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Sammanfattning
Under de senaste åren har rymdindustrin förändrats markant av bland annat inflödet av
privat finansiering och tillgängligheten av ny teknologi, vilket har resulterat i att mindre och
billigare satelliter finns på marknaden. GomSpace Sweden, som är en del av GomSpace
Group, är en aktör på denna marknad och utvecklar framdrivningssystem för mindre satelliter,
så kallade CubeSats. En av deras miniatyriserade produkter är ett framdrivningssystem av kall
gas, som passar för 3-unit CubeSats. Med dagens design kan bränsletanken fyllas genom en
ingångsport men endast tömmas genom munstyckena, vilket skapar flertalet problem. Detta
arbete avser att utveckla en lösning på dessa problem och skapa ett fullständigt fyllnings- och
tömningssystem för GomSpace produkt.
En konceptuell lösning av ett fyllnings- och tömningsverktyg utvecklades, för att sedan
designas och slutligen tillverkas. Verktyget testades, och resultaten uppfyllde de initialt
ställda kravspecifikationerna. Efter fler utförda tester uppstod möjligheter till förbättringar
vilket ledde till att en andra digital version av verktyget utvecklades. Ett förslag till en mer
generell lösning för fyllnings- och tömningssystem utvecklades också, vilket kan användas
som en modul i framtida utvecklingsprocesser av små framdrivningssystem.
Sammanfattningsvis visar detta arbete en lösning på problemet med fyllnings- och
tömningssystemet av det nuvarande framdrivningssystemet för 3-unit CubeSats. Ett verktyg
både tillverkades och testades med framgång. En förbättrad version av verktyget, som
minskar riskerna för skador och slitage samt förenklar användningen, skapades som en digital
modell. Slutligen, designades en generell lösning för fyllnings- och tömningssystem, vilket
skulle kunna användas i flertalet av GomSpace’ framtida produkter och därmed minska både
kostnader och tid för produktutveckling.
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Abstract
During recent years, private funding and new technology have boosted a change of the
space industry, resulting in smaller and cheaper satellites being available on the market.
GomSpace Sweden, part of GomSpace Group, is located in this market and develops
propulsion systems for small satellites, so called, CubeSats. One of these highly miniaturized
and efficient products is the cold gas propulsion system, suitable for 3-unit CubeSats. Due to
the current design, the propellant tank of the system can be filled through a port but only
drained through the thrusters, which causes several issues. This thesis concerns the
development of a solution to these issues and creating a complete fill and drain system.
A conceptual solution for a fill and drain tool was created and later designed as well as
manufactured. The tool was tested and all initial requirements were successfully verified.
However, through testing the functionality of the tool, several areas of improvement were
found. A second version of the tool was digitally designed to meet these improvements. Also,
a proposal of a more general fill and drain solution was digitally designed, which could be
realized as a module in future development processes, including a fill and drain tank interface,
fill and drain tool and a fill and drain procedure.
In conclusion of the thesis, a solution to the problem with the current design of the
propulsion system was successfully developed and tested. An improved version of the
solution was designed, which decreases the risk of damage to the propulsion system and
simplifies the usage. Finally, a design of a general fill and drain system was created, which
could possibly span over several future GomSpace products and lowering both the cost and
time of development.

3

Acknowledgements
First of all, I would like to thank my university supervisor and examiner, professor Christer
Fuglesang, for his help and contribution to this thesis, especially concerning this report.
Also, it would not have been possible to perform this thesis, if not GomSpace Sweden had
provided the opportunity. I would like to thank everyone at GomSpace Sweden who
contributed to this thesis, providing their expertise and comments on the matter, especially
Tor-Arne Grönland, Robert De Try and Joakim Eriksson.
Lastly, I would like to thank my family and partner Alice for supporting me throughout the
thesis, motivating me at setbacks and keeping me on track.

4

List of Acronyms
AOCS
CAD
CGPS
CS
EID
EP
ERS
FDS
FDT
FHC
GHC
IS
ISS
KTH
MEMS
UUT
3U

Attitude and orbital control system
Computer aided design
Cold gas propulsion system
Components specification
Equipment information document
Electrical propulsion
Equipment requirement specification
Fill and drain system
Fill and drain tool
Flight half coupling
Ground half coupling
Components Inspection
International Space Station
KTH Royal Institute of Technology
Micro-electrical-mechanical-system
Unit under test
3-unit

List of Tables
Table 1 – Comparison of rockets. ....................................................................................... 12
Table 2 – List of the components and parts for one FDT, as well as complementary parts.
.................................................................................................................................................. 33
Table 3 – Leak rate test results. ........................................................................................... 34
Table 4 – Proof pressure test results. .................................................................................. 35
Table 5 – Results of the functional test with test module. .................................................. 35
Table 6 – Results of the functional test with real equipment. ............................................. 36
Table 7 – List of the components and parts of the second version FDT. ............................ 37

5

List of Figures
Figure 1 – CGPS mounted in a 1U CubeSat structure. ....................................................... 10
Figure 2 – Montly number of objects in Earth orbit by orbit type since the start of the
Space Age [5]. .......................................................................................................................... 13
Figure 3 – Trends in satellite applications [6]. .................................................................... 13
Figure 4 – Trends in satellite operators [6]. ........................................................................ 14
Figure 5 – The total system of a satellite [2]. ...................................................................... 14
Figure 6 – Satellite system breakdown into subsystems [2]. .............................................. 15
Figure 7 – Typical CubeSat sizes [11]. ............................................................................... 17
Figure 8 – Schematic of vaporizing liquid cold gas propulsion system with propane as
propellant [10]. ......................................................................................................................... 17
Figure 9 – Phase diagram of butane [18]. ........................................................................... 19
Figure 10 – GomSpace’s cold gas propulsion system typical for 3U CubeSats. ................ 20
Figure 11 – GomSpace fill equipment without n-butane bottle. ......................................... 21
Figure 12 – Typical project model [20]. ............................................................................. 22
Figure 13 – Typical space project model [21]. ................................................................... 22
Figure 14 – The idea of the fill and drain solution. ............................................................. 25
Figure 15 – Fill and drain tool concept of closed and open check valve. ........................... 25
Figure 16 – Leak test equipment setup with helium leak detector and vacuum pump (left)
and vacuum chamber (right). ................................................................................................... 28
Figure 17 – Proof pressure test equipment setup with the FDT mounted to a plugged
reference tank and connected to the gas feed through a push-in fitting................................... 29
Figure 18 – Functional test setup with the test module. ...................................................... 30
Figure 19 – Functional test setup with the existing GomSpace equipment. ....................... 30
Figure 20 – First CAD iteration of the FDT. ...................................................................... 31
Figure 21 – Second CAD iteration of the FDT. .................................................................. 32
Figure 22 – The first complete version of the FDT. ........................................................... 32
Figure 23 – Real picture of the assembled FDT 1, without the stem cover. ....................... 34
Figure 24 – The second version of the FDT. ...................................................................... 37
Figure 25 – Concept figure of the tool and check valve. The blue arrow shows the position
of the check valve. ................................................................................................................... 39
Figure 26 – Concept figure of a tool and check valve which might risk damage. The blue
arrow shows the position of the check valve. .......................................................................... 40
Figure 27 – Concept figure of the updated tool and check valve. The upper spring
compresses if the tool is too long for that specific check valve position. ................................ 41
Figure 28 – Concept of the second generation fill and drain system. ................................. 44
Figure 29 – Second generation of a propellant tank with the tank interface for fill and
drain. ........................................................................................................................................ 44

6

Table of Contents
SAMMANFATTNING .................................................................................................................................. 2
ABSTRACT ................................................................................................................................................. 3
ACKNOWLEDGEMENTS .............................................................................................................................. 4
LIST OF ACRONYMS ................................................................................................................................... 5
LIST OF TABLES .......................................................................................................................................... 5
LIST OF FIGURES ........................................................................................................................................ 6
TABLE OF CONTENTS ................................................................................................................................. 7
1

INTRODUCTION ................................................................................................................................. 9
1.1
BACKGROUND ...................................................................................................................................... 9
1.2
PROBLEM DEFINITION ............................................................................................................................ 9
1.3
OBJECTIVES AND REQUIREMENTS ........................................................................................................... 10
1.3.1 Equipment requirement specification ....................................................................................... 11
1.4
DISPOSITION OF THESIS ........................................................................................................................ 11

2

AN OVERVIEW OF SATELLITE SYSTEMS DEVELOPMENT.................................................................... 12
2.1
THE WORLD OF SATELLITES ................................................................................................................... 12
2.1.1 Satellite systems ....................................................................................................................... 14
2.1.2 The CubeSat standard ............................................................................................................... 16
2.1.3 Small propulsion systems .......................................................................................................... 17
2.2
FILL AND DRAIN SYSTEMS...................................................................................................................... 18
2.2.1 Market actors ........................................................................................................................... 18
2.2.2 Scientific fields of fill and drain systems.................................................................................... 18
2.3
GOMSPACE PRODUCTS ........................................................................................................................ 19
2.3.1 The propulsion system .............................................................................................................. 20
2.3.2 The butane fill equipment ......................................................................................................... 20
2.4
DEVELOPMENT OF SPACE PRODUCTS....................................................................................................... 21
2.4.1 Project management ................................................................................................................ 21
2.4.2 Manufacturing principles .......................................................................................................... 23

3

METHOD ......................................................................................................................................... 24
3.1
DESIGN............................................................................................................................................. 24
3.1.1 The concept ............................................................................................................................... 25
3.1.2 Creating the design model ........................................................................................................ 26
3.2
MANUFACTURING .............................................................................................................................. 26
3.3
ASSEMBLY ......................................................................................................................................... 26
3.4
TESTING............................................................................................................................................ 27
3.4.1 Leak rate test ............................................................................................................................ 27
3.4.2 Proof pressure test .................................................................................................................... 28
3.4.3 Functional and performance test .............................................................................................. 29

4

RESULTS .......................................................................................................................................... 31
4.1
FIRST VERSION OF THE FILL AND DRAIN TOOL ............................................................................................ 31
4.1.1 The components........................................................................................................................ 33
4.2
TEST RESULTS..................................................................................................................................... 34
4.2.1 Leak rate test results ................................................................................................................. 34
4.2.2 Proof pressure test results ........................................................................................................ 35
4.2.3 Functional and performance test results .................................................................................. 35
4.3
SECOND VERSION OF THE FILL AND DRAIN TOOL ........................................................................................ 36
4.3.1 The components........................................................................................................................ 37

5

DISCUSSION .................................................................................................................................... 39

7

5.1
SOLVING THE PROBLEM ........................................................................................................................ 39
5.1.1 How to open the check valve .................................................................................................... 39
5.1.2 Knowing the state of the check valve ....................................................................................... 39
5.1.3 Vaporization of n-butane .......................................................................................................... 41
5.2
FOLLOW-UP ON REQUIREMENTS ............................................................................................................ 41
6

CONCLUSION ................................................................................................................................... 42

7

FUTURE RECOMMENDATIONS ......................................................................................................... 43
7.1
7.2

8

SHORT-TERM IMPROVEMENTS ............................................................................................................... 43
LONG-TERM SOLUTION ........................................................................................................................ 43

REFERENCES .................................................................................................................................... 45

8

1 Introduction
This thesis concerns the development of a miniaturized solution for performing fill and drain
of propellant tanks on small satellites. Filling and draining are important and necessary features
of the propulsion system of satellites, but only used on Earth, before being launched into space.

1.1 Background
GomSpace Sweden is a company in Uppsala, Sweden and owned by GomSpace Group,
listed at Nasdaq first north in Stockholm since 2016. GomSpace’s head office is in Aalborg,
Denmark. GomSpace Sweden is formerly known as Nanospace and develops propulsion
systems for small satellites, specifically, nanosatellites which are satellites with mass of one to
ten kg [1]. The space industry is currently undergoing a change from the original Space Age to
the New Space Age. It is characterized by the development of new technology and development
processes, which has enabled these highly miniaturized and low-cost nanosatellites. Also, the
increase of venture capital and private funding has boosted the industry. The key-words
describing the New Space Age are faster, better and cheaper, which are applicable to both
development processes and products. The New Space industry is growing rapidly, and
GomSpace is one of the major actors on the market for nanosatellites. GomSpace Sweden has
several patents registered and can be seen as market leaders in small propulsion for satellites,
especially in cold gas propulsion systems and electric propulsion systems. The cold gas systems
use micro-electrical-mechanical-system (MEMS) technology and are mostly suitable for orbital
changes for the satellites but can also be used for attitude control. GomSpace’s products need
to be designed for the space environment, be highly efficient, be highly miniaturized and have
high quality. GomSpace has a global market reach and customers span from space agencies to
institutions and private companies. For the time being, GomSpace Sweden has about 20
employees in Uppsala and GomSpace Group less than 200 employees in Denmark. Currently,
a new office is opening up in Luxembourg.

1.2 Problem definition
The problem of interest in this thesis, formulated by GomSpace Sweden, concerns one of
their standard products, a cold gas propulsion system (CGPS) suitable for a typical 3-unit (3U)
CubeSat. In large, the product consists of a structure, a propellant tank, a check valve, tubing,
solenoid valves, electronics and MEMS thrusters. Figure 1 shows the CGPS mounted in a 1U
CubeSat structure for display. Lately, limits of the product have been found, related to the
current design of the propellant tank. The tank has an input port with a check valve. The check
valve allows flow in one direction i.e. into the tank but stops flow out of the tank. Therefore,
the tank can currently be filled through the port but only drained the other way, through the
thrusters. This causes several effects, which are listed below.
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Figure 1 – CGPS mounted in a 1U CubeSat structure.

•
•
•
•

Draining the tank requires to operate the thrusters which wears the system and takes
several hours.
For reasons of safety, some costumers are required by their launch providers to be able
to empty the tank both quickly and in multiple ways.
Currently, it is not possible to fully empty the tank using the thrusters. A residual pressure
will remain, unless doing it in vacuum.
Sometimes other substances can be used than the proper propellant. When filling the
tank after emptying it of these substances, the propellant will be mixed and possibly
lowering the performance of the system.

Based on the mentioned effect, the thesis is formulated around the following questions.
1. How to fill and drain the tank more efficiently through the input port in the tank?
2. Can a special fill and drain device be designed to solve this problem?
3. Can this device be designed as an external tool, or “ground half coupling”, that can be
mounted on the tank’s existing fill port?
4. Can this device be designed such that the current design of the tank and the propulsion
unit remains unchanged?
Due to the fact that the CGPS is already a mature and flight proven product, the desire to
find a solution that answers YES to question three and four is very strong.
Furthermore, the propulsion unit is physically small and therefore it is also desirable to
minimize size and weight for the solution. Also, cost will be fairly important because it
should not drastically increase the cost for the customer when buying the product.

1.3 Objectives and requirements
Objectives and requirements were created in order to evaluate a solution to the problem and
effects concerned by the thesis. The main objectives are to answer to the questions stated above
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and to solve the problem of draining the propellant tank through the input port, without
changing the current design of the system.
1.3.1 Equipment requirement specification
An equipment requirement specification (ERS) was created following GomSpace’s
standards and defines all the requirements for the solution being developed. The solution should
consist of an equipment, uniquely developed for filling and draining of the 3U CGPS. The
purpose of the document is to create a development frame and requirements of which the
solution can be compared and verified to. The requirements are divided into ten areas which
are general, function and performance, design, software, work environment, supplies, risk
mitigation actions, calibration, maintenance and documentation. The requirements that were
valued as the most important are listed below.
•
•
•
•
•
•

Requirement 4.7 Interface requirements – Both input and output connections of the
equipment shall be interfaced using M3x5 threaded ports.
Requirement 4.8 Controllability – The equipment shall be fully controllable by hand.
Requirement 4.13 Leakage – The leak rate of the equipment shall be less than
1x10-3 atm cc/sec of GHe at 5 bar pressure.
Requirement 4.14 Proof Pressure – The proof pressure of the equipment shall be at
least 7.5 bar.
Requirement 5.1 Propellant – The equipment shall be operational with both liquid
and gaseous n-butane.
Requirement 5.6 Movability – The equipment shall be movable in order to physically
open the check valve.

1.4 Disposition of thesis
This master’s thesis is divided into six chapters with each having several sections and
subsections. The first chapter is the introduction, which presents the background, problem
definition and goals of the thesis. The following overview of satellite systems development
provides relevant fields and domains that are investigated in order to solve the problem at hand.
Next, the method of how the thesis was executed is presented. The fourth chapter shows the
results that were reached, both in regard to design and to performance. Thereafter, the results
and encountered problems are discussed and compared to initially stated objectives and
requirements. The discussion is followed by a clear conclusion of the thesis. At last, the seventh
and final chapter, presents future recommendations of how to make further improvements.

11

2 An Overview of Satellite Systems Development
The second chapter of this thesis consists of an overview of satellite systems development.
The thesis in general comprises mechanical development of components to be used in highly
complex and delicate space propulsion systems, therefore an investigation of such relevant
fields will follow.

2.1 The world of satellites
A general definition of a satellite is a body that orbits an object, as the Moon orbits the Earth.
But the definition used in this thesis is an artificial object which has been sent into space to
perform a pre-designed mission. Satellites come in many shapes, but they all share a common
feature, minimized size and mass by being highly optimized and efficient, which often equals
being expensive. Satellite are brought to space by rockets which are complex and expensive
vehicles and can only carry a limited size and mass. Small satellites can ride to space as main
payload on a small rocket or as secondary payload on a bigger rocket. Once in space, they
currently do not have the possibility of being repaired, which is also one of the most important
attributes of satellites, they must function properly.
Three elements contribute to the total mission cost of a satellite, the satellite development
cost (70%), the rocket launch cost (20%) as well as the orbital operations cost (10%) [2]. To
lower the total cost, one has to explore these elements. Often can improved technology and
development processes decrease costs, mostly for the satellites and rockets. One can measure
the efficiency of rockets in several ways and therefore compare and reduce the launch cost.
Two ways of measuring the efficiency are to look at the launch cost per payload mass and the
payload mass per rocket mass. Table 1 shows the comparison of three famous rockets. As seen
today, a payload on a modern rocket such as Falcon 9 costs roughly 3 000 USD per kilogram
to launch to space and 4% of the rocket mass is the payload mass. Compared to older rockets
such as Soyuz and Ariane 5, which are both still in use today, it is clear that modern and future
rockets have and aim for having a lower cost per mass and an increase of the payload
percentage.
Table 1 – Comparison of rockets.

Rocket
Soyuz
Ariane 5
Falcon 9

First launch
1966
1996
2010

Cost/kg payload
9750 USD/kg
8250 USD/kg
2800 USD/kg

kg payload/kg rocket
2.1%
2.5%
4%

While in space, satellites can be designed to perform many different tasks and missions. The
first satellite sent to space was Sputnik 1 on 4th of October 1957, launched by the Soviet Union
and it marked the beginning of the Space Age [3]. Since then around 8 000 satellites have been
launched of which 3 500 are believed to be in orbit today but only about 2 000 are operational
[4]. Figure 2 shows the monthly number of objects in Earth orbit by object type and the blue
line shows the number of spacecrafts released by NASA in the quarterly orbital debris news,
volume 22 issue 1 in February 2018 [5]. Historically, the increase of satellites has been almost
linear, but since 2014, there has been an increase in the amount of launched satellites per year.
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Figure 2 – Montly number of objects in Earth orbit by orbit type since the start of the Space Age [5].

The New Space Age, mentioned briefly in the introduction, has meant a major shift in the
funding and application of satellites, as lower development and launch costs open up the
possibility for new satellite usages and operators. The miniaturization of technology plays an
important role on the cost, since the price per kilogram to space is expensive, each gram being
saved has a clear effect. This shift can be clearly seen in the satellite trends produced by
SpaceWorks 2019. Satellite and space trends are released yearly by SpaceWorks and as seen in
the 2019 report, communication as an application for satellites has grown greatly and is
predicted to grow even further in the near-future [6]. Figure 3 shows the trends in satellite
applications and figure 4 shows the trends in satellite operators. Also, it is clear that the number
of commercial operators grow in comparison to civil and military operators. GomSpace is one
of the many new actors being found in that commercial segment.

Figure 3 – Trends in satellite applications of launched satellites, which is historically and today dominated by earth
observation/remote sensing applications. But communication is showing an increasing trend. [6].
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Figure 4 – Trends in satellite operators of launched satellites. Increasing trend of commercial operators in contrast to
the historically large portion of civil. [6].

2.1.1 Satellite systems
The total system which a satellite is part of contains the satellite segment, the ground
station segment and the launcher segment, visualized in figure 5. The launcher segment is
used for transporting the satellite into space and the ground segment is used for
communicating with the satellite. All systems have to be developed in consultation and
interacting properly for a satellite to function and be successful. This thesis only concerns a
subsystem of the satellite segment, thus making the contribution to the total mission rather
small, but of importance since all systems and subsystems have to function properly [2].

Figure 5 – The total system of a satellite [2].

The satellite can be broken down into several subsystems which closely interact during
both the development process and the operational mode. Figure 6 shows the breakdown of a
satellite into several subsystems, which are designed so that the satellite functions in the
environment of space or near-Earth. Satellites will experience high-vacuum, extreme
temperature conditions and high level of ionizing radiation. The effects of these conditions
have to be greatly considered in all of the subsystems [7].
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Figure 6 – Satellite system breakdown into subsystems [2].

Mission analysis and operations
Prior to the development of the satellite, a mission has to be established. The mission
includes the orbit and trajectory of the satellite which is dependent on the payload and its
purpose. A purpose can typically be scientific by collecting data and required to operate at a
certain place in space, which corresponds to a certain space environment. It is of high priority
that the mission analysis is correctly designed, otherwise the mission or dependent subsystems
might not be enough. The operations are usually performed through a ground station which also
receives the collected data.
Payload
The payload is the main purpose of the satellite, the cause of why the satellite is developed
and what it is supposed to perform and accomplish. All subsystems are designed to support the
payload so it can achieve its mission.
Structure and mechanics
The structure has the function of interfacing with the launch vehicle and being a protective
frame for the satellite. The frame contains mounting for equipment and systems, thermal and
electrical paths as well as protection for the space environment. The structure also includes
propellant containers for the propulsion system and attitude and control system (AOCS). It is
important for the structures to withstand the applied loads while reducing mass as much as
possible. The mechanical functions of the satellite are closely related to structures. These
include moving parts, such as separation systems, antenna pointing and solar arrays deployment
and movement.
Power supply
The power system has the function of capturing power, storing and distributing it to other
systems. It often has a primary and a secondary energy source. Power can typically be delivered
by the Sun, fuel cells, nuclear reactions, batteries, radioisotopes or flywheels, where solar
panels are the most common [8].
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AOCS
The main purpose of the AOCS is to orient the satellite correctly to required accuracy.
Satellites can require a certain attitude to perform its mission and some orbits require
maintenance and positioning to be retained.
Telemetry and command
Satellites need an external communication system, to send and receive commands and data
through ground stations on Earth. Radio frequency antennas are often used for the
communication.
Data handling
A satellite has a data handling processor, a computer, in order to communicate both
internally and externally. Thereby, the satellite can react to commands and execute tasks,
resulting in that data can be gathered and sent to Earth.
Thermal control
The thermal control system has the function of keeping the thermal balance of the satellite
in the extreme conditions of space. It operates by heating and cooling required equipment to
their operational temperature ranges.
Propulsion
Propulsion systems main function are to provide forces and torques to place the satellite in
the correct orbit after the launch, to position the satellite during the orbit and to transfer the
satellite into new orbits [9].
2.1.2 The CubeSat standard
The New Space Age contains the current trends in the space industry. A hugely important
cornerstone of the industry, enabling the attributes of faster, better and cheaper, is the CubeSat
standard. It has turned out to be very hard to standardize the space industry or even parts of it.
The creation of the CubeSat standard can be seen as the first major attempt at standardization.
The CubeSat standard came about in 1991 by California Polytechnic State University, San Luis
Obispo and Stanford University’s Space Systems Development Lab to facilitate access to space
for university students [10]. The purpose is to provide access to space for small payloads, by
simplifying the development processes of the satellite and its above-mentioned subsystems.
The standard includes a satellite framework for both the satellite itself and a deployer, which is
used on the rocket to release the satellite once it has reached space. Therefore, satellite operators
only require developing the inside of the satellite for the unique purpose of the operator. A
CubeSat is a satellite following standard dimensions and thus becoming easier and cheaper to
develop. CubeSat are categorized in units, 1U = 1 unit, where a unit measures 10x10x10 cm
and weighs about 1 kg [11]. Figure 7 shows several CubeSat sizes by stacking these units
together. When establishing standards in development, one streamlines the processes by
reducing both cost and time for development and instead reuses previous developments. It is an
important feature to lower costs and thereby for companies to become profitable.
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Figure 7 – Typical CubeSat sizes [11].

2.1.3 Small propulsion systems
At this time being, several different types of propulsion systems for small satellites have
been flight-proven and several more are in concept or development [12]. Most of them can be
separated into the categories based on their source of energy, chemical or electrical [10].
Common for all these propulsion systems are that they are used on small satellites, meaning
size and weight are extremely limited. The systems have to be as small, light and efficient as
possible.
Chemical
Chemical systems use the energy stored in substance, either released by pressure differences
or by hot chemical reactions. Cold gas systems use stored pressurized liquid or gas which is
expelled into space to create a reaction force, changing the satellite position. Hot gas systems
are more complex but can achieve higher thrust levels. Figure 8 shows an example of a CGPS
using propane as propellant. The setup consisting of a storage tank, valves, filters, pressure
sensors, regulators and one or several thrusters. If the propellant is stored as a liquid, it has to
be vaporized, which can be done by heaters.

Figure 8 – Schematic of vaporizing liquid cold gas propulsion system with propane as propellant [10].
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Electrical
Electrical systems use electricity to achieve thrust and there are three more common
processes available on the market. Electrothermal systems electrically heat gas which is then
accelerated and expelled out the nozzle. Similarly, electromagnetic systems accelerate and
expel plasma via a magnetic field. Electrostatic systems have the highest performance but also
requires the most power. They typically function by ionizing a high molecular gas, such as
xenon, and accelerating the ions to very high speed with an electric field, creating thrust.

2.2 Fill and drain systems
As explained above, the small propulsion systems are optimized and does not carry any
unnecessary volume or mass. It means that, some features and functions of the propulsion
system, must be developed as external parts to the satellite. This philosophy is applicable for
the fill and drain system (FDS), a subsystem of the propulsion system shown in figure 6. It has
the purpose of filling and draining the tank of its propellant. The system is only used on Earth,
both for testing and launch procedures. To optimize the satellite, the system can be split in two
parts, a ground half coupling (GHC) and a flight half coupling (FHC). The FHC is part of the
satellite while the GHC is an external part that never goes to space. Together they provide the
fill and drain functionality. The FHC therefore contains the minimum required features in space,
typically valves and plugs on the propellant tanks which are activated or opened by the GHC
when filled or drained on Earth.
2.2.1 Market actors
Fill and drain systems have been used for as long as satellite propulsion systems have
existed. But, with the New Space Age and the new miniaturized propulsion systems being
developed, a need for miniaturized fill and drain solutions have emerged. There are a few actors
currently on the market, developing solutions for fill and drain of small satellites. But using
their products as solution in this thesis are not optimal because it would require a change of the
GomSpace products. Since GomSpace use a specific check valve, the solutions on the market
would not solve the problem of draining the 3U CGPS. On the other hand, looking at the
products on the market could inspire and form a basis for the solution which would be optimal
for GomSpace.
Four companies were found having products for fill and drain of small propulsion systems.
MOOG, Valcor, Ariane Group and VACCO all have mature and qualitative solutions available
for both low- and high-pressure systems with very low leak rates. Both VACCO and Ariane
Group use the philosophy GHC and FHC [13] [14] [15] [16].
2.2.2 Scientific fields of fill and drain systems
Fill and drain solutions must conquer a few scientific fields in order to function properly.
Through mechanics and material science, strength of components can be designed correctly to
withstand the applied forces by understanding material properties and construction.
Thermodynamics are used to explain the relation between volume, pressure and temperature
which effect the phases of the substance i.e. gas, liquid or solid. The conditions can be
visualized in a phase diagram, showing where transitions of phases occur. If volume is kept
constant, the phase diagram becomes a 2-dimensional simple chart of pressure and temperature.
The propellant used in GomSpace CGPS is n-butane, which is a structural isomer of butane and
has the chemical formula C4H10. Figure 9 shows the phase diagram of butane with constant
volume. One can see that in the range of -50oC to 50oC and 0 to 10 bar both liquid and gaseous
butane can exist. To fully explain the state of a substance, one has to look at the vapor pressure,
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which is the pressure created by the vapor in equilibrium with the liquid or solid in a closed
system. For n-butane at room temperature is just above 2 bar. This means that filling a
propellant tank with liquid n-butane creates vapor and a certain pressure level based on the
temperature of the system. To vaporize a propellant, one simply has to move horizontally to the
right in the phase diagram by increasing the temperature e.g. heating [17].

Figure 9 – Phase diagram of butane [18].

It is also of interest to study fluid dynamics to calculate the movement of substance in the
components and how it is affected by the pressure levels. For this thesis, these and other relevant
fields of science were only shallowly investigated because of the fact that the 3U CGPS of
which a solution is sought to be developed for, already exists. The solution will therefore mostly
be based on mechanical design.

2.3 GomSpace products
GomSpace Group is split in two business divisions, GomSpace and GomSpace Sweden. This
thesis will mainly focus on the products of GomSpace Sweden, but it is worth mentioning that
GomSpace has developed systems for space applications since 2001 and today has products in
most of the areas of the previously mentioned satellite systems, including propulsion which is
the business field of GomSpace Sweden [19].
GomSpace Sweden is formerly known as Nanospace and heritage from innovations in
MEMS technology in Uppsala. Prior to the merge with GomSpace, Nanospace was owned by
the Swedish Space Corporation (SSC). Nanospace early adopted the CubeSat standard and
turned their focus into developing miniaturized propulsion technology and systems. It led to
several flight proven products such as, the propulsion system suitable for 3U CubeSats, the
propulsion system suitable for 6U CubeSats and the xenon flow controller. When developing
highly specialized and sensitive technology, GomSpace uses clean rooms, both for laboratorial
use and for production. Clean rooms are by definition a controlled environment with very low
amount of pollutant particles which can damage the products [20].
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2.3.1 The propulsion system
The 3U CGPS by GomSpace produces thrust in the µN to mN range, through operating its
MEMS thrusters. It is suitable for changing a satellite’s orbit, for example, raising it or lowering
it by increasing or decreasing the velocity. The thrusters have a mass flow in the order of ten
mg/s and because of its accuracy, it could also be suitable to use for attitude control of satellites.
The system operates on n-butane which is stored as a pressurized liquid in the propellant tank.
The propellant is filled through the fill port, where there is a miniaturized check valve, which
only allows flow in one direction i.e. into the tank. The tank and system are designed to operate
with 50 grams of propellant. The check valve has a cracking pressure of 5±3 psi (0.14 to 0.55
bar) which has to be overcome when filling. Through the electronics of the system, the first
barriers (solenoid valves) can be opened and let butane flow from the tank to two splitters,
which are both connected to two thrusters each. The splitters have heaters which vaporizes the
propellant into gaseous state, which is then ejected out through the controlled MEMS thrusters,
creating thrust. Figure 10 shows the 3U CGPS and its main components.
The system has both electronical and mechanical interfaces. Connecting to the propellant
tank is done through the M3x5 port, using a push-in fitting solution. Tubes can then be
connected by being pushed in the fitting. Tubes are removed by a push-down motion which
releases the tube. It is a simple and rather safe solution for tube connections.
Propellant tank
Thruster

Input port
with check valve

Figure 10 – GomSpace’s cold gas propulsion system typical for 3U CubeSats.

2.3.2 The butane fill equipment
To achieve secure and efficient filling of the tanks, a butane fill equipment has been
developed by GomSpace Sweden, both for internal and external use. Figure 11 shows the
butane fill equipment without its propellant storage bottle. The equipment is a fueling system
which can accurately fill a tank to the required amount of propellant. But because of the current
properties of the 3U CGPS i.e. the properties of the check valve, the equipment cannot drain a
tank. Nevertheless, it has been equipped with a vacuum pump powered by compressed air,
which can drain the equipment and tubing all the way until the check valve. Because of that,
most of the substance in the system can be evacuated. Only the remaining substance in the tank,
roughly a few grams, will be mixed with new propellant if filling the tank. Since the pump is
driven by compressed air, it can be used on locations where only certified electronics are
allowed, such as certain launch sites.
The n-butane is stored as a liquid in a bottle, placed on top of the equipment (not visible in
the figure). By using the regulator, certain flow rate can be allowed to pass through. By gravity,
the propellant will therefore flow through the system and into the tank. The equipment also has

20

a couple of mechanical valves to open and close the fill and drain lines. Finally, it has a
manometer to measure the pressure in the system.

Figure 11 – GomSpace fill equipment without n-butane bottle.

2.4 Development of space products
Development of products destined for space follows a different set of rules than products
used on Earth. The unique environment on Earth can actually be less demanding than the
average environment of the Universe, therefore special products are required. Products can be
efficiently developed through projects, which have to be shaped specifically for development
of complex, sensitive and customized technology. The New Space Age has meant application
of new design and development philosophies, including standardization which might lead to
even lower costs than we see today and faster module-like development in the future.
2.4.1 Project management
A successful and efficient project requires good project management which is defined as the
application of knowledge, skills, tools and techniques in order to meet requirements of the
project. Most projects can be divided into four major phases: pre, start, execution and
conclusion, and together with check points and documentation at key-places in the phases, this
structure is called the project model. Figure 12 shows a typical project model applicable to most
projects. Following this model, an idea is investigated and studied in the pre-phase. It is cheaper
to examine the feasibility than executing the whole project and risk failure. The project is then
formulated and fully specified during the start-phase. During the execution-phase, all actual
work is carried out, which have been planned in the start-phase. It is important to create status
reports and keep track of time and budget as well as the development progress. During the final
phase of the project, the conclusion-phase, the project is finalized. It is very important to analyze
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and conclude the results as well as how it compares to the initial set of goals. The experience
of the project should be used for improving future projects [21].

Figure 12 – Typical project model [20].

For space-related projects, a specific approach to project management are often more
efficiently used. This project model is adapted to issues related to space projects, such as the
high degree of uncertainty regarding the payload development and the scope of the overall
project as well as the lack of experience of previous standardized project management
approaches for space projects. It also takes into account the, so called, no-error-development
and redundancy for the high-risk environment of space. The products must have very high
quality and once operational in space they must function properly since there is no possibility
of service. Figure 13 shows a typical space project life cycle, which is divided into phase A to
E, shown in the figure below. Most resources are required during phase C and D as well as
phase B, where design, construction and testing is done. In phase A requirements and
specification are created and in phase E verification as well as operations are performed [22].

Figure 13 – Typical space project model [21].
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2.4.2 Manufacturing principles
For transferring a design into a physical product, one has to go through manufacturing. There
exists many fields and principles of manufacturing but for this thesis of developing a fill and
drain solution, only manufacturing of small metallic components and sealing solutions will be
investigated. Historically, manufacturing has been based on 2-dimensional drawings, but since
the digitalization, 3-dimensional models are becoming more common. Production machines
can automatically interpret a 3-dimensional model and generate the needed paths and machine
code. Although, workshops still tend to require 2-dimensional drawings for complete
understanding of the components. These drawings have to follow certain standards, presenting
dimensions, features, threads, surface properties, tolerances and more. Tolerances are used to
give the manufacturer a range of where the production can result for the component to be
approved. GomSpace Sweden has several employees with great experience in mechanical
design, production and manufacturing. Their knowledge has been greatly appreciated in the
development of this thesis. Also, the book “Formler och tabeller för mekanisk konstruktion” by
Karl Björk has been used for creation of the 2-dimensional drawings.
Sealing solution can take many shapes, but a common solution is O-rings. These are rubber
rings, placed in tracks and compressed between two surfaces. There are several guides to follow
when designing O-ring tracks, created by companies in the industry. Three guides from
Trelleborg, Lundgrens and Teknikprodukter are commonly used in the industry and in this
thesis as well.
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3 Method
This chapter describes the methods applied when developing a solution to the problem
presented in the first chapter of the thesis.
The thesis adopted a typical project model of four phases, described in the chapter two. The
pre-phase began 26th of October 2018 and consisted of initiation of the project and creation of
a project description. During the start-phase a project plan and a detailed time plan was created.
The execution-phase held most of the planned resources and was divided into four parts which
represents the development process i.e. conceptual design, manufacturing, assembly and testing
as well as analysis. During the final conclusion-phase, the project is analyzed as a whole and
concluded.
Before presenting the method, it is worth mentioning that, after examining the initially
proposed problem in section 1.2, several more issues and concerns were discovered. These
could potentially affect the development of a fill and drain solution.
•
•

•
•
•
•

The push-in fitting currently used for filling the tank is a simple and easy-to-use solution,
but it has turned out that it might not be the most reliable and leak-tight connection.
The n-butane is in liquid state when filled and will vaporize if the temperature or volume
is increased which requires energy from the surroundings and therefore cool the affected
areas. This will create frost if air is present and possibly increase the leakage of the check
valve.
A method of knowing the state of check valve with certainty has to be found i.e. a method
for signaling the user when the check valve is open or close.
Draining the tank means evacuating the propellant which has to be released somewhere
else. To store it would require a complex compressor system. An easier solution would
be to release it through a verified ventilation system.
When draining and creating a vacuum inside the tank, the back-flow pressure by the
vacuum has to be sustained by the solenoids.
At the launch site, the fill and drain system has to be operational following the site
regulations, such as allowed type of equipment and processes. It should also be of
reasonable size and complexity.

3.1 Design
After breaking down and investigating the problem thoroughly, an idea of a solution was
found. Figure 14 shows a FDS for 3U CGPS, using the butane fill equipment. Based on chapter
two, it was decided that, an additional leak-tight and non-electrical external tool should be
developed, serving as a link between the existing systems. The fill and drain tool (FDT) would
enable flow in both directions by choice of the user to either fill or drain the tank, thereby
solving the problems of the CGPS. The FDT should be able to open the check valve in a
controlled manner, allowing draining of the propellant tank. It should also allow filling to be
performed in the way as it currently is. No modifications are therefore required for either of the
two already existing systems, and the already used processes are only complemented by the
additional FDT. The development should follow the philosophy of FHC and GHC, which is the
most suitable solution when minimized size and weight is required of the satellite system. The
development should also include the design of various test and support equipment for the
purpose of assembling the components, verifying the requirements and test the functionality of
the system.
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Figure 14 – The idea of the fill and drain solution.

3.1.1 The concept
Several design concepts for the FDT were created both based on chapter two and the market
investigation but also through creativity. By iterating on the concepts and having discussions
with employees involved with the products at GomSpace, a final concept was found. Figure 15
shows the concept of the FDT which solves the problems of the current design of the propellant
tank.

Figure 15 – Fill and drain tool concept of closed and open check valve.

The concept consists of an external tool that connects to the existing input port of the tank.
The tool controls the state of the check valve while the system is leak-tight to the required level.
The FDT should contain an internal component that can move and thereby push down the ball
inside the check valve, opening the seal and allowing flow from the tank out through the port.
When the tool releases the check valve, it will close again due to the spring force. The FDT
functions as a link between the closed existing systems and has to have a low leak rate using
sealing solutions. The concept should be composed of several separate components which are
assembled as the complete FDT.
The ball inside the check valve has a diameter of just less than one mm and the input port is
an M3x5 thread. This means that the components of the tool have to be miniaturized which

25

might produce a production and manufacturing challenge. Also, the tool should not damage or
lower the performance of the existing systems. The risk of damaging the miniaturized check
valve is present and should be highly considered. Since the check valve is not be visible when
being opened by the tool, because it is located inside the tank. The user has to know in some
other way when the check valve is open or not. By knowing the exact position of the check
valve, a tool of specific length could be designed to open the valve when placed in a certain
position.
3.1.2 Creating the design model
With the final concept established, detailed design through computer aided design (CAD)
was performed with the software SolidWorks, which is the mechanical design software used by
GomSpace [23]. SolidWorks is a powerful but intuitive software and covers all the way from
first conceptual design to 3-dimensional models and complete manufacturing drawings. One
starts designing by creating a digital sketch, with which features can be generated. When
finished, the development is saved as a part and can be assembled together with other parts into
assemblies, with relations and movements. Changes made to the parts also effect the
assemblies.
The CAD-model of the FDT was generated through several iterations in SolidWorks. First,
function and sealing solutions was prioritized, guaranteeing that the FDT could open and close
the check valve correctly while being leak-tight. During the second iteration, usage was
prioritized, taking into account how the tool could be used in a simple but efficient manner.
Third and finally, manufacturing and esthetics were prioritized in the design. Basically, the
third iteration was a major optimization of the second. The resulting designs are shown in the
fourth chapter.

3.2 Manufacturing
Due to the hard requirements on both quality and dimensions, and the fact that GomSpace
does not have complete in-house production capabilities, the manufacturing had to be outsourced to a competent company. In search for a manufacturer, some properties were
prioritized: their previous relation to GomSpace, their closeness to Uppsala and their capability
of producing miniaturized details with high accuracy.
Through the CAD-files in SolidWorks, complete 2-dimensional drawings for all components
were created following GomSpace standards. The files are automatically generated through
SolidWorks and one adds 2 or 3-dimensional views of the design along with dimensions and
manufacturing properties. The files are saved as drawings and are connected to the original part
files, which if updated, also updates the drawings.
The components were complemented and supported with component specifications (CS) and
inspection specifications (IS) documents, for GomSpace internal use. The CS documents are
used for specifying all information about the components and the IS documents are used for
performing inspections of the manufactured components to verify that they follow the design.
Three sets of components were chosen to be ordered from Scandiflash AB, which is a local
and qualitative company in Uppsala with a previous relation to GomSpace, delivering various
types of products.

3.3 Assembly
When the components were received from the manufacturer, the assembly began. In the IS
documents, properties and features of the components are detailed. They contain procedures of
how the components shall be handled after arrival from the manufacturer. The components were
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first cleaned to be allowed entry into the clean room at GomSpace Sweden in Uppsala. The
components were put in an ultrasonic bath for 20 minutes with 5% detergent. They were then
inspected and assembled. In the clean room, a thorough review of each component was
conducted, verifying the dimensions and features from the design. A microscope was used to
accurately determine the dimensions, which were compared with the original design. When
assembling the first FDT, an assembly procedure was created and stored in an equipment
information document (EID), where all relevant information of the FDT is located for internal
use at GomSpace.

3.4 Testing
To verify the function and performance of the solution, i.e. the FDT, several tests were
designed and conducted. The test results were compared and verified with the ERS document.
All tests were conducted in the clean rooms at GomSpace Sweden in Uppsala. They were
performed in a professional manner, following a written test procedure and finalized by a short
test report. Each test procedure was created following GomSpace standards and included an
introduction, test description, unit under test (UUT), equipment list and procedure. Three types
of tests were designed to investigate the leakage, the proof pressure and how the tool functions
and performs.
3.4.1 Leak rate test
A leak rate test was created to test the leak rate of the FDT. Leak tests are common at
GomSpace and the test was largely based on similar investigations. Other products and
equipment of GomSpace, such as the 3U CGPS has to be leak tested and verified on even harder
requirements than the FDT, since they operate in space. Figure 16 shows the test setup i.e. the
leak detector and vacuum chamber which contains the FDT and tank.
Test objective: To verify the requirement on leak rate of the FDT.
The UUT: The FDT, connected to a reference propellant tank.
Test specification: To place the UUT in a vacuum chamber, which shall be connected to a
helium leak detector. If a leak is present, the tracer gas will escape into the vacuum and then be
detected. The UUT shall be pressurized to 5 bar throughout the test.
Test media: Helium.
Acceptance criteria: The leak rate shall be less than 1x10-3 atm cc/sec.
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Figure 16 – Leak test equipment setup with helium leak detector and vacuum pump (left) and vacuum chamber (right).

3.4.2 Proof pressure test
A proof pressure test was created to test higher pressure levels of the FDT, verifying that it
functions well with a margin in pressure level. The test was designed based on similar tests of
proof pressure done at GomSpace. Figure 17 shows the FDT mounted to a reference tank and
connected to a helium gas bottle via a push-in fitting.
Test objective: To verify the requirement on proof pressure of the FDT, without damage or
degradation.
The UUT: The FDT connected to a reference propellant tank.
Test specification: To place the UUT in a vacuum chamber, but without evacuating the air.
The UUT shall then be pressurized to 7.5 bar for 5 minutes. The test shall be preceded and
followed by a leak rate test, to compare the effects of the proof pressure test.
Test media: Helium.
Acceptance criteria: The leak rate shall be less than 1x10-3 atm cc/sec and the FDT shall
show no leak rate changes, damages or structural changes after the proof pressure test.
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Figure 17 – Proof pressure test equipment setup with the FDT mounted to a plugged reference tank and connected to the
gas feed through a push-in fitting.

3.4.3 Functional and performance test
Two functional and performance tests were created to test the functionality and the actual
performance of the FDT. They were specifically designed to test the opening of the check valve,
and how the user can be signaled of the state of the check valve. The first test was done with
the performance test module, a component developed specifically for the test. The test module
is designed to represent the tank and has an inside volume as well as a check valve. It also has
a mounting for a pressure sensor to measure the tank pressure, which is not possible on the real
propellant tank. By using the test module, no real systems needed to be used and risked being
damaged during the first tests of the FDT. The second test was the final test which was
performed and reflected the real experience of a user, using the FDT and FDS to fill and drain
the 3U CGPS. It was done with the GomSpace butane fill equipment as well as a real propellant
tank. Figure 18 shows the test setup performed with the module. The vacuum pump on the left,
the module and FDT along with valves and tubing on the table and the helium gas bottle on the
right. Figure 19 shows the test setup performed with the real equipment. The butane fill
equipment on the right and the propellant tank placed on a scale to the left, with the FDT
mounted to it.
Test objective: To investigate if the FDT can open the check valve, if the tank volume can
be drained and to investigate how the state of the check valve can be known. Also, it will serve
as a basis for verifying the requirements on endurance and functionality.
Test module specification: To assemble and mount the FDT to the test module. Connect the
equipment to the helium gas bottle, vacuum pump, pressure sensors, mechanical valves and
tubing for switching between fill and drain line. Perform fill and drain of the representative
volume inside the test module. The test shall be preceded and followed by a leak rate test.
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Real test specification: To assemble and mount the FDT to the propellant tank. Connect the
FDT to the butane fill equipment and perform fill and drain of the tank.
Test media: Helium for the test module and n-butane for the real test.
Acceptance criteria: The leak rate shall be less than 1x10-3 atm cc/sec and the FDT shall
show no leak rate changes, damages or structural changes after the test. It shall maintain
function and performance after five cycles of use, where a cycle is one drain and one fill of the
tank.

Figure 18 – Functional test setup with the test module.

Figure 19 – Functional test setup with the existing GomSpace equipment.
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4 Results
This chapter will provide the results reached in this thesis, first regarding the design and then
the performance.

4.1 First version of the fill and drain tool
After the three explained CAD iterations, manufacturing, assembly and testing, a first
complete design version of the fill and drain tool was found. Through the design evolution of
the tool, the final features and functions were added successively. The resulting first design
iteration, shown in the figure 20, consisted of two parts, a primary component which is
connected to the port of the tank and a secondary component, placed inside the primary and is
movable to open and close the check valve. A second port was placed on an angle the center
port for connection to the fill equipment. Two areas were sealed with O-ring tracks, one track
was added to the connection of the primary component and the tank and two tracks were
added to the connection of the primary and secondary component to seal the surface. The
primary component was shaped to easily be gripped by a wrench tool.

Figure 20 – First CAD iteration of the FDT.

The second design iteration, shown in the figure 21, consisted of four components which are
a tube that connects to the tank port, a stem which is placed inside the tube and interacts with
the check valve and a house of two components which enclose the stem and allows it to move
closer and further to the check valve. Instead of having two ports as the first iteration, the port
for interaction with the check valve and the fill connection are in the same axial direction i.e.
one and the same port. The house of two components, are mounted together using wrench tools,
and then mounted to the tube, which also has grip for wrench tools.
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Figure 21 – Second CAD iteration of the FDT.

The third and final design iteration resulted in four developed components and three supplied
sealing solutions, as well as several other complementary components for testing, assembly
support and storage. The four components, shown assembled in figure 22, are a tube, a house
of two parts and a stem. In the figure there is also a stem cover mounted to the FDT, which
protects the delicate stem when stored. The sealing solutions consist of two O-rings which seal
the surfaces of the stem and the tube and one sealing ring which seals the connection of the tube
and tank.

Figure 22 – The first complete version of the FDT.
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4.1.1 The components
Table 2 presents the four developed components from the third CAD iteration which
compose one FDT, as well as the complementary parts.
Table 2 – List of the components for one FDT, as well as complementary parts.

Name
Tube
Stem
House A
House B
O-ring
Sealing ring
Stem cover
O-ring mounting tool
M3x5 screw
Sealing ring
Performance test module
Check valve
Push-in fitting

Amount
1
1
1
1
2
1
1
1
1
1
1
1
1

Material
Stainless steel
Stainless steel
Aluminum
Aluminum
Viton
N/A
Aluminum
Aluminum
Stainless steel
N/A
Aluminum
N/A
N/A

Description
FDT
FDT
FDT
FDT
FDT sealing solution
FDT sealing solution
FDT storage protection
FDT assembly support
FDT storage sealing
FDT storage sealing
FDT test
FDT test
FDT tube connection

The tube has the purpose of connecting to the tank while housing the stem and sealing the
tool. The stem has the purpose of interacting with the check valve as well as sealing the tool
and being connected to the fill tube. The house A has the purpose of interacting with the user’s
hand. The house B together with the house A have the purpose of housing the stem in axial
direction and control the depth of the stem. The O-rings seal the tool internally and the sealing
ring seals the connection of the tank and tool.
Several supporting components were developed. The purpose of the stem cover is to cover
the delicate part of the stem when the FDT is stored or transported. The O-ring mounting tool
has the purpose of simplifying the assembly of the O-rings onto the stem. The performance test
module is, as mentioned developed for the functional and performance testing. The M3x5 screw
and sealing ring is used for sealing the input hole on the stem while in storage or transportation.
After ordering the components from Scandiflash AB, they were inspected to verify the
design. Several components were found to not have the required dimensions within the
tolerance levels, some were too short and some too long. All components were therefore sent
back to the manufacturer for amendment. When received the second time, all component
inspections were approved.
An assembly procedure was created during the assembly of the first tool, but an issue was
encountered when assembling the O-rings. They were not possible to assemble without
bursting when placed onto the stem and into the tube. New O-rings were ordered and
correctly assembled, but these were smaller and not perfectly designed for the specific
dimensions following the guides for O-ring tracks. The other steps of the assembly proceeded
without disturbance. A total of three tools were built named, FDT 1, FDT 2 and FDT 3.
Figure 23 shows the FDT 1, assembled without the stem cover.
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Figure 23 – Photo of the assembled FDT 1, without the stem cover.

4.2 Test results
The following section shows the result of the three types of tests. By using a reference tank,
measurements of the tool were correctly isolated.
4.2.1 Leak rate test results
Several leak rate tests were successfully performed on all of the FDT assemblies, with the
purpose of verifying the leak requirements. Table 3 shows the measured leak rates of the
FDTs, the reference tank as well as for the push-in fitting.
Table 3 – Leak rate test results.

Test
FDT 1
FDT 1
FDT 2
FDT 3
FDT 3

Component
Reference tank
FDT 1
Reference tank
Push-in fitting
FDT 1
Reference tank
Push-in fitting
FDT 2
Reference tank
Push-in fitting
FDT 3
Reference tank
FDT 3

Leak rate atm cc/sec
8.8x10-6
2.1x10-4
3x10-5
2.1x10-4
1x10-4
2.2x10-5
1.1x10-4
3.2x10-4
5x10-5
0.8x10-4
9.1x10-5
5x10-5
1x10-4
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Pressure bar
3x10-5
3x10-5
4.5x10-5
4.5x10-5
4.5x10-5
4.5x10-5
4.5x10-5
4.5x10-5
3x10-5
3x10-5
3x10-5
3x10-5
3x10-5

The FDT:s were found to have an average leak rate of 1.642x10-4 atm cc/sec, which is
lower than the requirement on leak rate. Therefore, the leak rate of the FDT was approved.
4.2.2 Proof pressure test results
A single proof pressure test was successfully performed to verify the requirements on higher
pressure levels. A pressure level of 7.5 bar was kept for 5 minutes. Table 4 shows the leak rate
results before and after the test.
Table 4 – Proof pressure test results.

Test
Leak test before
Leak test after

Tool
FDT 3
FDT 3

Leak rate atm cc/sec
9.6x10-5
1.1x10-4

Pressure bar
3x10-5
3x10-5

No significant leak rate differences and no visible damages was found on the FDT.
Therefore, no more tests were judged as required and the requirement on proof pressure of the
FDT was approved.
4.2.3 Functional and performance test results
There were three main purposes of the test, to investigate if the FDT could open the check
valve and if the volume inside the tank (or test module) could be drained. Also, is was created
to investigate how to know and signal the state of the check valve, i.e. if it is open or closed.
After performing the test with the test module, it was successfully verified that the FDT
could open the check valve and that the representative volume inside the test module could be
drained. The opening and the draining were verified by the use of a pressure sensor located
inside the representative volume of the test module. The FDT was used by rotating the house
and inserting the stem into the check valve, until it opened and released the helium.
Also, different ways of knowing and signaling the state of the check valve was investigated
and a method was found by using a second pressure sensor, located just outside the FDT, giving
a raise in pressure when the check valve releases the pressure in the representative volume.
With initially one bar of helium in the tank, 0.68 bar was registered on the second pressure
sensor and with initially five bar helium in the tank, two bar war registered. These external
signals were very clear signs of the opening, if initially having the system drained to vacuum.
During five cycles of use, an average of 5x10-3 bar was reached during drain of the complete
system including the representative tank volume and an average of 5.84 bar was reached during
filling of the volume. Table 5 shows the leak rate results of FDT before and after the test with
the test module. No significant leak rate differences and no visible damages was found on the
FDT after use. The test represented the first opportunity to use the tool for solving the initial
problem of the 3U CGPS i.e. draining of the tank. The tool was easy to use and the filling and
draining could be performed.
Table 5 – Results of the functional test with test module.

Test
Leak test before
Leak test after

Component
FDT 3
FDT 3

Leak rate atm cc/sec
2.4x10-4
1.8x10-4

Pressure bar
3x10-5
3x10-5

For the second test, the real test setup, it was now time to test the real fill and drain system,
shown in figure 14 and how the FDT functions with the existing GomSpace equipment. Five
cycles of use were achieved, but at this time by using n-butane as propellant. The butane fill
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equipment has a manometer, measuring the pressure in the system, which functioned as an
external signal for the opening of the check valve, as described in the test with the test module.
An average of 0.3 bar was registered on the manometer when having one bar of air in the
propellant tank. For the first three fills, an average of 13.5 g of n-butane was filled and for the
last two, an average of 51 g was filled. Two methods of draining the tank were tested, 100%
duty cycle (vacuum pump on constantly) and 50% duty cycle in 45 seconds intervals (vacuum
pump on/off in 45 second intervals). The time for draining the two full tanks were registered.
First, 53 g were successfully drained in 40 minutes with the 100% duty cycle. Secondly, 49 g
were successfully drained in 82 minutes, with the 50% duty cycle. Table 6 shows the leak rate
results before and after the test. No significant leak rate differences and no visible damages was
found on the FDT. The test was the first opportunity to test the FDT on the real existing
equipment, systems and propellant i.e. an opportunity to test how the tool stands up to the
problem which was sought out to solve. It was verified that the FDS functions properly and that
a full tank with n-butane can be drained. The requirement on endurance was approved due to
the achievement of the five cycles of use.
Table 6 – Results of the functional test with the GomSpace equipment.

Test
Leak test before
Leak test after

Component
FDT 3
FDT 3

Leak rate atm cc/sec
1.3x10-4
1.1x10-4

Pressure bar
3x10-5
3x10-5

4.3 Second version of the fill and drain tool
After completing the tests and being acquainted with the FDT, the capabilities and limits of
the tool became clear. It meets the requirements and solves the problem successfully. It is rather
simple to use but a user has the need of understanding how it functions and follow the
procedures to not risk damaging the check valve when using the FDT. Also, the first version
requires an external signal system for opening the check valve. Therefore, the solution could
be improved by erasing the required external signal and decreasing the risk of damage to the
check valve. Additionally, the O-rings as sealing solution in the first version FDT are not
optimal for the desired design, following the guides of O-ring tracks. An improvement of the
tracks and components are required to fit the originally intended O-rings. A second version of
the design was successfully produced during the work but the development only reached the
design phase.
Instead of having a single firm stem, which based on the design and tolerance levels, reached
a certain depth into the tank and check valve, a dynamic approach was found. This also meant
that an external signal system no longer had to be used to verify that the check valve is opened.
One can fully rely on the tool itself to open the check valve without damaging it. Figure 24
shows the new FDT which consists of seven manufactured components and four supplied parts.
The components are a tube, a house of two parts, a stem, a pin, a pin holder and a stem cover.
The supplied parts are two O-rings which seal the surfaces of the stem and the tube, a sealing
ring which seals the connection of the tube and tank and a spring which makes the solution
dynamic.
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Figure 24 – The second version of the FDT.

4.3.1 The components
Table 7 presents the six developed components which compose one second version FDT, as
well as other parts and supporting equipment. The tube, house A, house B, O-rings and sealing
ring have the same purpose as the first version of the tool. The interaction with the check valve
is for the second version shared between several new components. The purpose of the stem is
to seal the tool, connect to the fill equipment and together with the pin holder, house the spring
and pin. The purpose of the pin is to interact with the check valve. The purpose of the spring is
to adjust for the depth required for the pin to open the check valve, the spring decrease the risk
of damage by compressing, as well as guaranteeing an open check valve without the need of an
external signal. Several supporting components such as the stem cover, O-ring mounting tool,
M3x5 screw and sealing ring all have the same purpose as in the first version of the tool.
Table 7 – List of the components of the second version FDT, as well as complementary parts.

Name
Tube
Stem
Pin
Pin holder
House A
House B

Amount
1
1
1
1
1
1

Material
Stainless steel
Stainless steel
Stainless steel
Aluminum
Aluminum
Stainless steel
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Description
FDT
FDT
FDT
FDT
FDT
FDT

O-ring
Sealing ring
Spring
Stem cover
O-ring mounting tool
M3x5 screw
Sealing ring

2
1
1
1
1
1
1

Viton
N/A
Stainless steel
Aluminum
Aluminum
Stainless steel
N/A
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FDT sealing solution
FDT sealing solution
FDT adjustment to length
FDT storage protection
FDT assembly support
FDT storage sealing
FDT storage sealing

5 Discussion
In this chapter, both the results of the thesis and some main issues encountered during the
development will be discussed. The results will be compared with the requirements and
specifications stated initially in the first section.

5.1 Solving the problem
The problem investigated by this thesis concerns an existing propellant tank, which contain
a check valve in the input port of the tank. Filling is done by overcoming the cracking pressure
of the check valve, but draining is only possible the other way, through the thrusters. Thus, the
actual problem becomes a matter of how to open the check valve and how to know the state of
it i.e. if it is open or not, while the system remains under the required leak rate.
5.1.1 How to open the check valve
Opening the check valve would enable much more efficient draining of the tank, which is
sought for. Since the check valve has to physically move axially to be opened, an axial
movement of the tool is required. The resulting FDT, both the first and second version,
transfers rotational movement into axial movement by rotating the house on the threads of the
tube, the stem will move axially in or out of the tank and check valve. This is the same
mechanics as a screw uses when it rotates to move into e.g. a piece of wood.
5.1.2 Knowing the state of the check valve
The second issue, that required solving for develop a successful solution to the problem of
the propulsion system, was to how to know or signal the state of the check valve. How can a
user know if the check valve is open or closed?
Since the check valve is located inside the tank, the state is not visible to the naked eye.
Similarly, neither hearing or feeling the opening of the check valve were possible due to the
potential sound being damped by the connected tubing and feeling being damped by the
rotational movement on the threads of the house and tube. Since the direct signals of the
opening of the check valve were ruled out, it was investigated if it was possible to know the
exact position of a check valve and thereby use a FDT of precise length to open the check
valve when the tool is placed in a certain position.

Figure 25 – Concept figure of the tool and check valve. The blue arrow shows the position of the check valve.

The exact position of a check valve depends on the components of the propellant tank and
their tolerances i.e. a tolerance chain. Figure 25 shows an example of the position of the check
valve. This position has an uncertainty equal to the tolerance chain, which turned out to be as
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large as the total possible opening distance of the check valve itself. The effect of this is that,
some check valves can be positioned too far away, and the tool will be too short and not being
able to open the valve. Some check valves can be positioned too close, and the tool will
therefore be too long and risking damaging the valve by pushing down too much. Figure 25
shows the scenario where a tool is too short for that specific valve, and the valve will not be
possible to open. Figure 26 shows the other extreme scenario, where a tool is too long, and
can possibly damage the check valve.

Figure 26 – Concept figure of a tool and check valve which might risk damage. The blue arrow shows the position of the
check valve.

Since all these methods were eliminated as ways of knowing the state of the check valve,
an external signal system was implemented in order to perform fill and drain of the tank with
the FDT. The use of an external signal system, in shape of a pressure sensor, was explained in
subsection 4.2.3. By having a pressure sensor in vacuum directly outside the check valve of
the tank, one could clearly see the raise in pressure when opening the check valve, since the
substance inside the tank escaped out in the volume of the whole system. A clear signal was
found both with 1 bar and 5 bar of air in the tank as well as 2 bar of n-butane. The real
scenario tests were conducted with the FDT, the butane fill equipment and a propellant tank.
A complete procedure was developed for both filling and draining of the tank. As a user, the
FDT and FDS were functioning properly and found to be rather easy and simple to use, if one
understands how the tool and check valve works and follow the procedures.
In order to further improve the solution, a second version of the FDT was designed. It erases
the need for the external signal, simplifying the use of the tool as well as decreasing the risk
that a tool damages a check valve. The design is dynamic by splitting the stem in two parts, a
stem and a pin, and having a spring in-between. When a tool is too long for a check valve, the
spring will compress instead of letting the stem continue pushing into the check valve. Figure
27 shows a concept figure of how the tool will compress. The force applied to the check valve
is balanced by the spring. The FDT will therefore guarantee to always open the check valve for
each tank, with a decreased risk of creating damage. The usage is simplified, since no external
signal system is needed and the FDT is placed in the lowest mode when wanting to open the
check valve.
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Figure 27 – Concept figure of the updated tool and check valve. The upper spring compresses if the tool is too long for
that specific check valve position.

5.1.3 Vaporization of n-butane
An expected potential issue was encountered while draining the tank. When a substance
evaporates, it requires energy from the surrounding environment i.e. if n-butane vaporizes from
a surface, the surface gets cold. When the tank was fully drained by the vacuum pump, a large
amount of n-butane evaporated during a longer period of time, cooling affected areas down to
-20oC. The surrounding air, containing water, therefore condensed and created liquid water and
frost on the propellant tank as well as FDT and tubing. It led to no problems with the filling or
draining during the tests but should be noticed and further investigated in order to understand
the complete extent of the effects.

5.2 Follow-up on requirements
Six requirements were presented in the first chapter of the thesis which were evaluated as
the most important. Through the results of the thesis, all these six requirements were verified,
as well as all other requirements stated in the ERS. The six most important are listed below.
•
•
•
•
•
•
•

Requirement 4.7 Interface requirements – Both input and output shall be interfaced
using M3x5 ports: Verified.
Requirement 4.8 Controllability – The equipment shall be fully controllable by hand:
Verified.
Requirement 4.13 Leakage – The leak rate of the equipment shall be less than 1x103
atm cc/sec of GHe at 5 bar pressure: Verified.
Requirement 4.14 Proof Pressure – The proof pressure of the equipment shall be at
least 7.5 bar: Verified.
Requirement 5.1 Propellant – The equipment shall be operational with both liquid
and gaseous n-butane: Verified.
Requirement 5.6 Movability – The equipment shall be movable to be able to
physically move the check valve ball: Verified.
Requirement 5.6 Proof pressure – The equipment shall be movable to be able to
physically move the check valve ball: Verified.
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6 Conclusion
As seen in this thesis, limits with the existing GomSpace’s 3U CGPS had been found and
investigated. The problem concerned draining of the propellant tank, specifically how to open
and control the check valve. A solution was developed, in the shape of a fill a drain tool
which completed the fill and drain system. The solution was successfully constructed and
after performing tests it was verified, not only that the tool works and has the proper
functionality, but also that it meets the requirements of the development. In order to further
improve the solution, a second version of the tool was designed. This final version decreases
the risk of damaging the propellant tank as well as simplifies the usage.
The problem concerned by this thesis was initially formulated around four questions. They
are the core and the purpose of the work that has been done. It is therefore of greatest interest
to answer these questions and specifically investigate the answer to question 3 and 4. All
answers must be seen as successful since a solution to the first question has been found and all
the other questions are answered YES to.
1. How to fill and drain the tank more efficiently through the port in the tank?
By using a fill and drain tool, uniquely developed for the tank.
2. Can a special fill and drain device be designed to solve this problem?
Yes!
3. Can this device be designed as an external tool, or “ground half coupling”, that can be
mounted on the tank’s existing fill port?
Yes!
4. Can this device be designed such that the current design of the tank and the propulsion
unit remains unchanged?
Yes!
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7 Future recommendations
Presented in this chapter are recommendations of how to further improve the FDT and the
FDS for GomSpace’s propulsion systems, as well as, thoughts on other improvements that
could gain the company.
The two versions of the FDT are the main results of this thesis, one physical product and one
digitally designed product. They successfully solve the problem which the thesis was set out to
find a solution for. But they both can only be viewed as unique and short-term solutions. They
complete the fill and drain system for the 3U CGPS, with the current tank design and that
specific check valve. But for changes to the design or other products, these two tools do not
work. Also, due to the work conducted in this thesis, it has been realized that the current tank
design and check valve is not the most efficient and reliable system. Therefore, one can ask,
can an even better solution be found? Perhaps a long-term solution should be investigated,
spanning over several products and consists of a more robust valve. This chapter is divided in
two parts, first discussing the recommended actions in near-future to continue and finish the
development of a fill and drain system for the 3U CGPS. Secondly, an idea for a new FDS that
could span over several of GomSpace’s products are presented.

7.1 Short-term improvements
As seen in chapter four, a second version of the FDT solution was designed and developed
through CAD. To complete the development, manufacturing drawings have to be generated for
these components and then ordered from, tentatively, the Scandiflash where the first version
components were manufactured. Similar CS and IS documents have to be created for the
additional components, and when the components arrive after manufacturing, the EID has to be
updated with the new description and assembly procedure. The second version of the FDT then
has to undergo the previously developed tests before being verified and finally approved for
customer use.

7.2 Long-term solution
One of the main goals of the project was to not change the current design of the 3U CGPS.
Therefore, already from the beginning of this project, it was understood that a fill and drain
solution had to be developed specifically for the design of the tank. The solution therefore
became unique and the FDT can only be used with that propellant tank. But what if the
propulsion system design could be changed? Could an even better fill and drain solution be
found, perhaps creating a module development?
The answer to the latter question is yes. If the design of the propulsion systems, especially
the propellant tank, is changed, a better solution for filling and draining could be found and
used on several future propulsion systems. An updated design could improve the fill and drain
process and further standardize the development processes and usage of the propulsion systems.
The solution could be realized as a module development, including an interface, a tool and
procedures. The propellant tank interface contains the functions and properties required for fill
and drain. The same interface could then be used for different sizes and shapes of tanks. A
module development could potentially decrease future development costs by re-using previous
developments, thus saving time and costs. Figure 28 shows the concept of second generation
fill and drain system, where the propellant tank interface is usable on different tank sizes.
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Figure 28 – Concept of the second generation fill and drain system.

The proposed design is called propellant tank interface and would require a second
generation of propellant tanks for the existing products of GomSpace, as seen in the figure 29.
The interface would include a valve which is opened and closed by an external tool, a port to
which the tool is mounted and a way of mounting the interface to the tank. This method has the
same approach as the FDT solution for the 3U CGPS, having a GHC i.e. the tank interface and
valve and a FHC i.e. the external tool. Instead of having unique GHC and FHC for each
propulsion system and propellant tank, the tank interface could be developed once and then
used as a module in several future propulsion systems. The proposed long-term solution would
require some investment and, in the end, test-fights to be approved. But the upside is believed
to overcome well the downside and result in a modern and optimized development process and
the capacity of producing propulsion systems in less time at even lower costs.

Figure 29 – Second generation of a propellant tank with the tank interface for fill and drain.

44

8 References
[1]
[2]
[3]
[4]

[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]
[16]
[17]
[18]
[19]
[20]

[21]

E. Kulu, ”Nanosats Database,” 2014. [Online]. Available:
https://www.nanosats.eu/cubesat. [Used 03 07 2019].
G. S. J. S. Peter Fortescue, Spacecraft Systems Engineering, WILEY, 2011.
N. H. W. C. Steve Garber, ”NASA History,” 10 October 2007. [Online].
Available: https://history.nasa.gov/sputnik/. [Used 03 07 2019].
”UCS Satellite Database,” 09 01 2019. [Online]. Available:
https://www.ucsusa.org/nuclear-weapons/space-weapons/satellite-database. [Used
03 07 2019].
”Orbital Debris Quarterly Report News Volume 22 Issue 1,” NASA, 2018.
”Nano/microsatellite Market Forecast, 9th Edition,” SpaceWorks, 2018.
C. Fuglesang, Lecture 3: The Space Environment, Stockholm: KTH, SD2905
Human Spaceflight, 2018.
J. K. David W. Miller, ”Spacecraft Power Systems”.
P. Erichsen, Spacecraft Propulsion, Stockholm, 2016.
”CubeSat,” [Online]. Available: http://www.cubesat.org/about. [Used 03 07
2019].
”Alén Space,” [Online]. Available: https://alen.space/basic-guidenanosatellites/. [Used 03 07 2019].
A. S. University, ”Small Satellite Propulsion,” Tempe, Arizona, 2015.
”MOOG, Valves for spacecraft propulsion systems,” 2019. [Online]. Available:
https://www.moog.com/products/propulsion-controls/spacecraft/spacecraftpropulsion-components/valves-for-spacecraft-propulsion-systems.html. [Used 03
07 2019].
”Valcor, Fill and drain (service) valves,” 2019. [Online]. Available:
https://www.valcor.com/missiles-and-aerospace/aerospace-fill-and-drain-servicevalves/. [Used03 07 2019].
”Vacco, Overview,” [Online]. Available:
https://www.vacco.com/index.php/space/overview. [Använd 03 07 2019].
”Orbital Propulsion Center,” 2019. [Online]. Available: http://www.spacepropulsion.com/. [Used 03 07 2019].
”Vapor Pressure Physics,” 2019. [Online]. Available:
https://www.britannica.com/science/vapor-pressure. [Used 03 07 2019].
”Butane, Thermophysical properties,” [Online]. Available:
https://www.engineeringtoolbox.com/butane-d_1415.html. [USed 03 07 2019].
”GomSpace, The Story,” [Online]. Available: https://gomspace.com/thestory.aspx. [Used 03 07 2019].
”Clean Air Technology Inc, What is a clean room?,” [Online]. Available:
https://www.cleanairtechnology.com/cleanroom-classifications-class.php.. [Used
03 07 2019].
M. E. Joakim Lillisköld, Handbook for Small Projects, Liber, 2015.

45

[22]

[23]
[24]

N. M. Nguyen, ”Project Management Institute, Effective Space Project
Management,” 07 09 2000. [Online]. Available:
https://www.pmi.org/learning/library/effective-space-project-management-560.
[USed 03 07 2019].
Dassault Systems, ”3D CAD,” 2019. [Online]. Available:
https://www.solidworks.com/category/3d-cad. [Used 03 07 2019].
[Online]. Available: https://www.cleanairtechnology.com/cleanroomclassifications-class.php.

46

TRITA SCI-GRU 2019:308

www.kth.se

