
DEGREE PROJECT

Thermal environment and design considerations 
of the Foresail-2 satellite mission

Deepa Anantha Raman

Space Engineering, master's level (120 credits)
2023

 
 Luleå University of Technology

Department of Computer Science, Electrical and Space Engineering



[This page intentionally left blank]



Master’s programme in Space Science and Technology

Thermal environment and design
considerations of the Foresail-2 satellite
mission

Deepa Anantha Raman

Master’s Thesis
2023



© 2023

This work is licensed under a Creative Commons
“Attribution-NonCommercial-ShareAlike 4.0 Interna-
tional” license.

https://creativecommons.org/licenses/by-nc-sa/4.0/deed.en
https://creativecommons.org/licenses/by-nc-sa/4.0/deed.en
https://creativecommons.org/licenses/by-nc-sa/4.0/deed.en
https://creativecommons.org/licenses/by-nc-sa/4.0/deed.en


Author Deepa Anantha Raman
Title Thermal environment and design considerations of the Foresail-2 satellite

mission
Degree programme Space Science and Technology
Major Space Robotics and Automation
Supervisor Prof. Jaan Praks
Advisors Marius Anger (Advisor), Prof. Mikael Granvik (Examiner)
Collaborative partner Luleå University of Technology
Date 30 June 2023 Number of pages 60+8 Language English

Abstract

The thermal design of small satellite missions is critical for ensuring the per-
formance and longevity of onboard instruments. This thesis focuses on the thermal
design of Foresail-2, a 6U CubeSat mission to Geostationary Transfer Orbit (GTO),
specifically addressing the thermal challenges associated with the magnetometer
located at the end of a long boom featured on the satellite.

The objective of this research is to estimate the orbital loads, study its effects
and develop an effective thermal control strategy to maintain the frame, boom and
magnetometer temperature within an optimal operational range throughout the mission
duration. A steady state thermal analysis is conducted to evaluate the effects of the
GTO environment on the satellite structure under different operational scenarios and
design conditions. To achieve the desired thermal control, several potential regulation
strategies are investigated, including passive thermal coatings, insulation materials,
and active cooling methods.

Furthermore, thermal simulations are performed to predict the temperature profiles
and gradients within the boom and magnetometer assembly, enabling the identification
of potential hotspots or areas prone to thermal stress using ANSYS software package.
These findings contribute to the implementation of thermal design modifications
and the optimization of the configuration of the boom and magnetometer to enhance
thermal performance.

The results of this thesis contribute to the development of a robust thermal design
for Foresail-2 mission satellite. Moreover, the methodologies and insights gained
from this research can be extended to other CubeSat missions with similar thermal
requirements and constraints.

Keywords satellite, thermal control, radiation , heat transfer , boom
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1 Introduction

1.1 Background

In the last decade, a large number of satellites have been launched into space, contribut-
ing to various scientific measurements and serving a wide range of applications. These
satellites are subjected to harsh space environmental conditions that potentially lead to
their extreme heating or cooling depending on the satellite surface properties, operating
orbital conditions and the internal heat generated by satellite components. Strong
thermal variations or extreme fluctuations can cause the electronics to malfunction and
sometimes result in failure of the satellite, which is undesirable [1]. Thus, a detailed
thermal investigation is crucial in ensuring safe operation of the satellite throughout
the mission lifetime.

However, a sparse number of satellites have been launched to the high-altitude
orbits such as the Geostationary Transfer Orbit (GTO) in comparison to the number
of satellites launched to the Low Earth Orbit (LEO). Therefore, it is crucial to study
the environmental conditions in such orbits during the design phase to ensure that the
temperature of satellite components and structure is within operational limits.

Foresail-2 is a CubeSat mission developed by the Finnish Centre of Excellence
in Research of Sustainable Space (FORESAIL), funded by the Research Council of
Finland. The satellite is designed for the GTO, and it is expected to travel through the
radiation belts frequently. A mission lifetime of six months is estimated due to the
low perigee and harsh radiation environment. The mission focuses on studying the
role of ultra low frequency waves in electron acceleration and scattering, turbulence
transmission in the inner magnetosphere, and the dependence of Coulomb drag on
plasma parameters. To achieve the mentioned objectives, the satellite has three major
instruments: Relativistic Electron and Proton Experiment (REPE), Magnetometer
Aboard the foreSail-2 cubesaT (MAST) and Coulomb Drag Experiment (CDE). As
shown in Figure 1, a deployable boom is featured for precision magnetometer MAST
[2].

1.2 Motivation

Previous studies have shown that thermal variations are slower but stronger in GTO
than LEO [3]. Moreover, since fewer small satellites have been launched to GTO in
comparison to LEO, there is less data available on the thermal constraints of the orbit.
Furthermore, the thermal stability of the deployable boom on the Foresail-2 mission
satellite is crucial as it directly impacts the measurement accuracy of the magnetometer.
Thus, it is important to perform a thermal investigation on the Foresail-2 satellite to
ensure desired operation during mission lifetime.



Figure 1: Front view of Foresail-2 satellite with deployed boom and solar panels [7].

1.3 Objective

This research aims to investigate the thermal conditions in GTO for smooth operation
of Foresail-2 and its boom mechanism. In particular, it aims to answer the following
questions: “What are the thermal orbital loads experienced by the satellite in GTO?”,
“How does thermal loading affect the structure and components of the satellite i.e.,
what are the maximum and minimum temperatures attained on different regions of the
boom?” and “What are the thermal control methods that can be applied to ensure a
thermally stable boom for proper operation of the satellite?”

1.4 Methods

Thermal study of a satellite involves three major segments namely, building a thermal
model, analysing the model in different operating modes/conditions, and designing
the thermal control [4]. By studying the thermal behaviour of the components and
implementing active or passive control measures, the satellite design can be upgraded
[5]. The upgraded design is also simulated to verify the impact of the implemented
thermal control method. In this research, the simulations are performed in ANSYS R1
2023 and the plots are generated using MATLAB software.

13



1.5 Scope of the thesis

This study is based on the simplified configuration of Foresail-2 satellite comprising
only the frame, solar panels, boom, and the magnetometer. It also accounts for the
total internal power generated. The focus of the research is on the analysis of the
behaviour of the boom in GTO thermal conditions with simulations limited to steady
state cases in different orbital and design conditions. In future, it can be extended to a
more detailed study with inclusion of subsystem level electronics, instruments, and
propulsion system when the project progresses further in the design phase.

1.6 Structure of the thesis

Chapter 2 highlights the Foresail-2 mission objectives, payloads and spacecraft design.
Chapter 3 gives an overview of heat transfer principles in space technology applications,
thermal load calculation methods and provides an insight into methodology of
thermal control. It is followed by Chapter 4 which focuses on the thermal simulation
requirements and setup procedures in ANSYS R1 2023. The results are presented
in Chapter 5 with thermally sensitive regions being highlighted for different mission
scenarios. Additionally, specific design cases and the corresponding thermal effects
are also studied. This chapter also discusses the thermal control method applied to
the design to improve its thermal performance followed by the conclusions and future
work in Chapter 6 and 7 respectively.
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2 Foresail-2 mission

2.1 Overview
The objective of the Foresail-2 (FS2) mission is to obtain a better understanding of
the dynamics of the radiation belts of Earth. The inner and outer Van Allen radiation
belts are described as a zone of trapped energetic electrons and protons located at an
altitude of about 640 to 58 000 km as shown in Figure 2 [34]. Therefore, the orbit of
the mission was selected to be GTO with an apogee of 36 000 km which enables the
satellite to pass through the belts frequently [8].

Figure 2: Inner and outer Van Allen Radiation belts of Earth containing trapped
energetic particles [34].

The mission aims to study the ultra low frequency waves (ULF) [23] and it’s role
in the acceleration, transport and scattering of electrons as a function of solar wind
and magnetospheric activity as shown in Figure 3. Additionally, it focuses on the
turbulence transmission mechanism of ULF waves within the inner magnetosphere.
Lastly, it studies the dependence of Coulomb Drag (CD) on plasma parameters and
the voltage of the tether attached to the spacecraft [2].

2.2 Spacecraft design
To achieve the above stated measurement goals, a 6U CubeSat satellite platform has
been chosen. It consists of an Aluminium 7075 frame and has a deployable boom
along with four solar panels as shown in Figure 4. The estimated mass of the satellite
is nearly 13 kg and has a 6 mm thick frame to provide radiation shielding for the
components [8]. It also features two S-band antennas.

15



Figure 3: Orbit overview of Foresail-2 in alignment with mission goals in Van Allen
radiation belts [7].

2.3 Payloads
The satellite houses four major instruments namely MAST, REPE, CDE and RADEX
[2] as shown in Figures 5 and 6.

1. MAST
The magnetometer instrument is developed by the Austrian Space Research
Institute and it aims to provide magnetic field measurements for characterising
the ULF waves in the radiation belts. The fluxgate sensor is placed at the end
of the mechanical boom and the auxiliary magnetometers are placed near the
components generating high magnetic disturbance within the spacecraft [7].

2. REPE
REPE is being developed by University of Turku and has the objective of
obtaining measurements of the relativistic protons and electrons in the radiation
belts as a function of energy, time and pitch angle. In addition to measuring
the electrons in outer radiation belt which is crucial to the science goals of the
mission, the instrument also facilitates proton measurements in the inner belt
[7].

3. CDE
The Coulomb Drag Experiment is an instrument developed by the Finnish
Meteorological Institute aims to measure the CD force on a charged tether in
various parts of the orbit with different plasma densities [7].

4. RADEX
The radiation experiment developed by Aalto University has the objective of
measuring radiation levels in the GTO. The experiment module consists of
radiation sensors to measure the Total Ionisation Dose (TID) received through a

16



Figure 4: Rear view of Foresail-2 satellite depicting the deployed solar panels and
boom [7].

Figure 5: Render of Payload: MAST (left) and REPE (right) [7].

series of aluminium shielding of different thickness and a selection of multi-layer
shields [8].

In addition to the above mentioned payloads, the satellite also features two cameras.
The cameras are employed to verify the deployment of the tether and to find the
orientation and spinning of the satellite. It also enables verifying the deployment of
the boom after orbit insertion [2].
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Figure 6: Render of Payload: CDE (left) and RADEX (right) [7].

2.4 Boom mechanism
The satellite features a 60 cm long magnetic boom for precision magnetometer as
shown in Figure 7. The boom is made of Aluminium 7075 and is deployed after launch
It reduces the magnetic disturbances caused by satellite avionics on the magnetometer.
The design of the boom is based on the trade-off between less weight and high stability.
The boom has two frame components, one angle bracket and two hinges to support it
at the contact region with the spacecraft [7].

Figure 7: Sub-components of the deployable boom with the honeycomb design
incorporated in the structure [7].

2.5 Subsystems
A brief overview of the subsystems of the FS2 mission [7] is highlighted in the Figure
8. The mission comprises three major segments namely, launcher, spacecraft and
ground. The spacecraft segment is further classified into payload and platform.

18



Figure 8: FS2 Subsystem description tree with detailed breakdown of spacecraft
segment consisting of payload and platform [7].

The satellite platform is designed like any other space mission, consisting of a
power supply and distribution unit, an on-board computer, attitude control system
and structural features such as antenna, solar panels etc. A proper understanding of
the mission architecture, subsystems and objectives is crucial to obtain the thermal
requirements of FS2.
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3 Literature review
The heat transfer principles of conduction and radiation in space is explained. The
physics behind thermal coupling and process of estimation of thermal resistances is
described in the later subsection. The last subsection comprises the space thermal
environment where the internal and external loads experienced by the satellite is
discussed.

3.1 Heat transfer principles in space
There are three modes of heat transfer namely conduction, convection and radiation [6].
It is necessary to understand and distinguish the thermal loads based on the principles
of heat transfer. The main mechanism of heat transfer in satellites is radiation and
conduction since the absence of fluid in space eliminates the possibility of convection.
If there are radiator pipes in the propulsion system of the satellite, convection may
occur [36]. For this study, the focus is entirely on conduction and radiation.

3.1.1 Conduction

Figure 9: Heat conduction through a wall of thickness Δ𝑥, area 𝐴 and temperatures
𝑇1 and 𝑇2.

The form of heat transfer occuring due to the collision and diffusion of microscopic
particles is called conduction. Conduction can occur in any medium but thermal
conductivity rate can vary significantly between different materials [36]. The heat
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transfer in satellite components is primarily due to conduction and therefore the
material selection based on conductivity rate is crucial for thermal design. Heat transfer
through conduction is governed by Fourier’s law and depends on the conduction rate,
temperature gradient and direction of energy flow [37].

The differential form of the conduction heat transfer equation is given by,

�⃗� = −𝐾∇𝑇, (1)

where 𝐾 is the thermal conductivity, ∇𝑇 is the temperature gradient and �⃗� is the rate
of conduction.

From equation 1, the amount of heat transferred by conduction through a plane
wall of thickness Δ𝑥 as shown in Figure 9 can be described as follows,

�̇� =
𝐾𝐴(𝑇1 − 𝑇2)

Δ𝑥
= −𝐾𝐴Δ𝑇

Δ𝑥
= −𝐾𝐴𝑑𝑇

𝑑𝑥
, (2)

where �̇� is the amount of heat transferred, 𝐴 is the area of cross section, 𝑇 is the
temperature and the distance is measured along 𝑥.

Figure 10: Thermal conductance case - two surfaces with varied material properties
and area are in contact.

Thermal contact conductance refers to the conduction property at the contact of two
different surfaces [11]. For a contact region with different areas, material properties
and temperatures at both ends of the surface as shown in Figure 10, the the amount of
heat transferred, �̇� is given by Equation 3,

�̇� =
(𝑇1 − 𝑇3)

Δ𝑋𝐴1
𝐾𝐴1𝐴

+ 1
ℎ𝑐𝐴

+ Δ𝑋𝐴2
𝐾𝐴2𝐴

, (3)
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where ℎ𝑐 is the thermal contact conductance, 𝑇1 and 𝑇3 represent the temperature at
both ends of the contact region and 𝐾𝐴1 and 𝐾𝐴2 denotes the thermal conductivity of
𝐴1 and 𝐴2 respectively. Δ𝑋𝐴1 and Δ𝑋𝐴2 denote the distances through which the heat
conduction takes place.

3.1.2 Estimation of thermal resistances

While thermal analysis is performed, the model is discretized into several nodes [11].
The nodes have conductive heat transfer between them and this forms a coupling.
For instance, consider two surfaces 𝐴1 and 𝐴2 in contact with each other as shown
in Figure 11. The nodes are present at the centre of each surface and the coupled
conductance can be obtained using the equation 4 whereas the coupling coefficient
can be obtained with Equation 5 given by,

Figure 11: Thermal resistance between two nodes 𝐴1 and 𝐴2 for which the thermal
coupling coefficient is estimated.

𝐺𝐴1/𝐴2 =
𝐾𝐴

𝑑𝑥
𝐴1/𝐴2, (4)

and
𝐺𝐿𝐴1→𝐴2 =

1
1

𝐺𝐴1
+ 1
𝐺𝐴2

, (5)

where 𝐺𝐴1 and 𝐺𝐴2 represent conductance of node 𝐴1 and 𝐴2 respectively, 𝐺𝐴1/𝐴2

denotes the coupled conductance and 𝐺𝐿𝐴1→𝐴2 represents the coupling coefficient.

3.1.3 Radiation

The form of heat transfer that occurs by means of electromagnetic waves or travelling
particles is referred to as radiation [6]. It is governed by Stefan-Boltzmann’s Law
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which defines the radiation rate �̇�𝑚𝑎𝑥 based on the absolute temperature of a black
body as shown in Figure 12 [18] and is given by,

�̇�𝑚𝑎𝑥 = 𝜎𝐴𝑇
4, (6)

where 𝜎 = 5.67× 10−8 W m−2 K−4 is the Stefan-Boltzmann constant, 𝐴 represents the
area of the surface in m2 and 𝑇 denotes the temperature in K.

Figure 12: Black body radiation spectrum showing relationship between emitted
radiation and temperature of a black body [18].

However, since Equation 6 represents an ideal case, an additional parameter of
emissivity is to be included for real cases. It is the ratio of the emitted energy of the
gray body to the radiation of the black body. Similarly, the absorptivity of a surface is
defined as the ratio of the radiation energy absorbed by the surface to the amount of
energy incident on it and it is denoted by 𝛼 [5]. Thus, for real cases, Equation 6 is
modified to get Equation 7,

�̇�𝑒𝑚𝑖𝑡 = 𝜖𝜎𝐴𝑇
4, (7)

where �̇�𝑒𝑚𝑖𝑡 is the amount of radiated heat, 𝜖 is the emissivity rate, 𝜎 is the Stefan-
Boltzmann constant, 𝐴 is the area and 𝑇 represents the temperature of the body.
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3.1.4 Radiative heat transfer

The radiative heat transfer between two nodes 𝐴1 and 𝐴2 for components within the
spacecraft is expressed using the following equation,

�̇�𝐴1→𝐴2 = 𝐺𝑅𝐴1→𝐴2𝜎(𝑇4
𝐴1

− 𝑇4
𝐴2
), (8)

where �̇�𝐴1→𝐴2 denotes the heat flow from node 𝐴1 to 𝐴2 , 𝑅𝐴1→𝐴2 is the Radiative
Exchange Factor (REF) in W/K4 (also referred to as radiative coupling) between the
nodes and the temperatures at node 𝐴1 and 𝐴2 are given by 𝑇𝐴1 and 𝑇𝐴2 respectively.

Figure 13: View factor describing the orientation of two surfaces participating in
radiative heat transfer (for Equations 8 and 9, 𝐴𝑖 = 𝐴1 and 𝐴 𝑗 = 𝐴2) [22].

The shape factor as shown in Figure 13 [22], also referred to as view factor
describes the orientation of the two surfaces participating in radiative heat exchange
with respect to each other [17]. It is a purely geometrical quantity and it does not
depend on temperature. Thus, the view factor which accounts for the effects of
orientation on radiative heat transfer is given by

𝐹𝐴1→𝐴2 =
1
𝐴1

∫
𝐴1

∫
𝐴2

𝑐𝑜𝑠\1𝑐𝑜𝑠\2

𝜋𝑆2 𝑑𝐴2𝑑𝐴1, (9)

where 𝐹𝐴1→𝐴2 represents the view factor, 𝑑𝐴1 and 𝑑𝐴2 represents the differential areas
of the two surfaces, S denotes the distance between the two surfaces and \1 and \2
represent the angle between the surface normal and 𝑆 for surface 1 and 2 respectively
[31]. The radiative coupling and view factors are calculated automatically by the
ANSYS software and imported directly to the solver [25].
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3.2 Thermal loading on the satellite
As shown in Figure 14, thermal loading on a satellite can be classified into two major
types, namely, external and internal loads. The external loads are constituted by the
radiation loads in space, namely direct solar load, planetary IR load and albedo [12].
The direct solar load is the significant radiation load for the satellite as �̇� in above
equation depends on the distance of the satellite from the sun, sun pointing level of
the satellite and the ratio of solar absorptance to thermal emmittance ratio. Higher
difference in body temperatures results in higher radiation load [16].

Figure 14: Classification of thermal loads on satellite.

3.2.1 Direct solar load

The most significant thermal load in highly elliptical orbit missions such as GTO is the
direct solar load as the solar intensity dominates the Earth albedo and IR loads at such
altitudes [16]. Due to the elliptical orbit of the Earth, it is closest to the sun during
winter solstice and it is farthest during summer solstice, the solar intensity varies from
1414 W m−2 in summer to 1322 W m−2 [11, 12]. The direct solar load is given by the
following equation,

�̇�𝐴1,𝑠𝑜𝑙𝑎𝑟 = 𝛼𝐴1𝑆𝑠𝑜𝑙𝑎𝑟𝐴𝐴1 , (10)
where �̇�𝐴1,𝑠𝑜𝑙𝑎𝑟 is the direct solar load to the node 𝐴1, 𝛼𝐴1 represents the absorptivity
of the corresponding node and 𝐴𝐴1 is the area of the node perpendicular to the sun.
𝑆𝑠𝑜𝑙𝑎𝑟 represents the solar flux constant which defines the amount of incoming solar
radiation per unit area incident on the plane perpendicular to the rays at 1 astronomical
unit (AU) distance. The solar flux constant has a unit of W m−2.

Moreover, with the solar panels always pointing towards the sun, it is vital to study
the effect of intensity of the sun on the functioning of the solar panels and the operation
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of satellite components. Reflective coating or anodisation is applied to decrease the
effect of the solar loads on the satellite [35].

Figure 15: Orbital thermal loads acting on FS2 in space environment: Direct solar,
albedo and IR.

3.2.2 Planetary IR load

Planetary load refers to the amount of Infrared energy radiation (IR) emitted by each
planet and this value varies from planet to planet. Each planet absorbs a certain amount
of solar energy on its surface and then re-emits it as IR after heating as shown in Figure
15 [11]. This value depends on the atmosphere of the planet and its composition.
The distance of the satellite from the planet also affects the amount of planetary load
generated [12]. In this case, since the selected mission orbit is GTO, it does not play a
significant role in comparison to direct solar load. The heat transferred due to the IR
of Earth at node 𝐴1 is given by the equation,

�̇�𝐴1,𝐸𝑎𝑟𝑡ℎ−𝐼𝑅 = 𝜖𝐴1𝑆𝑠𝑜𝑙𝑎𝑟𝐴𝐴1

𝑅2
𝐸𝑎𝑟𝑡ℎ

(𝑅𝐸𝑎𝑟𝑡ℎ + ℎ)2 , (11)

where �̇�𝐴1,𝐸𝑎𝑟𝑡ℎ−𝐼𝑅 is the amount of heat due to Earth IR, 𝜖𝐴1 is the emissivity of the
node 𝐴1, 𝐴𝐴1 is the area of the node facing the sun, 𝑅𝐸𝑎𝑟𝑡ℎ is the radius of Earth, ℎ is
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the altitude of the spacecraft and 𝑆𝑠𝑜𝑙𝑎𝑟 is the solar flux constant in W m−2 and the
average value is 237 W m−2 for this case.

3.2.3 Albedo

A fraction of the solar energy incident on the planet’s surface is reflected back into
space. This reflected energy is referred to as the albedo of the planet. Each planet
has a varied albedo factor and it is usually significant for lower orbits closer to the
planet’s surface [12]. However, in this case, the solar load has a predominant effect in
the GTO with respect to albedo since the apogee of the orbit is at 36 000 km. The heat
transferred due to Earth Albedo is given by,

�̇�𝐴1,𝐴𝑙𝑏𝑒𝑑𝑜 = 𝛼𝐴1𝑆𝑠𝑜𝑙𝑎𝑟𝑎𝐴𝐴1

𝑅2
𝐸𝑎𝑟𝑡ℎ

(𝑅𝐸𝑎𝑟𝑡ℎ + ℎ)2 , (12)

where �̇�𝐴1,𝐴𝑙𝑏𝑒𝑑𝑜 is the amount of heat transferred at node 𝐴1 due to Earth albedo,
𝛼𝐴1 is the absorptivity of the node, 𝑆𝑠𝑜𝑙𝑎𝑟 is the Solar flux constant, 𝐴𝐴1 is the area of
the node facing the sun, 𝑅𝐸𝑎𝑟𝑡ℎ is the radius of Earth, h is the altitude of the spacecraft
and 𝑎 is the dimensionless Albedo constant.

It is crucial to note that albedo values are different for various planets and moons.
In addition to that, the average albedo of Earth is assumed to be around 30% and plays
a significant role in orbital thermal loads of LEO. However, this radiation can be
practically neglected for higher orbits such as Geostationary Earth Orbit (GEO) [6].

3.2.4 Internal heat generation

Internal heat generation refers to the heat generated by batteries, electronic components,
avionics, heaters etc., in the satellite [5]. This heat varies from satellite to satellite
based on the combination of components used in the mission. Based on the orbital
thermal loading and heat dissipation of components, the satellite is equipped with a
heater or a radiator to maintain the operational temperature limits of the components.

3.3 Heat capacity
Heat Capacity is defined as the ratio of the amount of heat transferred to or from an
object to the resulting change in temperature [37]. It is calculated by the following
equation,

𝐶 =
𝑄

Δ𝑇
, (13)

where 𝐶 denotes the heat capacity, 𝑄 denotes the amount of heat transferred and Δ𝑇

is the change in temperature.
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In the case of a specific node 𝐴1, the heat capacity estimated using Equation 13 is
modified into the following equation,

𝐶𝐴1 = 𝑐𝑠𝑝𝜌𝐴1𝑉𝐴1 , (14)

where 𝐶𝐴1 is the heat capacity of node 𝐴1, density is given by 𝜌𝐴1 (kg m−3), volume
is denoted by 𝑉𝐴1 (m3) and specific heat is 𝑐𝑠𝑝 (J kg−1 K−1).

3.4 Energy balance equation
The thermal balance of a satellite can be estimated by managing the energy transmitted
by the satellite against the energy received from external environment such as orbital
loads and the heat generated due to satellite internal components [12]. Therefore, the
satellite thermal balance equation can be summarised as follows:

𝐶
𝑑𝑇

𝑑𝑡
= �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 . (15)

The above equation can be expanded by defining the external loads �̇�𝑖𝑛 and the
heat dissipated by the satellite �̇�𝑜𝑢𝑡 . The external load comprises of the direct solar
flux, Earth IR, albedo and internal heat generated whereas the dissipated heat is the
heat energy radiated by the satellite. In mathematical terms, it can be expressed as:

�̇�𝑖𝑛 = �̇�𝑠𝑜𝑙𝑎𝑟 + �̇�𝑎𝑙𝑏𝑒𝑑𝑜 + �̇�𝐸𝑎𝑟𝑡ℎ−𝐼𝑅 + �̇�𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 (16)

and
�̇�𝑜𝑢𝑡 = �̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 . (17)

On combining Equations 16 and 17 and substituting it in Equation 15 which
denotes the satellite thermal balance, the following equation is obtained:

𝐶
𝑑𝑇

𝑑𝑡
= �̇�𝑠𝑜𝑙𝑎𝑟 + �̇�𝑎𝑙𝑏𝑒𝑑𝑜 + �̇�𝐸𝑎𝑟𝑡ℎ−𝐼𝑅 + �̇�𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 − �̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 . (18)

After the satellite model is discretized into a network of nodes for thermal analysis,
Equation 18 for each node can be written as follows [12]:

𝐶𝑖
𝑑𝑇𝑖

𝑑𝑡
= �̇�𝑠𝑜𝑙𝑎𝑟,𝑖 + �̇�𝑎𝑙𝑏𝑒𝑑𝑜,𝑖 + �̇�𝐸𝑎𝑟𝑡ℎ−𝐼𝑅,𝑖 + �̇�𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙,𝑖 +

+ Σ𝑛𝑗=1𝐾𝑖 𝑗 (𝑇𝑗 − 𝑇𝑖) + Σ𝑛𝑗=0𝜎𝑅𝑖 𝑗 (𝑇
4
𝑗 − 𝑇4

𝑖 ),
(19)

where 𝐾𝑖 𝑗 is thermal conductivity and 𝑅𝑖 𝑗 is radiative coupling.
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3.5 Finite element method
The satellite thermal analysis extensively utilizes the Finite Element Method (FEM),
which is a robust numerical technique employed in engineering and scientific domains
to solve intricate problems [12]. This method enables engineers to gain crucial insights
into the thermal behaviour of spacecraft operating in the harsh conditions of space.
Among the various FEM software available, ANSYS Workbench [14] stands out as a
highly regarded and widely used platform for satellite thermal analysis.

In the initial steps of the analysis using FEM, the satellite structure is discretized
into smaller finite elements, each characterized by unique material properties and
geometric attributes. This process is referrred to as meshing and it allows for the
division of the complex satellite geometry into a manageable network of interconnected
elements [25]. ANSYS Workbench offers a user-friendly and efficient interface for
creating and manipulating the mesh, enabling engineers to tailor the model to their
specific requirements [14].

Once the meshing is complete, the software provides a comprehensive range of
tools to model the thermal loads acting on the satellite [25]. These loads encompass
solar radiation, infrared radiation from the Earth, and heat generated by the satellite’s
components. The software offers an extensive library of material properties, allowing
engineers to accurately define the behavior of different materials within the satellite
structure.

In this software, engineers can apply boundary conditions to the finite elements,
specifying thermal contacts, insulation layers, and radiation properties. The software
incorporates advanced solvers that efficiently solve the system of equations governing
heat transfer, accounting for conduction, convection, and radiation mechanisms based
on the equations described in the previous subsections. It also offers the flexibility to
analyze transient thermal events, such as eclipse periods, by simulating the changing
thermal conditions over time [25].

During the analysis, it provides a comprehensive set of post-processing tools to
visualize and interpret the results [12]. Engineers can examine temperature distribu-
tions, heat fluxes, and thermal gradients, enabling the identification of critical regions
prone to overheating or temperature gradients that may affect satellite subsystems
[25].

Furthermore, it facilitates the optimisation of thermal control measures. Engineers
can explore different design options for insulation, radiators, and heat pipes, assessing
their effectiveness in maintaining the satellite’s temperature within acceptable limits.
This iterative process helps to refine the thermal design and ensure optimal performance
of the satellite [4].
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3.6 Thermal control methods
Based on the effect of the thermal loading on the satellite, different control methods can
be applied to ensure smooth operation and proper functioning of satellite components
[29, 30]. The applied control method is usually decided depending on the trade-off
between cost and effect. There are two primary methods of thermal control, namely,
active and passive methods.

3.6.1 Active methods

Active thermal control methods involve actively manipulating the thermal environment
of the satellite. Heaters are commonly used to raise the temperature of specific
components or areas during cold periods [6]. They are usually resistive elements that
generate heat when an electric current passes through them. By strategically placing
heaters near sensitive components or areas prone to cold exposure, the satellite’s
internal temperature can be maintained within the desired range.

Thermoelectric coolers (TECs) are active cooling devices based on the Peltier
effect. When an electric current flows through a thermoelectric module, heat is
transferred from one side to the other. TECs can actively cool components by
absorbing heat from them and dissipating it to the satellite’s surroundings [6].

To enhance thermal management, temperature sensors and controllers are integrated
into the satellite’s systems. These sensors monitor temperature variations, providing
feedback to the control system [29]. The controllers adjust the operation of heaters
and coolers based on the sensor data, maintaining the desired temperature range.

Phase change materials (PCMs) are employed for thermal energy storage. PCMs
absorb and release heat as they transition between solid and liquid states. By strategically
placing PCM-filled containers in critical areas, such as near sensitive electronics, the
PCM absorbs excess heat during periods of high temperatures and releases it when
temperatures drop. This helps regulate the temperature, minimizing fluctuations and
maintaining a stable thermal environment [6].

3.6.2 Passive methods

Passive thermal control techniques utilize the inherent properties of materials to
manage heat [9]. Radiators are key components that rely on thermal radiation to
dissipate excess heat into space. They are carefully designed to maximize the emission
of thermal energy while minimizing the absorption of solar radiation [36]. These
radiators typically consist of large, highly emissive surfaces that are strategically
positioned to achieve efficient heat dissipation.

Insulation materials, such as multi-layer insulation blankets, play a vital role
in minimizing heat transfer [27]. They are composed of multiple layers of low-
conductivity materials that create a thermal barrier, reducing the influx of heat from
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Table 1: Summary of existing thermal control methods [10].

Thermal control method TRL Availability

MLI Blanket 9 Moderate
Thermal Coatings (tape) 9 Moderate
Sun shields 7 Low
Thermal finishes 9 Moderate
Metal Thermal straps 9 Moderate
Composite Thermal straps 7 Moderate
Passive Thermal Louvers 9 Low
Deployable Radiators 6 Low
Passive Heat Pipes 6 Low
Storage Units 8 Low

FEATS 6 Low
Electrical Heaters 9 Low
Mini Cryocoolers 6 Moderate
Patch heater 9 High

Fluid Loops 3 Low
Deployable Passive Radiators 5 Low

the external environment and preventing the escape of heat from sensitive components
[36]. By effectively controlling heat transfer, insulation materials help maintain stable
temperatures within the satellite [32].

Heat pipes are another passive thermal control mechanism. They are sealed,
hermetically-sealed copper tubes containing an inner wick structure and a working
fluid. When heat is applied at one end of the heat pipe, the fluid vaporizes and travels
to the cooler end, where it condenses and releases the heat [6]. This mechanism
efficiently transfers heat away from critical areas, preventing overheating.

A summary of the methods of thermal control as studied in the mission planning
work [10] is given in Table 1 alongwith its Technology Readiness Level (TRL). The
first segment consists of passive methods and the second segment consists of the
common active methods. The last two methods correspond to the emerging systems
which are under research and development [28]. From the table, it can be inferred
that the patch heater TCM has high TRL as well as availability whereas the passive
heat pipes and deployable radiators have low TRL and availability. Thermal straps,
MLI and thermal coatings are preferred due to their high TRL and better availability
and comparatively lower cost. However, innovative solutions like PCMs may also be
incorporated to enhance the thermal performance and stability of small satellites [33].
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3.6.3 Thermal control methods in similar space missions

Cubesat missions to GTO typically rely on passive thermal control methods, such
as MLI blankets, due to the limited space and power constraints [31]. As a part of
the FS2 mission design [3], a list of CubeSat missions to higher orbits such as GTO
and HEO was compiled as shown in Table 2. The specific thermal control methods
utilised may vary depending on the mission objectives, CubeSat design, and available
resources.

Table 2: List of current CubeSat missions to the higher orbits [3].

CubeSat Orbit Size Thermal strategy Launch

GTOSat [21] GTO 6U Thermal Louvres Dec ’20 or ’21
SpectroCube [40] GTO 3U Passive Dec ’20
Orbital Factory GTO 1U Insulation Coating Dec ’19
LACCE GTO 3U - was ’18 (Delay)
ADE GTO 1U Passive Dec ’19
Shields-1 GTO 3U Shielding vaults was ’18 (Delay)
mDot HEO 6U Insulation, Coating Dec ’20
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4 Methodology

4.1 Thermal requirements
The thermal requirements of the FS2 mission are highlighted in Table 3. A proper
thermal design is necessary to ensure that all components are functioning within
operational temperature limits [39]. The primary focus is on the deployable boom of the
satellite and since the thermal behaviour of the boom is critical for the magnetometer
operation.

Table 3: Thermal requirements of FS2 satellite components [3].

Component Temperature limit (in °C)

Antenna -80 to 120
Battery -5 to 25
Solar Array -150 to 180
Onboard Electronics -25 to 50
Payloads -10 to 35
Magnetotorquers -10 to 50

4.2 Orbit definition

Figure 16: Geostationary Transfer Orbit view of FS2 mission generated in GMAT.

The orbit of the FS2 mission is the GTO as shown in Figure 3 and is generated
using Global Mission Analysis Tool (GMAT) [15]. The orbital parameters used for
this study is described in Table 4.

The solar panels are pointing to the sun and the boom magnetometer is always
facing the Earth. The launch date is tentatively fixed on 21st June 2025. The orbital
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Table 4: Orbit parameters of FS2 mission [2].

Parameter Value

Orbit GTO
Apogee altitude 36000 km
Perigee Altitude 400 km
Inclination 16°
RAAN 0°
Argument of periapsis 180°

period of the satellite is expected to be 11.5 hours with an eclipse duration of 0.5 hours
[7]. The mission duration is six months and has a planned lifetime of one year.

4.3 Thermal loads
As discussed in Chapter 3, the thermal loads on the satellite can be classified into two
categories, namely, internal loads and external loads (also called as in-orbit thermal
loads).

4.3.1 In-orbit thermal loading

The direct solar load is the dominant orbital load on the satellite. Although the albedo
and planetary load have minor effect, they are included in the thermal load estimation
based on the heat transfer principles in space environment. The trajectory of the sun
from a fixed frame of reference on the satellite for a mission lifetime of six months is
shown in Figure 17.

Figure 17: Sun trajectory as viewed from a fixed frame of reference on the satellite
for a mission lifetime of six months.
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4.3.2 Internal thermal loads

Since the project is still in the development phase, the internal power generation load
is assumed to be 15 W in the operational mode. The worst case scenario loads for hot
case and cold case is assumed to be 20 W and 10 W respectively.

4.4 Simulation setup
The simulation is setup in ANSYS R1 2023 software [14]. The estimated loads and
material properties are imported into ANSYS Workbench. The mechanical design of
the satellite made with the help of Computer Aided Drawing (CAD) is imported as
a STEP (.stp) file in transient thermal study and the thermal analysis is performed.
The thermal simulation analysis primarily involves the following steps: Idealisation,
Material assignment, Meshing, Applying thermal loads and constraints on surfaces or
bodies and result generation along with contour plots.

4.4.1 Satellite structure modelling and idealisation

The CAD model of the satellite was developed in AUTODESK Fusion 360 [13] by
the FS2 team. A render of the model CAD design is depicted in Figure 18. As the
focus of the study is on boom thermals and MAST, this design has been simplified for
performing thermal analysis.

Figure 18: Multiple view angles of CAD model imported to Workbench with material
assignment.

Idealisation refers to the process of simplification of the design to match the
required objective of the analysis [4]. For this study, only the satellite frame, solar
panels, solar cells, boom and MAST is considered. The other payloads, avionics,
propulsion and electronic components have been removed for reducing complexity.
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4.4.2 Material properties and meshing

The material properties for the primary analysis is tabulated in Table 5. The material
assignment feature of ANSYS Workbench enables the user to assign the material
properties to the respective components of the satellite as shown in Figure 19.

Figure 19: Material assignment comprising Aluminium 7075, FR-4, Glass and
Ceramic.

Table 5: Material physical properties [5].

Material Component Density T. Conductivity Specific heat
name (𝑘𝑔/𝑚3) (𝑊/𝑚°𝐶) (𝐽/𝑘𝑔𝐾)

Aluminium 7075 Frame, Boom 2700 237.5 951
FR-4 Solar Panels 1850 0.294 1150
Glass Solar Cells 2500 1.4 750
Ceramic MAST 4900 4.5 800
PEEK Interface 1320 0.27 1100

The optical properties of the materials are highlighted in the Table 6. The Beginning
of Life (BOL) values are considered for materials unless specifically mentioned that
End of Life (EOL) values are used.

The automatically generated mesh in ANSYS is refined for improving efficiency
of the system. Similar objects such as solar cells etc., are grouped together and edge
sizing is applied on it. This mesh is crucial for node and element identification and
generating thermal plots for each component or surface. A snapshot of the generated
mesh is shown in Figure 20.
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Table 6: Material optical properties [5].

Material name Component Absorptivity (𝛼) Emissivity (𝜖)

Aluminium 7075 polished Frame, Boom 0.15 0.05
Aluminium black anodised Frame, Boom 0.88 0.88
FR-4 Solar Panels 0.89 0.80
Glass Solar Cells 0.66 0.89
Ceramic MAST 0.78 0.89

Figure 20: Primary mesh generated in Workbench consisting of 68651 nodes and
12352 elements.

4.4.3 Loads and constraints

The radiative view factor is assumed to have a value of 1 [11] and the radiation loads
are added directly to the surface. The values of the loads and the optical properties of
the materials are included in this load. The ambient temperature value is 2.7 K as the
space environment is vacuum [19].

The simulation is performed in Steady State Thermal application of ANSYS
Workbench. The loads are applied after the mesh design is refined and the calculations
have been performed. Figure 21 highlights the nodes in the meshed model of the
satellite. The nodal distribution is presented in Figure 22 with a focus on the solar
panel and cells.

It is convenient to use FEM because this approach automatically calculates the
thermal couplings at the contact regions and radiative couplings directly if the material
properties are assigned accurately [12, 26]. The number of iterations is set to 10 000
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Figure 21: Highlighted nodes in different faces of the imported CAD model after
meshing.

and the criteria for convergence is set to 0.01 K.

Figure 22: Close up view on the nodes in the solar cells and solar panel of the current
model used for simulation.

4.5 Observation scenarios
A summary of all the study cases in this thesis work is depicted in the Figure 23.
Like every thermal design, the hot case and the cold case is studied. In both cases,
to understand the effects of internal power generated, an operational condition and a
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survival condition is studied. As the name suggests, the operational case takes into
account the nominal or operational power whereas the survival case uses the worst
case scenario conditions. The eclipse mode is also studied with the hot survival case
conditions simulated.

Figure 23: Summary of study cases including different temperature and design
conditions.

Additionally, in order to understand the role of the thermal interface between the
boom and magnetometer, the simulation is performed with a thermoplastic material.
Furthermore, the solid model of the boom is also compared with a cavity model to
understand the effect of structural modification on the thermal behaviour of the boom.
Lastly, the TCM with black anodised alumminium is also simulated.

Table 7: Loads for hot case.

Parameter Unit Survival case Operational case

Day December 31 December 31
Internal Power W 20 15
Solar flux constant W m−2 1417.9 1417.9
Earth Albedo 0.4 0.3
Earth IR W m−2 237 237

There are four primary observation scenarios, namely hot case survival, hot case
operational, cold case survival and cold case operational. Based on the data from
GMAT, it was concluded that for a launch date of 25 June 2025, the maximum and
minimum solar intensity occurs on December 31 and September 10 respectively.
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Consequently, the study cases were named as hot case and cold case respectively. The
thermal loads for both cases are tabulated in Tables 7 and 8.

Table 8: Loads for cold case.

Parameter Unit Survival case Operational case

Day September 10 September 10
Internal Power W 10 15
Solar flux constant W m−2 1352.42 1352.42
Earth Albedo 0.2 0.3
Earth IR W m−2 237 237

For the survival modes, the extreme cases of internal power is used i.e., 10 W
and 20 W for the hot and cold case respectively. A value of 15 W is used for the
internal power in operational case. Furthermore, an internal heat dissipation of 0.1 W
is assigned to MAST. The orientation of the solar panels is sun pointing [7] and the
orbital period of 11.5 hour [2] with an eclipse duration of 0.5 hours is studied.
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5 Results & Discussion

5.1 Basic thermal study cases

In this subsection, the different thermal study cases have been addressed. Firstly, the
hot case is discussed with studying the results in both operational and survival modes.
Following that, both modes of the cold case is studied. Lastly, the heat fluxes in the
eclipse mode are studied.

In the following subsections, the specific design cases pertaining to alternate
choice of material for thermal interface and cavity model structure is discussed. The
role of the Aluminium cap in shielding the payload is also studied along with TCM
implementation.

5.1.1 Hot case survival

Figure 24: Contours depicting maximum and minimum temperatures in the hot
survival case.

In the hot survival case as shown in Figure 24, it can be observed that the peak
temperature of 351.18 K occurs on the mid-ridge of the solar panel. The lower arm
of the boom is hotter than the frame of the satellite thereby resulting in high heat
fluxes at the contact region between the base-plate and MAST. This is not desirable
as the operating temperature limits need to be maintained. The average temperature
throughout the body of the satellite is nearly 320 K which is higher than the anticipated
value. The temperature at the lower arm of the boom is 340.19 K and in the backside
solar panel is 325.8 K. MAST has a temperature of 296.47 K and it is reasonable since
ceramic has high emissivity [6].
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5.1.2 Hot case operational

Figure 25: Contours depicting maximum and minimum temperatures in the hot
operational case.

In this case, it can be seen that the peak temperature is around 346.98 K. Figure 25,
shows that the temperature profile is similar to the hot survival case with the lower arm
of the boom being hotter than the frame of the satellite. The overall temperature of the
satellite structure is high and therefore, it can be inferred that a TCM for reducing the
overall temperature needs to applied. Similar high temperatures were obtained in LEO
missions such as Foresail-1 [3], Delfi [27], SPEQTRE [29] and MIST [11] missions
and the thermal engineers used different TCM strategies to tackle the problem in
each case. The most plausible solution would be to use a readily available, cheap,
lightweight and effective TCM [12, 19].
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5.1.3 Cold case survival

Figure 26: Contours depicting maximum and minimum temperatures in the cold
survival case.

As depicted in Figure 26, it can be observed that the overall temperature of the
satellite drops significantly. Although the average temperature is around 260 K, it is
crucial to note that the temperature of MAST is 281.01 K which is higher than the rest
of the satellite structure.

Furthermore, as shown in Figure 27, the temperature of the radiator solar panel
is around 270 K, which is within operational limits. However, the temperature of
the solar cells and the contact area with the solar panels is similar to the hot case
conditions. This is because FR4 is a poor conductor of heat [17] and thereby reduces
the efficiency of the solar cells.

5.1.4 Cold case operational

The performance in the cold operational case is similar to the cold survival case with
the slight variation of higher average temperature which is around 265 K. Interestingly,
in this case, the temperature of the upper arm of the boom is higher than the lower
arm and angle bracket of the boom. This behaviour is in contrast to the hot case. The
reason for this behaviour is due to high heat fluxes at the upper arm of the boom and
gradually descending heat flux towards the lower end as shown in Figure 28.
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Figure 27: Contours depicting maximum and minimum temperatures in the cold
survival case for the rear side solar panel.

Figure 28: Contours depicting maximum and minimum heat flux in the cold opera-
tional case.

In summary, for the cold case it is necessary to ensure better efficiency of solar cells
by regulating the material of the solar panels. In addition to that, it is also important to
ensure constant heat supply of more than 10 W to ensure that the overall temperature
of the satellite can be maintained within the operating temperature limits.
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5.1.5 Eclipse mode

Figure 29: Contours depicting maximum and minimum heat flux in the Eclipse mode.

For the eclipse mode, the heat fluxes in the hot operational case have been studied.
To simulate the eclipse mode, instead of using uniform temperature as initial condition,
the result of the hot survival case is used. As shown in Figure 29, it can be observed
that the heat fluxes are stronger in the frame of the satellite when compared to the
boom. This is quite contrasting to the expected direction of heat flow but it can be
substantiated with the logic that the solar panels cool down rapidly thereby causing
the temperature around the frame to drop more significantly in comparison the boom
arms. This is primarily because the emissivity of FR4 is significantly higher than
polished Aluminium.

5.1.6 Inference

Similar results were obtained in the thermal investigation for the spectrometer onboard
GTOSat [16]. The hot and cold cases were observed for similar dates in September
and December. It was concluded from their study that the temperature was extreme
in both cases and TCM strategies were implemented. They had introduced thermal
straps and heaters for maintaining the temperature of the components in the required
operating range.

Based on the results obtained in this study, the solar panel temperatures need to be
improved. Furthermore, the overall boom surface temperature in the hot case needs
to be reduced. The temperature of the base plate of the magnetometer also has to be
regulated. The following sections will address different design modification approach
to overcome the shortcomings of the current design.
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5.2 Specific design cases

In this subsection, two specific design cases are studied, namely thermal interface
design and structural design. In thermal interface design, the material of the interface
between the base plate of MAST and the boom angle bracket is modified to a
thermoplastic material, Polyether ether ketone (PEEK). In the structural design case,
the boom structure has been modified to have cavities in both arms. This comparative
study is performed to understand if the boom structure needs to be hollow or solid for
better performance. Additionally, the role of the Aluminium cap at the edge of the
boom, shielding the payload MAST is studied.

5.2.1 Material comparison for boom - MAST thermal interface

PEEK is a high performance thermoplastic and it is popular for insulation applications.
It is an aromatic, semi-crystalline, linear, hydrolytically stable, wear and abrasion
resistant material [24]. These features makes it a suitable choice for thermal decoupling.
The material assignment of PEEK is highlighted in yellow in the Figure 30.

Figure 30: Thermal interface between MAST and boom highlighted in yellow with
material assignment modified to PEEK.

When PEEK is used as a thermal interface between the boom and the payload, it
can be observed that the heat transfer from the boom to the ceramic sensor body of the
magnetometer is reduced and nearly insulated as shown in Figure 31 and the heat flux
pattern is shown in Figure 32. Although the boom is very hot, the magnetometer and
the plate are at a substantially lower temperature of around 280 K. This shows that
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irrespective of the higher temperatures of the boom, the payload can be maintained at
operational temperature. The pattern of temperature flux visible in the small yellow
band shows the high temperature at the contact area between the boom and the PEEK
interface.

Figure 31: Contours depicting maximum and minimum temperatures in the hot
survival case for PEEK interface (without Aluminium cap).

Figure 32: Contours depicting maximum and minimum heat fluxes in the hot survival
case for PEEK interface (without Aluminium cap).

In Figure 33, the maximum and minimum temperatures during the hot operational
case is observed. It can be seen that the boom average temperature is significantly
higher especially in the lower arm and the angle bracket. This proves that thermal
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decoupling is highly desirable and therefore the concept of using PEEK as an interface
is preferred to an Aluminium interface which is shown in Figure 24.

However, it is important to note that this does not solve the issues pertaining to
the high temperature of the ridges of the solar panels and solar cells. The decoupling
mechanism also prevents the heat dissipated as power from the magnetometer operation
of 0.1 W from reaching the boom therefore helping the temperature of the instrument
to be maintained within operational limits during mission lifetime.

Figure 33: Contours depicting maximum and minimum temperatures in the hot
survival case for PEEK interface.
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5.2.2 Structure comparison

The previous simulations were performed with a solid boom because the CAD model
of the satellite was idealised to simplify the process. Moreover, the original honeycomb
design of the boom was complex thereby making it difficult to manufacture. This
structural design analysis facilitates understanding the significance of incorporating
cavity in the boom in enhancing its thermal performance. A render of the boom with
cavity is shown in Figure 34.

Figure 34: Structural design modification involving introduction of cavity in the
boom design.

Figure 35: Contours depicting maximum and minimum heat fluxes in the hot survival
case for cavity model.
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On performing the thermal analysis in the hot survival case, it was found that the
cavity boom model had lower temperatures throughout the boom in comparison to the
solid model. The heat fluxes were stronger in the upper arm of the boom as shown in
Figure 35. This implies that thermal stress is higher in the highlighted hot-spots and
hence may result in certain structural instability. However, the overall results of the
cavity design proved to be quite favourable in comparison to the solid boom.

The lower arm of the boom and the angle bracket have a temperature of nearly 307
K as shown in Figure 36 whereas it was around 340 K in the other design. Similarly, the
temperature of the upper arm was approximately 328 K and 331 K for the cavity model
and solid model respectively. This implies that although the temperature difference
in the upper arm of the boom in both cases is quite low, it is substantial in the lower
arm. This is because the cavity helps dissipate excess heat thereby lowering the overall
temperature [29]. In addition to the good thermal performance, this design also helps
reduce the total weight of the boom. Therefore, it can be concluded that the cavity
proves to be a desirable feature in the design of the boom.

Figure 36: Contours depicting maximum and minimum temperatures in the hot
survival case for cavity model.
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5.2.3 MAST Aluminium cap shielding

In a satellite mission, it is always important to ensure that the overall weight of the
satellite does not not exceed the margin. For this case, emphasis is put on keeping the
number of components to the optimal level i.e., eliminate extra or redundant ones.
The Aluminium cap at the tip of the boom was designed to ensure shielding for the
magnetometer. However, it was crucial to verify whether the component was redundant
or not. Therefore, a separate analysis was performed with the cap and without the cap
to study its effects.

Figure 37: Contours depicting maximum and minimum temperature in the hot
survival case for boom head and MAST with Aluminium cap.

Figure 37 shows the maximum and minimum temperatures on the boom and the
magnetometer without the Aluminium cap at the boom head. It can be seen that
magnetometer is at a low temperature of around 260 K even at the hot case. This
implies that in the cold case and eclipse mode the temperature of the ceramic body of
the magnetometer will drop more significantly. This is due to the high emissivity of
the ceramic material. Moreover, if there is no decoupling at the interface between the
boom and the magnetometer, the heat fluxes will reach the surface of the sensor body
and cause operation issues. This is an undesirable case for the instrument operation.

On the other hand, Figure 38 shows the heat flux contours when the Aluminium
cap is fitted on the head of the boom. It can be observed that the Aluminium cap has
the high heat fluxes and the ceramic sensor body is shielded from the incoming heat
of the boom. Additionally, it also prevents the minimum heat generated by MAST
from escaping into the cold GTO environment.
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Figure 38: Contours depicting maximum and minimum heat fluxes in the hot survival
case for solid model.

Hence, it can be concluded that the presence of an Aluminium cap at the boom
head is highly desirable as it protects the magnetometer from the harsh radiation
environment of the GTO and also ensures that the instrument temperature is maintained
within operational limits even in the cold case and eclipse mode. The Aluminium cap
also takes the strong heat fluxes at the contact region thereby protecting the ceramic
body of the instrument.
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5.3 Thermal control method implementation

From the results in the above subsection, it was observed that the temperatures of
the solar panels and the boom was higher than the desired values. This gives rise to
implement TCM for improving the thermal performance [33]. Based on the TCM
strategies comparison performed in Chapter 3, it was decided to proceed with using
passive method of coating with Anodised Aluminium.

The purpose of choosing black anodised Aluminium is because it has an emissivity
of 0.88 which is significantly higher than that of polished Aluminium which is 0.05
and the ease of implementation due to immediate availability [6, 38]. There were a
few iterations in selecting the number of faces of the satellite to be anodised. Initially,
all the faces were anodised and this resulted in very low temperatures as most of the
heat was radiated. In order to avoid such drop in temperature values, the number of
anodised faces was reduced until a satisfactory result was achieved.

Figure 39: Location on the model where anodisation is applied as a part of thermal
control highlighted in green colour.

The suggested anodisation location is highlighted in green in Figure 39. The front
face of the rear side solar panel and the backside of the other solar panels alongwith the
side panels of the frame were anodised. Additionally, a small region on the Aluminium
cap was also anodised to ensure that the magnetometer temperature does not exceed
the operating temperature limit due to the boom thermal fluxes.

The resulting temperatures on applying TCM in the hot survival case is shown in
Figure 40. It can be seen that the overall temperature of the satellite is well within
operation limits. The high temperatures on the solar panel is reduced from around
340 K to 316.17 K. In addition to that, the temperature on the lower arm of the
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boom is reduced to nearly 298 K and the aluminium cap at the tip of the boom has a
temperature of 294.5 K.

Figure 40: Contours depicting maximum and minimum temperatures in the hot
survival case for solid model with TCM in the form of black anodisation implemented.

In conclusion, the implemented TCM provides desirable results by ensuring that
component temperatures are within operational limits. The number of anodised
surfaces can be further reduced with the incorporation of PEEK thermal interface and
cavity model in the satellite design. However, the anodisation of the backside of solar
panels is critical because of the poor efficiency and high temperatures in nominal case.
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6 Conclusions
In this study, the thermal loads acting on the satellite in GTO, namely the direct solar
load, albedo and Earth IR loads have been estimated using ANSYS R1 2023 and
the range of heat flux variation was obtained. The effects of these orbital loads in
combination with internally generated heat on the structure is studied for different
temperature and design cases. On identifying hot spots and areas prone to thermal
stress, thermal control strategies have been implemented and verified.

During the cold case survival mode, the average temperature of the system remains
around 250 K whereas in the hot survival mode it is more than 300 K. However, the
solar panels continue to generate heat in both operational modes. Furthermore, the
shielding effect and thermal protection of the Aluminium cap incorporated at the tip
of the boom for MAST has also been verified in the hot survival case.

On comparing the thermal behavior achieved with different interface materials
at the contact region between the boom and magnetometer, it is found that using
PEEK as an interface yields more desirable results than Aluminium 7075. In terms of
thermal performance, the boom model with cavity demonstrates superior characteristics
compared to the solid model. This cavity design allows for better heat dissipation.

The suggested thermal control method involving the implementation of an Anodised
Aluminium coating has been successfully implemented and verified. Furthermore, the
application of the coating on the back of the solar panels has proven to be beneficial
in preventing high temperatures and fluxes at the neck of the panels. This additional
coating has enhanced the overall thermal performance of the system.

In conclusion, a detailed preliminary thermal investigation has been performed on
the FS2 satellite addressing issues specific to the boom and magnetometer. Additionally,
in the process, the author has gained a good understanding of heat transfer principles
and learnt thermal simulation methodology in ANSYS software.
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7 Future work
To further strengthen the validity of the obtained results, a transient thermal analysis
can be performed. This would provide a more comprehensive understanding of the
thermal behavior of the system under varying operational conditions and transient
events.

Additionally, the result files from this analysis can be imported to Structural
analysis in ANSYS Workbench directly to further study the boom vibration and
deformation scenarios due to thermal stress.

It is important to note that the influence of other on-board instruments, as well as
the avionics and propulsion systems have not been considered in this study. Moreover,
as the satellite is still in the development phase, there is scope for more changes in the
design. This makes it crucial to perform further simulations on the satellite to gain a
more accurate understanding of its behaviour in the orbit.

With further development, a prototype of the boom can be tested in a thermal
vacuum chamber for experimental validation of the simulation results.
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A Altitude and thermal load estimation graph plots
In this section, the altitude and orbital loads have been plotted using MATLAB [20].
It can be observed from Figure A1 that the orbital period is 11.5 hours with an eclipse
duration of 0.5 hours [7]. One orbit is referred to as the time taken by the orbit to
reach the starting point, in this case, the perigee at 400 km. The plot is generated for a
total mission period of two days, i.e four revolutions.

Figure A1: Plot generated in MATLAB depicting the variation of altitude of satellite
in GTO for a duration of 2 days with an orbital period of 12 hours.

Furthermore, to understand the orbital heat flux variation, Figure A2 was plotted.
In this figure the y-axis represents the heat fluxes (W m−2) for a mission duration of
two days. It can be observed that the maximum heat fluxes occur at lower altitudes
whereas the minimum occurs at the higher altitudes. The heat fluxes are lowest at the
apogee of 36 000 km. Similar values were observed in the FS1 thermal investigation
studies [3] and the thermal analysis for GTOSat [16], thereby facilitating the validation
of obtained results. Although a minor bug was detected in the code at a later stage of
the study, the obtained results can be substantiated due to the insignificant effects of
albedo and planetary IR loads on the satellite in GTO [6].

Additionally, the different study case heat load values have been plotted in Figure
A3. A variation of around 25 W can be observed between the hot survival and cold
survival cases. This range helps to study the behaviour of the structure in harsh
conditions than those expected during operation. Moreover, the hot and cold case in
the eclipse mode enable to obtain the significance of the heat generated by internal
loads and optimising the power requirement of the satellite in this mode [39]. Although,
in both cases of the eclipse mode, the variation of internally generated power is only
10 W, the heat fluxes on the upper arm of the boom were strong in the hot case.
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Figure A2: Plot generated in MATLAB depicting the variation of altitude and heat
fluxes on satellite in GTO for a duration of two days with an orbital period of 12 hours.

Figure A3: Plot generated in MATLAB depicting the variation of thermal load on
satellite in GTO for a duration of 2 days with an orbital period of 12 hours for six
study cases.
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B Altitude and thermal load calculation - MATLAB
code

B.1 Altitude and heat flux variation in GTO

function load_sat()

%Constants

solar_constant = 1369; %W/m2
albedo = 0.3;
R_earth = 6378; %km
earth_ir= 237; %W/m2
altitude_perigee = 400; %km
altitude_apogee = 36000; %km
period = 12; % Orbital period (in hours)
mission_duration = 2; % Mission duration (in days)

% Calculation of the semi-major axis of the orbit
a = (R_earth + altitude_perigee + R_earth +
altitude_apogee) / 2;

% Calculation of the eccentricity of the orbit
eccentricity = (altitude_apogee - altitude_perigee) / (
altitude_apogee + altitude_perigee + 2*R_earth);

% Calculation of time step
dt = period / 100;

% Calculation of mission duration in seconds
mission_duration_sec = mission_duration * 24 * 3600; %
Convert days to seconds

% Initialisation of arrays to store altitude and time
time = 0:dt:mission_duration_sec;
altitude = zeros(size(time));

% Compute altitude at each time step
for i = 1:length(time)

% Calculating the satellite 's true anomaly
true_anomaly = 2 * pi * (time(i) / (period*3600));

% Calculating the satellite 's distance from the
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center of the Earth
r = (a * (1 - eccentricity^2)) / (1 + eccentricity *

cos(true_anomaly));

% Calculation of the altitude by subtracting the
Earth's radius

altitude(i) = r - R_earth;
end

% Plot altitude vs. time
figure;
plot(time, altitude , 'LineWidth', 1.5, 'Color',"b");
xlabel('Time (s)');
ylabel('Altitude (km)');
title('Altitude Variation of the satellite');
grid on;
legend('Altitude');

total_load = zeros(size(altitude));

for i = 1:length(altitude)
direct_solar_load = solar_constant * (1 - albedo);
albedo_load = solar_constant * albedo * (R_earth
^2/(R_earth+altitude(i))^2);

ir_load = earth_ir * (R_earth^2/(R_earth+altitude(i
))^2);

total_load(i) = direct_solar_load + albedo_load +
ir_load;

end

% Plot altitude and load vs. time
figure;
yyaxis left;
plot(time, altitude , 'LineWidth', 1.5);
xlabel('Time (s)');
ylabel('Altitude (km)');
title('Altitude Variation and heat flux variation of
satellite');

grid on;
yyaxis right;
plot(time, total_load , 'LineWidth', 1.5);
ylabel('Load (W/m^2)');
legend('Altitude', 'Heat flux');
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B.2 Study cases load estimation

function hot_cold_sat_load()

%Constants

solar_constant_hot = 1417.19; %W/m2
solar_constant_cold = 1352.42; %W/m2
albedo = 0.3;
alpha = 0.05;
R_earth = 6378; %km
earth_ir= 237; %W/m2
altitude_perigee = 400; %km
altitude_apogee = 36000; %km
period = 12; % Orbital period (in hours)
mission_duration = 2; % Mission duration (in days)
actual value - 180 days

area = 1;
temperature = 290; %K

% Calculation of the semi-major axis of the orbit
a = (R_earth + altitude_perigee + R_earth +
altitude_apogee) / 2;

% Calculation of the eccentricity of the orbit
eccentricity = (altitude_apogee - altitude_perigee) / (
altitude_apogee + altitude_perigee + 2*R_earth);

% Calculation of time step
dt = period / 100;

% Calculation of mission duration in seconds
mission_duration_sec = mission_duration * 24 * 3600;

% Initialisation of arrays to store altitude and time
time = 0:dt:mission_duration_sec; % Time in seconds
altitude = zeros(size(time));

% Computation of altitude
for i = 1:length(time)

% Calculation of satellite 's true anomaly
true_anomaly = 2 * pi * (time(i) / (period*3600));

% Calculation of satellite 's distance from the
center of the Earth
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r = (a * (1 - eccentricity^2)) / (1 + eccentricity *
cos(true_anomaly));

% Calculation of the altitude by subtracting the
Earth's radius

altitude(i) = r - R_earth;

end

% Array for storing loads for each study case
total_load_hotworse = zeros(size(altitude));
total_load_hotop = zeros(size(altitude));
total_load_coldworse = zeros(size(altitude));
total_load_coldop = zeros(size(altitude));
total_load_eclipse_hot = zeros(size(altitude));
total_load_eclipse_cold = zeros(size(altitude));

for i = 1:length(altitude)
direct_solar_load = alpha * solar_constant_hot *
area;

albedo_load = alpha * solar_constant_hot * 0.4 * (
R_earth^2/(R_earth+altitude(i))^2);

ir_load = earth_ir * area * 5.670373e-8 *
temperature^4 * (R_earth^2/(R_earth+altitude(i))
^2);

total_load_hotworse(i) = direct_solar_load +
albedo_load + ir_load +20;

end

for i = 1:length(altitude)
direct_solar_load = alpha * solar_constant_hot *
area;

albedo_load = alpha * solar_constant_hot * albedo *
(R_earth^2/(R_earth+altitude(i))^2);

ir_load = earth_ir * area * 5.670373e-8 *
temperature^4 * (R_earth^2/(R_earth+altitude(i))
^2);

total_load_hotop(i) = direct_solar_load +
albedo_load + ir_load +15;

end

for i = 1:length(altitude)
direct_solar_load = alpha * solar_constant_cold *
area;
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albedo_load = alpha * solar_constant_cold * 0.2 * (
R_earth^2/(R_earth+altitude(i))^2);

ir_load = earth_ir * area * 5.670373e-8 *
temperature^4 * (R_earth^2/(R_earth+altitude(i))
^2);

total_load_coldworse(i) = direct_solar_load +
albedo_load + ir_load +10;

end

for i = 1:length(altitude)
direct_solar_load = alpha * solar_constant_cold *
area;

albedo_load = alpha * solar_constant_cold * albedo *
(R_earth^2/(R_earth+altitude(i))^2);

ir_load = earth_ir * area * 5.670373e-8 *
temperature^4 * (R_earth^2/(R_earth+altitude(i))
^2);

total_load_coldop(i) = direct_solar_load +
albedo_load + ir_load +15;

end

for i = 1:length(altitude)
direct_solar_load = alpha * 0 * area;
albedo_load = alpha * solar_constant_cold * 0.4 * (
R_earth/(R_earth+altitude(i))^2);

ir_load = earth_ir * area * 5.670373e-8 *
temperature^4 * (R_earth/(R_earth+altitude(i))
^2);

total_load_eclipse_hot(i) = direct_solar_load +
albedo_load + ir_load + 20;

end

for i = 1:length(altitude)
direct_solar_load = alpha * 0 * area;
albedo_load = alpha * solar_constant_cold * 0.2 * (
R_earth^2/(R_earth+altitude(i))^2);

ir_load = earth_ir * area * 5.670373e-8 *
temperature^4 * (R_earth^2/(R_earth+altitude(i))
^2);

total_load_eclipse_cold(i) = direct_solar_load +
albedo_load + ir_load + 10;

end

% Plot figure
figure;
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plot(time, total_load_hotworse , 'LineWidth', 1.5);
hold on;
plot(time, total_load_hotop , 'LineWidth', 1.5);
plot(time, total_load_coldworse , 'LineWidth', 1.5);
plot(time, total_load_coldop , 'LineWidth', 1.5);
plot(time, total_load_eclipse_hot , 'LineWidth', 1.5);
plot(time, total_load_eclipse_cold , 'LineWidth', 1.5);
xlabel('Time (s)');
ylabel('Total thermal load (W)');
title('Study cases of thermal loading on the Satellite')
;

grid on;
legend('Hot worse', 'Hot operational', 'Cold worse', '
Cold operational', 'Eclipse hot', 'Eclipse cold');
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