotor advancing blade tip
(M,) does not exceed the maximum rotor tip speed during the forward
flight. The term revolution per minute (RPM) is the rate at which the
rotor spins and is calculated using the following equation:

60w  60v

RPM = —=—,
2nr -’

o 4

where RPM (rev /min) is revolution per minute; @ (rad /s) is the angular
velocity; v (m /s) is the rotor tip speed; r (m) is the rotor radius.

Smaller rotors require higher RPM than larger rotors to generate a
similar amount of thrust. At the maximum permitted rotor tip speed (i.
e., 180 m/s), the RPM ranges from approximately 15000 for a 0.23 m
rotor to 800 for a 4.5 m rotor. Ingenuity, with a 1.2 m rotor disk, had a
maximum allowable RPM of ~2800 [30].
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Fig. 5. The graphs show air density over the altitude above the local surface of SW Melas Chasma (Latitude —9.81N. Longitude 283.5E.) at a local time of 11.0 h,
spread over the full range of Martian Solar Longitude. a) altitude range of 0 m-1000 m. b) at altitude 0 m and 1000 m. MCD_v6.1 with climatology average solar

scenario [35].
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4 bladed, droop fold

Fig. 6. a) Mars Science Laboratory aeroshell during testing (2011, size 4.5 m). Credits: NASA/Kim Shiflett. b) Folding option for coaxial helicopter concept in
Pathfinder Aeroshell (size 2.65 m) [5]. ¢) Winged VTOL concept CAD model called FuMAD, folded and packed in Mars 2020 mission aeroshell (size 4.5) [37].

5. Methodology for estimating required flight power of
rotorcraft configurations

The section introduces a generalised methodology derived to esti-
mate the power requirements of various rotorcraft configurations for the
conceptual design of a next-generation Martian drone. This estimation is
important for the trade-off analysis (step 8 of the design framework
illustrated in Fig. 1), later applied in sections 8 and 9 to select an
appropriate configuration for the Potential Aerobot (the hypothetical
case study) on Mars. The analysis uses conservative values for most of
the coefficient-type variables. Fig. 7 depicts possible configurations with
single and dual rotors, extensively utilised as VTOL aircraft for terres-
trial applications. A standard/conventional helicopter is equipped with
a single main rotor situated on top and a tail rotor positioned at the rear.
While the main rotor provides lift and propulsion, the tail rotor coun-
teracts the torque generated by the rotation of the main rotor.
Conversely, a coaxial helicopter features two rotors aligned on the same
axis, rotating in opposite directions, eliminating the need for a tail rotor.
This design enhances stability and manoeuvrability. Tandem rotorcraft
have dual main rotors, one placed in front of the other on the same body.
This configuration offers substantial lift capacity and efficient load-
carrying capabilities. Side-by-side rotorcraft have multiple rotors posi-
tioned next to each other, typically on the same horizontal plane. This
category includes versatile configurations like tiltrotors and tiltwings,
allowing for both hovering and forward flight. Quadcopters and hexa-
copters, types of multicopter, feature four and six rotors, respectively,
and are well-known for their simplicity, stability, redundancy, and ease
of control. This paper focuses on estimating the power requirements and
comparing configurations, including conventional rotorcraft, coaxial

Hgle »

Conventional Coaxial

Med )’mldem

Side-by-side

Fig. 7. Illustration of existing rotorcraft configurations: Single Conventional,
Coaxial, Tandem and Isolated Side-by-side rotors.
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rotorcraft and tandem rotorcraft.

5.1. Single rotor conventional rotorcraft

For a reusable Martian aerobot to achieve successful flight, its ability
to execute vertical takeoff and landing (VTOL) is critical, as runways are
unavailable on Mars. This capability hinges entirely on the rotary pro-
pulsion system of the rotorcraft. Momentum theory is utilised to esti-
mate the power (P) consumption of the rotor during hover, vertical
climb, and forward flight. This theory assumes that spinning rotor blades
act as an actuator disk with minimal thickness and a specific disk area
(S). The model also assumes a uniform airflow across the rotor disk and
instantaneous energy transfer to the airflow. Additionally, factors like
airfoil profile drag losses, tip losses, and residual rotational velocities are
disregarded. To adjust for these losses, a parameter called the figure of
merit (M) is introduced. This figure (M = P jgeal/P actual) T€presents the
ratio of ideal power to actual power and serves as an indicator of rotor
efficiency. The equation provides the necessary power for vertical (vert)
climb or hover (when the climb velocity is zero), specifically formed for
a conventional helicopter [36].

fW/S> .

P _ WVclimb
(Vert Climb or Hover) — M 2[)

2

)

|: (1 + P tail rotor / P, main rotor)
mechanical

(5)

where P (Watt) is the power required; W (N) is the rotorcraft weight
(=mg, where m (kg) is the mass of the rotorcraft and g (m /s?) is the
surface gravity acceleration on Mars for the sake of this paper); S (m) is
the rotor disk area; M is the figure of merit; Vcjimp (m /s) is vertical climb
velocity (=0 for hover); f is the adjustment for downwash on the fuse-
lage (=1.06 typically); p (kg/m?3) is the local air density on Mars;
Nmechanical 1S Mechanical losses adjustment due to driving of the tail rotor
(=0.97 typically).

The calculated total power encompasses the power requirement for
the tail rotor as well. Generally, the ratio of power needed by the tail
rotor to that required by the main rotor (Pyj rotor/Pmain rotor) Tanges be-
tween 0.14 and 0.22, as tail rotors usually have a diameter of approxi-
mately 15-20% of the main rotor’s diameter [36].

During forward flight, the rotor functions similarly to a circular
wing. The aspect ratio of such a wing stands at 4/z, featuring an
equivalent Oswald efficiency factor between 0.5 and 0.8, based on
empirical observations [36]. The Oswald efficiency factor defines the
efficiency of the wing concerning induced drag and is calculated as the
ratio between the wing’s induced drag coefficient to that of an equal
aspect ratio elliptic wing at the same lift coefficient. Parasitic drag can
be quantified using the drag area (D /q), where ’ g’ denotes the dynamic
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pressure. The following equation integrates these elements to generate
required power approximations for forward climb or level flights [36].

P(ewd g, or Fvdiva)
_ {V
=l
where V (m/s) is the forward flight speed; y (Deg) is the climb path
angle (=0, when levelled); g (Pa) is the dynamic pressure; e is the
equivalent Oswald’s efficiency factor (=0.5 to 0.8 typically); D/ ¢ (m?)
is the component drag area; 7, is the propeller efficiency (=0.6 to 0.85
typically).
In this equation, W sin(y) represents the climb component, contin-
gent upon the climb path angle y (which is O for level flight). The rotor,
while generating lift, also serves as a propeller for forward propulsion.

Hence, to provide a reasonable estimate of the rotor in forward thrust,
the propeller efficiency factor 7, is incorporated into the calculation.

(1 + Ptail rotor/Pmain rotor) (6)

{aw/a)+ g+ wsinin ]| ,

Tmechanical

5.2. Coaxial rotorcraft

In a traditional helicopter setup, the primary function of the tail rotor
is to counteract the torque produced by the rotation of the main rotor. It
is achieved by generating an opposing thrust force, effectively balancing
the torque. An alternative solution is to use another similarly sized rotor
that spins in the opposite direction. This secondary rotor generates
thrust parallel to the main rotor, offering the added benefit of increased
lift. This concept is employed in the coaxial rotorcraft configuration,
where two rotors are situated on the same shaft within a more complex
hub arrangement. This configuration may suggest a doubling of the lift
force; however, the close proximity of the rotors results in the loss of
some lift due to airflow wake interference. Theoretically, when the two
rotors entirely overlap, known as a 100% overlapping case with zero
vertical separation, the overlapping interference factor (K,y) raises
power consumption by \/2, or approximately 41%, compared to two
isolated rotors that are unaffected by the upper rotor’s wake [38]. When
the rotors are aligned without any vertical spacing in a coaxial setting, it
is termed an equivalent single rotor. This equivalent single rotor equates
to a system of smaller paired rotors with identical total thrust and total
projected area (disk loading). This equivalence is due to their shared
rotor solidity, defined as the ratio of total blade area to total disk area
[39].

In practical applications, coaxial rotor systems maintain a physical
separation between the two rotors. With increased vertical separation,
the wake of the upper rotor affects a smaller area of the lower rotor,
leading to a reduction in the overlapping interference factor (Koy). For
instance, with large separation (indicated as LS in section 8), typically
around 10% of the rotor diameter, the K,, decreases to 1.281 under the
assumption of uniform disk loading [38,39]. Hence, to calculate vertical
climb and hover power for a coaxial rotor system with equally sized
rotors sharing the total rotorcraft weight, Eq. (5) is adjusted by multi-
plying it by the overlapping interference factor (K,y), resulting in Eq.
(7). Similarly, Eq. (6) for a forward flight of a traditional helicopter is
adapted to form Eq. (8) for a coaxial helicopter [38].

b _ W fW/S | WVaim, 2 Qe
(Vert Climb or Hover) ( 2 \/i ) M zﬂ 4 Monechanical ov
(7)
1% W2 Wsin(y) 2
Prwdy,, or Fw =|— D ov
(Fredaim O i) |:’7p {q( /q) * 166qS 2 }:| |: ”mechanical:| [K ]
(8

In this configuration, there is no tail rotor; instead, a second rotor is
utilised. Consequently, the ratio of power required by the two equal-
sized rotors (Psecond rotor/Pmain rotor) becomes 1.
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5.3. Isolated rotors (non-overlapping rotors e.g., rotorcrafts with side-by-
side rotors)

The K,y factor, signifying the degree of overlapping interference
between two identically sized rotors, changes from \/ 2 to 1 when the
shared area between them in the same plane shifts from full to zero. In
the latter case, these rotors essentially function as isolated entities.
Although there might be a minor degree of either beneficial or detri-
mental interference when there is a vertical separation between the
rotors without any overlap, this aspect is usually disregarded in pre-
liminary studies [38,39]. For example, one subtype of side-by-side rotors
is transverse rotorcraft, including tiltrotors and tiltwings, where smaller
rotors are mounted horizontally on the tips of side wings or an extended
support frame of the fuselage. Typically, these smaller rotors are posi-
tioned to avoid overlap and function similarly to isolated rotors. During
the cruise flight, they transition into forward propellers. In scenarios
involving configurations with multiple non-overlapping rotors, Equa-
tions (5) and (6) can be modified to accommodate a multirotor system
with an ‘N’ number of equally sized rotors. In such an arrangement, the
total thrust required for the rotorcraft is assumed to be evenly distrib-
uted among all the rotors, as described in Equations (9) and (10).

P . - w fw/s n WVaiimp N ©
(Vert Climb or Hover) (N \/N ) M 2p oN Neechanical
w2 Wsin(y)H { N }
P(rwdgim or Fwi il D
(Fwdejimp o Fwdieve) |:I1p {q( /@) + (N2)4€qS+ N Nmechamical
(10)

However, in forward flight setups where the rotors align in front of
each other, there is an additional downwash effect generated by the
front rotor onto the rear rotor. To estimate the actual power required,
this downwash must be considered and factored into the rear rotor/s
[38], as explained in subsection 5.4 about the tandem rotorcraft. As
there is no tail rotor in this configuration, but all equally sized rotors,
thus the segment [1 -+ (Pl rotor /Prmain rotor)] Of the original equation is
replaced by [N] in the modified equation to reflect the number of rotors
involved.

5.4. Rotorcraft with partial overlapping rotors (e.g., tandem rotorcraft)

The longitudinal configuration of a tandem rotorcraft involves
aligning two equal-sized rotors along the fuselage, with one rotor situ-
ated in front of the other. The theoretical analysis of this setup resembles
that of coaxial rotors as it generally includes a certain degree of over-
lapping disk area, determined by the horizontal gap between the rotors.
Maximum tandem overlap occurs when one rotor’s blade tip touches the
hub centre of the other rotor. Therefore, the initial assessment for ver-
tical climb or hover power in tandem rotors employs the same equation
Eq. (7) as used for coaxial rotors. However, the determination of the
overlapping interference factor (K,y) in a tandem configuration is
influenced by the ratio (d/D), representing the horizontal distance (d)
between the two rotor axes and the rotor diameter (D), as illustrated in
the tandem rotor configuration top view in Fig. 8. When the rotors are in
the same plane (i.e., no vertical gap between rotors), demonstrated in
Fig. 8 side view (a), Koy can be approximated using Eq. (11) [38]. In
scenarios where rotors operate in separate planes (side view (b), Fig. 8),
and the lower rotor functions within the contracting wake of the upper
rotor, determining the overlapping area necessitates numerical inte-
gration to ascertain a solution for Ky.

26 (-7)6)
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In forward flight estimation for tandem rotorcraft, the downwash
from the front rotor affects the rear rotor, which requires calculation and
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Fig. 8. Schematic illustration of tandem rotors overlapping area showing a generic top view and side view of rotors in the (a) same plane and (b) separate planes.

(Not to scale).

must be added to the power loss. For preliminary theoretical analysis,
this downwash (dw) is presumed to reach the maximum value of the
overlapping interference factor (max K,, = Ka) [38], calculated as
1.134 with maximum tandem overlap using Eq. (11). Therefore, the
total power (P) required for forward flight is described in Eq. (12) [38].
For initial assessments, it is assumed that the two equally sized rotors
generate identical thrust and thus, necessitate equal power. Hence, this
expression is formulated in Eq. (13), where the total power of two iso-
lated rotors is halved, and then one-half is multiplied by the downwash
factor.

P(Forward) = PFront Rotor T PRear Rotor (de)7 (12)

1
P(Forward) = (1 + de) 7P2 IsoKov )

5 (13)

where P, 5, (Watt) is the required forward flight power of rotorcraft
with 2 isolated rotors; Kg, is the downwash factor (=1.134); K, is the
overlapping interference factor (=1, when no overlapping).

When there is an overlap between the rotors, equations (7) and (13)
incorporate the parameter K,,, which is calculated using Eq. (11), to
estimatehover, vertical climb and forward power, respectively. How-
ever, in scenarios where there is no overlap between the rotors, such as
in non-overlapping same-plane tandem rotors, the K,, factor is either
omitted or the value is set to 1 in equations (7) and (13). This adjustment
is necessary because using Eq. (11) for K, estimation is invalid when
there is no overlap between the rotors.

Additionally, side-by-side rotor configurations with overlapping ro-
tors can utilise a comparable approach to evaluate the overall power
required. One such configuration is the synchropter, characterised by
two counter-rotating rotors set at outward-tilting angles and a single
gearbox to prevent blade collisions. This configuration would require
numerical integration, and, for this reason, it is not considered a viable
configuration for this study. Each of these rotorcraft configurations
possesses distinct characteristics and aerodynamic considerations, and
the selection among them is based on specific mission requirements and
design objectives [38,39].

6. Methodology for the initial sizing of battery-electric aerobot

In this section, methodologies are outlined for estimating battery
mass based on flight power requirements and conducting initial sizing
for aerobot mass estimation, essential for step 9 of the design framework
(Fig. 1). These methods are applied in section 9 using the ongoing
example study case to determine the Potential Aerobot’s empty mass.
The total mass of an aircraft at maximum take-off comprises three pri-
mary elements: the empty mass, the payload, and the fuel. In the case of
conventional fuel-powered aircraft, mass decreases progressively during

flight due to fuel consumption across multiple flight phases, including
taxiing, take-off, ascent, cruising, and descent. This decrease in mass
affects the performance of aircraft and aerodynamic properties, neces-
sitating detailed calculations for each flight phase during initial sizing
estimations. However, in the case of electric aircraft, there is no varia-
tion in battery mass during flight. Consequently, there is no need for
integration across different flight segments. Instead of fuel, the total
mass of the aircraft includes the mass of the battery (m;,). The necessary
battery mass for the flight mission is determined through the Battery
Mass Fraction (BMF), represented in Eq. (14) as the ratio of battery mass
to the total aircraft mass (my,/mg) [36].
my, o % o EP, used

BMF—""% _ b _ lued
my Wy  Egpfyysmno

a4
where my (kg) is the total take-off mass of the aerobot; my, (kg) is the
battery mass; Wy (N) is the total take-off weight of the aerobot (=mg,
where g (m/s?) is the surface gravity acceleration on Mars for this
paper); W, (N) is the battery weight; Pyeq (Watt or W) is the power
required; E (hourorh) is the known run time; Eg (Wh /kg) is the
battery-specific energy; #,,5 is the total system efficiency from the bat-
tery to the motor output shaft (=0.9 typically).

Equation (14) accounts for parameters such as the known endurance
(E) and power consumption (Pyu,q) during distinct flight segments,
including vertical climb, hover, and forward flight for rotorcraft. To
obtain the total required aircraft BMF, the BMFs for each flight segment
are summed. This method enables a comprehensive evaluation of the
battery mass required for different phases of the mission flight profile of
the aerobot [36].

When calculating the Battery Mass Fraction for electric aircraft, it is
important to later include nominal usage and discharge efficiency to
improve the precision of battery mass estimations. Nominal usage refers
to the usable portion of the battery’s capacity, as batteries are typically
not discharged from 0% to 100% to prevent degradation and extend
lifespan. For instance, operating within a range of 10%-80% state of
charge limits useable capacity to 70%, reducing stress and enhancing
longevity [40]. Discharge efficiency, defined as the ratio of energy
output during discharge to energy input during charging, also influences
battery sizing. A discharge efficiency of 95%, for example, indicates that
5% of the energy is lost, primarily as heat [41]. Incorporating these
adjustments into the BMF ensures the aircraft achieves its performance
objectives while safeguarding battery health and operational reliability.

The total aircraft take-off mass is determined by the sum of the empty

mass (m.), battery mass, and payload mass, as shown:
my=me + My + Mpayload (15)

To adjust this equation for battery-electric aerobot sizing, Ref. [36]
applied a modification to derive the following equation:
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Mpayload

— _ (16)
1- BMFtotal - %;

my

This adaptation involves considering the total Battery Mass Fraction
and the ratio between the empty mass and the total take-off mass [36].
Within this framework, the payload can encompass instrumentation or
delivery items, especially in the context of unmanned aircraft.
Conversely, the term m. comprises all the components apart from the
payload or operational batteries. This includes the propulsion system,
aircraft structure, avionics, navigation systems, and other critical com-
ponents necessary for the functionality of the aerobot, along with a
percentage contingency margin.

The initial sizing equation serves as a foundational reference,
allowing for preliminary measurements based on factors like the empty
mass ratio, payload mass (derived from statistical data or a particular
package), and the calculated Battery Mass Fraction (BMF). This equation
provides a starting point to determine the total take-off mass of the
aerobot. Alternatively, known or predetermined parameters can be used
to estimate unknown variables; for instance, the empty mass, when total
take-off mass and payload are known, and the required battery mass is
computed using calculated BMF. This iterative procedure permits mul-
tiple calculations and adjustments until a reasonably accurate estimate
aligns with the desired objectives, thereby facilitating comprehensive
preliminary design investigations.

7. Establishing rotorcraft configuration cases for parametric
analysis

As per step 7 of the framework for the preliminary Martian aerobot
design (Fig. 1), this segment establishes the potential rotorcraft config-
uration cases and sets values for all parameters, and a range for vari-
ables, in alignment with mission requirements for parametric
performance analysis for the example mission scenario developed in the
earlier sections. For rotorcraft with multiple equal-sized rotors, some
generalisations can be made. When the rotor diameter (D) equals or falls
below the half value of the maximum allowable diameter (Dpax) — the
disk size beyond which the blade would hit the hub of the other rotor —
the rotors do not overlap and are deemed isolated. Where the rotor size
is above half Dy, the rotors overlap and behave as an overlapping
tandem rotor setup, as expressed by the following equation:
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The above relationship is expressed in Fig. 9 along with the rotor hub
position (h), which represents the displacement from the reference
point/line located in the middle of two adjacent rotors (i.e., the refer-
ence line shown); which when factored by 4 gives Dp.x as shown in Eq.
(18) and when factored by 2 it estimates the horizontal distance (d)
between the two rotor hubs, Eq. (19).

Doy = 4h = 2d, (18)

d=2h, 19)
where D, (m) is the maximum allowable rotor diameter; h (m) is a
displacement from the reference point/line located in the middle of two
adjacent rotors; d (m) is the horizontal distance between the two rotor
hubs.

For the given aeroshell dome size limit (A), the rotor hub position at
which the maximum allowable rotor diameter is within the aeroshell
without requiring any folding mechanism can be deduced by the
following equation, which is valid for the rotors in tandem settings (e.g.
Fig. 11, Case 3).

h="

6 (20)

7.1. Tandem rotorcraft configuration cases formation

Tandem rotorcraft configurations can vary based on the longitudinal
positioning of the rotors atop the fuselage. For power analysis, three
cases are examined based on the structural limits of the aeroshell,
assuming the fuselage matches the maximum aeroshell size of 4.5 m.
The hubs of two equal-sized rotors are positioned at equal distances from
the middle of the fuselage at 2.25 m, 1.125 m, and 0.75 m for Cases 1, 2,
and 3, respectively as shown in Fig. 10. These positions represent
extreme scenarios for parametric analysis, with Case 1 placing foldable
rotors at the end of the fuselage with a maximum allowable diameter of
9 m, while Case 3 positions rotors to reach a maximum permitted
diameter of 3 m that fits within the aeroshell boundary, and Case 2
setting falls between these two cases, which allows rotors to a maximum
diameter of 4.5 m (Fig. 11). A summary of the defined parameters for all
three tandem rotorcraft configuration cases is detailed in Table 3. Tan-
dem Case 1 requires a folding mechanism and possibly an articulated

Dinax rotor hub system for storage within the aeroshell. Similarly, Case 2
Dnon—overlap <—x Doverlap (17) . . .
2 would demand folding mechanisms and perhaps an articulated rotor
hub system as well, if the rotor diameter exceeds 2.25 m. Contrary to
Top View
max
1
/2D Rotor Disks

Rotorcraft
Fuselage

Aeroshell
Dome
@ Rotor Hub Position

‘- Rotor Size with D,,,

(3 Rotor Size with 1/2 D, ,,
O Rotor Size less than 1/2 D,
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Rotor Disks

|
s
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Fig. 9. Schematic diagram illustrating the terms A, Dpqx, h, d. Left side image shows a fuselage of the rotorcraft within a spacecraft aeroshell highlighting the size
limit A. Right side image shows 3 different sizes of rotor disks at a fixed rotor hub position, demonstrating how changes in rotor diameter affect the degree of

rotor overlap.
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Fig. 10. Schematic illustration of three cases of tandem rotor hub positions on
the fuselage placed inside the aeroshell. (Not to scale).

this, Case 3 can utilise a rigid rotor hub system without requiring link-
ages. Notably, the practical design considerations, such as the clearance
between rotor blades and aeroshell walls or rotor hubs, have not been
factored into this theoretical analysis.

7.2. Parameters and variables finalisation

The initial sizing of the rotorcraft incorporates the total flight
mission duration based on range, cruise speed, takeoff, and climb,
presuming continuous high-power operation, initially excluding descent
and landing times to simplify analysis [36]. Therefore, the flight profile
considered in this analysis, Fig. 12, involves a 2-min ascent to 1 km
(resulting in an average vertical climb velocity (V¢jimp) of 8.33 m/s) and
a 3-min traverse of 10 km (yielding an average cruise velocity of 55.56
m/s) and vertical descent, totalling 5 min.

For the Potential Aerobot case study, the Maximum Take-Off Gross
(MTOG) mass of the aerobot for the mission is set to be 20 kg. The figure
of merit (M), typically ranges between 0.6 and 0.8 for a full-scale heli-
copter on Earth [36]; however, because of the low Reynolds number on
Mars the lowest value of 0.6 is used for this analysis as a conservative
choice. The battery specific energy (Eg) required for Battery Mass
Fraction (BMF) calculations for flight is selected to be 230 Wh/kg pack
(including battery management system), sourced from a JPL technology
forecast [5]. Concerning forward flight analysis, certain parameters are
crucial, such as the frontal area of the aircraft body. For all configura-
tions, the same frontal area comprising the fuselage, landing legs, and an
unfaired rotor hub is considered. Helicopter-specific drag data, outlined
by D. Raymer [36] in terms of drag area (D/q) per unit frontal area, is
used. This drag area data, when multiplied by the frontal area of the
helicopter, provides specific values for the drag area of each component.
The calculated total parasitic drag is subsequently integrated into the
forward flight power Eq. (6) for conventional helicopters, and similarly
included in the respective forward flight equations for other rotorcraft
configurations. While this drag data method is not precise, it is sufficient
for the initial sizing of the rotorcraft until the design matures for a
comprehensive preliminary study. The theoretical method used aligns
well with experimental data in the literature, particularly within an
advance ratio range of 0.1-0.3 [38]. The advance ratio of rotorcraft is
the ratio of its forward flight speed to its rotor tip speed. Table 4 sum-
marises the parameters and variables defined for this research used in
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Dt T Rotor Positions Case 1

Rotor Disk Rotor Disk

Rotorcraft
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Reference Line at the middle

® Rotor Positions Case 2

Max Dia 45m

—
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® Rotor Positions Case 3
Max Dia 3 m

NS

Fig. 11. Schematic illustration of the rotor positioning of tandem rotorcraft
cases 1, 2 and 3 in operational mode. (Not to scale).

Table 3

Summary of tandem rotorcraft cases
Case Rotor Folding Maximum Rotor Isolated
No. System Mechanism Diameter Position” Rotor

Type behaviour

1 Articulated Yes 9m 2.25m D<45m
2 Articulated”  Yes” 45m 1125m  D<225m
3 Rigid No 3m 0.75m D<15m

@ Rotor hub position from the center of the fuselage.
® When rotor D is > 2.25 m.

the parametric power analysis for various rotorcraft configurations
during forward flight, vertical climb, and hover phases.

8. Results and analysis

Continuing within the framework for preliminary drone design for
Mars (Fig. 1), the following stage (step 8) involves the evaluation and
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Fig. 12. Flight profile for the analysis.

selection of various rotorcraft configurations based on their power
consumption within a simplified flight envelope. This trade-off study,
conducted through parametric performance analysis, utilises the meth-
odology outlined in Section 5 to assess different configurations and
parameters introduced in the previous section (7). The objective of the
parametric analysis is to identify the most suitable configuration for the
exemplar mission outlined in Section 3, although the same approach can
be applied to any other VTOL aerobot mission on Mars. The subsequent
subsections present results and analysis in terms of power requirements
for hover, vertical climb, and forward flight segments for rotorcraft
configurations with single and dual rotors, including a single conven-
tional, coaxial rotors with large separation (LS), three cases of tandem
rotors (shown in Fig. 11) and 2 isolated rotors. These findings inform the
sizing of battery packs and, consequently, the overall mass of the
rotorcraft. Later, Section 9 will present a further discussion of the results
and the practical implications of the analyses.

8.1. Hover and vertical climb analysis

Fig. 13 shows the power demand for a Martian helicopter of
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conventional configuration plotted against the increasing diameter of
the rotor disk. As the rotor size expands, the area of the rotor disk also
increases, leading to a reduction in disk loading. Disk loading is the ratio
of the total weight of the helicopter to the area of the rotor disk (W/S).
This means that by using motor power on a larger air cross-section, the
helicopter achieves greater thrust efficiency. Consequently, when disk
loading decreases, there is a reduced requirement for battery and motor
power during hovering or climbing. This reduction in power demand
allows for a higher power loading (W/P), which represents the ratio of
the helicopter’s weight to its engine power. However, it is important to
note that while lower disk loading, associated with larger rotor blades,
can improve efficiency, it can also lead to increased weight, higher
forward flight drag, and a greater potential for encountering shocks on
the advancing blade [36], which are factors not addressed in this
research. The graph demonstrates that smaller-sized rotors consume
considerably more power than larger ones, showcasing a noticeable and
substantial decrease in power as the rotor disk diameter increases (also
discussed in Refs. [42,43]). Moreover, if the total mass of the aerobot
increases, the power required for smaller rotor disks significantly esca-
lates, whereas for larger rotor disk diameters, the power required rea-
ches higher asymptotic values. This difference is demonstrated in the
graph comparing a 40 kg to a 20 kg helicopter. Analysing the power
requisites, it is apparent that vertical climbing demands slightly more
power than hovering, as expected due to the energy needed for vertical
forward propulsion. Nevertheless, with increasing rotor disk size, the
divergence between the power demands for hovering and climbing be-
comes more noticeable over time.

Figs. 14 and 15 present graphical representations of hover power and
vertical climb power relative to the rotor disk diameter, respectively,
across various rotorcraft configurations: conventional helicopter, LS
(large separation) coaxial rotorcraft, three tandem rotorcraft cases, and
rotorcraft with two isolated rotors. It is worth noting that the extension
of power data for two equal isolated rotors beyond a rotor disk size of

Table 4

Parameters and variables used in the forward flight, vertical climb, and hover power analysis of various rotorcraft configurations.
Parameter Values Unit
Mars Mean Air Density at SW Melas Basin 0.016 kg/m>
Average Speed of Sound on Mars 240 m/s
Surface Gravity Acceleration on Mars 3.73 m/s*
Aircraft MTOG Mass, mg 20 kg
Aircraft MTOG Weight, Wy 74.60 N
Allowable Maximum Rotor Advancing Blade Tip, M, 0.75 Mach
Air Speed at Max M, on Mars 180 m/s
Traverse Range as per Flight Mission 10 km
Cruise Flight Endurance, E 3.0 min
Cruise Flight Velocity, V 55.56 m/s
Dynamic Pressure at the Cruise Velocity, q 24.69 Pa
Flight Altitude as per Flight Mission 1 km
Vertical Climb Endurance, E 2.00 min
Average Vertical Climb Velocity, Veiimp 8.33 m/s
Rotor Diameter, D 0.23 to 9.0 m
Rotor Disk Area, S 0.04 to 63.6 m?
Battery Specific Energy, Eg, 230.00 Wh/kg
Measure (or figure) of Merit, M 0.6
Mechanical efficiency factor, #mechanical 0.97
Fuselage downwash adjustment, f 1.06
Helicopter Power ratio (P rotor/Protor) 0.18
Coaxial Power ratio (Psecond rotor/Pmain rotor) 1
System efficiency battery to motor (12s) 0.9
Propeller Efficiency, 1, 0.8
Oswald Efficiency, e 0.5
Parasitic Drag Area, D/q (Front Area x Drag data) Front Area Drag Data D/q
D/q Fuselage (radius 0.15m) 7.1E-02 0.09 6.0E-03 m?
D/q Tubular Landing 4 legs (0.002 m x 0.03 m, each) 2.4E-04 1.01 2.4E-04 m?
D/q Unfaired Single Rotor (0.005m x 0.003 m) 1.5E-05 1.20 1.8E-05 m?
Downwash Interference Drag Fuselage 7.1E-02 0.02 1.4E-03 m?
Leakage & Protuberance Drag (15 % Total D/q) 1.2E-03 m?
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Fig. 13. Power required (Hover & Vertical Climb) vs rotor disk diameter — 20
kg & 40 kg Martian Conventional Helicopter.
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Fig. 14. Power required (Hover) vs rotor disk diameter — Comparison between
various 20 kg rotorcraft configurations (Helicopter, Coaxial, Tandem Cases, 2
Isolated Rotors).
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Fig. 15. Power required (Vertical Climb) vs rotor disk diameter — Comparison
between various 20 kg rotorcraft configurations (Helicopter, Coaxial, Tandem
Cases, 2 Isolated Rotors).

4.5 m is for analytical comparison with tandem rotor Case 1, rather than
for practical application. Across all configurations, vertical climbing
consistently demands more power than hovering, with this difference
progressively increasing as the rotor disk diameter grows. Among these
setups, the conventional helicopter exhibits the highest power demand.
Conversely, the power consumption of two equal-sized coaxial rotors is
lower with smaller-sized rotors, notably at a diameter of 0.23 m,
requiring approximately 9,000 Watts less power compared to the
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conventional helicopter. Similarly, other configurations demand
roughly 16,000 Watts less power for both hovering and vertical ascent at
this rotor size. At the maximum aeroshell size (corresponding to a rotor
diameter of 4.5 m), hover and vertical climb power requirements range
approximately between 1,000 and 2,500 Watts for all configurations. In
the three tandem rotorcraft cases, it is evident that before rotor over-
lapping, the power needed aligns with that of isolated rotors. The graphs
illustrate a trend where power requirements decrease in inverse pro-
portion to rotor diameter, initially decreasing rapidly and then levelling
off as rotor diameter increases. This transition in power requirement
becomes insignificant, particularly for tandem rotorcraft Case 1, with
rotor disk sizes between 4.5 m and 9 m. Particularly smaller rotor sizes
show tandem rotorcraft consuming notably less power than other
rotorcraft configurations.

Fig. 16 presents a graph of hover power required by the 20 kg
rotorcraft configurations mentioned earlier, plotted against the rotor-
craft disk loadings (W/S) on the logarithmic scale (base 2). These data
provide insight into the trend in terms of disk loading, whereas earlier
Fig. 14 showed hover required power in terms of rotor disk diameter.
The nodes or markers on the graph lines indicate the corresponding
rotor disk sizes related to the disk loading of the respective rotorcraft,
increasing in 5% intervals of the 4.5m aeroshell size, starting at 0.23 m
and going up to 9 m (particularly for the 2 isolated rotors and tandem
Case 1). Some of these disk sizes are labelled across the graph, partic-
ularly the smallest and largest sizes. The helicopter uses a single rotor of
mentioned disk size, whereas other rotorcraft use dual rotors of labelled
sizes; hence, it is apparent that the helicopter consumes the highest
power followed by a coaxial rotor with tandem and isolated rotors. It is
well established that the lower disk loading means that less power is
required to hover, however, it is interesting to note that for the given
rotorcraft weight, the rotorcraft with disk loading under 64 N/m? (rotor
disk diameter >1 m) require substantially less power when compared to
the rotor disk sizes lower than 1 m diameter. The disk loading increases
rapidly, from 60 to 2000 N/m? (approx.), as the rotor disk diameter
reduces from about 1m to 0.23 m, respectively. As shown in the previous
graphs, the single-rotor helicopter consumes more power than the co-
axial rotorcraft, while the tandem rotorcraft is the most efficient, with
the disk loading graph highlighting these differences more prominently
for smaller rotors. Similarly, a graph of the power loading (W/P) of these
20 kg rotorcraft configurations during hover is plotted against the
rotorcraft disk loading, using log scale (base 2) for both axes for better
clarity, as shown in Fig. 17. The more power-efficient the rotorcraft, the
higher its power loading, as reflected in the plot, where the tandem and
2 isolated rotorcraft configurations have higher power loading than the
coaxial, while the helicopter configuration has the lowest for similar
disk sizes. The power loading inversely decreases with an increase in
disk loading (appearing as a linear decrease on a log scale), reflecting a
reduction in rotor disk size for a given mass.

8.2. Forward flight analysis

The analysis shown of a conventional helicopter for Mars in Fig. 18
includes forward-level flight and forward climb flight at a 20-degree
climb path angle, flying at a cruise velocity of 55.56 m/s. A trend is
apparent in the graph that climbing while flying forward demands
higher power compared to straightforward forward flight. However, at
smaller rotor disk sizes, both flight modes exhibit similar power con-
sumption, with the difference becoming noticeable at and beyond a
rotor disk diameter of about 0.5 m. Unlike levelled flight, the power
requirement for forward climb flight does not decrease as significantly
with increasing rotor disk size.

Fig. 19 presents a snapshot of the required power for forward lev-
elled flight among the discussed rotorcraft configurations, up to rotor
disk sizes of 9 m. Notably, at the smallest rotor disk size, the conven-
tional helicopter demonstrates the highest and unrealistic power de-
mand, followed by the coaxial rotorcraft, tandem rotorcraft cases, and
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Fig. 16. Power required (Hover) vs disk loading (W/S - on log scale base 2) — Comparison between various 20 kg rotorcraft configurations (Helicopter, Coaxial,
Tandem Cases, 2 Isolated Rotors).
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then the two isolated rotors. However, with a slight increase in rotor disk
size, the power requirement dramatically decreases, until the reduction
in power becomes negligible from a rotor size of about 2 m onward.

Fig. 20 displays a detailed observation of the power differences
among various rotorcraft configurations for both forward level and
climb flights, setting the rotor disk diameter from 1 m on the horizontal
axis. During the forward climb of tandem rotorcraft Case 1, a notable
observation arises: after initially reaching a minimum, the required
power begins to increase as the tandem rotors start to overlap beyond a
rotor diameter of 4.5 m, influenced by the introduction of an additional
overlapping interference factor (Koy) in conjunction with the downwash
factor (Kgw). A similar trend is noted with Case 2 tandem rotorcraft but
only at the upper limit of the rotor diameter.

It is apparent that beyond rotor disk sizes of 3 m, except for the
helicopter, all other rotorcraft configurations for forward level flight
require around or under 1000 Watts of power. Conversely, for forward
flight at a 20-degree climb angle, the power requirement ranges from
approximately 2500 to 3500 Watts. Although climbing while flying
forward demands more power than levelled flight, achieving height
during forward flight is more energy efficient than vertical flight overall.
Flying closer to the ground, known as ground effects, creates an air
cushion under the aircraft, aiding in reaching optimal flight speed before
ascending, thus reducing energy losses. This analysis is performed below
the maximum allowed forward flight speed (60 m/s, refer to subsection
4.3) to prevent air shock buildup at the rotor tip speed; however, if we
experiment with increasing the forward speed further, the required
forward flight power will decrease. Additionally, a lower climb path
angle would result in less power required for forward climb flight.

Fig. 21 presents a graph depicting the power required for forward
level flight by the 20 kg rotorcraft configurations, plotted against
rotorcraft disk loading (W/S) on logarithmic scale (base 2). This analysis
parallels the hover power analysis shown in Fig. 16. While Fig. 19
illustrated the power requirements for forward level flight as a function
of rotor disk diameter, this data provides insight into the trends relative
to disk loading. It is apparent from this disk loading graph that for
smaller rotor sizes, helicopter configuration becomes significantly more
inefficient during cruise than in hover when compared to other config-
urations. Additionally, the tandem configuration consumes more power
during the forward flight compared to the ideal two isolated rotors, a
contrast to the hover segment shown in Fig. 16. This loss in performance
is attributed to the downwash interference experienced by the rear rotor
from the wake of the front rotor, as described in Eq. (12). Similarly,
Fig. 22 shows a graph of the forward level flight power loading (W/P) of
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these 20 kg rotorcraft configurations plotted against the rotorcraft disk
loading using logarithmic scale (base 2) for both axes for better clarity.
The trends observed are similar to the hover power loading graph
(Fig. 17) such that the helicopter has the lowest power loading, followed
by coaxial rotorcraft, tandem and then the rotorcraft with the 2 isolated
rotors.

Fig. 23 illustrates the relationship between power required and rotor
disk diameter for three rotorcraft configurations (Helicopter, LS Coaxial,
and Case 1 Tandem) operating in Martian atmospheric conditions at two
densities, 0.013 kg/m? and 0.025 kg/m®. These density values account
for seasonal and altitude-based variations discussed in Section 4.1, with
the lower density corresponding to the primary mission location at SW
Melas Chasma during the summer season and the higher density
reflecting the secondary mission location approximately 2000 km lower
in elevation during winter. The data corresponds to forward level flight
at a velocity of 55.56 m/s. Across all configurations, the power required
decreases as rotor disk diameter increases, driven by improved aero-
dynamic efficiency resulting from reduced disk loading with larger rotor
sizes. The Helicopter configuration consistently demonstrates the high-
est power requirements, particularly under the lower density condition
of 0.013 kg/m?, highlighting its relatively lower efficiency. In contrast,
the LS Coaxial configuration shows improved efficiency over the Heli-
copter, while the Case 1 Tandem configuration is the most efficient,
requiring the least power across all densities and rotor diameters. At-
mospheric density significantly impacts power requirements, influenced
by both seasonal and altitude-based variations. Higher density (0.025
kg/m®) reduces power consumption for all configurations due to
enhanced aerodynamic lift efficiency, with this effect being more pro-
nounced for smaller rotor diameters. At larger rotor diameters (above 3
m), power requirements across all configurations converge, reflecting
diminishing differences in efficiency. The graph highlights the tandem
configuration’s superior power efficiency, particularly in low-density
Martian conditions, while emphasising the critical influence of rotor
disk diameter on aerodynamic performance. These findings underscore
the importance of optimising rotor size and configuration to meet
mission-specific requirements under varying Martian atmospheric con-
ditions influenced by both seasonality and altitude.

8.3. Battery mass fraction (BMF) analysis

Fig. 24 illustrates the Battery Mass Fraction (BMF) concerning the
vertical climb required power across various defined rotorcraft config-
urations, demonstrating its correlation with increasing rotor disk
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Fig. 20. Power required (Forward Level & Climb Flight at 55.56 m/s) vs rotor disk diameter (Rotor Diameter Limits - 1 to 9 m) — Comparison between various 20 kg

rotorcraft configurations (Helicopter, Coaxial, Tandem Cases, 2 Isolated Rotors).
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Fig. 22. Power loading (W/P) (Forward Level Flight) vs disk loading (W/S) (both axes on Log scale base 2) — Comparison between various 20 kg rotorcraft con-

figurations (Helicopter, Coaxial, Tandem Cases, 2 Isolated Rotors).

diameter. This BMF calculation, using Eq (14), considers a 2-min run
time (E), a climb speed of 8.33 m/s, and a constant total mass of 20 kg.
The trend observed in the vertical climb BMF lines aligns with the ver-
tical climb power dependency outlined in Fig. 15. Essentially, as the
required power increases, the BMF also increases, indicating the
necessary battery weight for this specific flight segment. A similar BMF
trend is observed for the forward-level flight segments depicted in
Fig. 25, mirroring the forward-level flight power data from Fig. 19. The
required battery mass can simply be determined by multiplying the total
BMF by the total aircraft mass. For instance, with a 0.03 BMF, the bat-
tery mass would equal 0.6 kg (i.e., 0.03 x 20 kg). It is essential to
aggregate the BMF of each segment with the BMF of other flight seg-
ments, as detailed in Section 6, to ascertain the total BMF and thus
determine the overall battery mass necessary for a specific flight regime.
Moreover, it is noteworthy that the BMF calculated for the flight mission
excludes the battery mass required for avionics or electronic payload
instruments. Separate calculations would be needed for these unless
these have dedicated batteries of their own.

262

9. Practical application of the analysis and discussion

This penultimate section presents the concluding steps of the
framework for the preliminary design of future rotary VTOL Martian
aerobots (Fig. 1), applied in this research through an example case study
in a systematic manner. The initial sizing method (step 9 within the
framework) for the battery electric aircraft, introduced in Section 6, is
conducted on the designs shortlisted based on power efficiency and
specific design constraints discussed in the subsequent subsection. While
the calculation of the aerobot’s empty mass by specifying structural
materials and subsystem components (step 10) is introduced here, the
detailed execution of this step is beyond the scope of this paper, as
mentioned in the introduction of the framework.

9.1. Efficient rotor configuration shortlisting

Based on the power requirement analysis of rotorcrafts with single
and dual rotors, the lowest power-consuming rotorcraft configurations
can be shortlisted for the aerobot design. However, specific design
constraints are established to exclude certain theoretical findings that
may seem optimal in theory but introduce design complexities,
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Fig. 23. Power required (Forward Level) vs rotor disk diameter (1-4.5 m)- Comparison between various 20 kg rotorcraft configurations (Helicopter, Coaxial and

Tandem Casel) at 0.013 kg/m® and 0.025 kg/m®.
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Fig. 24. BMF vertical climb segment (at 8.33 m/s for 2 min) vs rotor disk
diameter— Comparison between various 20 kg rotorcraft configurations (Heli-
copter, Coaxial, Tandem Cases, 2 Isolated Rotors). a) Shows BMF for rotor di-
ameters from 0 to 9 m on the x-axis. b) Shows a zoomed-in view, focusing on
BMF for rotor diameters from 1.5 to 4.5 m on the x-axis for clarity.

including folding and stowing requirements, the need for heavy and
robust materials, as well as control and stability concerns, exemplified
by the 9 m rotor diameter of the Case 1 Tandem rotorcraft. Similarly,
smaller-sized rotors, while lighter and mechanically simpler, demand
higher power and are more suitable for small to medium-sized multi-
copters rather than large helicopters or rotorcrafts. Therefore, Fig. 26
presents a zoomed-in view of the analytical graphs comprising the
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Fig. 25. BMF forward level flight segment (at 55.56 m/s for 3 min) vs rotor
disk diameter — Comparison between various 20 kg rotorcraft configurations
(Helicopter, Coaxial, Tandem Cases, 2 Isolated Rotors).

power required for vertical climb and level forward flight against the
rotor disk diameter with limits set from 1.5 m to 4.5 m. As per the basic
mission flight profile (Fig. 12), the rotorcraft must ascent vertically and
cruise forward. Conventional helicopter within the set parameters con-
sumes the highest power for both flight segments and therefore can
rationally be omitted. The lowest power is required by Case 1 Tandem
rotorcraft and then by Case 2, but both require a rotor folding mecha-
nism and potentially a heavier articulated hub system as mentioned in
Table 3 (for Case 2, when D > 2.25). One of the important factors in
designing a rotorcraft for an extraterrestrial application is keeping the
operational capability as simple as possible to minimize any malfunction
risk because maintenance or mechanical error correction by physical
means is not possible. Thus, these two tandem rotorcraft cases are
deprioritised. Case 2 of tandem rotorcraft with a rotor diameter of D <
2.25 fits inside the aeroshell vessel without requiring any folding
mechanism, while its rotors present the more efficient isolated behav-
iour due to the absence of overlapping. When doing trade-offs based on
the complexity, weight and maintenance factors, such configurations are
likely to be prioritised.

Coaxial rotorcraft with large separation (LS) between rotors and Case
3 Tandem rotorcraft are the remaining choices. The overlapping inter-
ference factor (K,y) for LS coaxial rotors is 1.281, while for Case 3
tandem rotorcraft at a maximum allowable rotor diameter of 3 m
(resulting in a maximum tandem rotor overlapping), the K,y is 1.134.
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Fig. 26. Power required [Graph a) vertical climb at 8.33 m/s. graph b) level
forward flight at 55.56 m/s] vs rotor disk diameter (rotor diameter range -
1.5m-4.5m) - Comparison between various 20 kg rotorcraft configurations
(Helicopter, Coaxial, Tandem Cases).

The K,y of Case 3 is lesser for rotor disks smaller than 3 m in diameter
due to a decrease in rotor overlapping. A noticeable difference of around
1000 Watts is evident between the two configurations for vertical climb
power at a rotor diameter of 1.5 m, where the tandem rotor shows zero
overlapping in this instance. Whereas, for a forward levelled flight the
difference at 1.5 m disk size is about 400 Watts, which keeps becoming
negligible with the increase in rotor size. Consequently, tandem rotor
Case 3 emerges as a favourable configuration option, displaying higher
hover and vertical climb power efficiency compared to the LS coaxial
setup. Additionally, it is mechanically less complex than other tandem
cases, owing to the capability of using a rigid rotor hub system. For rotor
disk sizes beyond 3 m, LS coaxial rotors could be an option, albeit with a
higher K,, trade-off. Moreover, this simplified calculation for K,, of
tandem rotorcraft is based on the same plane rotors overlapping, but in
the practical designs, the rear rotor is placed at a greater height than the
front rotor to minimize the interference effects of the front rotor wake.
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Thus, the K,, would be further reduced and hence, also the required
power.

9.2. Initial sizing application and battery considerations

Case 3 Tandem rotorcraft with a 3 m rotor disk size is selected for
preliminary study as an example (Fig. 27). As mentioned in Section 7.2,
the battery-specific energy (Eg) used for Battery Mass Fraction (BMF)
calculations for flight is 230 Wh/kg pack (including battery manage-
ment system), based on a JPL technology forecast for next-generation
Mars Science Helicopter. The usable energy is 70% of the nominal ca-
pacity (10%-80% depth-of-discharge) with an average discharge effi-
ciency of 90% [5]. It is established from the results obtained that the
power required at a vertical climb segment is 2400 Watts and at a cruise
segment is 730 Watts, and the relative Battery Mass Fraction (BMF) is
0.019 and 0.008, respectively. The total BMF sums up to 0.027. As
explained in Section 6, the nominal usage and discharge efficiency
correction factors, totaling 1.4 (1.3 for 70% usable capacity and 1.1 for
90% averaged discharge efficiency deduced in Ref. [5]), are applied to
adjust the total BMF. The adjusted BMF is now 0.038. As it is pre-
determined, the total aerobot mass is set at 20 kg. Therefore, using Eq.
(14) the battery mass (mp) required for this 5-min flight mission is
calculated to be around 0.76 kg. Also, it is predetermined that the aer-
obot should potentially be capable of carrying a science payload of 2 kg.
Using Eq. (15) in terms of Mass, the available aircraft’s empty mass
(me = mo — My — Myaylead) is determined to be 17.24 kg, representing
~86% of the total aircraft mass, a feasible starting point for further
analysis.

While the above calculations provide a foundation, further review of
available battery technologies is necessary to ensure the design meets
the mission’s power demands. The battery selection must consider not
only energy capacity but also the maximum discharge current capa-
bility. The JPL forecast assumes a 10C discharge rate [5], allowing the
battery to discharge at ten times its nominal capacity, fully depleting in
just 1/10th of an hour. This high discharge capability is essential for
intense power phases, such as vertical climb, where sustained delivery of
2400 W is required. To further evaluate the feasibility of the tandem
rotorcraft design, the state-of-the-art INR-21700-P50B lithium-ion bat-
tery [44] is used as a reference for system configuration. This battery has
a nominal voltage of 3.6 V, a capacity of 5 Ah (cell-specific energy 260
Wh/kg), a maximum continuous discharge current of 60 A (C-rate 12C),
and a weight of 71 g per cell. By comparison, the Ingenuity helicopter
used six Sony SE US18650 VTC4 cells with a nominal voltage of 3.6 V, a
capacity of 2 Ah, an energy density of 144 Wh/kg, and a weight of 45 g
per cell. The VTC4 cells have a higher C-rate (15C vs. 12C), but the
INR-21700-P50B offers over twice the capacity and significantly higher
energy density, enabling greater flight durations and improved
efficiency.

Two battery configurations are examined: a 6-cell system (21.6 V)

Front Isometric

View

Top view

Fig. 27. Case 3 Tandem rotorcraft with a 3 m rotor disk size based on initial sizing (CAD model illustration: the left side is a front isometric view and the right side is

a top view. Not to scale).
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and a 14-cell system (50.4 V). The 6-cell system, with its lower voltage,
results in a higher current demand during vertical climb. Using the
relationship, current = power/(voltage x efficiency), at 2400 W and an
efficiency of 90%, the current demand is approximately 123.5 A. This
exceeds the 60 A discharge limit of a single cell, necessitating three
parallel connections. The total number of cells required for this config-
uration is 18, with a corresponding battery mass of 1.278 kg. In contrast,
the 14-cell system’s higher voltage reduces the current demand to 52.9
A, which is within the discharge limit of a single cell. This eliminates the
need for parallel connections, reducing complexity and total cell count.
With 14 cells in series, the battery mass is 0.99 kg, significantly lighter
than the 6-cell configuration and closer to 0.76 kg battery mass calcu-
lated earlier using the BMF method. The simplified design of the 14-cell
system also reduces the need for a complex battery management system,
improving reliability and operational efficiency.

Despite the clear advantages of the 14-cell system, the reliance on a
12C discharge rate presents significant challenges. High discharge rates
generate substantial heat, requiring advanced thermal management
systems to prevent overheating. Sustained high-current operations
accelerate chemical degradation, reducing the battery’s operational life
and limiting mission longevity [5]. Additionally, the energy density of
230 Wh/kg, while high for current lithium-ion technology, restricts
mission durations and payload capacity. The harsh Martian environ-
ment further complicates performance; low temperatures increase in-
ternal resistance, degrading battery efficiency and requiring additional
heating systems, which consume energy and add mass.

Addressing these challenges will require advancements in battery
technology. Selecting appropriate battery technology is crucial for Mars
missions due to the planet’s extreme conditions. Lithium-ion (Li-ion)
batteries are widely used in space missions for their high energy density
and reliability; for instance, NASA’s Mars Exploration Rovers, Spirit and
Opportunity, utilised rechargeable lithium-ion batteries to store energy
generated from their solar panels, enabling operations during periods
without sunlight. Lithium polymer (LiPo) batteries offer high discharge
rates and flexible form factors but generally have lower energy densities
and are more susceptible to swelling and thermal runaway under
extreme conditions, making them less suitable for the harsh Martian
environment. Lithium iron phosphate (LiFePO4) batteries are known for
excellent thermal and chemical stability, enhancing safety and
longevity; however, their lower energy density can be a disadvantage in
weight-sensitive space applications. Emerging technologies like solid-
state batteries, which utilise solid electrolytes, offer higher energy
densities and improved safety profiles due to resistance to leakage and
thermal runaway. They are being developed to operate effectively in
extreme environments, including the temperature fluctuations on Mars.
Furthermore, optimising the aerobot’s mission profile to reduce power
demand during critical phases, such as vertical climb, could help lower
current requirements, simplifying the overall battery configuration.

In Section 6 the contents included in empty mass are described, and
calculating the total mass of such components is a detailed process based
on further design requirements (step 10, Fig. 1). For initial estimation,
the mass of commercially available off-the-shelf (COTS) materials and
components can be used. Alternatively, aircraft mass buildup can be
evaluated by referencing the mass specifications of similar aircraft, such
as the weight estimation model for second-generation Mars Science
Helicopters in Ref. [5], which is based on the first Mars Helicopter.

9.3. Discussion

The primary aim of this parametric study is to provide a theoretical
baseline using existing helicopter momentum theory to estimate power
consumption for different rotorcraft configurations in Martian condi-
tions. Given the early stage of this research, this fundamental approach
focuses on understanding performance requirements for rotorcraft flight
on Mars, similar to the use of blade element momentum theory in the
conceptual design process of NASA’s Mars helicopters [5]. However, the
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derivative method introduced here includes flight performance analysis
of both overlapping and non-overlapping rotors, allowing effective
exploration of a wide range of configurations and parameters, estab-
lishing baseline estimates and comparative analyses. The results ob-
tained from the parametric performance study conducted on rotorcraft
with single and dual rotors, are reasonable within the framework of the
momentum theory and include refinements based on insights from
previous publications by the authors. Adjustments have been made to
parameters such as the figure of merit, fuselage downwash interference
factor, and Oswald’s efficiency factor to suit Martian conditions. This
methodology can be extended to include multirotor configurations,
including quadrotors and hexarotors [45].

The initial sizing method applied in the preceding subsection
assumed fixed values for payload mass and total rotorcraft mass to
initiate the sizing process. However, while payload mass serves as a
criterion for setting requirements, it can alternatively be integrated into
the empty mass of the rotorcraft such that the total mass equals battery
mass and empty mass (mo = my, + me). This approach allows flexibility
in adjusting payload mass because different rotorcraft configurations
necessitate varying airframe and motor masses. Consequently, a heavier
structure can accommodate a lighter payload, and vice versa, ensuring
that the total rotorcraft mass remains constant. If the payload mass is
predefined and fixed, adjustments in the total mass are essential
depending on the calculated empty mass. Nevertheless, the next critical
step in the preliminary design framework is the detailed mass buildup
process (step 10, Fig. 1), as it accounts for factors such as rotor, pro-
pulsion and energy system mass adjustments based on rotor efficiency
and changes in airframe mass according to configuration.

The tandem rotor configuration was selected for its power efficiency
and mechanical simplicity, particularly in scenarios requiring higher
payload capacities and extended endurance. This design offers advan-
tages over single and coaxial rotors by distributing the aerodynamic load
across two rotor disks with partial overlapping, thereby reducing indi-
vidual disk loading and optimising power requirements. However, tan-
dem configurations introduce significant aerodynamic challenges,
including wake interactions between the front and rear rotors. These
wake effects can impact the overall aerodynamic efficiency, increase
vibration levels, and complicate flight stability and control. Managing
the aerodynamic interactions in a tandem rotor system requires so-
phisticated control strategies to maintain desired flight characteristics
[46], especially in the thin Martian atmosphere where aerodynamic
behaviours differ significantly from Earth’s.

Given the unique challenges and high costs associated with Martian
rotorcraft experimentation, the framework proposed in this research for
the preliminary rotorcraft design, coupled with theoretical analytical
methodology, serves as a crucial first step in a broader validation pro-
cess. Future work involves refining the performance estimates of
shortlisted rotorcraft configuration/s using advanced methodologies
like blade element theory, vortex wake models or Computational Fluid
Dynamics (CFD), alongside considerations of fuselage wake interaction
and drag, to provide more precise estimates of battery mass and overall
aerodynamic performance. Moreover, detailed assessments of rotor ef-
ficiency in forward flight become essential at high advance ratios where
advancing blade tip speeds reach near-Mach numbers. These conditions
introduce compressibility effects and altered aerodynamics, influencing
rotor performance significantly. Thus, addressing these factors will be
key to advancing the reliability and applicability of rotorcraft designs for
Martian exploration.

10. Conclusion

The successful flight of the first Mars Helicopter has shown the po-
tential for rotorcraft flight on the red planet. The systematic method-
ology for the preliminary design of future rotary VTOL Martian aerobots
was proposed and applied within a structured framework in this
research using an example case study. The detailed analysis reveals the
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critical importance of an aerobot in exploring Mars’ Southwestern Melas
Basin in Valles Marineris, showcasing the complex mission planning
required for successful Martian exploration. To pave the way for future
Mars rotorcraft, this study addressed critical research gaps by defining
essential parameters and conducting a comprehensive parametric
analysis of various 20 kg rotorcraft configurations with single and dual
rotors. Using simplified helicopter momentum theory equations, the
power requirements for hover, vertical climb, and forward flight con-
cerning varying rotor disk diameters for diverse rotorcraft types were
illustrated through graphical representations, revealing that conven-
tional helicopters consume more power than other configurations under
given parameters. Rotorcraft with two isolated rotors stand out due to
the non-overlapping aerodynamic interference. Notably, as rotor disk
diameter approaches the upper size limit, differences in power re-
quirements among configurations become negligible. The paper outlines
methodologies for sizing battery-electric aircraft and calculating Battery
Mass Fractions for different flight segments to determine the required
battery mass. The analysis of rotorcraft configurations led to the pri-
oritisation of the Case 3 Tandem rotorcraft as an example for further
feasibility assessments, due to its higher power efficiency and mechan-
ical simplicity. Initial sizing calculations confirm its feasibility, pre-
senting an available empty mass of 17.24 kg, marking a plausible
starting point for subsequent design evaluations and developments. The
proposed framework for preliminary rotorcraft design, combined with a
theoretical and analytical methodology extendable to other multirotor
configurations, serves as a crucial first step in a broader validation
process for Martian rotorcraft given the unique challenges and high costs
of experimentation. Future studies should address data limitations and
explore environmental influences on rotorcraft performance for
continued progress in Martian exploration.
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