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Abstract

English

This thesis is on the topic of numerical thermal analysis, specifically of the Small
Explorer for Advanced Missions SEAM. SEAM is a 3 unit Cubesat, which is
going to be launched in a sun-synchronous orbit to measure the magnetic sphere.
It makes use of a boom deployment system to remove the sensors from the
magnetic field influences of the body. The goal of this thesis is to study the
thermal behaviour of the satellite, specifically the internal components and the
thermal deformation of the boom structure. The numerical simulations make
use of the Monte Carlo Ray-tracing method. Furthermore thermal vacuum
cycle tests have been compared to the thermal model as a form of validation.
Additionally the thesis also serves as a final thermal analysis of the satellite, to
check if all components operate within their specified thermal operating range.

Swedish

Detta examensarbete handlar om numerisk termisk analys av SEAM (Small
Explorer for Advanced Missions) satellit. SEAM är en 3U CubeSat, som ska
skickas upp i solsynkron bana kring jorden för att utföra magnetfältmätningar.
Satelliten använder sig av en utfällbar bom för att separera magnetsensorer fr̊an
magnetiska störningar fr̊an satellitens elektronik. Examensarbetet syftar till
att studera termiska beteende av satelliten, specifikt temperaturomr̊aden i ba-
nan för interna komponenter samt termisk deformation av den utfällbara bom-
strukturen. Numeriska simuleringar av str̊alningsöverföring av värme använder
Monte-Carlo metod för att följa str̊alar. Experimentella resultat fr̊an termisk
vakuum testning av satelliten har jämförts med termiska modellen för att valid-
era den. Examensarbetet utgör den slutliga termiska analysen av satelliten, för
att säkerställa att alla komponenter används inom deras specificerade temper-
aturomr̊ade.
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Chapter 1

Introduction

The Small Explorer for Advanced Missions (SEAM) is a collaboration project
in the 7th Framework Programme Funded by the European Union. The project
aims to promote small enterprises in the space branch coordinated by the Royal
Institute of Technology (KTH). The consortium is funded to design, build and
operate a 3-unit cubesat for observation of the magnetic field around Earth,
to improve the understanding of the Earth space environment and to test new
technology [1]. The satellite its mission is two-fold: first to get a better under-
standing of the magnetic field and second to test and qualify cubesat technology
developed for this mission, an example would be the boom deployment system.

The satellites is currently in the final stage of the testing phase and it is
expected to be launched in November 2017. This thesis is written to get an
understanding of the satellites its thermal behaviour and its thermal-structural
behaviour. First, the thesis serves as a final thermal analysis and second to get a
first understanding of the thermal-structural behaviour of the boom deployment
system through the use of analytical and numerical analysis, as the structure
is under influence of large heat fluxes. The magnetometers of the satellite are
extended 1 meter outside of the satellite to measure the magnetic field without
disturbance from magnetic fields generated by the satellite. The two sensors
are mounted on two plates which are supported by two booms with a semi-
circular cross-section. In orbit the booms will expand and contract based on
the direct thermal environment. For the magnetometers the translation is not a
direct issue for the quality of measurements, but the rotation caused by uneven
translation is. A rotation is created if the two booms are of unequal length
due to a difference in temperature. This thesis investigates two methods to
calculate this rotation and check whether it violates requirements concerning
the attitude. The requirement of the pointing accuracy is 10◦ and the pointing
precision is 0.017◦ for the fluxgate magnetometer.

These calculations will serve as a back-up solution in case the tip plate star
tracker is not working. The SEAM satellite carries two star trackers. The first
star tracker is positioned in the body of the satellite and will measure the atti-
tude most of the time. The second star tracker is positioned on one of the tip
plates at the end of the boom, this star tracker will only operate incidental.

In 2014 a preliminary thermal analysis has been conducted. This report has
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CHAPTER 1. INTRODUCTION

three main suggestions for further research and improvement [1]:

• Accurately model internal components and heat loads as there was no
reliable information on the power consumption of the subsystems at the
time analysis.

• Study the effects of thermal-structural behaviour of the boom deployment
system and the boom tip its temperature.

• Material and coating recommendations for the surfaces to provide better
thermal balance.

To validate the thermal behaviour of the simulations, a second set of simu-
lations was made. This set of simulations is made such that it corresponds to
the thermal environment of the Thermal Vaccuum-Chamber Test (TVAC). The
TVAC was done for in August 2017 at IRF Kiruna to thermal-cycle the Flight
model.

The SEAM satellite makes use of an active thermal control system, consisting
of one heater. The heater is located on the battery and is activated when the
batteries thermal sensors measure a temperature below 0◦C. Furthermore a few
systems have thermal sensors for house-keeping. The rest of the satellite is
passively controlled by design.

This thesis consists of three parts and a total of nine chapters. The first part
elaborates on the background of the project and a background in thermal anal-
ysis (numerical) methods. The second chapter details the preliminary thermal
analysis and lists the different thermal system requirements. The third chapter
is a short literature study on the numerical methods used for thermal analysis
and specifically for the Siemens NX 11 software, which is used for all thermal
analysis in this report.

The second part of the thesis contains two chapters (fourth and fifth) con-
taining information on the set-up for the design of the thermal simulations, for
the thermal analysis and for the multi-physic analysis. In these chapters all
the information concerning thermal couplings, energy dissipation and thermal-
optical properties are explained.

The last part contains the results of both analyses and it uses the thermal
vacuum test as a validation for the thermal simulation. In the sixth chapter the
results from the thermal analysis are shown. The results are also compared to
the requirements of the subsystems. In the seventh chapter the results from the
multi-physic simulations are shown. In the eighth chapter the Thermal Vacuum
test is explained and compared to the simulations. And lastly, the conclusion is
given in chapter nine.
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Chapter 2

Previous work on thermal
analysis of SEAM

A previous study into the thermal system of SEAM is discussed in this chapter.
The main recommendations of the preliminary thermal analysis were firstly to
do a more detailed analysis, which is to include internal component modelling.
Secondly, it was recommended to analyse the thermal effects on the boom de-
ployment system. And lastly, to look into possible material and coating selection
to get the average temperature around room-temperature. For those who are
familiar with the report, this chapter is a summary [1].

2.1 The methodology and model

Case analysis

Three cases have been analysed in the preliminary study to examine the thermal
balance of the spacecraft.

• Nominal case: The nominal operations case covers the full orbit in which
all instruments and support systems are active. This results in an addi-
tional heat dissipation of 11.4 W

• Worst Cold case: This cases uses the orbit with the maximum amount
of eclipse time and all systems are inactive, therefore there is no additional
heat dissipation.

• Worst Hot case: The worst hot case is the case where all equipment
is operating and in an orbit with minimum amount of eclipse time. Ad-
ditionally, the communication system is also active, as opposed to the
nominal case, causing an additional heat load of 15.2 W. This results of a
total heat load of 26.6 W

Modelling

The coordinate system is defined such that the X-axis is pointing downwards,
the Z-axis is pointing in the velocity direction, and the Y-side is facing space,
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CHAPTER 2. PREVIOUS WORK ON THERMAL ANALYSIS OF SEAM

respectively known as ’bottom’, ’front’ and ’space’ side. The satellite was defined
in five main parts as listed below, a picture of the model is shown in Figure 2.1.

• Main body

• Solar panels

• Parallel deployed booms, deployed on both sides of the satellite

• Boom tips with science equipment

• Harness stretched between the body and boom-tips

Figure 2.1: Model used for preliminary thermal analysis [1]

Surrounding Environment In this study Albedo and Earth IR spectrum
was included. In Table 2.1 orbital parameters are shown which were used in
the preliminary study. Note that the RAAN has changed to 315 for the new
analysis and that the orbit is sun-synchronous.

Table 2.1: SEAM orbital parameters used in preliminary study [1]

Attitude 600 km
Eccentricity 0
Inclination 97.8◦

RAAN 237◦

2.2 Results

The results of this analysis was quite promising as the maxima and minima of the
different cases was not exceeding the thresholds with respect to the temperature
ranges of spacecraft instrumentation. Requirements on the thermal system have
not been formulated in the list of requirements, therefore they could not be
checked. The values od the preliminary analysis are shown in Table 2.2.
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CHAPTER 2. PREVIOUS WORK ON THERMAL ANALYSIS OF SEAM

Table 2.2: Temperature results from the preliminary thermal analysis [1]

Nominal Hot Cold

Axis Maximum Minimum Maximum Minimum Maximum Minimum

X 32.5 18.3 52,5 38.8 15.2 0,9
-X 32 14 52 34.5 13.3 -4
Y 26.3 14 47 35 8.5 -3.9
-Y 36 17 56,2 38 18.8 -1
Z 28 16.3 48,5 37 9.8 -2
-Z 32 14 50,2 33.9 15 -2.5

2.3 Requirements

In Table 2.3 a list of thermal requirements is shown, note that this was not
part of the preliminary report. Due to the lack of proper documentation not
all requirements in table are from the subsystems, which are actually flown on-
board SEAM. The subsystem requirements not found in the documentation are
consequentially taken from literature, and give generic boundaries on the type
of subsystem [7], [3].

Table 2.3: Thermal requirements for subsystems [7], [3], [4]

Subsystem Operation Range Survival range

Min [◦C] Max [◦C] Min [◦C] Max [◦C]

Battery -20 60 - -
S-band -20 45 -40 65
Antenna -50 50 - -

Literature

Star tracker 0 30 -10 40
Solar Panel -150 110 -200 130
PCB -20 60 -40 75
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Chapter 3

A background in thermal
analysis for Micro-satellites

In this chapter the theory and numerical methods used by Siemens NX are
summarised and explained. First, it is explained how heat is exchanged in
satellites and temperatures are calculated and second, numerical methods are
explained.

3.1 Heat exchange

Heat is exchanged in three ways by conduction, convection or radiation. In
space convection is irrelevant as there there is no ambient pressure from fluids
or gasses.

Conduction Conductive heat exchange between two solids depends on the
temperature difference between the contact surface, the distance between the
two objects and the thermal conductivity,

q =
kA

L
∆T (3.1)

where q is the heat exchange rate in [W], A the contact area [m2], L the length
[m] and ∆T the difference in temperature [K] and k the conduction parameter
[W/mK] To further increase the accuracy of this method, additional factors
can be used to refine estimations. An example would be surface smoothness
factor, which represents the decrease of conductivity on the microscopic scale of
surface contact. In Siemens NX different kinds of thermal coupling objects can
be used to simulate conductivity. The most straight forward one is used in the
simulations in this report. This simulation object lets you define two surfaces
and the heat exchange rate in W/C◦

Radiation: Radiative heat exchange depends on the temperature, Stefan-
Boltzmann constant and the emissivity of the surface. The Stefan-Boltzmann
equation is [W/m2K−4],

q = εσT 4 (3.2)
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CHAPTER 3. A BACKGROUND IN THERMAL ANALYSIS FOR
MICRO-SATELLITES

were ε is the emissivity value, T the temperature [K] and σ the Stefan-Boltzmann
constant.

This equation implies that every object radiates heat that scales linear with
the emissivity of the surface. A pure black surface has a emissivity value of 1.
The total heat absorption of a surface depends on the effective incoming energy
and absorption coefficient,

Qabs = αQinc(1 − ρrefl) (3.3)

were Qabs is the absorbed heat [J], Qinc in the incoming heat [J], α is the
absorption coefficient, and ρrefl is the reflection coefficient.

Heat balance equation In simple cases the satellite is a closed system, there-
fore the energy received must be equal to the energy emitted. The energy bal-
ance equation is,

Qout = Qin

εσT 4Aems = αQeffAabs

(3.4)

. Note that the satellite is treated as a single object in this equation.
If the satellite or part of the satellite is connected to another solid part the

object receives or loses heat to this object due to the process of conduction
as explained before. Additionally, a satellite dissipates energy through the use
of subsystems. Adding these two phenomena to Equation 3.4, the following
equation is obtained for a single element,

εσT 4Aems = αQeffAabs +
kA

L
∆T + P (3.5)

were P is the energy dissipated by the element [J].

3.2 Form factors

To model multiple objects a thermal network is used to calculate all the tem-
peratures of the objects. Dividing up the satellite is a process of increasing the
resolution of the simulation. The number of equations increases rapidly with
the number of elements, as all elements interact with each other. The received
radiation of each element is a function of all elements in view. In addition el-
ements connected to each other conduct energy. Form factors are introduced
to determine how well an element sees another element. Consider an system of
three surface in sequence as depicted in Figure 3.1. In the figure there are 2
conduction coupling namely, 1 to 2 and 2 to 3. In Addition, there are 6 radia-
tion couplings: 1-2, 1-3, 1-4, 2-3, 2-4 and 3-4, a representation can be found in
Figure 3.2. All the surfaces radiate energy to each other and partly to space.
To determine how much energy from one surface reaches the next surface form
factors are used. Form factors are can be analytically calculated using,

FF12 =
1

A1

∫ ∫
cos(θ1) cos(θ2)

πr212
dA1dA2 (3.6)

were FF is the form factor, θ is the angle between the normal of the surface
and the line from the centre of the surfaces, A1 and A2 are the respective surfaces
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MICRO-SATELLITES

[m2], and R is the distance between the two surfaces [m]. In general calculating
form factors for a model takes a significant portion of the simulation time [8].

Figure 3.1: Thermal
network explanation

Figure 3.2: Thermal network explanation

One method to reduce calculation time to calculate form factors is by using

AiFFij = AjFFji (3.7)

were FF is the form factor and A is the surface[m2], i and j refer to the respective
surfaces. Using this equation it is possible to solve for unknown form factors
in the geometry, by solving different sets of surfaces and their form factors.
This reduces the demand for other extensive numerical methods to calculate
the double integrals in Equation 3.6.

3.3 Numerical methods

As Form Factors are difficult to calculate analytically many different numerical
methods have been developed to calculate form factors. A few of these methods,
which are used in the simulations of the report are explained in this section.
Siemens NX offers three methods to calculate the form factors: Deterministic,
hemi-cube and Monte Carlo ray-tracing. Deterministic will not be explained in
detail as this method directly solves Equation 3.6, using a form of numerical
integration. This thesis will not go into detail of structural numerical methods
as the main focus of this thesis is the thermal analysis [6].

Monte Carlo Ray tracing Monte Carlo Ray tracing method is an interesting
method to calculate form factor. It is especially usefull if the surfaces have
shallow angles with respect to each other or if surfaces are reflective (i.e. solar
absorptivity is not equal to one). In Monte Carlo ray-tracing first the ’view’
from a surface is defined. This view is where the rays disappear into space
and no longer interact with the satellite and its environment. For example a
flat surface can see a hemisphere. A ray can then be defined by four different
random variables as illustrated in Figure 3.3. The four random variables are
two positions variables on the surface and two angular variables to define its
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MICRO-SATELLITES

direction. To calculate the form factors using the ray-tracing method one now
’shoots’ many rays from a surface and traces the rays until extinction. The
ratio between the number of rays which are launched from the surface and the
surface which is hit, is the form factor between those surfaces. It becomes
immediately clear why it is important to launch many rays per surface to get a
good estimation of the form factors [5].

Figure 3.3: U,V, θ and φ are a possible combination of variables to use for a
Monte Carlo ray-tracing method

The advantage of using Monte Carlo method in NX is that it takes into ac-
count partial illumination of individual elements. Deterministic and Hemi-cube
form factor calculate diffuse reflections by assuming an element is uniformly
illuminated. This becomes especially relevant for when one concerned with in-
coming rays which have sharp angles with respect to the surface. Additionally,
Monte Carlo tends to better handle complex and diffuse models. The disadvan-
tage f using Monte Carlo ray-tracing is the computation time, in particularly
when concerned with large models, as the amount of calculations is based on
the number of rays per element.

Hemi-cube method To explain the Hemi-cube form factor method, one must
first understand the Nusselt Sphere method to calculate form factors. The
Nusselt sphere is a technique to calculate the form factor based one a unity
hemisphere. To calculate the formfactor from 1 surface to another surface, the
second surface is projected on a unit hemisphere around the first surface and
then calculate the ration between the area of the hemisphere and the area of
that projection.

The hemi-cube method uses an similar method to the Nusselt sphere. How-
ever there are a few changes. First the hemisphere is changed to a cube and
second the sphere is discretized in pixels. This allows to pre-compute all the
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projection-contributions for every pixel on the cube, resulting in a look-up ta-
ble. After creating the table one only has to project every area on the cube and
determine which pixels are activated per projected area. The accuracy of the
simulation can therefore be increased by decreasing the pixel size on the cube.
Finally the form factor is calculated

∆FdAiAj
=

cos(φi) cos(φj)

πr2
∆A (3.8)

. A representation of the method can be found in Figure 3.4. The main advan-
tage of using the Hemi-cube method is to achieve fast results without sacrificing
too much accuracy [6].

Figure 3.4: Visual representation of Hemi-cube method

3.4 Radiative couplings

After determining the form factors the radiative couplings are to be calculated.
Radiative couplings include the emissivity and absorptivity values of the surfaces
and account for indirect illumination of a surface. This can be done in three
ways, Gebhardt’s, Radiosity (Oppenheimer’s) or Monte Carlo method. The
Gebhardt’s calculates radiative couplings by solving matrix equations based on
the form factors. With Oppenheimer’s method additional nodes are introduced
into the model and form factors are used to calculate the couplings. Lastly,
Monte Carlo further expands on the ray-tracing method [2].

Gebhardt’s Method The Gebhardt’s factor is defined as the ratio between
the energy absorbed at Aj originating as emission at Ai and the total radiation
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Figure 3.5: Oppenheimer’s method visualised

emitted at Ai. Summing these terms for each elements Equation 3.9 is obtained.
In the equation i and j stand for the respective surfaces where k is the indicator
for which surface is calculated from [10].

Bij = εjFFij +

k=1∑
Ns

(
(1 − εk)FFikBkj

)
(3.9)

This equation can be solved by solving a set of matrices,

c · FFij
~Bik = ε · ~FFik (3.10)

Oppenheimer’s method Oppenheimer uses a interesting method to obtain
the grey body view factors. It first uses black bodies to obtain the form factors.
Second the Oppenheimer’s method clones the original surfaces and couples than
to its parent by a conductance. This surface is to replace the radiation, which
should have taken place. The conductance to the parent surface is to regulate
the amount of heat radiated. The magnitude of the conducted heat is,

Q̇ =
σAε

1 − ε
(3.11)

Monte Carlo When calculating form factors with Monte Carlo ray-tracing
method, all surfaces are assumed to absorb all the energy of the ray. When
used to calculate the radiative couplings the absorptivity and reflectivity are
taking into account. Or in other words it means that a ray bounces of surfaces
until extinction. Extinction is the event that the energy level drops below the
threshold or that the ray leaves the system [5].
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Chapter 4

Preparation of CAD-model
and meshing for thermal
analysis

In this chapter a overview is given on the process of creating the Computer Aided
Design (CAD) model and the simulation model for the purpose of simulation
SEAM satellite. The whole process of meshing and creating simulation objects
is described. This includes full orbit descriptions, thermal properties, thermal-
optical properties etc [2].

4.1 Purpose of the thermal analysis of the SEAM
satellite

In the chapter 2 some recommendations for a more detailed study of the SEAM
satellites thermal environment are given. In this section it is defined what the
goals are and how they will be achieved.

4.1.1 Detailed internal modelling of equipment

In the preliminary report only the satellites’ outer surface was modelled, as can
be seen in Figure 2.1. Therefore it was recommended to do a detailed inter-
nal modelling of the satellite. This allows for a closer look into the thermal
behaviour of the internal components (e.g. Printed Circuit Boards (PCB), sci-
ence equipment and battery). The interior mostly consists of PCBs, which are
stacked on top of each other. Most of the PCBs will radiate most heat between
each other rather to interact with the satellite. The heat is only dissipated to the
satellite through the outer PCB’s. Therefore the stack of PCB’s can be remod-
elled to two surfaces which interact with each other. This is achieved by calcu-
lating an effective view factor and emissivity using Oppenheimer’s method [10].
This decision was only made to reduce the complexity of the model.
To reduce the complexity of the satellite its CAD-model and simulation run
time, it was decided to remove most of the PCBs and remodel the ones left to
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an object which represents the full stack of decks. This can be done by calcu-
lating an effective view factor and emissivity using Oppenheimer’s method [10].

The biggest subsystem in the body of the spacecraft is the deployment sys-
tem. After deployment of the booms this system is passive and does not have
a function. However, it is still modelled as its has a relatively large thermal
capacity and it can serve as a reference to the rest of the model. Additionally,
the system is directly exposed to space, and if removed from the model it will
expose other system directly to space. Open sections in a spacecraft cause ad-
ditional challenges it causes greater heat loss, or greater gradients as the sun is
directly illuminating on particular system inside the satellite.

4.1.2 Critical subsystem

Two subsystems in thermal analysis which are typically sensitive are the bat-
tery and the communication system, therefore they are modelled with a more
refined mesh. Typically a battery has a limited operational temperature range.
In Table 2.3 a list of temperature ranges can be found, the battery has in the
SEAM satellite a operational range between -20 and 60◦C. This is exceptionally
large range for a battery [7]. The second system is the communication system,
this system consumes disproportional amounts of power with respect to its size.
During nominal operations it is not an issue of concern. However during trans-
mission this causes high temperature gradients over time causing the system to
overheat within minutes. Therefore during communication the system is often
limited to only operate a few minutes.

4.2 CAD-model

The CAD-model is based on the fit-check and structural CAD-model, this model
includes too many details for the thermal analysis. Many different parts have
been deleted as they are non-essential, mostly consisting of internal objects
which are not sensitive to the thermal environment or details which are too
small for the simulation. A picture of the CAD-model is shown in Figure 4.1.
In the figure the boom tips are missing as they extend too far from the satellite.

In NX there are two ways to ignore parts of the satellite, either do not mesh
the object or deactivate the object in the mesh environment. The objects during
the mesh environment are then still shown. For example the PCB connectors.
A more detailed look of the interior of the satellite can be seen in Figure 4.2.
In top unit of the satellite the battery and several PCB’s are located. In the
middle unit the deployment system is located and in the bottom unit there are
more PCBs and the body star-tracker. The star-tracker does not have a refined
mesh as its main purpose in the thermal simulation is that it serves as high
thermal mass object.
Note that in Figure 4.2 the front and back solar panels and cover plates have
been removed as well as the front booms and one tip-plate.
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Figure 4.1: CAD model of the satellite, excluding the tip plates

Figure 4.2: Interior of the satellite
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4.3 Generating mesh

Meshing is the process transforming the CAD-model into a model, which can
be used for the purpose of numerical computations. The object to be meshed
is divided in elements which each have a set of physical properties. In Siemens
NX all the properties of the materials and the surfaces are added in the mesh-
ing phase of the simulation process: the thermal properties of the materials are
added, the thermal-optical properties are given to respective surfaces and for
each surface a thickness is defined. The thickness is required as NX does not
take into account the original objects from the CAD model, but only takes the
meshes into consideration. Instead of adding the materials during the meshing
phase, it is possible to let the objects inherit materials added in the CAD-phase.

The mesh is the fundament of the simulation and needs to be done with
care. A bad mesh will bad results or diverge the solution. A few of the main
parameters are the aspect ratio and skew angle. There are some general good
practices to avoid bad meshes. First, it is important that the surface of the
mesh is simple, meaning that holes and other irregularities should be removed.
Preferably the surface to mesh should be a square. If a surface has holes or
other irregularities the mesh generator will try to create elements surrounding
the hole, which in turn creates skewed or bad elements. A good solution to
this problem is often to remove the hole. Another example would be to ignore
details on PCBs, normally remodelling them to a simple surfaces suffices.

Now turning to the physical properties of the simulated objects and materi-
als. In Table 4.1 the thermal-optical properties of the different types of surfaces
and the thermal properties of the materials are listed.

Table 4.1: Thermal-optical property values of coatings and materials used in
simulation, [7], [3] [4]

Material Cond [W/m-dC] SH [J/kg-dK] Emissivity [-] Absorptivity [-]

Aluminium 205 880 0.15 0.25
Anodized Aluminium 205 880 0.77 0.25
PCB 17.4 1300 0.9 0.66
Solar panel 130 1072 0.89 0.91
Copper/interstage 387 385 0.05 0.32
Boomtip sensor - - 0.84 0.23
Gold 1500 129 0.04 0.12
White paint - - 0.8 0.2
S-band radio front - - 0.607 0.176
Kapton 0.46 1090 0.89 0.76
MACOR 1.46 790 0.8 0.7

4.4 Simulation

THe purpose of the simulation environment is to give the input to the system
and prepare the model to be solved. The simulation environment deals therefore
with two very distinct disciplines. First a complete physical representation of
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Table 4.2: Orbital parameters used to simulate SEAM its orbit

Parameter Value

Orbit type Sun-synchronous
Sun Declination 0
Solar flux 1378 W/m2

Altitude 600 km
Eccentricity 0
Inclination 97.76
Periapsis 0
Local time at Acs Node 21:00:00

the environment is created and connected to the meshes. Second, the solution
parameters are set-up so the simulation is more likely to be solved. This mainly
deals with what kind of calculation methods are used for calculating form fac-
tors or what type of integration method is used to converge to a consistent
solution. So in the simulation environment the first thing to do is to create a
solution and set the solution specifications. The simulations are run from initial
conditions (all elements being 20◦C) to the steady state. The steady-state is
determined by the difference in temperature at a specified point in the orbit
between consecutive orbits.
In Siemens NX there are three types of objects in the simulation environment.
There are loads, constrains and simulation objects. Loads contain objects to
simulate heat dissipation from subsystems. The simulation objects offers many
different options to simulate complex thermal behaviour, the most relevant ob-
jects will be explained. The most important objects are the orbital heating and
the thermal coupling object [10].

4.4.1 Orbital Heating

The orbital heating object allows for simulating a planets environment for a
specified orbit. For Earth it also accounts for Earth Albedo, Earth IR spectrum
and solar heating. The albedo effect is modelled quite simplistic, as it only take
the average over the orbit and adds this value as a constant heat source if the
satellite if illumination conditions are met.

In the orbital heating object two things are defined, first the orbit itself.
Second, the numerical method to solve for the form factors is chosen, in this
report Monte Carlo ray-tracing method is chosen. For defining the orbit the
orbital parameters are specified. The orbital parameters used are described in
Table 4.2. Note that some of the values are automatically calculated by NX
based on the previous input. Additionally, it is possible to specify the attitude
of the satellite. However the spacecraft’s rotation is limited to rotations around
1 specific axis, this describes any possible attitude (making use of the principle
rotation axis theorem [9]). This makes it possible to simulate any attitude, but
one is not able to simulate complex attitude changes or a detumbling phase.
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4.4.2 Thermal couplings

In simulation environments the couplings between meshes and different objects
have to be implemented by hand. For this thermal couplings objects are used.
To implement a coupling two surfaces, which are to be connected, are selected
and given parameter in terms of the heat flow per degree. The advantage of NX
is that it automatically connects all nodes and elements which are originating
from the same object, therefore one does not have to create a coupling between
every single element of surface. In Section 3.1 it is explained how the thermal
couplings are calculated. In Table 4.3 all thermal couplings implemented in the
model can be found. Due to the nature of the structure of the satellite many
couplings in the structure are required. Therefore only the conductance values
are shown and no the actual couplings as they repeat themselves throughout
the structure, the same is done for other repeating objects. A small example:
a PCB is attached with four screws to a small screw hole, this requires four
separate thermal couplings. In other cases thermal couplings are needed within
the same object as the mesh could not evenly be applied on the whole object, an
example is the antenna. There are several internal thermal couplings between
the different PCB’s, this includes the couplings between the structure and the
PCB connection points. It should be noted that the structure conductances
apply to connections between structure and systems, and between the structure
itself.

Then there are some decisions to be mentioned concerning the simulation.
The boom deployment system does not make use of any form of thermal cou-
plings inside the satellite. This part of the satellite is very irrelevant during any
type of operation after deployment, therefore it is not modelled. Secondly, there
is little coupling between the deployable solar panels and the satellite, therefore
it is assumed to be zero. Thirdly, the couplings between cover plates or solar
panels is assumed to be zero [10].

Lastly, as the structure is irregular and has many small and difficult features
and shapes. It is therefore difficult to properly mesh it or idealise it. To solve
this problem all the ribs, screw holes and other features have been meshed
separately. This means that all these separate meshes have to be joined by
using thermal couplings.

4.4.3 Power dissipation

In table 4.4 the heat load per type orbit is shown, or orbit cases. The communi-
cation orbit uses the respective systems for 10 minutes, after that the time the
communication window closes. With the power dissipation the different cases
are defined. The communication orbit is a hot case scenario where the commu-
nication system works for 10 minutes on full power in sunlight. To simulate this
first the satellite is put in a normal orbit without using only nominal opera-
tions, when the change between orbits is minimal, the communication system is
activated. This causes the highest possible heat load for this situation. For the
Nominal Case all systems are scaled to their expected power consumption over
multiple orbits, representing the basic steady-state solution. Lastly, in the cold
case all systems are turned off (e.i. all subsystems use 0 W), in reality some
of the systems will still be functioning. However if the satellite is not violating
any thermal requirements during the Cold case, additional heat loads will then
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Table 4.3: Thermal couplings used in model

System Type object Area [mm2] K value K value W/dC

Structure

Small screw hole 38 High 250 0.0096
Interstage rib 158 Low 75 0.0119
Solar panel rib 580 Medium 250 0.145
Interstage screw hole 24 Medium 150 0.0036
Small rib Z+ 41 High 250 0.0103
large rib Z+ 640 Low 75 0.048
Large screw hole 79 High 150 0.0119
Middle rib 546 Low 75 0.041

Antenna

Tube 35 High 250 0.0088
Connector 29 High 250 0.0072
Screw hole 120 High 250 0.03

Structure to PCB

Sides 121 High 250 0.03025

PCB

PCB to PCB 8 High 250 0.002

not pose any threat for survival of the satellite. Note that the battery is also
consuming energy due to the battery inefficiency. The heat is a percentage of
the total consumption in orbit. Also note that the 5.2 W (in the communication
orbit) is the average power consumption over the whole orbit whereas the other
figures in the column represent the actual power usage [10].
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Table 4.4: Energy and Power consumption of subsystems in different orbit types

System Com Orbit [kJ] Com orbit [W] Nom Orbit [kJ] Nom Orbit [W]

Nanomind A3200 1.76 0 1.67 0.29
PCBMM 11.44 2.9 10.85 1.87
OEM615 0 19.1 0.36 0.06
TIPST 0 0 1.01 0.17
BODYST 0 0 0.25 0.04
Sband-rad 0 0 0.95 0.16
Sband-trans 9.82 16.4 3.12 0.54
NanoComRx 1.58 2.6 1.59 0.27
NanoComTx 1.87 3.1 0.86 0.15
NanoPower P6 0.92 1.5 0.87 0.15
DPU+sci 0 0 25.35 4.38
Battery 2.05 3.4 3.52 0.61
Total 29.4 5.2 50.4 8.7
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Chapter 5

Methods used for
estimating boom
displacement due to
thermal phenomena

In this chapter the method concerning the boom displacement due to thermal
phenomena is explained. The goal is to find the influence of the thermal envi-
ronment on the change of attitude of the boom tips Several methods were tried
using a numerical models, were not in line with the simplistic analytical model.
Therefore the numerical models are not discussed in this thesis. An analytical
model was created which utilised an Euler-beam representation, and determine
the off-set angle based on the forces caused by the deformation, as this method
also give no sensible results it was discarded as well. The second method directly
looks at the difference in strain and the angle is calculated based on that angle.
This method will be supported by a numerical analysis on the temperatures on
the boom. The last method is the method discussed in this chapter.

5.1 Analytical model

The attitude of the tip-plate changes as the length of the beams it is attached
to changes. The length of the beam changes under influence of the thermal
environment. The length of the beam is dependent on the coefficient of thermal
expansion, the difference in temperature between state 1 and state 2, and the
length of the beam. The formula to calculate the change is length is shown in
equation 5.1. In this case the formula is used slightly different, first ∆T is used
here as the difference in temperature between beam 1 and beam 2. Second, dl
denotes the length of the element in simulation.

ε = α∆Tdl (5.1)
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5.2 Numerical model for Thermal analysis of
the deployment system

The second step is then to determine the temperature difference between the
beams over the orbit.The temperature of the beam depends, aside from the
beam properties and thermal environment, on the attitude of the spacecraft.
Therefore two different attitudes will be calculated, the nominal attitude and
the most extreme attitude. The initial idea was to create a look-up table for all
positions in orbit and attitude based on the thermal analysis, but that would
take too much computational power.

To do the new thermal analysis it was decided to build a new model, it is
shown in Figure 5.1. It consists of three objects: the body, the booms and the
tip plates. The main body is relevant for the shadowing of the booms. The tips
were initially created to calculate for their position under the influence of the
boom deformation. Note that this satellite does not have deployable solar panels
or antennas. The satellite is divided in three different meshes, the physical and
thermal-optical properties are shown in Table 5.1.

Figure 5.1: Simplified model of SEAM satellite after meshing in NX thermal
space system environment

Table 5.1: Mesh properties of different bodies in model [7], [3], [4]

Elements Thickness Solar absorption coefficient Emissivity coefficient

Body 40 0.8 0.8
Booms 1 0.43 0.5
Tip-plate 10 0.8 0.8

Conductivity Thermal capacity

Body 154 896
Booms 1.4 1090
Tip-plate 154 896
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Simulation objects For the thermal simulations the same type of objects
are used as in the thermal analysis of SEAM satellite. The objects and their
functionality is explained in Section 4.4. There are some small differences, first
the total dissipation of the satellite is evenly distributed on the body of the
satellite. Second thermal couplings are added between the booms and the tip-
plate. The last difference is that in this simulation in the Radiation object
the deterministic calculation method (and Oppenheimer’s method) is chosen as
opposed to Monte Carlo ray-tracing.

Figure 5.2: Simplified model of SEAM satellite after adding simulations objects

In Figure 5.2 the thermal couplings from the booms to tips are shown. The
other two objects are not shown as they are applied to the whole model. These
objects are the radiation object, which ’activates’ all elements and the orbital
heat object, which simulates the space environment.
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Results and analysis
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Chapter 6

Results and Analysis of
simulations

In this chapter the results from the thermal simulations are shown as well as
the results of the structural results from the analytical solution.

6.1 Results of Thermal analysis

In this section the results of the thermal analysis are shown. There are three
different cases the cold case, the nominal case and the communication case. In
Chapter 4 it was discussed what the parameters and boundary conditions are for
the analysis. For every case a graph of the temperature of critical components
is shown and two figures which show the simulation results of the satellite with
a temperature map of the interior and exterior. Most of the results turned out
as expected, and therefore most comments will be on particular behaviour of
the solutions.

6.2 Cold case

In figure 6.1 it is observed that the temperatures inside the satellite are rela-
tively constant and the satellite is well insulated, especially the battery. The
temperature of the battery barely changes is due to the high thermal mass.
When comparing to the temperature ranges of the requirements described in
Chapter 2, none of the systems violate the requirements. This is also true for
Figures 6.2 and 6.3. Figure 6.2 shows the minimal temperatures of the exterior
of the satellite in orbit. Figure 6.3 shows the minimal temperatures of specific
systems of the satellite. The gradients in the structure are caused by the thermal
couplings in the structure.
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Figure 6.1: Temperatures of internal systems in orbit, Cold case

In Figure 6.2 the booms have been removed as they are much colder than
all other parts in the satellite, as the booms cool down to -110◦C. The booms
become this cold due to their low thermal mass and ratio between surface area
and thermal mass is high. Observe that the tip plates become quite cold (-30◦C
range), however the electronics of the tip plates has a survival limit down to
-60◦C.

Figure 6.2: Temperature of external system in orbit, Cold case

In Figure 6.3 depicts the minimum temperatures, the internal temperatures
are within the range of -7 to 3 ◦C, with is quite reasonable. The structure is
mostly to understand the point of view. The low temperatures on the structure
are caused by the solar panels mounted on the structure.
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Figure 6.3: Temperature of external system in orbit, Cold case

6.3 Communication Orbit

In Figure 6.4a graph of the internal components is shown, the battery continues
to show that it has a high thermal mass as the temperature barely changes
during the orbit. The other systems do not show a strange behaviour. There are
several difference between the nominal case (Nominal case is shown in Figure
6.7) and the communication case. First, the temperature of the battery in
the nominal case is higher because the whole satellite consumes more energy,
therefore the battery consumes more energy as well. This results in an overall
higher temperature of the satellite. The other systems are also operating at
higher temperatures. Second, the differences in temperatures due to the effect
of the communication system being turned on and off is minimal. The reason
that these effects are relatively small is that the overall energy consumption
is low and the communication window quite small. All systems operate in
the specified operational range. Figures of the maximum temperatures of the
interior and exterior are shown in Figures 6.5 and 6.6, respectively.

In Figure 6.6 the interior of the satellite is shown, the critical components
are within the 8 to 35 ◦C, and therefore within the operational temperature
range.

In Figure 6.6 the maximum temperatures are shown of the communication
orbit. There are a few things to notice. First, there is a large difference in tem-
perature between the two tips, this is caused by the fact that the colder boom
tip is much more shielded in orbit. As the attitude does not change the colder
boom tip hardly receives any radiation from Earth. If the attitude would only
vary slightly over time one would observe much higher temperatures. The same
reasoning can be applied to the nominal and Cold case. Despite the low temper-
ature it does not violate the requirements. The very high temperature around
80 ◦C is caused by some strange elements on an interstage component and shell
elements, it shown strange behaviour and was difficult to get rid of. The real
maximum temperature actually occurs on the solar panels, with temperatures
up to 62 ◦C.
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Figure 6.4: Graph of temperatures of internal systems in orbit, communication
orbit

Figure 6.5: Maximum temperatures of internal systems in orbit, communication
orbit
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Figure 6.6: Maximum of temperatures of external systems in orbit, communi-
cation orbit

6.4 Nominal Case

In Figures 6.7 to 6.9 the same type of figures are shown as in the communication
orbit and the cold case. The results are much in line with the communication
case. The differences and similarities have already been discussed in the former
sections.

In Table 6.1 a summary is provided of the temperatures of the exterior of
the satellite in the three different simulated cases. The maximum and minimum
temperatures per side of the satellite are shown. The tips of the satellite are
not taken into account in this table.

Cold case Nom orbit Com orbit

Axis Min T[◦C] Max T[◦C] Min T[◦C] Max T [◦C] Min T [◦C] Max T [◦C]

X -16.2 27.5 -12.7 34.5 -16.8 30.7
-X -7.1 17.4 -0.7 24.5 -2.6 21.9
Y -23.2 -15.1 -23.2 -6.9 -26.5 -11.6

-Y -13.7 58.7 -6.4 61.8 -8.6 60.1
Z -7.1 2.6 -12.2 -1.2 -13.3 -3.5

-Z -20.3 49.4 -12.2 53.1 -16.3 48.3

Table 6.1: Maximum and minimum temperatures encoutered in a specific sim-
ulation case per side.

6.5 Results and analysis of Boom displacement
simulations

In this section the boom displacement simulation results are discussed. The
difference between the worst case and the nominal case are negligible, therefore
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Figure 6.7: Graph of temperatures of internal systems in orbit, nominal case

Figure 6.8: Maximum of temperatures of external systems in orbit, nominal
case
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Figure 6.9: Maximum of temperatures of external systems in orbit, nominal
case

only one graph is shown. The off-set angle is remains relatively close to the
requirement but does violate it most of the time. The difference between the
two graphs is expected due to some interference of the spacecraft body. It is also
observed that the off-set angle is smallest at the end of the eclipse phase. The
dashed line represents the threshold from the pointing knowledge requirement.
The eclipse phase of the satellite in the figure is roughly from 2500 to 4000 s.

Figure 6.10: Off-set angle due to thermal environment of boom system for a
single orbit in nominal position
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Chapter 7

Validation of the Thermal
analysis

In this chapter the thermal model is validated against a thermal vacuum test
(TVAC). The TVAC will be used to get a understanding of the accuracy of the
estimations of the thermal couplings. Additionally, some further conclusions will
be made on the overall thermal performance of the satellite. The TVAC test
was carried out in the large TVAC-chamber at IRF (Insitute of space Physics) in
Kiruna. This test was originally done to test the satellites behaviour when put
through thermal cycles. In this chapter first a quick description of the TVAC is
given and in the second part it is validated against the model. The TVAC test
was for both the EQM and the FM three successive days and will be referred
to as day one, two and three, respectively. Before reading this chapter, note
that the method used to validate the model should definitely not be used in
general. Thermal balance tests are much better to determine thermal couplings
and conductivity than a TVAC test. The only conclusion that can be drawn
upon using this method of validation is whether the model is not performing
bad.

7.1 Test Set-up

First the satellite was baked in a vacuum oven to ensure stimulate further out-
gassing of subsystems. This is done to create a better vacuum in the vacuum
chamber. Second the satellite is mounted in the TVAC chamber. A large dis-
crepancy between the thermal model and the EQM/FM during the test is that
the real satellite has not deployed its booms or solar panels. The thermal sim-
ulation is therefore likely to cool must faster as there is more surface radiating
outwards. During the test thermal data was recorded by two different set of
thermal sensors. The satellite used its internal sensors to record the temper-
ature via the OBC. Additional sensors where provided by IRF to monitor the
temperatures outside and surface of the satellite. The Set-up is shown in Figure
7.1, note that this picture is taken during testing of the EQM. The data used
in the verification is from the FM. The internal sensors are listed in Table 7.1.
A representation of the sensor lay-out is shown in Figure 7.1.
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Table 7.1: Table with location of internal thermal sensors

Subsystem OBC name

Battery 1 bat0
Battery 2 bat1
UHF radio 1 UHFbrd
UHF radio 2 UHFpa
Solar panels -Y1, -X1, +Y1, +X3, +Z
DPU 1 DPUen
DPU 2 DPUd
S-band Radio Sband

Figure 7.1: TVAC chamber
Figure 7.2: Sensor lay-out dia-
gram. The numbers represent
the sensor numbers as enumer-
ated by IRF

In the diagram all the sensors on the exterior of the satellite are shown. Three
sensors are not directly places on the satellite. Sensor 15 and 22 are places on
the plate on which the satellite rests and 14 is on the table. In the results the
temperature from sensor 15 and 22 are used as a reference. The experiment
consisted of multiple cycles going from -40 to +60 ◦C. When the reference tem-
perature was set the satellite turned on its systems to record housekeeping. To
validate the model, the satellites behaviour will be compared to the simulation
in similar (simulated) environment. By doing this the behaviour of the thermal
couplings and thermal-optical properties can be studied.

There are some large discrepancies between the simulation and the test set-
up.

• Internal objects The simulation uses fewer internal objects that the
real satellite, this could potentially slow down or speed up temperature
changes.

• Deployables The satellite in the TVAC chamber did not deploy its booms
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or solar panels. This results in more difference heat paths in the satellite
and in general a completely different situation. Additionally, the interior
will be better shielded from the ambient conditions.

• Thermal Capacitance In the simulation environment the thermal ca-
pacitance of the objects are difficult to define properly. When applying
a material a thermal capacity is added, however the thermal capacity is
calculated based on the volume of the mesh and not the volume of the un-
derlying object. The volume of the mesh is determined by the thickness
it is given, but more importantly the mesh does not in all cases cover the
full object.

7.2 Test results

In this section three graphs are shown with the data from each respective test
day, they are shown in Figures 7.3 to 7.5. In the upper part of the figures the
data from the satellite is shown and in the lower part the data from the outside
thermal sensors are shown. The dashed line is the reference temperature from
the table.

Furthermore note that in Figure 7.3 the DPU Analog is turned off at 15
hours. In Figure 7.4 the Sband and the DPU have been turned on at regular
intervals to be able to measure its temperature, if the system is turned off it also
does not records its temperatures. The power consumption of these two systems
is quite large and effects the local temperature immediately. In 7.5 the same
strategy from the second figure is used, but the DPU is being used constantly.

Figure 7.3: Day 1 FM TVAC test data
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Figure 7.4: Day 2 FM TVAC test data

Figure 7.5: Day 3 FM TVAC test data

7.3 Comparison with simulation result

To compare the test results with the simulation results the ambient conditions in
NX have been set to the ’Table’ reference data from the test result. This results
in the exact same thermal conditions for both the simulation as the TVAC test.

43



CHAPTER 7. VALIDATION OF THE THERMAL ANALYSIS

The data from the Flight model was of better quality and easier to use, therefore
only the FM data is used in this report to compare to the simulation results.

As indicated before it is expected that the results will be off and only show
similar behaviour. In Figures 7.6 to 7.8 the comparisons are shown. The ref-
erence temperature has been plotted in a dashed line to easier reference the
graphs from the simulations and the test to each other.

Figure 7.6: Simulation data based on TVAC Day 1 ambient conditions

In Figure 7.6 it is observed that the different subsystems show the same
maxima and minima within a few degrees Celsius and roughly at the same time
as in the test, except for the DPU. It indicates that the simulation is quite
reasonable, in participial the thermal capacities and the thermal conductivity.
As these are the main cause of the delay of temperature between the system and
the ambient conditions. The difference in temperature can be caused by several
factors, it is expected that the primary cause for the difference are the power
consumption of the system and the thermal capacity. In the simulations the
satellite is run in the nominal power dissipation mode as described in section
4, this assumes that the DPU is not constantly working. This causes a large
difference as the power consumption of the DPU is relatively large with respect
to its thermal capacity. Secondly, the thermal capacity is calculated in the model
by using the volume, density and the specific heat coefficient, as the volumes
in NX are unreliable the thermal capacities will show the correct behaviour but
will have some mismatch with the temperatures. As is observed in all figures
for the DPU.

In the second day of TVAC testing around 16 hours the battery is activated
as the battery gets colder than 0 ◦C, as the simulation does not have a battery
heater this effect is not seen in the simulation.

44



CHAPTER 7. VALIDATION OF THE THERMAL ANALYSIS

Figure 7.7: Day 2 FM TVAC test data

Another discrepancy between the test and the simulation can be seen in
7.8, the DPU and the Dock are in the second cycle of the test colder than the
battery, this does not happen in the simulation.

Figure 7.8: Day 3 FM TVAC test data

To compare the maxima and minima in more precision, more detailed in-
formation is provided in Tables 7.2 to 7.5. In Table 7.2 the differences in tem-
perature is very low. The largest difference is observed between the minima.
During the test the battery heater was activated, this causes a slightly obscured
difference, the difference at the second day should be larger as the battery was
going to reach a temperature below 0. This also notes a possible flaw in the
heater system. The battery heater is expected to activate when the temperature
reaches 0◦C, as the minimum temperature is 0.8 ◦C the battery was activated
too early, or the other battery thermal sensor is used to decide to operate the
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battery heater. In general the battery shows good results even though bigger dif-
ferences between the simulation environment and the validation were expected.
That the battery show the best comparison has two possible reason. First the
battery has been simulated with more care than the other systems. Second,
the battery has a large thermal capacity with respect to the other systems, a
difference in heat flow and heat build-up leads than to smaller temperature dif-
ferences. However it is difficult to pinpoint the actual problem, as in thermal
analysis it is always a combination between conductances, emissivity values and
thermal capacitance.

Table 7.2: Comparison of Battery maxima and minima between the simulation
and validation data

Simulation Validation

Battery Max [◦C] Min [◦C] Max [◦C] Min [◦C] Diff Max Diff Min

Aug-30 36.7 13 38.9 13.8 -2.2 -0.8
Aug-31 34.9 0.34 37.5 0.8 -2.6 -0.46
Sep-01 28 12.9 29.1 12 -1.1 0.9

Observe the very large discrepancy in Table 7.3, this is caused by to the fact
that the simulation assumes that the DPU is constantly working, consuming
energy. However at the second day the DPU was just as the S-band radio
turned on and off, to measure a few moments during the day. By doing this
the DPU does not consume energy and therefore does not heat up by its own
energy consumption. Furthermore note that all temperatures for Aug-31 at the
minimum temperature is the largest difference for all four cases. The emissivity
and absorptivity values are the single most important values, when looking at
steady-state of the satellite. If simulation values are off with respect from the
real values, this can cause large discrepancies when nearing the steady-state.
The second day is much more successful at reaching the steady-state then the
other two days, therefore showing the largest difference.

Table 7.3: Comparison of DPU maxima and minima between the simulation
and validation data

Simulation Validation

DPU Max [◦C] Min [◦C] Max [◦C] Min [◦C] Diff Max Diff Min

Aug-30 49.6 18.9 58.75 7.75 -9.15 11.15
Aug-31 38.7 -5.9 40 -25.75 -1.3 19.8
Sep-01 40.1 20.8 43.5 7.5 -3.4 13.3

In Table 7.4 the dock maxima and minima are shown and are largely con-
firming the model, expect for the second day minimum temperature.
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Table 7.4: Comparison of Dock maxima and minima between the simulation
and validation data

Simulation Validation

Dock Max [◦C] Min [◦C] Max [◦C] Min [◦C] Diff Max Diff Min

Aug-30 53.2 11 51.7 7.5 1.5 3.5
Aug-31 43.7 -6.6 47.5 -9.2 -3.7 2.6
Sep-01 43.2 13.8 39.2 8.7 4 5.1

In the last Table 7.5 the data from the S-band is shown. All values are
quite reasonable expect for the minimum temperature on Aug-31 as has been
discussed before.

Table 7.5: Comparison of S-band radio maxima and minima between the sim-
ulation and validation data

Simulation Validation

S-Band Max [◦C] Min [◦C] Max [◦C] Min [◦C] Diff Max Diff Min

Aug-30 46.2 -6.84 0 0 0 0
Aug-31 42.1 -12.9 46.375 -27.125 -4.3 14.2
Sep-01 36.8 -4.34 37 -4.625 -0.2 0.285

Overall it is concluded that the simulation performs quite decent in predict-
ing the right temperatures within some margin. The biggest difference is seen
in the minimum temperature on the second day.
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Conclusion,
Recommendations & Future
work

The conclusion of the thesis consists of two parts. First, on the thermal analy-
sis. The thermal analysis shows that the satellite operates within the required
temperature range. This holds for the cold case, nominal case and the commu-
nication orbit. It is expected that the satellite does not show overheating or
under-cooling of systems during its operation phase. Additionally, an attempt
to validate the model has been done by using a TVAC test. To stress this again,
this is not a regular way to validate a thermal model and should not be used as
such. However it can still indicate whether the model is valid or not.

The second part of the thesis was to investigate in the structural deformation
of the boom deployment system based on the thermal environment. This has
been solved by supplementing a thermal analysis in a simple analytical equa-
tion. It shows that the deviation violates the pointing knowledge requirement
by a maximum of a factor of 5 and that it has no influence at the end of the
eclipse period.

To further refine the thermal analysis there are two things which should be
changed in the approach with respect to this research, to obtain more reliable
results. First, every object in the satellite should be modelled directly from
documentation, rather than making approximations. This effectively means
that the thermal capacity and material properties should be updated. As the
documentation was insufficient most of the objects in the models do not always
closely represent the actual system. As for the emissivity and absorptivity,
though they are of vital importance, it is often difficult to get reliable estimates
of internal systems, except if they are tested. The second element to change
is that one should not base the thermal model on the fit-check model, as it
can easily create many artefacts in the model. Though, as the satellite already
operates within an acceptable temperature range, a refinement of the thermal
analysis is not recommended, but it indicates what could be further improved.
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CHAPTER 8. CONCLUSION, RECOMMENDATIONS & FUTURE WORK

As for the second part, for the structural deformation, there are also two
recommendations. First, let someone else with some expertise in structural
analysis create a multi-physics numerical simulation. The second option is to
by-pass the whole pre-computation of the deformation. As the satellite collects
data of the position and attitude one can actually back-wards calculate the
deformation. The approach would entail to sample all the results were the two
star-trackers are activated at the same moment. This relates the difference in
attitude between one of the ti-plates to the position of the satellite. The next
step would then be to correlate the attitude difference to the position in orbit
and correct for possible other interferences.
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