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Abstract

Human exploration on Mars is nearing actualisation and the space industry is therefore in need of
vehicles with the capability of transporting goods and exploring the surrounding area. Current Mars
rovers by NASA, such as the Curiosity, provide excellent researching capabilities from a remote lo-
cation. However, these land based drones are slower and less manoeuvrable around obstacles than
airborne vehicles would be. Due to the need of transportation and exploration, this report aims to get
acquainted with current research on Mars flight and provide a preliminary design concept enforced by
the following mission goal:

"To aid future Mars colonists by providing a feasibility study of a flying vehicle capable of carrying a
predetermined payload.”

To approach this goal, it was decided to determine which flying vehicle concept would be the most
optimal in a Martian atmosphere via a trade-off analysis. Four options were considered and a balloon
was deemed more optimal for a Martian environment compared to aircraft, rotorcraft and flapping wing
vehicles. The main reasons for this are that the balloon is the most power efficient and is a design that
provides the least amount of risk concerning likelihood of failure and safety of astronauts.

Thereafter, the process required to design a hot air balloon and the programming of the code is de-
scribed. Results indicate that a balloon with a prolate ellipsoid shape is optimal with the ratio between
the minor and major axis being 0.41, therefore resulting in a balloon with a major axis radius of 33.8 m
and a minor axis radius of 13.86 m. A surface area of 131.58m? is selected for the flexible solar cells
which have been calculated to be able to power a two propeller system ensuring that the balloon can
counter headwinds of up to 15 ? Finally, to ensure altitude control is possible, a venting system is

applied on the top of the balloon ensuring a venting volume of 117 m3 is possible. This is enough to
ensure the balloon can land, take-off and control its altitude as desired.

This thesis is therefore able to provide an initial design for a Mars exploration balloon capable of
controlling not only its altitude but also its position. This is achieved by using the solar energy to increase
the balloon’s temperature and a vent area of 19.03 m? to control this temperature. All this provides a
design that can be controlled and meets the versatility requirement as it is capable of carrying a variety
of heavy payloads and fly past ground obstacles.
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Introduction

Mars is the fourth planet from the Sun and is one of the closest neighbouring planets. Common ques-
tions in science fiction and research are: Was there life on Mars? Is Mars habitable? and lastly, What
happened to Mars? Finding the answers to these questions compels scientists to explore Mars. ESA
states that answering the question about life on Mars is one of the main reasons to visit the red planet
[9]. These questions have yet to be answered, mainly due to the extreme conditions on the planet.
On Mars, the average surface pressure is 700 Pa compared to that of Earth at 101,325 Pa. This is due
to the atmosphere having an extremely low density that is 1/100 th of Earth’s [10][24]. The temperature
on the red planet is also highly fluctuating, ranging generally from 190 K to 250 K or -83 to -23 degrees
Celsius, in one location throughout a single day [10][24]. Furthermore, Mars has a weaker atmosphere
and magnetic field than Earth, resulting in insufficient protection against radiation, which is harmful to
both humans and electronics.

All aspects considered, the environmental conditions on Mars are that of a dangerous and isolated
desert.

Current research and exploration of Mars include eight operational missions, including satellites,
and multiple missions planned for the future [31]. However, land based rovers are limited to a relatively
slow speed and the areas that can be visited are limited by the rough surface. This is where a flying
vehicle can benefit exploration. Other than landing and take-off, the vehicle would not be constrained
by rough or uneven surface and will have the ability fly across terrain filled with boulders and rocks.
A flying vehicle would therefore be beneficial to future Mars exploration but naturally presents many
issues.

There are many reports that provide excellent knowledge and discuss various flying concepts for
other planets. The thesis BADS, Buoyant Aerobot Design and Simulation, provides a detailed descrip-
tion of different balloon types and covers most of the aspects required whilst also providing a computa-
tional code to design balloons [34]. To introduce the topic of balloons on other planets, reports [14] and
[13] provide a strong starting position to understand the main points of ballooning in a Martian atmo-
sphere. Balloons on other solar system objects, such as Venus and Saturn’s moon Titan, have already
been tested or designed. On Venus, for example, the VEGA balloons have provided large amounts of
detailed measurements of Venus’ atmosphere [30]. On Titan, a mission has been described using a
hot air balloon heated by a Radio-isotopic Thermal Generation [19].

As far as ornithopters are concerned, the book The DelFly, from TU Delft's own Micro Air Vehicle
laboratory, MAVLab, provides some of the most recent information regarding flapping wing flight, due
to the MAVLAB'’s exceptional concepts and expertise [7]. Other reports of ornithopters, such as [3],
give outstanding information of ornithopter aerodynamics, as well as rotorcraft, and provide a validated
comparison between both. Sources on aircraft information are more readily available compared to the
other three.

This thesis aims to dive into the possibilities of a flying vehicle on Mars and provide an initial design
that will be able to overcome the limitations of current mars rovers.

This will be done by looking at the need statement and providing a result that complies with the follow-
ing mission goal:



2 1. Introduction

"To aid future Mars colonists by providing a feasibility study of a flying vehicle capable of carrying a
predetermined payload.”

The format of the report, is as follows. Chapter 2 will introduce background information while Chap-
ter 3 will introduce the need statement for this work and the requirements that are imposed onto the
design. In Chapter 4, four concepts that are likely candidates for flight on Mars will be discussed and
the most feasible concept is chosen. This is achieved by selecting five criteria; Technological Readi-
ness, Power, Manoeuvrability, Cost and Risk. As each criteria is weighted in order of importance, the
concept with the highest rating is deemed the best one for use on Mars. With the type of flying vehicle
chosen, determining a suitable landing position is important and therefore, Chapter 5 will introduce
various positions and the requirements imposed on the landing site. This allows for atmospheric con-
ditions to be fixed, allowing the next two designing chapters to have most of the variables set. Chapter
6 will begin by explaining the equations and processes required for the initial design. After which it will
go into more depth by simulating the flight profile, following similar methods to [34] and will discuss the
changes necessary in the simulation findings to meet the altitude goal. To continue work in this subject,
Chapter 7 will describe some recommended next steps. Lastly, Chapter 8 will conclude the thesis and
summarise the details of the final design.



Background Information

Mars is the fourth planet from the sun. Also known as the red planet, it is often wondered whether life
has thrived on the surface in the past. However, it is currently uninhabitable to life as we know it due
to the harsh atmospheric conditions. The red planet has a gravitational acceleration of around 3.71
m/s? on the surface. This is almost a third of force experienced on Earth, as the average gravity here
is roughly 9.81 m/s?. This is due to the planet being smaller than Earth, having a radius of only 3390
km compared to Earth which has a radius of 6371 km [18].

Before going into the atmospheric conditions, there is an important variable that needs explanation,
named the Solar Longitude, which is used in all figures that come from the Mars Climate Database,
MCD. The MCD is a program created in collaboration with ESA to simulate various conditions on Mars.
A web interface of the MCD is provided to allow many variables, such as the pressure, temperature,
wind and dust conditions, to be simulated throughout an entire Martian year. According to the MCD,
“the Solar Longitude Ls is the Mars-Sun angle, measured from the Northern Hemisphere spring equinox
where Ls=0." [10][24]. This is used to depict the season and the current Mars position relative to the
Sun.

Having introduced the solar longitude, the atmospheric conditions can be explored. Atmospheres
play an important role in determining the lift force that any of the flying concepts can create. Figure 2.1
shows how the surface density changes along the surface of Mars on the 1st of January 2020 on the
12th Martian hour [10][24].
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Figure 2.1: Density over the Martian surface on the 1st of January, 2020 at 12:00 Martian time
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It is clear that the density levels across the Martian surface can vary significantly. For example,
locations such as 45’ South, 60’ East and 50’ South, 45’ West, higher densities are expected, most
likely due to a lower elevation. Furthermore, to get a clear understanding of how the seasons affect the
density, Figure 2.2 shows the change in density over an entire Martian year at the location of 0’ North
and O’ East. The graph plots the daily density values at 12:00 hour Martian time.

MCD_v5.3 with climatology average solar scenario.
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Figure 2.2: Yearly change in density at a location of 0’ North and 0’ East, representing each day at 12:00 local time

Figure 2.2 correlates with the seasons as described by the MCD. The MCD states that at a solar
longitude of 0, the spring equinox of the northern hemisphere occurs [10][24].. The density, at this
location, slowly increase throughout this season. At a solar longitude of 90’, the northern hemisphere’s
summer solstice occurs begins. It can be seen in Figure 2.2 that the density decreases throughout the
summer season. This density decrease stops at a Solar Longitude of 180’. These changes in density
are possible due to the density being a function of the temperature and pressure as defined by the Ideal
gas law.

PM,,
= 2.1
=%t (2.1)
where: p =Density(%)
P = Pressure (Pa)

M, = Molar mass (%)
3
R, = Specific gas constant (222

T = Temperature (K)

Kmol

The average values for the pressure and temperature are 700 Pa and 215K, respectively [25]. This
is definitely low when compared to the Earth atmosphere with a pressure of 101325 Pa and an average
temperature of 25 degrees Celsius, which is equal to 298.15 K.

In addition to the variables described above, there are multiple different aspects that also need to be
considered throughout this work. These are the solar, wind and dust effects on the atmosphere. Firstly,
the amount of solar energy is smaller when compared to Earth’s atmosphere. Generally, in low orbit
around Earth, a solar power constant of 1400 W /m? is assumed for temperature calculations. However,
on Mars, the average solar constant at the surface is assumed to be 500 W /m? [18]. Secondly, wind
and dust conditions on Mars are complicated to visualise in a graph at a single moment as these depend
on the season and time of day. The MCD, however, provides initial assumptions on the conditions by
using simulations and data collected during previous missions.

Figure 2.3 shows the MCD’s representation of the entire Martian surface and the wind conditions
on the 1st of January 2020 at 12:00 Earth time. This correlates to a solar longitude of 129 degrees,



representing summer for the northern hemisphere and a dust free season. [10][24]. It is seen that
on this particular time, the wind conditions vary between 0 and 22 m/s. This gives a brief but clear
overview to show that low wind speeds are definitely possible.

MCD_v5.3 with climatology average solar scenario. Ls 129.0deg.
Altitude 10.0 m ALS Local time 0.0h (at longitude 0)
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Figure 2.3: Wind across the entire Martian surface at surface level according to the Mars Climate Database [10][24]

The final complication on Mars is the significant amount of dust. The dust particles are relatively

small which are able to cause problems for spacecraft. Main areas that are affected by Martian dust
are moving components and solar cells [23]. Furthermore, the any dust in the atmosphere will impact
atmospheric conditions, for example increasing the surrounding gas temperature.
Lastly, to give an initial impression of locations with a higher dust deposition on the 1st of January 2020
at 12:00 Earth time, Figure 2.4 is given. Figure 2.4 is simulated on the same time as the previous wind
figure. The figure shows that dust accumulation depends on location but what is also important is to
consider the measurement time. On Mars there are seasons that are more dusty, suitably named the
Dusty seasons. These occurs between the solar longitudes of 180’ up to 360’ [10][24]. This is half of
the Martian year.



6 2. Background Information

MCD_v5.3 with climatology average solar scenario. Ls 129.0deg.
Altitude 10.0 m ALS Local time 0.0h (at longitude 0)
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Figure 2.4: Dust across the entire Martian surface at surface level according to the Mars Climate Database[10][24]

To understand the impact of these seasons, Figure 2.5 shows the yearly change at a location of 0’
North and 0’ East of each Martian day at 12:00. This figure clearly shows the large variations in dust
gathering on a flat surface. There is a 50% increase in dust gathering between the peak and the begin
of the dust season, at 180’ solar longitude. The impact of the dust season is apparent, describing the
minimum point being less than a third of the peak dust gathering. From this it can be concluded that
there are seasons throughout the year that offer better conditions regarding dust buildup.

MCD_v5.3 with climatology average solar scenario.
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Figure 2.5: Yearly change in dust gathering on a flat surface at a location of 0’ North and 0’ East, representing each day at 12:00
local time [10][24]

To conclude, the conditions on Mars are not ideal for flight. The calculations still remain the same
as on Earth but the values will differ. Furthermore, the difference in atmospheric conditions between
Earth and Mars requires careful consideration in choosing a settlement site and a preliminary design.



Mission Description

This chapter provides the discussion regarding the need and mission statements that describe the
mission and its objective. Understanding the objective and goal of the mission allows stakeholders to
be determined and requirements to be imposed on the system.

3.1. Mission Goal

As preparation for this thesis, a literature study was conducted focusing mainly on flapping wings and
the changes required for flight on Mars. Due to the growing interest of Martian colonisation, it became
apparent that knowledge of the Martian atmosphere and more importantly, its surface, is becoming
increasingly vital. Current land rovers have been successful in their missions, however, their lack of
manoeuvrability is limiting potential research sites as a large amount of terrain is currently off limits.

Need Statement
"Future Mars colonists will need to explore and gather resources in the surrounding environment with-
out being obstructed by the rough terrain.”

With the Need Statement defined, a Mission Statement can be provided which will guide the entire
thesis.

Mission Statement
"This thesis will provide a preliminary flying vehicle design capable of navigating at a determined Mars
settlement site.”

To be able to provide this concept, the mission goal was devised to be:

Mission Goal
"To aid future Mars colonists by providing a feasibility study of a flying vehicle capable of carrying a
predetermined payload.”

3.2. Stakeholders

Stakeholders are the parties that will affect and be affected by the design which in this case, will be
thought of as a flying aerial vehicle.

3.2.1. Active Stakeholders
With a system completed, active stakeholders are parties that will interact with the final design after it
has landed on Mars. The following list describes potential stakeholders.

 Scientific community
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* Mars Astronauts

Mars is relatively unknown as of yet, and therefore, any measurements and information gathered
by the flying vehicle will benefit others in their work. This makes the scientific community an active
stakeholder as they would actively be interacting with information from the flying vehicle on Mars.
Another aspect that affects the thesis is the amount of available research and resources. If little to
no research has been made regarding Mars flying vehicles, more time will be spent researching and
verifying new aspects. Whilst, in the opposite case, more time can be spent collecting information and
using available research to provide an optimal design. Therefore, the extent of this thesis relies on the
science community and what has been done in the past.

Also, a final active stakeholder that deserves a mention is that in the near future, there will be astro-
nauts on Mars trying their best to colonise the desert terrain that is Mars. When the time comes, these
astronauts would most likely need tools and equipment, some of which are heavy and need lifting. The
flying vehicle would be able to help in that aspect. Furthermore, the purpose of this thesis is to provide
a flying vehicle that will be used by astronauts on Mars, making them active stakeholders.

3.2.2. Passive Stakeholders
Passive stakeholders, compared to active ones, do not interact with the design but rather, affect the
success of it. This can be achieved by constricting certain aspects or providing support.

» TU Delft
* Interplanetary Regulations
» Space Agencies

At the time of writing, this thesis is a small part of the Master of Space Engineering at the TU Delft.

Therefore, the university will play a major part in the success as it constrains the time and money avail-
able for this project.
There is no actual time constraint, as the student decides the planning. However, the planning must
be kept realistic and therefore, the original six months that the thesis is meant to take will act as a
time constraint. Furthermore, the manufacturing and testing of the flying vehicle would most likely be
outside the cost constraint that the university provides to Master students. This will affect the work and
the report.

Humans have not yet visited other planets or colonised anything in space, however, there are al-
ready interplanetary regulations that aim to protect other celestial bodies. An example would be plan-
etary protection regulations from the Committee of Space Research. These regulations would most
likely affect the preparation and sterilisation of the payload and design.

Lastly, the final passive stakeholder is regarded as the space agency, or private company, that helps
move the vehicle to Mars. The launcher and launch aspects are not considered in this report, but it
must be noted that space companies that provide launcher capabilities are passive stakeholders.

3.3. Requirements

The first step after determining the Need Statement and stakeholders is to summarise the constraints.
All of the finalised requirements are listed below and fall under three categories. Stakeholder, Control
and Environmental requirements.

The stakeholder requirements are the constraints on the preliminary design based on the needs of the
stakeholders. Therefore, the requirements in this category are based on what the stakeholders, mostly
the active ones, would want the preliminary design to achieve during its mission. For example, a simple
but important need is that the flying vehicle be able to fly to the given target location.

The control requirements provide the required aspects that are needed to ensure that the vehicle is
capable of controlling itself while on Mars. These are all requirements that are based on the research
conducted during the literature study. However, the payload requirement is set to 100 kg because it is
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deemed necessary that the flying vehicle be capable of carrying payloads that astronauts themselves
would not be able to. Lastly, the environmental requirements are based on the research in Chapter
5. In this chapter, the needs of future astronauts are discussed and used as requirements for the design.

Stakeholder requirements

* MFD-SH-1: shall be able to land on command

MFD-SH-2: shall be able to take-off on command

MFD-SH-3: shall be able to fly to a target location

MFD-SH-4: shall be able to communicate with the operator
* MFD-SH-5: shall make use of a renewable energy source
Control Requirements

+ MFD-CTL-1: shall have a mechanism capable of stabilising the vehicle at the target design alti-
tude of 200 m

+ MFD-CTL-2: shall have a mechanism to provide thrust equivalent to the highest expected drag

* MFD-CTL-3: shall be able to carry 100 kg

MFD-CTL-4: shall contain a method to reduce dust build up

* MFD-CTL-5: shall be able to achieve flight for a minimum of one hour
Environmental Requirements

* MFD-E-1: Latitude shall be between 50’ North and 50’ South

* MFD-E-2: Elevation shall be below 2 km MOLA

* MFD-E-3: Site shall have less than 8% rock abundance

* MFD-E-4: Average steady wind speed shall be less than 15 %

* MFD-E-5: Maximum peak winds shall be less than 30 %

» MFD-E-6: Site shall have a minimum of 5% weight percentage of water concentration

* MFD-E-7: Flying vehicle shall be designed for a target altitude of 200 m

3.3.1. Killer Requirements
To determine whether the preliminary design succeeds at meeting the requirements, a few killer re-
quirements are selected. The chosen key requirements are shown below:

+ MFD-SH-5: Shall make use of a renewable energy source
* MFD-CTL-1: Shall have a mechanism to control altitude

* MFD-CTL-3: Shall be able to carry 100 kg

MFD-E2: Elevation shall be below 2 km MOLA

MFD-EG6: Site shall have a minimum of 5% weight percentage of water concentration
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The first requirement, MFD-SH-5, is chosen as a killer requirement to ensure that the design can sus-
tain it's own power without relying on the astronauts. This will prove beneficial in times of limited power.

Requirements MFD-CTL-1 and MFD-CTL-3 are control requirements imposed on the design and
provide the main criteria to determine whether the preliminary design can carry the target payload while
being controllable, and therefore, safe for the astronauts to use.

These are chosen as killer requirements as the safety of the Mars colonists is the most important aspect
of any flying vehicle. Also, the goal of the design is to fly with the predetermined payload of 100 kg. If
this is not possible, the design does not meet its goal and is therefore considered a failure.

The last two, MFD-E-2 and MFD-E-6, are chosen instead of other environmental requirements as
these two will narrow down the possible choices for a settlement site which not only has beneficial
atmospheric conditions but also provides a water concentration necessary for astronauts to thrive. The
other environmental requirements are also important but do not constrain the settlement site as much
as MFD-E-2 and MFD-E-6.



Concept Trade-Off

With the stakeholders and requirements defined in the last chapter, the main parameters and con-
straints of this thesis have been defined. Considering these, a selection must be made out of the
available concepts: a balloon, ornithopter, aircraft or a rotorcraft. The concepts must be weighed
against one another and the strongest candidate chosen. This chapter describes the method used for
the trade-off.

4.1. Concepts

Before starting the analysis, each of the concepts is introduced to give a clear impression of the dis-
cussion.

4.1.1. Balloons

The first human flight in a balloon was achieved in 1783 by the Montgolfier brothers [20] . This feat
was achieved using a hot air balloon in which the gas inside the envelope, or thin film, was heated by
a fire. Since then, many other methods to achieve flight have been discovered. To understand how a
balloon can generate lift, one must look at the following equation.

Flift = ImarsVBalloon * (Patm — pgas) 4.1)
where: F;r; = Netlift force (N)
9uars = Mars Gravitational acceleration (Sﬂz)
Patm = Atmospheric gas density (%)
pgas = Balloon gas density (%)

Vsatioon = Volume of gas inside balloon (m3)

Equation 4.1 is Archimede’s law of buoyancy which describes two main variables that affect the lift
force generated: the volume and density difference between the gases in the atmosphere and balloon.
Density is related to the pressure and temperature via the Ideal Gas Law. As an example, the hot
air balloon flown by the Montgolfier brothers had a constant volume. The brothers achieved flight by
lowering the gas density inside the envelope by heating the gas.

Itis also possible to generate lift without an on-board power source, which is a beneficial situation for
Mars. This can be achieved by a pressurised gas inside the envelope or rather, a hot air balloon pow-
ered by the sun. These two examples decrease the power requirement for lift-off drastically. However,
balloons will most likely be large in size, causing inherent problems such as control and stability.

4.1.2. Ornithopters

An ornithopter achieves flight by flapping its wings, thus mimicking flight in nature. The first recorded
ornithopter is from 1871, where an engineer created a toy that flapped wings and achieved flight.
However, this was merely powered by a rubber band and could not fly longer than a few seconds [5].

11
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It was not until recently, that flapping wing vehicles were being designed with electric motors. This is
only made possible because the manufacturing industry is capable of providing miniature components
such as wings and motors. An example of a flapping wing design, the DelFly, is shown in Figure 4.1
[7]. Figure 4.1 shows a design with a wingspan of 10 cm and a tail. This is not necessarily the case for
every flapping wing design, as proven by the newest ornithopter in the DelFly series, the DelFly Nimble
which is designed without a tail.

Figure 4.1: The DelFly design

To conclude the ornithopter section, flapping wing vehicles can have a variety of forms and can
perform accurate manoeuvres. The future of ornithopters will have some beneficial purposes. However,
these type of vehicles have not had extensive testing outside of controlled environments.

4.1.3. Airplane

In 1903, the Wright brothers managed to fly the first motorised airplane. They achieved this historical
landmark as they were able to provide an engine with a higher power to weight ratio. With this new
engine, less lift was required and thus, the small double winged airplane could take off. The equation
for the lift force is shown in Equation 4.2.

1
Flift = EpatmCLSareave2 (4.2)

where: F;f = Lift force (N)
Parm = Atmospheric gas density (%)
C, = Lift coefficient (—)
Sarea = Wing surface area (m?)
Ve = Flight speed (?)

The main parameters in Equation 4.2 are the wing surface area and the flight speed. Due to the low
atmospheric density on Mars, an airplane would need to fly fast or have a larger wing surface area. The
advantage of controlled and accurate flight manoeuvres, however, is most likely replicated on Mars as
well.

4.1.4. Rotorcraft

Rotorcraft use propellers or rotors to provide lift. The rotors allow for a high manoeuvrability during
landing and take-off, enabling a vertical motion. Rotorcraft is a vague term as it includes concepts
such as a helicopter or quad copters. Each have their benefits and own goals that they succeed at.
Whilst a broad concept, rotorcraft are used in many different scenarios.

Rotorcraft are stable vehicles able to manoeuvre in a controlled manner. This advantage can most
likely be replicated on Mars. However, due to Equation 4.2, the rotors will have to rotate at higher
speeds, or have a larger rotor surface area. Having the blades be longer or faster might cause structural
problems and endanger to the astronauts on the surface.
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4.2. Criteria

As the mission goal in Chapter 3 states that a flying vehicle is needed, the trade off criteria must help
decide on the proper choice. To do this, a selection of criteria is provided and discussed. This is done
in the next few sub chapters. Each concept will be given a rating between 1 and 5 for each of the
discussed criteria. Where 1 represents the worst value and 5 the best. With all these ratings applied,
a weighing factor is applied to each design criteria in order to represent the more important ones. This
will then be input into a table and shown in the results section. The list of criteria used is:

» Technology Readiness

» Power

* Manoeuvrability

» Cost

* Risk
4.2.1. Technology Readiness
In order to categorise each concept in different Technology readiness levels, TRL, it must be noted that
there are nine different levels. These were originally determined by NASA and later adapted throughout

other space agencies [22]. These depend on the maturity of the technology in question. The following
list of nine technology readiness levels are taken from NASA themselves [21]

* TRL 1 - Basic principles observed and reported

» TRL 2 - Technology concept and/or application formulated

» TRL 3 - Analytical and experimental critical function and/or characteristic proof-of concept
* TRL 4 - Component and/or breadboard validation in laboratory environment

» TRL 5 - Component and/or breadboard validation in relevant environment

* TRL 6 - System/subsystem model or prototype demonstration in a relevant environment (ground
or space)

» TRL 7 - System prototype demonstration in a space environment

» TRL 8 - Actual system completed and “flight qualified” through test and demonstration (ground or
space)

* TRL 9 - Actual system “flight proven” through successful mission operations

To determine the best candidate for a Mars mission, the extent of the research and testing that is
currently available for each concept will be compared. This will help determine which concept is most
ready to fly on Mars and provide an initial design that can spark a next generation of Mars exploration
vehicles.

4.2.2. Power

This criterion will determine which of the concepts is most power efficient by looking at the following
aspects:

» Power required for lift generation
* Length of flight time

The ability to recharge batteries is an important aspect of distant missions. However, because astro-
nauts will be using the concept, it can be assumed that the astronauts will take care of any required
recharging of the batteries. This also means that safe storage from storms and dust can be assumed.
Therefore, this criteria will regard power consumption to achieve flight as the main point. This is cho-
sen because a design with a large power requirement will either drain the astronaut’s power supply or
require a method to achieve this power.
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4.2.3. Manoeuvrability
The manoeuvrability criteria will compare each concept and the available control mechanisms. To do
this, two aspects will be discussed. These are shown below:

* Ability to take-off and land
» Speed and accuracy of turning

Firstly, whether the concept will be able to land and take-off is an important consideration. The ability to
land shows that a vehicle is capable of controlling it’s altitude whilst using information from its sensors,
or landing system, to perform the manoeuvre. Landing is important to ensure that the vehicle can be
stored safely and that interaction with astronauts, after mission completion, is possible.

The second aspect is to discuss and compare the speed and accuracy that each concept is capable
of providing during a control manoeuvre. Accuracy is important for a design but whether the manoeu-
vre takes a few seconds, or a few hours, changes the outcome of the manoeuvre. This criteria will
determine which of the concepts provides the best control of its position in all axes.

4.2.4. Cost

The cost of a design is an important criterion for investors to consider starting a project. This criterion
will look into certain aspects of the design and discuss their potential influences on the price tag. Cost
will be split into two sections:

» Mass
* Number of moving parts

Mass is crucial for the cost criterion as it plays a key role in a number of cost based aspects. Firstly, a
heavier mass that needs to go to Mars costs significantly more. Furthermore, a larger mass most likely
leads to requiring a stronger lifting force, which affects the power requirement.

Each concept will also require a certain amount of moving parts. However, manufacturing mov-
ing parts for Mars will include additional research and work as these must withstand the atmospheric
conditions and the dust present on Mars. More moving parts in a design will lead to a more compli-
cated manufacturing process and therefore, a higher cost. There is no requirement that constrains the
cost but keeping the design as cheap as possible is good practice as a cheaper project provides more
incentive to continue.

4.2.5. Safety

Space missions are usually costly endeavors and therefore, it is important to understand that there is
always a risk involved. The safety criterion will help determine the concepts with the least amount of
risk. To do this, three aspects will be discussed:

» Component Failure
» Complexity
+ Astronaut Safety

The first aspect is the component failure. This will consider the scenario in which one or multiple key
components have failed. For example, one of the rotors of a rotorcraft fails and cannot provide lift.
Does the rotorcraft crash or can it continue with the remaining rotors? Questions like this will provide
the comparison for this criteria. The component failure can be split into two categories;

+ Likelihood
+ Consequence

For comparing the concepts, each failure discussed in the results chapter will be compared to others
with the likelihood and consequence of failure in mind. A failure that is extremely unlikely to occurs
but with minor consequences is not as severe as the opposite. Also, the more complex a design is,
the more components there will be. This leads to a higher risk factor which is a good way to compare
multiple concepts. The last aspect that requires consideration is the safety of astronauts.
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4.2.6. Weighting Factors

With all of the criteria described, it is crucial to add a weighing factor to determine which are more
important. Before discussing various criteria, the weighing factor can have values of one, two or three,
with three indicating the highest importance.

It is assumed that the manoeuvrability criterion is the most important. This relates to the need to be
able to perform manoeuvres, such as take-off and landing, and being able to accurately control the ve-
hicles position. An uncontrollable vehicle has a higher chance of unforeseen events, such as crashing
into a mountain or boulder. Furthermore, the vehicle would present a danger to any astronauts close
by. This relates to the safety of the concept. Astronaut safety is crucial to the mission and a concept
with a higher likelihood of injuring astronauts should be given the appropriate criterion value. To this
end, the safety of the mission is given a three for the weight factor.

The technology readiness levels are important to dictate whether a concept is ready for a mission.
However, it is less important than the safety of astronauts and whether it can be controlled. Therefore,
a weighing factor of two is considered for this criterion. The power criterion is mainly used to determine
whether a concept is capable of achieving flights longer than an hour and whether it is possible to
provide the power necessary for the concept. Whilst power is a design aspect, it is not the main factor
affecting the design and is therefore given a weight factor of two.

The lowest grade given to a criterion is a one. This is chosen for the least important criterion for the
trade-off which is the cost of the concept. Cost naturally plays a key role in many missions, however,

since this thesis is focusing on the designing aspect, there is no mission cost requirement. Therefore,
whilst it is still important to consider, the cost of a concept is not a limiting factor in this trade-off.

4.3. Trade-Off Matrix

Table 4.1: Trade-off Results

Criteria Balloon | Ornithopter | Aircraft | Rotorcraft | Weight Factor
Technology Readiness 4 2 3 3 X2
Power 4 2 2 3 x2
Manoeuvrability 3 4 3 4 x3
Cost 2 2 4 2 x1
Safety 3 1 2 2 x3

Total 36 25 29 32

Table 4.1 shows the results for the trade-off analysis. It is found that a balloon offers the best results.
The following section will discuss the reasoning for each value in the table. This is done by looking at
each individual concept in the following order; Balloons, Ornithopters, Aircraft, Rotorcraft.

4.3.1. Technology Readiness Discussion

Regarding the TRL, it can be said that balloons have the most flight experience on other planets due to
the VEGA balloons on Venus. [30]. Furthermore, there are many reports such as [14] and [19] which
have dedicated time researching possibilities of balloon flight on other planets. Therefore, the balloon
concept is given a value of four for the Technology Readiness criterion. A five is not given as this would
imply a concept that has been tested in Martian conditions.

On Earth, electrically powered ornithopters are becoming increasingly more popular but regardless,
are still the newest of all concepts. Therefore the TRL of this concept is lower. The aerodynamics in-
volved in flapping wing flight are complex and not perfectly understood, especially when compared
to the flight of balloons and aircraft. However, there are some reports which discuss minor changes
required for flight on other planets such as [29] and [4]. To this end, the ornithopters are given a value
of two for the Technology Readiness criterion.
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Aircraft, on the other hand, have been extensively researched since the first flight in 1903. There
are reports researching the possibility of aircraft in other atmospheres, such as [17] which provides a
theoretical design of a Venus aircraft. Current aircraft are reliable and backed by years of experience,
however, flight in a different atmosphere has not occurred. Therefore, this concept can not have the
same Technology Readiness criterion as the balloons and is given a value of three.

Rotorcraft also generalises a widely used form of flight, with multiple rotors. Even though this form of
flight is efficient and very manoeuvrable, it is also given a value of three for the technology readiness.
The concept is proven by the experience of flight on Earth, similar to aircraft. However, a rotorcraft
concept has yet to be flown in an atmosphere on a different planet and therefore, is graded lower than
the balloon concept.

4.3.2. Power Discussion

For balloons, the lifting force does not require an additional power source. Lift will either be provided
by a pressurised gas in the balloon, or via heating of the insides. Naturally, the heating can be done
with a power source on board the balloon, but it is assumed that this would be an ineffective method
due to the large volume that must be heated. The balloons will require a form of altitude and positional
control mechanisms. However, an example for altitude control is a simple vent used to discharge gas
[14]. Lastly, balloons generally achieve long flight times, as can be seen on Earth and this feature is
also expected on Mars. Therefore balloons are given a value of four for thie criterion.

Current ornithopters, such as the DelFly Nimble can only fly for a limited amount of time. For ex-
ample, the Nimble can fly autonomously up to five mins [15]. This represents an issue already as the
battery cannot sustain long flight and the requirement for minimum flight time for this mission is one
hour. Obviously, this is caused by the miniaturisation of components in order to create a light weight
flapping wing vehicle. The power required to generate lift is more likely less than the aircraft and ro-
torcraft concepts mainly due to the smaller vehicle. Therefore, a value of two is given for the power
criteria mainly due to the low flight times that are achieved with flapping flight.

Aircraft on Earth are able to fly for hours, transporting passengers on ten, or more, hour long flights.
Smaller airplane drones are also capable of long flight times. However, the power requirement to
achieve lift is the highest amongst all concepts. On Mars, it is expected that flight speeds will be much
greater, which can be seen in Equation 4.1. Here, the density is drastically lower as described in Chap-
ter 2 and therefore requiring a higher velocity. Therefore, the combination of long flight times with a
high power consumption results in a value of two given for the aircraft concept.

Lastly, the rotorcraft concept flies differently than the previous concepts mentioned. Rotorcraft
achieve flight with vertically pointed rotors and by either shifting its center of mass or by rotating differ-
ent propellers at various speed. This method of flight does not require as much power as aircraft do
and it is possible for current rotorcraft to achieve long flight times. Therefore, the rotorcraft concept is
given a value of three for the power criteria.

4.3.3. Manoeuvrability Discussion

The manoeuvrability of a concept on Earth will not specify exactly how a concept will be able to manoeu-
vre in the Martian atmosphere. However, by looking at flight on Earth, a general idea of a concept’s
control and accuracy can be described.

First off, a balloon is most likely the least manoeuvrable concept. A balloon has the ability to land
and take off, especially without significantly complicated mechanisms. This is a benefit that only the
balloon concept can provide which helps its score. However, when regarding the speed and accuracy
of performing manoeuvres, a balloon falls short. Extra equipment would need to be placed on the
balloon to be able to manoeuvre or counter any winds. This could be in the form of pumps, wings or
propellers. Many options exist, which again, is a benefit. But none of these ideas will provide the bal-
loon with a high speed or accuracy. This is because the size of the balloon also plays a role. A larger
object requires a stronger force to move and rotate due to moment of inertia. With all this in mind, the
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balloon is given a three for this criterion. This is because the concept can land proficiently but might
lack some position control.

Out of all designs, the newly designed ornithopters are showing improved accuracy and control with
the DelFly Nimble being able to mimic the flight of a fruit fly [15]. Furthermore, the testing and data for
these designs is done in a controlled environment. Mars has a harsh atmosphere with wind speeds
that will significantly influence the ornithopter and affect the accuracy and perhaps, make landing more
complicated than in a controlled environment. Therefore, this concept is given a value of four.

An aircraft or flying wing is able to control its trajectory and turn, given that control mechanisms exist.
The ability to land, however, is trickier. A landing strip will be needed to safely land. It's possible that
landing and take-off can be helped with a roll able landing strip placed by the astronauts, for example.
Hence, this concept is given a value of three for manoeuvrability.

Rotorcraft make use of multiple rotors to provide lift, which rotate at different speeds and directions
to create a stable platform. Since rotors are propellers that point vertically, rotorcraft have the capability
of landing and taking off vertically and therefore can choose where to do so. This allows the concept
to have a safe and stable landing which is crucial for a safe landing amongst astronauts. Furthermore,
controlling its position and turning accordingly can be done accurately. This concepts is therefore given
a value of four for the manoeuvrability, similar to the ornithopters.

4.3.4. Cost Discussion

Balloons provide lift due to a density difference with the atmosphere. The smaller this difference, the
larger the volume required to compensate. Hence, any balloon on Mars would surely have a large
radius. With increasing size, the material will get more expensive. Furthermore, depending on the
type of balloon, additional gas might be needed to be sent along with the balloon, making the trip more
costly. With all of this in mind, this concept is given a two for this criteria.

Without providing a preliminary design, it is complicated to give a general cost estimate as the size of
the ornithopter might vary greatly. However, the size will surely be less than the balloon’s radius. Also,
the design must be as lightweight as possible to ensure flight is possible, especially with a payload. So
far, this should cost less than the balloon. However, flapping wings is a result of many mechanisms
moving, as seen in Figure 4.1, which must be made specifically for the design. Hence, this concept is
given a value of two for this criterion.

The mass of the aircraft is dependent on a number of factors in the design. For example, if the
aircraft is designed to fly at a low speed, the wings are required to have a larger wing span, this is
seen in Equation 4.2. This would result in a heavier design. Whilst for the opposite, smaller wings are
required but a stronger thrust source is needed. Without doing detailed calculations, it would be hard to
determine exactly which would have a larger effect on the mass. However, the amount of components
needed for aircraft is less than both the ornithopter and rotorcraft concepts. Therefore, a value of four
was given for the aircraft concept.

Naturally, on Earth the mass of rotorcraft can be kept at a minimum. However, this concept might
have to scale up its size to compensate for the change in conditions. Even if this is the case, the mass
should not be too extreme and keeping the costs relatively low. However, the number of rotors in this
design will vary depending on the requirements, but will most likely include multiple. Since multiple
rotors are likely, more components are needed on this design when compared to aircraft. Due to this,
a value of two was given for this criterion.

4.3.5. Safety Discussion

Out of all four choices, balloons are the only concept that can achieve lift without any moving compo-
nents and are the least complex method of flight. However, one major design aspect, the envelope of
the balloon, is important. There is a low likelihood of envelope failure, such as a tear in the material.
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But if the situation does arise, the consequence is high because flight will not be possible anymore.
Balloons, however, are safest for the astronauts amongst all concepts due a lower amount of fast ro-
tating components or wings. The balloon can still be dangerous, for example, when a large balloon is
inflated and the wind force is strong. Then there is a possibility that the balloon is pushed into an astro-
naut, even though the chance is minimal. To this end, a value of three is given to the ballooning concept.

Considering the risk aspect of a design, ornithopters seem like the most vulnerable concept. Not
only are these creations highly complex in terms of aerodynamics and control, these concepts have
barely shown practical experience on Earth. Most of the flying, so far, seems to be done in controlled
lab environments due to the newly experimenting of the complicated aerodynamics involved. There-
fore, the complexity of this concept is the highest out of all four.

Furthermore ornithopters make use of small electric motors to power to wings through a series of
connections. All of these components are light weight and interconnected. Therefore, if any of the
connections, or even the motors, fail or malfunction, the entire flight and control of this concept is af-
fected. This means that the consequences are high. And since it is unknown how these concepts will
fly in a windy atmosphere, let alone a dusty one, it can easily be said that the likelihood of an aspect
going wrong is also quite significant. Lastly, as the ornithopters are generally smaller than other con-
cepts, these pose the least danger to the astronauts. This is further emphasised due to fast rotating
propellers, or rotors, being replaced by light weight flapping wings. Regardless, this concept has the
highest mission risk compared to the other three. This results in ornithopters receiving a value of one
for safety.

Aircraft is another concept that is complicated to manufacture but with all the models and experi-
ence available, it is not complex. Since the only difference in the generation of lift for aircraft is most
likely the density difference between Earth and Mars, other aspects will be similar. Aircraft, due to the
moving components, such as propellers, have a higher likelihood of failure due to the harsh Martian
environment, such as dust. If components that rely on movement to function fail, the consequence is
high. Furthermore, whilst aircraft are generally stable and can be controlled there is still a risk to the
safety of astronauts. Large wings and fast moving propellers are not components that astronauts want
near by. All included, this concept accounts for some risk but is not as risky as the ornithopters in terms
of component failure and complexity. Therefore, a value of two is given.

Rotorcraft is an odd concept as it is not entirely complex but there are many aspects to it. Firstly, the
components that are most likely to fail are the rotors. The rest of the body can technically be encased
in a body, offering extra protection. Therefore, the more rotors a design has, the more failure points are
possible. However, because of a larger amount of rotors, any one failure will have less consequence.
For example, if a design with one rotor is created, that single rotor failing will end the mission. Whilst,
a quad copter, with four rotors, will still be able to have some form of control with the remaining three
rotors. However, whilst the concept is generally stable, the rotors pose a danger to the astronauts. As
mentioned in the introduction of the rotorcraft concept, these rotors will most likely need to be larger or
rotate faster. These can pose a risk to any nearby astronauts. Therefore, this concept is also given a
value of two for the risk criteria.

4.3.6. Conclusion

Each of the concepts has been thoroughly researched and discussed up to his point. Taking all criteria
into consideration, the clear outcome of this trade-off is that balloons will be the most versatile and
power efficient design. Furthermore, each of the four concepts use different methods to provide lift
and balloons have the most simple method, buoyancy. By utilising Archimedes’ law of buoyancy, lift
is generated which can be controlled by numerous methods, such as temperature and volume control.
Rotorcraft is the second place winner whilst aircraft and ornithopters follow in third and fourth place,
respectively. To reach this conclusion, each criteria was thoroughly researched and discussed in the
previous sections. Making sure that personal opinions and choices did not influence the trade-off rep-
resented one of the tougher tasks of this chapter. However, the trade-off is completed and states that
balloons are the best option.
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4.4. Design Option Tree

With the balloon concept being the winner of the trade off analysis as seen in Table 4.1 and the fact that
the balloon has many different types of providing lift, a design option tree is created to narrow down
potential candidates. Balloons generate a lifting force by having a lower density than the atmosphere.
Therefore, a few key aspects affect the flight of a balloon. This includes the gas inside the envelope,
the temperature and pressure difference between the gas and the atmosphere surrounding the balloon.
Hence, various designs can be used which target different variables that provide lift. According to [2],the
various types can be categorised into four sections which are also known as Light than Air vehicles, or
LTA.

| LTA Aerobots
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Figure 4.2: Types of Balloons, also known as LTA, lighter than air, aerobots

As shown in Figure 4.2, there are two main groups of balloons, dependent on the gas used inside
the balloon envelope. The first group, which uses a low density gas, can be split into three types
depending on the pressure difference between the dense gas and the surrounding atmosphere. For
these concepts, the gas temperature is equal to the surrounding temperature. The second group uses
the atmospheric gas. With this method, the temperature inside the balloon is an important factor with
numerous methods to heat the gas mentioned in the figure. Each of the heating sources has its benefits
and drawbacks, such as the 2000 Watt RTG heater providing a constant heating source for a Titan
mission [19]. This is only made possible due to the dense atmosphere which allows for a larger lift
force to be created due to a larger possible difference in density between the atmosphere and gas
inside the balloon. This is shown in Equation 4.1.

To decide between the four concepts, a design option tree was created with the goal of being as
complete as possible. However, the first three concepts, that achieve flight by using a low density
gas, are already at a disadvantage due to possible out gassing that can occur. This will result in the
gas slowly escaping the balloon and will need replenishing in time. This will ensure that the mission
requires additional gas and is not sustainable. Furthermore, these balloons will be hard to store as the
gas generally will not be pumped out of the balloon. Therefore, alternatives in the ambient gas branch
were explored and are shown in Figure 4.3.
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Figure 4.3: Design Option Tree

The first row of options, after the ambient gas balloon is chosen, relates to the gas heating options
shown in Figure 4.2. These are separated in the electrical heater category, the use of an RTG or via
solar energy. A widely used method is the burning of propellant to heat the insides of the balloon,
similar to hot air balloons on Earth. Out of all options, the solar option is chosen as the most optimal
option due to the requirement of using a renewable energy source.

The next step is deciding if stabilisation and control is wanted for the flying vehicle. The Passive
Stabilisation path offers three methods to control the balloon. For example a deployed 'wing’ far below
the balloon to make use of the difference in wind speeds at different altitudes. An example is shown in
[1]. Furthermore, a winged balloon could provide a certain amount of control, similar to a plane’s wings
while the wind powered option considers the balloon having a controllable tail which would act similar
to a boat’s sail. Whilst the third and final option is to change the shape of the balloon to take advantage
of a variance in wind speed. For this thesis, a certain degree of control is a requirement, hence the
choice to go down the active stabilisation path. Options here include an air pump to provide thrust,
or the conventional propeller system. Since the balloon would be required to rotate both directions,
two electric propellers system can do this by changing the rotation of the blades. This would be more
difficult to achieve with an air pump or two.



Climate Conditions

In order to provide a preliminary design of the balloon for astronauts to use, a landing site is needed
which will allow assumptions on the atmospheric conditions to be made.

Firstly, the needs of future colonists will be collected from multiple reports and summarised, after
which a program is discussed which focuses on determining suitable settlement sites for astronauts
based on a set of constraints. The final section will describe a selected landing site and the atmospheric
conditions that are expected there.

5.1. Mars Colonist
This section describes the needs that are expected for future astronauts on Mars.

5.1.1. Supplies
The astronauts tasked with surviving on the Martian surface will need supplies. After a set amount
of time, the supplies brought from Earth will run out. A supply chain between Earth and Mars is in
the realms of possibility but given that the flight time between planets is long and expensive, it can be
assumed that the supply drops will not happen often so this would be an inefficient solution. The need
to be self sufficient on Mars is commonly discussed as an important aspect. This would, technically,
allow Martian colonists to provide themselves with water, food and optimally even oxygen. On Mars,
water is currently is in the form of ice under the surface [27]. The extraction process might be difficult
but choosing a location that allows for this possibility is an aspect that is considered in this chapter.

Unfortunately for the astronauts, Mars does not grow its own vegetation and therefore the food
aspect of being self sufficient will most likely not affect a desired settlement location. There are methods,
however, that can sustain astronauts with food. An example is growing cyanobacteria on Mars and
using it as a food and oxygen source, but there is no mention of a positional advantage [35].

To briefly summarise the criteria so far, three aspects are discussed that play a role in determining
suitable settlement locations, which are the need for a water, oxygen and food source.

5.1.2. Atmosphere

An important aspect for future astronauts is the generation of power. On Mars, solar energy is as a
good source of renewable energy that is available daily. To ensure that astronauts have enough solar
energy to work with, a settlement location is needed that is closer to the equator. The requirement for
solar flux directly influences the latitude range of the Martian surface that would be suitable, which will
be shown in Figure 5.1. Solar flux is one of the main requirements for a settlement location because it
is also beneficial for heating the balloon’s gas and generate more lift.

A lower surface altitude or the Mars Orbiter Laser Altimeter elevation, MOLA, elevation is also bene-
ficial for the lift generation of the balloon. This results in a higher density value in the atmosphere so that
the difference between the atmospheric and balloon density is larger, resulting in more lift generation.
More detailed calculations are shown in Chapter 6.
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5.1.3. Extra Considerations

As discussed in the two previous sections, the astronauts are able to be self sustainable, given proper
preparation, and can power their activities. However, this does not make the mission a simple task as
there are other variables that need to be considered. First, radiation protection is one of the major ob-
stacles regarding human health during space missions. There are reports dedicated to thinking outside
the box and finding solutions to reduce the amount of radiation absorbed by the humans expected to
travel to Mars. For example, one of the simplest solution is to use available landscape on Mars such
as caves and tunnels, similar to what human’s prehistoric ancestors have done [6]. Whilst this option
would make life easier for future astronauts, it is difficult to depict where these cave and tunnels exist,
especially in a numerical simulation. Therefore, this solution is not a guarantee.

The second aspect that needs consideration is the wind speed that is expected across the Martian
surface. Not only will an area with strong winds be potentially dangerous for the astronauts and their
equipment, it will also ensure that the balloon remains is. Therefore,a maximum wind speed must be
determined to protect both the astronauts and the balloon.

The two remaining aspects vary greatly with location. These are the dust and surface conditions.
Dust is harmful to solar cells, astronaut’s spacesuits and spaceships on Mars and therefore, ensuring
minimal dust in the surrounding area is key for sustainability throughout the mission [23]. The surface
conditions, which includes the slope and roughness factors, do not impact the balloon but, can impact
the lives of the astronauts on the surface. A flat and rock-less surface is the best situation for a small
Martian base and this is what will be sought after.

5.2. ESS Program

Expert System: Settlement, ESS, is a program created by M. Noeker [27]. The thesis focused on
creating a program that uses available data from the MCD to determine a human settlement location
given a set of constraints. These constraints include 3 main types of limitations to the settle location.
First, the climate conditions are entered. Main components of the atmosphere are required to do this,
such as a minimum and maximum solar flux requirement. Constraints, named engineering constraints,
are needed. These look into surface conditions such as slope, rock abundance and elevation. The set
of constraints that are perhaps the most important for a settlement are called the resources constraints.
Here, the user can input requirements for different resources, such as ice and basalt, to determine a
location that fits to the mission. This program provides two main set of constraints that apply to this
thesis. The climate and resource requirements are the most important due to the need of water and
climate conditions that are fit for balloon flight.

The program is extensive and looks into each point of interest with detail by determining if a landing
can happen by calculating a landing ellipse. All of the variables and constraints can be manually added
and or changed to meet the desired goal. Fortunately, an example use of the ESS is given in the report
and correlates with the needs discussed in this Chapter. The following values found in Table 3.12 found
in [27] are used as requirements for this thesis.

* MFD-E1: Latitude shall be between 50’ North and 50’ South
* MFD-E2: Elevation shall be below 2 km MOLA
« MFD-E3: Site shall have less than 8% rock abundance

* MFD-E4: Average steady wind speed shall be less than 15 %

MFD-E5: Maximum peak winds shall be less than 30 =
+ MFD-EG6: Site shall have a minimum of 5% weight percentage of water concentration

Using these constraints, the report provides Figure 5.1. The black markings in Figure 5.1 dictate
the possible settlement sites that fit the constraints listed above. The only difference between all of the
black markings is the elevation. To finalise the settlement site, the location of 3’ North and 140’ East is
chosen as this is shown to be the lowest elevation described by the colour pattern in Figure 5.1, where
blue represents a lower elevation.
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Figure 5.1: ESS example; Martian surface with possible settlement sites depicted by a black point

5.3. Selected Conditions

Figure 5.2 describes the conditions at the location 3’ North and 140’ East throughout the entire Martian
year, at an elevation of 200 meters. The points on the graph are plotted for each day at the 12th Martian
hour. The bottom axis plots the solar longitude. Figure 5.2 shows that the conditions vary greatly
throughout the year, distinguishing different seasons. To design the balloon, atmospheric conditions
need to be chosen. In order to allow the balloon to fly most often, the worst case scenario is chosen.
The worst case scenario is considered to be the situation with the highest temperature out of all the
points in Figure 5.2. This is found at a solar longitude of 195’. The conditions in this scenario are given
in Table 5.1 which shows that at 195’ solar longitude, the solar flux is at a yearly high of 574.8. Even
though this would increase the gas temperature, this will also cause the atmospheric temperature to

increase. This results in a reduction in density difference. More is shown in Chapter 6.
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Figure 5.2: Graphs describing selected conditions throughout an entire year

Table 5.1: Worst Case Values at 200 meters above the chosen settlement location, representing a solar longitude of 195’ at

12:00 Martian time

Variable

Value

Pressure (Pa)

628.5

Temperature (K)

237.8

Solar Flux (W/m?) | 574.8







Preliminary Design

The previous chapter discussed settlement requirements and provided a settlement site for this mission,
with 5" North and 140’ East being the chosen coordinates. The average atmospheric conditions are
also discussed in Chapter 5. With these conditions determined, it is possible to provide a preliminary
design. This chapter discusses the design and the methods used to calculate all aspects. This chapter
also describes the results of simulating the altitude of the balloon over time.

6.1. Design Aspects

The preliminary design is a balloon with a prolate ellipsoid shape. A prolate has one axis, the major
axis, longer than the other two which are equal in length. The ratio used in this design is determined
to be 0.41, so that the longer radius is a factor of 2.44 longer than the short radius. See Figure 6.2.
Other values of the design are shown in Table 6.1. These are found and calculated via the Equations
described throughout this chapter using the assumptions given in Table 6.2. This design is possible
using the assumptions found in Table 6.2. Furthermore, upon arrival, a pump is to be used by the
astronauts. An example pump is given in Section 6.5.3 which results in the balloon being filled in a
total of 9 hours and 51 minutes, requiring 30.5 kW h.

Figure 6.1: Example figure representing the balloon with all design aspects

Figure 6.1 describes various areas of the balloon with colour coding. The two main areas depicting
both halves of the prolate ellipsoid indicate the coating used. The top is coated by Germanium whilst
the bottom is coated by aluminium to ensure that the thermal properties of « = 0.6 and € = 0.03 are
possible.

Furthermore, the black area at the top of the balloon represents the solar cell area required to power
the propellers. This area also contains a smaller area depicted by a grey colour. This represents the
venting system.

Attached to the bottom of the balloon is the payload. The payload is connected to the bottom together
with the two propellers which are depicted by the square box and black star, respectively.
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Table 6.1: Preliminary design parameters

Variable Value Units
Volume 27184 .1 m3
Long Axis Radius 33.80 m
Short Axis Radius 13.86 m
Balloon Mass 81.08 kg
Gas Temperature | 456.69 K
Thrust 471.6 N
Solar Area 131.58 m?
Vent Area 19.03 m?

Table 6.2: Final assumptions used for the preliminary design

Variable Value | Units
Payload 100 kg
Atmospheric Pressure 628.5 Pa
Atmospheric Temperature | 237.8 K
Solar Flux 574.8 | w/m?
Gravitational Acceleration | 3.71 m/s?
Atmospheric Molar Mass | 0.044 | kg/mol
Envelope Surface Density 13 g/m?
Maximum Wind Speed 15 m/s

6.2. Lift Force

This section describes the methods used to determine the size of the balloon. The initial process makes
use of Archimede’s law of buoyancy and the law of thermal equilibrium. This can be compared to both
[14] and the thesis BADS [34].

6.2.1. BADS

BADS, Balloon Aerobot Design and Simulation, is a program created by a former Master student at
the TU Delft, I. van Dosselaer. The thesis work summarises all main aspects of balloon design and
provides software to design a balloon following requirements and constraints imposed on the system.
All of this is programmed in MatLab and provides many options for balloons in multiple atmospheres,
including Earth and Mars. Access to the software was granted and time was spent investigating what
the software can offer this thesis work. The program offers a valuable design tool for most types of
balloons.

However, the code can not be used to design a hot air balloon but for example, a super pressured

balloon. It was decided that focus could be better spent using the main balloon equations which will be
described in the next section.
Fortunately, the BADS report [34] has given a large amount of insight into balloons and the physics
behind them and has helped immensely with this chapter. Furthermore, the MatLab program contains
certain models, such as a more complicated thermal model than the model used in this thesis, which
can benefit the accuracy of the simulation. This is further discussed in Chapter 7.

6.2.2. Designing

The physics for the lift are simple when compared to the complicated aerodynamics of airplane and
flapping wing flight. This is due to the main force being provided by Archimedes’s law of buoyancy
which states that the upwards force is equal to the weight of the displaced fluid. This is described by
Equation 4.1.

Equation 4.1 shows that the net lift produced is a function of the gas densities between the atmo-
sphere and balloon. This provides the amount of lift that the balloon can generate but does not take into
account masses other than the mass of the gas inside the balloon. In reality, the mass of the envelope,
payload and further instruments would need to be included as well. Equation 6.1 describes the total
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mass expected for the balloon.

Meotal = mpayload + menvelope + Mextras (6-1)

where: Miorar = Total mass of the balloon (kg)
Mpayioaa = Mass of the payload (kg)
Menvelope = Mass of the envelope and coating (kg)
Meyiras = Mass of extras added onto the design, such as potential control mechanisms (kg)

The mass of the envelope is given by Equation 6.2.

Menvelope = AsurfacepAmaterial (6-2)

where: Agyrrace = Total surface area (m?)

Pamaceriqy = Material surface density (%)

Furthermore, the Ideal Gas law is needed as this relates the density to the pressure and temperature
conditions of the atmosphere. This was shown in Equation 2.1 in chapter 2. The Ideal Gas law equation
in Equation 2.1 explains why a hot air balloon is capable of providing lift, because a higher temperature
results in a lower density gas. To meet the requirement of using a renewable energy source, as given
in MFD-SH-5, the sun will act as the main power source for thermal heating.

To calculate the temperature of the gas, thermal equilibrium is assumed. Thermal equilibrium is
the steady temperature of objects when the thermal input and output are equal. A further assumption
made throughout these calculations is that the sun is at such a distance that the rays fall perpendicular
to the top of the balloon. This ensures that only the top area of the balloon is heated. This is shown in
Equations 6.3 to 6.5.

B = Pout (6.3)
By = a(Atop — Asolar)S (6-4)
Pout = UE(Asurface - Asolar)T; + h(Asurface - Asolar)(Tg - Tatm) (6-5)
where: P, = Power gained by the balloon (W)
Pyt = Power loss by the balloon (W)
a = Absorptivity coefficient, ranges from 0.0 to 1.0 (—)
Atop = Cross sectional area of balloon seen from above (m?)
Agoiar = Solar cell area (m?)
S = Solar Flux (%)
o = Stefan-Boltzmann constant, 5 « 1078 (mZVK4)
€ = Emmissivity coefficient, ranges from 0.0 to 1.0 (-)
Agurrace = Total surface area of the balloon (m?)
h = Heat transfer coefficient, assumed to be 0.125 (%)
Ty = Balloon temperature (K)
Tatm = Atmospheric temperature (K)

In Equation 6.5, the first term on the right hand side depicts the radiation heat transfer whilst the
second term describes the convective heat transfer. Furthermore, the term A;,;,, mentioned here
refers to the area taken up by solar cells. Section 6.5.2 discussed how to calculate the solar area.
The absorptivity and emmisivity are both a function of the material and coating chosen for the balloon.
Because the lift of the hot air balloon depends greatly on the internal gas temperature, both « and ¢
are critical design components.

The heat transfer coefficient is assumed to be equal to 0.125. In the NASA solar Mars balloon, no
equations are provided for determining the gas temperature in the balloon. However, a value of 415
K is provided. Using Equations 6.3 to 6.5 with the size of the balloon, envelope and coating values
provided in [14], a value of 415 K is found when the heat transfer coefficient is equal to 0.125. This
is only true if the assumption that the NASA engineers used the same thermal equilibrium principle is
correct. Another source assumes that the heat transfer coefficient for aluminized Kapton to be around
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0.2 [13]. Whilst Kapton is not the same material used for this balloon, it does show that the value of
0.125 calculated above is similar and not an entirely wrong assumption to use throughout this report.

Equation 6.5 cannot be rearranged to find the gas temperature as it includes two forms of the
variable, to the power of one and four. Therefore, to find the equilibrium gas temperature, Equation 6.3
must be reiterated until convergence.

With the gas temperature described, all remaining variables and therefore the lift, can be calculated.
However, to design the balloon size, it will be assumed that the required lift needed is equal to the total
weight of the balloon. This results in the following equation as derived from Equation 4.1.

VVtotal

Imars * (patm - pgas)

(6.6)

Vrequired =

where: V..quirea = Required volume to provide lift equal to the weight of the balloon (m3)

W;iotar = Total weight defined in Equation 6.1 (N)

duars = Gravitational acceleration on Mars, 3.71 (m/s?)
Patm = Atmospheric density (kg/m3)

Pgas = Balloon gas density (kg/m?3)

6.3. Shape Analysis

The shape of the balloon has not yet been discussed and whilst the material section uses an example
with a spherical object, a spherical balloon may not be the chosen shape. This section will investigate
an ellipsoid. There are two types of ellipsoids, as shown in Figure 6.2. The left object is an oblate
ellipsoid whilst the right object is an example of a prolate ellipsoid.

Figure 6.2: Ellipsoid shapes [28]

From Figure 6.2, it is seen that there are three main variables that are affected. These are the
frontal, top and total surface area when compared to a sphere. The frontal area is the cross sectional
area of the ellipsoid as seen from the front. These can be calculated with Equations 6.7 to 6.10.

Agop = TaC (6.7)

Afrontal = maQ (6.8)
a2

ecc= [1-— (c_z) (6.9)
a

Asyrface = (2mc?) * (1 + ( ) * asin(ecc)) (6.10)

c *xecc

where: a = Radius of the short side (m)
¢ = Radius of the long side (m)
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The effect of the ellipsoid ratio, which is the ratio of the short to long radius, on these three areas
are discussed as these areas impact important parameters in the design. Firstly, the frontal area plays
a role in the drag calculations whilst the balloon moves forward, or during a head on wind gust. The
top and total surface area play a key role in the gas temperature as shown in Equations 6.4 and 6.5.
Furthermore, decreasing the ratio to increase the length difference between the long and short axis
will increase the total surface area. To this end, the prolate ellipsoid is added into the simulation and
plotted for various ellipsoid ratios to determine the optimal shape. The prolate is chosen as this would
decrease the frontal area and increase the top area which is beneficial. The oblate will do the opposite,
reducing the efficiency of the balloon by providing a higher drag and less area to absorb sunlight.

The effect of changing the sphere into an increasingly more prolated shape is plotted and shown in
Figure 6.3. Here, the variable on the X-axis is the ratio between the short axis and long axis, while the
total weight is plotted on the Y-axis. Figure 6.3 shows that the ratio of 0.41 provides a lighter balloon.
This graph is made possible due to the relationship between the top area and total weight. To plot this
graph, the variables given in Table 6.2 are used to ensure that this ratio complies with the preliminary
design. In this relationship, a larger top area results in more sunlight being absorbed and therefore, a
higher temperature equilibrium. The volume inside the balloon, and the amount of envelope material
needed also increases, but it can be deducted from Figure 6.3 that these do not grow at the same rates,
meaning that a minimum occurs at 0.41. Therefore, the longer radius is a factor of 2.44 longer than the
short radius.

Weight vs Ellipsoid Ratio
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Figure 6.3: Weight vs Ellipsoid Ratio

With this in mind, the values for both radii can be calculated. This is done with Equation 6.11.

1

Vrequired 3

c=( ) 6.11)

where: ¢ = Radius of the long side (m)
Vrequirea = Required volume to provide lift equal to the weight of the balloon (m3)
Sratio = Prolate shape ratio, a ratio of minor divided by major axis (—)
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6.4. Material Choice

The previous sections mention the importance of the absorptivity and emmisivity regarding the gas
temperature inside the balloon. To this extent, this section discusses the chosen envelope material
and various coatings.

One envelope material is commonly cited in Mars balloon research. This is a 3.5 um thick Mylar
fabric with a Kevlar mesh mentioned in [14]. The surface density of this combination of materials,
mainly due to the thickness, is merely 9 to 13 %. This is relatively low, especially compared to other
reports mentioning fabrics, such as the Titan mission [19]. The titan report mentions values of 47 and
75 g/m? for PVF - ‘Tedlar’ film and 20-micron polyester film, respectively. Due to this, [19] mentions
that 100 g/m? is a good assumption when regarding strong polymer based envelopes. However, these
materials are designed to perform bearing strong loads due to large pressures inside the balloon.

To confirm whether or not the material found in [14] is the best candidate, envelope materials were
discussed at the TU Delft with the lead researcher in composites and polymers, Dr. J.C. Bijleveld. Here,
it was mentioned that the Kevlar-Mylar mesh seems like a reasonable choice for a space mission and
that lighter materials are unlikely to be found. Therefore, it is reasonable to assume that using the
Kevlar-Mylar mesh is the best option for a Mars balloon envelope. To finalise the choice, the 13 g/m?
value is used to provide a light balloon but also consider the weight of the coating.

Another factor that must be incorporated with the balloon’s envelope is the type of coating used. In

[14], the coating used is a germanium - aluminium coat. It would be easy to assume the same coating,
especially due to its thermal properties of @ = 0.6 and € = 0.03.
A publication from NASA describes the space thermal properties of many different material and coatings
[12]. Using this publication, it is possible to compare some of best coatings possible. The best coating
for this balloon is one with a high absorptivity and low emmisivity as this will ensure that the balloon
retains most of its heat.

Table 6.3: Coating properties

DeSign i : i a €combined
BI}Je anodized titanium 07 013
foil

Tarnished copper

foil tape 0.55 0.04
Tantalum foil 0.4 0.05
Polished tungsten 0.44 0.03

Vapor deposit: aluminum 0.08 0.02
Vapor deposit: germanium | 0.52 0.09
Vapor deposit: nickel 0.38 0.04
GSFC SiO-Cr-Al

dark mirror coating 0.86 0.04

It is assumed that the top area is directly influenced by sunlight and benefits from a higher absorp-
tivity. The bottom half, however, does not require an absorptivity coefficient which allows the use of an
extremely low emissivity material. This is only possible due to the assumption that only the top area
is affected by solar energy. By using two materials, the combined emissivity value can be calculated
with Equation 6.12.

_ Atopetop + Abottomebottom
€combined =

(6.12)

Atotal

where: €.ompinea = Average emissivity due to various coatings (-)

Atop = Top area (m?)

Etop = Emissivity applied on the top area (-)
Aportom = Bottom area (m?)

€pottom = EMissivity applied on the bottom area (-)

In order to calculate the combined emissivity, it is assumed that the bottom half is covered with alu-
minium. Aluminium is chosen as as it has a low emissivity coefficient of 0.08. For the absorptivity, there
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is no combined value since only the top half is in direct sunlight and will absorb sunlight. Furthermore,
Equation 6.12. describes the method to calculate the combined emissivity in which the top and bottom
area are half of the total area.

Table 6.4 shows the combined thermal properties of four combinations: tarnished copper, polished
tungsten, germanium and blue anodized titanium. These will be applied to the top area while alu-
minium will cover the bottom half. These coatings are selected as they provide a high absorptivity to
emissivity ratio. A higher ratio is more beneficial for the balloon.

Table 6.4: List of chosen coatings and their respective effect on the gas temperature

Coating a €combinea | Gas Temperature (K)
Blue anodized titanium | 0.7 0.075 397.25
Germanium 0.6 0.03 456.69
Polished tungsten 0.44 0.025 433.89
Tarnished copper 0.55 0.03 446.00

Lastly, to be able to compare these options with the germanium-aluminium coating [14], the gas
temperature is calculated for a five meter spherical object covered in these coatings. It is assumed that
the solar flux is 574.8 W /m? and an atmospheric temperature of 237.8 K.

According to the gas temperatures in Table 6.4, the germanium-aluminium still provides the higher
gas temperature. This is the case even though the polished tungsten is the coating with the lowest
combined emissivity which is caused by the absorptivity of the tungsten being lower than the germanium
combination, their values being 0.44 and 0.6, respectively. Therefore, for the design, the germanium-
aluminium coating from [14] is used.

6.5. Power

The design option tree in Chapter 4 states that the main control mechanism for the position will be a
set of electric propellers. These propellers must be able to propel the balloon forward, backwards and
be able to turn the balloon as well. To do this, it is envisioned that there will be two propellers, one of
each side of the base.

6.5.1. Drag

As mentioned in the mission requirements, Chapter 3, the balloon must be able to counter, or stay
stable, with a head wind of 15 % as this is the maximum average wind speed in the settlement. To
achieve this, the total thrust must be equal to the largest drag force that the mission is expected to
experience. For this calculation, it is assumed that the wind is coming head on and that the thrust will
face directly into the wind. With this, the total drag can be defined as Equation 6.13.

1
D= ECDpathfrontalvea/ind (6.13)
where: D = Drag force from the wind acting on the balloon (N)
Cp = Drag coefficient, equal to 0.5 due to the spherical balloon (-)
Afrrontar = Cross sectional area as seen from the front of the balloon (m?)
DPatm = Atmospheric gas density (%)

Vewina = Wind velocity (%)

In order to determine the power requirement to counter the wind force, Equation 6.14 can be used
[34]. This equation provides the amount of thrust needed to counter the maximum expected wind force
at the settlement site.

Th+V
Prnrust = (6.14)
7Iefficiency
where: Piprust = Thrust power required (W)
Th = Thrust which is equal to the drag force (N)

Nesriciency = Efficiency factor for the propeller system (-)
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6.5.2. Solar Cells
The next step is to determine the power requirement to enable usage of all aspects of the balloon.
These main balloon aspects are listed below:

+ Sensors
* Thrust
» Vent

» Payload

Since the balloon will complement the astronauts on the surface, it does not need to power itself the
entire day. It can also be assumed that the astronauts will only use the balloon if the atmospheric
conditions allow. For example, the balloon will not be used during major dust storms, in the morning
or in the evening due to lack of sunlight. The solar cells that are used must generate enough power to
satisfy the power requirements. To achieve this, there are two possibilities. solar panels can either be
placed above the balloon, or flexible solar panels can be attached to the envelope itself, as described
in [13].

Report [13] was the winner of NASA's Big Idea competition in 2018. The report describes a mission

to provide a solar energy gathering balloon and as such, provides a balloon covered with solar cells.
The solar cells used in this report are gallium arsenide cells. These have the capability of bending,
allowing for easier integration, especially on a curved surface such as the envelope. Therefore, the
solar cells can be attached to the balloon directly as these can bend to a minimum of 5 cm of radius
curvature.
An alternative method for gathering solar energy would be to use conventional solar panels and have
them attached to the top of the balloon. This method is rigid and not capable of being placed along
the balloons envelope. Between these options, it was decided that a flexible solar cell with the ability
of being attached to the envelope is more suitable for this mission as it will allow for a more simple
method of packaging. The solar cells have the following properties [13].

Table 6.5: Solar cell characteristics

Solar Cell Variable | Value Units
Power Density 126 W /m?
Cell Size 50 x 17.1 | mm?
Cell Weight 0.112 g

To determine the required solar cell area, Equations 6.15 can be used. The total power, P; ¢4 Was
calculated to be 11,053 W/.

P
Asorarcen = 1.5 x —2£2L = 131.58m? (6.15)
power
where: Ay iarcenn = Solar Cell area required (m?)
Protal = Total power, assumed to be equal to the thrust power requirement (W)
Ppower = Power density of the solar cells (%)

The constant 1.5 found in Equation 6.15 is implemented to ensure that the balloon carries 50% extra
solar panels. This adds a safety factor to the solar power generation as the solar cells will degrade
over time. Furthermore, this helps ensure that dust does not end the balloons capability of generating
power during dustier seasons.

According to [13], each solar cell weighs 0.112 g and has a size of 50 mm by 17.1 mm. The number
of cells in a square meter, N, is thus 1170. With the number of cells known, the overall density can
be calculated which can then be used to determine the total weight of the solar panel area. Equation
6.16 shows the calculation for the surface density of the solar cells.
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g

Psotarcetl = Neetts * Mcet1 = 131? (6.16)
where: pso1arcenn = Surface density of solar cells (%)
Nceis = Number of cells per square meter (—)
Meenr = Mass of a single solar cell (g)

Therefore, the total weight of the solar cells is the solar cell area calculated in Equation 6.15 multi-
plied by the surface density in Equation 6.16.

6.5.3. Gas Pump

Before flight is possible, the balloon must be filled with the Martian gas after it has landed on the surface.
Therefore, the balloon will be sent to Mars with an air pump that can be used by astronauts to pump air
into the balloon. [13] provides an example of a pump able to do its job on Mars. For initial calculations,
it is assumed that the current pump specifications are similar. The characteristics are provided in Table
6.6[13].

Table 6.6: Pump characteristics [13]

Variable Value Units
Mass 44 kg

Flow Rate | 46 m3/min
Size 45x 0.8x0.2 | m?
Power 3.1 kw

With the current specifications of the pump, it takes 9 hours and 51 minutes to fill the 27184 m3 of
the balloon. The power equivalence of this is 30.5 kW h. Therefore, emptying and storing the balloon
should only be done when absolutely necessary, unless the waiting time and power requirements for
pumping are not important.

6.5.4. Instrumentation

This section will describe some of the key instruments required to ensure the balloon is able to fly
and adjust according to the conditions it finds itself in. This section will describe the main components
required for flight control. The balloon is controlled by an astronaut but to control an object flying far
away, the astronaut will need sensory feedback such as:

» Wind conditions
» Atmospheric conditions
 Balloon conditions

Wind conditions are important as these will greatly affect the balloon’s position and velocity. To be
able to continue its original direction, or remain in a location, the thrust will must be activated to counter
the incoming wind. The two remaining aspects, the atmospheric and balloon conditions are the two
greatest influences on the lift generation in balloons. This is where instrumentation such as sensors
play a key role. Sensors record data and provide said data back to the astronaut as feedback of what is
happening. By doing this, the astronaut can recognise whether additional movements are required to
control. This is important because variables such as altitude and speed depend on constantly varying
conditions. For the aspects listed above, the following instruments are needed.

» Camera
» Static pressure
» Dynamic pressure

« Temperature sensor
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» Telecommunications

In flight, a pitot tube is used to measure the total pressure in a gas. A modified version of the
pitot tube can also be used to measure the static pressure, P; [26]. With these values measured, the
dynamic pressure can be calculated using Equation 6.17 [32].

Paiorar = Pasearic + Padynamic = Pagqric + 0-5path;32 (6.17)
where: Paiorar = Total pressure of the wind stream, also known as stagnation pressure (Pa)
Pagiatic = Static pressure of a wind stream (Pa)
Pagynamics = Dynamic pressure of a wind stream (Pa)
Patm = Atmospheric density (%)
v, = Flight speed (%)

From the dynamic pressure, the balloon’s flight speed can be calculated. Other than a pitot tube for
Mars, another important sensory need is a heat sensor used to determine the gas temperature inside
the envelope. This could prove beneficial to calculate the current lift force. A camera is perhaps the
most important out of all the required instruments listed above. Even though a pitot tube, or temperature
sensor can accurately determine flight variables such as lift, a camera can be used to provide the
operator an image of the current position, direction and a clear view of the surrounding area. Cameras
are also able to provide a preliminary method of obstacle avoidance. Lastly, the balloon’s computer
shall have a telecommunication instrument to ensure that the astronaut can communicate with the
balloon.

6.5.5. Radiation

Radiation is a dangerous aspect of Martian exploration and one that needs consideration. According
to [11], there are two types of radiation that must be considered for a mission on Mars. These are the
abbreviations GRC and SEP types, which are called galactic cosmic rays and solar energetic particles,
respectively. Due to these constant sources of radiation, electronics in space have the tendency of
being affected by power resets and system failures. These are caused by long exposures or even
unpredictable solar activity [16]. NASA describes that there are currently three ways of protecting a
spacecraft from radiation which are [16]:

» Passive shielding
* Redundancy
* Increasing radiation hardness of electronics

The passive shielding is also mentioned in [11], with coatings that have densities between 9 to 20 g/m?.
Fortunately, most of the vehicle is made of a light envelope containing Martian gas. There is no need to
protect the Martian gas. The instrumentation, however, is located under the balloon and will therefore
be protected by the large volume of gas above it. Furthermore, it will be assumed that the payloads
provided by customers are protected from radiation. However, some of the sensors described in the
previous section need to be exposed to the atmosphere. For any instrumentation that does require
extra protection, the 'box’ containing all electronic equipment can be coated against radiation by a
material weighing up to 20 g/m?, if necessary [8].

6.6. Simulation
This section will show the altitude vs time of the preliminary design. The methods and calculations

used to simulate the expected flight path of a balloon on Mars are described here and are shown in full
in the code [36].

6.6.1. Simulating Each Second
The simulations used throughout this chapter are based on the equations used from the BADS Thesis
[34]. A python script was created to model the hot air balloon designed for Mars. The first step towards



6.6. Simulation 35

this simulation is to understand that all aspects will be simulated every second, to ensure that the
gas temperature and atmospheric conditions are constantly updated and are as accurate as possible.
Then, the next step of simulating is to define the equations that are used in the program. A new
variable is introduced, the virtual mass, which depicts the mass-spring behavior of the balloon which
can be described as follows: "In a physical sense, this added mass is the weight added to a system
due to the fact that an accelerating or decelerating body, in unsteady motion, must move some volume
of surrounding fluid with it as it moves. The added mass force opposes the motion”. This is described
by Equation 6.18 [34].

Myirtual = Meotal T Cvirtualpgasvballoon (618)
where: my;eyqr = Virtual mass (kg)
Meotqr = Total mass of the system (kg)
Coirtuaq = Virtual mass coefficient, 0.35 (-)
Pgas = Balloon gas density (%)

Voatioon = Balloon volume (m3)

By using this mass-spring behavior, the lift of the balloon can be calculated which is then used to
depict the flight path of the balloon. The lift is calculated using Equation 4.1.

Fyer = FLift -D (6.19)

where: Fy.; = Net force generated (N)
Fir¢ = Lift force via Equation 4.1 (N)
D = Drag force on the balloon via Equation 6.13 (N)

The drag force is present in Equation 6.19 because the balloon will undergo a movement in the
simulations. It is assumed that Cp, the drag coefficient, has a value of 0.5 due to the prolated ellipsoid
having a ratio that resembles a sphere closely. Once the net force is calculated, the acceleration is
found via Newton’s law of F = ma which is related to the virtual mass as described in Equation 6.20.

AV Fye

_— = 6.20
dt Myirtual ( )

where: % = Altitude acceleration ()

The following two equations are used to determine the balloon’s vertical flight speed and altitude,
respectively.

av av
Vascentn = Vascentp + E *dt = Vascent + E (6.21)
where: Vgscent, = Newly calculated ascent speed (%)
Vascent, = Ascent speed from previous simulation loop (%)
‘;—‘: = Altitude acceleration (Sﬂz)
dt = Time differential (s)
H, = Hp + Vascent * At = H + Vygeent (6.22)

where: H, = Newly calculated altitude (m)
H, = Altitude from previous simulation loop (m)
Va

scent = Ascent speed (7)

So far, the equations for the speed of ascent is derived. However, as time goes by, more energy
will be absorbed by the balloon and therefore the gas temperature will increase as a result which in
turn affects the velocity. Then, as the altitude changes, so do the atmospheric conditions. These two
aspects are updated at the end of each loop to ensure the following loop is performed correctly. The
following section will discuss both variables in detail.
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6.6.2. Variables

The gas temperature is a function of the power absorbed by the balloon minus the power emitted via
radiation and convection. The following equation is similar to Equations 6.3 to 6.5 but the goal here
is to calculate the net power in or out of the system, meaning that the input variables are different.
Furthermore, thermal equilibrium is unlikely due to the constant changes in atmospheric conditions.
The total power into the system is the difference between the power into and out of the system. At the
start of the simulation, the gas temperature is equal to the local atmospheric temperature. From this,
the total power which is used to heat the entire volume of gas inside the balloon is calculated. To find
the change in temperature due to this power, Equation 6.23 is used.

P
AT = —totat (6.23)
mgasCP

where: P.,:q; = Total power (W)
mgqs = Mass of balloon gas (kg)

Cpr = Heat coefficient (é)

Furthermore, the atmospheric conditions of the selected Mars settlement site must be implemented
into the program. To achieve this, the hourly changes in temperature and pressure are determined via
the MCD. This provides values for a 24 hour period that can be used to simulate a day of operations
for the balloon. Then, two assumptions are made. Firstly, it is assumed that at any point in time the
values for the pressure and temperature can be found via Equation 6.24.

X2 — X1

X=X+ 3500

* t (6.24)

where: X = Value at current time (-)
x, = Value at previous hour (-)
x, = Value at next hour (-)
t, = Time since last hour mark in seconds (s)

This equation describes a linear increase of either the pressure or temperature values as time increases
between the two hourly conditions. The second assumption is that the pressure and temperature vary
with altitude corresponding with Equations 6.25 and 6.26 as given by NASA [25].

Py = Pye=0:00009H (6.25)
Taem = Tp — 0.000998 * H (6.26)

where: P,;, = Atmospheric pressure (Pa)
Taem = Atmospheric temperature (K)

P, = Surface pressure (Pa)
To = Surface temperature (K)
H = Balloon altitude (m)

6.7. Results

In order to get a clear picture of the expected flight path of the balloon, three scenarios are considered.
These are the worst, average and best case scenario’s in terms of atmospheric conditions. The balloon
is designed with the worst case in mind, as described in Chapter 5. The daily atmospheric conditions
for these scenarios are shown in Appendix 9. Using these varying conditions, the graphs are shown in
Figure 6.4.

Figure 6.4 shows the flight paths for the three scenario chosen above. The worst case scenario
shows that the balloon will achieve flight at around 8:30 Martian time and lands at 11:30. These are the
conditions for which the balloon is designed for as these conditions provide minimum amount of flight
time.The best case however, achieves lift-off at 7:30 Martian time and lands at 15:00 Martian time. For
all three of the flight profiles, the balloon begins the simulation with the entire envelope filled and the
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Altitude vs Time
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Figure 6.4: Altitude flight path simulation for the worst, average and best case scenario

balloon gas temperature is equal to the atmospheric temperature.

The first aspect that is noticed is that the three plots indicate that the atmospheric conditions greatly
impact the flight capabilities of the balloon. This is mainly due to the varying pressure in the atmo-
sphere. Whilst a low density is the target for the balloon gas, the atmospheric pressure affects both
density values, due to the Ideal Gas law shown in Equation 2.1. A higher atmospheric pressure there-
fore leads to a higher density difference between the balloon gas and the atmosphere and therefore
more lift capabilities. This is further enhanced by the fact that during the earlier times, such as between
08:00 and 10:00, the Martian environment has not reached its maximum temperature of the day. Fur-
thermore, the graphs have high altitude peaks due to the altitude effect of Equations 6.25 and 6.26
further reducing the atmospheric conditions which makes the environment more beneficial for balloon
flight.

Fortunately, a positive note from this unexpectedly high flight profiles is that the available flight time
far exceeds the requirement MFD-CTL-5. This also occurs in the worst case scenario which represents
the day with the highest temperature of the year. It is important to note that Figure 6.4 shows the flight
path without human interference. However, control of the balloon, especially altitude control, is desired
and is given in the requirements. To achieve this, two methods are possible.

Firstly, a vent at the top of the balloon can be used to allow the heated gas to escape. Secondly,
changing the payload weight before flight will also affect the balloon’s altitude throughout flight. These
two control aspects are discussed in the following sections.

6.7.1. Venting
In order to design the vent size, one scenario is considered:

* The scenario in which the balloon must stay grounded the whole day.

Since the balloon will be used by astronauts, it is possible that the balloon will be stored, especially
during dusty or stormy periods. However, pumping up or deflating the balloon is not instantaneous
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and to save energy, the astronauts might choose to keep the balloon filled but grounded. To keep
the balloon grounded, the gas temperature must kept close to the atmospheric temperature to ensure
that the balloon does not achieve a lifting force capable of carrying the balloon’s weight. This can be
achieved by looking at the situation in which the vent is opened continuously. In this case, the hot air
is allowed to escape and the balloon will only be filled by colder, atmospheric gas and no lift force will
be available.

After the balloon’s gas escapes, more gas will enter from the opening under the balloon. Due to
this, the gases will mix and the temperature of the heated gas will decrease due to the influence of the
cold atmospheric gas. To calculate the new temperature of the the gases, Equation 6.27 can be used.

o TgMgasCe, + Tam™MinCryey, (6.27)
new Mgas CPg + minCPatm -

where: T,.,, = Updated temperature (K)
T, = Balloon gas temperature (K)
mgqs = Mass of the gas, shown in Equation 6.28 (kg)

Cp. = Heat coefficient of balloon gas ( 4
g

mZK)
T.em = Atmospheric temperature (K)
m;, = Mass of the gas entering from below, shown in Equation 6.29 (kg)
Cp,,, = Heat coefficient of atmospheric gas (—)

According to [33], the specific heats for carbon dioxide at temperature of 250 K and 400K are 791
and 939, respectively. The two masses in Equation 6.27 can be described by Equation 6.28 and 6.29.

mgas = (Vballoon - Voutflow)pgas (628)

Min = I/ZzutflowpatmdtfL (6.29)
where: Vyqi100n = Balloon volume (m3)
3
Voutriow = Volumetric flow out of balloon via the vent (mT)

Pgas = Balloon gas density (k—‘;)
Patm = Atmospheric density (m—g3)
dt = Time differential, in the simulation is equal to 1 second (s)

It is important to note that since each loop in the simulation represents one second, that the mixing
of the gases is being simulated in an instant which, in reality, would not be the case. Furthermore,
Equation 6.27 represents an ideal gas mixing process, and as such does not take any losses in con-
sideration. In order to determine the required vent outflow, a continuous out flow is added into the
simulation code. This simulates a vent that is always open. To determine the proper volumetric out
flow required, the graphs in Figure 6.4 must not show any altitude change.

Through trial and error, it was found that 117 m3/s is required to keep the balloon on the ground, even
for the best case scenario where a higher lift force is expected due to the more favourable conditions.
This result is found when simulating each of the cases until no altitude change is seen in the figures.

To represent the volumetric flow of 117 m3/s into a vent area, the Bernoulli equation is needed.
There will be a pressure difference across the top of the balloon and the atmosphere due to the tem-
perature variations. This induces a flow speed through the vent as described by Equation 6.30 which
is a reformulation of the Bernoulli Equation 6.17.

Patm — P
1, = e (630
Epgas
where: V., = Flow velocity (%)

P,tm = Atmospheric pressure (Pa)
P,us = Balloon gas pressure (Pa)

pgas = Balloon gas density (%)



6.7. Results 39

The velocity can then be used with the mass flow equation to deduce the required vent area. The
volumetric flow is equal to the mass flow divided by the density of the flow. Using this knowledge
together with the flow velocity from Equation 6.30, the following can be derived:

Vi
f1
Apent = v >

eflow

=19.03m? (6.31)

where: A,,,; = Vent area (m?)
3
Viiow = Volumetric flow (mT)

Now that the required vent area is determined to be 19.03 m?, the effect of this vent is shown in
Figure 6.5. The graph presented here is the controlled version of the worst case as described in Figure
6.4. Naturally, depending on the method of venting, the target altitude and the length of venting bursts
will change the outcome of Figure 6.5. However, for the figure, it was decided to focus on the control
altitude of 200 m. Once above this altitude, the vent will be opened for 8 s. The code then ensures that
the vent stays closed for a minimum of ten seconds. This process leads to the simple control seen in
Figure 6.5.

Figure 6.5 shows that it is possible to control the balloon with the venting system. The on board
computer will need to be programmed to determine the best method of control. For example, when
the balloon first reaches 200 m in Figure 6.5, the balloon does not need to vent for 8 s. Because this
almost causes the balloon to land. This also applies around 10:00 Martian time where the vent requires
a longer open period. The change in required venting times are caused due to the solar flux becoming
stronger and therefore, the gas temperature in the balloon becoming higher. Therefore, when the solar
flux is higher, more venting is needed to compensate for the gas receiving more energy from the sun.

However, determining the most optimal control mechanism is not the focus of this thesis.
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Figure 6.5: Example altitude control simulation of balloon with target altitude of 200 meters

6.7.2. Weight difference

A second option to control the altitude is by changing the payload weight before flight. This is a passive
method as it would only control the maximum altitude and the amount of flight time possible. This is
more beneficial in when the atmospheric conditions are not optimal for balloon flight as it increases the
available lifting force by reducing the total weight of the balloon. An example of the effect of reducing
the payload weight to 75 kg on the balloon flight during the worst conditions is shown in Figure 6.6. The
astronauts are able to tailor the balloon flight to the mission by manually changing the payload carried.
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Altitude vs Time
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Figure 6.6: Effect of payload weight on maximum altitude

6.8. Verification and Validation

The topic of verification and validation, V&V, is important for scientific reports to ensure that the work
presented can be replicated and is actually correct.

First, the most important part of the designing process is determining what size the balloon must be
to lift a 100 kg payload. This is calculated with Equation 6.6 and 6.11. To verify whether this method
works, the equations are used for the balloon example in [14]. In this report it is unclear how the size
of the balloon was determined. Rather, a set of assumptions are given and the final result provided.
These assumptions, which are shown in Table 6.7, are used and the result is shown in Table 6.8.

Table 6.7: Assumed variables used in [14]

Variable Value Units
Pressure (@ 3km ) 457 Pa
Atmospheric temperature 200 K
Absorptivity 0.6 -
Emissivity 0.03 -
Solar Flux 500 W /m?
Payload 10 kg
Envelope Density 9 g/m?
Shape Spherical (-)

By using these assumptions into the program, it is possible to compare both methods of calculating
balloon size. The balloon diameter given in [14] for the assumptions in Table 6.7 is 17.96 m. Further-
more, the balloon mass is 9.12 kg. Whereas, using the process described throughout this chapter and
the code created to simulate these equations, the result for the balloon sizes are 18 m and 9.16 k. The
comparison is shown in Table 6.8. Unfortunately, the simulation provided in [36] cannot be compared
to any altitude simulations as these are not provided with enough information for a comparison.



6.8. Verification and Validation

Table 6.8: Design values for a 10kg payload using assumptions from Table 6.7

Variable Example | Code | Units
Diameter 17.96 18.00 m
Balloon Mass 9.12 9.16 kg

Naturally, more verification is always better, especially with the simulation and code provided in [36].
However, no reports with information that can be used to verify these sections have been found. To this
end, Chapter 7 discusses potential methods or experiments that can be done to provide the verification

and validation of other aspects.







Future Work

This chapter will discuss a few key aspects of the thesis that can be expanded. This includes the use
and incorporation of numerous software that is available and looking into improvements that can be
made.

7.1. External Programs

One of the main supplements this thesis might benefit from is the incorporation of the MCD. The code
in [36] uses initial values from the MCD to determine the pressure and temperature conditions at any
time and altitude throughout one entire Martian day. Instead of manually entering all of the values if a
different date is preferred, the MCD can be incorporated which will then simplify and reduce the time it
takes to change the date. This will simplify the process of determining the flight characteristics of the
balloon on different dates.

Not only would the incorporation of the MCD benéefit this report, but the ESS program mentioned in
Chapter 5 could as well. The ESS thesis provides available landing sites depending on detailed input
criteria. This program also makes use of the MCD. Currently, the settlement site used throughout this
report is chosen based on the results of an example given in the ESS report. The addition of the ESS
code with the code in [36] would only a suitable choice if the user is in need of a specific, or more
constrained, settlement site.

The last programming additions that would benefit this report are functions from the BADS thesis.
The BADS program is written in MatLab and provides a tool to calculate the size, trajectory and other
components of a balloon. It provides a similar, but more extensive, tool than the code provided based
on Chapter 6.

7.2. Internal Program Changes

Further benefits to the code in [36] would consist of additional functions or details to calculations, such
as the thrust, thermal model and perhaps even heat mechanics inside the balloon. The required thrust
is calculated using 6.14 which is a validated equation. The thrust design components such as propeller
width, length and pitch are not determined. Extra work following this thesis can focus on a more detailed
thrust system and perhaps, even find a better alternative. The same applies to the thermal model used.
In the BADS thesis, an extensive thermal model exists which accounts for conduction, convection and
radiation. Equation 6.5 focuses on radiation and convection, which are the main sources of energy.
This thermal model can be improved and this might impact the gas temperature. Changing the gas
temperature will affect the altitude profile of the design.

43
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7.3. Experiments

In addition to the numerical changes described above, experiments can also benefit this thesis work.
The thermal calculations used throughout this thesis are relatively simplistic due to the assumptions of
instantaneous and ideal heat exchange. Whilst the simple model is not incorrect, some inaccuracies
might occur. To this end, providing a test in the Earth’s atmosphere to check how the thermal model
deviates to real life heat transmission could prove beneficial. This test might also be possible in a sim-
ulated Martian environment.

Furthermore, the propulsion system calculates the total drag and determines the required thrust to
counter it. Whilst the calculations have been verified, determining the speed at which a balloon can
control its position could be crucial for future Mars astronauts. Therefore, a possible test is one that
tests the control of a large balloon, with a similar size as the preliminary design, by using a set of two
propellers.

The final necessary aspect is verifying the work done in this report, which can be achieved with
the use of experiments. When available, the validation of certain equations and codes are provided in
Chapter 6. However, because little research is provided in predicting the flight path and characteristics,
there are no sources to compare the results to. Therefore, the science community can benefit from a
Martian environment balloon experiment.



Conclusions

This thesis discussed various flying vehicle concepts that can be used by astronauts to explore the Mar-
tian environment more easily. To establish whether such a vehicle is possible, a few key requirements
were imposed on the design. These are the following:

* MFD-SH-5: Shall make use of a renewable energy source

« MFD-CTL-1: Shall have a mechanism to control altitude

* MFD-CTL-3: Shall be able to carry 100 kg

MFD-E2: Elevation shall be below 2 km MOLA

MFD-EG6: Site shall have a minimum of 5% weight percentage of water concentration

The outcome of the trade-off that ensured the requirements were met. The conclusion of the trade-off
is that a hot air balloon is the most power efficient flying vehicle. Not only this, but ballooning has
the highest technology readiness level of the four concepts, which includes ornithopters, rotorcraft and
aircraft. Another advantage that a balloon presents is the lowest amount of risk regarding mission
failure and astronaut safety Before starting the design process, it was decided to determine a suitable
settlement site for future astronauts. By using the ESS program, a final settlement site that fit all the
imposed requirements was determined, located at 3’ North and 140’ East. This settlement site was
used a the design location. The balloon is a hot air balloon with a prolate ellipsoid shape with a ratio of
0.41. This ratio is optimal to ensure minimal weight in the conditions at the settlement site, described
in Chapter 5. Other final design variables of the design are shown in Table 8.1.

Table 8.1: Preliminary design variables

Variable Value Units
Volume 27184.1 m3
Long Axis Radius 33.80 m
Short Axis Radius 13.86 m
Balloon Mass 81.08 kg
Gas Temperature | 456.69 K
Thrust 471.6 N
Solar Area 131.58 m?
Vent Area 19.03 m?

To come to these results, the assumptions in Table 8.2 were used. The entire design process can
be found in the previous chapters and in the code found in [36].
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8. Conclusions

Table 8.2: Final assumptions used for the preliminary design

Variable Value | Units
Payload 100 kg
Atmospheric Pressure 628.5 Pa
Atmospheric Temperature | 237.8 K
Solar Flux 5748 | W/m?
Gravitational Acceleration | 3.71 m/s?
Atmospheric Molar Mass | 0.044 | kg/mol
Envelope Surface Density | 13 g/m?
Maximum Wind Speed 15 m/s

To answer the questions surrounding Mars and its past, this thesis describes a hot air balloon on
Mars that would be feasible design to help discover the answers to the biggest questions surrounding
Mars. The balloon would provide the Martian astronauts with a method of gathering data, transporting
goods or explore impassable terrain in an efficient manner.
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Appendix

This appendix provides the graphs that describe the daily variations for all three scenario plotted in
Chapter 6. The three cases are the following:

* Worst Case
* Average Case

» Best Case

These cases are represented by a solar longitude of 195, 135 and 75 degrees, respectively. Figure
5.2 represents the worst case scenario and figures 9.1 and 9.2 depict the average and best case
scenario, respectively.
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Figure 9.1: Average case scenario graphs occuring at a solar longitude of 135’ throughout an entire Martian day
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MCD_v5.3 with climatology average solar scenario. Ls 75.0deg.
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Figure 9.2: Best case scenario graphs occuring at a solar longitude of 75’ throughout an entire Martian day
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