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Executive summary

There is an increasing demand for compact and efficient propulsion systems for small satellites, like
CubeSats. One of these types of systems specifically comes to the forefront due to its inherent simplic-
ity, the micro-resistojet thruster. Traditionally, these thrusters rely on either liquid or gaseous propel-
lants, both presenting distinct challenges. While liquid propellants offer desirable performance charac-
teristics, like good specific impulse and high storage density, they often require complex and heavy feed
systems, which increase power demands and the overall weight of the system. Conversely, gaseous
propellants require no additional feed system, but have lower density, and thus require significantly
larger storage volumes that limit propellant capacity and reduce overall thruster effectiveness.

This thesis addresses these limitations by exploring the potential of a sublimation-based solid-state
propellant storage system, that utilizes water ice as the propellant. The core innovation lies in leverag-
ing the sublimation process itself to generate sufficient pressure to feed the propellant to the thruster,
thereby eliminating the need for complex mechanical feed systems without imposing significantly larger
storage requirements. Although prior studies have conceptually validated this approach, a comprehen-
sive and verified design was still lacking.

Following a careful concept development and selection process, a simplified 3D design was established.
This design was used to conduct calculations and construct a model. During the modeling phase it
became apparent that a detachable heat sink is crucial for the design to limit the energy usage of the
system. In addition, it also provided insights in the overall behavior of the system, such as the inverse
exponential relationship between freezing time and cooling power, the variable heat input required to
maintain constant sublimation during operation, and the confirmed structural robustness of the design
under expected launch conditions.

The final design is composed of 26 individual components, out of which 13 are commercial of the shelf
items and 13 are custom made. The custom components are made from either aluminum 6061 or
polypropylene, reflecting an optimized material selection where each material’s properties align with the
requirements of its specific component. The design utilizes a thermoelectric cooler for thermal control,
as it can both heat and cool, it is supported by passive thermal regulation through an attachable heat
sink with the rest of the spacecraft to avoid overheating. This way, the propellant tank itself can be
thermally isolated when the thruster is not in use, significantly reducing the amount of heat flow during
this phase, thereby limiting the system’s overall energy requirements. Other electrical components
include; pressure and temperature sensors to monitor the state of the propellant, a solenoid valve to
regulate the propellant flow to the thruster, and a micro-servo engine to control the heat sink connection.
These components have a combined estimated peak power usage of 20 V.

Finally, a physical 3D-printed prototype provided crucial practical insights into assembly, spatial relation-
ships, and maneuverability that were not apparent in the digital CAD environment, leading to important
design refinements and enhancing the overall feasibility of the system.

Overall, the project lays a strong foundation for more reliable and streamlined micropropulsion sys-
tems. It demonstrates the practical feasibility of a sublimation-based approach for future microsatellite
missions. Moving forward, experimental validation of the thermal management system, and the devel-
opment of an integrated control system, are essential for advancing this design.
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Roman symbols

Nomenclature

Symbol Definition Unit

A Area [m?]

As Expansion slot cross-sectional area [m?]

F Thrust [N]

90 Gravitational acceleration at sea level [m/s?]
H Height [m]

I, Specific impulse [s]

k Boltzmann’s constant / Thermal conductivity — [J/K]/[W/m-K]
L Length [m]

M Mass [kg]

My, Molar mass [g/mol]
m Mass flow [kg/s]
Mg propellant molecule mass [kg]

Na Avogadro number [mol 1]
N, Number of expansion slots -]

P Power (W]

D Pressure [Pa)

Q Heat source term per unit volume [(W/m?3]
R Mass ratio, specific gas constant, or Radius  [J/kg-K], [m]
Ry Absolute gas constant [J/mol-K]
R, Thermal resistance [K/W]
T Temperature [K],[°C]
U Flow velocity [m/s]

1% Volume [m3]

w Width [m]

x,Y, 2 Cartesian coordinates [m]

c Specific heat [J/kg-K]
C Thermal capacitance [J/K)]
f(v) Maxwellian distribution function -]

G Conduction conductance [W/K]

n Number of molecules per volume [m=3]

T Capacitance to conductance ratio [s]

t Time [s]

Ue Exhaust velocity [m/s]

vy, v, v,  Propellant molecule speed in x, y, z-direction  [m/s]

% Heater chip input power (W]
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v

Greek symbols

Subscripts

Symbol Definition Unit
o Transmission coefficient -]
A Increment or change -]
AHg Enthalpy of sublimation [J/kg]
€ Emissivity -]
0% Specific heat ratio -]
r Vandenkerckhove constant -]
i Dynamic viscosity [Pa-s]
7 Efficiency of propulsion system [—]
0] Aspect ratio of the channel -]
) Mass density [kg/m?]
o Stefan-Boltzmann constant (W/m? K4
v Flux per unit area -]
T Average thermal speed [m/s]
Subscript Definition
0 Initial conditions
a Atmospheric conditions
c Combustion chamber / Cooling
e Nozzle exit conditions
env Environment
h Hot side (TEC)
id Ideal rocket theory
ice Ice
initial Initial state or value
input Input (e.g., power)
max Maximum
p Propellant
real Real values
t A given time
thruster Thruster

tr

Translational
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1

Introduction

The growing market for small satellites like CubeSats has significantly increased the demand for com-
pact, efficient propulsion systems. In this context, micropropulsion thrusters play a key role, as they are
essential for a wide range of orbital maneuvers, including attitude control, orbit raising, and de-orbiting.
This increasing demand has, in turn, driven research into new innovative methods of propellant storage
and delivery.

Micro-resistojet thrusters, a type of electric micropropulsion thrusters, are widely used due to their
simplicity. Traditionally, these thrusters rely on either liquid or gaseous propellants, both presenting
distinct challenges. While liquid propellants offer desirable performance characteristics, such as good
specific impulse and high storage density, they often require complex and heavy feed systems, which
then increase power demands and the overall weight of the system. Conversely, gaseous propellants
require no additional feed system, but have lower density, and thus require significantly larger storage
volumes that limit propellant capacity and reduce overall thruster effectiveness.

These challenges imposed by managing liquid and gaseous propellants have led to the exploration
of solid-state propellant storage methods. The core innovation of this approach lies in leveraging the
sublimation process itself to generate pressure to feed the propellant to the thruster, thereby eliminating
the need for complex feed systems without resulting in significantly larger storage requirements. Earlier
studies have shown that this conceptually works, but a fully functional design has yet to be developed.

This thesis aims to change that by developing a new design for a sublimation-based solid-state propel-
lant storage system for a low-pressure micro-resistojet. In order to do so, the current state of propellant
storage for micro-resistojets will be analyzed (chapter 2). Followed by a concept development and
selection process, that results in a basic design concept (chapter 4). This basic design concept will be
modeled and tested (chapter 5), eventually leading to a fully worked out detailed design (chapter 6).



2

Literature study

This chapter provides a review of the current state of propellant storage in micropropulsion thrusters,
specifically for micro-resistojet thrusters. First, an overview of current storage solutions will be pre-
sented, followed by an analysis of their limitations and potential improvements. After which important
characteristics to be tested and how to test them will be explored. Lastly, key findings will be presented.

2.1. General description

This thesis project focuses on the development and validation of a solid-state propellant storage system
based on a sublimating propellant, designed for a Low-Pressure Micro-resistojet (LPM). It considers
the possibility to store the propellant for the thruster in a solid-state. This would simplify the thruster
by eliminating the propellant feed system as the proposed system uses the pressure provided by the
sublimation of the propellant as a means of the propellant feed.

The main objective of this literature study is to conduct a comprehensive review of current storage
systems, and concepts for sublimation-based solid-state propellant storage systems like the one pro-
vided by Cervone A, (2015) [1] and Ye X, (2001) [2]. In addition to that the goal is to find potential
improvements, and means to validate, model and experimentally demonstrate a proposed design. The
experimental demonstration would be tested using test setups available at TU Delft, focusing on key
performance metrics like specific impulse and thrust-to-power ratio, while also demonstrating the via-
bility of the sublimating propellant storage concept.

The rapid advancement within the field of micropropulsion is driven by the growing demand for small
satellite missions, specifically those involving Cubesats. These small satellites require very efficient
and compact propulsion systems to be able to perform a diverse amount of maneuvers in space. This
research further elaborates on this growing field by answering research questions provided in the next
paragraph.

2.2. Research questions
The literature study aimed to answer the following research questions:

What are current solutions used to store propellant on microsatellites?
How can current solutions be improved?
How can a sublimation-based solid-state propellant storage concept be modeled?

Ao Dbd -

How can the performance of a sublimation-based solid-state propellant storage concept be ex-
perimentally tested and validated?

(a) Which different test setups can be used to test a sublimation-based solid-state propellant
storage concept and how?

(b) Which characteristics will be tested and how?
» Characteristics to be tested?
* Test methodology?
+ Test objectives?

To answer the research questions, a solid theoretical foundation has been established through a de-
tailed literature study. This focuses on the principles of propellant storage in micropropulsion systems,
specifically those of LPM’s. Interesting studies related to solid-state storage have been examined, and



2.3. Current storage solutions 3

valuable resources such as Thermal Rocket Propulsion [3] and Micropropulsion Reader [4] gave in-
sights to provide essential background. Relevant papers on propulsion storage like: Propulsion for
CubeSats [5], LPM Design [6], and Feed and Pressurization Systems [7], have informed the research.
Additionally, Garrett S.’s work on Ideal Gas Laws [8] has been referenced for understanding the propul-
sion mechanics. This literature study forms the basis for the research documented in further chapters
and provides background information and a foundation for the list of requirements (see table 3.1 and
decisions made during the design process).

2.3. Current storage solutions

Micropropulsion thrusters can be divided into two main categories: Electric and non-electric. Electric
propulsion systems like micro-resistojets, electrospray, ion, and Hall thrusters actively require on-board
power for their operation. Although chemical propulsion systems such as cold gas, liquid, and solid
rocket systems require power only to regulate the propulsion process [9]. The amount of power required
for electrical propulsion systems depends on the type of electric thruster but also the amount and type
of components it contains. To increase thruster efficiency, it is important to minimize the number of
electrical components, thereby reducing the power required for effective operation.

A type of electric propulsion system is a micro-resistojet. Two types of micro-resistojets are a Vapor-
izing Liquid Micro-Resistojet (VLM) and a Low-Pressure Micro-Resistojet (LPM). The main difference
between them is the working pressure level, the VLM works under a pressure in the order of 10° Pa
while the LPM works under a pressure in the order of 102 Pa.

The VLM (see figure 2.1 [4]) typically has 3 main components: Propulsion storage, Heating element,
and Nozzle. It accelerates the vaporized gas by means of adiabatic expansion in a convergent-divergent
nozzle.

Propellant storage

Thermal excitation Expansion of

of propellant decompressed
propellant

Expanded
"1™ propellant

I

Compressed
liquid/gaseous propellant

Heating Mozzle
element

Figure 2.1: Schematic of a Vaporizing Liquid Micro-Resistojet thruster [4].

For this project the main focus was on a LPM, the LPM (see figure 2.2 [10]) also has 3 main components:
Propulsion storage, Feed system and the Thruster. The propellant is stored as a solid or liquid, a
heater is then used to sublimate or evaporate the propellant. After which a feed system regulates the
flow towards the thruster. The thruster itself is composed of a plenum and a heater chip with slots or
microchannels through which the propellant gas is expelled to outer space creating thrust [11].

Liquid monopropellant systems feature an improved specific impulse and storage density over pres-
surized gas systems [9]. Liquid water specifically is excellent to use as a propellant as it is a green
safe to use propellant, it provides for a relatively high volumetric specific impulse due to water’s high
storage density and low molecular mass [9]. This also makes it relatively easy to store as it requires
a smaller tank volume when compared to other propellants. In addition to this, water as a propellant
has more benefits. Take for example the specific impulse, it is inversely proportional to the square root
of the propellant molecular mass, however, an excessively low molecular mass is not preferred as it is
typically associated to very low density and extremely large required propellant storage volumes. And
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Microchannels
N\

Outer space

Heater Chip

o

Plenum

Heater Chip

Figure 2.2: Schematic of a Low-Pressure Micro-Resistojet thruster [10].

water with a molecular mass of 18 g/mol is a good example of a propellant which is not on either end of
this spectrum [12]. A downside of storing the propellant in the liquid state is that this storage technique
requires for more sophisticated propellant feed system components [13]. In addition to that liquids can
also provide for sloshing issues as the propellant can move inside the tank, potentially causing stability
issues.

It becomes clear that liquid water is a good propellant with a few upsides and downsides. The propellant
needs to be slightly pressurized for optimal performance. And in order to do so, as mentioned earlier,
there should be some kind of feed system. Like a pump or a pressurized gas, which then makes the
whole system more complicated and energy demanding. An example of a micropropulsion system
that requires this added complexity is a system developed by Aerojet Rocketdyne, the MPS-135 [14],
it is a monopropellant system that uses AF-M315E as its propellant. Which illustrates complexity of
handling liquids in space, as this system requires a Pump feed propellant Management Device (PMD)
[15]. The University of Tokyo has also developed a micro-resistojet using liquid water as a propellant,
again proving that having water as a propellant has great benefits as its safety and availability led to
shorter-period and lower-price development. But in order to operate this thruster, the water needs to
be kept at room temperature at all times to prevent freezing. And the design requires a vaporization
chamber, where the water needs to be vaporized before it can be used as a propellant, making the
system more complicated [16].

As previously mentioned, the propellant can also be stored as a gas. For micro-resistojets this has
more drawbacks than benefits however. As mentioned, gaseous propellants are less dense, meaning
more storage space is required to house sufficient amounts of fuel [17]. This results in limited delta-V
capabilities, often restricted to less than 10 m/s [18]. So while the system benefits from relative simplicity
and reliability, its efficiency and performance are significantly lower, making it more suitable for attitude
control rather than large orbital maneuvers. And if stored, potential containment breaches in the system
have to be avoided by making a more sturdy and intricate design. However, storing the propellant as a
gas could mean that it provides for its own feed pressure and would therefore not require an additional
feed system, which simplifies the system [7].

Storing water in a solid-state could be a solution for propellant storage in LPM’s as the sublimating
water ice can automatically feed the propulsion system. This is something TU Delft has been working
on after Andrew D Ketsdever [11] has developed and tested a similar solution, but this was never
implemented in that particular concept [12]. The concept was also proposed by X.Y. Ye [2], where its
viability was confirmed. However, it has been proposed that using propellants like acetone (CgHgO) and
ammonia (NH3) could significantly improve the system’s performance. These alternative propellants
offer potential for higher efficiency, thrust output and specific impulse which will be explored further in
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chapter 2.4.

Propellants can be stored in different ways, each offering different advantages and limitations. For
a micro-resistojet, storing the propellant in its solid state proves to be the most beneficial approach
for LPM’s, as suggested by Cervone A, (2015) [1]. As liquid and gaseous storage methods have
notable drawbacks, including the need for feed systems, stability issues, and storage inefficiencies, as
highlighted by Legge (2017) [13] and Martinez (2023) [17].

2.4. Possible improvements

Chapter 2.3 already mentioned the design of a sublimation-based solid-state propellant storage pro-
vided by Cervone A, (2015) [1]. The main beneficial characteristic of this type of propellant storage is
the dispensation of an additional feed system as the sublimating water can provide pressures up to
around 600 Pa [19]. Which results in 0.2 to 1.2 mN/W of thrust, for an expansion slot aspect ratio of 2.5
(the ratio of expansion slot Length/Depth), while still adhering to the size, mass and power limitations
associated with CubeSat requirements and constraints. [1]. However, this design is not yet optimized.
There are still many things that can be changed or improved before a physical experimental concept
should be designed and created for testing.

Potential points of improvements can be placed in the following 3 categories: Boosting specific impulse,
Improving efficiency and Concept simplification.

Specific Impulse
Specific impulse is a measurement that represents how efficiently a reaction mass engine like a rocket
motor generates thrust. and can be represented by equation (2.1) [3]:

fOtath m-ve - tq Ve
Isp = ia - = — (21)
go [y mdt  Mm-ta-Go  Go

Where,
v = exhaust velocity

go = gravitational constant

In order to increase the specific impulse one can increase the exhaust velocity as the gravitational
constant is constant, even if the satellite would fly in mars’ orbit, earths gravitational constant would
still be used. This is because it provides a standardized way of comparing propulsion systems across
different environments [20].

The general equation in terms of thermodynamic and nozzle properties for exhaust velocity is not ap-
plicable to LPM’s as Ideal Rocket Theory does not apply for these types of micropropulsion thrusters.
In addition to that, for LPM’s, exhaust velocity is the average gas velocity at micro channel exit and
depends on the translational kinetic temperature. Non-ideal effects such as viscous losses and heat
dissipation at small scales can further reduce the applicability of this equation, which assumes ideal
expansion through a nozzle. Therefore the following exhaust velocity equation, equation (2.2) is more

applicable [21]:
o Trth’r'
Ve = 4/ . (2.2)

k = Boltzmann’s constant

Where,

T, = translational kinetic temperature
m, = propellant molecule mass
Looking at this equation, in order to increase the exhaust velocity one could either increase the trans-

lational kinetic temperature or decrease the initial mass flow rate. Translational kinetic temperature is
directly influenced by the heater chip expansion slot wall temperature, so increasing that will increase
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the translational kinetic temperature [21]. An analytical model developed by Ketsdever (2005) [11], that
can be used to estimate the performance of the a Free Molecular Micro-Resistojet (FMMR, which is a
type of LPM [4]) [22]. The general formulation for the flux per unit area ¥ of any physical quantity ¥ in
the direction of the flow can be described as [11]:

\I/:/ / / Wy, f (v}, )dv,dv,dv, (2.3)
—oo J —o0 JO

Where,
v}, = propellant molecule speed in x direction

f(v.) = maxwellian distribution function

Using this, an expression for the axial mass flow can be derived by setting ¥ = amn, where « is the
transmission probability, which is the probability a molecule that enters the expansion slot will actually
exit and produce thrust, and n is the number of molecules per unit volume. In order to calculate the
transmission coefficient as a function of the channel’s aspect ratio the following relations have been
derived by Lafferty (1998) [23]:

B —\  15[¢ —In(¢ + /1 +¢?)]?
a=05(1+ 1+ —9) P Y RPN o (2.4)

SN SN (Gl ) ML B R it (2.5)
4-5¢>\/¢2 +1—-45In(¢p+ /9% +1)

Equation (2.4) gives the transmission coefficient of molecules through short uniform rectangular cross
sections (slots), where the aspect ratio ¢ is defined as the ratio between the length of the slot in the
direction of the flow and the smallest cross-sectional dimension. Equation (2.5) does the same for
cylindrical cross sections. In this case, ¢ is defined as the ratio between the channel’s length and its
diameter.

The mass flow exiting the LPM is therefore given by Equation (2.6), v is the average thermal speed of
the propellant molecules, given by Equation (2.7).

T = amaner (2.6)
5= Sk (2.7)
TMy,

By combining the two equations above with the ideal gas law (P = nkT) [8], the following expression
for the mass flow, where P, is the plenum pressure, can be derived [11]:

1= aPyy | —2 A, (2.8)
0

where,
« = transmission coefficient

Py = plenum fluid pressure
m, = molar mass
k = Boltzmann’s constant
Ty = plenum fluid temperature

A, = expansion slot cross-sectional area
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Note that both equation (2.2) and (2.8) only provide a very approximate description of the thruster
performance as they are based on a number of assumptions, collision-less flow for example. A more
accurate model of the thruster is therefore necessary.

The sublimation pressure of water vapor provided by ice sublimation at the vapor—liquid—solid triple point
at 273.16 K is 611.657 Pa with an uncertainty of 4+ 0.01 Pa [24, 25]. Which means this is the maximal
achievable pressure if the thruster uses sublimating water ice as a propellant, and does not utilize an
additional pressurization or feed system.

While water ice provides safe, sustainable propulsion with a relatively good balance of specific impulse
and pressure, other propellant options may offer enhanced performance. Different propellants have
been proposed in earlier designs to boost specific impulse and thrust efficiency [2]. Ammonia (NH3), for
instance, is an alternative with higher energy density compared to water but also requires careful control
of decomposition and stability within the micro-resistojet. Ammonia at levels above approximately 100
ppm are irritating to the eyes, respiratory tract and skin [26]. Nevertheless, an ammonia micro-resistojet
was produced by the NASA Goddard Space Flight Center, this thruster has a nominal 25 W power
level with a specific impulse level of between 150 and 210 s and thrust of 5 to 12 mN[27]. This specific
impulse is higher when comparing them to water-based micro-resistojets [1, 2, 18], it is important to
note however, that other factors such as size, power consumption, and system efficiency also play a
significant role in this regard. The trade-off between safety, performance and system complexity plays
a significant role in the choice of propellant for micropropulsion systems.

Efficiency

The efficiency of the system depends on a number of factors, important factors are the thrust efficiency
and the power efficiency. First looking at the thrust equation, the thrust (/) of a propulsion system
is composed of the sum of pressure thrust and momentum thrust. Pressure thrust results from the
pressure differential between the exit and ambient pressure (P. and P,). The moment thrust is related
to the linear momentum transported through the exit of expansion slots [11]. As the pressure thrust can
be assumed negligible [11], the thrust equation, equation (2.9), becomes:

Fr = 1w, + (P, — P,)Ae = v, (2.9)

Where 1 is given by (2.8) and v, is given by (2.2). Combining these equations gives the following
analytical expression for the theoretical thrust of the LPM:

aPOAE T"ie

The efficiency of the propulsion system 7 is given by equation (2.11), where ¢ is the heater chip input
power [11].

_ Frlpgo _ Ff (2.11)

2¢ 21
The power efficiency of this system can be improved by increasing the heating/cooling efficiency or
by optimizing the sublimation process. The heaters of micro-resistojets produced at TU Delft were
manufactured using silicon-based Micro Electro Mechanical Systems (MEMS) technology including
a heater made of molybdenum for better operations at high temperature [6]. But this component is
not influenced by or influencing the propellant storage directly. Improving the power efficiency in the
propellant storage component can be done by optimizing sublimation process and optimizing storage
isolation.

The design provided by Cervone A, (2015) [1], uses a Peltier device attached to two heat transfer
elements to cool or heat the propellant in the propellant tank (note: this is not the same component
as the earlier mentioned heater chip in the thruster). Although Peltier devices are useful for precise
temperature control, their main disadvantage is that the thermoelectric module has got less efficiency
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compared to other cooling methods [28]. The design also utilizes a thermal connection to the spacecraft
actuated by a linear electric motor, which allows thermal conduction during operation and keeps the
system insulated during the rest of the mission. This transition between active and inactive phases in
space can can lead to issues like inefficient sublimation or re-solidification as this thermal system can
induce thermal transients. Thermal transients in phase changing materials used in space can result in
long dissipation times which can prevent the system from maintaining a uniform thermal state, which
is critical for consistent propulsion. These factors can lead to inefficiencies in the sublimation process.
The fast thermal shifts could prevent the desired phase transition from happening which would affect
the overall system reliability [29].

Concept Simplification

Looking at concept simplification, it is very general and can therefore refer to many things. Decreasing
the amount of moving components for example or valve-less or passive propellant management. The
current design provided by Cervone A, (2015) [1] uses 3 valves and 2 different motors of which some
could potentially become obsolete in a different design configuration. The concept design process will
naturally come across opportunities for simplification as it progresses.

Although current designs, such as the one proposed by Cervone A, (2015) [1], have a good foundation,
they remain incomplete and present opportunities for further development. Improving specific impulse
could be achievable through a detailed analysis of propulsion equations and by exploring potential
improvements in important characteristics. Power efficiency could be optimized by investigating alter-
native heating and cooling mechanisms, as well as by evaluating different materials or techniques for
thermal insulation. And finally, current designs still offer significant scope for simplification, as the cur-
rent iterations can still be relatively underdeveloped, leaving room for refinements and improvements.

2.5. Concept modeling

Before commencing physical testing, a model must be developed, so that the concept can be simulated
and analyzed to ensure its viability. First it is important to understand the fundamentals of spacecraft
thermal control. All satellite components have a certain range of allowable temperatures that cannot be
exceeded to meet operational requirements during all mission phases. The net heat of the spacecraft
is determined by absorbed, stored, generated, and dissipated heat. Figure 2.3 shows a simplified
overview of the heat exchange of a satellite orbiting the Earth.

Qgen

Gsolar = solar heating
Qsolar CubeSat Qout,rad Qgen = heat generated by CubeSat

Galbedo = Solar heating re flected from planet

Qistored

Gplanet = infrared heating from planet

Qout.rad = heat emitted via radiation

Qstored = heat storedin CubeSat
Qalbedo Q(planet

Figure 2.3: Net heat exchange of a CubeSat in Earth orbit, illustrating absorbed, generated, stored, and dissipated heat.
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The heat exchange depends on several factors, the thermal control of the satellite is achieved by
balancing them according to the following energy equation:

Gsolar + Galbedo + Gplanet + Qgen = Qsto’red + Qout,rad (212)

* gsolar depends on the solar flux, determined by the distance to the sun, the surface area viewing
the sun and the solar absorptivity of that particular surface.

* qaibedo depends on the planetary albedo, the fraction of solar radiation reflected by the planet, the
surface of the CubeSat facing the planet, and the absorptivity of that surface.

* gplanet depends on the IR emissivity of the planet, the surface of the CubeSat that faces the planet
and the IR absorptivity of that surface.

* Q4cn depends on the power dissipation of the components on board the CubeSat.

* Qsioreq 1S quantified by the CubeSat’s thermal capacitance, which is a measure of its capacity to
store thermal energy for a given change in temperature.

* Qout.rad includes the potential radiator surface, the IR emissivity of the surface, and the difference
in temperature between the CubeSat radiator and the heat sink to which it dissipates. It also
includes heat loss from other surfaces not specifically intended to function as radiator.

This heat balance will help form a basis for the model of the storage system. The model should be
a close approximation to the real system and incorporate most of its salient features. However, it
should not be so complex that it is impossible to understand and experiment with it. A good model
is a judicious trade-off between realism and simplicity [30]. For a study provided by Rossi, C [31],
a model of a solid-state propellant microrocket-application was made, with a number of fundamental
equations using the SIMULINK package from Matlab. This proved that modeling can result in promising
advantages, namely:

» Enabling optimization by having a flexible and adaptable thruster model that can be easily ad-
justed to accommodate different types of thrusters and materials by modifying the database.

» Having low calculation time of only a few minutes.
» Being correct and usable for both the subsonic and supersonic regime.

A paper presented at the 36th International Electric Propulsion Conference at the University of Vienna,
titted 'Thrusters Modelling, Propellant Choice and Plume Expansion’, demonstrated that Python is a
highly useful tool for modeling electric micropropulsion systems [32]. They created a model called
‘openPlumeEP’, which was developed with Python to analyze electric propulsion plumes. Python was
the chosen language due to its high adaptability and flexibility when it comes to modifications. No
compilation is necessary and the python scripts allow quick modification of the code. Although this
model was created for a different application and has a distinct structure from the one required for
modeling a propulsion storage system, the presented benefits of using Python are still relevant.

For the solid-state propulsion storage, thermal control of the system is crucial as much of the power
required for the operation of the system is directly linked to thermal control (as mentioned in chapter
2.4). And thermal mathematical models form the basis of thermal analysis to solve satellite thermal
control problems. To develop a thermal mathematical model for the propulsion storage system, a com-
bined conduction and radiation heat transfer equation with environmental heating and cooling defined
as boundary conditions can be used [33]. The general partial differential equation of combined heat
conduction and radiation: oT

pegs = V- (kVT)+V-(¢)+Q (2.13)
In this equation Q consists of the internal heat sources from the power dissipation of components and
heaters and the external heat sources from the absorbed orbital heating on the boundary surfaces.
This equation should be converted into a system of finite differential equations by constructing finite dif-
ference nodes with the help of a Taylor series approximation. But there is a simpler thermal analytical
model that can be derived. This way the general energy equation 2.13 is reduced to a simplified case
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of pure radiation heating or cooling for the isothermal body to the environment such as deep space or
a thermal vacuum oven wall (where heat conduction is neglected). This simplified model, represented
by equation 2.14 [33], is applicable under specific assumptions and with certain limitations. The pri-
mary assumption is that the entire body is isothermal, which means that it has uniform temperature
throughout the system at any given time. This eliminates the internal temperature gradients. In addi-
tion to this, this model assumes that heat transfer to and from the body occurs only via radiation, which
neglects the conductive and convective heat transfers. The environment (space) is assumed to have
a uniform and constant temperature. And finally, the thermal properties of the body are assumed to
remain constant over the temperature range. These simplifications would imply some limitations. If the
satellite does experience significant temperature gradients, the model would provide inaccurate results.
Besides that, it is feasible that the atmosphere would allow for convective heat transfer, this simplified
model would not capture those thermal behaviors. While the equation is a differential equation and can
model transient behavior, its simplicity means it may not accurately capture rapid or complex thermal
transients, especially those involving phase changes or non-linear material properties.

dT
CE =cAco (T4

ENV

—- T (2.14)
Here e AcT?2,, can be obtained from the sum of the body-absorbed radiation energy from the environ-
ment ), and the internal power dissipation Q; in steady state, that is,

cAoTY,, = Qu+ Qi (2.15)

So equation 2.14 can be solved with theoretical analysis, and the result expressed in a compact math-
ematical formulation. While equation 2.13 can only be solved by numerical computation. Both the
simpler and the more complicated models are equally important to the thermal control problem as the
complicated model can lead to complete and quite accurate solutions, while the simpler can be a pow-
erful tool to get quick estimates for the overall system.

A full thermal model of the propulsion storage system’s thermal control will inevitably involve a larger
set of equations. Nevertheless, the equations presented here form a critical foundation for further
development of a thermal model.

2.6. Experimental testing and validation

Experimental testing and validation are critical components in the development and optimization of
a sublimation-based solid-state propellant storage concept. The proposed concept can be tested for
performance, efficiency and reliability under representative space conditions. Leveraging the available
test setups at TU Delft will help to identify the strengths and limitations of the system, so that it can be
redefined to ensure it meets space level mission requirements for small-scale satellites. The following
subsection will present the different test setups available at TU Delft and how these setups can be used
to measure and validate important system performance characteristics. Whether all the tests outlined
in this section will be conducted depends on the feasibility of completing them effectively within the
given time constraints.

Available test setups

TU Delft has access to a number of test facilities. At the Aerospace Engineering faculty there is a
cleanroom with various instruments for measuring thruster characteristics. Whether or not all of these
test setups will actually prove to be usefull for testing the sublimating propellant storage has yet to be
seen. It is still good to know the test possibilities however. First of all there are a range of devices
capable of conducting mundane tests like measuring voltage, current and noise. In addition to these,
there are more specific test setups. Thrust can be measured using the AE-TB-5m thrust pendulum [34]
[35], see figure 2.4. The pendulum consists of a hanging element that rotates around smooth hinges,
with a thruster attached. Thrust produces a displacement and a small rotary spring and mass on top of
the pendulum cause the thruster to return to its original position. The distance between two points on
the pendulum is then measured. The thruster pendulum is able to measure up to a maximum thrust of
5 mN.
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Figure 2.4: Schematic representation of the AE-TB-5m basic functioning (exaggerated rotation) [36].

The determination of the current-force characteristics of the AE-TB-5m calibration actuator is done
using the Variable Turn-Density Coil (VTDC). The VTDC, as the name suggests, is a coil wound with
a variable turn-density. This coil was designed by R. Bijster [35] to allow for the calibration of the AE-
TB-5m in both atmospheric as vacuum conditions. With the variable turn-density configuration of the
VTDC, the creation of a parallel homogeneous magnetic field within the coil is created. If a magnet
is suspended in this field, a constant force is exerted on the magnet. The magnet is attached via a
beam to the sensor target. The supplied current trough the coil will thus result in a force acting on the
sensor target. The goal of the magnetic VTDC calibration is to obtain an accurate relation between the
current supplied to the coil, and the resulting force exerted on the sensor target. This information can
then be used to calibrate the AE-TB-5m by applying the known magnetic force on the sensor target
and measuring the resulting displacement, and in that way finding the relation between displacement
and force [36].

The vacuum chamber used for conducting measurements in space like conditions is the Heraeus Va-
cutherm vacuum oven [37] located in the Space Engineering cleanroom (see figure 2.5 ). The vacuum
oven uses an external vacuum pump to depressurize the chamber to a low vacuum of 1.5 mbar. The
time required for depressurization from atmospheric conditions to 1.5 mbar is approximately 2 hours.
The pressure inside the vacuum chamber is determined from the analog pressure gauge on the front of
the oven. The pressure gauge indicator dial is divided in 100 mbar increments. The vacuum chamber
contains eight color coded female banana connectors for the connection of electrical equipment inside
the enclosure. Furthermore, four RS-232 (9 pins) female connectors are also available for the connec-
tion of sensor systems. Propellant is supplied through the feedline with a 1/4 inch male quick connector
manufactured by Swagelok. Furthermore three generic throughputs are available to connect custom
wiring/piping to the vacuum chamber using vacuum rated adaptors [36].
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Figure 2.5: Heraeus Vacutherm vacuum oven containing the AE-TB-5m [36].

Besides that, tests like a leakage test or measuring propellant flow can easily be conducted using
the General Purpose Feed system (GPF, see figure 2.6). This system allows for controlling clean
airflow to the thruster. This can become usefull for testing the thruster’s capability when operating
under conditions representable to those if it were to be supplied with the feed pressure provided by the
sublimating propellant.

How the setups can be used

H. Massflow controllers

G. Flow path selector(s)

F. Checkvalve

E. Filter

D. Shut-off valve

C. Pressure regulator

B. Pressure sensor

A. Line-inrotary valve

Figure 2.6: General Purpose Feed System [36].

Most test setups in the clean room at TU Delft mainly focus on measuring thrust characteristics. While
these are valuable for finding out propulsion performance, the primary goal of this thesis project is to
evaluate the feasibility of the sublimation-based solid-state propellant storage concept itself. Testing
should therefore concentrate on understanding the stability, efficiency and phase transition behavior of
the propellant storage, under conditions that simulate space environments. This will help to determine
the practicality and reliability of the concept as a viable option for micropropulsion systems. So how

can the setups be used for testing these specific types of characteristics?
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1. The thrust pendulum can be used to measure the thrust generated by the thruster under condi-
tions where the propellant’s pressure and temperature match those expected when supplied by
sublimating water ice. This way the viability of the feed pressure provided by the sublimating
propellant can be validated.

2. The vacuum chamber can be used to test thermal characteristics of the concept under space like
conditions.

What will be tested and how

In order to validate and test the viability of the design for the sublimation-based solid-state propellant
storage concept a comprehensive test procedure is critical. The concept must undergo various types of
tests that simulate conditions the design will be exposed to in operation in space in order to ensure that
the design meets the performance requirements to be used on microsatellites. The following section
will outline the key characteristics to be tested, the methodology for conducting these tests, and the
objectives behind them. By testing aspects like thermal stability, pressure and efficiency, the feasibility
and reliability of the design can be demonstrated. Table 2.1 summarizes the following section.

Characteristics to be tested:

+ Thermal stability: It is essential for the thermal conditions to be stable to ensure that the concept
operates within the designed thermal range without excessive unexpected phase transitions. This
category will focus on how the propellant storage reacts to temperature changes and whether
sublimation occurs consistently at the expected rates. An interesting paper regarding Thermal
stability is [38].

» Thermal control: This is crucial to ensure the concept functions properly in a space environ-
ment with extreme temperature variations. It involves managing the heat input to the storage
concept to maintain the propellant within the desired phase state, and ensuring consistent subli-
mation. Effective thermal control can prevent these unwanted phase transitions that can disrupt
the propellant feed and reduce efficiency. An interesting papers regarding thermal control is [39].

* Pressure retention: In order for the sublimation to provide for a stable feed to the propulsion
concept, maintaining the appropriate pressure is critical. This category assesses how well the
concept can hold the internal pressure generated by the sublimating propellant to ensure it is
suitable for feeding the thruster. Interesting papers regarding sublimation pressure are [40], [41].

» Sublimation performance: This characteristic is about how efficiently the sublimating propellant
converts into usable gas to feed the thruster. It indicates whether or not the design enables
controlled and sustained sublimation, providing the right amount of propellant at the required
pressure.

* Endurance: This will determine the long-term reliability of the storage concept under operational
conditions in space. This can include repeated cycles of heating and cooling, vacuum exposure,
and other mechanical stresses. The goal is to ensure the design can withstand the demands
of long-term space missions without failure or significant performance degradation. Interesting
papers on reliability of satellites are [42], [43].

» Thrust: It is important to verify the storage system can actually be integrated with the thruster
and so that it provides consistent thrust levels. Using setups like the AE-TB-5m thrust pendulum
to measure thrust output when supplied with propellant with a pressure of around 611 Pa [24].

Test methodology:

* Thermal stability: In order to test the thermal stability of the system, thermocouples will be placed
in and around the storage unit to measure how effectively it maintains the required temperature
range under simulated space conditions. The Heraeus Vacutherm vacuum oven at the Aerospace
Engineering faculty of TU Delft will simulate these extreme temperature changes in a repetitive
cycling manner. This way potential unwanted phase transitions in the system can be monitored.
Besides that the sublimation rate can be measured across different thermal conditions to verify
the thermal stability of the system.

» Thermal control: Thermal control involves both passive insulation and active heating/cooling
mechanisms. In order to asses these characteristics testing will include controlled heat input
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to simulate solar heating, evaluating how well the thermal control system prevents undesired
phase transitions of the propellant. Measuring temperature and manual inputs over time will help
to evaluate the system’s response and control accuracy. This can be done using the Heraeus
Vacutherm vacuum oven at the Aerospace Engineering faculty of TU Delft.

* Pressure retention: Testing the pressure retention involves sealing the propulsion storage and
monitoring pressure levels over time under different temperature conditions. A range of tem-
peratures will be applied to simulate changes, while pressure sensors will monitor stability and
retention within the desired operational limits. This can be done using pressure sensors, under
controlled conditions in the cleanroom at the Aerospace Engineering faculty of TU Delft.

» Sublimation performance: The sublimation rate can be measured by monitoring the rate at
which the propellant transitions to a gas under set thermal conditions. A mass flow meter can
measure the exact gas output from an enclosed system to verify this sublimation rate. The test
setup will include controlled heating to induce sublimation while monitoring to ensure the consis-
tency and adequacy of the propellant feed. This can be done using a flow meter, under controlled
conditions in the cleanroom at the Aerospace Engineering faculty of TU Delft.

» Endurance: Endurance can be tested by subjecting the system to repeated thermal and pressure
cycles to simulate long-term exposure to space conditions. Continuous monitoring over many
cycles will help to identify potential weak points in materials or the design, identifying these weak
points will allow for improvements at critical points to ensure reliability for extended missions. This
can be done using the Heraeus Vacutherm vacuum oven at the Aerospace Engineering faculty
of TU Delft.

* Thrust: The thrust measurement setup AE-TB-5m at the Aerospace Engineering faculty of TU
Delft can be used to assess thrust levels achieved with the sublimating propellant. This test
will verify whether or not the system provides consistent pressure and mass flow rate to meet the
thrust requirements. The results will show if the storage system effectively supplies the propulsion
system with stable propellant pressure.

Test objectives:

* Thermal stability: To ensure the overall system maintains consistent thermal behavior and does
not experience any unexpected phase transitions or degradation in sublimation performance.

* Thermal control: To verify that the system’s thermal management can keep the propellant in a
stable stage, even when subjected to external temperature variations. Effective thermal control
should prevent overheating or excessive cooling, ensuring the propellant sublimates at a con-
trolled and predictable rate.

* Pressure retention: To confirm that the system can consistently retain the pressure generated
by the sublimating propellant and maintain it within the specified operational range.

» Sublimation performance: To demonstrate that the propellant sublimates efficiently and consis-
tently, providing the necessary mass flow to feed the thruster.

* Endurance: To evaluate the long-term durability of the storage system, ensuring that it can with-
stand the stresses of repeated thermal and pressure cycles without significant performance degra-
dation.

» Thrust: To measure the actual thrust produced by the propulsion system when fed with propellant
from the solid-state storage.
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Table 2.1: Summary of characteristics to be tested, test methodologies, and test objectives

mal performance, no
unexpected phase
changes

tests, thermal cham-
ber experiments in the
Heraeus Vacutherm
vacuum oven at TU
Delft

# Category Characteristics to be Test Methodology Test Objectives
Tested
1 Thermal Stability Consistency of ther- Temperature cycling Ensuring stable behav-

ior in the operational
thermal range

mance with integrated
propellant storage
system

measurements, perfor-
mance benchmarking
using the AE-TB-5m

2 Thermal Control Efficient thermal man- Heat input control, Preventing overheat-
agement temperature gradient ing or excessive
testing in the Heraeus cooling and phase
Vacutherm  vacuum shifts
oven at TU Delft
3 Pressure Ability to maintain pres- Pressure tests, leak Ensuring  consistent
Retention sure generated by sub- rate measurements in pressure to feed the
limation the cleanroom at TU thruster
Delft
4 Sublimation Sublimation rate, Controlled sublimation Verifying  consistent
Performance mass flow control, effi- tests, mass flow mea- sublimation and gas
cient gas production surement in the clean- feed for propulsion
room at TU Delft
5 Endurance Long-term  reliability Long-duration testing, Confirming  durability
under cyclic thermal multiple thermal/pres- over extended mission
and pressure stresses sure cycles in the Her- durations
aeus Vacutherm vac-
uum oven at TU Delft
6 Thrust Actual thrust perfor- Thrust pendulum Confirming the system

provides reliable and
consistent thrust

at TU Delft

2.7. Core insights

This section shows the most important insights derived from the literature study, highlighting the most
significant findings and the implications they impose for the design and development of a sublimation-
based solid-state propellant storage concept. While looking into the different types of storage solutions
used in micropropulsion systems today, it became clear water is an excellent choice of propellant [9,
12]. Besides this, earlier studies have also indicated that storing the propellant in the solid-state is a
promising solution as it could lead to a simplified design by eliminating the need for an additional feed
system [1, 2].

Possible improvements were analyzed and categorized in 3 main sections: Boosting specific impulse,
Improving power efficiency and Concept simplification. The literature study showed that specific im-
pulse can be boosted in a number of different ways, but for a LPM based on a sublimating solid propel-
lant it mostly comes down to propellant type, temperature and pressure [3, 8]. It is important to note
for a sublimating water ice propellant the initial temperature and pressure will be 273.16 K and around
611 Pa respectively, which are characteristics of the vapor-liquid-solid triple point of water [24]. Power
efficiency can be improved by having an optimal thermal control system. It is important the propellant
has a constant temperature, so good insulation is crucial, as well as having an efficient heating and
cooling mechanism. While concept simplification can refer to various approaches, focusing on reduc-
ing the number of moving parts and implementing passive propellant management techniques could
be particularly beneficial.

Earlier research on micropropulsion systems showed that modeling the design before making an ex-
perimental test version was very beneficial [31, 32]. This can be done using a program like SIMULINK
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in Matlab or Python. For the concept, the thermal control system is crucial, so modeling that will give
important insights into the performance of the design.

Finally, for the literature study various test setups were analyzed as well as their possible application.
And in addition to that, which characteristics should be tested, the test methodology for each charac-
teristic and the objectives. Table 2.1 gives a clear overview of the possible tests that can be conducted
to research the viability of the propellant storage concept.

Overall, the literature study provided a strong foundation for further exploration of the sublimation-based
solid-state propellant storage concept. It highlighted the benefits of solid-state propellant storage over
liquid and gaseous alternatives, while also identifying areas for improvement in current proposals that
require further investigation.

2.8. Answering the research questions

Looking back at the research questions from the beginning of the literature study, the following can be
concluded:

1. What are current solutions used to store propellant on microsatellites? For each of the three
types of propellant storage: gaseous, liquid, and solid, there are examples of micro-resistojets
that utilize them. However, research does show that storing the propellant in the solid state is the
most beneficial for micro-resistojets.

2. How can current solutions be improved? Specific impulse can be boosted in a number of dif-
ferent ways, but for a micro-resistojet based on a sublimating solid propellant it mostly comes
down to propellant type, temperature and pressure [3, 8]. It is important to note for a sublimating
water ice propellant the initial temperature and pressure will be 273.16 K and around 611 Pa re-
spectively, which are characteristics of the vapor-liquid-solid triple point of water [24]. Efficiency
can be improved by having an optimal thermal control system. It is important the propellant has
a constant temperature, so good insulation is crucial, as well as having an efficient heating and
cooling mechanism. While concept simplification can refer to various things, focusing on reducing
the number of moving parts and implementing passive propellant management techniques could
be particularly beneficial.

3. How can a sublimation-based solid-state propellant storage concept be modeled? A model can
be made using a program like SIMULINK in Matlab or Python. For the concept, the thermal control
system is crucial, so modeling that will give important insights into the performance of the design.

4. How can the performance of a sublimation-based solid-state propellant storage concept be ex-
perimentally tested and validated? The concept can be tested using various methods and equip-
ment available at the TU Delft cleanroom of the Aerospace Engineering faculty. Like the thrust
pendulum and vacuum chamber. Besides these larger equipment, the tests would also require
temperature and pressure sensors, and a flow meter.



Research plan

This chapter defines the plan of the study, it includes the problem statement, research objectives and
scope, research questions, a work breakdown structure and finally a list of requirements for the design.
Together, these elements provide a structured framework for investigating the use of a sublimation-
based solid-state propellant storage for LPM thrusters.

3.1. Problem Statement

The increasing demand for highly efficient, compact propulsion systems for microsatellites has driven
research into new methods of propellant storage and delivery. Micro-resistojet thrusters, which are
widely used due to their simplicity, often make use of liquid or gaseous propellant storage. Storage of
the propellant as a liquid provides better specific impulse and storage density than gaseous storage,
but requires a complex feed system. Which results in increased system complexity, adding weight and
increasing power consumption. While gaseous storage might provide for a simpler overall system, it is
less efficient as it requires more storage space.

These challenges imposed by managing liquid and gaseous propellants have led to the exploration
of solid-state propellant storage methods, which could simplify the propulsion system by eliminating
the need for complex feed mechanisms. However, the solid-state propellant storage concept remains
underdeveloped, with few experimental validations and several areas for improvement, particularly in
optimizing the thermal system, system efficiency, and long-term storage stability.

The lack of a well-established, computationally modeled, and experimentally demonstrated sublimation-
based solid-state propellant storage solution for micro-resistojet thrusters presents a critical gap in
micropropulsion technology. Addressing this gap could lead to more efficient and simpler propulsion
systems for microsatellite missions, enhancing performance while reducing the complexity, cost, and
energy demands of current systems.

3.2. Research Objectives and Scope

The main objective of this research was to evaluate existing solutions for sublimation-based solid-state
propellant storage in micropropulsion thrusters and develop an optimized design specifically for a low-
pressure micro-resistojet thruster. This concept has been computationally modeled and 3D printed. To
achieve this objective, the research has been structured around the following topics:

+ Concept Design: Designing an optimized storage solution for a micro-resistojet micropropulsion
thruster by identifying improvements that simplify the system while maintaining or enhancing per-
formance metrics such as sublimation stability and power efficiency. It was an iterative circular
process involving concept designs, comparison, improvement, and evaluation.

* Model and Simulation: Modeling and Simulating the solution to predict how the optimized sys-
tem performs under realistic conditions. Initially, the model focuses on the thermal system of
the propellant storage, in addition to this strength analyses have given insight into the ability to
survive launch conditions.

+ Experimental Validation: Testing an experimental demonstration made using prototyping tech-
niques like 3D printing. This way the solid-state propellant storage can be tested in combination
with a micro-resistojet thruster, so that its performance can be analyzed and compared with both
the simulation, as with gaseous or liquid stored propellant storage based micro-resistojet thrusters.
Due to time constraints it was not possible to conduct performance tests as specified in the litera-
ture study. However, a 3D printed design has been established to give insight in the the practical

17
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feasibility of the design.

3.3. Research questions

The next section of the report focuses on the design of the sublimation-based solid-state propellant
storage for micro-resistojet thrusters. Itis structured around the research objectives and aims to answer
the following main question with a set of sub questions:

Main research question:
What is the optimal design for a sublimation-based solid-state propellant storage system for
a low-pressure micro-resistojet thruster?

Sub research questions:
1. What are the key functions the propellant storage must fulfill to ensure successful operation for a
low-pressure micro-resistojet thruster?

2. Which components, materials, and design characteristics are most suitable for fulfilling the key
functions required by the propellant storage system?

3. What is the optimal propellant storage design configuration for improved efficiency and reliability?

4. What is the most effective method for modeling the behavior and performance of the propellant
storage?

5. What is the most effective method for testing the behavior and performance of the propellant
storage?

3.4. Work Breakdown Structure

In order to successfully complete the thesis project within the given timeline the project has been divided
into the 3 main topics as listed in chapter 3.2: Concept Design, Model and Simulation and Experimental
Validation. In addition to that the literature study and project finalizing have also been added. Each
topic has been given a time frame and a number of tasks that need to be completed. The Modeling
and Experimental validation phases have been planned to partially overlap as experiments can be risky
and unpredictable. This way, in case some experiments had to be postponed, the time could be used
to improve the model and simulation. This is not visualized in the Work Breakdown Structure (WBS,
see the following figure).
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Figure 3.1: Thesis project Work Breakdown Structure

3.5. List of Requirements

The design concept will have to adhere to a number of requirements. Table 3.1 outlines these require-
ments each with a rationale and a means of verification.
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Table 3.1: List of design requirements for the propellant storage system.

ID Requirement Description Rationale Verification Source

1. Thermal

1.1 Propellant The storage heat- Ensures the propel- Thermal testing in a [24]
temperature ing/cooling element lant remains close vacuum chamber or [41]
above must ensure the triple point of water, verifying with ther-

270.16 K system maintains a resulting in the high- mal model.
temperature above est amount of pres-
270.16 K. sure the sublimat-
ing water ice can
provide.

1.2 Propellant The storage heat- Ensures the water Thermal testingin a [24]
temperature ing/cooling element ice temperature vacuum chamber or [41]
below must ensure the stays below the verifying with ther-

273.16 K system maintains a triple point of water. mal model.
temperature below
273.16 K.

1.3 Thermal The storage system Minimizes energy Insulation  testing N.A.

Insulation must be insulated consumption. in vacuum oven
so that the heat- or verifying with
ing/cooling element thermal model.
has enough capac-
ity to comply to re-
quirements 1.1 and
1.2.

14 Operational The storage system The system must Temperature test- [44]
between must be able to op- be able to oper- ing in  vacuum [33]
0°C and erate between 0 °C ate within the min- oven.
40°C and 40°C imal and maximal

internal spacecraft
temperature fluctu-
ations common.

2. Pressure

2.1 Pressure The system must This is the maxi- Pressure testing in [24]
tolerance of be able to operate mum pressure the a controlled envi-

733 Pa under a pressure Water ice sublima- ronment.
of above 611 Pa tion will result in.
without leaking (so
733 Pa when tak-
ing into account Re-
quirement 5.3).

2.2 Pressure The system must This will ensure a Pressure testing in [45]
fluctuations maintain stable stable sublimation a controlled envi-
below 2 — 3 pressure levels pressure which is ronment.

Pa during  operation, required for stable
with fluctuations thrust output.
below 2 — 3 Pa.

3. Performance characteristics

3.1 Maximum The storage system This will minimize Calculate power re- [46]
peak power should require no overall power quirement of the de-
of 20 W more than 20 W to required by the sign.

operate. thruster and im-
prove efficiency.
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Table 3.1: Continuation of the list of design requirements for the propellant storage system.
ID Requirement Description Rationale Verification Source
3.2 Mass flow The sublimation This is required for Mass flow rate mea-
rate of 1 rate  should be the LPM to operate. surement.

mg/s

adjusted so that it
results in a mass
flow rate of 1 mg/s
with an accuracy of
50%.

4. Physcial characteristics

4.1 Wet weight The storage system Should weigh no Weight measure- [1]
below 380 g wet weight cannot more than earlier ment of the design.
be over 380 g. sublimation based
solid-state thruster
provided by Cer-
vone A, (2015).
4.2 Dimensions The dimensions of This  will leave Measurement. N.A.
below 1 U the whole thruster enough space on
(including the pro- the CubeSat for the
pellant storage sys- payload.
tem) should not ex-
ceed 1 U.
5. General
5.1 Environmental | The storage system Ensures the system Environmental test- N.A.
Compeatibil- must be able to op- operates reliably in ing in vacuum oven.
ity erate under the vac- space.
uum of space.
5.2 Structural The storage sys- Must be able to Structural analysis. [47]
durability for tem must be able withstand the max-
49G to withstand 4.1G imal amount of G
(so 4.9G when forces experienced
taking into account during launch of a
Requirement 5.3) . falcon 9 rocket as
it is likely it will be
launched with this
rocket.
5.3 Safety mar- The storage system Ensures the system N.A. [48]
gin of 20% must  incorporate can deal with unex-

a safety margin of
20% to account for
uncertainties.

pected events.
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Concept design

This chapter details the design process for the sublimation-based solid-state propellant storage concept.
It begins with the conceptualization of various 2D design solutions, followed by a systematic selection
process for individual components. And finally, the selected elements are synthesized into a refined
and simplified 3D block design, laying the foundation for the modeling and simulation of the design.

4.1. Conceptualization in 2D

The design of the system posed a number of unique challenges, particularly concerning the thermal
management, propellant expansion, and the overall integration of the components and the whole sys-
tem inside the CubeSat. Before diving into the different specific design choices, it is crucial to have a
general understanding of the system’s overall architecture and the functions of the primary elements.

A sublimation-based solid-state propellant storage system for LPM’s, such as the one conceptually
explored by Cervone A. [1], typically have a propellant storage, a thermal regulation system, and a
mechanism to regulate the propellant flow to the thruster. The core innovation of the new system lies
in leveraging the sublimation of the solid propellant to generate the necessary pressure for feeding and
operating the thruster. Which would significantly simplify the feed system compared to traditional liquid
or gaseous propellant systems. The most important elements of the system include:

* Propellant storage: Contains the solid propellant. The design needs to accommodate for the
volume change which is a result of the liquid water freezing in space. It also needs to ensure no
propellant is able to escape, so it has to be completely sealed.

» Thermal control system: Manages the temperature of the propellant throughout all phases of
the mission, this includes cooling the propellant to solidify it, maintain its solid state, and heating
the propellant to induce sublimation.

« Structural integrity: Ensures the physical robustness of the system having an optimal material
selection, allowing it to withstand expected launch loads and maintain its mechanical integration
within the CubeSat to ensure reliable operation.

This next section develops an optimized design for such a system. The conceptualization process
began by identifying the following general functions, which the propellant storage system has to fulfill,
each requiring specific design solutions.

1. Heating element placement: Where in the system should the heating element be placed for
optimal functionality and efficiency.

2. Propellant expansion accommodation: The system must ensure that the propellant is allowed
to expand when frozen in space without damaging storage or components.

3. Thermal insulation: The system should ensure that the heat exchange with the surrounding
components of the satellite is controlled.

4. Material selection: The selected materials should withstand the operating conditions while en-
suring compatibility with the propellant. Also be structurally robust enough to survive the launch
as this is the moment of peak stresses.

5. Leak prevention: The system must ensure leak prevention for both liquid propellant during the
initial phase and sublimated gases during operational phases to prevent damage and ensure
controlled delivery.

6. System integration: The system needs to be well integrated with the rest of the spacecraft.

22
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Each of these functions has been fulfilled with 4 solutions. Out of all considered possible solutions,
the 4 most reasonable have been presented. A useful tool to present these potential solutions is a
morphological chart. This overview allows for combinations of solutions which will eventually form
basic design concepts.

Table 4.1: Morphological chart of potential design solutions for functions of the propellant storage system.

ID | Function Solution 1 Solution 2 Solution 3 Solution 4

1 Heating Within the Opposite of the Towards the Surrounding the
element propellant mass flow exit mass flow exit propellant
placement

2 | Propellant Flexible Spring loaded Extra internal Elastic bladder
expansion membrane plate volume
acc.

3 | Thermal Multi-layer Aerogel Vacuum Reflective
insulation insulation insulation coating

4 | Material Aluminum alloy Carbon fiber Stainless steel Polymer
selection composite composite

5 | Leak One piece Elastic sealing Glue/kit Double-walled
prevention container material containment

6 | System Modular Direct structural | Quick- Bracket-
integration mounting attachment disconnect mounted design

interfaces

Some solutions can already be ruled out when looking at the list of requirements (table 3.1) presented
in chapter 3.5, or simply because of impracticality, these are:

* 1.1. Within the propellant: Would result in pockets of sublimated or melted water inside the ice
near the heater which could result in uneven heating, making it harder to maintain the temper-
ature between 270.16 K and 273.16 K (Requirements 1.1 and 1.2). Thermal gradients within the
propellant could also lead to pressure instability (Requirement 2.2).

» 6.3. Quick-disconnect interfaces: Can be excluded based on the need for a permanent fix, a
quick-disconnect interface is simply not required for the design.

These different solutions have been combined to form 3 basic 2D concepts (see appendix A.1, A.2 and
A.3). They have been established by selecting the most logical combinations. In order to select the best
concept for further development, they have been evaluated based on a set of important characteristics:

1. Practicality: Defines whether or not the concept is practically viable. And if it could work and be
able to meet the requirements realistically.

2. Reliability: Defines whether or not the concept would be reliable. And if the solutions it uses
could function under the conditions specified in the list of requirements.

3. Mass: The overall mass of the solution.
4. Efficiency: To what extend do the materials/concepts used, benefit the efficiency of the system.
5. Cost: The cost of the solution.

These characteristics have been assigned weights to reflect their relative importance as some charac-
teristics are more critical than others. This has been done with a pairwise comparison provided in a
table provided in figure 4.1. Each characteristic has been argued in terms of its impact on the overall
concept. In addition to that relative importance has been substantiated by benchmarks from similar
systems which for example prove that performance metrics are prioritized over power consumption, as
small satellites are often more constrained by weight and size than by energy. To calculate the weights,
first the numbers have been normalized by dividing all entries by the sum of the respective column. Af-
ter which the average of each row gives the weight of the respective characteristic. Table 4.2 gives the
weights for each characteristic.
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Table 4.2: Weights of characteristics used for selecting a concept.

Characteristic Practicality | Reliability | Mass | Efficiency | Cost
Normalized Weight 0.370 0.274 0.188 0.115 0.052

The concepts have all been graded with a number from 1 to 5 which correspond to:
» Very Poor (1): Significantly below minimum requirements; unacceptable performance.
* Poor (2): Below minimum requirements; barely functional.
» Average (3): Meets minimum requirements; adequate but not exceptional.
» Good (4): Exceeds minimum requirements; demonstrates good effectiveness.
» Excellent (5): Significantly exceeds requirements; outstanding performance.

Figure 4.1 shows the scores of the concept characteristics multiplied by their respective weight.

Characteristic Practicality Reliability Mass Efficiency Cost

Practicality 1,00 3,00 2,00 3,00 4,00

Reliability 0,33 1,00 3,00 3,00 5,00

Mass 0,50 0,33 1,00 3,00 4,00

Efficiency 0,33 0,33 0,33 1,00 4,00

Cost 0,25 0,20 0,25 0,25 1,00

sum 2,42 4,87 6,58 10,25 18,00

Characteristic Practicality Reliability Mass Efficiency Cost

Normalized Weight 0,370 0,274 0,188 0,115 0,052

Concept Practicality Reliability Mass Efficiency Cost Weighed total
1 2,00 3,00 2,00 3,00 3,00 2,441774467
2 3,00 4,00 3,00 4,00 2,00 3,336788608
3 1,00 2,00 4,00 3,00 3,00 2,174951608

Figure 4.1: Pairwise comparison and weighted decision matrix concept selection.

This means concept 2 is the chosen concept (see appendix A.2). In order to validate this selection
process, a sensitivity analysis has been conducted by adding/subtracting 10% to each of the normalized
weights. This way the outcome remained the same.

4.2. Component selection

The process demonstrated in chapter 4.1 was repeated for the selection of the individual components
required for the concept. The following general functions for components have been identified:

1. Propellant heating: Regulate the temperature by heating the propellant to control the sublima-
tion process.

2. Propellant cooling: Regulate the temperature by cooling the propellant to control the sublimation
process and dissipate excess heat to prevent the propellant from becoming liquid.

3. Monitoring pressure: Ensure consistent real-time measurement of internal pressure to maintain
stable sublimation and propellant flow within operational limits.

4. Monitoring temperature: Ensure consistent real-time measurement of internal temperature to
maintain stable sublimation and propellant flow within operational limits.

5. Mass flow control: Regulation of sublimated gas to plenum of the thruster.
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Solutions for each function have been presented with a short description and some pros and cons in
Appendix B.1, the morphological chart with these solutions is given in table 4.3.

Table 4.3: Morphological chart of potential design solutions for functions of the propellant storage system.

ID | Function Solution 1 Solution 2 Solution 3 Solution 4

1 Propellant Resistive heater | Cartridge heater | Radiative heater | Thermoelectric
heating heater

2 | Propellant Radiative Heat pipes Conduction to Thermoelectric
cooling cooling radiators cooler

3 | Monitoring Pressure Piezoelectric Capacitive
pressure transducer sensor pressure sensor

4 | Monitoring Thermocouples Resistance Infrared Sensor | Thermistors
temperature Temperature

Detector (RTD)

5 | Mass flow Solenoid valve Butterfly valve Piezoelectric

control valve

Some solutions could already be ruled out when looking at the list of requirements presented in chapter
3.5, table 3.1, these are:

+ 2.1. Radiative cooling: This passive cooling solution will most likely not be able to provide
sufficient cooling capacity to maintain requirement 1.2. [49].

* 4.3. Infrared sensor: Only capable of measuring surface temperature which does not accurately
reflect the temperature of the propellant which makes it difficult to meet temperature requirements

1.1 and 1.2.

» 5.4. Orifice plate: Does not provide active control, can therefore not stop thruster from being acti-
vated. Could also result in significant pressure fluctuations and affect thrust stability, requirement

2.2

The solutions have been compared using the following characteristics assigned with weights:

Table 4.4: Weights of characteristics used for selecting the components.

Characteristic

Performance

Reliability

Efficiency | Mass

Cost

Weight

0.377

0.253

0.200 0.117

0.054

The solutions provided in the morphological analysis have again been graded with a number from 1 to
5 corresponding to the list provided earlier in chapter 4.1. Figure 4.2 shows the scores of the solution
characteristics multiplied by their respective weight.

This means the following solutions come out on top per function:

* Propellant heating: Resistive heater

« Propellant cooling: Thermoelectric cooler (TEC) '

« Monitoring pressure: Pressure transducer 2

+ Monitoring temperature: RTD 3

» Mass flow control: Solenoid valve #

Although resistive heater is the best means of heating the propellant, a TEC can both heat and cool,
it would therefore be unnecessary to have both a resistive heater and a thermoelectric cooler. Only

Thttps://uk.rs-online.com/web/p/peltier-modules/2172401
2https://nl.mouser.com/ProductDetail/ TE-Connectivity-First-Sensor/HCLA12X5DU?qs=RtU67MWp17BR9WF4eKH3FA
3https://nl.rs-online.com/web/p/rtd-sensors/8919139
“4https://www.theleeco.com/product/hypodermic-port-outlet-vhs-series-solenoid-valve/
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a thermoelectric cooler would suffice. This also decreases the total amount of components, and thus
weight and energy requirements.

Characteristic

Performance Reliability Mass Efficiency Cost

Performance 1,00 3,00 2,00 3,00 4,00

Reliability 0,33 1,00 2,00 3,00 5,00

Mass 0,50 0,50 1,00 3,00 4,00

Efficiency 0,33 0,33 0,33 1,00 4,00

Cost 0,25 0,20| 0,25 0,25 1,00

Sum 2,42 5,03| 5,58 10,25 18,00

Characteristic Performance Reliability Mass Efficiency Cost

Weight 0,377 0,253 0,200 0,117 0,054
ID |Solution Performance Reliability Mass Efficiency Cost Weighed total
1.1|Resistive heater 5 3 3 3 4 3,806754538
1.2|Cartridge heater 4 2 3 4 3 3,240259679
1.3|Radiative heater 5 4 1 2 1 3,382240851
1.4|Thermoelectric heater 3 ) 4 4 2 3,010140666
2.1|Radiative cooling 2 5 4 2 1 3,105682226
2.2|Heat pipes 3 4 2 3 2 2,999425394
2.3|Conduction to radiators 3 4 4 3 3 3,453104024
2.4|Thermoelectric cooler 5 o 4 4 2 3,763314146
3.1|Pressure transducer 5 3 4 2 2 3,782913028
3.2|Piezoelectric sensor 1 2 3 4 3 2,110499461
3.3|Capacitive pressure sensor 1 2 4 4 3 2,310548246
4.1|Thermocouples 2 4 5 2 1 3,052675774
4.2|RTD 3 3 4 3 2 3,146467727
4.3|Infrared sensor 3 3 3 2 2 2,829690763
4.4\ Thermistors 3 3 4 2 2 3,029739548
5.1|Solenoid valve 5 5 3 3 3 4,259283956
5.2|Butterfly valve 3 3 3 3 4 3,053581059
5.3|Piezoelectric valve 4 3 4 3 2 3,523054466

Figure 4.2: Pairwise comparison and weighted decision matrix component selection.
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4.3. Concept synthesis

This section further develops the very basic concept established in section 4, concept 2. It shows the de-
velopment of a three-dimensional representation, initially a simplified 'block’ design. This simplification
allows for efficient calculations by representing key components (propellant storage, TEC, insulation,
thruster interface) as basic geometry shapes. This initial model allows for the assessment of overall
thermal performance and identification of critical design parameters, which serves as a foundation for
subsequent refinement.

4.3.1. Design assumptions
Geometry and material
* Homogeneous materials: Every component is made of a single uniform material with constant
material properties.

» Perfect contact: No thermal contact resistance between components.

» Simplified shapes: Components are represented as simple geometric shapes (cubes, cylinders,
etc.).

Thermal and sublimation process
+ Homogeneous temperature distribution: Each component has a single, uniform temperature.

» Constant sublimation rate: Constant sublimation rate equal to the required mass flow rate of the
thruster.

+ ldeal gas behavior: Water vapor behaves as an ideal gas.

* No vapor pressure buildup: Sublimated water is immediately expelled by the thruster, so there
will be no significant pressure buildup that will affect the sublimation rate.

External boundary condition
» Perfect vacuum: The system will be in perfect vacuum so no convective heat transfer.

» Minimal and maximal spacecraft internal temperature of 0 and 40°C respectively (as stated in the
list of requirements, table 3.1).
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4.3.2. Conceptual block design

(a) Simplified block design integrated within a CubeSat structure.

Thruster representation

//) Outside container
S Propulsion tank
C‘ Tank to container connection
/A Thermoelectric cooler
©
Heat sink connection
Cubesat structure

(b) Annotated view of the block design, highlighting key components: the thruster representation, outside container, propulsion tank, tank to
container connection, thermoelectric cooler, heat sink connection, and CubeSat structure.

Figure 4.3: Conceptual block design for the propellant storage system.

The outside container dimensions have to fit within the structure of the CubeSat, and are therefore
83.2x 73.7 x 74 mm, which complies with requirement 4.2 from table 3.1, this includes the components
except for the thruster which is located on top. The thruster has been represented with a box with
dimensions 20220210 mm [22], this is because the thruster and its interfaces are outside the scope of
this thesis project. The tank, with internal dimensions 59.7 x 53 2 55 mm, and other components will fit
in the outside container which is attached to the CubeSat structure.

In order to minimize heat transfer between the tank and the spacecraft, the outer surface of the tank will
consist of polished aluminum, providing low infrared emissivity and high reflectivity. Polished aluminum
is commonly used in spacecraft thermal control systems to reduce radiative heat absorption from nearby
warm components by reflecting incoming infrared radiation. At thermal wavelengths, low emissivity
corresponds directly to low absorptivity and high reflectance, making such surfaces highly effective for
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radiative isolation.

The tank will be held in place via 3 tank to container connections made of Polycarbonate. The TEC will
be located on the bottom of the tank to limit the influence it will have on other components. The heat
sink connection is an aluminum plate connected to the TEC with thermal glue. It will transfer the heat
from the hot side of the TEC to the outside container which is then connected to the entire CubeSat
structure for passive thermal management, this ensures that the heater does not overheat. Since the
heater is directly attached to a thermally conductive propulsion storage tank, the heat will be gradually
dispersed to the whole propulsion tank. This ensures that the surface area to heat or cool the propellant
is optimal.

4.3.3. Power usage

This section provides an analysis of the power consumption of the propellant storage system. The anal-
ysis considers the power requirements of individual electrical components across identified operational
phases: pre-operational, standby, and operational. Values presented are derived from component
data sheets or calculated. A breakdown of the power consumption of each consumption is presented
in Table 4.5.

Table 4.5: Estimated power consumption per component across operational phases

Component Pre-operational (W) | Standby (W) Operational (W)
TEC 20 0 2.84°

Pressure Sensor 0.025 0.025 0.025
Temperature Sensor | ~ ~ ~

Solenoid Valve 0 0 0.05

Micro Servo © ~ ~ ~

Total Power usage 20.025 0.025 2.865

The main influence on the power consumption throughout all 3 phases is the TEC, as this component
has a significantly higher power consumption than the other components. The power consumption
of the temperature sensor is negligible, and hence represented by a ~. The power consumption of
the micro servo is also considered to be negligible as it is only used occasionally to switch between
operational phases, and is therefore not a continuous power consumer throughout the different phases.

4.3.4. Operating principles

Pressure retention

When the sublimated water vapor is expelled through the nozzle, the internal pressure is lowered to
below the vapor pressure which then induces more water to sublimate. As the propellant is depleted,
the "left over” volume will have to be substituted either physically/mechanically or with extra propellant
substituting this added volume in the storage unit. A physical or mechanical solution would increase
complexity of the system, but substituting the extra volume with extra propellant means some propellant
will not be able to be expelled by the thruster. To calculate the maximum amount of propellant that would
have to remain as a pressurant in the storage unit, the following conditions have been assumed:

Pressure, P = 600 Pa
Volume, V = 1.74 %« 104 m?
Ideal Gas Constant, R = 8.314 J/(mol-K)
Temperature, T' = 273.15K

Using Ideal Gas Law [8], the number of moles of water vapor n can be calculated:

5This value has been determined by taking the value that corresponds with 1 mg/s when looking at the values for the range
of power required for specific mass flow rates in chapter 4.3.4 (0.77 W for 0.27 mg/s and 5.57 W for 1.96 mg/s).

6This component will be used to control the heat sink connection, by attaching/detaching the hot side of the TEC to the heat
sink.
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PV 600%1.74% 10"

— — — 4. 10~° 4.1
R-T  8314%273.15 5978 + 10 (1)

n

With the molar mass of water My, = 18.015 g/mol, the amount of water vapor can be calculated:

m =n x Myso = 4.5978 % 107° mol x 18.015 g/mol = 8.283 x 10~* g = 0.8283 myg (4.2)

This means the maximal amount of unusable propellant on board under the assumed conditions, if the
increasing left over volume would not be filled physically/mechanically, would only be 0.83 mg. Which
is less than 1% of the total mass of the propellant (calculated in chapter 5.1.1). Considering this, it
seems irrational to use a physical or mechanical way to maintain the left over volume constant as the
propellant depletes.

Energy input
As the ice molecules sublimate they lose heat, this is because sublimation is an endothermic process,
which means it requires energy. When ice sublimates, it absorbs heat from its surroundings, causing a
cooling effect. To quantify this, the heat absorbed is calculated as the product of the rate of sublimation
and the enthalpy of sublimation of water, which is around 2.84 MJ/kg at the given vapor pressure. In
order to maintain a constant mass flow into the plenum at the preferred pressure, temperature equilib-
rium must be maintained. For this to be the case, a heating element should pump the same amount of
heat into the ice as is lost due to sublimation. The amount of heat can be calculated by multiplying the
sublimation rate % with the enthalpy of sublimation AH,;,.
dmice

an — < dt > N AI—Isub (43)
The system will be in dynamic equilibrium where the sublimation rate % is in equilibrium with the
mass flow rate of the thruster 14,...ster. Earlier studies have shown that the LPM with a Grid of Small
Slots (GSS) chip has a measured mass flow rate of 0.27 — 1.96 mg/s when tested at plenum pressures
of 300 Pa. As enthalpy of sublimation is primarily a function of temperature rather than pressure [50],
the earlier assumed enthalpy of 2.84 MJ/kg at 0°C and a vapor pressure of 600 Pa can still be used.
This approximation will induce minimal errors in the calculation for the required heat input to sustain
sublimation at lower pressures. The amount of heat required under these conditions would range
from 0.77 W to 5.57W. A study provided by Maxence, D [51] showed that for that specific setup, once
exceeding an ideal heater power of 2.8 W, the sublimation process is no longer facilitated by the heat
added but counteracts the very process. This is assuming that no heat loss occurs in the system. Given
the required mass flow rate of 1 mg/s as stated in the list of requirements (Table 3.1), the required energy

input would be 2.84 W which corresponds perfectly with the ideal heater power determined by Maxence,
D.

Heat sink connection requirements

It is crucial that the heat on the hot side of the TEC is effectively dissipated, particularly during the
initial phase when the TEC actively cools the propellant to induce freezing. In addition to this the TEC
also generates its own heat due to internal electrical resistance. This heat needs to be adequately
dissipated, if not the hot side temperature (7},) will rise excessively. Which results in a reduced cooling
capacity (Q.) and thus overall efficiency of the cooling process, as the performance of a TEC degrades
significantly with increasing temperature difference (AT = T, — T.). Also, an excessively high T},
can exceed the TEC’s maximum operating temperature, potentially resulting in permanent damage or
device failure. For these reasons, proper thermal management of the TEC’s hot side is paramount
for successful and reliable operation. The TEC has a maximal allowable temperature of 80 °C' taking
into account a safety margin of 20% as provided by the list of requirements, this means the maximum
allowable temperature is 64 °C. Heat dissipation required to keep the hot side below 64 °C' can simply
be calculated by considering all significant heat sources within the system.

Given that the maximum allowable power input for the entire system is 20 W, and the TEC is the main
power consumer, this value will be used for further calculations. The TEC’s Coefficient of Performance
(COP)is 0.5, so the cooling load during the freezing process (Q.) can be calculated using equation 4.4:
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Qe = Prput x COP =205 0.5 =10 W (4.4)

This gives a total heat load on the hot side of the TEC @, of 10 W. To ensure that the hot side of the
TEC remains below 64 °C, the thermal resistance (R;;,) of the heat sink connection must be sufficiently
low. Equation 4.5 can be used to calculate the maximum allowed thermal resistance:

T maxr Tenv
Ry, = ’“T (4.5)

where,
Ry, = Maximum allowable thermal resistance of the heat sink connection (K/W)

Th,,maz = Maximum allowable temperature of the hot side(°C)

T.n, = Temperature of the surrounding environment (°C)

For this initial calculation, an environmental temperature T.,,,, of 40 °C is assumed, which approximates
the temperature of nearby surfaces as well as the surface the heat sink connection will be linked too.
Substituting the known values:

64°C — 40°C

Ry = o = 24 K/W (4.6)

Therefore, the heat sink connection should have a thermal resistance of 2.4 K/W or lower. This value
represents the upper limit for the entire thermal path, starting with the thermal glue, the aluminum plate
itself and the connection area to the heat sink. One of the simplifying assumptions in chapter 4.3.1
assumed perfect contact so the thermal contact resistance between components will be neglected.
The thermal resistance for each connection can be calculated using equation 4.7:

L
- 4.7
Rth, kA ( )

Where L is the thickness of the material in meters, k is the thermal conductivity of the material in
w/(mK), and A is the cross-sectional area through which heat flows in m2. The thermal resistance
values for the thermal glue and the heat sink connection are presented in Table 4.6. The dimensions
and geometry parameters are derived from the simplified block design presented in Figure 4.3b, while
material properties have been obtained from Felba, J. [52] for the thermal glue and Spira, Natalie [53]
for the heat sink connection.

Table 4.6: Thermal resistance calculation for thermal glue and heat sink connection

Component L (m) A (m?) k (W/(mK)) R;;, (K/W)
Thermal glue 0.0002 0.0016 2.5 0.05
Heat sink connection | 0.001 0.00004 167 0.1497

These calculations show a thermal resistance of 0.05 K/W for the thermal glue and 0.1497 K/W for the
aluminum plate. Meaning the connection to the heat sink must have a thermal resistance of 2.2 K/W or
less to maintain the TEC’s hot side temperature below 64 °C during operation in the worst conditions.
The required contact surface area of the heat sink connection can then be calculated by rewriting
equation 4.7, resulting in a minimal required contact area of A = 2.722 mm?.
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4.4. Concept design conclusion

This chapter detailed the systematic design process for the sublimation-based solid-state propellant
storage concept. It started with the conceptualization of 3 different 2D designs, using a morphological
chart, after which concept 2 was carefully selected for further development using a pairwise comparison
method with weighted characteristics. After this, the same selection process was used again to select
the components to be used on the design. The outcomes of these processes were used to synthesize
these selected elements into a simplified 3D block design. This block design, along with a number
of key assumptions, power usage estimations, and operating principles, serves as the basis for the
modeling and simulation process presented in the subsequent chapter.



AW N o

w

Modeling and Simulation

This chapter outlines the model and simulation of the behavior of the system. It looks into the detailed
definitions of the geometrical model, material properties and boundary conditions. It identifies 3 different
operational phases considered for the simulation, and uses these 3 phases to find out key information
about the performance characteristics of the design.

5.1. Methodology

This section outlines the methodology used to model and simulate the behavior of the system. While
the preliminary calculations in chapter 4.3 provided reasonable estimations for power usage and input,
they relied on simplified assumptions and did not fully capture the dynamic thermal behavior or intricate
heat transfer mechanisms of the actual proposed design. For these reasons this section details the
definitions of the geometrical model, material properties and boundary conditions to enable a more
accurate simulation. It identifies 3 different operational phases considered for the simulation. And
utilizes these phases to derive important insights into the performance characteristics of the system.

5.1.1. Geometry

Tank geometry
The storage tank is modeled as a rectangular prism with initial dimensions of 59.7 2 53 2 55 mm. Which
gives a volume of the storage tank of V =L - W - H = 1.74%10"*m?.

Listing 5.1: Section of code of the init method for the TankGeometry class, initializing tank dimensions.

def __init__(self, length, width, height):
self.length = 0.0597 # in meters
self.width = 0.053 # in meters
self .height = 0.055 # in meters

The __init__ method of the TankGeometry class initializes the dimensions of the tank: length, width,
and height in meters.

Initial propellant volume and mass
The propellant occupies a fraction of 90% of the total tank internal volume, so the initial mass of the
prope"ant can be calculated by; Minitial = Ppropellant * Vpropellant = Ppropellant * (V.tank : 7]) =0.144 kg

Listing 5.2: Section of code of the method for calculating volume change due to ice formation within the TankGeometry class.

def volume_change(self, ice_volume):
"""Calculate volume change due to ice formation."""
return ice_volume * 0.09 # 97, expansion

The volume_change method calculates the change in volume due to the freezing of the propellant. It
takes the ice_volume as an argument and returns a value that is 9% of the ice_volume, representing
the expansion.

Time-dependent volume and mass
As the propellant sublimates, its mass decreases over time. The mass at time ¢ is given by: M(t) =
Miniriar — ™ - t. Where i is the sublimation rate in kg/s and ¢ the time in seconds.

The following section of code calculates the total mass of the propellant that has sublimated (mass_lost)
at a given time t by multiplying the constant sublimation rate (SUBLIMATION_RATE) with the elapsed time.
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It then determines the remaining mass of the propellant (mass_remaining) by subtracting the mass_lost
from the initial mass (self.mass_initial). So here the SUBLIMATION_RATE constant (1mg/s) repre-
sents the mass flow rate of the sublimating propellant.

Listing 5.3: Section of code calculating the total mass lost and remaining mass of propellant over time due to sublimation.

# Total mass lost at time t

mass_lost = SUBLIMATION_RATE * t # kg
# Remaining mass at time t
mass_remaining = self.mass_initial - mass_lost

Time-dependent surface area

The surface area of the propellant is an important parameter as it directly influences the rate of heat
transfer required for sublimation. To maintain a constant sublimation rate of 1 mg/s, enough heat needs
to be supplied to the propellant’s surface. The area available for this heat exchange changes as the pro-
pellant sublimates. At any given time ¢, the surface area A(t) of the rectangular ice block is calculated
as:

A(t) =2 (L(t) - W(t) + L(t) - H(t) + W(t) - H(t)) (5.1)

The following Python code implements the calculation of these time-dependent dimensions and the
resulting surface area:

Listing 5.4: Section of code showing methods within the IceBlockSublimation class for calculating time-dependent ice block
dimensions and surface area.

def dimensions_at_time(self, t):
nnn
Calculate the dimensions of the ice block at time t.
Assumes uniform sublimation from all sides.
nnn
# Total mass lost at time t
mass_lost = SUBLIMATION_RATE * t # kg

# Remaining mass at time t
mass_remaining = self.mass_initial - mass_lost

# If mass_remaining <= 0, the ice block is fully sublimated
if mass_remaining <= O0:
return 0, 0, O

# Remaining volume at time t
volume_remaining = mass_remaining / DENSITY_ICE # m~3

# Scale factor for dimensions (assuming uniform sublimation)
scale_factor = (volume_remaining / self.ice_volume_initial) ** (1/3)

# Current dimensions at time t

length = self.length_initial * scale_factor
width = self.width_initial * scale_factor
height = self.height_initial * scale_factor

return length, width, height

def surface_area_at_time(self, t):
nnn

Calculate the surface area of the ice block at time t.
nnn
length, width, height = self.dimensions_at_time(t)
if length == 0 and width == 0 and height ==
return O # Ice block is fully sublimated
return self.calculate_surface_area(length, width, height) # m~2

The dimensions_at_time(self, t) method calculates the evolving dimensions based on the constant

sublimation rate (SUBLIMATION_RATE), initial mass (self .mass_initial), and density of ice (DENSITY_ICE),
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assuming uniform sublimation. The surface_area_at_time(self, t) method then uses these di-
mensions to compute the current surface area via the calculate_surface_area method. This time-
dependent surface area is essential for determining the heat input required to sustain the desired sub-
limation rate.

5.1.2. Material properties

To accurately model the thermal behavior of the propellant and the storage tank, it is essential to ac-
curately define the material properties. The following python code listings show some sections of the
materials code. First the base Material class has been defined:

Listing 5.5: Section of code for base Material class defining common material properties for the simulation.

class Material:
def __init__(self, name, density, specific_heat, thermal_conductivity):
self .name = name
self.density = density # kg/m”3
self.specific_heat = specific_heat # J/kg*K
self.thermal_conductivity = thermal_conductivity # W/m*K

This base class, Material, defines the different material properties that have been used for the model. It
initializes fundamental properties such as name, density, specific_heat, and thermal_conductivity.

Next, the properties of the propellant in its solid state have been defined:

Listing 5.6: Section of code of the WaterSolid class, inheriting from Material, defining properties specific to ice.

class WaterSolid(Material):
def __init__(self):
super () . __init__(name="Water (solid)",
density=917, # Approximate density of ice at 0°C (kg/m~3)
specific_heat=2100, # Approximate specific heat of ice (J/kgx*K)
thermal_conductivity=2.2) # Thermal conductivity of ice (W/m*K)
self .melting_point = 273.15

The WaterSolid class is derived from the Material class and defines the specific properties of ice,
including its density, specific heat, thermal conductivity and melding point. For the sublimation process,
the latent heat of sublimation is a critical property, defined as follows:

Listing 5.7: Section of the SublimationWater class, defining the latent heat of sublimation for water.

class SublimationWater:
latent_heat = 2.83e6 # Latent heat of sublimation of water (J/kg)

The SublimationWater class defines the 1atent_heat, which represents the energy required to convert
one kilogram of ice directly into water vapor. It should be noted that for this specific model, the latent
heat of sublimation, along with other properties like density, specific heat and thermal conductivity
for both solid and vaporized water, are treated as constant values. This assumption is considered
sufficiently accurate as the enthalpy of sublimation is primarily a function of temperature rather than
pressure [50]. Provided that the system operates within a narrow temperature range around the triple
point of water (as stated in requirements 1.1 and 1.2), the variations in these properties are expected to
be negligible. Even though small fluctuations may exist in the actual system, the impact they impose on
the overall system behavior was considered less significant for the scope of this conceptual modeling
phase in comparison with other factors, such as the changing surface area of the propellant. More
complex, variable-property models could be explored in future experimental validation.

Listing 5.8: Section of the Aluminum class, inheriting from Material, defining properties for the tank material.

class Aluminum(Material):
def __init__(self):
super () .__init__(name="Aluminum",
density=2700, # Density of aluminum (kg/m~3)
specific_heat=897, # Specific heat of aluminum (J/kg*K)
thermal _conductivity=237) # Thermal conductivity of aluminum (W/m*K)
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The Aluminum class, also inheriting from Material, defines the properties of aluminum used for the
storage tank. This approach allows for a modular and organized way to manage the material properties
used throughout the simulation. And finally, the material of the connection points, polypropylene, is also
considered.

Listing 5.9: Section of the Polypropylene class, inheriting from Material, defining properties for connection point material.

class Polypropylene(Material):
def __init__(self):
super () .__init__(name="Polypropylene",

density=900, # Approximate density of polypropylene (kg/m~3)

specific_heat=1900, # Approximate specific heat of polypropylene (J/kg*K
)

thermal_conductivity=0.15) # Approximate thermal conductivity of
polypropylene (W/m*K)

The Polypropylene class, also inheriting from the base Material class, defines the material properties
for polypropylene, including its density, specific heat capacity, and thermal conductivity.

5.1.3. Boundary conditions

To accurately model the thermal and mass flow behavior of the system, appropriate boundary conditions
have been defined. These conditions precisely determine how heat is transferred and how mass flows
within the system.

Thermal Boundary Conditions

The propellant storage system operates within the CubeSat, which is subjected to significant external
temperature fluctuations in space due to direct solar heating, Earth albedo and infrared radiation, and
the cold of deep space. However, due to the CubeSat’s thermal control systems, the internal environ-
ment is maintained within a more constrained operational temperature range, fluctuating between 0°C
and 40 °C. The interaction of the propellant tank with this internal fluctuating temperature is crucial for
modeling the system, this means the external heat exchange with the deep space environment directly
from the propellant tank itself are considered to be negligible. So the thermal analysis primarily focuses
on the internal heat fluctuations present in the CubeSat. Besides these fluctuations, the heat supplied
to induce sublimation, the hot side of the TEC, and conductive heat transfer between the tank and the
connection points to the outside container are crucial.

Mass Flow Boundary Conditions
The propellant mass loss directly results from the controlled sublimation process, controlled by the
supplied heat. The following boundary conditions are applied:

» The sublimation rate is the same as the required mass flow rate. This is because all mass that
is sublimated is expected to be expelled through the thruster. This makes the mass flow rate
inherently equivalent to the sublimation rate, both measured in mg/s, as there is no expected
significant accumulation of vapor within the storage tank (as the vapor that is required to fill up the
empty space as the block sublimates is limited, as calculated in chapter 4.3.4 Pressure retention).

+ Sublimation occurs at the surface of the ice where the local temperature reaches the sublimation
point.
* No external mass enters the system after the initial propellant is loaded.

The mass flow rate and hence the sublimation rate is 1 mg/s as provided by requirement 3.2 from the
list of requirements (table 3.1).

Structural Boundary Conditions

The tank is assumed to be structurally rigid and not affected by internal pressure variations, this means
the thermal expansion effects are considered to be negligible. In addition to that all interfaces between
components are assumed to be perfect so no thermal resistance at the joints.

These boundary conditions ensure for a controlled modeling approach, focusing on the most important
interactions that govern the system.
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5.1.4. Operational phases

To model the systems behavior across its entire mission duration, the following three operational phases
have been identified. This approach allows for the distinct thermal and mass flow characteristics of
each phase to be simulated and analyzed, which is crucial for understanding the system’s overall
performance characteristics.

* Pre-operational (transient): Initial phase where the propellant temperature will be lowered from
a maximum of 40 ° to a freezing temperature of —1°.

» Standby (steady-state): Internal tank pressure will be kept constant at around 600 Pa throughout
the orbit with a minimal and maximal internal spacecraft temperature of 0 to 40 °C respectively.

» Operational (steady-state): Water will be heated to induce sublimation to sustain a mass flow
rate of 1 mg/s and a pressure of 600 Pa.

5.2. Results

Pre-operational (transient)

As mentioned earlier, during this phase the liquid water will be frozen to a temperature of —1°C or
roughly 272 K. Given the maximum power requirement of 20 W from table 3.1, and a TEC COP of
0.5, the time this takes can simply be calculated. It is determined by the total heat that needs to be
removed from the propellant, and the effective cooling power of the TEC. The total heat removed (Q;o¢a1)
accounts for three distinct phases, as calculated in the calculate freezing time function within the
Python code lines 27 to 38 (see appendix C.3).

1. Cooling liquid water to freezing point:
Qliquid = Muater * Cp,liquid * (Tinitial - Tfreezing) (52)

2. Phase change of water:
qusion = Muwyater * AI—Ifusion (53)

3. Cooling solid ice to target temperature:
Qsolid = Muater * Cp,solid * (TfTeezing - Ttargst) (54)

where,
Muwater = Mass of the water propellant (wvater_mass)
¢p.liquid = Specific heat capacity of liquid water (water_liquid.specific_heat)
¢p,solia = Specific heat capacity of ice (water_solid.specific_heat)
Tinitiar = initial temperature of the liquid water (40°C or 313.15K) (initial_temp)
Ttreezing = freezing temperature of water (0°C or 273.15 K) (wvater_liquid.melting_point)
Tiarger = desired final temperature of the frozen propellant ( — 1°C or 272.15 K) (target_temp)

AH ysi0n = latent heat of fusion for water (fusion_water.latent_heat)
The total heat to be removed is then:

Qtotal = Qliquid + qusion + Qsolid (55)

The effective cooling power (Peo01ing) Of the TEC is calculated from its input power (P;,.,:) and its COP:

Pcooling = Linput * COP (56)

Finally, the freezing time (¢ f,cc..) is given by:

Qtotal

Pcooling

tfreeze =

(5.7)
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This calculation considers the "worst case scenario” where the ambient temperature is 40 °C. Figure 5.1
shows a graph of the freezing time (hours) as a function of the cooling power limit (W). Here the freezing
time speaks for itself, and the cooling power limit is the maximum rate at which heat is removed from
the water by the TEC. This is a controlled parameter (independent variable) in the simulation expressed
in W (J/s). With a maximum allowed power of 20 W, the freezing time would be 2 hours, 11 minutes
and 24 seconds. The code used to produce this graph can be found in appendix C.3.
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Figure 5.1: Freezing time as a function of maximum cooling capacity for the propellant storage system. The graph illustrates
the inverse relationship between cooling power limit (W) and the time required to freeze the propellant (hours).

Another crucial aspect that was be considered for the pre-operational phase, is whether or not the
design is strong enough to survive the launch. The list of requirements specifies that the storage must
be able to withstand 4.9 G. With a propellant mass of 0.1436 kg, as calculated earlier. Now to calculate
the total amount of force experienced during launch, equation 5.8 can simply be used.

F=m#g=0.1436*9.81 + 4.9 = 6.9028 N (5.8)

The direction of this force depends on the orientation of the spacecraft in the launcher, since the exact
orientation is hard to predict, all relevant orientations have been evaluated. Figure 5.2a shows the
results of the Von Mises Stress analysis, figure 5.2b the results of the 1st Principal Stress analysis,
both of one specific orientation.

An overview of maximum stresses for other spacecraft launch orientations is provided in Table 5.1.

Table 5.1: Overview of maximum stresses for different spacecraft launch orientations.

Maximum stress [/ Pa] | Orientation 2 | Orientation 3 | Orientation 4
Von Mises 1.862 1.924 2.888
1st Principal 2.482 1.962 2.992

Since the maximum yield strength of aluminum 6061, is 275 MPa, and the ultimate tensile strength is
approximately 310 MPa, the stresses presented in Table 5.1 are well within safe limits for aluminum.
Similarly for the 3D printed connection points made of polypropylene, with a tensile strength of 20
to 40 MPa, can also withstand these stress levels without any issue. Therefore, these stresses ex-

perienced during spacecraft launch pose no concern for both materials in all orientations in terms of
structural integrity.
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Type: Von Mises Stress Type: 15t Principd Stress
Unit; MPa Unit: MPa
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(a) Maximum Von Mises stress 1.722 M Pa. (b) Maximum 1st Principal stress 2.296 M Pa.

Figure 5.2: Autodesk Inventor stress analysis for an upward-oriented launch.

Standby (steady-state)

The main purpose of this analysis was to determine the conductive heat flow towards the propellant
tank for a detachable or a continuous heat sink connection. For this analysis, the internal radiative heat
transfer between system components has not be considered. Only conductive heat transfer between
solid components, giving insight into the conduction characteristics of the two different options.

For the pre-operational phase calculation the thermal boundary conditions were assumed to be adia-
batic, this would mean the propellant temperature would stay stable at any time throughout the orbit
without requiring any cooling power. In reality the tank is not perfectly insulated as it has some con-
nection points to hold it in place. In order to calculate the heat flowing towards the tank through these
connection points equation 5.9 has been used:

_k-A-AT

? L

(5.9)
Where,
Q@ = Total heat load (W)

k = Thermal conductivity (W/mK)
A = Cross sectional area (m?)
AT = Temperature difference (K)

L = Connection thickness (m)

The two standby phase scenarios that were considered were subjected to a 90-minute Low Earth Orbit
(LEO), where the spacecraft’s internal temperature fluctuates between 0°C and 40 °C, as specified in
the design requirements (Table 3.1). The internal tank temperature is maintained at —1°C.

For the first case, a detachable heat sink link, during the standby phase, the storage tank will be
connected with the spacecraft only with 3 cylindrical connection points with a diameter of 6 mm and a
length of 5 mm, made of the printable relatively thermally isolating material polypropylene. This gives
a minimal and maximal heat flow of 0.0025 and 0.1043 W respectively. For the second case where the
heat sink link is considered to be continuous, it would increase the connection area with at least 2.722
mm? (as calculated in chapter 4.3.2), with the thermal conductivity of aluminum, resulting in a minimal
and maximal heat flow of 1.7947 and 73.5634 W respectively. Although this analysis does not consider
the thermal resistance of the TEC itself or radiative heat transfer, it still shows the impact of a continuous



5.2. Results 40

heat sink and thus why a detachable heat sink is crucial for the design. Figure 5.3 compares the heat
flow for both options. The code used to produce these graphs can be found in appendix C.4.

Detachable heat sink Continuous heat sink
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Figure 5.3: Heat flow to storage tank as a function of internal spacecraft temperature for detachable and continuous heat sinks,
assuming a constant tank temperature of —1°C.

These results prove the effectivity of the detachable heat sink and why it is an important design charac-
teristic. Lower heat flow towards the propellant during standby phase (or in general), also means lower
required energy input to keep the propellant temperature stable, and thus higher system efficiency.
The exemption from this analysis does however not mean that the radiative heat transfer should be
completely ignored, therefore the following 'worst-case scenario’ calculation for radiative heating of the
propellant tank has been considered to give insight into this form of heat transfer present within the
CubeSat:

The propellant tank is maintained at approximately —1°C, and a radiating internals of the CubeSat
is at the maximal temperature of 40 °C. In order to minimize heat transfer between the tank and the
spacecraft, the outer surface of the tank consists of polished aluminum, providing low infrared emissivity
and high reflectivity.

Using the Stefan-Boltzmann equation:

Q = oAy — Thia) (5.10)

C

where,
e = Emissivity = 0.09 (characteristic of highly reflective surfaces in the infrared, such as polished aluminum[54])

o = Stefan-Boltzmann constant = 5.67 x 10~% W/(m?K*)
A =Area = 2(LW+LH+W H) = 0.0201 m? (based on external tank dimensions of 61.7x55x57 mm)
Thot = 40°C or 313.15 K (maximal internal spacecraft temperature)

Teoiqg = —1°C or 272.15 K (propellant tank temperature)

This gives a value of:

Qraqd = 0.09 x 5.67 x 1078 x 0.0201 x (313.15* — 272.15%)
Qraa = 0.4236 W
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Operational (transient)

With the given dimensions, density and sublimation rate, the operational time could simply be calcu-
lated by dividing the total propellant mass by the sublimation rate. Giving a total operational time for the
thruster of 143623.25 seconds which is 39.90 hours or 1.66 days. Using the latent heat of sublimation,
the total energy required to sublimate all the propellant could be calculated by multiplying it with the
propellant mass, giving a value of 406453.78 J. This combined with the operational time allowed to cal-
culate for the total required power, giving a value of 2.83 W which corresponds with the value calculated
in chapter 4.3.4. However, this simple approximation does not accurately reflect the actual behavior.
The aim is to match the sublimation rate of the propellant to the mass flow rate of the thruster, which
is set at 1 mg/s. As the surface area of the propellant decreases due to depletion, the required heat to
maintain this sublimation rate also decreases. This relationship is shown in figure 5.4. The code used
to produce these graphs can be found in appendix C.5.
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Figure 5.4: Time-dependent behavior of propellant surface area and required power. The left graph shows the surface area of
remaining propellant over time, while the right graph shows the corresponding required power input over time to maintain a
constant sublimation rate of 1 mg/s. Earlier hand calculations validate the model as both determine an initial power input of

2.83 W.

The graph on the left shows how the surface area of the remaining propellant decreases over time as the
propellant sublimates, the graph on the right shows the corresponding reduction in the required power
input to maintain a constant sublimation rate and a pressure of 600 Pa in the tank. As the propellant
depletes, the surface area for sublimation decreases, which coincidentally decreases the heat input
needed to sustain the same sublimation rate. So the power input supplied by the TEC decreases
steadily over time.

5.3. Key insights

For the overall system it is crucial to limit the amount of power required throughout the different phases
of the mission. In order to do so, it became apparent that good thermal insulation is critical. Mod-
els show that a detachable heat sink and small connection points are required to limit the amount of
heat flow between the tank and the rest of the spacecraft to below the specified amount mentioned in
requirement 3.1 from the list of requirements in chapter 3.5.

There is an inverse exponential relationship between freezing time and maximum cooling power. Freez-
ing time decreases significantly as cooling power increases initially, but this benefit decreases signifi-
cantly after a certain point, which proves that excessively high cooling power is not necessarily much
more beneficial. During operation it is important to note that the input heat is variable throughout the
lifetime of the thruster. As the surface area of the remaining propellant decreases, so should the heat
input. This will ensure a stable mass flow rate of 1 mg/s.

Even though the models gave interesting insights into the behavior of the system, due to a number
of assumptions and simplifications, the model may not reflect the real system completely accurately.
Nevertheless these insights will help to further develop the simplified block design into a final design.



Detailed design

This chapter presents the detailed design for the sublimation-based solid-state propellant storage.

6.1. Design overview

Figure 6.2 shows a representation of the final design. In total there are 26 different components, out of
which 13 are Commercial Off The Shelf items (COTS) and 13 are custom made. Figure 6.1a and 6.1b
show numbers that correspond to the item number given to each component in table 6.1.

Figure 6.1: Frontside view of the fully integrated propellant storage system.

(a) Quarter section view showing internal component arrangement. (b) Backside view detailing connections and external
components.

Figure 6.2: Detailed views of the integrated propellant storage system, with components numbered according to Table 6.1
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Table 6.1 provides a list of the different components, their category (custom or COTS), material, mass,
and how they should be produced (if applicable). The total dry mass of the system is 137.11 g, giving a
wet mass of 280.11 g, which is lower than the maximum wet mass provided in the list of requirements
of 380 g.

Table 6.1: Parts list for the detailed design.

ITEM | QTY | TITLE TYPE MASS [g] PRODUCTION/PRICE
1 1 Storage tank 1 Custom | 40 Deep drawing, Drilling
2 1 Storage tank 2 Custom | 12 Deep drawing, Drilling, Milling
3 1 Tank attachment Custom | 1 3D Printing
4 1 Servo connector Custom | 1 3D Printing
5 2 Tank connection 1 Custom | Negligible 3D Printing
6 1 Tank connection 2 Custom | Negligible 3D Printing
7 1 Heat sink connection Custom | 5 Laser cutting, Bending
8 1 Outside container top Custom | 1 3D Printing
9 1 Outside container bottom Custom | 17 Laser cutting
10 1 Outside container wall 1 Custom | 8 Laser cutting, Bending
11 1 Outside container wall 2 Custom | 7 Laser cutting, Bending
12 1 Outside container wall 3 Custom | 12 Laser cutting, Bending
13 1 peltier_40x40 COTS 5 45 EUR
14 1 Barbed tube fitting COTS 1 <1EUR
15 1 Compression fitting COTS 1 <1EUR
16 1 Pressure sensor COTS 2 N.A.

17 1 Solenoid valve COTS 2 N.A.

18 6 M2 x 0.4mm 6mm SCREW | COTS 0.21*6=1.26 | <1EUR
19 18 | M2 x 0.4mm HEX NUT COTS 0.11*18 =1.98 | <1 EUR
20 11 M2 x 0.4mm 4mm SCREW | COTS 0.17*11=1.87 | <1EUR
21 1 Pressure sensor tube COTS 1 <1EUR
22 1 Micro servo COTS 8 4.5 EUR
23 1 Thruster representation Custom | 6 3D Printing
24 4 M2 x 0.4mm 8mm SCREW | COTS 0.25*4 =1 <1EUR
25 1 Mass flow tube COTS 1 <1EUR
26 1 Temperature sensor COTS 1 29 EUR

6.2. Design considerations

6.2.1. Materials

To ensure stable thermal conditions, the design incorporates both practical thermal management strate-
gies and a careful selection of materials for different components. First of all the storage tank is made
of polished aluminum which reduces radiative heat absorption. Besides this when the thruster is not
operational, the storage tank is physically connected to the rest of the system at only three connection
points (item 5 and 6). It is crucial that these connection points are as thermally insulating as possible.
And although not as crucial, this is also the case for the top of the outside container (item 8) and the
pressure sensor/solenoid valve connector (items 3). As the temperature fluctuations induced by the
TEC should not affect these components. For the connection points and the pressure sensor/solenoid
valve connector it is also important they are not too rigid and have "some give” to them as they will
be locked by clicking onto the outside container or have to click the solenoid valve into place. These
components are custom 3D printed components made of polypropylene.

Polypropylene is chosen for its excellent thermal insulation properties, low density and relatively low
stiffness [55], making it ideal for minimizing conductive heat transfer and overall system mass. While
it offers moderate resistance to radiation, less than high-performance polymers like PEEK or ULTEM,
its compatibility with standard 3D printing processes makes it a practical and accessible choice for
manufacturing the custom components at TU Delft [56].
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All other custom components (item 1,2,7,9,10,11 and 12) are made of aluminum 6061, this includes
most of the outside container, the heat sink connection and the storage tank itself. Aluminum 6061 is
selected due to its favorable combination of thermal conductivity, mechanical strength, maneuverability
and availability. Aluminum 6061 offers relatively high thermal conductivity compared to most common
aluminum alloys. It supports even heat distribution and helps to mitigate localized thermal stresses,
which helps to mitigate localized thermal stress which is a crucial consideration for all mentioned com-
ponents. Although it is not the strongest alloy available, the strength-to-weight ratio is sufficient for the
structural demands on the design as visible in the strength analysis presented in chapter 5.2, in figure
6.3. Comparing aluminum 6061 to aluminum 5052, which has better corrosion resistance but lower
strength [57], aluminum 6061 provides improved mechanical performance while maintaining sufficient
corrosion resistance. Another common alloy, aluminum 7075, offers superior strength, but in return has
reduced weldability, higher brittleness, and significantly lower corrosion resistance, which makes it less
suitable [53]. Especially for the heat sink connection, due to its elastic properties a plate of aluminum
6061 would spring back into place if it was bend a little, which is exactly what the heat sink connection
(item 7) needs to do. It would only deform if the yield strength of around 276 MPa were to be exceeded.

The chosen alloy is widely available, cheap, and compatible with the preferred manufacturing tech-
niques like laser cutting and bending. These properties make it a well suited solution for producing the
custom and precise components with small fabrication complexity.

6.2.2. Structural integrity

The main structure of the system, the outside container (item 9, 10, 11, 12, excluding the top, item 8),
is made of the earlier mentioned aluminum 6061. The container is designed in such a way that the less
strong top, is not required for the overall structural integrity of the system. The 1 mm thickness chosen
for the outside container plates is a common and available thickness suitable for laser cutting. This
thickness is also sufficient to withstand the peak load of 4.9 g’s, which occurs during launch, while still
maintaining a low weight. This is demonstrated by the strength analysis shown in figure 6.3, it shows
a maximal displacement of only 0.0532 mm at the critical points. Table 6.2 shows the details of the
conducted analysis.
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Type: Displacement
Urat: mm
22-4-2025, 15:35:01

0.05319 Max

|—{ 0.03191

| 002127

0.01064

0 Min

Figure 6.3: Simulated displacement of the propellant storage and thruster (modeled as a solid block of ABS plastic) under a
launch with 4.9 g’s.
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Table 6.2: Summary of Structural Analysis Simulation Details

Category Detail
Software Autodesk Inventor Professional
Analysis Type Static Stress Analysis (Finite Element Analysis - FEA)

Model Representation The propellant storage system was modeled as an assembly of custom
components crucial for structural integrity, including aluminum 6061 for
the main tank and outside container, and polypropylene for connection
points. The thruster was represented as a solid block of ABS plastic.

Boundary Conditions Fixed supports were applied to the four mounting points where the sys-
tem integrates with the CubeSat structure, simulating a rigid attachment
to the CubeSat’s internal frame.

Load Application A uniform acceleration of 4.9 g’'s (where g = 9.81 m/s?) was applied.
The load was applied independently along the three principal orthogonal
axes (representing different launch orientations - upward, sideways, and
downward) to identify the worst-case displacement scenarios. The total
force on the system was calculated as F = m - giaunch = 0.1436 kg -
9.81 m/s? - 4.9 = 6.9028 N.

Meshing An automatic mesh generation was utilized by Autodesk Inventor, con-
sisting of 556714 nodes and 328324 elements. Local refinements were
applied to areas of expected high-stress concentration such as connec-
tion points and sharp corners, with an average element size of 0.100 (as
a fraction of bounding box length), a minimum element size of 0.200 (as
a fraction of average size), a grading factor of 1.500, and a maximum
turn angle of 60.00 degrees. The element type used was typically solid
tetrahedral elements, with a part-based measure utilized for the assem-
bly mesh.

Key Outputs A maximal displacement of 0.0532 mm at the critical points, proving the
structural integrity of the design under expected loads.

6.2.3. Assembly

The system is integrated in the CubeSat via the metal bars within the structure of the CubeSat. It
fits exactly within one of the 3 units available in a 3U CubeSat. It is designed in such a a way that
the components can be assembled using simple tools and by clicking them into place. But some
components require a more complex manufacturing process before they can be assembled into the
system. The system can be divided in two main subsystems, the storage tank and the outside container.

Storage tank

Due to the hollow shape of the storage tank, it needs to be manufactured in two parts and welded
together (item 1 and 2). Before the two parts are welded together, for storage tank 1; the 3 screws and
tank connections (item 5 and 6) need to be inserted. And for storage tank 2; the barbed tube fitting,
compression fitting and tank attachment (item 14, 15 and 3) need to be inserted and attached. After
this is done the two parts can be welded together. After this the TEC has to be fixed to the heat sink
link and the storage tank using a thermal adhesive. This acts as a glue, while still allowing for excellent
thermal conductivity.

Outside container

The outside container can be assembled using screws and bolts. As the micro servo is attached to the
outside container, and not the storage tank, this section of the outside container (item 12) has to be
assembled after the storage tank has been clicked into place.
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6.3. Prototyping

In order to get an idea what the design would look and feel like in real life all parts have been 3D printed.
To accommodate for the expansion of the plastic, all bolt holes have been enlarged tot 2.2 mm for the
3D printed model. Due to budged limitations the COTS components have not been acquired and are
therefore not present in the model. Figure 6.4 shows the 3D printed model from two angles.

(a) Front view showing integrated components within the design (b) Back view showing the design structure.
structure.

Figure 6.4: 3D printed prototype of the propellant storage system design.

While the digital CAD model allowed for understanding of the overall geometry and design, the con-
struction of the physical 3D-printed model gave additional insights that did not become clear in the
CAD environment. These include subtle spatial relationships and practical design considerations. A
summary of these insights is provided in the following table:

Table 6.3: Observed problems which became apparent from the physical model and their respective solutions.

ITEM | TITLE OBSERVED PROBLEM SOLUTION
3 Tank attachment Holes too close to the edge, Holes moved 1 mm towards
easy to break when screwing center.
tight.
4 Servo connector Holes too close to the servo, Holes moved 2 mm closer to
hard to screw bolts in. the edge.

5 Tank connection 1 Fit too tight, hard to snap on the | Enlarged dimensions.
outside container structure, had
to be filed to fit.

6 Tank connection 2 Fit too tight, hard to snap on the | Enlarged dimensions.
outside container structure, had
to be filed to fit.

12 Outside container Holes not in line with new servo | Holes location moved 2mm to
wall 3 connector. accommodate new servo
connector holes location.

The final design mostly aligns with the design presented in chapter 6.1. The required changes that
were presented in chapter 6.3 have been applied. All drawings of the custom components with their
applied changes can be found in appendix D.
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Conclusion

This thesis successfully developed a design for a sublimation-based solid-state propellant storage sys-
tem for a low-pressure micro-resistojet thruster. The work addressed the growing demand for simpler,
more efficient micropropulsion solutions for small satellites like CubeSats. A solid-state propellant was
found to be a promising choice due to its ability to simplify the feed system by leveraging sublimation
as a pressurization mechanism.

To answer the main research question:

What is the optimal design for a sublimation-based solid-state propellant storage
system for a low-pressure micro-resistojet thruster?

a careful concept development and selection process was carried out, resulting in a system design
composed of 26 individual components, out of which 13 are commercial of the shelf (COTS) items
and 13 are custom made. The design uses aluminum 6061 and polypropylene for their thermal and
structural properties, features thermal control via a thermoelectric cooler and detachable heat sink, and
incorporates pressure and temperature sensors, and a solenoid valve for propellant regulation. A 3D-
printed prototype validated aspects of the assembly and spatial configuration, further reinforcing the
design’s feasibility.

The sub-questions were addressed as follows:

1. What are the key functions the propellant storage must fulfill to ensure successful opera-
tion for a low-pressure micro-resistojet thruster?
To ensure reliable operation, the propellant storage system must fulfill several key functions, in-
cluding maintaining thermal control, allowing for propellant expansion when freezing, preventing
leaks, ensuring structural robustness, and integrating effectively within the CubeSat. These were
specified into six core functions: heating element placement, propellant expansion accommoda-
tion, thermal insulation, material selection, leak prevention, and system integration. Each func-
tion was explored through a morphological chart, listing four viable solutions per function. This
structured approach guided the concept development process which eventually culminated in the
selection of concept 2. Consisting of a propellant tank made of an aluminum alloy with extra in-
ternal volume to accommodate for the expanding propellant, where the heat input surrounds the
propellant, with modular mounting that enables it to be easily assembled into the CubeSat.

2. Which components, materials, and design characteristics are most suitable for fulfilling
the key functions required by the propellant storage system?
The most suitable components were selected to be a thermoelectric cooler to heat/cool the pro-
pellant, pressure transducer for pressure measurements, RTD for temperature measurements
and finally a solenoid valve to control the propellant flow to the thruster. Besides these and
the other COTS components, 13 custom components were designed, and made from either alu-
minum 6061 or polypropylene, reflecting an optimized material selection where each material’s
properties align with the requirements of its specific component. Aluminum 6061 was used for
thermally conductive and load-bearing parts, while polypropylene was used for thermally isolating
sections. Design characteristics such as surrounding heating, a detachable heat sink (using a
micro servo engine actuated heat sink connection), and sensor integration support efficient and
reliable operation.
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3. What is the optimal propellant storage design configuration for improved efficiency and
reliability ?
The final design minimizes energy usage by utilizing a detachable heat sink, limiting the amount
of unwanted heat flowing towards the propellant tank, thereby limiting the system’s overall energy
requirements. It is thermally insulated using insulating or reflective materials like polypropylene
and polished aluminum. This also ensures reliability as stable thermal conditions are critical for
consistent sublimation and prevents issues like re-solidification or inefficient phase transitions,
which could disrupt propellant feed and affect the overall system performance. Furthermore, the
material selection contributes to the system’s structural integrity, allowing it to reliably withstand
expected launch loads without failure. The ability to precisely control the temperature and isolate
the tank when not in use significantly enhances the system’s long-term operational stability and
reduces the risk of thermal transients affecting performance.

4. What is the most effective method for modeling the behavior and performance of the pro-
pellant storage?
Physics-based Python models and CAD models were developed to simulate thermal behavior,
sublimation dynamics, and launch conditions. The models revealed key behaviors such as the
inverse exponential relationship between freezing time and cooling power. The nonlinear heating
requirement for a constant sublimation rate, as the necessary heat input decreases over time due
to the reduction in propellant surface area. And the modeling highlighted that a detachable heat
sink is crucial to limit unwanted heat flow during all phases but specifically the standby phase.
The models also confirmed the structural robustness of the design under expected launch con-
ditions, showing that stresses and displacements remained well within safe limits for the chosen
materials.

5. What is the most effective method for testing the behavior and performance of the propel-
lant storage?
A 3D-printed prototype allowed for preliminary spatial and assembly testing. It highlighted issues
not visible in the CAD environment, such as misaligned holes, insufficient space for fastening
components, and overly tight fits between parts. These practical challenges were resolved by
adjusting hole positions, enlarging dimensions for better fit, and refining component geometries.
The prototype also offered a tangible understanding of the spatial constraints within the design
structure and informed minor but critical design improvements.

Overall, the project lays a strong foundation for more reliable and efficient micropropulsion systems. It
demonstrates the practical feasibility of sublimation-based approach for future microsatellite missions.
Moving forward, experimental validation of the thermal management system, and the development of
an integrated control system, are essential for advancing this design, these and other recommendations
have been presented in the subsequent chapter.



Recommendations

To further advance the sublimation-based solid-state propellant storage system design, several critical
areas require additional research and development, focusing on both performance optimization and
practical implementation.

Thermal regulation: In order to get a better idea of the thermal regulation of the spacecraft, a compre-
hensive assessment of the passive thermal management of the overall satellite is paramount. Even
though the design incorporates elements to carefully regulate the heat transfer, further experimental
validation is needed to confirm that the passive measures of the spacecraft are sufficient to prevent
certain components from overheating. Mainly during the pre-operational phase as this is the phase
with the highest risk of overheating. Closely related to this is the need to determine the maximal allow-
able cooling time during the pre-operational phase so that the system won’t overheat. This testing will
ensure the TEC can efficiently freeze the propellant without leading to overheating issues within the
spacecraft.

3D-printed parts characteristics: Given the use of 3D printing for several of the custom components,
real life characteristics might differ from the simulated uniform material characteristics as 3D-printed
parts often exhibit a matrix-like structure not accounted for in the models. This matrix structure likely
means that the parts could in fact be stronger and more thermally resistant than the initial models
suggest. Validating these properties through testing is essential for accurate performance prediction
and might allow a next iteration of the design to have smaller connection points for example, and overall
better performance.

Control system: The development of an integrated control system for the overall system, and specifi-
cally for the heat sink connection is another key recommendation. Such a system would enable precise
and automated control over the cooling and heating cycles, by operating the micro servo. This inte-
gration is crucial for having consistent propellant temperature and pressure, optimizing efficiency, and
ensuring reliable long-term operation of the thruster.

Outside container top improvement: The structural integrity of the outside container top requires
attention in future design iterations. While the current simplified block design served its purpose for
initial modeling, a finalized design should integrate the outside container top with the thruster itself.
This would ensure sufficient strength for all mission phases, particularly during launch, and provide a
more cohesive and durable overall propulsion module.

Potential utilization of internal spacecraft temperature: Future iterations of the design could inves-
tigate the potential to use the spacecraft’s internal temperature to heat the propellant by leveraging the
heat sink connection. Since the spacecraft internal temperature ranges from 0 to 40 °C, the heat sink
connection can serve a dual purpose by selectively enabling thermal conductivity between the propel-
lant tank and the spacecraft structure. This could completely take over the heating of the propellant,
which means the relatively inefficient TEC module would no longer be required and can be replaced by
a cooling element.

Dynamic stress analyses: While the static stress analysis performed on the propellant storage system
demonstrated its structural integrity under 4.9 g launch load conditions, future work should also consider
the dynamic launch conditions. Launch events subject the design to vibrations and shock loads that a
static analysis could not fully capture. Therefore it is recommended that subsequent design iterations
include an analysis to identify the natural frequencies of the system and ensure they do not coincide
with the expected launch frequencies, which could lead to resonant amplification and higher stresses.
This would provide a more accurate and comprehensive assessment of the system’s structural integrity,
enhancing its reliability under dynamic conditions.
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2D design concepts

A.l. Concept1

c - Concept 1
- 1.3: Towards the mass flow exit
( \ - 2.1: Flexible membrane
- 3.2: Aerogel

- 4.3: Stainless steel
- 5.2: Elastic sealing material
- 6.4: Bracket-mounted design

Stainless steel

Aerogel
Flexible membrane
< Water ice
? T Ao~ T A ] §|7
T—Thruster '—Temperature sensor
'— Pressure sensor — Heater/cooler plate
L Mass flow control

Figure A.1: Annotated 2D schematic representation of concept 1.
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A.2. Concept 2

Concept 2

™ - 1.4: Surrounding the propellant
- 2.3: Extra internal volume

- 3.3: Vacuum insulation

-4.1: Aluminum alloy

- 5.1: One piece container

- 6.1: Modular mounting

Vacuum insulation
Extra internal volume
Water ice

Aluminum alloy

One piece container

| Heating conducted to
surround propellant

A.3. Concept 3

'—Pressure sensor

T—Th ruster

Figure A.2: Annotated 2D

L—Temperature sensor

—Heater/cooler plate

— Mass flow control

schematic representation of concept 2.

Concept 3
- 1.3: Towards the mass flow exit
- 2.2: Spring loaded plate
- 3.3: Vacuum insulated
- 4.2: Carbon fiber composite
- 5.4: Double-walled containment
- 6.2: Direct structural attachment

Carbon fiber composite
Vacuum insulated

Water ice

'—Pressure sensor

T—Thruster

—Mass flow co

Figure A.3: Annotated 2D

— Temperature sensor
— Heater/cooler plate

htrol

schematic representation of concept 3.



Component selection process

B.1. Components pros and cons

Propellant heating
Table B.1: Comparison of different propellant heating solutions.
# | Propellant Description Pros Cons
heating solution
1 | Resistive heater Generates heat Simple design, Limited efficiency,

(58]

through electrical
resistance.

compact, easy to
control and integrate
into the power system.

potential for hot spots.

2 | Cartridge heater
[59]

Cylindrical heater
inserted in hole,
generating heat via
internal resistive
elements.

Delivers concentrated
heat, durable, reliable.

Does not provide
uniform heat
distribution, localized
heating only.

3 | Radiative heater

Uses infrared energy
to heat the surface
without direct contact.

Efficient in vacuum
conditions.

Hard to localize and
control heat, slow
response time.

4 | Thermoelectric
heater (Peltier)
[60]

Uses electrical current
to create heat flux,
transferring heat from
one side to the other

Precise temperature
control, compact and
lightweight.

Power-intensive
compared to other
heating methods,
especially at high

heating the propellant. temperatures.
Propellant cooling
Table B.2: Comparison of different propellant cooling solutions.
# | Propellant Description Pros Cons
cooling solution
1 | Radiative Passively removes Efficient in vacuum, no | Passive cooling
cooling [61] excess heat by moving parts, low process, requires large
emitting thermal maintenance. surface area.
radiation into space.
2 | Heat pipes Passively transfers Efficient heat transfer, Dependent on system

heat from hot areas to
colder areas using
phase-change and
capillary action.

lightweight, no external
power required.

orientation and
temperature gradient,
limited cooling
capacity.

3 | Conduction to
radiators

Transfers heat from
the propellant to
external radiators
using conduction.

Simple and reliable
design, effective for
localized cooling.

Requires large surface
area for radiators.

4 | Thermoelectric
cooler (Peltier)
[60]

Uses electrical current
to create a heat flux
and cool the
propellant.

Precise temperature
control, can be used in
small areas.

Power-intensive, low
efficiency.
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Monitoring pressure

Table B.3: Comparison of different pressure monitoring solutions.

signal.

# | Monitoring Description Pros Cons
pressure solution

1 | Pressure Converts mechanical High accuracy Sensitive to
transducer [62] pressure into electrical temperature

fluctuations. Not fit to
measure extremely low
pressures

2 | Piezoelectric

Measures the voltage

Fast response time,

Only for dynamic

capacitance.

suited to harsh
environments.

sensor [63] across a piezoelectric high sensitivity. pressure
element generated by measurements.
the applied pressure.
3 | Capacitive Measures changes in High accuracy for Sensitive to
pressure sensors | pressure by converting | low-pressure temperature, requires
[64] them into changes in environments, well calibration. Not fit to

measure extremely low
pressures.

Monitoring temperature

Table B.4: Comparison of different temperature monitoring solutions.

# | Temperature Description Pros Cons
Measurement
Method
1 | Thermocouples Measures temperature | Fast response time Requires calibration,
[65] based on a voltage and robust under sensitive to
difference between two | harsh conditions. electromagnetic
metals. interference.

2 | Resistance

Measures temperature

High accuracy and

Relatively slow

radiation emitted by
objects.

under vacuum
conditions.

Temperature by measuring the repeatability response time, require
Detector (RTD) change in resistance of excitation current.
[66] a wire as it heats up

3 | Infrared Sensor Measures temperature | Fast contactless Can only measure
[67] by detecting infrared measurements, works | surface temperature,

less accurate than
contact methods.

4 | Thermistors [68]

Measure temperature
through a temperature-
dependent resistance
change.

High sensitivity,
compact, and
inexpensive.

Limited accuracy,
limited long term
stability, susceptible to
environmental factors
(humidity, pressure
and vibrations).
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Mass flow control

Table B.5: Comparison of different Propellant management solutions.

# | Management
Method

Description

Pros

Cons

1 | Solenoid valve

Electromechanical
valve that opens or
closes in response to
an electrical signal.

Fast response time,
accurate on/off control,
commonly used
micropropulsion.

Has potential for
mechanical failure over
time.

2 | Butterfly valve

Rotating disk valve
used to control flow by
varying the open area
electrically.

Simple lightweight
mechanism, low
pressure drop when
open.

Not very precise at low
flow rates, may leak
slightly in closed
position.

3 | Piezoelectric
valve

Uses piezoelectric
materials that deform
under voltage to
actuate valve
movement.

Very fast response
time, precise flow
control, compact and
low power.

Limited displacement
and force, may require
amplification
mechanism.




32
33
34

Codes

C.1. Geometry code

Listing C.1: Tank geometry Python code

class TankGeometry:

def

def

def

def

def

def

def

init__(self, length, width, height):

self.length = 0.0597 # in meters
self.width = 0.053 # in meters
self.height = 0.055 # in meters

volume (self):
"""Calculate the volume of the tank."""
return self.length * self.width * self.height # m™3

surface_area(self):

"""Calculate the surface area of the tank."""

return 2 * (self.length * self.width + self.length * self.height + self.width * self.
height) # m™2

info(self):

"""Print basic info about the tank."""

print (f"Tank_ dimensions: {self.length*1e3} mm_ x {self
e3} mm")

print (f"Volume: {self.volume():.6f} m"~3")

print (f"Surface Area: {self.surface_area():.6f} m"2")

.width*1e3} mm x,{self .heightx*1

volume_change (self, ice_volume):
"""Calculate volume change due to ice formation."""
return ice_volume * 0.09 # 9% expansion

pressure_increase(self, volume_change, bulk_modulus=8.8e9):
"""Calculate pressure increase based on volume change."""
return bulk_modulus * (volume_change / self.volume())

air_pressure_increase(self, initial_pressure=1e5,
"""Calculate pressure increase due to air compression.
final_air_volume_ratio = initial_air_volume_ratio - 0.09
volume
if final_air_volume_ratio <= O0O:
raise ValueError("Air,volumeyratiocannot beyzero or negative.")
return initial_pressure * (initial_air_volume_ratio / final_air_volume_ratio)

initial_air_volume_ratio=0.15):

nun

# 9% expansion reduces air

C.2. Materials code

Listing C.2: Material properties Python code

# materials.py
class Material:
def __init__(self, name,
self .name = name
self .density = density
self.specific_heat = specific_heat
self.thermal_conductivity = thermal_conductivity

density,

# Water Solid definition
class WaterSolid(Material):
def __init__(self):
super () . __init__(name="Water (solid)",
density=917,

60

specific_heat, thermal_conductivity):
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C.3. Freezing time vs. maximum cooling capacity code

61

specific_heat=2100,
thermal_conductivity=2.2)
self .melting_point = 273.15

# Water Liquid definition
class WaterLiquid(Material):
def __init__(self):
super () . __init__(name="Water ,(liquid)",
density=1000,
specific_heat=4186,
thermal_conductivity=0.6)
self .melting_point = 273.15

# Latent heat of *fusionx*
class FusionWater:
latent_heat = 3.34eb

# Sublimation properties (latent heat for sublimation)
class SublimationWater:
latent_heat = 2.83e6

# Aluminum definition
class Aluminum(Material):
def __init__(self):
super () . __init__(name="Aluminum",
density=2700,
specific_heat=897,
thermal_conductivity=237)

# Polypropylene definition
class Polypropylene(Material):
def __init__(self):
super () .__init__(name="Polypropylene",
density=900,
specific_heat=1900,
thermal_conductivity=0.15)

C.3. Freezing time vs. maximum cooling capacity code

Listing C.3: Python code for calculating freezing time.

import matplotlib.pyplot as plt
from geometry_final import TankGeometry
from materials_final import WaterLiquid, WaterSolid, FusionWater

def calculate_freezing_time (power):
"""Calculates the freezing time of water in the tank.

Args:
power: The power level in Watts.

Returns:
The freezing time in seconds.
nnn
# Instantiate the tank geometry here.
tank = TankGeometry(length=0.0597, width=0.053, height=0.055)

# Material properties
water_liquid = WaterLiquid ()
water_solid = WaterSolid()
fusion_water = FusionWater ()

# Initial and target temperatures
initial_temp = 40 # °C
target_temp = -1 # °C

# Calculate heat to remove

water_mass = tank.volume() * water_liquid.demsity * 0.9 # kg, accounting for extra space

in the tank to allow ice expansion
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C.4. Heat flow to storage code 62

# Cooling liquid water
heat_cooling_liquid = water_mass * water_liquid.specific_heat * (initial_temp -
water_liquid.melting_point + 273.15)

# Freezing water
heat_freezing = water_mass * fusion_water.latent_heat

# Cooling solid water
heat_cooling_solid = water_mass * water_solid.specific_heat * (water_solid.melting_point
- target_temp - 273.15)

total_heat_to_remove = heat_cooling_liquid + heat_freezing + heat_cooling_solid

# Calculate freezing time

if power > O0:
freezing_time = total_heat_to_remove / power
return freezing_time

else:
return float('inf')

# Calculate freezing times for different power levels
power_levels = list(range(1l, 51))

freezing_times_seconds = [calculate_freezing_time(power) for power in power_levels]
freezing_times_hours = [time / 3600 for time in freezing_times_seconds] # Convert seconds to
hours

# Get the freezing time at 10W
freezing_time_at_10W = freezing_times_hours [9] # index 19 corresponds to 10W, as index
starts at O

# Conditional block to only show plot when file is run directly
if __name__ == "__main__":
# Create the plot
plt.figure(figsize=(10, 6))
plt.plot(power_levels, freezing_times_hours, marker='o')
plt.title('Freezing Timeyvs. Maximum ,Cooling Capacity')
plt.xlabel('Cooling,Power Limit, (W) ")
plt.ylabel('FreezingTime, (hours) ')
plt.grid(True)

# Add a vertical line at 10W:
plt.axvline(x=10, color='r', linestyle='--', label='10W Cooling Power')

# Add a horizontal line at the corresponding freezing time:
if freezing_time_at_10W < 1e8: # Check if it was originally NaN
plt.axhline(y=freezing_time_at_10W, color='g', linestyle=':', label=f'Freezing, Time
at ;10W: {freezing_time_at_10W:.2f} hours')

plt.legend ()
plt.show ()

C.4. Heat flow to storage code

Listing C.4: Python Code for heat transfer calculation.

import numpy as np

import matplotlib.pyplot as plt

from materials_final import Aluminum, Polypropylene

# from geometry import TankGeometry # Import if needed later

# Orbital period in minutes
orbital_period = 90

# Time in minutes for three orbits
total_time = 3 * orbital_period
time = np.linspace(0, total_time, 300) # 300 points for smooth curve

# Temperature calculation (sinusoidal) - Still needed for heat transfer calculation
amplitude = 20 # (max - min) / 2 = (40 - 0) / 2
offset = 20 # (max + min) / 2 (40 + 0) / 2
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C.5. Surface area code 63

temperature = amplitude * np.sin(2 * np.pi * time / orbital_period) + offset

# Material properties from materials.py
aluminum = Aluminum()
polypropylene = Polypropylene ()

# Constants for heat transfer calculation

connector_length_poly = 0.005 # 5 mm in meters

connector_length_alu = 0.001

polypropylene_area = np.pi * (0.003 *x 2) * 3 # Area of three 6mm diameter connectors
aluminum_area = 2.722e-6 # Area of the heat sink connection

num_connectors = 3

# Calculate heat transfer (cooling power) for polypropylene only

temperature_difference = temperature - (-1) # Temperature difference between connector and
tank

heat_transfer_polypropylene_single = (polypropylene.thermal_conductivity * polypropylene_area
* temperature_difference) / connector_length_poly

total_heat_transfer_polypropylene = heat_transfer_polypropylene_single

# Calculate heat transfer (cooling power) for polypropylene and aluminium

heat_transfer_aluminum_single = (aluminum.thermal_conductivity * aluminum_area *
temperature_difference) / connector_length_alu

total_heat_transfer_combined = (total_heat_transfer_polypropylene +
heat_transfer_aluminum_single)

# Calculate max and min cooling power for both cases
max_cooling_power_polypropylene = np.max(total_heat_transfer_polypropylene)
min_cooling_power_polypropylene = np.min(total_heat_transfer_polypropylene)
max_cooling_power_combined = np.max(total_heat_transfer_combined)
min_cooling_power_combined = np.min(total_heat_transfer_combined)

# Plotting - two subplots side by side
fig, (axl, ax2) = plt.subplots(l, 2, figsize=(16, 6))

# Plot heat transfer for polypropylene only
axl.plot(time, total_heat_transfer_polypropylene, label='Heat flow,(Watts)"')

axl.axhline (y=max_cooling_power_polypropylene, color='red', linestyle='--', label=f'Max: {
max_cooling_power_polypropylene: .4f} W')
axl.axhline (y=min_cooling_power_polypropylene, color='blue', linestyle='--', label=f'Min: {

min_cooling_power_polypropylene:.4f} W')
axl.set_title('Detachable heat sink')
axl.set_xlabel('Time, (minutes) ')
axl.set_ylabel ('Heat flow,(W)"')
axl.grid(True)
axl.legend(loc='upper,right"')

# Plot heat transfer for polypropylene and aluminium
ax2.plot(time, total_heat_transfer_combined, label='Heat flow,(Watts)')

ax2.axhline (y=max_cooling_power_combined, color='green', linestyle='--', label=f'Max: {
max_cooling_power_combined:.4f} ,W')
ax2.axhline (y=min_cooling_power_combined, color='black', linestyle='--', label=f'Min: {

min_cooling_power_combined:.4f} W')
ax2.set_title('Continuous heat_ sink')
ax2.set_xlabel ('Time, (minutes) ')
ax2.set_ylabel ('Heat flow, (W) ")
ax2.grid(True)
ax2.legend (loc='upper, right')

plt.show ()

C.5. Surface area code

Listing C.5: Python code for ice block sublimation.

import numpy as np

import matplotlib.pyplot as plt

from geometry_final import TankGeometry

from materials_final import SublimationWater
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C.5. Surface area code 64

# Constants
DENSITY_ICE = 917 # kg/m~3 (density of ice)
SUBLIMATION_RATE = 1e-6 # kg/s (1 mg/s sublimation rate)

# Material property
sublimation_water = SublimationWater ()
LATENT_HEAT_SUBLIMATION = sublimation_water.latent_heat # J/kg

# Geometry class (modified to include time-dependent surface area and power input)
class IceBlockSublimation:

def __init__(self, tank_geometry, ice_volume_ratio=0.9):
self.length_initial = tank_geometry.length # Initial length (m)
self .width_initial = tank_geometry.width # Initial width (m)
self .height_initial = tank_geometry.height # Initial height (m)
self.volume_initial = self.length_initial * self.width_initial * self.height_initial
# Initial volume (m~3)
self.ice_volume_initial = self.volume_initial * ice_volume_ratio # Initial ice

volume (90% of tank volume)
self .mass_initial = self.ice_volume_initial * DENSITY_ICE # Initial mass (kg)
self.surface_area_initial = self.calculate_surface_area(self.length_initial, self.
width_initial, self.height_initial) # Initial surface area (m~2)

def calculate_surface_area(self, length, width, height):
"""Calculate the surface area of a rectangular prism.
return 2 * (length * width + length * height + width * height) # m~2

nwun

def dimensions_at_time(self, t):
nmnn
Calculate the dimensions of the ice block at time t.
Assumes uniform sublimation from all sides.
mnn
# Total mass lost at time t
mass_lost = SUBLIMATION_RATE * t # kg

# Remaining mass at time t
mass_remaining = self.mass_initial - mass_lost

# If mass_remaining <= 0, the ice block is fully sublimated
if mass_remaining <= 0:
return 0, 0, O

# Remaining volume at time t
volume_remaining = mass_remaining / DENSITY_ICE # m~3

# Scale factor for dimensions (assuming uniform sublimation)
scale_factor = (volume_remaining / self.ice_volume_initial) ** (1/3)

# Current dimensions at time t

length = self.length_initial * scale_factor
width = self.width_initial * scale_factor
height = self.height_initial * scale_factor

return length, width, height

def surface_area_at_time(self, t):
nmnn

Calculate the surface area of the ice block at time t.
nmnn
length, width, height = self.dimensions_at_time(t)
if length == 0 and width == 0 and height == 0:
return O # Ice block is fully sublimated
return self.calculate_surface_area(length, width, height) # m~2

def total_sublimation_time(self):
nmnn

Calculate the total time required for the ice block to fully sublimate.

nun

return self.mass_initial / SUBLIMATION_RATE # seconds

def power_input_at_time(self, t):

nnn
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C.5. Surface area code 65

if

__name__ ==

Calculate the power input required at time t.

nnn

surface_area = self.surface_area_at_time(t)

if surface_area == 0:
return 0 # No power input needed after full sublimation

# Assuming power is proportional to the surface area for sublimation

return (surface_area / self.surface_area_initial) * (SUBLIMATION_RATE x*
LATENT_HEAT_SUBLIMATION)

" _ _main__":
# Initialize tank geometry
tank = TankGeometry(length=0.0597, width=0.053, height=0.055)

ice_sublimation = IceBlockSublimation(tank_geometry=tank, ice_volume_ratio=0.9)

# Print initial information

print ("Initial, Ice Block,Information:")

print (£"Initial Mass: {ice_sublimation.mass_initial:.6f} kg")

print (f"Initial Volume: {ice_sublimation.ice_volume_initial:.6f} m®")
print(f"Initial,,Surface Area: {ice_sublimation.surface_area_initial:.6f} m?")

print (f"Total_ SublimationTime: {ice_sublimation.total_sublimation_time():.2f} seconds")
print (f"Total, Sublimation Time: ,{ice_sublimation.total_sublimation_time()/60:.2f} minutes

"

# Time array (in seconds)

total_time_minutes = ice_sublimation.total_sublimation_time() / 60

time_minutes = np.linspace(0, total_time_minutes, 1000) # Simulate until full
sublimation, in minutes

time_seconds = time_minutes * 60

# Calculate surface area and power input over time
surface_area = [ice_sublimation.surface_area_at_time(t) for t in time_seconds]
power_input = [ice_sublimation.power_input_at_time(t) for t in time_seconds]

# Plot results
plt.figure(figsize=(12, 6))

# Plot surface area

plt.subplot(1l, 2, 1)

plt.plot(time_minutes, surface_area, color="blue")
plt.xlabel("Time, (minutes)")

plt.ylabel ("Surfacegarea; (m?)")
plt.title("Surface area of remaining, propellant over time")
plt.grid(True)

# Plot power input

plt.subplot(1l, 2, 2)

plt.plot(time_minutes, power_input, color="red")
plt.xlabel ("Time, (minutes)")
plt.ylabel ("Power input,(W)")
plt.title("Required power input over time")
plt.grid(True)

plt.tight_layout ()
plt.show ()
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