Technische Universiteit Delft

o]
TUDelft

\VISC 1Thesis

On the Design of a Propulsion
System for the Lunar Meteoroid
Impact Observer (LUMIO)

= A Nett







VISC 1Thesis

On the Design of a Propulsion System for the
Lunar Meteoroid Impact Observer (LUMIO)

by

— A Nett

to obtain the degree of Master of Science
at the Delft University of Technology,
to be defended publicly on Wednesday, 13 October 2021 at 09:30.

Student number: 4717481

Project duration: February 15, 2021 — October 13, 2021

Examination committee: Dr. A. Cervone Academic supervisor
Dr. J. Guo Chairman

Ir. R. Noomen External member

An electronic version of this thesis is available at http://repository.tudelft.nl/.



http://repository.tudelft.nl/




Preface

This document contains my thesis on the design of a custom propulsion system for the Lunar Meteoroid
Impact Observer, conducted in fulfilment of the master of science programme at TU Delft, faculty of
Aerospace Engineering. Over a period of roughly an academic year of full-time research, | expanded
my knowledge of and my pre-existing interest into the topic of space (micro-)propulsion, an exciting
field with important applications for advancing science, by conducting a literature study, generating the
designs, and writing this document. | would like to express my sincere gratitude to my supervisor Dr.
Angelo Cervone for his guidance and valuable insights. His commitment to the field of micro-propulsion,
the faculty and his students is apparent and is greatly appreciated by me. | also want to thank my
wonderful family for supporting me during my studies, especially during the Covid-19 pandemic during
which this project took place. Finally, it is worth mentioning that towards the end of this project, Dr.
Cervone and | collaborated on a paper containing parts of this work, to be presented at the International
Astronautical Congress of 2021 in Dubai, United Arab Emirates, titled "Propellant Line Dimensioning
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MSc studies, and | am grateful for the opportunity.
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Summary

The Lunar Meteoroid Impact Observer (LUMIO) is a CubeSat measuring 3x2x2 CubeSat Units (U) -
12 U - proposed by a consortium of TU Delft, Politecnico di Milano and others to observe, quantify
and characterise the impacts of meteoroids on the Lunar far side. Making these observations, the
spacecraft will complement Earth-based observations on Near Earth Objects impacting the Lunar near
side and improve understanding of the Lunar meteoroid environment. Selected as ex-aequo winner
of the Lunar CubeSats for Exploration competition hosted by the European Space Agency, the phase
0 study was conducted to assess its scientific relevance and technical feasibility which resulted in a
positive outcome; similarly, the phase A study concluded positively in March of 2021. The spacecraft
will be brought into a Lunar parking orbit by a TBD mothership, from where after separation it will in-
dependently transfer into a quasi-halo orbit around the Earth-Moon L2 point using its Main Propulsion
System (MPS), where the operational phase will take place. For orbital transfer, station-keeping and
disposal, the Av budget has been set at 203 m-s™'; for de-tumbling and reaction wheel de-saturation,
the worst-case total impulse budget of the Reaction Control System (RCS) has been conservatively
estimated as 170 N-s regardless of thruster placement. To fulfil the purpose of the MPS and RCS,
Commercial-Off-The-Shelf (COTS) solutions exist, however often with limited options for customisa-
tion. The research objectives of this thesis are to first of all achieve a complete custom design of the
LUMIO propulsion system utilising COTS thrusters that fulfils all requirements and secondly to achieve
better performance as compared to selected baseline COTS systems judged on the metrics wet mass,
volume, power consumption and thrust level.

Prior to this project, a review of scientific literature was conducted on the current state-of-the-art of
propulsion systems for CubeSats and microspacecraft. Here, first, 107 experimental and commer-
cially available systems were considered to preliminarily select the most feasible technologies to fulfil
the roles of LUMIO’s MPS and RCS. This trade-off resulted in the selection of the Chemical Mono-
Propulsion (CMP) technology for the MPS and both Cold Gas Thruster (CGT) and Electrothermal (Re-
sistojet) (ETR) technologies for the RCS. Since the requirements have not changed significantly since
the literature review phase, this selection is chosen as final. The CMP technology was chosen as
most suitable for the MPS due to its specific impulse in the range of 125 - 258 s in combination with
the propellant mass to propulsion system wet mass fraction typically resulting in Av values sufficient
for LUMIO, with most of the systems considered populating the higher end of the presented range for
specific impulse. The technologies CGT and ETR were selected due to their typical thrust level ranges
of 10 mN - 3.6 N and 0.129 mN - 30 mN, respectively, where most systems considered populate the
lower ends of the ranges. Furthermore, the CGT and ETR systems considered are characterised by
specific impulse values ranging from 30 - 110 s and 48 - 150 s, respectively. Through studying the
commercially available propulsion systems CHIPS by VACCO and the MRS-142 CHAMPS by Aerojet
Rocketdyne, the experimental hybrid propulsion system by NASA/JPL for interplanetary CubeSat mis-
sions and finally the experimental propulsion system of NASA's Green Propellant Infusion Mission, it
was concluded that a propulsion system consists of at least but may not be limited to thrusters, propel-
lant/pressurant tanks, Propellant Management Devices (PMD), pressure regulator valves, latch valves,
start/stop valves, isolation valves, filters, lines, heaters, pressure transducers and thermocouples.

The selected COTS thruster for the MPS is the ECAPS HPGP 1N thruster by Bradford ECAPS due to
its high specific impulse of 231 s, highest TRL of 9 and high volumetric specific impulse. The thruster
generates 0.25 N - 1.00 N of thrust at inlet pressure values of 5.50 bar - 22.00 bar. For the RCS, the
selection process resulted in the Aurora Resistojet One (ARO) being the most feasible option, due to its
high specific impulse of 100 s and the high storage density of its water-based propellant. This thruster
generates 1 mN - 4 mN of thrust at an assumed 0.25 - 1.00 bar of thruster inlet pressure and 5 W - 20
W of electric input power. The CGT thrusters for the RCS were both designed for use with gaseous
Nitrogen propellant, which at a storage temperature of 300 K and pressure of 50 bar would result in
an excessively high required storage volume exceeding the volume requirements for the RCS. Other

ix
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popular propellants for the CGT technology include refrigerant R134a or Butane, storable in the liquid
phase at 300 K and at acceptable values for pressure. Due to the only propellant specified for use in the
thrusters considered being gaseous Nitrogen however, these thrusters were deemed infeasible. The
propellant for the ECAPS HPGP 1N thruster is LMP-103s, an ADN-based "green” mono-propellant; for
the ARO thruster, the chosen propellant is water as an unspecified "water based propellant” is described
by Aurora. Both propellants were determined acceptable considering the requirements, as they are not
considered toxic by REACH regulations.

The first step of the propulsion system design process is the concept design phase, consisting of
generation and selection of feed system concepts. Here, for both MPS and RCS, a regulated type,
a blow-down type and a pump-fed concept was generated. In a regulated type system, propellant and
pressurant gas are stored in separate tanks, with a pressure regulating valve between both tanks. This
has the advantage of constant propellant tank pressure, typically lower as compared to in a blow-down
type system, and can enable constant thruster inlet conditions. Alternatively, propellant and pressurant
can be stored in the same tank, using a regulator valve between the tank outlet and the thruster(s)
instead. In a blow-down type system, propellant and pressurant gas are typically stored together in the
propellant tank and as propellant is expended, the tank pressure drops. This type of concept has the
advantage of typically lower complexity and mass as compared to pressure regulated type systems.
The pump-fed concept operates similar to a blow-down type system, however a pump is used to provide
a pressure differential between the tank and the thruster. Pump-fed systems have the advantage of
typically very low propellant tank pressure and therefore light tanks, additionally constant thruster inlet
conditions can be achieved similar to a pressure regulated type system, by increasing the pump power
over the lifespan of the propulsion system. The most feasible concept for each role (MPS and RCS)
was selected based on the metrics total system mass, total system volume, power consumption, thrust
level and propellant tank pressure. Here, each concept was awarded positively for a low value for all
metrics except thrust level. For the MPS, this selection resulted in a pump-fed system due to its lowest
total required volume and lowest required propellant tank pressure; the mass was similar to that of
the blow-down type concept and lower compared to that of the regulated type system due to the latter
requiring a pressure regulating valve (with typically high mass) between the pressurant and propellant
tank. For the RCS, a blow-down type system was chosen due to its lower tank pressure as compared
to the regulated type concept and more margin above the propellant vapour pressure as compared to
the pump-fed concept.

The design process continues with the detailed design phase, where the first step is to generate the
propellant tank design, including mechanical design of the tank and a preliminary design of PMD. For
both systems, a conformal tank design was chosen due to the low required tank pressure and highest
achievable volumetric efficiency using a cuboid shape for both MPS and RCS. The tank pressure for the
MPS is low due to using a pump, the BOL tank pressure for the RCS is set at 1 bar due to a blow-down
type feed system being chosen and the inlet pressure of the ARO thruster being 1 bar. The selected tank
material for both MPS and RCS is Ti-6Al-4V due to its material compatibility with LMP-103s and water,
its superior specific strength properties and similar specific stiffness as compared to stainless steels.
The MPS propellant tank is constrained by the height of the spacecraft bus (2U) and 1 U of width due
to payload reservations, the free design parameter taken here is therefore the tank length. Assuming
isothermal expansion, varying the tank length changes the BOL/EOL pressurant gas volume ratio and
therefore the BOL/EOL pressure ratio, influencing bending stress and out-of-plane displacements of
the tank walls for a given tank wall thickness, using thin plate theory and assuming all wall edges being
simply supported. Out-of-plane displacements of 1 mm were selected conservatively as maximum
allowable value. This proved to be design driving - the tank wall thickness required to achieve compliant
displacements was higher as compared to the wall thickness required for allowable stress. An optimum
for tank length was found using the grid search method, where the wall thickness of each wall for each
tank length increment was calculated, resulting in a tank length of 136 mm for the selected width of
94.5 mm and height of 199 mm, all dimensions refering to internal dimensions. Here furthermore a
volume penalty was respected, introduced by the PMD: changing the tank length influences vane and
fillet volume, in turn influencing the inside volume of the tank. The resulting top/bottom wall thickness
is 2.74 mm, side walls 4.47 mm and front/rear walls 3.08 mm, resulting in a tank dry mass of 2.246
kg. The design was verified by FE-analysis in Ansys Workbench, and stresses and displacements
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were sufficiently low to apply a design iteration subtracting 1 mm of wall thickness for each wall pair,
resulting in an updated tank dry mass of 1.679 kg, a reduction of 25.253%. The RCS tank design in
turn was constrained by the BOL/EOL pressure ratio inside the tank where the initial pressure was
set at 1.000 bar to accomodate for the maximum thruster inlet pressure and the final pressure set at
0.274 bar to comply with minimum required thrust of 1 mN including a pressure drop margin of 0.024
bar, for the BOL condition no margin was provided in order to prevent excessive inlet pressure of the
thruster (assumed BOL inlet pressure of 1 bar). This resulted in an ullage fraction of 27.4% and interior
dimensions are 94.5 mm width, 94.5 mm height and 32.344 mm length. Due to the required tank
inner geometry being known, the required wall thickness was simply solved for, similarly to the method
used for the MPS tanks, using thin plate theory and assuming simply supported tank wall edges. Wall
thickness for the sides is 0.495 mm however selected as 1.000 mm and front/rear is 1.450 mm. A
tank dry mass of 250.480 g results. Again, FE-analysis in Ansys Workbench was used for verification
of the design, however no iterations were made due to the tank dry mass being a smaller fraction of
the total propulsion system wet mass as compared to the MPS. FE-analysis was performed using an
automatically generated mesh using triangular elements with a minimum of two elements in thickness
direction. A preliminary design of the PMDs was generated for both the MPS and RCS tanks. Due to
the tanks being of conformal geometry, surface tension devices were selected instead of membrane-
type PMD. For both MPS and RCS a sponge-type PMD is used to hold sufficient on-demand propellant
for a selected time interval of firing, to be re-filled by vanes. The hold volume of the sponges is assumed
to be equal to the free volume in between the sponge plates, using a conservative safety factor of 2 on
the hold volume. The sponges will be refilled using single vane-type PMD in ribbon orientation meaning
parallel to the tank walls. The width and the wall spacing of the ribbon-type PMD are preliminary set
at 1 cm. For the MPS, one vane is placed on the narrow tank side, traveling around the entire inner
tank and feeding into the sponge at the tank outlet. Two vanes are placed on the wider tank sides,
feeding towards the vane connected to the sponge. For the RCS, a similar configuration is chosen
however only two vanes being used in total, all meeting at the sponge and at the opposite end of the
tank. Performance of the vanes was calculated assuming choked flow along the vanes. The firing
time to calculate the sponge hold volume is 60 s for the MPS and 201.810 s for the RCS, based on
a maximum reaction wheel momentum dump of 120 mN-m-s (40 mN-m-s assumed over every body
axis). The choked flow along the vanes results in a mass flow rate of 0.035 kg-s™' for the MPS and 0.024
kg-s™! s for the RCS, theoretically enabling constant firing even without the sponges, as mass flow rates
are 7.946 E-4 kg-s™' for 2 thrusters firing at 0.45 N for the MPS and 4.079 E-6 kg-s™' for 1 thruster firing
at4 mN at BOL for the RCS. Finally, fillets were added to all wall edges using a conservatively selected
radius of 10 mm. This has two functions in a real scenario: decreasing stress concentrations at the wall
edges and preventing excessive fluid build-up around the edges. The total added mass of the sponge
is 61 g for the MPS and 9 g for the RCS. The total vane mass is 32 g for the MPS and 7 g for the RCS.
The addition of fillets introduced 163 g of mass for the MPS and 84 g for the RCS. Finally, the tanks
are covered with 40 layers of MLI, namely crinkled aluminised mylar, weighing 73 g for the MPS and
18 g for the RCS, assuming an effective emissivity of 0.001 for both tanks. A worst-case estimate for
radiative heat loss resulted in roughly 6 E-2 W of required heating power for the MPS tank and roughly
1.5 E-2 W for the RCS tank. Another mode of heat loss for the tanks is the expansion of pressurant
gas over the propulsion system lifetime. A worst-case estimate assuming isentropic expansion is used
resulting in required heating power during firing of roughly E-1 W during firing for the MPS and E-4 W
for the RCS.

The next step in the detailed design phase is the pump selection for the MPS, which includes consider-
ations for the thrust level and a custom regulator valve design. For the RCS, this step is skipped. For
pump selection, three thrust levels at different thruster inlet pressure values are considered: minimum
(5.500 bar, 0.250 N; 13.750 bar, 0.625 N; 22.000 bar, 1.000 N). A shortlist of five micro-gear pumps by
Flightworks, Inc. providing the highest pressure differential of all pumps listed is created. A constant
thrust level is selected over the lifespan of the spacecraft. Therefore, at End-Of-Life (EOL) condition,
the pump must provide a higher pressure differential as compared to Beginning-Of-Life (BOL) condi-
tions. It is already observed that with the low EOL tank pressure of 0.741 bar, the maximum thrust is
unattainable with any of the shortlisted pumps. The pump outlet to pump inlet are linked by a Passive
Flow Control Device (PFCD) with an orifice diameter of 500 micron in order to set the pump working
point. Orifice lengths from 25 mm to 150 mm are considered in steps of 25 mm to find the influence of
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PFCD flow rate to its provided differential pressure. Limiting the PFCD dimensions, an orifice length of
50 mm is chosen. PFCD flow rates of below approximately 150 ml-min-" are observed to be insufficient
to provide a sufficient pressure drop for any of the selected thrust levels, eliminating three pumps from
the shortlist. The two remaining pumps provide the same pressure differential of 12.066 bar, sufficient
for a constant nominal thrust force selected as 0.450 N. Of these pumps, the lighter pump is selected
with still sufficient flow rate at maximum differential pressure of 270 ml-min-!. This selected pump is
model 2222-M04C58. The pump-PFCD system is considered for both Thruster Valves Open (TVO) and
Thruster Valves Closed (TVC) conditions to determine the thrust level. At TVC condition, the pump is
chosen to operate at constant rotational velocity as compared to the TVO condition. This means that for
the TVC condition more mass flow flows through the PFCD resulting in a higher pressure differential,
which may exceed pump specifications if the thrust level is not selected properly. Furthermore, due to
the throttling requirement of +- 10% of nominal thrust, the constant feed pressure towards the regulator
valve must be higher than the nominal value. For a nominal thrust level of 0.45 N, all conditions were
met - pressure corresponding to a thrust of 0.45 N plus the pressure drop margin of 0.024 bar will not
result in excessive pump pressure differential at TVC condition, and some margin from the maximum
specified pump pressure differential is present. Therefore, 0.45 N is selected as nominal thrust level
for the MPS. Finally, in order to enable throttling, a regulator valve is required in front of each thruster.
Due to lack of COTS options, a custom design using the specifications of the MEMS pressure regu-
lator module by GOMSpace/NanoSpace AB as baseline is made, essentially resulting in an upscaled
version of this valve, weighing 15 g.

The third step in the detailed design phase is the selection of COTS components, integration of all
components and generating a Digital Mockup (DMU). The LUMIO spacecraft bus consists of 3x2x2 U,
where the scientific payload occupies three CubeSat units arranged in the longest direction due to the
large inlet baffles designed to reduce incoming stray light. At the rear of the spacecraft (the opposite
end of the inlet of the optical system which is pointed at the Lunar surface), the outer, rearward-pointing
surfaces of three CubeSat units are unoccupied, where four "tuna can” volumes are available for mount-
ing hardware outside of the typical CubeSat bus volume. The two MPS thrusters are placed inside two
of these "tuna cans”, diagonally opposed, the "tuna can” volume on the last free surface houses the four
RCS thrusters. The nozzles of these thrusters are pointing in Y and Z directions of the CubeSat body
reference frame. The placement of the MPS and RCS thrusters puts a useful constraint on the design
and placement of other propulsion system components, namely determining the endpoints of the feed
system lines and constraining the available build volume for all other components. For the MPS, the
Omnidea Hydrazine FDV is selected as fill/drain valve and is connected to the propellant tank using its
own port. Redundant pressure transducers are placed just downstream of the tank outlet port towards
the feed system to measure tank pressure, the GP:50 miniature 7000 is selected due to its low mass.
Thermocouples are RS Pro K-Type. From VACCO, the miniature latch valve V1E10728-01 is selected
due to being the lightest version compatible with LMP-103s. The pump as mentioned before is the
Flightworks, Inc. 2222M04C58 micro-gear pump. The regulator valves and PFCD from this design
step stage are also included. Thrusters are the Bradford/ECAPS HPGP 1 N as mentioned before. For
the RCS, a modified VACCO F1D10807-02 is used, scaled down to suit the reduced flow rate, and a
FDV by VACCO. The same pressure transducers and thermocouples as for the MPS are used. The
latch valve is based on the Moog Latching Valve, an experimental Xenon gas latch valve. Finally, the
Aurora Resistojet One (ARO) thrusters are used as mentioned before.

The final step in the detailed design phase is approximating the pressure drop over the feed systems
and estimating the worst-case magnitude of fluid hammer pressure surges. For approximating pressure
drop, a line inner diameter of 3 mm was used for the MPS and 1 mm for the RCS. After interconnection
of all components using propellant feed lines, the segment lengths and bends were known. For the
MPS, a pressure drop between pump and regulator of 226.117 Pa was approximated. Between tank
and pump, 190.663 Pa resulted and 15.672 Pa between regulator outlet and thruster valve resulted.
For the RCS, a total approximated pressure drop of 20.711 Pa resulted. These values of pressure
drop are not expected to have a significant influence on the operation of the propulsion system - the
approximated values are below the conservatively assumed margin 0.024 bar used in the design. Total
feed line lengths (including flow paths through bends and junctions) are 363.448 mm for the MPS and
118.604 mm for the RCS, resulting in a line mass of 20 g for the MPS and 1 g for the RCS. Finally,
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fluid hammer was considered using the Joukowsky equation to consider a worst-case scenario. The
estimated magnitude is 1.026 bar for the MPS and 0.078 bar for the RCS, deemed insignificant.

After the designs were finalised, they were compared to COTS systems. For the MPS, the selected
baseline is the Aerojet Rocketdyne MPS-135, as using the other candidates (Busek AMAC and NanoAvion-
ics EPSS) would have resulted in excessive propulsion system wet mass for the Av requirement, this
was estimated using a propellant mass/wet mass fraction ratio ¢p. For the RCS, the same method
was used, and the only resulting feasible COTS system is the Aurora ARM, infeasible systems are
GOMSpace/Nanoprop 6DOF and the VACCO MiPS CGT. Metrics for comparison are wet mass, vol-
ume, power consumption and thrust level. For both the MPS and RCS, wet mass and volume were
estimated higher than those of the COTS versions, attributed mostly to a higher level of integration
achieved in the COTS systems. Comparing power consumption for the MPS is somewhat inconclusive
as it depends on the numbers of thrusters used in the COTS system, which has a total of 8 thrusters in
the chosen configuration of two systems. For the RCS, the same power consumption is observed as
both the COTS system and the custom solution utilise the same thruster (ARO), which are compared
on basis that they are both operated from their maximum thrust level of 4 mN at BOL down to 1 mN at
EOL. Finally, the total thrust level of the custom MPS is 0.9 N and for the COTS system it varies from
2 N to 8 N - again, this comparison is somewhat inconclusive as it depends on the number of thrusters
used. For the RCS, the same thrust levels are observed.
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Introduction

Since its inception in 1999 at Stanford University and California Polytechnic State University, the Cube-
Sat standard has become a popular spacecraft platform for universities, research institutes and indus-
try. Due to standardisation of CubeSat technology and the availability of Commercial-Off-The-Shelf
(COTS) components, CubeSats offer an affordable alternative with shorter lead times to tradition-
ally larger and more costly spacecraft. Comprising one or more CubeSat Units (U) each measuring
10x10x10 cm - example configuration shown in Figure 1.1a - these spacecraft are typically launched
in a piggyback arrangement alongside larger payloads and/or other CubeSats. Usually CubeSats find
their deployment in Low Earth Orbit (LEO) with applications such as technology demonstration or Earth
imaging, as discussed by Poghosyan and Golkar in 2017 [2]. Furthermore, a yearly increasing number
of patent filings and scientific papers published related to CubeSat technology since 1999 has been
observed by Villela et al. in 2019 [3], indicating a growing popularity of the CubeSat standard.

Where most CubeSats launched to date lack an active propulsion system, significantly limiting their
lifetime and operational envelope, more ambitious missions have been undertaken and are planned.
One such mission is the Lunar Meteoroid Impact Observer (LUMIO, shown in Figure 1.1b), proposed
by a consortium of TU Delft, Politecnico di Milano and others. Equipped with optical instrumentation,
this 12U CubeSat with a maximum wet mass of 26 kg is planned to observe, quantify and characterise
the impact flashes from meteorites on the Lunar far side as discussed by Speretta et al. in 2018 [4]
and Cervone et al. in 2020 [5]. Scientific data obtained from this mission will compliment Earth-based
observations on near Earth objects impacting the Lunar near side and will ultimately assist in better
understanding the composition and formation of our solar system.

(a) CubeSat units in 1, 2 and 3 U configurations, cropped from [2]. (b) The Lunar Meteoroid Impact Observer spacecraft configuration,
cropped from [4].

Figure 1.1: lllustrations of CubeSat spacecraft buses.
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Selected as ex-aequo winner of the SysNova Lunar CubeSats for Exploration by ESA, an independent
phase 0 study was conducted by ESA's Concurrent Design Facility to assess its scientific relevance
and technical feasibility, resulting in a positive outcome. Subsequently, the phase A study was con-
ducted and concluded with positive outcome in March of 2021. LUMIO’s mission phases are presented
in Figure 1.2: after launch, the spacecraft will piggyback on a yet to be determined (TBD) mothership
to a selenocentric parking orbit. Once arrived in this parking orbit, LUMIO will separate from the moth-
ership and will independently perform an orbital transfer manoeuvre into a quasi-halo orbit around the
Earth-Moon system L2 point, where the operational phase will take place consisting of scientific and
navigation cycles for at least one year. Finally, after completion of the operational phase, all space-
craft systems will be decommissioned and the spacecraft will perform an End-Of-Life (EOL) disposal
manoeuvre. For orbital transfer, station-keeping and disposal, the required total amount of Av is de-
termined as 203 m-s™! including margins, to be delivered by the Main Propulsion System (MPS). For
de-tumbling and reaction wheel de-saturation, an estimated worst-case total impulse of 170 N-s in-
cluding margins is required to be delivered by the Reaction Control System (RCS), regardless of RCS
thruster placement as stated in the propulsion system requirements in Appendix A.

This thesis delineates the design of a custom propulsion system to fulfil the aforementioned purposes
and specifications, and will discuss the performance of this system as compared to selected commer-
cially available systems. Prior to this thesis, a literature study was conducted on the current state-of-
the-art of CubeSat and microspacecraft propulsion systems, where 107 commercially available and
experimental systems were considered to select the most feasible propulsion technologies. A prelimi-
nary trade-off of most feasible technologies was performed and resulted in the selection of the Chemi-
cal Mono-Propulsion (CMP) technology for the MPS; for the RCS, both Cold Gas Thruster (CGT) and
Electrothermal (Resistojet) (ETR) technologies were selected. Since the requirements for LUMIO’s
propulsion system have not changed significantly between the end of the literature study phase and
the start of this project, this selection is chosen as final. This thesis will contribute to the greater pool
of knowledge by presenting design steps for custom CubeSat propulsion systems, which may be ad-
vantageous to space engineers and student teams working on similar missions given the observed
growing numbers of already completed and planned CubeSat missions deployed beyond Earth orbit.

Parking Phase
i Lunar Orbiter injects LUMIO
into selenocentric orbit

Operative Phase
HIM injects LUMIO into Earth
Meoon L2 halo orbit, where it
starts performing nominal

operations for 1 year,

- Launch
- LEOP
- Trans-lunar injection

Transfer Phase
After PCM and SMIM, LLUMIO
is in outbound flight along the
stable manifold of target halo.

End of Life | 4

Figure 1.2: Mission phases of the Lunar Meteoroid Impact Observer, cropped from [5].
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1.1. Other CubeSat Missions Beyond Earth Orbit

Two comparable missions to LUMIO are the NASA/JPL Mars Cube One (MarCO, Figure 1.3a) and
Lunar Flashlight missions (Figure 1.3b). The former was launched in 2018 and was the first CubeSat
mission beyond Earth orbit. The two 6U CubeSats equipped with UHF and X-band antennae success-
fully served as bent-pipe communications relay for the Insight lander during its critical Entry, Descent
and Landing phase on Mars. Piggybacking alongside the Insight lander, the two CubeSats were de-
ployed into a heliocentric Mars fly-by trajectory during which trajectory corrections and reaction wheel
de-saturation manoeuvres were performed by a cold gas propulsion system developed by VACCO.
This system used refrigerant R236fa as propellant, providing 40 m/s of Av for a spacecraft wet mass of
14 kg as discussed by Asmar and Matousek in 2016 [6]. The Lunar Flashlight mission is equipped with
instrumentation to search for mineral deposits and water ice on the Lunar south pole. This 6U CubeSat
is planned for launch in 2021 alongside the Artemis-l spacecraft and will be deployed in a Lunar polar
orbit. Propulsion is provided by the Lunar Flashlight Propulsion Module (LFPM), developed by Georgia
Institute of Technology in cooperation with NASA's Marshall Space Flight Centre. This module utilises
four thrusters with 'green’ mono-propellant AF-M315E to independently perform orbital manoeuvres
and RCS duties, delivering a total impulse of 1800 N-s to the spacecraft with a wet mass of 5.5 kg, as
discussed by Andrews et al. in 2020 [7] and Huggins et al. in 2021 [8].

Both these missions show contributions to science beyond Earth orbit which would not be possible
without employing active propulsion systems. The systems used were designed for significantly dif-
fering purposes, use differing technologies and show differing characteristics, further underlining the
need for custom propulsion systems.

(a) A technician inspecting a Mars Cube One spacecraft, seen with X-  (b) The Lunar Flashlight spacecraft observing a Lunar crater (artist's im-
band antenna and solar panels deployed, cropped from [9]. pression), cropped from [10].

Figure 1.3: Examples of CubeSat missions beyond Earth orbit.
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1.2. Research Objectives and Research Questions
The objective of this project is:

1. To achieve a complete design of the LUMIO propulsion system that fulfils all requirements
2. To achieve a better performing system than the selected baseline COTS systems

In order to achieve these objectives and to guide this project, research questions are formulated. These
are:

1. What are the most relevant performance and design metrics for the LUMIO propulsion system?
(a) If these metrics have an order of importance, what is the order?

2. What are feasible concepts for the propulsion system of LUMIO?
(a) What are feasible COTS systems for the propulsion system of LUMIO and what are their

characteristics?

(b) What COTS systems are chosen as the baseline to compare the in-house designed system
to and what are their characteristics?

(c) What are the most feasible propulsion system concepts for the in-house design of LUMIO
and what are their characteristics?
3. What is the detailed design for the propulsion system of LUMIO?

(a) What are the characteristics of this design?

(b) How will this system be integrated into the spacecraft?

(c) How will the system performance and health be monitored on-orbit?
(d) How does this design compare to the COTS baseline systems?

(e) What are the most critical requirements for this design?
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1.3. Synopsis

The layout of this document is as follows:

» Chapter 1 - Introduction
This chapter serves to provide background on the LUMIO mission, to show two examples of
comparable missions, and to present research objectives, research questions and the synopsis
of the document.

* Chapter 2 - Literature Review
The purpose of this chapter is to present the relevant findings from the literature review phase and
additional fundamentals added during the thesis phase required for generating the design of LU-
MIQ’s propulsion system. This chapter presents ideal rocket theory, the summarised propulsion
technology selection process that took place during the literature review phase, different feed
system types, pressure loss and fluid hammer in pipe flow, typical propellants for the selected
technologies, mechanical relations for tank design, tank materials, and design steps for propel-
lant management devices. Finally, a selection of COTS propulsion systems, thrusters, valves,
filters and sensors is presented.

» Chapter 3 - Concept Design
In this chapter, first, COTS thrusters are selected for both the MPS and RCS, followed by concept
generation of pressurant gas-fed and pump-fed systems. Finally, a trade-off is performed to select
the most feasible feed system type.

» Chapter 4 - Detailed Design

Knowing the thrusters and feed system types for the MPS and RCS, this chapter contains the
design of all custom components and selection of the remaining components: valves, filters,
sensors and heaters. The custom components designed here are propellant tanks including
Propellant Management Devices and the flow control device for the pump-fed MPS. Furthermore,
this chapter presents a digital mockup of the complete propulsion systems for the MPS and RCS
and an approximation of pressure loss over the feed systems is made. Finally, requirements
compliance is discussed and a comparison between the custom designs and selected COTS
systems is made.

» Chapter 5 - Conclusions and Recommendations
In this chapter, first, the conclusions drawn are presented by answering the research questions
presented in chapter 1. Subsequently, recommendations are given for the work presented and
for future work.






Literature Review

This chapter discusses the relevant findings from scientific literature during the literature review phase
and the thesis phase, including the fundamental theory required for generating the propulsion system
design. Furthermore, COTS components and propulsion systems are presented.

First, general relations with respect to thrust force, achievable impulse delivered and achievable veloc-
ity changes for a rocket propulsion system are presented. Furthermore, relevant relations from Ideal
Rocket Theory (IRT) are considered, relating to flow inside a de Laval nozzle. Secondlyt, the state-
of-the-art of CubeSat and microspacecraft propulsion technology is discussed, including the selection
of the most feasible propulsion technologies for LUMIO’s MPS and RCS. Thirdly, typical propellants
utilised for the selected technologies are discussed and compared. Fourthly, four state-of-the-art COTS
and experimental space propulsion systems are considered to determine the typically required com-
ponents for a propulsion system design. Fifthly, pressurisation systems are considered: pressurant
gas-fed and pump-fed systems are discussed. Sixthly, pressure losses in straight, bent, contracting
and expanding pipe segments are discussed. Seventhly, propellant tank design is discussed, including
wall stress relations and PMD design. Eigthly and finally, COTS and experimental CubeSat propulsion
systems and components are presented, to be used in the concept and detailed design for the propul-
sion system.

2.1. Ideal Rocket Theory

As discussed in George Sutton’s Rocket Propulsion Elements, 1992 [11], the thrust force Fr in N of a
rocket engine in vacuum is described as:

Fr =wm+p.A, (2.1)

where w is the average gas velocity across the nozzle exit plane in m-s™!, m is the propellant mass
flow in kg-s™!, p, is the gas pressure at the exit plane in Pa and 4, is the exit plane area in m?. Total
impulse I, in N-s delivered by a rocket engine is described as:

I, = JFTdt (2.2)
Consider the definition of specific impulse I, in s:

Lk [y Frdt
PgoMp g, [ mdt

(2.3)

where M,, is the propellant mass in kg and g, is the gravitational acceleration at Earth, sea level
(9.80665 m-s2). Ignoring any transients, the thrust F. of a rocket engine in vacuum can thus also
be described as:

Fr = Ispgom (2.4)

7
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Specific impulse is an important parameter for determining the ideal total attainable velocity change Av
in m-s™! in a trajectory, as described by Tsiolkovsky’s rocket equation:

Av = Igpgo In (2.5)

M;
My
where M; is the mass of the vehicle at the start of the manoeuvre and M is the vehicle mass at the end
of the manoeuvre. Finally, the ideal exhaust velocity w for propellant gas passing through a de Laval
nozzle is calculated according to:

2k e
w= | chl—r] ‘ 26)

where y is the exhaust gas ratio of specific heats R is the universal gas constant defined as 8314.4626
J-K1-kmol!, M,,, is the molar mass in g-mol', T,,, is the chamber temperature in K, p, is the pressure
across the nozzle exit plane and p. is the chamber pressure, both in Pa. Using a known nozzle area
ratio A,A; 1, the exit-to-chamber pressure ratio of the rocket engine can be solved for using the following

relation:
r
z v=1
ERIEEN
y-1|pc Pc

here, the dimensionless "Van den Kerckhove” parameter I" was introduced, which is a function of the
ratio of specific heats y and is defined as:

Ao

2.7)

_yHL

2 2D 08
F=v7|o51 (2.8)
The critical mass flow m in kg-s™!, where the flow becomes sonic at the throat, is calculated using:
Ip A
m= el (2.9)
MR Te

where 4, is the nozzle throat area in m2. Through combination of Equation 2.1, Equation 2.6 and
Equation 2.9, the throat area of a thruster can be calculated for a given thrust force, chamber pressure,
specific heat ratio, pressure ratio and area ratio. It is observed that the chamber temperature T, is

eliminated from the equation:
y-1
- 1 s

Finally, as in this project also resistojet thrusters are considered, the power required to vaporise the
propellant inside a resistojet and heat it to operating temperatures P,; in W is described by:

A = (2.10)

Poyy=m (Cp,l(Tboil —T)+Lp+ Cp.g (Ten — Tboil)) (2.11)

where c,,; is the specific heat at constant pressure for the liquid phase, Tj,;; is the boiling point of the
propellant at chamber pressure, T; is the initial propellant temperature, ; is the latent heat of vapori-
sation for the propellant in J-kg™*, cp,g is the specific heat at constant pressure for the gaseous phase.
Temperatures are in K and values for specific heat in J-kg™!-K™".



2.2. State-of-the-Art of CubeSat and Microspacecraft Propulsion Technology 9

2.2. State-of-the-Art of CubeSat and Microspacecraft Propulsion
Technology

During the literature review project, the state-of-the-art of propulsion systems and thrusters for Cube-
Sats and microspacecraft was studied. For this, first, a comparison of 107 propulsion systems and
thrusters designed for CubeSat and small spacecraft was made based on thrust force, specific im-
pulse, electric power consumption and propellant mass fraction of propulsion system wet mass. The
systems were divided in the following classifications:

» Cold Gas Thruster (CGT)

» Chemical Mono-Propellant (CMP)

» Chemical Bi-Propellant (CBP)

+ Chemical Solid (CSD)

* Electrothermal Resistojet (ETR)

* Electrostatic lon thrusters (ESI)

+ Electrostatic Hall-effect thrusters (ESH)

* Electrostatic Electrospray/Field Effect Propulsion (FEEP)/Colloid, grouped as ESE

+ Electrodynamic Pulsed Plasma Thrusters (PPT)/Vacuum Arc Thrusters (VAT)/Magnetic Nozzle
Systems (MNS), grouped as EDP

Classification was done based on the grouping handled by Fortescue and Stark in 1992 [12] and Kristina
Lemmer in 2017 [13]. The systems and thrusters were taken from technology reviews in scientific
literature, namely Jirgen Miiller in 2010 [14], Khary Parker in 2016 [15], Kristina Lemmer in 2017 [13],
Tummala and Dutta in 2017 [16], Weston et al. in 2018 [17] and finally Krejci and Lozano in 2018 [18].
Over the course of the literature study, additional systems and thrusters were found in literature and
commercial listings and were added as well.

2.2.1. Characterising Technologies
A comprehensive list of these systems and thrusters is presented in Appendix B, numbered and sorted
by classification.

Figure 2.1 shows a log-log plot of specific impulse on the x-axis and thrust force on the y-axis, with 3-c
confidence ellipses to indicate regions of typical performance for each type. Here, typically low thrust
force but high specific impulse is observed for electric propulsion technology except for electrothermal
technology. Chemical systems are observed to be characterised by higher thrust force, however lower
specific impulse as compared to electrostatic and electrodynamic technologies.

Figure 2.2 shows thrust force on the x-axis versus electric power consumption on the y-axis for the
electric propulsion systems considered, also in log-log scale. Here it is observed, that ETR and ETH
technologies are characterised by the highest thrust force; ETH furthermore is the technology with
typically the highest power consumption.

Finally, Figure 2.3 shows the propellant mass fraction of propulsion system wet mass ¢ on the x-axis
versus specific impulse on the y-axis, parameters used are shown in Table 2.2. Here, achievable
total impulse and Av contours are added to show the capability of systems considered. For the CMP
systems shown, it is important to note that the systems considered are very small, causing a low value
of ¢ . Itis assumed, that for larger systems such as for LUMIO, of which the propulsion system wet
mass may become as high as 6 kg, the ratio ¢ increases due to only an increase in tank dimensions.
Another important note here is, that during the literature study phase, the spacecraft wet mass was
still set at 24 kg in contrast to the current value of 26 kg (Appendix A.1), however this difference is
considered insignificant for the purpose of technology selection. The contour lines were calculated
using Equation 2.12 and Equation 2.13 for Av and I, respectively.
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Figure 2.1: Thrust force versus specific impulse of state-of-the-art CubeSat and small spacecraft thrusters [7, 13, 14, 16-37],

Python/Matplotlib.
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Figure 2.2: Thrust force versus electric power consumption of state-of-the-art CubeSat and small spacecraft propulsion systems
[7, 13, 14, 16-37], Python/Matplotlib.
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Figure 2.3: Propellant mass fraction versus specific impulse and achievable Av [7, 13, 14, 16-37], Python/Matplotlib.

2.2.2. Technology Selection
Table 2.1 shows a summary of the technologies considered.

Main Propulsion System

For the MPS, the CMP technology was selected: for this technology, a specific impulse range of 125-
258 s is observed, with most of the systems populating the higher end of the range as seen in Figure 2.1;
thrust values range from 1.44 mN to 26.9 N with most systems populating the range from roughly
100 mN to 1 N as seen in Appendix B rows 26 - 47. Furthermore, the attainable Av as shown in
Figure 2.3 was deemed acceptable. All other technologies were considered infeasible for the MPS:
CGT is infeasible due to its typically unacceptably low specific impulse; CHB is not considered due to
the low representation in literature; CBP was not considered due to its low representation in literature;
CSD was not considered due to its typical lack of throttling ability; all electric propulsion methods (types
starting with E) are infeasible due to their typically low thrust level: LUMIO’s MPS thrusters are required
to each deliver a thrust force of 100 mN - 1 N (Appendix A.1). Furthermore, these technologies pose a
challenge for use in LUMIO due to their typically high electric power consumption.

Reaction Control System

For the RCS, CGT and ETR were selected due to their typical thrust levels being acceptable: systems
with 10 mN thrust are observed for CGT, systems with thrust levels between 0.129 mN and 30 mN are
observed for ETR. Furthermore, specific impulse ranging from 30 - 110 s for CGT and 48 -150 s for
ETR seem to be acceptable considering Figure 2.3, showing close to 200 N-s of total impulse being
attainable for CGT, for ETR this is over 200 N-s. CMP, CHB, CBP and CSD are not considered due
to their typically high thrust level as compared to the required level of 1-10 mN (Appendix A.2); ESI,
ESE, EDP were not considered due to their low thrust level and ESH was not considered due to its
thrust-to-power ratio being worse than that of ETR and its excessively high power consumption for the
systems considered.



12

2. Literature Review

Table 2.1: Summary of technologies considered for technology selection.

Type | # Sys- | Rows in | F; range Is, range (s) | P, range (W) | Feasible?
tems App. B
CGT | 25 1-25 10mN-3.6N 30-110 n/a RCS
CMP | 22 26 - 47 144 mN-269N 125 - 258 0.2-37 MPS
CHB 3 48 - 50 0.5N-44N 133-311 n/a No
CBP |3 51-53 0.5N-27N 285 - 300 n/a No
CSD |5 54 - 58 0.3N-169N 187 - 300 n/a No
ETR 7 59 - 65 0.129 mN - 30 mN 48 - 150 2-30 RCS
ESI 9 66 -74 0.06 mN - 25 mN 1,000 - 6,000 | 28 - 145 No
ESH |9 75-83 | 1.8 mN-50 mN 865-1,650 | 100 - 600 No
ESE | 11 84-94 [ 004mN-15mN 240-12,000 | 1.5-93 No
EDP | 13 95-107 | 0.01mN-277mN | 266-7,852 | 2-100 No
Table 2.2: Dry and wet mass data of found propulsion systems and corresponding propellant mass fraction ¢.
Type | ID, Name Isp (s) | Dry Prop. Wet [0} Ref.
mass mass mass
(k) (kg) (kg)
CGT | #4 - CubeSat MEMS | 75 0.25 0.05 0.3 17% | [15]
(NanoSpace)
CGT | #10 - MiPS (VACCO) 40 0.403 0.053 0.456 12% | [14]
CGT | #11 - PUC (CU Aerospace) 47 0.45 0.27 0.72 38% | [15]
CGT | #24 - NanoProp 6DOF | 50 0.682 0.122 0.804 15% | [19]
(GOMSpace)
CMP | #28 - MPS-130 (Aerojet) 235 1.1 0.6 1.7 35% | [22]
CMP | #42 - AMAC (Busek) 225 12 0.29 1.49 19% | [15]
CMP | #45 - Argomoon (Vacco) 190 1.43 0.42 2.065 20% | [26]
CBP | #53 - PM200 (Hyperion Tech.) | 285 11 0.31 141 22% | [31]
CSD | #55- STAR 4G (ATK) 269 0.52 0.98 1.5 65% | [14]
ETR | #61 - CHIPS (CU Aerospace) 82 0.5 0.7 1.2 58% | [15]
ETR | #65 - ARM-A (Aurora) 100 0.23 0.07 0.3 23% | [33]
ESI #67 - BIT-3 (Busek) 2,500 | 15 1.5 3 50% | [15]
ESE #84 - S-IEPS (MIT) 1,200 | 0.018 0.1 0.118 85% | [15]
EDP | #98 - uCAT (GWU) 3,000 |1 0.5 1.5 33% | [15]
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2.3. Propellants

As discussed in the previous section, the selected technologies for LUMIO’s propulsion system are
CMP, CGT and ETR. This section discusses the literature review findings on the propellants relevant for
these technologies. An important consideration for propellants is furthermore the material compatibility,
which describes whether the propellant will not degrade in contact with a given material and furthermore
whether the given material will not degrade when in contact with the propellant, discussed only for the
selected propellants, in the last subsection.

2.3.1. Chemical Mono-Propellants

Hydrazine propellants have significant space propulsion heritage and as a popular mono-propellant
its major advantages are being Earth-storable and being characterised by modest specific impulse
ranging from 225-250 s with a density of 1.00 g-cc™!. Major disadvantages of hydrazine however are
high toxicity, low vapour pressure and a high risk of auto-combustion at room temperature and pressure
as described by Kristina Lemmer in 2017 [13]. A possible outlawing of this propellant is indicated by the
European Chemical Agency (ECHA) after their listing of Hydrazine as a "substance of high concern”,
furthermore handling of this propellant is costly due to all aforementioned problems as discussed by
Gohardani et al. in 2014 [38]. Significant efforts were undertaken for development of safer alternatives
to Hydrazine, most notably on Ammonium Dinitramide (ADN) and Hydroxylammonium Nitrate (HAN)
based propellants.

In the US, efforts by the Air Force Research Laboratory (AFRL) focused on development of HAN-based
propellants, resulting in the propellant AF-M315E. Also called "Advanced Spacecraft Energetic Non-
Toxic” (ASCENT) propellant, this propellant is characterised by specific impulse ranging from 250 s
- 257 s and a density of 1.47 g-cc™' as described by Sackheim and Masse in 2014 [39] and Ronald
Spores in 2015 [21].

In Europe, efforts were focused on ADN-based mixtures, most notably by the Swedish Defence Re-
search Agency and Bradford bECAPS (Sweden), resulting in propellants LMP-103s and FLP-106.
LMP-103s is so far observed as the most popular of this new generation of "green” mono-propellants,
with significant flight heritage of the specially designed Bradford ECAPS High Performance Green Pro-
pellant (HPGP) 1N thrusters utilising this propellant having reached TRL 9; 12 systems featuring 46
of such thrusters are on orbit as of 2021 as stated by Bradford ECAPS in a news release in 2021
[40]. LMP-103s is characterised by a specific impulse of 245 s - 253 s and a density of 1.26 g-cc™! as
discussed by Sackheim and Masse in 2014 [39] and Gohardani et al. in 2014 [38].

For both AF-M315E and LMP-103s, significantly higher volumetric specific impulse (pls,) performance
is observed as compared to Hydrazine, however typically much higher required temperature for decom-
position. This temperature is in the order of 1,600 degrees Celsius for the ECAPS HPGP 1N thruster
as specified by Persson et al. in 2012 [41] as compared to hydrazine for which chamber temperatures
of 850-1,150 degrees Celsius are typical as discussed by Gohardani et al. in 2014 [38], translating to
much more stringent material and thermal management requirements for the thruster hardware and
higher required catalyst bed pre-heating power.

In Table 2.3, a comparison based on the aforementioned data from literature is presented, considering
LUMIO’s requirements (Appendix A). It is observed that AF-M315E scores favourable as it results in
the lowest values for required propellant mass and tank length. For both LMP-103s and AF-M315E, the
total amount of propellant can be stored in cylindrical tanks of less than 3U of volume. For Hydrazine,
much worse volumetric specific impulse performance is observed, resulting in the largest required tank
length. The required cylindrical tank length for a given radius is calculated according to Equation 2.38.
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Table 2.3: Propellant mass and tank volume (Equation (2.38)) required for different chemical mono-propellants considering a
spacecraft wet mass of 26 kg and a Av of 203 m-s™! as per the requirements in Appendix A, lowest mentioned specific impulse
value considered.

| Quantity | Hydrazine | LMP-103s | AF-M315E \
Isp 225s 245 s 250 s
Py 1,004 kg-m3 1,238 kg-m3 1,470 kg-m-3
plsp 2259 g-s-cc’ | 303.3 g-s-cc’ | 367.5 g-s-cc”’
M, 2.285 kg 2.107 kg 2.066 kg
v, 2276 E-3m® | 1.702E-3m® | 1.406 E-3 m®
Total cylindrical tank length (radius 0.048 m) | 0.346 m 0.267 m 0.226 m

2.3.2. Resistojet Propellants

In contrast to the mono-propellants mentioned in Section 2.3.1, no decomposition of the propellant takes
place inside resistojet thrusters. The energy required to accelerate the propellant through the nozzle
originates from both the potential energy (feed pressure) and the electrical (typically resistive) heating of
the propellant. Typically, a liquid propellant is used, for which a low molar mass is desirable in achieving
a high exhaust velocity as seen in Equation 2.6. Additionally, a low latent heat of vapourisation is
desirable from a power consumption perspective as seen in Equation 2.11.

A selection of typical resistojet propellants observed from Appendix B and publications by Jurgen Miller
in 2000 [42] and Tummala and Dutta in 2017 [16] is presented in Table 2.4. Here, calculations are made
using relations presented in Section 2.1, assuming storage temperature T,y 4. Of 300 K, a nozzle area
ratio of 25, chamber temperature T, of 750 K, storage and chamber pressure p,. of 11 bar and finally a
thrust level F; of 10 mN. For these constant properties, it is observed that water has the best volumetric
specific impulse performance due to its density being significantly higher at only a small difference
in molar mass as compared to Ammonia. This can most clearly be seen by observing the required
spherical tank inner diameter D; which is 6.96 cm for Ammonia, 6.20 cm for water in comparison to the
higher values 7.35 cm and 8.57 cm of Methanol and Butane, respectively.

A major disadvantage of water however is its comparably high required heating power, with its latent
heat of vapourisation AH,,,,, being significantly higher than that of the other propellants. Itis important to
note, that the propellant gas specific heats are assumed constant in these calculations at the vaporisa-
tion temperature. Increasing the chamber temperature therefore would further decrease the accuracy
of the model. All losses in this theoretical model are neglected and therefore these calculations only
serve to allow for a preliminary comparison between propellants. It can be concluded from this model
however, that water and Ammonia are the best performing resistojet propellant due to their high volu-
metric specific impulse and significantly lower required storage volume as compared to Methanol and
Butane.

2.3.3. Cold Gas Propellants

Similar to resistojet thrusters, no decomposition takes place in a Cold Gas Thruster (CGT) either, how-
ever the energy to accelerate the propellant through the nozzle purely originates from potential energy,
namely the storage pressure of the propellant, as discussed by Jurgen Mdller in 2000 [42, 43]. Char-
acterised by limited specific impulse performance however also by low power consumption and low
complexity due to not requiring a catalyst or thruster heaters, CGT are a popular choice for RCS in
spacecraft. Similar to resistojet thrusters, exhaust velocity of a CGT is a function of molar mass, being
proportional to the inverse of the square root of propellant molar mass as observed from Equation 2.6.
Therefore, a propellant with low molar mass is desirable, however propellants with low molar mass may
result in excessive storage volume unless the propellant is storable in the liquid phase. Furthermore,
spacecraft contamination issues may arise from using gaseous non-benign propellants with low molar
mass leaking into the spacecraft, where the likelihood of leakage problems is related to the inverse of
molar mass. Popular propellants may therefore considering aforementioned desirable characteristics
be gaseous Nitrogen or liquid Ammonia.
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Table 2.5 shows a selection of CGT propellants, considering the requirements for LUMIO’s RCS (Ap-
pendix A). Storage and chamber temperature Ty, and T,, are both assumed constant at 300 K to grant
comparative measure, storage pressure py;, is set at 11 bar to enable storage of all propellants are in
the liquid phase, except for Nitrogen which is stored at 50 bar in the supercritical phase to achieve higher
density. Here it is observed, that in order to achieve the required total impulse delivered, gaseous Nitro-
gen propellant is infeasible for LUMIO due to its low density and resulting high required storage volume,
observed from the high spherical tank inner diameter D; of 19.830 cm. However, the propellants able
to be stored in liquid phase are feasible given their required storage volume. Here, Ammonia performs
best with the lowest required propellant mass and lowest propellant volume, due to its comparatively
low molar mass and resulting highest specific impulse.

2.3.4. Material Compatibility of Selected Propellants

As propellant LMP-103s was selected for the MPS and water was selected as propellant for the RCS,
the compatibility with metals is required to be known. LMP-103s is compatible with the materials Ti-6Al-
4V and stainless steels for storage of propellant as stated by Persson et al. in 2019 [23]. Stainless steel
alloys such as 304 type alloys are known for their corrosion-resistant properties to water as discussed
by Kumar et al. in 2005 [44] and are used in applications where corrosion resistance is important such
as piping for water cooling systems in nuclear reactors as discussed by [45]. Therefore, stainless steels
are assumed compatible with water for the purpose of LUMIO’s propulsion system.

The alloy Ti-6Al-4V is used in a wide range of applications from aerospace tank materials as discussed
by Persson et al. to biomedical applications where it is used for its corrosion resistance as discussed by
Kumar et al. in 2010 [46]. Therefore, the materials Ti-6Al-4V and stainless steels (e.g. 304, 304L, 301)
are assumed fully compatible with the propellants LMP-103s and water for the purpose of LUMIO’s
propulsion system.

For components where less strength is required, such as PMDs, Aluminium alloys may be of interest.
These however are not compatible with LMP-103s as stated by [47], and therefore will not be consid-
ered for the MPS. Due to corrosion risks being present for Aluminium alloys in contact with water as
discussed by Liu et al. in 2016 [48], these alloys are also not considered for the RCS.

Finally, as discussed by Friedhoff, et al. of Bradford/ECAPS in 2017, the ECAPS HPGP 1N thruster
utilising LMP-103s propellant is equipped with a series redundant solenoid valve using Polytetrafluo-
roethylene (PTFE) seats. For valve selection therefore the acceptable materials for use with LMP-103s
are taken as Ti-6Al-4V, CRES variants and PTFE.
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Table 2.4: Typical liquid RCS propellants for ETR technology at a thrust of 10 mN, storage temperature of 300 K, nozzle expansion
ratio of 25, chamber temperature of 750 K, chamber pressure of 11 bar [42, 49].

| Quantity | Ammonia | Water | Methanol | Butane
Required | 10.62 bar 1 bar 1 bar 2.58 bar
Psto
Chosen 11 bar 11 bar 11 bar 11 bar
Psto
p 598.20 kg-m™ 882.62 kg-m™ 660.32 kg-m™3 494.33 kg-m"3
Moo 17.03 g-mol” 18.02 g-mol” 32.04 g-mol”’ 58.12 g-mol’
R, 488.22 JkgT-KT 461.40 J-kgT-KT 259.50 J-kg T-K" 143.06 J-kgT-KT
Cpl 4,744 .57 J.kg"-KT | 4,181.52 J-kg'-KT | 2,496.88 J-kgT-KT | 2,278.39 J-kgT-K"
Lyayp 1,159,700 J-kg™ 2,437,300 J-kg” 1,173,533 J-kg™" 385,409 J-kg"
Cpg 2,172.64 J-kg"-KT | 1,930.45 J-kgT-KT | 1,460.67 J-kg'-KT | 2,146.77 J-kgT-K!
Tpap 301.17K 45721K 41351K 357.05K
Y 1.29 1.31 1.22 1.07
r 0.67 0.67 0.65 0.62
DePor 2774 E-3 2.549E-3 3.595 E-3 6.014 E-3
A, 5.137 E-9 m? 5.186 E-9 m?2 4.973 E-9 m? 4.586 E-9 m?
w 1,549.271 m-s™" 1,483.544 m-s" 1,176.818 m-s™" 964.3152 m-s™"
m 6.214 E-6 kg-s™” 6.496 E-6 kg-s™” 8.080 E-6 kg-s™” 9.584 E-6 kg-s™”
I, 164.107 s 156.986 s 126.207 s 106.402's
plsp 98.169 g-s-cc”’ 138.559 g-s-cc™” 83.337 g-s-cc”’ 52.598 g-s-cc™”
I, 170 N-s 170 N-s 170 N-s 170 N-s
P, 13.300 W 23773 W 15.743 W 13.024 W
M, 0.106 kg 0.110 kg 0.137 kg 0.163 kg
D; 6.96 cm 6.20 cm 7.35¢cm 8.57 cm

Table 2.5: Typical RCS propellants for CGT technology at a thrust of 10 mN,

of 300 K, chamber pressure of 1 bar [42, 49].

nozzle expansion ratio of 25, chamber temperature

| Quantity | Nitrogen | Butane | Ammonia | R134a
Moo 28.01 g-mol”’ 58.12 g-mol’! 17.03 g-mol” 102.03 g-mol”
Required | n/a 2.576 bar 10.62 bar 7.028 bar
Psto
Chosen 50.000 bar 11.000 bar 11.000 bar 11.000 bar
Dsto
Phase Superecritical Liquid Liquid Liquid
Reactivity | Inert Reactive Reactive Reactive
p 56.154 kg-m- 572.160 kg-m 600.010 kg-m™® 1,202.100 kg-m-®
Cpg 1,039.670 J-kg"-KT | 1,702.510 J-kgT-K" | 2,172.640 J-kg"-K™" | 407.450 J-kg'T-K’
y 1.400 1.092 1.290 1.250
r 0.685 0.627 0.665 0.658
DeDop 1.852 E-3 4.856 E-3 2.757 E-3 3.416 E-3
Ay 5.878 E-8 m? 5.108 E-8 m? 5.651 E-8 m? 5.556 E-8 m?
w 721.306 m-s™ 607.157 m-s™’ 978.191 m-s™ 408.968 m-s™
m 1.349 E-5 kg-s™" 1.545 E-5 kg-s™" 9.825 E-6 kg-s™” 2.338 E-5 kg-s™"
Lsp,cn 75.610 s 66.005 s 103.790 s 43.607 s
plspn 4.246 g-s-cc™’' 37.765 g-s-cc”! 62.275 g-s-cc”' 52.420 g-s-cc™”
I 170 N-s 170 N-s 170 N-s 170 N-s
M, 0.229 kg 0.263 kg 0.167 kg 0.398 kg
D; 19.830 cm 9.571 cm 8.101 cm 8.580 cm
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2.4. Feed System Layout

Four propulsion systems in literature were considered to determine the typical layout of a spacecraft
propulsion system: the MRS-142 CubeSat High Impulse Adaptable Monopropellant Propulsion System
(CHAMPS), the custom propulsion system for the Green Propellant Infusion Mission (GPIM) developed
by Aerojet Rocketdyne, the CubeSat High Impulse Propulsion System (CHIPS) system developed by
VACCO/CU and finally an experimental hybrid propulsion system utilising gaseous oxygen as oxidiser
by NASA/JPL.

The MRS-142 CHAMPS is a commercial system developed by Aerojet Rocketdyne as discussed by
Schmuland et al. in 2012 [50]. This system, as its name implies, is adaptable to different CubeSat
configurations by offering a 1 U and 2 U version, accommodating for different Av requirements. The
MRS-142 CHAMPS utilises Hydrazine propellant and operating in blow-down mode. The hydraulic dia-
gram is presented in Figure 2.4a, showing a piston-type PMD in the propellant tank, being pressurised
by pressurant gas stored in an external pressurant tank. Furthermore, series redundant isolation valves
are shown between the pressurant tank and propellant tank, further downstream between propellant
tank and thrusters, a burst disk is placed. These devices are placed for launch safety considerations
and ensure that the propellant is unpressurised during ground operations and launch. It can further-
more be seen that a filter is placed behind the burst disk to filter out any burst disk debris or debris
originating from other components. A pressure transducer is placed after the pressurant tank, enabling
pressure measurements of pressurant gas. Service valves are placed on the lines enabling filling and
draining of pressurant and propellant. It is observed that no latch valve is present in this system.

As discussed by Spores et al. in 2015 [21], the GPIM mission initiated by NASA's Space Technol-
ogy Mission Directorate demonstrated an on-board green propellant propulsion system developed by
Aerojet Rocketdyne, shown in Figure 2.4b. Similar to the MRS-142 CHAMPS, this system operates
in blow-down mode however storing both propellant and pressurant inside the same tank, separated
by an elastomeric diaphragm. It is observed that next to four smaller GR-1 thrusters serving as RCS
demonstrators, a larger GR-22 thruster is used as primary divert thruster. The system is observed to
not employ a single-use isolation valve, instead a latching valve is placed downstream of the propellant
system in case of any valve leakage. Similar to CHAMPS, pressure transducers, service valves are
observed, with the addition of thermocouples to measure temperature. The authors did not address
the purpose of these thermocouples.

{
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(a) Aerojet Rocketdyne MRS-142 CHAMPS schematic, cropped from(b) Green Propellant Infusion Mission propulsion system schematic, cropped
[50]. from [21].

Figure 2.4: Feed system layout examples.
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The CHIPS system (Figure 2.5a) was developed in co-operation between VACCO and CU Aerospace,
as discussed by Hejmanowski et al. in 2015 and 2016 [51, 52]. The purpose of the system is to provide
significant attitude changes and provide Av for station-keeping to CubeSats. Refrigerants R134a and
R236fa can both be used as propellants, stored in the liquid phase. By heating, some propellant is
vaporised and fed into a vapour plenum at a desired pressure, regulated by a pressure regulator valve.
No latching and isolation valves are observed to be included.

at NASA/JPL, an experimental hybrid propulsion system for interplanetary CubeSat (Figure 2.5b) was
developed by Jens et al. [28]. The system uses gaseous oxygen as oxidiser, stored inside COPVs at
689 bar. The oxidiser is simultaneously used as propellant for RCS thrusters. Similar to aforementioned
systems, fill/drain valves, filters, latch valves, a pressure regulator, pressure transducers and solenoid
valves are observed to be included.

Pressure
Confrol Valve

Latch Valve

Pressure Transducer

Proportional Flow
Control Valve

ﬁl Regulator

[X]  solencid Vaive

Xd  TVC/ACS Thruster

Super Heater Cartridge

Vapor Plenum

ACS
Feed Valves Thrusters

(b) NASA/JPL experimental Hybrid propulsion system, cropped from

(a) VACCO/CU CHIPS schematic, cropped from [52]. 28]

Figure 2.5: Feed system layout examples, continued.

Inferred from the aforementioned COTS and experimental propulsion systems is that a typical propel-
lant storage and feed system for small spacecraft and CubeSats may consist of the following compo-
nents:

* Propellant tanks * Feed lines
* Pressurant tanks . Filters
* Propellant Management Devices (PMD)
* Heaters
» Valves
~ Fill/drain valves * Sensors
— Isolation valves — Thermocouples (temperature mea-
— Latch valves surements)
— Start/stop valves — Pressure transducers (pressure mea-

Regulator valves surements)
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2.5. Feed System Types

For feeding propellant from the propellant tank to the thruster, gas-fed systems and pump-fed systems
can be considered. First, gas-fed systems are discussed and subsequently, pump-fed systems are
discussed.

2.5.1. Gas-Fed Systems

Pressurant

Propellant

Propellant

Pressure

regulator
Thruster I Thruster
"""" valve 777 valve
----Thruster ----Thruster

(a) Blow-down type system. (b) Regulated type system.

Figure 2.6: Simplified diagrams of pressurisation methods for a propellant feed system using pressurant gas, draw.io.

As discussed by Elliot Ring in 1964 [53] and George Sutton in 1992 [11], two pressurisation meth-
ods exist using pressurant gas, namely a blow-down type system and a regulated type system. In a
blow-down type system (Figure 2.6a), the propellant and pressurant gas are typically stored together
in the same tank. As propellant is expulsed, the tank pressure decreases, resulting in thruster inlet
conditions changing over time. Advantages are lower complexity as compared to the regulated type
system, however possibly higher propellant tank mass. In a pressure regulated system (Figure 2.6b),
the pressurant is typically stored under high pressure in a separate tank and a regulator valve ensures
constant propellant tank pressure and constant thruster inlet conditions. In principle, the pressurant gas
and propellant may also be stored in the same tank and a regulator valve can be integrated between
the tank outlet and the thrusters. Storing pressurant gas and propellant in separate tanks however has
the advantage of lower propellant tank pressure which may result in lower propellant tank mass. A
disadvantage is that extra complexity and possibly extra mass is introduced by the required regulator
valve and a separate pressurant tank. When using pressurant gas in blow-down configuration (where
pressurant gas initially occupies the available ullage volume and in final conditions occupies the entire
tank volume), the pressurant mass M, in kg is defined using the ideal gas law at final conditions:

ptank,thank
M = (2.14)
pres Rng
where piani s is the tank pressure at final conditions in Pa, V.4 is the tank volume in m3, Ry is the
gas constant of the pressurant gas in J-kg™'-K™' and Ty is the temperature in K inside the tank at
final conditions. Assuming low duty cycle operation, where heat is constantly exchanged with the
surroundings, the pressure at final conditions is calculated using the following isothermal relation:

(2.15)

Here, the gas volume values result from the fill ratio &, which is a function of the selected pressure
ratio of the system:
®, = 1 Leress (2.16)
ppres,i
Using the tank volume, this fill ratio is then used to determine the available propellant volume ¥}, and
pressurant gas volume V,,..:

V;J = Veank Pos Vpres = Viank (1 — @p) (2.17)
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For a pressure regulated configuration, i.e. where pressurant gas initially occupies the separate pres-
sure vessel and at final conditions occupies the volume of both tanks, the pressurant mass is described
as:

M _ ppres,tank,prop,fVtank,prop
pres — 1-— Ppresitankpres,f

(2.18)

Pprestank,prop,i

Where ppres tankprop,s 1S the ullage pressure inside the propellant tank at final conditions, Vignk prop
is the propellant tank volume, ppres tankpres,i iS the pressurant gas density inside the pressurant tank
at initial conditions and finally, p,,es tankpress 1S the same density however at final conditions, all in
kg-m=3.

Pressurant Gas

Typically, Helium or Nitrogen gas is used to pressurise spacecraft propulsion systems due to being
chemically inert, i.e. they do not react with the propellant. Furthermore, in case of leakage, these
gases have a lower risk of spacecraft contamination as compared to non-inert gases, as discussed by
Elliot Ring in 1964 [53]. The relevant properties for Helium and Nitrogen gas are presented in Table 2.6.
For the concept design phase, these properties are assumed to remain constant with temperature. Fig-
ure 2.7 shows the density of Nitrogen and Helium at 300 K between 1 and 50 bar, here it is observed
that for Nitrogen, the phase change from vapour to supercritical occurs at approximately 33.90 bar and
for Helium this occurs at approximately 2.20 bar. At this point, the ideal gas law is not valid anymore,
however for the presented pressure range the density is observed to be related mostly linearly to pres-
sure (Figure 2.7) and therefore during the concept design phase, the ideal gas law is assumed valid
for these gases in the presented pressure range.

Table 2.6: Relevant properties of Helium and Nitrogen for feed system design at 300 K [49].

’ ‘ Mo (glmOI) ‘ Rg (J'kg-1 'K-1 ) ‘ Cp.g (J 'kg-1 'K-1 ) ‘ CV(J-kg-1 'K-1 ) ‘ Y (') ‘
Helium 4.0026 2,077.264 5,193.129 3,115.865 1.667
Nitrogen | 28.0134 296.803 1,039.673 742.870 1.400

Wvapor y
M supercritical

vapor: 33.900 bar, 38.209 kg/m3
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(a) Nitrogen, phase change to super-critical phase occurring at approximately 33.90 bar.

M vapor
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(b) Helium, phase change to super-critical phase occurring at approximately 2.20 bar.

Figure 2.7: Gas density (isothermal, at 300 K) for pressure values ranging from 1 to 50 bar, captured from [49].
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2.5.2. Pump-Fed Systems

From 2008 to 2020, the US Small Business Innovation Research (SBIR) fund awarded several contracts
to the company Flightworks Inc., US, to develop electric micro-gear pumps for spacecraft propulsion
applications as stated by the US SBIR fund [54] and discussed by Besnard et al. in 2019 [55]. Such a
pump produced by Flightworks, Inc. is used for the Lunar Flashlight Propulsion Module (LFPM) of the
LFM spacecraft to be launched in 2021, which is used for both Av and RCS purposes. Using such a
pump results in lower required propellant storage pressure, lowering fracture criticality of the propellant
tank and enabling the production thereof using Additive Manufacturing (AM) technology. Manufacturing
of the propulsion system structure and manifolds using AM has resulted in a high level of component
integration and elimination of approximately 40 custom-designed components as discussed by Huggins
etal. in 2021 [8] and Andrews et al. in 2020 [7]. Flightworks, inc. offers three series of pumps: C-series
(low flow coreless gear pumps), X-series (brushless gear pumps) and M-series (magnetically coupled
gear pumps). The latter is of most interest for the MPS of LUMIO, because the actual pump head
component is magnetically coupled to the motor instead of mechanically, eliminating the need for shaft
seals, furthermore enabling a wide range of working fluids for aerospace applications as concluded
from product datasheets published by Flightworks, inc. [56]. A list of all 43 M-series pumps is included
in Appendix C, for continuous operation using heavy fuel of roughly 2 E-3 Pa-s of dynamic viscosity.
o\

S ‘\x\ Fixfed Orifice
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(a) Hydraulic diagram, showing a heated propellant tank with gas ullage  (b) Recirculation loop showing the pump inlet and outlet ports, propellant
(blue), pump with a flow control device, valves and four thrusters. tank port (right lower corner) and a flow control device (fixed orifice).

Figure 2.8: Lunar Flashlight Propulsion Module, cropped from [8].
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Figure 2.9: Simplified diagram of pump-fed propulsion system between tank and thruster valves, including recirculation loop and
Passive Flow Control Device (stations 2, 3, 4, 5), draw.io.

For commercially available pumps, usually a pump characteristic is provided, in the case of the Flight-
works, inc. pumps, these characteristics relate the volumetric flow rate to the pressure differential
across the inlet and outlet ports for different rotational velocities of the pump, example shown in Fig-
ure 2.10a. In order to design a propulsion system using such a pump, working points of the pump can
be chosen for constant thruster inlet conditions by properly designing the system for both BOL and EOL
conditions, where at EOL the tank pressure is lower than at BOL. Either a pressure regulator valve can
be placed such that it regulates the pump outlet pressure to achieve a desirable operating point, or a
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Passive Flow Control Device (PFCD) inside a recirculation loop can be used, as done in the LFPM.
The PFCD effectively fulfils two functions: first, it generates a pressure drop over its length as function
of PFCD mass flow, through which in combination with the thruster inlet conditions the working point
of the pump can be set. Secondly, as the required volumetric flow rate by the thrusters may be below
that of the operational envelope of the chosen pump, any excess part of the pump flow can be routed
through the PFCD back towards the pump inlet.

A schematic of the pump-PFCD-thruster valve system is presented in Figure 2.9, where the PFCD is
shown at stations 2, 3, 4 and 5. The theory required to design the PFCD is presented in Section 2.7.
Inside the propellant tank, some gas is required to occupy the ullage volume to prevent a vacuum
forming and to prevent vaporisation of propellant. A baseline illustration for the PFCD is presented
in Figure 2.10b below. For each station, the flow velocity and static pressure are calculated. The
pressure drops occuring at each station are calculated using relations Equation 2.25 and Equation 2.26
discussed in the next section. Finally, the required hydraulic power B, in W to be provided by the pump
is described by

P, =VAp (2.19)

where V is the volumetric flow rate in m3-s™" and Ap is the pressure differential across the pump
inlet and outlet ports in Pa. Pump hydraulic power is in turn related to the pump required electric power
P pump in W in the following way, where n,,,,, is the dimensionless pump efficiency factor, typically
dependent on the pump flow rate:

B,

Pel,pump = (2-20)
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(a) Pump characteristic of the Flightworks, inc. 2222M04C58 pump for(b) Passive Flow Control Device baseline, lengthwise cross-sectional
heavy fuel, cropped from [56]. view, Inventor 2022.

Figure 2.10: Pump characteristic and Passive Flow Control Device baseline.

Pump Characteristic Calculations

Considering a specific pump rotational velocity w, the provided pressure differential and flow rate at
this rotational velocity are assumed to behave according to a linear characteristic line. For constant
thrust over the spacecraft lifetime, the pump is required to provide a higher pressure differential over
time. Before thruster firing can commence, the pump is required to spool up to the required rotational
velocity which is a function of the current tank pressure and the selected thrust level, this condition is
called Thruster Valves Open (TVO). Spooling up occurs while thruster valves are closed, the Thruster
Valves Closed (TVC) condition. For the required rotational velocity at the TVC condition it is evaluated
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Pump characteristic
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(a) Quadratic fit for volumetric flow rate offset. Offsets calculated using(b) Generated pump characteristic. Units converted for convenience,
the end points of the provided characteristics. assuming incompressible propellant LMP-103s at 300 K.

Figure 2.11: Characteristics of Flightworks, Inc. pump model 2222-M04C58, Python/Matplotlib.

if the maximum specified differential pressure is within the pump specifications. This subsection de-
scribes how the relevant equations relating pump rotational velocity to provided pressure differential
and volumetric flow rate are obtained. The pump characteristic of each Flightworks, Inc. pump contains
three lines: minimum, nominal and maximum rotational velocity (example in Figure 2.10a), of which
the begin and endpoints are visually determined. To simplify the calculations, the lines are assumed to
be of constant slope, equal to the slope of the line corresponding to nominal operation. This slope is
calculated using the finite difference formula, using the begin and endpoint of the nominal line. Subse-
quently, the offset of this constant slope line is determined by the pump rotational velocity. The lines
correspond to the following format, using the units ml-min' for the volumetric flow rate V and psi for
the pressure differential Ap:

V =Vy(w) + alp (2.21)

Vp(w) = agw? + a,w + a, (2.22)

For the three given lines, the flow rate offset values are calculated using the end point of each line
and it is observed that the relationship is not linear. Because three datapoints are present, a second
order polynomial fit was chosen to relate the flow rate to rotational velocity, shown in Figure 2.11a. The
generated pump characteristic on which working points are to be plotted is shown in Figure 2.11b. The
coefficients of the quadratic fit are shown in Table 2.7. The slope « is equal to -0.794 ml-min-'-psi-'. To
find the working point of the pump for a given pressure differential and volumetric flow rate, the equation
Equation 2.21 is simply solved using the quadratic formula and taking the maximum result.

Table 2.7: Coefficients for the Flightworks, Inc. pump model 2222-M04C58 characteristic line offset.

Qo a a;
1.236 E-6 ml-min | -2.241 E-4 ml | 1.342 E+2 ml-min™"

Net Positive Suction Head Requirements

If at any point in the feed system the pressure is equal to or lower than the vapour pressure of the
working fluid, cavitation may occur. The greatest risk occurring is inside the pump, where e.g. close to
parts moving at high velocity, local low-pressure regions form, causing propellant to vaporise and form
bubbles which violently implode. These implosions may damage the pump, cause vibrations and the
shockwaves may propagate downstream, damaging other components. In order to prevent this, the
available Net Positive Suction Head (NPSH) of the pump must be above the required NPSH, which
is a characteristic of the pump and depends on pump flow rate. The available value is denoted as
NPSH, and the required value as NPSH,¢q. As no information about the NPSH of the Flightworks,
Inc. micro-gear pumps is available, a conservative approach is used. As described by Besnard et al.
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in 2019 [55], qualification tests were performed on some of their magnetically decoupled models for
use in an MMH/MON-25 propulsion system, however not specifying any model designation. Data from
these tests will be used to form a conservative estimate of the minimum required pump inlet pressure
in LUMIQO’s propulsion system. NPSH is calculated as:

NPSH = Pinpump — Pvap (2.23)
PYo

The test data is presented in Table 2.8. The fluid density and vapour pressure are determined using
the pump inlet temperature as reference temperature. Where a pump inlet temperature is provided,
this value will be used. Otherwise, the propellant tank temperature will be used, in this case marked
by an asterisk (*). Data for pressure in the tests is interpreted visually and is therefore not completely
accurate. As no problems of cavitation were mentioned in the publication, the lowest reported pump
inlet pressure for each test is taken to calculate the NPSH. Finally, if the values for NPSH calculated
here would correspond to the NPSH;, for LMP-103s at 300 K, a minimum required pump inlet pressure
p; for LUMIO’s propulsion system is calculated. The fluid properties of Acetone are taken from the
National Library of Medicine [57] and fluid properties for MON-3 and MON-25 are taken from the 1977
propellant manual published by the (US) Air Force Rocket Propulsion Laboratory [58].

The first pump tested was a "micropump” for 100-200 Ibf class thrusters, using Acetone as MON-
25 simulant at "ambient temperatures” (assumed 300 K) to validate pump performance. A steady-
state pump inlet pressure of 30 psi (=2.068 bar) was observed. The pump was used to supply 250-
300 ml-min"' of fluid at a differential pressure of 250 - 365 psid (~17.237 - ~25.166 bar), a much
higher differential pressure than those observed in Appendix C. It is however important to note that the
fluid viscosity of Acetone is significantly lower than that of LMP-103s: approximately 3.000 E-4 Pa-s
according to the National Library of Medicine [57] as compared to approximately 3.000 E-3 Pa-s for
LMP-103s (Table 3.5). The other pump tested was a 200 Ibf thrust-class medium pump”, tested first in
a hot fire test at "ambient temperatures” again assumed 300 K, using MMH/MON-3 propellants, later
a test using "thermally conditioned” MMH/MON-25 propellants at approximately 243 K was performed:
firstin a closed-loop setting, subsequently as hot-fire. Only data for the MON-3 and MON-25 propellants
(oxidisers) from the latter tests was considered, as four data points seem sufficient. No flow rates were
reported for this pump, however pressure differentials of up to 430 psi (=29.648 bar) were observed in
the MON-3 hot fire tests, using the same pump type as for the MON-25 propellant. For the thermally
conditioned tests, a pump inlet temperature for the MON-25 pump was specified, namely -15 deg. C
(=258 K).

As observed from Table 2.8, the calculated values for NPSH and p;,, differ significantly. However,
as discussed before, no cavitation was reported anywhere in the publication. Therefore, the lowest
calculated value for NPSH of 4.694 m and corresponding p;, pump for propellant LMP-103s is deemed
acceptable, namely 0.717 bar.

Tao etal. in 2018 [59] describe the dimensionless "head coefficient” €., using which the pump cavitation
characteristics can be decoupled from the test conditions:

_ 2goNPSH

2.2
T,

(2.24)

ca

where g, is the gravitational acceleration at Earth, sea-level (9.80665 m-s2), w the pump rotational
velocity in rad-s™' and T;ip the tip radius of the pump head in m. In the pump test paper by Besnard
however, only a rotational velocity was reported for test 1, namely 12,500 RPM. No data on this regard
was reported for the others. No data on tip radius or other pump dimensions was presented either.
However, all pumps offered by Flightworks, inc. M-series pumps, including the one in the test, have an
outer diameter of 22 mm as per their datasheets [56]. Using this value, a tip radius is assumed, assum-
ing two pump gears are used with each a diameter of half the outer diameter of the pump. This results
in an assumed tip radius of 5.5 mm, with which the dimensionless head coefficient can be calculated,
resulting in a value of 8.657 for test 1. It must be noted however, that for these tests, cavitation was not
discussed and the chosen pump inlet pressure in the tests was not driven by cavitation requirements.
Therefore, some margin may be present. This coefficient will later be used to compare the results of
the pump working points to.
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Table 2.8: Approximate test data for determining NPSH of Flightworks, Inc.
[57], data for MON-3 and MON-25 data from [58].

micro-gear pumps ([55]). Data for Acetone from

Parameter Test 1 (Ambient | Test 2 (Ambient | Test 3 (Cold | Test 4 (Cold
Acetone closed | MON-3 hot fire) MON-25 closed | MON-25 hot fire)
loop) loop)

Working fluid Acetone MON-3 MON-25 MON-25

Pump inlet tem- | 300 K* 300 K* 258 K 258 K

perature

Pump inlet pres- | 2.068 bar 5.516 bar 1.724 bar 1.379 bar

sure

Fluid density 784.5 kg-m™3 1,448.0 kg-m™3 1,475.0 kg-m™3 1,475.0 kg-m-3

Fluid vapour | 0.308 bar 0.960 bar 0.700 bar 0.700 bar

pressure

Resulting NPSH | 22.877 m 32.084 m 7.077 m 4.694 m

Calculated 2.922 bar 4.039 bar 1.006 bar 0.717 bar

Pin,pump for

LMP-103s

Rotational veloc- | 12,500 RPM n/a n/a n/a

ity

Assumed tip ra- | 5.50 mm n/a n/a n/a

dius

Cca 8.657 n/a n/a n/a
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2.6. Pipe Flow Pressure Loss and Fluid Hammer

Viscous effects cause flow through smooth, circular tubes to experience pressure loss. This section de-
scribes analytical methods to approximate these losses for straight segments, contractions, expansions
and bends. As discussed by Assefa and Kaushal, 2015 [60], this pressure loss can be approximated
using the Darcy-Weissbach relation:
1
— f__ 2

where f is the dimensionless friction factor, [ the pipe length in m, D the pipe diameter in m, p the
density of the medium in kg-m™ and v the velocity of the medium in m-s™'. An alternative form of this
relation is also used, where the friction factor and length-to-diameter ratio are replaced by a factor K,
as discussed by Benedict et al. in 1966 [61]:

1

Ap =K
P=53

pv? (2.26)
To determine the flow regime relevant to the propulsion system design, the dimensionless Reynolds
numbers is calculated as function of pipe diameter using Equation 2.27:

_ pvD

Re (2.27)

v

where v is the dynamic viscosity of the medium in Pa-s. Itis assumed that the MPS uses two thrusters
simultaneously delivering 1 N of thrust each with a specific impulse of 200 s, consuming propellant
LMP-103s with a density of 1236.520 kg-m™ and a dynamic viscosity of 3.000 E-3 Pa-s. For the RCS,
four thrusters are assumed to be simultaneously firing at 10 mN of thrust each with 100 s of specific
impulse, consuming water propellant with a density of 996.560 kg-m= and a dynamic viscosity of 1.000
E-3 Pa-s. The plot in Figure 2.12 shows the flow for both the MPS and RCS will remain in the laminar
regime (Re < 2,100) for pipe diameters no smaller than 500 um. As pipe diameter increases, the
fluid flow velocity is proportional to D=2, so the Reynolds number is proportional to D~ causing the
observed shape of Figure 2.12.

Reynolds number as function of feed pipe diameter
using LMP-103s for 2x 1N thrusters, Isp = 200 s (MPS)
using water for 4x 10 mN thrusters, Isp = 100 s (RCS)

—— Main Propulsion System
800 1 —— Reaction Control System
600
400
200 4
N
0-

2 4 6 8 10
Feed pipe diameter (mm)

Figure 2.12: Reynolds number as function of pipe diameter, Python/Matplotlib.
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2.6.1. Straight, Smooth, Circular Tubes
As discussed by Assefa and Kaushal, 2015 [60], for laminar flows, i.e. at Re < 2,100, the Hagen and

Poiseuille relation can be used: 64
f= Re (2.28)

For turbulent and transitional flow at 2,100 < Re < 2 - 104, the first Blasius correlation can be used to
calculate the friction factor:
f = 0.316Re™025 (2.29)

For turbulent flow for Re > 2 - 104, the second Blasius correlation can be used:

f = 0.185Re™02 (2.30)

2.6.2. Rapid Contraction and Expansion
As discussed by Benedict et al., 1966 [61], for rapid expansion, the factor K in Equation 2.26 can be
taken as K., defined as:

A\
Kewp = (1- 32 (2.31)

where areas A, and A, are illustrated in Figure 2.13a. Here, the area A, is taken where the flow is
fully re-attached, assuming that this cross-section matches the large pipe cross-section. The area A,
is taken right before the separation point, assuming that this cross-section matches the small pipe
cross-section. For rapid contraction, the factor K, is used instead. Consider Figure 2.13b, here it is
seen that first an acceleration of the flow occurs towards the vena contracta, followed by expansion.
From both instances a pressure drop occurs results, however difficult to describe analytically. Benedict
confidently proposes a conservative empirical value of K.,,, = 0.5 to arrive at an acceptable first order
approximation. Due to no other sources found for more accurate however still simple estimates for this
loss were found, this approximation is used.
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(a) Situational diagram for rapid expansion of a flow. (b) Situational diagram for rapid contraction of a flow.

Figure 2.13: Diagrams for abrupt cross-sectional changes in flows, cropped from [61].

2.6.3. Bends

Two types of in-plane bends exist, namely regular bends and elbow bends. In literature, an elbow bend
is considered an exceptional case of an in-plane bend and applies to R, /D, ratios below 5, where R,
is the bend radius and D, is the internal pipe diameter, as discussed by Spedding et al. in 2004 [62].
Pressure loss in curved pipes is a topic discussed extensively in literature, some examples throughout
the years are the works by Beij in 1938, 1t in 1960 and Crawford in 2005: in 1938, K. Hilding Beij
published a research paper on pressure loss through 90 degree steel pipe bends with a diameter of
4 inches and bend radii varying from 6 to 80 inches for Reynolds numbers in the order of E+5 and
therefore including both regular and elbow bends [63] . In 1960, H. Itd published measurements and
empirical formulas on pressure loss in smooth pipe bends, considering both regular and elbow bends
[64]. In 2005, Naomi Crawford published her PhD thesis on pressure losses at bends and junctions,
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conducting measurements, simulations and discussing empirical relations however also focusing on
higher Reynolds numbers, around the order of E+5, also including elbow bends [65].

Spedding et al. have published a paper in 2004 [62], discussing works and results from the previous
authors and others, additionally discussing results from their own experiments and explaining theory
concerning these losses. Laminar flow traveling through a regular bend experiences pressure loss
due to secondary flow patterns in the form of two helical vortices arising over the bend (Figure 2.14),
experiencing viscous losses, caused by two effects. The first effect is due to centrifugal acceleration:
the faster moving core part of the flow is forced to the outer wall when flowing through a bend. The
second effect is due to the faster moving lower pressure region in the core of the flow attracting fluid
from the outer parts of the flow where velocity is lower and pressure is higher. In the case of an elbow
bend, two additional effects come into play. The first is caused by flow separation at the inner wall of
the bend, leaving a turbulent area close to the inner wall around the bend. The second is due to fluid
impingement on the outer wall of the bend.

T

A A

4

Rb

<«

Figure 2.14: Cross-section of flow through a circular tube downstream of a bend, Inventor 2022.

The relevant conclusions from the aforementioned works is that empirical relations for pressure loss
in laminar flow regimes with low error exist. For elbow bends however, no relations were presented
for the Reynolds numbers as encountered in this project (Figure 2.12). Therefore, the pressure losses
in elbow bends at the Reynolds numbers relevant to this project are simply approximated by regular
in-plane bends to arrive at a first order approximation of pressure losses. In order to approximate
pressure loss due to bends, first, the Dean number De is calculated, relating the flow regime to the
bend properties and the Reynolds number:

0.5

D
De = Re< P ) (2.32)
Dbe

For laminar flow at 11.6 < De < 2,000, the following relation by White is proposed as the most reliable,
according to Spedding et al. the data correlates to experimental data with underprediction of 1% at
low De numbers and overprediction of 2.5% at higher De numbers. It is presented as the ratio of the
friction factor for a straight pipe f5 and friction factor for a curved pipe f;:

£ 11.6\ %%\ **
F=1- (1 - (D—e) ) (2.33)

For De < 11.6, f, is assumed to equal f;. In order to obtain the curved friction factor, the relation is
simply inverted. The Dean number behaviour as function of Reynolds number and R./D,, ratio (=
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2(D,/Dpe)~t) is shown in Figure 2.15 below. The friction factor behaviour is shown in Figure 2.16
below. It is observed, that for the low Reynolds numbers relevant to LUMIO’s MPS and RCS, the bend
ratio has an influence of approximately a maximum factor of 1.5 between the smallest and largest bend
ratios. In case pressure loss is not of significant magnitude and therefore not critical in the design,
integration of components can be done with more freedom, with more freedom in choice of pipe bend
radius.

Dean number

For constant Re For constant Rb/Dp ratio
—— Re =100 1750 4 —— Rb/Dp = 2.5
2500 - —— Re =500 — Rb/Dp=5
—— Re = 1000 1500 4 —— Rb/Dp = 10
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2000 + 1250 4

Z 1500 4 = 1000 4

De
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500 +
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Figure 2.15: Dean number as function of constant Reynolds number and bend radius/pipe diameter ratios, Python/Matplotlib.
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Figure 2.16: Bend pressure loss friction factors as function of Reynolds number and constant bend radius/pipe diameter ratios,
Python/Matplotlib.

2.6.4. Fluid Hammer

Fluid hammer is a phenomenon that may occur at rapid opening or closing of a valve, in a spacecraft
this may happen during priming of the propulsion system or during closing of any valve in the system.
This phenomenon is characterised by a pressure wave traveling from the valve being operated towards
an upstream boundary (in case of valve closure), reflecting off of said boundary and traveling back to
the valve. This time depends on the wave celerity of the fluid. It is a complex phenomenon difficult to
model, as discussed by Prickett et al. in 1992, Lecourt and Steelant in 2007, and Lema et al. in 2011
[66—68]. Effects such as elasticity of feed lines and multiphase effects in the flow significantly complicate
modeling. However, Lema et al. propose two simple equations to approximate the magnitude of these
effects. The first applies to rapidly closing valves (t.; < 2l/a,), where 7., is the valve (closing) response
time, [ refers to the pipe segment length and a,, is the wave celerity of the fluid. In this case, a "savage
perturbation” takes place, of which the magnitude of this perturbation Ap,,, in Pa is approximated by
the Joukowsky equation:

Apra = ppva, (2.34)
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here, p, is the fluid density in kg-m= and v is the flow velocity in m-s™'. The equation was derived
by Joukowsky from the conservation of mass and momentum. The important assumption here are
inelastic feed lines and that all kinetic energy of the flow is instantaneously converted into pressure.
For the situation with slower closing valves, where 7., > 2L/a,, the "slow perturbation” applies, the
magnitude of which is approximated by:

App, = (2.35)

here, the fluid wave celerity was substituted for using a,, = 2s/7, assuming that the wave travels from
the valve to an upstream boundary and back during valve closing time.
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2.7. Passive Flow Control Device

As mentioned in Section 2.5.2, in order to use a pump for LUMIO’s propellant feed system, a PFCD
is required, fulfilling the functions of creating the desired pressure differential between the pump outlet
and inlet and to accommodate any excess mass flow not used by the thrusters. A simple design is
chosen, to illustrate how a simple, straightforward component can be used to set the pump working
point. This design comprises a straight tube with an orifice to generate a pressure drop as function of
the mass flow rate through the PFCD. Instead of using a contracting and subsequent expansion, also
a continuous tube of constant diameter could be used to connect the pump outlet and inlet. In this case
however, the approximation of junction pressure losses is complicated due to a change of cross-section
from the start of the junction to the end of the junction. The advantage of the chosen design is thus a
constant feed tube diameter throughout the entire feed system, allowing for a simple preliminary feed
system design. Figure 2.17 shows the schematic of the baseline design.

Loﬁﬁce
— . ——
Stations 012 345

Figure 2.17: PFCD schematic with local station numbers, draw.io.

In this illustration, station 0 corresponds to incoming flow conditions. At station 1, a contraction in flow
cross-sectional area occurs, causing an increase in flow velocity and a decrease in static pressure.
This change in static pressure is approximated using Bernoulli’s equation (Equation 2.36), assuming
one-dimensional, incompressible flow:

1 2 1 2
Po+ 5PV =1+ 5pVi (2.36)

At station 2, the static pressure has dropped due to rapid contraction, Equation 2.26 is used to approxi-
mate the resulting pressure loss, assuming a loss coefficient of K., = 0.5 as discussed in Section 2.6.2.
Over the length of the orifice L,yf;c., pressure loss due to viscous losses in a smooth, straight, circular
tube occur. These are in turn approximated by Equation 2.25 and the friction factor is calculated using
Equation 2.28, Equation 2.29 or Equation 2.30, depending on the flow regime (Reynolds number). At
station 4, the flow is expanding again, causing velocity to decrease and recovering static pressure,
approximated using Equation 2.36. At station 5, a loss of static pressure due to rapid expansion is
expected, approximated using Equation 2.26, this time a function of cross-sectional area. The sta-
tion locations and numbering are placed to accommodate convenient calculation of the static pressure
throughout the system. In reality, some stations may coincide.

2.7.1. Uncoupled Passive Flow Control Device

Figure 2.18 shows an example calculation for the pressure at various stations within the PFCD, not yet
coupled to the pump, assuming that the pressure is fixed at the high-pressure side of the system. It is
observed that for this specific orifice length, the pressure at station 3 (just before pressure recovery)
is lower than at station 5, after the expansion pressure loss is applied. This means that the provided
pressure drop approximated for the PFCD may be lower than the high-pressure end pressure, and that
if the desired pressure drop of the PFCD is close to the sum of the pressure values at the low pressure
side of the system (e.g. propellant tank) and the high pressure side of the system (e.g. pump outlet), the
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pressure inside the PFCD may become zero, making the solution invalid. In reality however, first, the
vapour pressure of the propellant will be reached and the liquid propellant will vaporise, therefore the
pressure would not drop to zero - cavitation effects may occur however. For the blue line corresponding
to a mass flow rate of 0.004 kg-s™', it is seen that the pressure gets close to zero however stays
above zero. For the red line corresponding to a mass flow rate of 0.006 kg-s™' however, it is observed
that the pressure intersects zero between stations 2 and 3 and from this point onward the solution is
invalid. Figure 2.19 shows the same calculations however for a much shorter orifice length of 0.01 m.
A significantly lower pressure drop is observed.

Pressure at each station in the PFCD for LMP-103s,
for varying mass flow. Orifice length 0.05 m,
Inlet diameter 3.0 mm, orifice diameter 0.5 mm.
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Figure 2.18: PFCD performance example for various mass flow rates of propellant LMP-103s at 300 K, fixed high-pressure side
pressure, orifice length of 0.1 m, Python/Matplotlib.

Pressure at each station in the PFCD for LMP-103s,
for varying mass flow. Orifice length 0.01 m,
Inlet diameter 3.0 mm, orifice diameter 0.5 mm.
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Figure 2.19: PFCD performance example for various mass flow rates of propellant LMP-103s at 300 K, fixed high-pressure side
pressure, orifice length of 0.01 m, Python/Matplotlib.

2.7.2. Passive Flow Control Device Coupled to the Pump and Thrusters (TVO

condition)
Calculations for PFCD performance become more complicated when the PFCD and pump are coupled,
as more equations are introduced. Consider the situation where the PFCD is placed in a recirculation
loop between the pump outlet and pump inlet as illustrated in Figure 2.9, with thruster valves opened
(TVO condition). For a set rotational velocity of the pump, the flow through the pump will find an
equilibrium working point, where the pressure differential and flow rate of the pump equal those of the
PFCD. Some of the mass flow will also flow into the thrusters, at a desired pressure. For this rotational
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velocity, the relation for pressure differential and flow rate of the pump is known. The numerical solver
fmin is used in Python, from the SciPy optimization package. The objective function i is created
(Equation 2.37), returning the absolute difference in pressure differential between the pump and the
PFCD, both functions of mass flow m, to be minimised by the function fmin. Subsequently, the objective
function value is checked to be sufficiently close to zero, meaning that a valid solution is found for
the pump equilibrium point. In reality, this value will be zero, however a small numerical error in this
theoretical solution is expected which must be insignificant in relation to the actual pressure drop, e.g. a
preliminarily chosen order of magnitude of 1 Pa for a pressure drop in the order of E+5 Pa. In Table 4.14
it can be seen that the solver fmin works well, and the order of magnitude of the absolute error is E-3
Pa for a pressure drop of magnitude E+5 Pa at BOL, for EOL this is in the order of E-5 Pa for a pressure
drop of E+6 Pa. Therefore the algorithm is expected to converge properly and the solution is taken as
valid. The objective function is:

Y= |Appump (m) — Apppcp (M) (2.37)

here, Ap,ump is calculated using the pump characteristic for the desired rotational velocity, Equa-
tion 2.21. The value of Appr.p is calculated according to the method discussed at the start of this
Chapter, and is the sum of the rapid contraction pressure loss, the straight tube viscous loss and finally
the rapid expansion loss.

The TVO condition is discussed first as it is more simple to solve than the TVC condition. This is due
to the pressure at the high-pressure side of the system being known. This high-pressure side pressure
is set equal to the desired thruster inlet pressure and is proportional to the desired thrust level.

2.7.3. Passive Flow Control Device Coupled to the Pump only (TVC condition)
Before thruster firing, the pump will need to accelerate to the required rotational velocity, this will be
done with thruster valves closed. For a constant pump rotational velocity, it is expected that during
the TVC condition, the mass flow through the system decreases and the differential pressure over the
pump increases as compared to the TVO condition where some of the total mass flow is routed towards
the thrusters. For the TVC condition, the system working point will be determined to check whether
this working point is within the bounds of the pump characteristics (e.g. not exceeding the maximum
achievable differential pressure). This condition requires solving for an additional unknown, namely the
pressure at the high-pressure side of the system. However, the rotational velocity w for this condition
is already known, providing the pump characteristic, relating pump mass flow to provided pressure
differential. In order to solve for the working point here, a custom line search algorithm is employed,
operating according to the following steps:

1. Loop through pump pressure differential values on the characteristic line (e.g. 1 bar to 10 bar),

2. Calculate the corresponding pump mass flow rate using the characteristic line and the current
pressure differential value,

3. Calculate the high pressure side pressure using the current pressure differential value and the
tank pressure (e.g. EOL tank pressure),

4. Evaluate pressure drop over PFCD using the PFCD mass flow rate, which is at TVC condition
equal to the pump mass flow rate. Check whether at every point in the PFCD the pressure is
above zero, otherwise return an error,

5. Calculate the absolute difference of the current pump pressure differential value and the PFCD
pressure drop (Equation 2.37), save in array,

6. Find the minimum value in the aforementioned array, this corresponds to the working point.
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2.8. Propellant Tank Design

This section contains the relations required for tank design. First, the cylindrical tank is considered for
the concept design stage to arrive at a simple tank design. Subsequently, relations for cuboid tanks
are presented, which are used in the detailed design phase. Finally, tank materials are discussed and
types of PMD with preliminary design methods are presented.

2.8.1. Cylindrical Tank Design for the Concept Design Stage

In the concept design phase, the cylindrical tank shape is used, as discussed in Chapter 3. Figure 2.20
shows the shape of the tank type used in case a spherical tank is not feasible due to volume restrictions.
For simplicity and to allow comparison, only a cylindrical tank design with hemispherical endcaps is
chosen for the concept design. The inside volume is:

4
Viank = 7”'thank,i + §T[T't3;mki (2.38)

where 1,4, denotes the inside radius of the hemispherical ends and the cylindrical part, l;4,y, i de-
notes the inside length of the cylindrical part, both in m. The material Ti-6Al-4V is chosen for concept
generation, die to its high specific strength as discussed by Tam et al. in 1997 [69], assuming the
properties shown in Table 2.9.

Table 2.9: Material properties of a Ti-6Al-4V alloy [70].

[ Quantity | Value \
Tensile yield strength oy, 880 MPa
Tensile ultimate strength o,,, | 950 MPa
Density 4,430 kg-m

Hoop stress for a thin-walled (valid for t << 10r) cylinder can be rewritten for wall thickness:

PtankTtank . . PtankTtank . .
= Jouly; ty = o Jpulu (2.39)
oy oy

ty

here, the allowable value for either yield or ultimate stress is used, jj,, is the burst safety factor (equal
to 2.5 as per PROP.162, RCS.162), ji, is the yield load factor and jj,, is the ultimate load factor. The
wall thickness is calculated for ultimate stress, as ultimate stress is observed as dimensioning as di-
mensioning; load factors are chosen as 1.1 for yield, 1.25 for ultimate, 2.5 for burst. Taking tank radius
and pressure as constant, the wall resulting wall thickness is compared for both yield and ultimate

situations. o —
Jbly \ _ 0t L. _ _
f(a> - f( s ) — F(3.125E — 3) (2.40)
Doju _ (22125 _ cgo09p 3 2.41
f(a)—f(w)—f(- —-3) (2.41)

It is observed that for this material, ultimate stress is dimensioning and therefore yield stress will not
be considered in the concept design phase.

A
Y.

L

Figure 2.20: Cylindrical tank shape used for the concept design stage, draw.io.
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2.8.2. Cuboid Tank Design for the Detailed Design Stage

In the detailed design phase, a cuboid tank shape was chosen due to higher volumetric efficiency as
compared to a cylindrical tank shape, discussed in Section 4.1.2. For dimensioning such a tank, the
relations for bending moment, deflection and stress in a thin rectangular plate with simply supported
edges are used as presented by T. H. G. Megson in Aircraft structures for Engineering Students, 5
edition [71]. Consider a thin, rectangular plate with length a and width b, as presented in Figure 2.21
on which a distributed transverse load p (Pa) is applied.

Figure 2.21: Thin, rectangular plate, cropped from [71].

The plate is assumed to be in pure bending. First, the plate flexural rigidity £ (N-m) is considered:

3 Et3

T 12(1—v?)
where E is the Young’s modulus of the material, t is the thickness of the plate and v is the transverse
contraction coefficient of the material. For calculating deflections and bending moments of the plate

considering simply supported edges, the simplified version of Navier’s Fourier series solution is used,
considering the first five terms (1, 3, 5, 7, 9). The deflection § in m is described by:

¢ (2.42)

_16p i i sin(mnx/a) sin(nmy/b)

§ ==
¢ mn(m?/a? + n?/b?)?
m=1,3,..n=1,3,...

(2.43)

where p is the applied transverse load in Pa, { is the plate flexural rigidity in N-m and finally a and b
are the plate length and width, respectively, both in m. For the maximum deflection, occurring at the
plate’s centre (x = a/2, y = b/2), this becomes:

_ lép - i sin(mmn/2) sin(nmr/2)

Omax = e mn(m?2/a? + n2/b?)2 (2.44)
m=1,3,..n=1,3,..
The bending moment distributions per unit length M, and M,, in N are described by:
16p = - m2/a? +v(n?/b?) . .
M, = — Z mn(m2ja? + n2 Jb2)? sin(mnrx/a) sin(nmy/b) (2.45)
m=1,3,..n=1,3,..
16p v(m?/a?) +n?/b* ,
= 24
My = — > = o a4z Ty Sin(m/a) sin(amy,/b) (2.46)
m=1,3,..n=1,3,..
The bending moments per unit length at the plate’s centre (also in N) are described by:
16p © o m2/a? + v(n?/b?
x = =P / (n/b") sin(mmn/2) sin(nn/2) (2.47)

* mn(m?/a? + n%/b?)2
m=1,3,..n=1,3,.. (m*/a® +n?/b%)
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16p = =  v(m?/a®)+n2/b? .
My = m* Z mn(m?/a? 4+ n?/b?)? sin(mm/2) sin(nm/2) (2.48)
m=1,3,..n=1,3,...

Finally, the von Mises stress o,,,,, in Pa is calculated using:

0] 0
\](O-x - ay)z + (ay _%52 + (%(_ ax)z _ \](Jx,max - ay,max)z + U)%,max + Ua%,max

Opm = > > (2.49)
where the stress components at the centre of the plate follow from:
6M,
Ox,max = 2 (2.50)
6M,,
Oymax = —2 (2.51)

where it must be noted that, as mentioned before, the bending moment distributions per unit length M,
and M, are in N and plate thickness t is in m, resulting in a valid result of oy 4, @nd o), payx i N-m2 or
Pa. The relations for deformations are demonstrated in Figure 2.22a, stresses shown in Figure 2.22b,
visualising that the stresses and deformations are at their maximum at the centre of the plate.

Out-of-plane deformation of thin plate with simply supported edges Von Mises stress of thin plate with simply supported edges

a=01m,b=015m,t=1.0mm, p=1.0 bar a=01m,b=015m,t=10mm,p = 1.0 bar

z (mm)

60
X f%) 80

100 o

(a) Out-of-plane deformations. (b) Von Mises stresses.

Figure 2.22: Results of thin plate relations for deformations and stresses, Python/Matplotlib.

2.8.3. Tank Materials

For selecting the tank material, the parameters specific strength and specific stiffness are considered:
specific strength is the ratio of stress to density, specific stiffness is the ratio of Young’s modulus to
density. For both parameters, materials with comparably higher values result in lower tank mass for
the same deformations and stresses. For the MPS propellant LMP-103s, material compatibility with the
titanium alloy Ti-6Al-4V and stainless steels is stated by Persson et al in 2019 [23]. A selection of these
materials is presented in Table 2.10, here it is observed that the material Ti-6Al-4V Solution Treated
& Aged (STA) is the most suitable material due to its highest specific strength, the specific stiffness is
within a small range for all materials. The RCS propellant is water, and is assumed to be compatible
with Ti-6Al-4V as well.

2.8.4. Propellant Management Devices
The integration of Propellant Management Devices (PMD) into a propulsion system serves the primary
purpose of providing gas-free propellant expulsion at the outlet port of the tank. As secondary purpose,

Z (MPa)
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Table 2.10: Materials compatible with propellant LMP-103s.

| Material | o, | oty | E l e | owule | Elp | Ref. |

Ti-6Al-4V | 1,100 1,170 114 GPa | 4.430 g-cc' | 264.108 25.734 [72]
(STA) MPa MPa MPa-cc- GPa-cc-

g’ g’
AlSI 210 MPa | 564 MPa | 193 GPa | 8.000 g-cc’ | 70.500 24125 [73]
304L MPa-cc- GPa-cc-

g’ g’
301 205 MPa | 515MPa | 212 GPa | 8.030g-cc’ | 61.134 26.401 [74]
Stainless MPa-cc- GPa-cc-
steel g’ g’

they serve to control the position of the fluid and thereby reduce sloshing. In this study, PMDs are
characterised by their mass, volume and Expulsion Efficiency (EE), which is defined as the ratio of

usable propellant to total propellant:
Mp,us

EE =
Mp,tot

(2.52)
A high EE is desirable, meaning that only a low fraction of propellant is left as residuals at EOL. Jason
Hartwig has published historical reviews on PMD in 2016 and 2017 [75, 76]. The author separates
the PMD types by classification of non-capillary PMD and capillary PMD. Here, non-capillary PMD are
diaphragms (Figure 2.23a), bladders (Figure 2.23b) and piston-type devices (Figure 2.23c).

Spherical
bladder

/-Gas inlet

Propellant Tank

ssurant Piston

!
L Liquid discharge

ity Cavity \
L Bladder (inward ﬁ

expulsion) Pressurant Tank

(a) Diaphragm expulsion test in laboratory,(b) Bladder schematic, cropped from [76].(c) CHAMPS Piston by Aerojet Rocketdyne,
cropped from [77]. cropped from [78].

Figure 2.23: Examples for non-capillary Propellant Management Devices.

Capillary PMD types are divided into full-communication devices and partial-communication devices.
Of interest for LUMIO are full-communication devices, namely sponges (Figure 2.24a), vanes (Fig-
ure 2.24b) and galleries (Figure 2.24c). These devices may be designed such that propellant is gath-
ered from any location inside the tank, which is desirable in the design of LUMIO. In reality, however a
combination of PMD can be used to achieve a high degree of communication. Partial communication
devices are traps, troughs, vortex suppressors and baffles, these serve mainly to filter gas bubbles and
reduce slosh.

Propellant Management Devices in CubeSat Applications

Collicott et al. have discussed the suitability of PMD for smaller spacecraft such as CubeSats with
conformal tanks in 2019 [79], proposing surface-tension devices for use in this type of tank. Due to the
choice of conformal tanks for both the MPS and RCS, bladder-, diaphragm- and piston-type devices
are excluded from consideration. This leaves the options of gallery-, vane- and sponge-type devices.
Sponges are placed at the outlet port, to guarantee delivery of a fixed amount of propellant on-demand,
to be refilled over time by a vane or gallery type device. It can be seen that between the gallery- and
vane-type devices, the vane-type device scores best in all metrics. Since the design of these devices
is complicated and difficult to verify, a conservative approach is chosen, using a combination of two
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B\ = _ AN

(a) Sponge-type, cropped from [76]. (b) Vane-type, cropped from [76]. (c) Gallery-type, cropped from [76].

Figure 2.24: Examples for capillary Propellant Management Devices classified as full-communication devices.

PMD. One example of this is the choice of PMD inside the Lunar Flashlight Propulsion Module, where
a combination of vane- and sponge-type devices is chosen, with a conservatively estimated EE of
90%. Another CubeSat application is found in the CHAMPS system by Aerojet Rocketdyne, where a
piston-type PMD is used to form a hard boundary between the pressurant gas and propellant, shown
in Figure 2.23c, discussed by Carpenter et al. in 2017 [78], no data with respect to EE is presented for
this system, however.

Figure 2.25: Sponge- and vane-type Propellant Management Devices inside the Lunar Flashlight Propulsion Module, cropped
from [8].

Comparison of Propellant Management Devices

From the aforementioned works by Hartwig and Collicott, the general properties of six PMD types con-
sidering EE, mass, simplicity and suitability for conformal tanks are compared qualitatively in Table 2.11.
The first two options are preliminarily discarded due to not being suitable for conformal tanks, the piston-
type PMD is discarded due to poor EE. Due to it being unclear whether a gallery or vane-type device
is sufficient to provide sufficient propellant on demand, a combination of a sponge and either a gallery
or vane is of interest. Due to the vane-type device being more simple as compared to the gallery-type
device, the preliminarily selected PMD are a combination of sponge and vane-type devices, as dis-
cussed in Section 4.1.1. Finally, in order to prevent propellant from sticking to the edges inside the
tank and simultaneously reduce the magnitude of stress concentrations along the tank edges, fillets
are preliminarily selected to be added as well.

Sponge Design

Sponge design is performed considering methods presented by Jaekle in 1993 [80]. A sponge requires
extensive analysis, e.g. for leakage and dripping under adverse accelerations, which is left out of
scope. In order to arrive at a mass and volume estimate for the sponge-type PMD, a conservative
design method is used. As recommended by Jaekle, a safety factor of 2 is used on the required
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Table 2.11: Comparison of Propellant Management Device types [75, 76, 79].

Type EE Mass Simplicity Suitable for con-
formal tanks

Bladder Good Excellent Good No

Diaphragm Excellent Excellent Excellent No

Piston Poor n/a n/a n/a

Gallery Excellent Good Poor Yes

Vane Excellent Good Excellent Yes

Sponge Good Poor Good Yes

sponge holding volume and the available sponge diameter is calculated using a wall spacing of one
inch outside the sponge. The sponge is assumed to hold fluid between its plates with the following fluid
volume:

Vho,spo = hspo (T[Tszpo - Nplalplatpla - ”rtzube,o) (2.53)

where hg,, is the height of the sponge plates, r;,, the radius, N, is the number of plates around the
centre tube, t,;, is the thickness of the plates and finally, {,,, is the length of each plate, calculated
using the following relation:

lpla = Tspo — Ttube,o (2-54)
The required sponge holding volume is calculated using the burn time of the thrusters:
tbump
Pp

Vho,req = (2.55)

The volume of the sponge material, which needs to be compensated for in propellant tank design,
is calculated. The mass simply results from multiplying this volume with the density of the selected
material:

Vspo = hspo (Nplalplatpla + n(rtzube,o - rtzube,o)) (256)

Vane Design

Similar to sponge design, vane design requires extensive analysis which is left out of scope, and only a
simple design is considered in order to arrive at a mass and volume estimate of the device. One method
presented by Jaekle, 1991 [81] on approximating a possible upper limit for the flow rate is considered
however. Different cross-sectional geometries of vanes are possible as shown in Figure 2.26a. Due
to the more easily approximated flow area between the ribbon-type vane PMD and the tank wall, the
ribbon-type vane PMD is chosen. First, vane dimensions are assumed. Secondly, a possible upper
limit on fluid flow is calculated by calculating the area wave propagation speed q along the vanes. Here,
it is assumed that the cross-sectional area of the fluid flow along the vanes is proportional to the square
of wave fillet radius R,,,. This fillet radius in turn is preliminarily assumed to be equal to the spacing

between tank wall and vane:
1§st 1
= |Z2t 2.57
q ’2 oy R (2.57)

where ¢, is the absolute surface tension of the propellant in N-m™", ep is the density of the propellant
and R, is the wave fillet radius in m, which will be assumed equal to the vane-wall spacing. Using this
velocity, a maximum flow rate at this condition can be calculated per vane:

Vva = qAyq (2.58)

where for the vane flow area A,,, simply the area below the ribbon-type vane and the wall is used,
assuming the fluid fills up that space. The fluid forming a fillet-type region outside of this rectangular
area is ignored. The volume of the vane material is calculated using:

Voa = Wyatvalva (2.99)
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here, L,, is determined by tank length, and is calculated for the MPS tank in the following way for the
short side. For the long side of the tank, ain« is used instead of b;,,,. For the RCS, a=b.:

lva,RCS,shortside = (btank - Dtube,o - Zdva) + (btank - Zdva) + Z(Ltank - Zdva - Ztua) (260)

where agp is the width of the tank, Dy, o is the outer diameter of the tube at the centre of the sponge
and d,; is the stand-off distance from the tank wall.

Fillet Design
The volume occupied by fillets along four edges is considered by subtracting the area of a circle with
radius Ry;; of a square with lengths 2R;; (Figure 2.26b). The fillet volume over one tank axis is there-
fore:

Vi = (2Rsi))* — mR% ) Lsur (2.61)

The total fillet volume along all 12 edges inside the cuboid tank shape results from simply adding the
fillet volume for each of the three axes, assuming the difference between this method and separately
considering the fillet volume in all eight corners of the tank is negligible.

AN

Simple Vane Ribbon Vane
Double or Parallel Vane Complex Combination

(a) Different types of vane-type PMD, flow area under ribbon vane(b) lllustration for fillet area calculation, fillet cross-sectional area marked
marked blue, edited from [81]. blue, Inventor 2022.

Figure 2.26: Vane-type and fillet PMD illustrations.

2.8.5. Heat Loss and Heating
Radiative Heat Loss

In the quasi-vacuum of space, the only modes of heat transfer considered are conduction and radiation.
Here, radiation is considered for generating an estimate of radiative heat loss Q in W, approximated as:

Q = YTyanAo (2.62)

where ¢ is the dimensionless emissivity, Y the Stefan-Boltzmann constant (5.670 E-8 W-m2-K*4), T, 411
the outer wall temperature in K and finally 4, the outer surface area of the tank in m?. Fortescue et al.
described in 2011 [82] a € of 0.60 for polished Titanium. This can be further reduced by using several
layers of insulation blankets with low emissivity. The proposed method by Fortescue et al. is to use
several layers of aluminised plastic sheets as Multi Layer Insulation (MLI); these very thin sheets of
material are either separated by a low conductance spacer material such as silk or glass-fibre netting
to prevent conductance between layers or the sheets are crinkled/dimpled to reduce the surface area
of contact. Theoretically, this will allow very low values of emissivity, as shown in Figure 2.27. A
popular material for this is Biaxially-oriented Polyethylene Terephthalate (BoPET), colloquially known
as "Mylar”, with a thin layer of aluminium. As density, the value of Mylar of 1,390 kg-m™ is taken as
reported by the Dupont de Nemours corporation in 2003 [83]. The authors state that in reality these
MLI blankets may consist of at least 40 layers of each 10 pym thickness (according to Figure 2.27 this
would theoretically result in an effective emissivity of € = 0.001).
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Figure 2.27: Effective emissivity of aluminised Mylar blankets, edited from [82].

Pressurant Gas Expansion
During thruster operation, the pressurant gas will expand to occupy the now vacant volume left behind

by the expulsed propellant. In reality, the propellant will expand as well, and its temperature will de-
crease too. However, to achieve a preliminary estimate of required heating power, only the expansion
of the pressurant gas is considered. This energy Ep, tqnr in J is calculated as follows:

Ehe,tank = Mprescv,presATpres (263)
where M, is the pressurant mass in kg, ¢, s is the specific heat capacity considering constant
volume for the pressurant gas in J-kg™'-K! and AT,res the temperature difference between BOL and
EOL in K. For calculating AT,,..; a worst-case estimate assuming isentropic expansion is assumed:

ATpres =Tgor — TEOL,is (2-64)
y-1
Peor \ 7
Tgoris = TpoL ( ) (2.65)
PoL

Finally, the power Py, +qn in W is approximated assuming a linear decrease in temperature between
BOL and EOL over the total burn time:

E
he,tank (266)

Phe,tank = t
b

where t, is the burn time of the system between BOL and EOL in s.
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2.9. Commercial-Off-The-Shelf and Experimental CubeSat Propul-

sion Systems and Components

This section serves to present a selection of possibly feasible components for the custom propulsion
system design and COTS options for full propulsion systems to serve as baseline to compare the
final design to. The data for many of these components is sourced from datasheets and web-sources
and is therefore treated as unreliable. However, due to lack of reliable, peer-reviewed articles on
these specific components, for the sake of generating a theoretical propulsion system design, the data
is assumed correct. It is furthermore assumed, that all of these components can be purchased or
recreated and are thus available for use in the custom propulsion system design. Leakage rates of
components are at MEOP unless indicated otherwise. Fluid compatibility is stated as presented in the
datasheet/publication, unless indicated otherwise.

2.9.1. Thrusters

Main Propulsion System Thrusters

Thrusters from manufacturers Bradford ECAPS (Sweden), Aerojet Rocketdyne (US) and Busek (US)
are presented in Table 2.12. Thrusters using Hydrazine propellant are not considered as it is listed as
a "substance of high concern” by the European Chemicals Agency (ECHA) [84] and this is deemed
unacceptable as per requirement PROP.190. The thruster options discussed here utilise either LMP-
103s or AF-M315E as propellant, both were developed as an alternative to Hydrazine propellants.
LMP-103s (Ammonium Dinitramide, ’ADN”-based) has been mostly the focus of the Swedish defense
research agency and ECAPS, AF-M315E or "ASCENT” (Hydroxylammonium nitrate, "HAN"-based)
was developed by the US Air Force Research Laboratory (AFRL) [38, 39].

A significant difference in I, is observed between the 100 mN and 1 N thrusters of Bradford ECAPS,
even though the same propellant is used (LMP-103s). The 100 mN thruster is characterised by a
significantly lower thrust range and I, as compared to the 1 N thruster. The lower I, of the 100 mN
thruster may be caused by miniaturisation effects causing lower nozzle efficiency, one possible effect
may be a reduced effective nozzle cross-sectional area due to a laminar boundary layer forming on the
walls at lower Reynolds numbers, typical for lower throat diameters, as discussed by Robert Bayt in
1999 [85].

Table 2.12: Thruster options for the Main Propulsion System.

Name (Manu- | Propellant | [, Fr range Dtin Poypre | TRL | Ref.
facturer)

HPGP 100 | LMP-103s | 200s | 30 mN - 100 mN 23 bar - | 8W 5 [86]
mN  (Bradford 4.5 bar

ECAPS)

HPGP 1 N | LMP-103s | 231s | 250mN-1,000mN | 4.5 bar - | 1T0W | 9 [40]
(Bradford 22 bar

ECAPS)

GR-1  (Aerojet | AF-M315E | 231s | 260mN-1,420mN | 6.9 bar - | n/a n/a | [87]
Rocketdyne) 37.9 bar

BGT-X1 AF-M315E | 215s | 20 mN - 180 mN n/a 45W | nfa | [88]
(Busek)

BGT-X5 AF-M315E | 225s | 50 mN - 500 mN 6.9 bar - | 20W | 5 [89]
(Busek) 34.5 bar
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(a) Bradfor ECAPS HPGP 100 mN thruster,(b) Bradford ECAPS HPGP 1 N thruster,(c) Aerojet Rocketdyne GR1 thruster, cropped
cropped from [86]. cropped from [40]. from [24].

Figure 2.28: Main Propulsion System thruster options.

(a) Busek BGT-X1 thruster, cropped from [88]. (b) Busek BGT-X5 thruster, cropped from [89].

Figure 2.29: Main Propulsion System thruster options, continued.
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Reaction Control System Thrusters

Three commercially available microthrusters suitable for LUMIO’s RCS are presented in Table 2.13.
The Aurora Resistojet One (ARO) thruster was developed by Aurora (Finland) and uses the resistojet
technology with an unspecified water-based propellant which for the sake of this project is assumed to
be water. The thruster includes a tank available in different sizes, seen in Figure 2.30a. However, the
smallest available variant is 20 x 20 x 20 mm, still including a tank. For the design of the RCS, these
dimensions are taken even though the tank is not utilised. Moog (US) has developed two Cold Gas
Thrusters (CGT) using Nitrogen propellant. The 58X125A thruster is shown in Figure 2.30b and the
58E143 thruster is shown in Figure 2.30c. The latter is characterised by higher mass, lower chamber
pressure and lower specific impulse however also by higher thrust.

Table 2.13: Relevant thruster data for the Reaction Control System trade-off.

Name Type'| Prope-| I, plp ? | Fr Pein Poyfire Mass | Ref.
(Manufac- llant range
turer)
ARO (Au- | ETR | Water- | 100 s | 99.656| 0.6-4 | <1 bar 2-20W 29¢g [90]
rora) based g-s- mN

cc’!
58X125A CGT | GN, 65s 3.650 | 44 3.447 bar | 10W 9¢g [42]
(Moog) g-s- mN

cc’!
58E143 CGT | GN, 60 s 3.369 | 10 1.500 bar | 10 W 40¢g [91]
(Moog) g-s- mN open, 1T W

cc’! hold

(a) Aurora Resistojet One by Aurora with propel-(b) Moog 58X125A Nitrogen Cold Gas Thruster,(c) Moog 58E143 Nitrogen Cold Gas Thruster,
lant tank, cropped from [90]. cropped from [14]. cropped from [91].

Figure 2.30: Reaction Control System thruster options.

"CGT: Cold Gas Thruster, ETR: Electrothermal resistojet
2Calculated using storage density of propellant at 50 bar, 300 K from Table 2.5 for GN,, for water the values 1 bar and 300 K
are used [49].
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2.9.2. Regulator Valves

A regulator valve can be used to regulate downstream pressure by flow restriction. This component
may be integrated for example in front of a thruster, to achieve throttling, or between the pressurant
tank and propellant tank in a regulated-type system with split pressurant/propellant tanks, to achieve
constant propellant tank pressure. Valcor offers a line of pressure regulator valves, of which the smallest
is shown in Figure 2.31a. Its inlet and outlet pressure ranges are however outside that feasible for
LUMIO, namely above 50 bar. MOOG offers the 51E339 Proportional Flow Control Valve, shown in
Figure 2.31b. This valve only has a small outlet pressure range, however can accommodate for a
large range of inlet pressures. Both of these valves are characterised by significant mass. Rangsten
et al. at GOMSpace (formerly NanoSpace AB) have developed the Pressure Regulator Module on a
MEMS chip for feeding ion engines. The valve is significantly smaller compared to the other two valves
considered here. It is important to note that all of these valves are designed for use with gas flows.

Table 2.14: Regulator valve options.

| Parameter | V4000-189-W | 51E339 | MEMS PRM
Dimensions n/a n/a 20x 7 x1.2mm
Mass 179 ¢ 1159 n/a
Material Titanium Stainless steel/Vespel Silicon
Leak rate internal n/a 1.000 E-4 sccs He n/a
Leak rate external n/a 1.000 E-6 sccs n/a
Availability COTS COTS COTS
Inlet pressure | 124.016 - 689.476 bar 2.8 - 186 bar n/a
range
Outlet pressure | 75.842 - 94.803 bar 0-2.8 bar n/a
range
MEOP n/a 186 bar 2 bar
Flow rate 2.;158 E-5 - 1.966 E-3 | 0-30mg/s Xeat 186 bar | 5- 50 ug/s Xe
m°/s
Fluid compatibility He Xe, He Xe
Filter n/a 25 um inlet filter n/a
Reference [92] [93] [94]

(a) Valcor V4000-189-W pressure regulator(b) VACCO 51E339 Proportional Flow Control(c) GOMSpace Pressure Regulator Module on a
valve, cropped from [92]. Valve, cropped from [93]. MEMS chip, cropped from [94].

Figure 2.31: Regulator valve options.
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2.9.3. Start/Stop Valves
For opening fluid circuits for short periods of time (e.g. flow to a thruster), a normally closed start/stop
valve can be used. Marotta has developed a miniature solenoid valve for micropropulsion systems,
seen in Figure 2.32a, taken from the corresponding product datasheet [95]. As discussed by Tsay et
al. in 2014, Busek has developed a piezo microvalve (Figure 2.32b) for micropropulsion systems with
low mass, volume and power consumption in mind, however not much information is public at present.
Yang, et al. at NASA/JPL have discussed the development of a piezo microvalve (Figure 2.32c) in 2004
[96]. Relevant characteristics about these valves are shown in Table 2.15. Little information is available
about the two latter valves, therefore if these valves are chosen in the design, some assumptions may
be required to be made on their characteristics.

Table 2.15: Start/stop valve options.

Parameter Marotta SPV187 Busek Piezo Mi- | JPL MEMS Piezo Mi-
crovalve crovalve

Dimensions 31.95 mm length, 17.14 | n/a n/a

mm largest diameter
Mass 45¢g n/a n/a
Material CRES 304L Titanium Silicon and unspecified
metals

Leak rate internal <1.000 E-4 sccs GHe n/a 8.333 E-5 sccs GHe

Leak rate external <1.000 E-6 sccs GHe n/a n/a

Availability COTS Experimental Experimental

Port diameter 3.18 mm (outer) n/a n/a

Operating pressure | 10 bar 3.447 bar 55.158 bar (leak test)

Proof pressure 187.5 bar n/a n/a

Burst pressure 312.5 bar n/a n/a

Fluid compatibility N2, inert gas AF-M315E Inert gas

Filter n/a n/a n/a

Reference [95] [97] [96]

(a) Marotta SPV187 solenoid valve, cropped

from [95].

Figure 2.32: Start/stop valve options.

(b) Busek piezo microvalve, cropped from [98]. (

c) NASA/JPL piezo microvalve, cropped from
[96].
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2.9.4. Isolation Valves

For launch safety considerations, a Normally Closed (NC) isolation valve may be used to isolate the
pressurant or propellant from downstream components until the system is primed for operation. These
NC valves are initially in the closed position, not allowing any fluid to pass through until the signal is
sent for opening. Once the valve is opened, it will permanently remain in the open position. Such a
component may typically be placed directly downstream of a pressurant gas reservoir and/or down-
stream of the propellant tank to isolate these fluids from the rest of the propulsion system. One type
of isolation valve is a pyrotechnic valve, where the flow is blocked by a shear plug which is moved out
of the way using a squib-type initiator device to drive a ramming component to the plug as described
by James Richard in 2014 [99]. Arianespace and Vacco offer such pyrotechnical valves, shown in Fig-
ure 2.33a and Figure 2.33b. These devices may however be too large for small propulsion systems
such as the ones used in CubeSats. Some development efforts into MEMS isolation valves have been
made, where one example is the MEMS pyrovalve developed at NASA/JPL by Mueller et al. in 1999
and 2000 [43, 100], shown in Figure 2.33b. This valve is produced on a Silicon substrate with etched
fluid passages and an anodically bonded Pyrex cover, and uses a doped silicon plug blocking the fluid
passage. When current passes through the barrier, it melts and allows the flow of fluid with some debris
of the barrier flowing down-stream. This is partially mitigated by the comb-type filtering passages, how-
ever additional filtering may be required as the authors note that some debris was found downstream
of the valve. Typically, actuating pyrotechnic valves require a significant momentary amount of power,
e.g. the worst case peak value for the discussed MEMS valve, which is 1 kW. The energy required can
however be stored in a capacitor to mitigate this problem. Relevant data on these valves is shown in
Table 2.16.

Table 2.16: Isolation valve options.

] Parameter \ Arianespace MMH Pyrovalve \ JPL MEMS isolation valve
Dimensions n/a 10x 10 x 5 mm
Mass <160 g n/a
Material Titanium Silicon, Pyrex
Leak rate internal 1.000 E-6 sccs GHe n/a
Leak rate external 1.000 E-6 sccs n/a
Availability COTS Experimental
Port diameter 6.35 mm n/a
Operating pressure 310 bar n/ar
Proof pressure 465 bar n/a
Burst pressure (pre-firing) 1,240 bar 197 bar
Burst pressure (post-firing) 775 bar n/a
Fluid compatibility MON, MMH, Hydrazine n/a
Filter None Comb filters
Reference [101] [43, 100]

(a) Arianespace pyrovalve, cropped from [101].

Figure 2.33: Isolation valve options.

(b) MEMS isolation valve developed at NASA/JPL, cropped from [43].

Doped Silicon Plug
Pyrex Glass Metal-Deposited Leads

Sliican Wafer




48 2. Literature Review

2.9.5. Latch Valves

A latch valve can be used in spacecraft propulsion systems to isolate parts of the system in case of
leakage or other situations where isolation after system priming may be required. This type of valve
has stable open and close positions, where the valve only momentarily draws power to switch the
valve from one position to the other. This type of valve may just like an isolation valve be placed just
downstream of a pressurant reservoir or propellant tank, to act as isolation valve, with the additional
functionality of closing again.

VACCO offers low pressure and high pressure liquid and gas latch valves for space applications, seen
in Figure 2.34a and Figure 2.34b. In collaboration between NASA/JPL and Moog, the Moog Latching
Microvalve (MLV) was developed for applications in micropropulsion systems, as discussed by Mueller,
et al. in 2001 [102]. The relevant characteristics of these valves are listed in Table 2.17. No data on
power consumption for these valves was reported, however it is assumed this is non-critical due to only
a momentary pulse of electric energy is required for operation. In case the power budget is exceeded
by this, the required energy for switching of the valve position could be taken from a capacitor, similar
to the recommendations made by Mueller about the NASA/JPL MEMS isolation valve in 2000 [43].

Table 2.17: Latch valve options.

| Parameter | VIE10728-01 | VIE10537-01 | MLV
Dimensions 79.248 mm (length) x | 32512 x 81.788 x | 10x10x 10 mm
34.798 mm (diameter) 55.626 mm
Mass 168 g 340 g 74
Material CRES, PTFE All Titanium n/a
Leak rate internal 2.778 E-4 sccs GHe 8.333 E-4 sccs GHe 1.000 E-4 sccs GN»,
Leak rate external 1.000 E-6 sccs 1.000 E-6 sccs n/a
Availability COTS COTS Experimental
Port diameter 6.350 mm 6.350 mm 0.250 mm (ESEOD)
Operating pressure | 27.579 bar 137.895 bar 20.684 bar
Proof pressure 41.369 bar 310.264 bar n/a
MEOP n/a n/a 68.948 bar
Burst pressure 68.948 bar 517.107 bar n/a
Fluid compatibility | Water, Hydrazine Xe, GHe Xe, GN2
Filter 40 um etched disk 40 um etched disk n/a
Reference [103] [104] [102]

“

(a) VACCO V1E10728-01 low pressure liquid(b) VACCO V1E10537-01 high pressure gas (c) Moog Microvalve, exterior identical to Moog
latch valve, cropped from [103]. latch valve, cropped from [104]. Latching Microvalve, cropped from [102].

L

Figure 2.34: Latch valve options.



2.9. Commercial-Off-The-Shelf and Experimental CubeSat Propulsion Systems and Components 49

2.9.6. Fill/Drain Valves
For filling and draining of propellant and pressurant, a Fill/Drain Valve (FDV) can be used. One end
can be attached to the tank or to a line connected to the propulsion system circuit. The other end is
equipped with a NC valve, opening only when the ground half coupling is attached. Omnidea RTG
offers a fill/drain valve for Hydrazine systems, citing flight heritage on NASA's GALILEO mission [105].
Arianespace offers a series of fill/drain valves, variants offered are designed to are compatible with
MMH, GHe, MON, GXe, with all however being either a fill or a drain valve. As example, the MMH fill
valve is used [101]. Finally, VACCO offers a fill/drain valve for low pressure applications using Titanium
304L CRES and a Tungsten Carbide (WC) ball [106]. For the latter material, no source explicitly stating
compatibility with propellant LMP-103s could be found.

Table 2.18: Fill/drain valve options.

Parameter Omnidea  Hydrazine | Arianespace MMH Fill | VACCO FDV
FDV Valve

Dimensions 150 x 150 x 150 mm 109 mm length, other di- | 103.759 mm length,

mensions n/a 47498 mm largest
diameter

Mass 150 g 90g 113 g

Material Ti-6Al-4V, Stainless | Ti-6Al-4V Ti, WC, 304L CRES
steel

Leak rate internal

< 1.000 E-5 sccs GHe

<2.800 E-4 sccs GHe

<1.000 E-5 sccs GHe

Leak rate external

< 1.000 E-6 sccs GHe

< 1.000 E-6 sccs GHe

<1.000 E-6 sccs GHe

Availability

COTS

COTS

COTS

Port diameter 6.35 mm 6.4 mm 6.35 mm
Operating pressure | 28 bar 33 bar 17.237 bar
Proof pressure n/a n/a n/a
Burst pressure n/a 1,240 bar n/a
Fluid compatibility | Hydrazine, UDMH, | MMH, NTO, Hydrazine MMH, Water, IPA, N,O,4
listed MMH, Aerozine,

Kerosene
LUMIO propellant
compatible
Filter n/a n/a n/a
Reference [105] [101] [106]

(a) Omnidea RTG Hydrazine fill/drain valve,(b) Arianespace fill/drain valve, cropped from(c) VACCO fill/drain valve, cropped from [107].

cropped from [105].

[101].

Figure 2.35: Fill/drain valve options.
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2.9.7. Filters

Any particulate matter present in fluids flowing through the propulsion system may damage down-
stream components or reduce the leak tight properties of valves. Therefore, in case components are
not equipped with a filter, a separate filter may be required to be included in the flow circuit, typically
downstream of any particle containing components such as a tank or particle generating components
such as isolation valves. Omnidea RTG offers a propellant filter (Figure 2.36a) with 2 ym mesh filter for
Hydrazine, UDMH and MMH propellants with flight heritage on the SAR-Lupe spacecraft. The material
of the body is Ti-6Al-4V and the mesh material is stainless steel. Furthermore, a completely stainless
steel fabricated pressurant filter (Figure 2.36b) is offered for inert gases, with the same mesh size
and flight heritage in the Champ and Grace spacecraft, as presented in their product catalogue [105].
VACCO offers a COTS line of etched disk filters, shown in Figure 2.36¢ is the example of F1D10807-
02, designed for use with Hydrazine propellants. The material is an unspecified Titanium alloy. It is
observed that it is the lightest filters out of all options presented here.

Table 2.19: Filter options.

Parameter Omnidea RTG propel- | Omnidea RTG pressur- | VACCO F1D10807-02
lant filter ant filter
Dimensions 145 x 26 x 26 mm 50 x 30 x 30 mm 97.5 mm length, 14.0
mm largest diameter
Mass 110g 76 g 24 ¢
Material Ti-6Al-4V, Stainless | Stainless steel Titanium alloy (unspeci-
steel fied)
Leak rate external | 0 0 <1.000 E-6 sccs GHe
Availability COTS, qualification | COTS, qualified COTS, qualification un-
pending specified
Port diameter 6.35 mm (outer) 6.35 mm (outer) 6.35 mm (outer)
Operating pressure | 28 bar 350 bar 20.684 bar
Proof pressure n/a n/a 68.948 bar
Burst pressure n/a n/a 861.845 bar
Fluid compatibility Hydrazine, UDMH, | Inert gas Hydrazine
MMH
Filter 2 um mesh 2 um 15 um
Reference [105] [105] [108]
/

(a) Omnidea RTG propellant filter, cropped from(b) Omnidea RTG pressurant filter, cropped from (c) VACCO F1D10807-02, cropped from [108].

[105].

Figure 2.36: Filter options.

[105].
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2.9.8. Sensors

In order to measure temperature, a thermocouple can be used. Athermocouple consists of a bi-metallic
junction which generates a small potential difference as function of temperature. The reactor temper-
ature inside the Bradford/ECAPS HPGP 1N thruster is measured using an Inconel-covered K-type
thermocouple according to Friedhoff et al. in 2017 [109]. RS Pro offers a wide range of thermocouples
offering options for sheath materials, temperature ranges and junction type. An example is their mineral
insulated K-type thermocouple with Inconel sheath with a temperature range of -40 deg. C to 750 deg.
C (Figure 2.37a). The shaft length is however 150 mm, this may not be suitable for LUMIO’s propellant
tanks. Therefore, customisation of the component will be necessary. In order to measure propellant
temperature, this component may be integrated inside the propellant tank. A pressure transducer uses
a strain gauge to measure the force exerted on a specific area and thus pressure applied, to be mea-
sured by the change in electrical resistance through the gauge. GP:50 offers a line of commercially
available pressure transducers for aerospace applications, one example is the 7000 series miniature
pressure transducer (Figure 2.37b) with a pressure range of 0-7 bar and an accuracy of 0.25% of the
range (1750 Pa accuracy). This component can be integrated inside a propellant or pressurant tank,
or installed just downstream of these tanks.

Table 2.20 shows the specifications of the aforementioned sensor options.

Table 2.20: Sensor options.

Parameter RS Pro K-type thermo- | GP:50 Miniature pres-
couple sure transducer 7000

Minimum operating | -40 deg. C -60 deg. C

temperature

Maximum operat- | 750 deg. C 130 deg. C

ing temperature

Minimum mea- | n/a 0 bar

sured pressure

Maximum mea- | n/a 7 bar

sured pressure

Sheath material Inconel Stainless steel or Tita-
nium

Junction type K n/a

Sheath diameter 0.5 mm 4.2 mm

Sheath/probe 150 mm <254 mm

length

Accuracy n/a +-.25% of range

Mass n/a 12 g

Reference [110] [111]

{ o
\f

(a) RS Pro K-type thermocouple, cropped from [110]. (b) GP:50 Miniature pressure transducer 7000 series, cropped from [111].

Figure 2.37: Sensor options.
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2.9.9. Complete Propulsion Systems

The following complete propulsion systems are candidates the final custom design can be compared
to for evaluation of performance. First, MPS candidates are shown, subsequently, RCS candidates are
shown.

Main Propulsion System

As discussed by Carpenter et al. of Aerojet Rocketdyne in 2013 [78], Aerojet Rocketdyne has devel-
oped a line of CubeSat propulsion systems designated "Modular Propulsion Systems”, based on the
earlier "CubeSat High Impulse Adaptable Modular Propulsion System” (CHAMPS) or "MRS-142", start-
ing in 2011. The systems of interest in this line are the MPS-12X and MPS-13X, where the second digit
2" refers to Hydrazine mono-propellant systems and ”3” refers to AF-M315E "green” mono-propellant
systems. Other systems with different digits exist, such as electric and cold gas propulsion systems.
The third digit, now marked ”x”, indicates the feed type system, where ”0” indicates piston fed sys-
tems with condensable pressurant and ”5” indicates a pump-fed system with PMD tank. Out of the
MPS-12x and MPS-13x series, only the MPS-13X series is considered as Hydrazine propellant is not
feasible according to requirement PROP.190 outlawing all propellants indicated as toxic by REACH,
including Hydrazine (Appendix A.1). From the publication by Carpenter et al. itis inferred that the MPS-
13X series only exists in 1U configuration, however in the datasheets supplied by Aerojet Rocketdyne
[22, 112], several versions exist, namely: 1 U, 2 U in length, 4 U in 4x1 cuboid configuration, 6 U in
4x1.5 cuboid configuration and 8 U in 4x2 cuboid configuration. The larger systems in cuboid configu-
ration are all pump-fed whereas the 1U and 2U variants are piston-fed. Itis important to note, that these
cuboid configurations are infeasible for LUMIO due to payload requirements driven propulsion system
requirement PROP.200 (Appendix A.1). Therefore, the only systems considered by Aerojet Rocket-
dyne are the MPS-135-1U and MPS-135-2U (Figure 2.38a). All these systems furthermore include four
thrusters mounted at the corners, indicating the system may serve as both MPS and RCS. According
to Carpenter et al., the system was produced using Additive Manufacturing (AM) and features a high
level of integration of components, enabling the small system volume. Using a ¢ of 0.507, based on
the provided wet mass and propellant mass for the 2 U version, an acceptable wet mass of 4.322 kg
results for LUMIO.

According to Tsay et al. in 2017 [25], Busek has developed a "green” mono-propellant thruster system
called "Advanced Monopropellant Application for CubeSats” (AMAC), utilising propellant AF-M315E
and their BGT-X5 thruster. According to the datasheet [89], the system is scalable, however no data
with regards to this was published. The system employs a blow-down concept, utilising a pressurant
gas generator system vapourising liquid CO,, requiring 15 W of heater power. After gas generation,
the catalyst bed pre-heater of the thruster requires 15-20 W until firing can commence. No data with
regards to propellant mass was published, however from the provided total impulse value and specific
impulse, a preliminary estimate of attainable Av for LUMIO using two of these systems was calculated
as 43.895 m-s! (Table 2.21), the propellant mass and dry mass here are marked with an asterisk (*) to
indicate they were calculated backwards from the total impulse delivered. It is important to note, that
using the calculated wet mass fraction ¢ reported here would result in a total propulsion system wet
mass of 13.379 kg for LUMIO, making it an unfeasible system for use in LUMIO.

NanoAvionics has developed a modular SmallSat Propulsion System called EPSS, using an ADN-
based mono-propellant as stated by NanoAvionics in 2021 [27]. The system is scalable in three
steps: 1.5 U, 2 U and 3 U, and according to the manufacturer, the system has flight heritage (e.g.
the NanoAvionics M6P 1,2 pathfinder mission). The presented data for the EPSS is only shown for
the 2 U configuration (1.5 U and 3 U on request), and using the resulting ¢ of 0.308, a wet mass of
7.588 kg would result for use in LUMIO, making it unfeasible. It is however important to note, that ¢
is expected to increase for larger variants, therefore the 3 U option may be feasible however no data
is publicly available for this system. The relevant properties of the aforementioned systems are pre-
sented in Table 2.21. Here it can be seen, that only the MPS-135-2U by Aerojet Rocketdyne has an
acceptable wet mass after scaling.
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Table 2.21: Main Propulsion System COTS candidates.

heating) 1 system

Parameter Aerojet Rock- | Aerojet Rock- | Busek AMAC NanoAvionics
etdyne MPS- | etdyne MPS- EPSS
135-1U 135-2U

System volume 1U 2U WU +TT 2U

Number of thrusters 4 4 1 1

Thrust 0.25-1.00N 0.25-1.00N 0.10-0.50 N 0.25-1.00N

Specific impulse 206-235s 206-235s 220-225s 220's

Propellant AF-M315E AF-M315E AF-M315E ADN

Dry mass 1.060 kg 1.360 kg 1.243* 1.800 kg

Wet mass 1.560 kg 2.760 kg 1.500 kg 2.600 kg

Propellant mass 0.500 kg? 1.400 kg 0.253 kg* 0.800 g

¢ 0.321 0.507 0.169 0.308

Total impulse 1 system 1,200 N-s 3,360 N-s 565 N-s 1,700 N-s

Av attainable® 90.387 m-s™" 262.592 m-s™" 43.895m-sT4 | 137.028 m-s"

Propellant mass for 203 | 2.192 kg 2192 kg 2.285 kg 2.335kg

m-s™' of Av

Wet mass for 203 m-s™" 6.840 kg 4.322 kg 13.379 kg 7.588 kg

Power consumption (pre- | 28 W° 28 W 15-20W n/a

heating) 1 system

Power consumption (tank | 10 W 10w n/a n/a

(a) Aerojet Rocketdyne MPS-135-2U, cropped(b) Busek BGT-X5,

from [22].

Figure 2.38: Complete COTS Main Propulsion System options.

T = utilising "tuna can” volume

cropped from [89]. (c) NanoAvionics EPSS 2 U, cropped from [113].

2Datasheet notes 0.50 kg of propellant mass for 1.66 kg wet mass and 1.06 kg dry mass. It is unclear whether this is an error,
given that for the 2U system there is no discrepancy.
3Calculated using maximum specific impulse noted and propellant mass, assuming two systems are used, assuming a spacecraft

wet mass of 26 kg.

4Calculated using propellant mass resulting from total impulse delivered and maximum noted specific impulse.

57 W per thruster
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Reaction Control System

Aurora has developed the ARM-A Attitude Control Module (Figure 2.39a) featuring six resistojet thrusters
utilising a water-based propellant according to the datasheet [33]. The module is scalable and the
datasheet presents examples of 0.35 U, 1 U and 4 U system volume. For the 1U version, 300 - 600
N-s of total impulse is noted for a maximum wet mass and dry mass of 1.3 kg and 1.0 kg, respectively.
The power consumption of this unit is significant, with each of the 6 thrusters using 2-20 W of power.

GOMSpace/NanoProp have developed the NanoProp 6DOF propulsion system (Figure 2.39b), offer-
ing 6 MEMS thrusters each configurable to fire at either 1 mN or 10 mN, utilising Butane propellant
according to the datasheet [19]. Not much data is published about this system. The system is 2 U wide
and 0.55 U deep, this exceeds the volume restrictions for LUMIO’s RCS limiting the RCS volume to 1
U (Appendix A.2).

VACCO has developed a cold gas micropropulsion system "End-Mounted Standard MiPS” (Figure 2.39c)
featuring four RCS thrusters and one Av thruster utilising the liquid storable self-pressurising refriger-
ant R134a as propellant. The system is scalable and utilises the "tuna can” volume in a CubeSat
bus. All relevant data found is presented in Table 2.22. It is observed, that the GOMSpace/Nanoprop
6DOF unit is not feasible due to not complying with the impulse requirement of 170 N-s and the volume
requirements (Appendix A.2).

Table 2.22: Main Propulsion System COTS candidates.

Parameter Aurora ARM-A | Aurora ARM-A | GOMSpace/Na- | VACCO MiPS
0.35U 1.00U noprop 6DOF CGT
System volume 0.35U 1.00U 2x055U 05U
Number of | 6 6 6 4
thrusters
Thrust 0.60-4.00mN | 0.60-4.00 mN 1mNor10 mN | 10 mN
Specific impulse 100 s 100 s 50 s 40s
Propellant Water-based Water-based Butane R134a
Dry mass 0.230 kg 1.000 kg 0.682 kg 0.501 kg
Wet mass 0.300 kg 1.300 kg 0.804 kg 0.924 kg
Propellant mass 0.070 kg 0.300 kg 0.122 kg 0.423 kg
¢ 0.233 0.231 0.152 0.458
Total impulse 70 N-s 600 N-s 100 N-s 166 N-s
Propellant mass | 0.173 kg 0.173 kg 0.347 kg 0.433 kg
for 170 N-s of I;
Wet mass for 170 | 0.742 kg 0.749 kg 2.283 kg 0.946 kg
N-s of I,
Power consump- | 2-20W 2-20W n/a 10w
tion (firing)

(a) Aurora ARM-A, cropped from [33].(b) GOMspace/Nanoprop 6DOF, cropped from(c) VACCO CGT MiPS Tuna Can, cropped from
[19]. [114].

Figure 2.39: Complete COTS Reaction Control System options.



Concept Design

This Chapter delineates the generation and evaluation of different concepts for LUMIO’s propulsion
system. The best performing concept will result from a trade-off, and will be developed in more detail in
the detail design, discussed in Chapter 4. First, the key design driving requirements are summarised
and presented in the form of concept design specifications. Subsequently, for the MPS, the thruster
selection follows and propellant storage and feed system options are discussed, concepts are gener-
ated and finally, the best concept is selected in the trade-off. This is repeated for the RCS. During this
stage, simplified models are used for the purpose of selecting the most feasible feed system type. The
effects of cavitation for the pump and any compressibility effects in the pressurant gas are therefore
not considered here. Furthermore, cylindrical tank shapes will be used at this stage, and will only be
dimensioned on strength, not on stiffness. This is due to the wall thickness dimensioning being more
simple for cylindrical tanks as compared to cuboid tanks: for cylindrical shapes, the hoop stress relation
can be used (Section 2.8.1), for a cuboid tank shape every wall pair must be considered separately
using thin plate theory (Section 2.8.2). Using cylindrical tanks therefore allows for a simple, first order
comparison between volume and mass requirements for the propellant and pressurant storage in each
concept.

3.1. Design Specifications

In order to generate system concepts, the key design-driving requirements are chosen as design spec-
ifications, these are presented in Table 3.1 and are all based on the actual requirements, presented in
Appendix A. The full requirements will only be considered after the detailed design is finished in the
next chapter. These specifications were selected from the full requirements in order to achieve a first
order concept of each system and determine its mass, volume, power consumption, thrust level and
maximum required propellant tank pressure. At this stage, no orientation and exact placement of non-
payload components is known yet except for three U in length being reserved for the scientific payload
as per requirement PLD.150 (Appendix A.4). For generating the concepts and allowing for compari-
son between concepts, a simple inside volume of each U is assumed to be 10x10x10 cm, during the
detailed design phase the CubeSat standard dimensions will be considered in detail.

55
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Table 3.1: Design specifications for MPS and RCS concept generation, requirements from Appendix A.

| Specification | MPS | Reference| RCS Reference |
Available build volume 3 x 3U in length PLD.150 3 x 3U in length PLD.150
Required Av delivered 203 m-s™" PROP.010,
PROP.020
Required I, delivered 170 N-s RCS.030
Fr (thrust) range for each | 100 mN-1,000 mN | PROP.050,| 1 mN - 10 mN RCS.050
thruster PROP.053
Number of thrusters 2 PROP.051 | 4 minimum, prefer- | RCS.051
ably 6 or more.
Throttle range +- 10% of nominal | PROP.052
thrust
Operational temperature | 278 K- 323 K PROP.090 | 278 K- 308 K RCS.090
range
Non-operational temperature | 273 K- 313 K PROP.091 | 273 K-313 K RCS.091
range
Maximum volume 5U PROP.100 | 1U RCS.100
Maximum wet mass 6 kg PROP.110 | 1 kg RCS.110
Max. Firing power 10W PROP.120 | 25 W RCS.120
Max. Pre-heat power 25W PROP.120
Max. Standby power 1w PROP.120 | 0.5 W RCS.120
Minimum impulse bit 2 mNs RCS.140
Maximum pressure all com- | 50 bar PROP.160 | 50 bar RCS.160
ponents
Burst factor pressure vessels | 2.5 PROP.162 | 2.5 RCS.162
Propellant type Non-toxic PROP.190 | Non-toxic RCS.190
(REACH) (REACH)
| Specification | General | Reference | \
| Spacecraft wet mass M,, 5, | 26 kg | SYS.050 | \
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3.2. Thruster Selection

Before the storage and feed systems can be designed, thrusters need to be selected. This section
contains the selection of the most suitable candidate for each role (MPS and RCS), for which first a
trade-off is performed. Subsequently, a sensitivity analysis is performed to check the validity of the
trade-off. Finally, the properties of the chosen thrusters are discussed.

3.2.1. Main Propulsion System Thrusters

Trade-Off

The relevant properties of the candidates are presented in Table 2.12. The trade-off is presented below,
in Table 3.2, showing that the HPGP 1 N thruster by Bradford ECAPS scores best having received the
"excellent” score in three criteria, good” in one criterion and "poor” in one criterion. The runner-up is
the HPGP 100 mN, also by Bradford ECAPS, scoring "excellent” in 1 criterion, "good” in 1 criterion and
"poor” in three criteria. The selection is based on the following criteria:

* Iy, (specific impulse): higher specific impulse means less propellant mass required to achieve the
same Av or total impulse I, delivered. Values ranging from 200 s to 231 s are observed, values
between 200 s and 210 s are assigned the score "poor”, values between 211 s and 220 s "good”,
values above 221 s "excellent”.

 F; (thrust force): higher thrust means shorter transfer times. For each thruster, a range is given,
dependent on inlet pressure. As per design specification # 2, the delivered thrust of each thruster
shall lie between 100 mN and 1000 mN. For scoring, the higher end of the thrust range is con-
sidered. Values between 100 mN and 250 mN are assigned the score "poor”, 251 mN and 500
mN "good”, 501 mN and 1000 mN "excellent”, values of 1001 mN and higher are scored "poor”
as this may indicate that the thruster may not perform optimal for the required thrust range.

* pein (thruster inlet pressure): lower inlet pressure requires less high upstream pressure, resulting
in lighter tanks, lines and other feed system components such as valves and filters. The higher
end of the pressure range is considered for scoring. A range of pressure values between 4.5 bar
and 37.9 bar is observed. Values between 4.5 bar and 10 bar are assigned the score "excellent”,
10 bar and 20 bar "good”, 21 bar to 50 bar "poor” and 51 bar and above "unacceptable” (design
specification # 10 limiting the maximum allowable pressure of all components to 50 bar due to
launch safety constraints).

* P.ipre (thruster pre-heating power): lower pre-heating power required translates to higher re-
serves for other systems. According to design specification # 8, the maximum allowable value
for the entire MPS is 25 W, translating to 12.5 W per thruster considering two thrusters firing si-
multaneously; values in the range from 0 to 5 W are assigned the score "excellent”, 6 W to 10 W
"good”, 11 W and 12.5 W "poor”, values above 12.5 W "unacceptable”.

» TRL: A higher TRL indicates less risk associated. TRL between 5 and 8 are assigned the score
"poor”, TRL 8 is assigned "good” and TRL 9 is assigned "excellent”.

Table 3.2: Main Propulsion System thruster trade-off table.

] Thruster \ I

sp
HPGP 100 mN
HPGP 1 N

GR-1

BGT-X1

BGT-X5

Legend Unacceptable | Poor | Good | Excellent | No data

‘ FT ‘ pt,in Pel,p-re TRL
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Sensitivity Analysis

Due to the fact that the HPGP 1 N thruster scores "excellent” in three criteria and other thrusters were
assigned the score “excellent” in a maximum of one criterion, the HPGP 1 N is far ahead of the other
thrusters: omitting only one criterion from the trade-off does not change the outcome. Attempting to
simultaneously omit two criteria from the trade-off also does not change the outcome.

Changing the numerical boundaries of the criteria is considered for the criteria in which the winning
candidate (HPGP 1 N) scores excellent, to see whether the next best scoring candidates in that criterion
are able to come close to the winning candidate. This is done varying only one criterion at a time while
keeping all other criteria constant. For I, the closest non-excellent other candidate is the BGT-X1
by Busek, with 215 s as opposed to 231 s for the HPGP 1 N. This difference of 16 s is a significant
part of the total range of 200 s to 231 s. Changing the boundary may make the Busek BGT-X1 more
favourable, however this candidate has no data available for two other criteria and is therefore not more
likely to be considered. For the criterion F, the next best candidate is the BGT-X5 thruster, with the
higher end of the range being 500 mN. Changing this boundary slightly downwards by 1 s will make
this candidate score "excellent”, however it is still an unfavourable candidate due to its unacceptably
high pre-heat power consumption of 20 W. The third and final criterion in which the winning candidate
scores “excellent” is TRL, with a TRL of 9. All other candidates for which TRL data is available are
characterised by TRL 5, the difference from TRL 9 to TRL 5 is significant. Changing the lower boundary
for the score "good” in this criterion to TRL 5 will make the BGT-X5 and 100 mN thrusters score "good”,
however still the BGT-X5 will not be selected due to its unacceptable high power consumption and
scoring “excellent” only in 1 criterion. The 100 mN thruster will also not be close to the HPGP 1 N
thruster due to only scoring "excellent” in 1 criterion.

Due to omission of two criteria simultaneously or changing of numerical boundaries of one criterion
at a time not significantly influencing the outcome, it is concluded that sufficient margin between the
winning candidate and other candidates is present. Therefore, the trade-off is decided to have been
performed satisfactory.

3.2.2. Reaction Control System Thrusters

Trade-Off

The relevant properties of the candidates are presented in Table 2.13. The trade-off is presented
in Table 3.3. Here it can be seen, that both CGT thrusters perform "unacceptable” in the criterion
volumetric specific impulse (pls,), causing an unacceptably high storage volume. This can furthermore
be observed from Table 2.5, where a spherical tank diameter of an order of magnitude of 19 cm can be
expected which would by far exceed the volume requirement. Clearly, the ARO thruster by Aurora is
the only feasible thruster for the RCS. The ARO is furthermore a favourable candidate because of its
low required inlet pressure, however it is heavier than the 58X125A thruster and requires more power
to operate. The criteria for the trade-off are presented below:

* plg, (volumetric specific impulse): a higher value for this criterion means a lower required storage
volume. For the cold gas thrusters which use gaseous nitrogen, this value is very low - around
the order of magnitude of 4 g-s-cc™! (Table 2.5). For liquid water, this value is around the order of
magnitude of 139 g-s-cc™! (Table 2.4).

* F; (thrust force): higher thrust force translates to shorter firing times for achieving the same de-
livered impulse. Shorter firing times may be desirable for lower required energy for operating the
RCS. A higher value is favourable and will receive a higher score.

* pein (thruster inlet pressure): lower feed pressure translates to lower tank mass and possibly a
simpler pressurising/feed system. Here, a lower value is favourable over higher values and will
receive a higher score.

* P,y fire (thruster firing power): lower firing power may translate to more power reserves present for
other systems and may cause less heating of adjacent components. A lower value is favourable
and will receive a higher score.
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» Mass: A lower mass translates to more design freedom for other RCS components and will thus
receive a higher score.

Table 3.3: Reaction Control System thruster trade-off table.

Thruster
58X125A
58E143

Legend Unacceptable | Poor | Good | Excellent

Sensitivity Analysis

Similar to the sensitivity analysis for the MPS thruster trade-off, first, omission of one criterion at a time is
considered. Subsequently, changing the numerical boundaries for one criterion at a time is considered.
Omitting the criterion of volumetric specific impulse may make the 58X125A thruster worth considering
due to the higher mass and power required for the ARO. Omitting any other criterion does not change
the outcome of the trade-off due to the unacceptable score for the volumetric specific impulse criterion.
If however the criteria pl,, and p; ;, were omitted simultaneously, the winning candidate would be the
58X125A.

FT Dt,in Pel,fire Mass

The ARO thruster scores "excellent” in the criteria pl,, and p.;,,. For these criteria, changing of the
numerical boundaries will be considered. If the lower boundary for pl,,, were to be changed such that
the higher required storage volume for the CGT candidates 58X125A and 58E143 were acceptable,
still a significant difference between this criterion would exist between these candidates and the ARO
thruster. Additionally, the ARO thruster scores "excellent” in the criterion for inlet pressure p; ;,,, there-
fore still the ARO would be the winning candidate. Vice versa, changing the boundaries for the p; ;,,
criterion would not change the outcome due to scoring "unacceptable” in the plg, criterion.

Since omitting or changing numerical boundaries of one criterion at a time does not change the out-
come, the trade-off is considered performed satisfactory.

3.2.3. Discussion of Chosen Thrusters

Figure 2.28b shows the selected MPS thruster, the High Performance Green Propellant (HPGP) 1 N
thruster as offered by Bradford ECAPS, SE. As the only thruster considered with TRL 9, it has exten-
sive flight heritage already with 46 thrusters currently on orbit. It utilises the "green” chemical mono-
propellant LMP-103s as developed by ECAPS in co-operation with the Swedish Defence Agency, fur-
ther discussed in Section 3.3. A dual-seat solenoid thruster valve with PTFE seats is already integrated
into the thruster, therefore no separate thruster valve is required. The thruster is furthermore equipped
with a 25 uym inlet filter.

Figure 2.30a shows the selected RCS thruster, the Aurora Resistojet One by Aurora which was selected
due to its superior ¢lg, performance as compared to the CGT thruster options. In the presented ARO
thruster, a propellant tank is included as well, however it is assumed that only the thruster with valve
and electronics are used. Still, the dry mass of 29 gram for the smallest version with propellant tank is
used as this tank mass is considered negligible for 1 g of water-based propellant stored at below 1 bar.
Since a propellant storage pressure of "below 100 kPa” (< 1 bar) is noted, for this thruster it is simply
assumed that the inlet pressure is 1 bar. This thruster was announced at the end of 2020 and has no
reported flight heritage. For this thruster, the thruster valve is included however without information
about presence of a filter. Therefore, for this thruster too, a filter should be considered.

For the MPS, 2 thrusters are required as per requirement PROP.051; for the RCS, according to re-
quirement RCS.051, no less than 4 thrusters shall be used however 6 or more are preferred. Due to
the high power consumption of the ARO thruster, the minimum amount of thrusters is chosen for the
first mass estimate, namely 4 thrusters. All thruster data relevant for concept generation is presented
in Table 3.4. For the ARO thruster, the highest % of propulsion system wet mass is observed.
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Table 3.4: Relevant thruster data for concept generation [40, 41, 90].

| Quantity | ECAPS HPGP 1 N | Aurora ARO \
Fr range 0.25N-1.00N 0.6 mN -4 mN
Ptin fange 5.5 bar - 22.0 bar n/a, nominal value 1 bar
Isp 231s 100 s
Propellant LMP-103s Water-based
Pre-heat power 8-10W n/a
Firing power n/a 2-20W
Valve actuating power’ | 5.389 W per coil n/a
Valve holding power’ 0.64 W per coil n/a
Ten 1,873.15K n/a
Mass 38049 29¢
Length n/a 20 mm
Width n/a 20 mm
Height n/a 20 mm
Total mass 760 g (2 thrusters) | 116 g (4 thrusters)

Thruster mass fraction?

12.67%

11.60%

Max. firing time

45 minutes

n/a

Max. firing sequences

1,500

n/a

"Calculated from web-sourced data from [40]: 190 © coil resistance, worst case voltage of 284 V for actuation and 101 V for
holding. Number of coils unknown.
2Total thruster mass % of max. propulsion system wet mass: 6 kg for the MPS (PROP.110, Appendix A.1), 1 kg for the RCS
(RCS.110, Appendix A.2).
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3.3. Thruster Data, Propellants and Pressurants

This section serves to present additional assumptions on the thrusters and to further describe the
chosen propellants and pressurants for each concept.

3.3.1. Bradford-ECAPS HPGP 1 N Thruster: Propellant LMP-103s

The propellant specified for use in the chosen MPS thruster is LMP-103s, an ADN-based "green” chem-
ical mono-propellant, discussed in Section 2.3.1. Consisting of a mixture of ADN, methanol, water and
ammonia, this propellant is characterised by lower toxicity, lower vapour pressure and higher volu-
metric specific impulse performance, however higher required pre-heating power, all as compared to
hydrazine, as discussed by Persson et al. in 2019 [23]. The properties of LMP-103s relevant for gen-
erating the storage and feed system concepts are presented in Table 3.5.

Table 3.5: Properties of propellant LMP-103s, interpolated for conditions at 300 K; gas properties for assumed decomposition
temperature of 1873.15 K [23, 115].

[ Quantity | Value
Density p, mps 1,236.520 kg-m™
Dynamic viscosity v, yps,ayn | 2.896 E-3 Pa-s
Speed of sound a, yps 1,626.930 m-s™"
Vapour pressure 0.148 bar
Material compatibility Ti-6Al-4V, Stainless Steels, PTFE (for valve seats)
Molar mass 19.65 g-mol”
Cpg 4,498.30 J-kg K™
R, 423.03 Jkg K"
Cug 4,075.26 J-kg'T-K"
y 1.10

3.3.2. Aurora ARO Thruster: Water Propellant

For the Aurora ARO, "water-based” propellant is specified without further details and therefore, water
is chosen as propellant. In Section 2.3.2 it is shown that water propellant performs comparably well to
other resistojet propellants, mainly due to its low molar mass of 18.02 g-mol' and enabling storage in
the liquid phase between 273.15 Kand 373.15 K at 1 bar. One disadvantage of this propellant however
is the high latent heat of vaporisation, which is more than double that of Ammonia. This results in high
required heating power and therefore, the thruster may require operation at a low power level for use
in the RCS. The properties of water relevant for generating the storage and feed system concepts are
presented in Table 3.6.

Table 3.6: Properties of water at 300 K and 1 bar, gas properties at 729 K and 1 bar [49].

[ Quantity | Value \
Pp,RcS 996.56 kg-m™
Vp,RCS,dyn 8.538 E-4 Pa-s
Ap,RCS 1,501.500 m-s~’
Pvap 0.035 bar
Material compatibility | Ti-6Al-4V, Stainless Steels
Lvap 2,437,300 J-kg-1
Mo 18.02 g—mol"
Cpl 4,181.52 J-kgT-KT
Cpg 1,930.45 J-kgT-K*
Ry 461.40 J-kg 'K
Cvg 1,427.93 J-kg-1 -K"1
Y 1.323
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3.3.3. Additional Assumptions on the ARO Thruster

For the selected RCS thruster, the Aurora ARO, no data on chamber pressure and chamber temper-
ature is present and therefore, the critical mass flow relation cannot be used. Using Equation 2.10,
the nozzle throat area is calculated for nominal conditions (Table 3.7), assuming a chamber pressure
of 1 bar and a chamber temperature of 729 K: Figure 3.1 shows required heating power and resulting
specific impulse for a chamber temperature ratio ranging from 400 K to 1,500 K, ideal conditions. It
can be seen that between 400 K and 1,078 K, required heating power actually reduces. This effect can
be ascribed to the high latent heat of vapourisation of water as compared with other resistojet propel-
lants as presented in Table 2.4, causing the required heating power to be mostly dependent on mass
flow and not so much on chamber temperature. Here, the mass flow required decreases for increas-
ing chamber temperature, proportional to the inverse of the square root of chamber temperature and
therefore a minimum is expected. Specific impulse ranges from 114 s to 221 s.

In order to choose an operating chamber temperature, it is considered that high chamber temperatures
are undesirable from a thermal management and materials perspective. A resistojet microthruster using
MEMS technology theoretically developing 1.48 mN - 1.52 mN of thrust was developed at TU Delft, with
chamber temperatures of 550 K and 773 K at a chamber pressure of 5 bar as discussed by Cervone
et al. in 2017 [116]. A microresistojet developed at the University of Tokyo developing roughly 4 mN
of thrust (determined experimentally) using a chamber temperature of approximately 333 K without
specifying thrust chamber pressure. The latter system achieved a specific impulse efficiency of 0.65, as
discussed by Nishii et al. in 2020 [117]. Using this information, an assumed specific impulse efficiency
of 0.65 is chosen due to similarity in thrust level, which using the specific impulse provided by the
manufacturer of 100 s results in a required 153.85 s of theoretical specific impulse. This corresponds to
a chamber temperature of 729 K at 9.05 W of heating power for the theoretical model, this temperature
seems to be within the order of magnitude of the aforementioned systems in literature.

The accuracy of this model is not perfect, due to a number of reasons. Firstly, the only known param-
eters are thrust force and specific impulse as provided by the manufacturer. The chamber pressure is
unknown, here the storage pressure of 1 bar is assumed as noted in the datasheet [90]. In reality, this
pressure may be lower due to pressure losses, however also there is a possibility that the chamber
pressure is chosen significantly lower than storage pressure to decrease the boiling point of the propel-
lant. Secondly, due to no chamber temperature being known, a value is calculated using an assumed
chamber pressure and specific impulse efficiency. Finally, the nozzle geometry is unknown and an
expansion ratio of 25 is assumed, introducing further uncertainties in the results. For the generation
of concepts however, it is assumed that the thruster data is sufficiently accurate to allow comparison
between propellant feed & storage concepts.

Due to the maximum allowable power consumption of 25 W while firing (req. RCS.120, Appendix A),
the thrusters need to be throttled to a lower thrust setting, shown in Table 3.8. Here, 24 W of electrical
power is used for heating so that 1 W of power reserves are present for other components such as
electronics. Furthermore, it must be noted that in the subsequent subsections, the real Ig, value of
100 s was used for calculating required propellant mass, however the calculated chamber temperature
results from using an efficiency factor with the real specific impulse value.

Table 3.7: Aurora ARO Thruster properties at nominal conditions.

Nominal thrust force F | 4E-3 N Real specific impulse required 100 s
Specific heat ratio y 1.323 Assumed specific impulse efficiency | 0.650
Expansion ratio 25 Theoretical specific impulse required | 153.85 s
Pressure ratio 2470 E-3 Resulting chamber temperature 729 K
Throat area 2.290 E-8 m? | Theoretical heating power required 9.05W
Throat diameter 0.17 mm Real heating power 20W
Exit area 5.725E-7 m? | Resulting heating efficiency 0.453
Exit diameter 0.85 mm
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Table 3.8: Aurora ARO Thruster properties at throttled conditions.

| Quantity [ Value
Number of thrusters firing simultaneously | 2
Assumed total power while firing 24 W
Power per thruster 12W
Resulting mass flow per thruster 1.590 E-6 kg-s™"
Resulting inlet pressure 0.600 bar
Thrust level 2.400 mN
Ideal heating power for ARO Ideal specific impulse for
thruster, area ratio of 25 ARO thruster, area ratio of 25
10.0 530 4 T
P =19.054 W, I sp = 153.846 5,
— T=7288K — T=7288K
9.8
200
9.6
180 -
= 9.4 o
- 160 -
9.2
140 -
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Figure 3.1: Ideal required heating power (I) and specific impulse (r) for the Aurora ARO at an expansion ratio of 25, thrust force
of 4 mN, Python/Matplotlib.

3.3.4. Selected Pressurant Gas for Concepts: Nitrogen

As discussed in Section 2.5.1, the most common pressurant gases are Nitrogen and Helium. In Equa-
tion 2.14 it is observed, that pressurant gas mass is proportional to molar mass, therefore Helium
pressurant results in lower pressurant mass for the same pressure, volume and temperature. This
mass is however considered insignificant (approximately 0.34 g for Helium and 2.35 g for Nitrogen) as
compared to the propulsion system wet mass of 1 kg for the RCS and 6 kg for the MPS, as demon-
strated in Table 3.9 below. Based on this, the selection of pressurant gas mass is based solely on their
likelihood of causing leakage problems, which is inversely proportional to molar mass as described by
Michael Micci and Andrew Ketsdever in 2000 [118], making Nitrogen the more desirable option. There-
fore, the chosen pressurant gas for the concept design stage is Nitrogen. If mass savings are required
in the detailed design phase, Helium can be considered. The properties of gaseous Nitrogen at 300 K
are presented in Table 2.6.

Table 3.9: Example pressurant gas mass calculation for Helium and Nitrogen gas.

[ Quantity | Helium | Nitrogen \
Tank pressure, final | 1.000 E+5 Pa 1.000 E+5 Pa
Tank radius 0.05m 0.05m
Tank total length 0.03m 0.03m
Tank volume 2.094 E-3 m® 2.094 E-3 m®
Temperature 300K 300 K
R, 2,077.264 J-kg "-KT | 296.803 J-kg T-K"
Gas mass 3.361 E-4 kg 2.352 E-3 kg
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3.4. Main Propulsion System Propellant Storage & Feed Concepts

The three concepts generated here are pressure regulated, blow-down and pump-fed types.

3.4.1. Pressure Regulated Concept

Two different designs are considered for the regulated type system. First, initial and final pressurant
tank pressure values are taken as 50 bar and 22 bar, given that the thruster nominal pressure is 22 bar.
Subsequently, a system is considered with 50 bar and 5.5 bar as initial and final pressure inside the
pressurant tank, respectively. This still suits the thruster, with its minimum operating pressure of 5.5 bar,
resulting in a lighter system however significantly lower thrust values over the entire mission increasing
manoeuvre times. Table 3.10 shows the concept parameters. A cylindrical tank holds the propellant,
and fits inside a 3U volume. It is observed that the high pressure version with a constant thruster
pressure of 22 bar results in a large pressurant tank, which even in cylindrical configuration does not
fit inside a 2 U volume. Therefore, the concept with low thruster pressure of 5.5 bar is considered in
the trade-off. Furthermore it is observed that a very thin wall thickness is required for both pressure
vessels, this has been scaled up to 1 mm to enable easier manufacturing. Finally, it is important to
consider that no regulator valve is chosen yet, however it has to be realised that the mass of such a
component may be significant.
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Table 3.10: Pressure regulated concept for high and low regulated pressure for the Main Propulsion System.

| Quantity | High Pressure | Low Pressure |
Specific impulse I, 231s 231s
Required Av delivered 203 m-s™ 203 m-s™"
Propellant volume 1.802 E-3m? 1.802 E-3m3
Ullage volume 5% 5%
Propellant tank volume 1.897E-3 m3 1.897E-3 m®
Chosen propellant tank radius 4800 E-2m 4800 E-2m
Total propellant tank length 2941 E-1m 2941 E-1m
Initial pressure pressurant tank 50 bar 50 bar
Final pressure pressurant tank 22 bar 5.5 bar
Constant pressure in propellant tank 22 bar 5.5 bar
Thrust level 1.00N 0.25N
Initial density pressurant gas in pressurant tank | 56.160 kg-m= | 56.160 kg-m~
Final density pressurant gas in pressurant tank | 24.708 kg-m= | 6.177 kg-m™
Pressurant tank volume 1.491E-3m3 | 2.345E-4m3
Required radius of spherical pressurant tank 7.086 E-2m 3.825E-2m
Chosen radius of spherical pressurant tank 4800 E-2m 3.825E-2m
Total length of pressurant tank 2380 E-1m -
Required wall thickness pressurant tank 7.896 E-4 m 3.146 E-4 m
Chosen wall thickness pressurant tank 1.000 E-3m 1.000 E-3m
Required wall thickness propellant tank 3.474 E-4m 2.768 E-4 m
Chosen wall thickness propellant tank 1.000 E-3m 1.000 E-3m
Mass
2 thrusters 0.760 kg 0.760 kg
Propellant 2.229 kg 2.229 kg
Pressurant gas 8.370 E-2 kg 1.317 E-2 kg
Propellant tank 0.398 kg 0.398 kg
Pressurant tank 0.323 kg 0.084 kg
Regulator valve n/a n/a
Total 3.793 kg 3.484 kg
Volume
2 thrusters TBD TBD
Propellant tank 3U 3U
Pressurant tank 24U 08U
Total 54U 3.8U
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3.4.2. Blow-down Type Concept

Table 3.11 shows the concepts for the blow-down type system concept. Due to the already long pro-
pellant tanks in the regulated concept, it is expected that tanks for the blow-down type concepts are too
large (due to larger required gas ullage volume) and therefore two separate, identical tanks are consid-
ered: each configured for blow-down type operation, each containing both propellant and pressurant.
The length of each tank of 19.80 cm confirms this expectation. In this concept, an initial pressure of
22 bar was chosen, to eliminate the requirement for a pressure regulator valve or passive flow control
device between the propellant tank and the thruster.

Table 3.11: Properties of blow-down type concepts, for each tank (low duty cycle, isothermal expansion at 300 K).

| Quantity | Value \
Specific impulse I, 231s
Required Av delivered 203 m-s™’
Propellant volume 1.802 E-3m?
Initial tank pressure p; 22.0 bar
Final tank pressure ps 5.5 bar
Fill ratio @, 0.750
Tank volume (each) 1202 E-3m®
Total pressurant volume 6.008 E-4 m3
Initial gas density pyres,; 24.708 kg-m-
Required wall thickness cylindrical part | 3.474 E-4 m
Required wall thickness spherical part | 1.737 E-4 m
Chosen constant wall thickness 1.000 E-3 m
Tank length (each) 1.980-1 m
Mass
2 thrusters 0.760 kg
Propellant 2.229 kg
Pressurant gas 1.484 E-2 kg
2 tanks 0.537 kg
Total 3.541 kg
Volume
2 thrusters TBD
2 tanks 40U
Total 40U
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3.4.3. Pump-Fed Concept

The most suitable pump is selected using the selection criteria presented in Table 3.12, where the
volumetric flow rate follows from 2 thrusters firing at maximum thrust, and for the pressure differential
it is decided that a pressure differential range equal to that of the thruster inlet conditions is desirable.
Finally, the power consumption may not exceed 10 W, as the firing power for the MPS is limited to 10
W (requirement PROP.120, Appendix A.1). The pump is selected from 42 listed models presented in
Appendix C, where for each pump the characteristic curve was recorded for the line closest to pump
requirements [56]. The 2212-M04C49 (Figure 3.2a) model was selected, due to being able to provide
the highest pressure differential of all M-series pump models. A high pressure differential is chosen as
desirable here to achieve the highest thrust level possible, as the pressure regulated and blow-down
concepts also provide the maximum possible thruster inlet pressure at BOL. The pump concept may
then illustrate how to maintain a high thrust level from BOL to EOL. A detailed investigation into the
most suitable pump model for such a feed system is not considered in the concept phase.

Data for this pump is presented in Table 3.13, where the differential pressure-mass flow and rota-
tional velocity relations were determined graphically from the supplier-generated plots presented in
Figure 3.2b, where furthermore the BOL and EOL conditions for this concept are indicated. In the
pump datasheets, the pump characteristic diagrams are presented for fluids with different values of
dynamic viscosity. The characteristics closest to LMP-103s are chosen, which has a dynamic viscosity
of approximately 3 E-3 Pa-s, assumed valid for the use of LMP-103s [115]. This results in using the
characteristic for heavy fuel with a dynamic viscosity of approximately 2 E-3 Pa-s. For this concept,
the volumetric flow rate as function of pressure differential for each rotational velocity line was linearly
interpolated to arrive at a simple concept, in contrast to the second order polynomial method handled
during the detailed design phase.

Table 3.14 shows the chosen parameters of the concept. A very low ullage volume is chosen so that the
propellant tank, which holds both propellant and pressurant gas, fits inside a volume of 3U in length.
This low ullage fraction furthermore indicates a high ratio of BOL/EOL pressurant gas pressure. A
simple PFCD design is considered, with 10 cm of orifice length and an orifice diameter of 265 micron.
At these small pipe diameters, capillary effects may occur, this is however left out of scope for this stage
and the PFCD performance is assumed satisfactory for this design.

Table 3.15 shows the calculation steps inside the PFCD for both the BOL and EOL condition. These
are performed using the relations in Section 2.5.2 and Section 2.6. As mentioned before, the low ullage
fraction results in a very high BOL/EOL pressurant gas pressure ratio, where the EOL pressure is 0.635
bar. At low pressures, pump cavitation may occur due to low pressure areas forming at the pump inlet.
This is however left out of scope for this stage. Finally, a conservative estimate is made of the pump
efficiency, namely a value of 0.5 (constant). This results in an electric power required of 3.165 W at
BOL and 4.301 W at EOL, where at EOL a higher pressure differencial and higher flow rate is provided.
These values are well within the 10 W limit for MPS firing power.

Table 3.12: Pump selection criteria for the Main Propulsion System concept.

| Criterion | Requirement \

Volumetric flow capacity (2 thrusters max. thrust) | 42.84 ml-min’’
Pressure differential 5.5 bar - 22.0 bar
Max. Power consumption 0w
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Figure 3.2: Selected Flightworks, inc. magnetically coupled micro-gear pump model 2212-M04C49 for the Main Propulsion

System concept.

Table 3.13: Pump characteristics of selected Flightworks, inc. micro-gear pump. Pressure, mass flow and rotational velocity
relations were determined graphically from pump characteristic diagram [119].

| Quantity [ Value
Mass 175 ¢
Nominal voltage 12V
Speed constant 981 RPM-V!
Port diameter 3 mm
Length 96.5 mm
Diameter 22 mm
Assumed efficiency 0.5
Ap(m) —8.922 - 108 - m + 2.643 - 10° [Pa]

m(Ap) (nominal line)

—1.121-107-Ap +2.962 - 1073 [kg — s 1]

Pressure range (low-high)

6.895 - 10* — 1.724 - 10° Pa

Mass flow range (high-low)

2.885-103—1.030-10 kg —s 1

w(m,Ap)

1177E + 4 + 3481E + 6 - (m — Ap - (—1.121E — 9) — 2.962E — 3) [min 1]
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Table 3.14: Pump-fed concept for the Main Propulsion System.

| Quantity [ Value
Total Av required 203 m-s"
Lsp 231s
Propellant volume 1.802 E-3m?®
Ullage volume 7%
Tank volume 1.938 E-3 m3
Tank diameter 9.600 E-2 m
Tank length 3.000 E-1'm
Chosen tank wall thickness | 1.000 E-3 m
Tank shell mass 0.406 kg
Ullage volume 1.357 E-4 m®
PFCD
Length of constriction 1.000 E-1 m
Pipe diameter large 3.000 E-3 m
Area large 7.069 E-6 m?
Area ratio 128.037
Area small 5.521 E-8 m?
Pipe diameter small 2.651E4m
Outside width 5.000 E-3 m
Outside height 5.000 E-3 m
Port length 1.000 E-2 m
Outside length 12.000 E-2 m
Mass
2 thrusters 0.760 kg
Propellant 2.229 kg
Pressurant 1.382 E-3 kg
Tank shell 0.406 kg
Pump 0.175 kg
PFCD 0.008 kg
Total 3.579 kg
Volume
2 thrusters TBD
Tank 3U
Pump + PFCD 0.25 U’
Total 3.25U

"Based on a rectangular block containing the pump (diameter of 22 mm) and PFCD (length of 120 mm)
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Table 3.15: MPS pump-fed concept calculation steps in PFCD.

Property | BOL | EOL \
Thruster inlet pressure 22.000 bar 17.872 bar
Ullage pressure 9.072 bar 0.635 bar
Pressurant gas mass 1.382 E-3 kg 1.302 E-5 kg
Pump Ap 12.928 bar 17.237 bar
Pump mass flow 1513 E-4 kg-s | 1.543 E-4 kg-s™"
Pump rotational velocity 11772 min™’ 13555 min""
Total thruster mass flow 8.829 E-4 kg-s' | 7.172 E-4 kg-s™"
Loop mass flow 6.306 E-4 kg-s™" | 8.253 E-4 kg-s™"
Flow velocity wide pipe 0.072 m-s™ 0.094 m-s™’
Flow velocity thin pipe 9.237 m-s™ 12.090 m-s™"
Pressure station 0 2.200 E+6 Pa 1.787 E+6 Pa
Pressure station 1 2.147 E+6 Pa 1.697 E+6 Pa
Keon 0.500 0.500

Ap contraction 2.638 E+4 Pa 4519 E+4 Pa
Pressure station 2 2.121 E+6 Pa 1.652 E+6 Pa
Reynolds number stations 2, 3 | 1049 1372

Friction factor stations 2, 3 6.104 E-2 4.663 E-2

Ap friction 1.214 E+6 Pa 1.590 E+6 Pa
Pressure station 3 9.064 E+5 Pa 6.211 E+4 Pa
Pressure station 4 9.592 E+5 Pa 1.525 E+5 Pa
Kexp 9.844 E-1 9.844 E-1

Ap expansion 5.193 E+4 Pa 8.897 E+4 Pa
Pressure station 5 9.072 E+5 Pa 6.351 E+4 Pa
Ap loop 1.293 E+6 Pa 1.724 E+6 Pa
Pump hydraulic power required | 1.582 W 2.150 W

Pump electric power 3.165 W 4301 W
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3.5. Reaction Control System Propellant Feed & Storage System

Concepts

Similar to the MPS concept generation procedure, three concepts generated here are generated: pres-
sure regulated, blow-down and pump-fed types.

3.5.1. Pressure Regulated Concept

Table 3.16 shows the calculations for the pressure regulated concept. Two different options are consid-
ered here: storage of pressurant gas and propellant in separate tanks, and an option where both are
stored inside the same tank. It can be seen, that the total mass for both concepts is similar, however
that the required storage volume for the "same tank” option is significantly lower. It must be noted, that
for these concepts, a regulator valve is present, for the "separate tank” option this component is placed
between the pressurant tank and propellant tank, for the "same tank” option, this component is placed
between tank and thrusters. In this concept, a constant thruster pressure of 0.6 bar is used to arrive
at a thrust level of 2.400 mN, corresponding to a total power consumption of 24 W for both thrusters
firing simultaneously. Finally, the same BOL pressurant pressure is selected to allow for more direct

comparison between both options.

Table 3.16: Pressure regulated concept for the Reaction Control System.

| Quantity | Separate tanks | Same tank
Total impulse I; required 170 N-s 170 N-s
Isp 100 s 100 s
Propellant volume 1.740 E-4 m3 1.740 E-4 m3
Ullage volume 5.000 % 7.500 %
Propellant tank volume 1.831 E-4 m® 1.881 E-4 m3
Spherical propellant tank diameter 7.045 cm 7.108 cm
Chosen wall thickness 1.000 E-3 m 1.000 E-3 m
Pressurant pressure initial 8 bar 8 bar
Pressurant pressure final 0.6 bar 0.6 bar
Storage temperature (constant) 300 K 300 K
Density pressurant gas in pressurant tank initial | 8.985 kg-m 8.985 kg-m™

Density pressurant gas in pressurant tank final

6.738 E-1 kg-m™3

6.738 E-1 kg-m3

Density pressurant gas in propellant tank

6.738 E-1 kg-m™

same as above

Spherical pressurant tank diameter 3.049 E-2m 0

Thruster inlet pressure (constant) 0.6 bar 0.6 bar

Thruster thrust 2.400 mN 2.400 mN

Power required per thruster (constant) 12W 12W

Mass

4 thrusters 0.116 kg 0.116 kg

Propellant 0.173 kg 0.173 kg

Pressurant 1.334 E-4 kg 1.267 E-4 kg

Propellant tank 0.071 kg 0.072 kg

Pressurant tank 0.014 kg 0

Regulator valve n/a n/a

Total 0.374 kg 0.362 kg
Volume

4 thrusters TBD TBD

Propellant tank 0.7U 0.7U

Pressurant tank 03U 0

Total 1.0 U? 0.7U2

"For BOL, the "density pressurant gas in pressurant tank initial” value is taken, for EOL the "density pressurant gas in pressurant

tank final” is taken.
2The volume of a regulator valve is still required to be added.
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3.5.2. Blow-Down Concept

The maximum allowed pressure inside LUMIO’s propulsion system is 50 bar, as per requirement
RCS.160 (Appendix A). A high initial tank pressure is desirable to decrease the required tank vol-
ume, however it must be considered that the ARO thruster operates at an assumed 1 bar. In order
to prevent the need for a regulator valve, a concept is generated where the pressure decreases from
0.6 bar to 0.25 bar in order to comply with the max. power consumption requirement and the minimum
thrust requirement. This however results in a low fill ratio and thus a large propellant tank. In the de-
tailed design, a higher fill ratio using a higher initial pressure in combination with a PFCD for pressure

regulation can be investigated.

Table 3.17: Blow-down concept for the Reaction Control System.

[ Quantity | Value
Total impulse I, required 170 N-s
Isp 100 s
Propellant volume 1.740 E-4 m3
Ullage pressure initial 0.60 bar
Ullage pressure final 0.25 bar
Fill ratio 0.583
Tank volume 2.982E-4m3
Spherical tank diameter 8289 E-2m
Chosen wall thickness 1 mm
Pressurant gas density initial 6.738 E-1 kg-m™
Thrust initial 2.400 mN
Thrust final 1.000 mN
Power required per thruster initial | 12 W
Power required per thruster final | 5W

Mass
4 thrusters 0.116 kg
Propellant 0.173 kg
Pressurant 8.373 E-5 kg
Tank 0.098 kg
Total 0.387 kg
Volume

4 thrusters TBD
Tank 08U
Total 08U

3. Concept Design
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3.5.3. Pump-Fed Concept

Table 3.18 shows the pump selection criteria for the RCS. The Flightworks, inc. 2204-M03C01 pump
(Figure 3.3a) is the smallest of the M-series and is of interest for the RCS due to its very low minimum
pressure differential of 0.345 bar, however a significantly higher flow rate than required as taken from
the datasheet supplied by the manufacturer [120]. The BOL and EOL conditions on the characteristic
diagram of the pump are indicated in Figure 3.3b. Due to the restriction on thruster power level and
an assumed 5 W of power reserve for the pump, only 10 W per thruster is allocated, resulting in a
thrust level of 2 mN and inlet pressure of 0.5 bar. Factors that may challenge the feasibility of this
concept are the low thruster inlet pressure of 0.5 bar (resulting from the low available heating power),
minimum pressure differential of the pump of 0.345 bar and the vapour pressure of water of 0.035 bar
as taken from NIST webbook [49]. The ullage pressure in this concept is set at 0.1 bar, resulting in
a required pump pressure differential of 0.4 bar. At EOL, the ullage pressure may not go below the
vapour pressure of 0.035 bar and therefore a final ullage pressure of 0.04 bar is chosen, resulting in
a large required ullage volume of 40%. It is very important to note, that in reality such low EOL tank
pressure may result in cavitation problems inside the pump. The resulting tank diameter of 8.2 cm does
not exceed the volume requirement. It is also possible to choose a different pump rotational velocity
at EOL with a lower pressure differential, in this case, a smaller tank can be used. Table 3.19 shows
the pump characteristic functions for linking pressure differential and mass flow, including the relation
for finding the required rotational velocity for an arbitrary working point. Similar to the pump concept
for the MPS, linear interpolation is used. Table 3.20 shows the selected parameters for the concept,
Table 3.21 shows the calculation steps for the PFCD.

Table 3.18: Pump selection criteria for the Reaction Control System concept.

| Criterion | Requirement |
Volumetric flow capacity (2 thrusters at low power) | 0.160 ml/min
Pressure differential <1 bar
Max. Power consumption 5W

Water (=1 cP)
25

8500
20 RPM

Nominal
Voltage

[y
%

10 500 EOL
BOL

Flow Rate (ml/min)

5 10 15 20 25

Pressure (psid)

(a) Model 2212-M03C01, cropped from [120].(b) Pump characteristic with BOL and EOL working points indicated,
edited from [120].

Figure 3.3: Selected Flightworks, inc. magnetically coupled micro-gear pump model 2212-M03CO01 for the Reaction Control
System concept.
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Table 3.19: 2212M03C01 pump data.

| Quantity | Value
Pump mass 0.065 kg
Pump diameter 22 mm
Pump length 66.3 mm
Port diameter 3 mm
Nominal voltage 6V
Speed constant 1,380 RPM-V-!
Assumed efficiency 0.5
m(Ap) 4500 RPM line | 2.130E — 4 — 1.626E — 9 - Ap [kg — s 1]
w(m, Ap) 8280 + 2.649E + 7 - (m — Ap - —1.626E — 9 — 3.550F — 4) [min" 1]

Table 3.20: Pump-fed concept for the Reaction Control System.

| Quantity [ Value
Total impulse I;required 170 N-s
Lsp 100 s
Propellant mass 0.173 kg
Propellant volume 1.740 E-4 m®
Ullage volume 40 %
Tank volume 2.899 E-4 m3
Spherical tank diameter 8.212E-2m
Chosen tank wall thickness 1.000 E-3 m
Tank shell mass 0.096 kg
Ullage volume 1.160 E-4 m3
Thruster pressure (constant) | 0.5 bar
Thrust force (constant) 2mN
Thruster power (per thruster) | 10 W

PFCD
Length of constriction 5.000 E-2 m
Pipe diameter large 3.000 E-3 m
Area large 7.069 E-6 m?
Area ratio 107.72
Area small 6.562 E-8 m?
Pipe diameter small 2890 E-4m
Outside width 5.000 E-3 m
Outside height 5.000 E-3 m
Port length 1.000 E-2 m
Outside length 7.000 E-2 m
Mass
4 thrusters 0.116 kg
Propellant 0.173 kg
Pressurant 1.302 E-5 kg
Tank shell 0.096 kg
Pump 0.065 kg
PFCD 0.005 kg
Total 0.455 kg
Volume

4 thrusters TBD
Tank 0.8U
Pump + PFCD 0.1U
Total o9u
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Table 3.21: RCS pump-fed concept calculation steps in PFCD.

Property BOL EOL

Thruster inlet pressure 0.5 bar 0.5 bar

Ullage pressure 0.1 bar 0.04 bar
Pressurant gas mass 1.302 E-5 kg 1.302 E-5 kg
Pump Ap 0.4 bar 0.46 bar

Pump mass flow 1.480 E-4 kg-s7 | 1.678 E-4 kg-s™’
Pump rotational velocity 4500 min" 5300 min-"

Total thruster mass flow

2.650 E-6 kg-s™”

2.650 E-6 kg-s™”

Loop mass flow

1.453 E-4 kg-s™"

1.651 E-4 kg-s™"

Flow velocity wide pipe 0.021 m-s™" 0.023 m-s™’
Flow velocity thin pipe 2.223 m-s™" 2.525 m-s™"
Pressure station O 5.000 E+4 Pa 5.000 E+4 Pa
Pressure station 1 4.753 E+4 Pa 4.681 E+4 Pa
Keon 0.500 0.500

Ap contraction 1.231 E+3 Pa 1.588 E+3 Pa
Pressure station 2 4.630 E+4 Pa 4.522 E+4 Pa
Reynolds number stations 2, 3 | 750 852

Friction factor stations 2, 3 8.535 E-2 7.514 E-2

Ap friction 3.634 E+4 Pa 4,128 E+4 Pa
Pressure station 3 9.955 E+3 Pa 3.942 E+3 Pa
Pressure station 4 1.242 E+4 Pa 7118 E+3 Pa
Kexp 9.815 E-1 9.815 E-1

Ap expansion 2.416 E+3 Pa 3.118 E+3 Pa
Pressure station 5 1.000 E+4 Pa 4.000 E+3 Pa
Ap loop 4.000 E+4 Pa 4.600 E+4 Pa
Pump hydraulic power required | 5.938 E-3 W 7.741 E-3W
Pump electric power required 0.012wW 0.02WwW
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3.6. Concept Selection

The most feasible concepts for LUMIO’s MPS and RCS are selected using a trade-off. In contrast to
the trade-off process used for the thruster selection, the process here is qualitative as no numerical
boundaries are set for each criterion. The motivation for each assigned score is described for each

criterion.

3.6.1. Selection of MPS Concept

Table 3.22 summarises the MPS concept data relevant for the trade-off.

Table 3.22: Relevant data for MPS trade-off.

| Quantity | Regulated | Blow-down | Pump-fed
Total mass 3.484 kg (excl. regulator) | 3.541 kg 3.579 kg
Mass of | 2 thrusters: 0.760 kg 2 thrusters: 0.760 kg 2 thrusters: 0.760 kg
components | Propellant: 2.229 kg Propellant: 2.229 kg Propellant: 2.229 kg

Pressurant: 0.081 kg
Propellant tank: 0.398 kg
Pressurant tank: 0.084 kg
Regulator valve: n/a

Pressurant: 0.015 kg
2 propellant tanks: 0.537

kg

Pressurant: 0.001 kg
Propellant tank: 0.406 kg
Pump: 0.175 kg

PFCD: 0.008 kg

Total volume | 3.8 U + regulator 40U 3.25U
Volume  of | 2thrusters: TBD 2 thrusters: TBD 2 thrusters: TBD
components | Propellant tank: 3 U 2tanks: 40U Tank: 3.0U

Pressurant tank: 0.7 U Pump + PFCD: 0.25 U
Power con- | Pre-heating 20 W Pre-heating 20 W Pre-heating 20 W
sumption Firing n/a Firing n/a Firing: <4.30 W (pump)
Power con- | Thruster pre-heating: 20 | Thruster pre-heating: 20 | Thruster pre-heating: 20
sumption of | W W w
components Pump: 4.30 W (EOL)

Thrust range

0.25 N (constant)

1.00 N (BOL) - 0.25 N
(EOL)

1.00 N (BOL) - 0.81 N
(EOL)

Pressurant 50 bar (BOL) - 5.5 bar | 22 bar (BOL) - 5.5 bar | 9.07 bar (BOL) - 0.64 bar
pressure (EOL) (EOL) (EOL)

Propellant 5.5 bar 22 bar (BOL) - 5.5 bar | 9.07 bar (BOL) - 0.64 bar
tank  pres- (EOL) (EOL)

sure

Thruster 5.5 bar 22 bar (BOL) - 5.5 bar | 22 bar (BOL) - 17.87 bar
chamber (EOL) (EOL)

pressure

Scoring criteria are all weighted equally, and are scored using the scores "unacceptable”, "poor”, "good”
and "excellent’. The trade-off is presented in Table 3.23, here it can be seen that the pump-fed concept
scores best due to receiving the score "excellent” in the criteria of volume and propellant tank pressure.
The selection criteria and scoring for the most feasible MPS propellant storage and feed system is
described below:

* Mass: Lower mass means a lighter spacecraft, and less propellant required in case the wet
mass of the spacecraft decreases. The mass for all three concepts is similar, however for the
pressure regulated concept, a regulator valve needs to be included which may have significant
mass as observed in Table 2.14, therefore this concept scores "poor”. The blow-down and pump-
fed concepts receive the score "good” due to being significantly below the wet mass limit of 6 kg
(PROP.110, Appendix A).

* Volume: A lower volume means higher reserves for other spacecraft systems, and possibly
propulsion system components being less in the proximity of other spacecraft systems, allowing
more freedom for choosing placement of components. Similar to the mass criterion, the regulated
system requires an additional regulator valve, increasing the volume of this concept and there-
fore the regulated concept scores "poor”. The blow-down concept scores "good” due to being
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well below the volume limitation of 5 U (PROP.100, Appendix A), the pump-fed concept scores
“excellent” due to its significantly lower volume as compared to the blow-down and regulated
concepts.

* Power consumption: Less power consumed by the propulsion system translates to more power
reserves for other spacecraft systems. All systems are well within the power limits of 10 W for
firing and 25 W for pre-heating (PROP.120 Appendix A), therefore all systems receive the score
"good”.

» Thrust force: A higher thrust force indicates shorter manoeuvre times. The pressure regulated
concept has the lowest thrust force for the same volume as the other systems. This results from
the low pressurant mass linked to a low final pressure in the pressurant tank, however this can
be increased at a significant volume penalty. The blow-down system thrust varies over time,
towards the minimum thrust value of 0.25 N per thruster. Therefore, both the regulated and blow-
down concept receive the score "poor”. The pump-fed system has the highest thrust at EOL, this
however can be increased to the same thrust as at BOL at a volume penalty, allowing for more
pressurant gas to be taken along.

* Propellant tank pressure: Lower propellant tank pressure indicates the possibility of using tank
shapes that are more efficient in volume utilisation than spherical or cylindrical tanks, very low tank
pressures enable the possibility of additively manufacturing the tank and achieving a higher level
of integration of components. The regulated concept has the lowest propellant tank pressure,
due to the selected thrust level. This increases however for a higher thrust level. The blow-
down system has in this case the highest propellant tank pressure in order to achieve a similar
system volume as the regulated concept and eliminating the need for a regulator valve. Finally,
it is decided to score the pump-fed concept "excellent” since the pump provides a high pressure
differential to the thruster, and a propellant tank pressure lower than that of the regulated concept
can be selected if desired. The regulated and blow-down concept receive the score "poor” due
to significantly higher propellant tank pressure than the pump-fed concept, here it must be noted
that for the regulated concept, the propellant tank pressure would be significantly higher for the
same thrust value as the pump-fed concept.

Table 3.23: Trade-off for selecting the most feasible Main Propulsion System concept.

. Propellant tank
Concept Mass Volume | Power consumption | Thrust force pressure
Regulated
Blow-down
Pump-fed :

Legend Unacceptable | Poor Good Excellent

Sensitivity Analysis

In Table 3.23 it is seen that the pump-fed concept scores at least "good” for every criterion and "ex-
cellent” for two criteria. Other concepts score at most "good” for all criteria and "poor” for at least two
criteria, therefore in order for the result to be affected, more than two criteria are required to be omitted
simultaneously. Therefore it is concluded that the trade-off was performed satisfactory.

3.6.2. Selection of RCS Concept

The summarised properties of the RCS concepts relevant for the trade-off are presented in Table 3.24.
The "same tank” option is considered for the regulated option as the difference in volume is significant
with respect to the "separate tanks” option, while all other properties are similar.



78

3. Concept Design

Table 3.24: Relevant data for RCS trade-off.

Quantity

| Regulated "same tank” | Blow-Down

| Pump-fed

Total mass

0.362 kg

0.387 kg

0.455 kg

Mass of compo-
nents

4 thrusters: 0.116 kg
Propellant: 0.173 kg
Pressurant: 1.267 E-4 kg
Tank: 0.072 kg
Regulator valve: TBD

4 thrusters: 0.116 kg
Propellant: 0.173 kg
Pressurant: 8.373 E-5 kg
Tank: 0.098 kg

4 thrusters: 0.116 kg
Propellant: 0.173 kg
Pressurant: 1.302 E-5 kg
Tank: 0.096 kg

Pump: 0.065 kg

PFCD: 0.005 kg

Total volume 0.7 U’ 0.8U 0.9U
Volume of com- | 4 thrusters: TBD 4 thrusters: TBD 4 thrusters: TBD
ponents Tank: 0.7 U Tank: 0.8 U Tank: 0.8 U

Pump + PFCD: 0.1 U
Power con- | 24 W 24 W (BOL), 10 W (EOL) | 20 W
sumption
Power con- | Thrusters: 24 W Thrusters: 24 W Thrusters: 20 W
sumption of Pump: 0.020 W
components
Thrust force 2.400 mN 2.400 mN (BOL) - 1.000 | 2.000 mN

mN (EOL)

Pressurant 8 bar (BOL) - 0.6 bar | 0.6 bar (BOL) - 0.25 bar | 0.1 bar (BOL) - 0.04 bar
pressure (EOL) (EOL) (EOL)
Propellant tank | 8 bar (BOL) - 0.6 bar | 0.6 bar (BOL) - 0.25 bar | 0.1 bar (BOL) - 0.04 bar
pressure (EOL) (EOL) (EOL)
Thruster cham- | 0.6 bar 0.6 bar (BOL) - 0.25 bar | 0.5 bar

ber pressure

(EOL)

The trade-off is presented in Table 3.25. Here it is observed, that the blow-down concept scores best
due to receiving the score "good” in all metrics except propellant tank pressure where it scores "ex-
cellent”, while other systems received the score "poor” in some metrics. This system is especially
interesting due to its very low tank pressure with still sufficient margin above the vapour pressure of the
propellant, furthermore for all other criteria it is within margins. Similar to the selection process for the
most feasible MPS concept, scoring criteria are all weighted equally and scores are "unacceptable”,

"poor”,

”

good” and "excellent”. The criteria with explanation of scoring are as follows:

» Mass: Lower mass translates to lower spacecraft mass and lower required propellant mass in

case the total wet mass decreases. Furthermore, more thrusters may be used when a concept
has a sufficiently low mass. Due to all concepts weighing below the maximum allowed 1 kg
(RCS.110, Appendix A.2), none score “unacceptable”. Similar to the regulated concept for the
MPS, the RCS regulated concept also excludes a regulator valve in the final mass. From Ta-
ble 2.14 it is seen that such valves can have significant mass, and that no suitable option exists.
Devising a custom solution however is expected to result in a design closer to the MEMS variant
however, with not a significant amount of mass being added such that it exceeds the mass re-
quirements. Therefore the regulated option scores "good”. Similarly, the blow-down option scores
"good” due to the mass being well within the maximum allowable value. Finally, the pump-fed op-
tion scores "poor” as its mass is significantly higher than that of the other concepts, even though
it is still well within margins.

* Volume: Lower volume translates to more volume reserves being present for the spacecraft and

allowing more freedom in integrating components. The blow-down concept is not significantly
below the maximum allowable volume of 1 U (RCS.100, Appendix A.2) therefore it receives only
the score "good”. The volume of the regulated concept is lower than that of the other concepts,
however a regulator valve must still be added.As seen in Table 2.14, no suitable option exists
and therefore a custom option may need to be devised. It is expected however, that the volume

"The mass and volume of a regulator value is still required to be added.
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of this component will be closer to the MEMS option than to the other, larger variants, therefore
the concept still scores "good”. The pump-fed option receives the score "poor” due to being very
close to the maximum allowed volume of 1 U, leaving little reserves.

» Power consumption: A low power consumption means more power reserves for other systems
and less heat generated which may be transmitted to surrounding structures. All systems are
compliant with the maximum firing power of 25 W (RCS.120, Appendix A.2). However, the power
consumption for the regulated concept is expected to stay near this maximum allowable value
over its entire lifetime, therefore it receives the score "poor”. Comparably, the blow-down and
pump-fed perform compare better: the blow-down concept power consumption decreases to-
wards 10 W at EOL, therefore receives "good”, the pump-fed concept power consumption stays
at 20 W over the lifetime, leaving more margin as compared to the regulated concept, and there-
fore also receives the score "good”.

» Thrust force: A higher thrust force translates to a shorter manoeuvre time. The thrust force of all
concepts are similar, with the exception of the blow-down concept, which is below all other thrust
values at EOL. All concepts are within the required 1-10 mN thrust range (RCS.050, Appendix A.2)
however on the lower end of the range and therefore all will receive the score "good”.

* Propellant tank pressure: Lower tank pressure translates to a lighter tank and may enable
production of the tank using AM which may result in a higher level of component integration.
The regulated pressure concept and blow-down system have the highest tank pressure, however
comparably low as compared to propellant tank pressure values in the MPS blow-down concept
(Table 3.22). The regulated concept receives the score "poor” here due to the selected high
propellant tank pressure. It must be noted however, that this pressure value has been selected
such to limit the volume of the propellant tank, while enabling a constant thrust force of 2.400
mN. The blow-down system thrust force varies from 2.400 mN at BOL to 1.000 mN at EOL, and
to achieve this, a low pressure ratio was chosen which in turn related in a higher volume. This is
by a large margin a lower tank pressure compared to the regulated concept, therefore the score
"excellent” was assigned. Finally, the pump-fed concept has very low tank pressure due to the
pump providing the largest part of the required chamber pressure, however at EOL a very low
tank pressure results which is close to the vapour pressure of the propellant. This low final tank
pressure is required to achieve a pressure ratio required to limit the required ullage volume of
the tank. The pressure ratio cannot be further increased in another way due to the assumed low
thruster chamber pressure in combination with the minimum differential pressure provided by the
pump. The pump-fed concept therefore scores "poor” on this criterion.

Table 3.25: Trade-off for selecting the most feasible Reaction Control System concept.

. Propellant tank
Concept Mass Volume | Power consumption | Thrust force pressure
Regulated
Blow-down
Pump-fed

Legend Unacceptable | Poor Good Excellent

Sensitivity Analysis

Table 3.25 shows the blow-down system as the clear best-scoring concept of all three, scoring "good”
in 4 criteria and "excellent” for propellant tank pressure. Omission of propellant tank pressure will still
resultin the blow-down concept winning due to the regulated concept having higher power consumption
over its lifetime. Omitting power consumption will not change the outcome either, as the propellant tank
pressure of the blow-down system is lower than that of the regulated system. Due to the omission of
a single criterion not resulting in a different outcome of the trade-off, it is concluded that the trade-off
was performed satisfactory.
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3.7. Discussion of Selected Concepts

Early in the concept design phase, the CGT technology was eliminated due to the available thrusters
being specified for Nitrogen gas. Nitrogen gas at the maximum allowed storage pressure of 50 bar
(RCS.160, Appendix A) resulted in an excessively large storage volume, making the CGT infeasible. It
was seen however that also Ammonia or Butane propellants could be used for CGT, stored in the liquid
phase. However, it was chosen not to pursue this due to firstly the higher specific impulse performance
of resistojet technology and secondly the available cold gas thrusters only being specified to work with
gaseous Nitrogen.

Selection of the most feasible propulsion system concepts for the MPS and RCS using the qualitative
trade-off method has resulted in the choice of a pump-fed concept for the MPS and a blow-down concept
for the RCS. The choice for a pump-fed system for the MPS is not a novel concept for CubeSat, the
LFPM utilises a Flightworks, inc. micro-gear pump as discussed by Andrews et al. in 2020 [7] and some
variants of the Aerojet Rocketdyne CHAMPS-series propulsion systems are pump-fed as presented in
the datasheet of the CHAMPS MPS-13X-series propulsion systems (larger version of Figure 2.38a)
[22]. For the RCS concept selection, the pump-fed concept scored worst of all, scoring "poor” in three
criteria and "good” in two. The regulated concept scored "poor” on basis of power consumption and
propellant tank pressure, however here it must be noted that the performance of this concept is a direct
consequence of the choice of the maximum constant thrust level of both thrusters firing (2.400 mN) -
additionally, a high propellant tank pressure was chosen to limit the volume of this concept. The blow-
down concept won this trade-off due to the power consumption lowering over its lifetime, and having
lower propellant tank pressure as compared to the regulated concept while having more margin above
the propellant vapour pressure as compared to the pump-fed concept. In case the regulated concept
were to have been designed with the same tank pressure values as the blow-down concept at BOL
and EOL, effectively having the same tank conditions as the blow-down concept, the outcome of this
trade-off would have been the same. In this case, the constant thrust level has to be set at the lowest
possible thrust level, namely 1.000 mN, having lower power consumption over the lifetime. However,
with the addition of the regulator valve, its total mass and volume would now be higher as that of the
blow-down concept. Additionally, this regulator valve would have added more complexity to the system.
A blow-down type system for the RCS effectively eliminates the need for a regulator valve and requires
less components than a pressure regulated or pump-fed system.

It must be noted, that the selection of these concepts relies on a concept generation process using
simplified theoretical methods and the results may therefore not be completely accurate and repre-
sentative of real propulsion systems. In the generation of the concepts as described in Section 3.4
and Section 3.5, many assumptions were made: for the RCS concepts, thruster chamber temperature,
chamber pressure and expansion ratio were assumed in order to enable use of the critical mass flow
relation Equation 2.9. For the MPS, data on chamber pressure and temperature was available, en-
abling use of the critical mass flow relation. For the pump-fed concepts for both MPS and RCS, pump
data was taken from datasheets which is unreliable. Subsequently, pressure, mass flow and rotational
velocity relations were derived from data in graphs, introducing further inaccuracies. Moreover, the
recirculation loop and PFCD design for the pump concepts ignored any pressure losses in low-flow
velocity parts of the system and using pressure drop relations based on empirical relations. In reality,
determining pressure losses in such a system and resulting pump performance must be evaluated us-
ing testing. Finally, the tank wall thickness in each concept was determined considering mechanical
strength only, ignoring the possible deformations these tanks could experience under the pressure of
the fluids within. The aforementioned methods all however do result in approximate thrust levels and
pressure, mass, volume and power consumption values of the concepts, allowing comparison between
the concepts and deciding which concepts to pursue in the detailed design phase.



Detailed Design

This chapter delineates the detailed design phase of the propulsion system design for the MPS and
RCS. Chapter 3 contained the concept design phase, where a pump-fed type concept was chosen for
the MPS and a blow-down type concept for the RCS. These concepts will be designed in more detail
in this chapter. The system layouts are presented below with a cursory overview of what components
will be designed in this chapter. The first section of this chapter discusses the design of the MPS and
RCS propellant tanks, the second section discusses the pump selection, PFCD design and throttling
for the MPS only. The third section contains the selection of COTS components and discusses the
placement of all components inside the spacecraft bus, illustrated as a Digital Mockup (DMU), for both
the MPS and RCS. The fourth section delineates the approximation of pressure loss over the feed
paths of the MPS and RCS. The fifth section presents a summary of the final designs of the MPS and
RCS and furthermore presents the compliance check of all requirements from Appendix A. Finally, the
sixth section contains the comparison of the final custom designs to COTS options: first, representative
COTS systems are selected and subsequently, the comparison is made.

Figure 4.1 shows the layout of the MPS. Two thrusters will be used, as per requirement PROP.051 Ap-
pendix A.1. These thrusters require a pressure regulator valve to comply with the throttling requirement
PROP.052. As the chosen feed system type is a pump-fed concept, a pump and PFCD are included.
In front of the pump, a latching valve is present to isolate the system before launch and in case of any
leakage. A propellant tank is required to store the propellant and pressurant, and will be equipped with
thermocouples and pressure transducer to monitor the temperature and pressure inside the propellant
tank to comply with requirement PROP.190. As the length of the thrusters (178 mm, Table 2.12) is
significant, it poses a challenge to using two separate tanks, leaving a length of only roughly 230 mm
for the tanks (refer to Appendix D for the dimensions of the 12U CubeSat bus). Furthermore, using
a single tank greatly improves the simplicity of the design as less feed lines, sensors, fill/drain valves
and latch valves are required, of which the latter two are additionally characterised by significant mass
(Table 2.17, Table 2.18). Therefore, one single tank is chosen.

The RCS (Figure 4.2) has a similar layout to that of the MPS, however lacking a pump and PFCD
due to a blow-down type feed system being chosen during the concept design phase. Furthermore,
a regulator valve in front of the thrusters is not required due to lack of a throttling requirement (Ap-
pendix A.2). Just as in the concept, four thrusters are chosen as this enables rotation around all three
spacecraft body axes and is the minimum acceptable amount of thrusters as per requirement RCS.051
(Appendix A.2). It is important to note that the available mounting area for the RCS is in one of four
corners of the spacecraft rear (Appendix D.2) as the others are occupied by the optical payload and the
MPS thrusters. This mounting position of the system has the disadvantage of causing cross-coupling
between rotational motions, however this is left out of scope for the thesis.
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Figure 4.1: Hydraulic diagram for the Main Propulsion System, draw.io.
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Figure 4.2: Hydraulic diagram for the Reaction Control System, draw.io.
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4.1. Propellant Tank

This Section delineates the tank design for both the MPS and the RCS. First, the PMD design is dis-
cussed for both the MPS and RCS. A selection is made and the design is presented. Subsequently,
the MPS propellant tank is designed. Finally, the RCS tank is designed.

4.1.1. Propellant Management Devices

As discussed in Section 2.8.4, the liquid-vapour interface of propellant and pressurant in a microgravity
environment is mostly dictated by surface tension forces, i.e. the propellant tends to stick to the walls.
With a gas bubble in the centre of the tank, during adverse accelerations (translational or rotational), gas
may travel towards the outlet port with the risk of feeding gas to components downstream, damaging
those components. In order to provide gas-free expulsion at all times and better control the centre of
gravity of liquids inside tanks, one or more PMDs are required.

Selection of Propellant Management Device Types

A summary of PMDs of interest is presented in Table 2.11. As discussed by Collicott et al. in 2019
[79], for conformal tanks, typically capillary type devices are used. Considering that for the capillary
devices, the vane-type device is much more simple as compared to the gallery-type device, a vane-type
device is selected. Since it is difficult to design PMD and the resulting feed rate of the vanes requires
extensive analysis (decided out of scope), a sponge-type PMD is conservatively chosen to be added
to provide a fixed amount of propellant on-demand. This choice is underlined by the combination of
sponge- and vane-type devices in the Lunar Flashlight Propulsion Module as discussed by Andrews in
2020 [7] and Huggins in 2021 [8]. As previously mentioned, the design of such devices is complicated
and difficult to verify, the detailed design of these devices is left out of scope and a simple volume
and mass estimate of such devices is made using design steps discussed by Jaekle in 1991 and 1993
[80, 81]. Additionally, the tanks for both MPS and RCS will be designed with a fillet radius of 10 mm
to prevent sharp edges trapping fluids and furthermore to reduce stress concentrations along tank wall
edges. The fillets are considered PMD and the material of all PMDs is chosen identical to that of the
tank for material compatibility.

Sponge Design

In order to design the sponge, it is assumed that the sponge should hold all the propellant required
to perform a worst-case manoeuvre. For the MPS, this is chosen as 60 s of continuous firing of both
thrusters at their maximum thrust level of 1 N. For the RCS, this is the de-saturation manoeuvre, where
all four reaction wheels carrying 30 mN-m-s of angular momentum are fully de-saturated using one
thruster at a time at a maximum thrust level of 4 mN. Here it is assumed that during RCS thruster
firing, the torque only works over one axis. In reality, an attitude control strategy is required to be
made accounting for the thruster position on the spacecraft. The required hold volume of the sponge is
calculated using the propellant mass resulting from the aforementioned firing times, including a safety
factor of 2 to be conservative. A circular sponge design is chosen and the diameter is calculated
using 1 inch of spacing from the nearest wall to prevent leakage, according to the method of Jaekle
presented in 1993 [80]. The porous centre tube of the sponge has an inner diameter of 3 mm, equal
to that of the pump ports for the MPS; a wall thickness of 1 mm for the tube is assumed. For the
RCS, the same centre tube inner and outer diameters are taken preliminarily. The number of plates is
chosen as 20, this results in a plate gap of 6.864 mm at the outer radius of the sponge. It is unknown
if this allows for holding fluid using surface tension, however this dimensioning process shows a mass
estimate. Performance of the sponge may be improved by increasing the number of plates or using
porous plates. It is important to note, that RCS calculations are with respect to BOL thrust, in order to
make a conservative estimate.

Vane Design

In this design, the purpose of the vanes is to collect propellant from the walls of the tank and subse-
quently refill the sponge, which may start leaking some propellant during adverse accelerations result-
ing from manoeuvring and which will slowly deplete during thruster operation. Jaekle has proposed
several design methods for vanes in 1991 [81], however most require very in-depth analysis with still
many assumptions and uncertainties. In order to arrive at a mass and volume estimate of the vanes,
a simple ribbon-type (parallel to the tank wall surface) with 10 mm of width, 1 mm of thickness and 10
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mm of stand-off distance from the tank walls is chosen. For the MPS, six vanes are chosen (two on
top/bottom, four on the side panels) and for the RCS, four vanes are chosen (two on front/rear, two on
the side panels). All vanes connect at the outlet port of the tank and at the opposite end of the tank. As
the tank dimensions are not known yet for both the MPS and RCS, no estimate of mass and volume is
given yet for volume and mass for these devices.

According to Jaekle, a possible upper limit on the flow rate inside the vanes is the choking velocity or
wave propagation speed, as discussed in Section 2.8.4. This will be used to calculate the sponge refill
time and thereby provide a check on the usefulness of the vanes. For this calculation, the absolute
surface tension of the propellant is required. For LMP-103s, this value could not be found and therefore
the value for FLP-106 will be used, which is a propellant with similar properties as LMP-103s; LMP-
103s consists of 63 % ADN, 18.4% methanol, 14% water and 4.6% ammonia - FLP-106 consists of
64.6% ADN, 23.9% water, 11.5% ”low volatile hydrocarbon fuel” as discussed by Persson, et al. in
2019 [23] and Wurdak, et al in 2012 [121]. The surface tension value is assumed to be valid for these
calculations, and should give an order of magnitude for the sponge re-fill rate. The flow area around
a vane is conservatively estimated to be simply the area between the vane and the wall (vane width
times vane stand-off distance), ignoring the propellant forming the fillets around this area. The vane
fillet radius is chosen to be equal to the stand-off distance. It can be seen that at choking velocity, the
MPS sponge is refilled within roughly 3 seconds, for the RCS this is roughly 0.5 s. Table 4.1 shows
these calculations. The mass flow along the vanes for these calculations is shown to be sufficient for
thruster operation, theoretically eliminating the need for a sponge. However, being conservative, both
PMD are still decided to be used: in reality, during adverse accelerations, vanes may start leaking or
the flow velocity along the vanes may be lower than the choking velocity calculated here. Furthermore,
the flow area is only assumed.

Table 4.1: Vane-type Propellant Management Device design. Surface tension values taken at 25 deg. C, closest available to
300 K.

| Parameter | MPS | RCS
Number of vanes 6 4
Vane width 10 mm 10 mm
Stand-off distance 10 mm 10 mm
Vane flow area 1.000 E-4 m? 1.000 E-4 m?
Propellant density | 1,236.520 kg-m™ 996.560 kg-m™

Propellant surface | 54.900 mN-m™" [121] | 72.015 mN-m™" [122]
tension (abs.) ¢g;

Wave celerity 0.047 m-s™” 0.060 m-s™’
Total flow rate 2.827 E-5 m3-s™ 2.404 E-5 m3-s™
Sponge refill time 3.031s 0.535s

Vane mass flow 0.035 kg-s™" 0.024 kg-s™
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Table 4.2: Sponge-type Propellant Management Device design for worst-case scenario.
| Parameter | MPS | Parameter | RCS \
Thrust force 1N Thrust force 4 mN
Specific impulse 231s Specific impulse 100 s
Propellant mass flow (total) | 8.883 E-4 kg-s™ Propellant mass flow (total) | 4.079 E-6 kg-s™
Total angular momentum 120 mN-m-s
Angular momentum per | 40 mN-m-s
axis
Roll axis arm 0.113 m
Pitch/yaw axis arm 0.177 m
Impulse required roll axis 0.354 N-s
Impulse required pitch/yaw | 0.227 N-s
axis
Burn time roll axis 88.496 s
Burn time pitch/yaw axis 56.657 s
Burn time 60 s Burn time total 201.810 s
Propellant mass total 0.053 kg Propellant mass total 0.823 g
Safety factor hold mass 2 Safety factor hold mass 2
Propellant hold mass 0.106 kg Propellant hold mass 1.646 g
Propellant density 1,236.520 kg-m™ | Propellant density 996.560 kg-m™
Propellant hold volume 8.568 E-5 m3 Propellant hold volume 1.652 E-6 m®
Shortest tank width 94.500 mm Shortest tank width 94.500 mm
Sponge diameter 43.700 mm Sponge diameter 43.700 mm
Number of plates 20 Number of plates 20
Plate thickness 0.5 mm Plate thickness 0.5 mm
Edge gap 6.864 mm Edge gap 6.684 mm
Centre tube inner diameter | 3 mm Centre tube inner diameter | 3 mm
Centre tube wall thickness | 1 mm Centre tube wall thickness | 1 mm
Fluid hold area 1.287 E-3m? Hold area 1.287 E-3m?
Required sponge height 66.587 mm Required sponge height 1.284 mm
Chosen sponge height 66.587 mm Chosen sponge height 10 mm
Propellant hold mass 0.106 kg Propellant hold mass 12.823 g
Burn time (excluding safety | 60 s Burn time (excluding safety | 1,571.890 s
factor)’ factor)
Sponge structure volume 1.378 E-5m? Sponge structure volume 1.966 E-6 m3
Sponge structure mass 61.064 g Sponge structure mass 8.711¢g

"The burn time here is related to the total propellant hold mass before the hold mass safety factor is applied (conservative).
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4.1.2. Main Propulsion System Propellant Tank

The design of the MPS propellant tank is parametric. A conformal tank design using a cuboid shape
is chosen to maximise the volumetric efficiency of the propellant storage. Using a cylindrical shape in
contrast is not effective as seen in Table 3.14, which would require the entire spacecraft bus length,
providing only 7% ullage volume. Furthermore, no space would be available for the thrusters of the
MPS and the RCS and therefore the tank volume would require to be split into two tanks. This could,
as mentioned at the beginning of this chapter, cause the need for extra feed lines, latch valves and
fill/drain valves, increasing complexity and mass of the system. Using a single cuboid tank therefore
is the more suitable option. It must be noted, that the choice of one single tank of a different shape
is different from what was devised in the concept generation stage of the project. This is however not
expected to change the validity of the trade-off between different propulsion system concepts, due to
both the blow-down and regulated pressure in any case requiring a higher total tank volume, and the
higher pressure in the blow-down concept is expected to still result in higher tank mass, all as compared
to the pump-fed concept, still resulting in a pump-fed concept being the most feasible solution.

Table 4.3 shows the selected input parameters for the tank design. The available interior volume of the
spacecraft bus in which the propellant tank of the MPS can be placed is calculated using an assumed
worst-case wall thickness of 5 mm. The outer height of this volume results from subtracting the width
of two structural rails from the outside height; the outer width results from taking half that value, con-
sidering the presence of the payload inside the spacecraft bus. Figure D.1 shows the aforementioned
dimensions. It is decided to utilise the full available interior width and height of the propellant tank,
leaving the tank length as the sole free variable for the tank dimensioning process. This maximises
the space available between the propellant tank and other systems, namely the MPS thrusters and the
complete RCS. The interior volume of the tank is used for dimensioning to simplify the dimensioning
process so that the tank interior width and height can be kept constant and do not have to change to
accommodate for different required wall thickness values.

Selected Tank Material

The selected tank material is Ti-6Al-4V due to its compatibility with selected MPS propellant LMP-103s
and its superior specific strength and similar specific stiffness as compared to stainless steels 301 and
304L, properties presented in Table 2.10. The applied load factors to the analysis are the ultimate load
factor j, = 1.25 and burst load factor j, = 2.50 in order to calculate the maximum allowable stresses,
resulting in a value of 374.40 MPa for ultimate tensile stress.

Table 4.3: Input parameters for the Main Propulsion System tank detail design.

| Parameter | Value | Parameter | Value \
Worst-case wall thickness 5mm EE 0.9
Outer width available 104.5 mm MI[,1 2.476 kg
Inner width available 94.5 mm V, 2.002E-3m?
Outer height available 209 mm Assumed Ap margin 0.024 bar
Inner height available 199 mm Selected EOL tank pressure | 0.741 bar
Minimum inlet pressure pump | 0.717 bar

Optimisation Process

Assuming incompressible propellant, low duty cycle operation and thus isothermal expansion of the
pressurant gas, varying the tank length results in a changing BOL/EOL pressure ratio. In order to
achieve minimum tank mass, the lowest allowable tank pressure is selected, which is set by the cavita-
tion requirements of the pump (Table 2.8). This was, including a pressure drop margin of 0.024 bar and
rounding up, determined to be 0.741 bar. The vapour pressure of the propellant LMP-103s is 0.148
bar at 300 K Table 3.5, considering the pump tests performed by Flightworks, Inc. as discussed in
Section 2.5.2 the selected EOL pressure is assumed sufficient to provide sufficient NPSH. The value

"Calculated using a spacecraft wet mass of 26 kg, Isp 0of 231 s and EE of 0.9
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for pressure drop margin is taken as representative for micropropulsion systems in CubeSats as dis-
cussed by Berg and Rovey in 2017 [123]. PMD are included in the tank volume and mass, according
to the calculations in Section 4.1.1 and methods in Section 2.8.4.

The effect of variation of tank length on BOL tank pressure, ullage fraction and pressurant gas mass
is shown in Figure 4.3. With varying tank length and therefore varying BOL pressure, each tank wall
requires a minimum thickness. For this, out-of-plane displacements and von Mises stresses are con-
sidered, calculated according to thin plate theory assuming simply supported edges as discussed by
T.H.G. Megson in 2013 [71], methods presented in Section 2.8.2. In reality, the edge support condi-
tions are somewhere between simply supported and clamped, however the simply supported situation
is considered for a preliminary estimate, to later be verified by FE analysis. The maximum allowable
von Mises stress at the centre of each wall is 374.4 MPa, resulting from the tensile ultimate stress
1170 MPa of the material, dividing by the burst safety factor of 2.5 and ultimate load factor of 1.25.
The maximum allowable out-of-plane displacement of each tank wall centre is set conservatively at 1
mm, so that the tank walls even under pressure will not expand such that they touch the outer wall of
the spacecraft bus. As seen in Table 4.3, a worst-case wall thickness of 5 mm is used. As seen in
Figure D.1, the guide rails inside the spacecraft reach 6.5 mm into the spacecraft bus, measured from
the outer walls sides. Therefore, at worst-case wall thickness and wall displacement, still 5.5 mm will
be left until the outer edge of the bus volume is reached. This distance of 5.5 mm is taken as sufficient
to allow for the bus walls to take place, and additionally some margin for insulation and mounting ma-
terials. The von Mises stresses at the centre of the tank walls are shown in Figure 4.4 for tank wall
thickness values of 1, 3 and 5 mm. The stiffness requirement to achieve a maximum displacement at
the plate centre of either 1, 0.1 or 0.01 mm is shown in Figure 4.5.
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50 +

40

30 4

204

10 A

Tank pressure at BOL Fraction ullage of tank volume Pressurant gas mass
0.0035
50 4 —— Helium
0.0030 4 —— MNitrogen
40
0.0025 o
301 0.0020
= g
204 0.0015 +
0.0010 o
10
0.0005 - - —
T T T T T T 0 T T T T T T T T T
012 014 016 018 020 022 0.10 0.12 0.14 0.16 0.18 0.20 0.10 0.12 0.14 0.16 0.18 0.20
Tank length (m} Tank length {m}) Tank length {m}

Figure 4.3: BOL tank pressure, ullage fraction and pressurant gas mass as function of tank length, Python/Matplotlib.
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Figure 4.4: Von Mises stresses in tank walls at centre of plate as function of tank length, Python/Matplotlib.
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Figure 4.5: Required tank wall thickness for maximum displacement, Python/Matplotlib.

Final results
The results for maximum displacements are shown in Figure 4.5 and Table 4.4. Given that the value for
maximum allowable displacement is selected driven by spacecraft bus volume available and not by any
specific stiffness requirements, caution must be made with selection of the wall thickness. However,
it is observed in the aforementioned figure that the optima for tank length for different displacement
allowables are close together, therefore the choice with regard for tank length is deemed satisfactory.
As the calculations performed here are treated as preliminary, the lightest solution is verified using
FE-analysis in Ansys Workbench in the next paragraph. Finally, it is observed that the PMDs add
significant mass to the tank. The volume these devices occupy as compared to the tank dry volume
is small, however not insignificant - the volume of the PMD is on the order of magnitude of E-5 m3 as
compared to E-3 m?3 for tank volume - i.e. the PMD volume occupies a volume in the order of 1-2% of
the tank interior volume. The tank dry volume denotes the volume usable for propellant and pressurant
gas storage. The tank dry mass is a significant fraction of the allowable propulsion system wet mass
of 6 kg, namely 2.246 kg.

It is important to note here, that these results stem from analysis using thin plate theory. In the FE-
analysis, the stresses and displacements will be checked and in case sufficient margin exists on these,
an iteration will be made to the tank where the wall thickness is reduced.
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Figure 4.6: Final required wall thickness considering maximum displacements, Python/Matplotlib.
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Table 4.4: Optimisation results for MPS propellant tank dimensioning using thin plate theory.

| Parameter | Value \
Tank length 136 mm
Inner dimensions 94.5x 199 x 136

mm

Required wall thickness top/bottom walls 2.74 mm
Required wall thickness side walls 4.47 mm
Required wall thickness front/rear walls 3.08 mm
Fillet radius 10 mm
Tank dry volume 2.500 E-3m3
Ullage fraction BOL 21.701 %
Helium pressurant mass 0.297 g
Nitrogen pressurant mass 2.080¢g
BOL pressure 3.725 bar
EOL pressure 0.741 bar
Tank dry mass (total) 2.246 kg
Vane mass 31.785¢
Sponge mass 60.786 g
Fillet mass 163.328 g
Total PMD mass 255.899 g
Vane volume 7175E-6 m®
Sponge volume 1.372E-5m3
Fillet volume 3.687 E-5m3
Total PMD volume 5.776 E-5 m®
Max. von Mises stress top/bottom wall pair 184.651 MPa
Max. von Mises stress side wall pair 145.787 MPa
Max. von Mises stress front/rear wall pair 192.050 MPa
Margin of safety von Mises stress top/bottom wall pair | 1.028
Margin of safety von Mises stress side wall pair 1.568
Margin of safety von Mises stress front/rear wall pair 0.949
Out-of-plane wall displacement all walls 1 mm

Finite Element Analysis

The tank excluding PMD and the outlet port, is modeled in Autodesk Inventor 2022 and subsequently
imported into ANSYS Mechanical 2019 R3. The load applied is the pressure at BOL (3.725 bar, Ta-
ble 4.4). Tetrahedron elements are selected as they better fit the rounded fillets in the design as com-
pared to e.g. triangle-shaped elements. Maximum element size for the mesh is set at 2.00 mm due to
numerical limits to the academic license. In thickness direction however, always at least two elements
are used as the lowest thickness here is 2.74 mm of the top/bottom walls. For analysis, the tank is cut
in half three times, over each half-plane: an eighth of the tank results. Normal to each cutting plane, a
symmetry condition and a displacement constraint is placed.

The von Mises stress solution is shown in Figure E.1, where it is seen that the maximum occurring
von Mises stress occurs close to the edge of the side and bottom walls, and side and front walls. This
location of maximum stresses indicates a boundary condition tending more towards fixed edges instead
of pinned edges, as assumed for the hand calculations: this makes sense due to the fillets applied,
increasing the stiffness at the edge of the walls. Figure E.2 shows the deformation, with the maximum
deformation occurring at the centre of the side plates.

It is concluded, that the tank as dimensioned using the aforementioned thin plate theory optimisation
process has sufficient wall thickness for the load case of 3.725 bar at BOL. The maximum stress of
153.460 MPa is far below the maximum allowable value of 374.40 MPa and the maximum occurring
deformation of 0.407 mm is far below the allowable value of 1 mm. These allowables are defined
and discussed at the start of the optimisation process section. There is a possibility however that
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the optimum found using the methods in the previous paragraph is not the real optimum. This is due
to the inaccuracy between reality and the results obtained from thin plate theory equations. In order
to investigate whether a true optimum is achieved, a more thorough analysis of the wall stress and
displacements using a plate support somewhere in between pinned and fixed conditions would be
required. This is however decided out of scope due to the time limitations on the MSc thesis. The tank
design for the MPS is therefore decided as satisfactory.

Design Iteration: Reducing Each Wall Thickness by 1 mm

As the tank mass is a significant part of the total wet mass, an iteration is made where each wall
thickness is reduced by 1 mm. The relevant changes are presented in Table 4.5, a lower tank dry
mass (including PMD - as for the original tank dry mass) is observed - 25.253% lower as compared to
the value in the initial design. The FE-analysis is repeated, von Mises stresses shown in Figure E.3,
deformations in Figure E.4. Significantly higher stresses (max. 349.540 MPa) and displacements
(max. 0.883 mm) are observed - however, displacements and von Mises stresses are still below their
allowable values. Given the achieved mass savings and the acceptable stresses and deformations,
the dimensions resulting from this iteration are taken as final.

Table 4.5: Design iteration: reducing wall thickness of the MPS propellant tank: relevant changes.

| Parameter | Value \
Wall thickness top/bottom plates | 1.74 mm
Wall thickness side plates 3.47 mm
Wall thickness front/rear plates 2.08 mm
Propellant tank dry mass 1.679 kg
Mass savings 25.253 %

Sensitivity Analysis

In order to show that the FE-analysis has presented acceptable results, the element size is increased
from the original element size of 2 mm. A solution is considered for element sizes of 3 mm, 5 mm and
10 mm. The results are presented in Appendix E.1.2 and summarised in Table 4.6. Here it can be
seen, that for increasing element size, the magnitudes of stress and deformation decrease. A trend for
decreasing element size with regards to especially maximum von Mises stress is observed. From this
it can be concluded, that a more detailed FE-analysis using a smaller element size may result in higher
stresses, however the trend does not indicate that the maximum allowable stress of 374.40 MPa and
maximum deformation of 1 mm will be exceeded.

The sensitivity analysis is repeated for the wall thickness iteration, results shown in Appendix E.1.2 and
summarised in Table 4.7. The same trends are observed, however the stress increase with decreasing
mesh size is not significant from an element size of 3 mm to 2 mm. What can be observed clearly here,
is the extreme difference in von Mises stress at an element size of 10 mm - the von Mises stress here
is only roughly half of that of the other samples. For this analysis it is also expected that using a smaller
element size will result in higher stresses, although it is not expected that it will exceed the maximum
allowable stress of 374.40 MPa and maximum deformation of 1 mm will be exceeded. Therefore, the
result of the FE-analysis is deemed accurate enough for verification of the thin plate theory results.
Due to license constraints, a FE-analysis with smaller elements is not further pursued.

Table 4.6: Sensitivity analysis on the FE-analysis of the Main Propulsion System tank.

| Element size | Stress Max. | Stress Min. | Deformation Max. | Deformation Min. |

2 mm 153.460 MPa | 0.344 MPa 0.407 mm 8.769 E-5 mm
3 mm 146.360 MPa | 0.530 MPa 0.406 mm 6.339 E-5 mm
5mm 138.410 MPa | 0.855 MPa 0.404 mm 1.553 E-4 mm
10 mm 121.10 MPa 0.856 MPa 0.389 mm 1.685 E-4 mm
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Table 4.7: Sensitivity analysis on the FE-analysis of the Main Propulsion System tank after the wall thickness reduction iteration.

| Element size | Stress Max. | Stress Min. [ Deformation Max. | Deformation Min. |

2mm 349.540 MPa | 0.816 MPa | 0.883 mm 1.469 E-4 mm
3 mm 346.110 MPa | 1.057 MPa | 0.881 mm 1.833 E-5 mm
5 mm 315.750 MPa | 1.399 MPa | 0.873 mm 3.722 E-4 mm
10 mm 167.770 MPa | 1.782 MPa | 0.812 mm 2.632 E-4 mm

4.1.3. Reaction Control System Propellant Tank

The propellant tank dimensions for the RCS are dictated by the selected BOL/EOL pressure, therefore
the design is more straightforward as compared to the parametric design of the MPS propellant tank.
A blow-down type feed system was selected in the concept phase, meaning that the tank pressure
decreases from BOL to EOL, similarly to the MPS, however with no pump to provide a pressure differ-
ential to achieve constant thruster inlet conditions. As the vapour pressure of the water propellant is
very low (roughly 0.035 bar at 300 K [49]), the EOL thruster pressure is dictated by the minimum thrust
requirement: 1 mN at a thruster inlet pressure of 0.250 bar and a power consumption of 5W. For blow-
down type systems, a high BOL/EOL tank pressure ratio is desirable in order to limit the required ullage
volume, however in order to eliminate requiring a pressure regulator valve, a low BOL tank pressure is
chosen, corresponding to the selected thrust level at BOL. The selected thrust levels at BOL and EOL
for the thruster are shown in Table 4.8. A pressure drop margin is included, to prevent the thruster inlet
pressure falling below the minimum pressure at EOL; at BOL, no margin is added in order to prevent
excessive thruster inlet pressure in case the pressure drop is lower than the assumed margin. The
magnitude of the aforementioned margin, which can be expected for CubeSat propulsion systems is
0.024 bar, as discussed by Berg and Rovey in 2017 [123].

The volume of the sponge is known, however the volume of the vanes and fillets is unknown as they
are a function of tank length. The tank length is solved for, to compensate for the volume required
by all PMD, and results in 32 mm of length. Table 4.9 shows the tank dimensioning results. As the
length is fixed, the only variable left is the wall thickness, of which the influence on von Mises stress
and displacements of the centre of the tank walls is presented in Figure 4.7. Here it can be seen, that
stiffness is design-driving and a wall thickness of 0.495 mm is required for the side plates and 1.45 mm
for the front/rear plates. For the front/rear plates, this thickness is taken as the actual thickness; for the
side plates, a thickness of 1 mm is taken conservatively. The results of the dimensioning process are
presented in Table 4.9.

Von Mises stress at centre of plate Displacement at centre of plate

4500 103
— front/rear — front/rear
4000 7 — sides 102 — sides
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Figure 4.7: Von Mises stress and displacements for the RCS propellant tank, at the centre of the plates, Python/Matplotlib.
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Table 4.8: Thruster and tank conditions (1 thruster firing).

| Parameter | BOL | EOL \

Thrust level 4.000 mN | 1.000 mN
Inlet pressure 1.000 bar | 0.250 bar
Power consumption 20.00 W 5.000 W
Pressure drop margin | 0 0.024 bar
Tank pressure 1.000 bar | 0.274 bar
Propellant mass’ 0.193kg | -

EE 0.9 -

Table 4.9: Dimensioning results for RCS propellant tank.

| Parameter | Value
Tank length 32.344 mm
Required wall thickness sides 0.495 mm
Required wall thickness front/rear 1.450 mm
Chosen wall thickness sides 1.000 mm
Chosen wall thickness front/rear 1.450 mm
Fillet radius 10 mm
Tank dry volume 2.662 E-4 m3
Ullage fraction BOL 27.400 %
Helium pressurant mass 0.012 g
Nitrogen pressurant mass 0.082¢g
BOL pressure 1.000 bar
EOL pressure 0.274 bar
Tank dry mass (total) 250.480 g
Vane mass 7.296 g
sponge mass 8.850¢g
Fillet mass 84.171 ¢
Total PMD mass 100.317 g
Vane volume 1.647 E-6 m°
Sponge volume 1.998 E-6 m3
Fillet volume 1.900 E-5 m3
Total PMD volume 2.265E-5m3
Max. von Mises stress top/bottom, side wall pairs 65.091 MPa
Max. von Mises stress front/rear wall pair 125.063 MPa
Margin of safety von Mises stress top/bottom, side wall pairs | 4.752
Margin of safety von Mises stress front/rear wall pair 1.994

"Using Isp of 100 s, required I, of 170 N-s and EE of 0.9
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Finite Element Analysis

The same procedure as for the MPS is followed. For this tank however, due to the smaller size and
lower thickness of the walls, the maximum element size is 0.5 mm, therefore this FE-analysis is ex-
pected to be more accurate as compared to that of the MPS. Figure E.17 shows a maximum von Mises
stress of 56.557 MPa, barely visible however occurring at the edge of the front/rear plate, at half-tank
width distance. Figure E.18 shows the deformations, with the maximum occurring at the centre of the
front/rear plate pair and a magnitude of 0.267 mm. These values are acceptable, and are within the
same order of magnitude as those in the analytical results (Table 4.9). The tank design is therefore
decided sufficient. Due to the fact that the tank dry mass is only roughly 25% of the allowed propulsion
system wet mass, a wall thickness reduction iteration is not performed.

Sensitivity Analysis

The same procedure as for the MPS is followed. The baseline maximum element size here however is
0.5 mm, the sensitivity analysis is performed on element sizes 1, 3 and 10 mm. The results are shown in
Appendix E.2 and summarised in Table 4.10. Here it can be seen, that the results have only very small
differences between element sizes 0.5 mm, 1 mm and 3 mm. However, considering a large element
size of 10 mm, the results start to show lower stresses and deformations. Due to the small change in
stresses and deformations for the three smallest element sizes, it is concluded that this FE-analysis is
sufficiently accurate to verify the results of the thin plate theory results.

Table 4.10: Sensitivity analysis on the FE-analysis of the Reaction Control System tank.

| Element size | Stress Max. | Stress Min. | Deformation Max. | Deformation Min. |

0.5 mm 56.557MPa | 0.081 MPa | 0.267 mm 6.327 E-5 mm
1 mm 56.557 MPa | 0.081 MPa | 0.267 mm 6.327 E-5 mm
3 mm 56.188 MPa | 0.579 MPa | 0.263 mm 6.924 E-5 mm
10 mm 33.872MPa | 1.019 MPa | 0.141 mm 2.050 E-4 mm

4.1.4. Radiative Heat Loss, Pressurant Gas Expansion and Heating

In reality, as the propellant tank is mechanically connected to surrounding structures, the temperature
will find an equilibrium with the rest of the spacecraft structure. The propellant tanks of the MPS and
RCS are expected to cool down due to radiative heat loss, the worst-case magnitude of this loss is
checked here. For this estimate, it is assumed that the tank outer walls and the MLI remain at a
constant temperature of 300 K, with uniform emissivity over the total surface area. The surface area
of the MLI is assumed equal to the outer surface area tank. The heat radiated outward by the tank is
assumed not to be reflected back to the tank by any other surfaces in order to assume a worst-case
heat loss to be compensated for by electric heating. Furthermore due to expansion of the pressurant
gas during thruster operation, a drop in pressurant gas temperature is expected. From this drop, a
worst-case heating power is calculated assuming isentropic expansion of the pressurant gas over the
total burn time of the system. The burn time to calculate the worst-case power required for this is
calculated assuming both MPS thrusters firing at 1 N of thrust and 1 RCS thruster firing at 4 mN.

These calculations are made for both MPS and RCS and are presented in Table 4.11. Very low radiative
heat loss (Order of E-2 W for MPS and RCS) and heating required due to pressurant gas expansion
(order of E-1 W for the MPS and E-4 for the RCS) are observed, significantly smaller than the max-
imum allowed standby power consumption for the MPS of 1 W for the MPS (requirement MPS.120,
Appendix A.1) and 0.5 W for the RCS (requirement RCS.120, Appendix A.2). For the RCS, the max-
imum thrust level was assumed as constant thrust in order to arrive at a conservative heating power
required. Approximations made using relations presented in Section 2.8.5.
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Table 4.11: Results for approximate heating required for MPS and RCS.

| Parameter | MPS | RCS
Outer surface area tank 1.287 E-1 m? 3.222 E-2m?
Outer wall temperature 300 K 300K
MLI layers 40 40
Emissivity ¢ 0.001 0.001
Radiative heat loss 5913 E-2W 1.480 E-2 W
MLI mass 72.299 g 18.093 g
Constant tank temperature 300 K 300K
BOL tank pressure 3.725 bar 1.000 bar
EOL tank pressure 1.293 bar 0.274 bar
Worst-case EOL pressurant gas temperature | 189.124 K 207.242 K
Pressurant gas mass (Nitrogen) 2.080 E-3 kg 8.200 E-5 kg
Heating energy required 301.213 J 5.650 J
Thrust level 1.0N 4 mN
Total mass flow 8.828 E-4 kg-s™" | 4.079 E-6 kg-s™
Total propellant mass 2.476 kg 0.193 kg
Burn time 2804.486 s 47,317.086 s
Heating power required 0.107 W 1.194 E-4 W
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4.2. Pump-PFCD-Thruster-Regulator System for MPS

A micro-gear pump by Flightworks, Inc. is selected from the 43 models listed in Appendix C. In order
to select the most feasible pump, two factors are of importance: first of all, the pump must be able to
provide a sufficient pressure differential in order to achieve the desired thrust level. Secondly, the pump
must be able to provide a sufficient flow rate in order to feed the thrusters and to achieve the desired
pressure differential over the PFCD of a given length.

In the concept design stage, the pump model 2212-M04C49 was selected, due to being able to provide
the highest pressure differential possible, and thereby able to achieve the maximum possible thrust
level at BOL. At that stage, the flow rate (max. achievable flow rate at max. differential pressure: 95
ml-min"') was considered sufficient as it was above the required thruster flow rate of 42.84 ml-min-!
for two thrusters firing at 1 N (Table 3.12). The flow rate requirement in order to generate sufficient
pressure drop over the PFCD of a given length to achieve the desired pump pressure differential was
not considered yet, and the PFCD design resulted in an orifice length of 100 mm and an orifice diameter
of 0.265 mm (Table 3.14). As this orifice length is quite significant considering the dimensions of the
spacecraft bus, this pump is not deemed feasible for the detailed design.

In this section, first, three thrust levels are considered: minimum, medium (exactly half way between
minimum and maximum) and maximum are considered to present the required pump pressure differen-
tial and flow rates for the thrusters. Secondly, the attainable pressure drop over the PFCD is presented
for various orifice lengths. Thirdly, the pump requirements are presented, a shortlist of pumps is as-
sembled based on attainable pressure differential, infeasible pumps are eliminated using the pump
requirements, and finally the lightest option of the remaining pumps is taken. Fourthly, the operating
points of the selected pump are presented for BOL and EOL tank presssure, and for thruster valve
position. Fifth and finally, a custom regulator valve design is presented in order to comply with the
throttling requirement PROP.052 (Appendix A.1).

4.2.1. Thrust Level

As per requirement PROP.050 and PROP.053 (Appendix A.1), the thrust level of each of the two
thrusters must be between 100 mN and 1000 mN. The thrust range of the selected MPS thruster,
namely the ECAPS HPGP 1N, lies between 250 mN and 1000 mN and therefore its entire thrust range
is compliant with the requirements. In order to select the thrust level, three values are presented: min-
imum, medium (halfway between minimum and maximum) and maximum, shown in Table 4.16, where
the total flow rate required by the thrusters and the required pump pressure differential are additionally
expressed in the units handled in the datasheets supplied by Flightworks, Inc., namely psid for pressure
and ml-min-! for volumetric flow rate. From Appendix C it is observed that pumps exist complying with
the required inlet pressure and flow rate for each of these thrust levels.

Table 4.12: Thrust level options for the Main Propulsion System.

| Parameter | Minimum | Medium | Maximum
Thrust level 0.250 N 0.625 N 1.000 N
Inlet pressure 5.500 bar 13.750 bar 22.000 bar
Required pump Ap 4.759 bar 13.009 bar 21.259 bar
Required pump Ap 69.023 psid 188.680 psid 308.336 psid
Mass flow 1 thruster 1.104E-4 kg-s™' | 2.759E-4 kg-s™' | 4.414E-4 kg-s™
Volumetric flow rate 2 thrusters | 10.710 ml-min"" | 26.775 ml-min"" | 42.840 ml-min""

4.2.2. Passive Flow Control Device Dimensioning Considerations

In order to set the working point of the pump, a PFCD is used, which furthermore enables the pump
to spool up close to its operating point without expelling any propellant at low and possibly insufficient
thruster pressure. This is discussed in Section 2.7. The PFCD requires a flow rate to cause a pressure
drop over its length, illustrated by Figure 4.8. Here, the volumetric flow rate through the PFCD is
displayed on the x-axis and achievable pressure drop is displayed on the y-axis, for the three different
thrust levels as presented in Table 4.16. Here, ideal flow is assumed with no losses outside the PFCD.
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The first plot shows the pressure drop over the PFCD for a PFCD inlet pressure of 5.5 bar, here it is
seen that for short orifice lengths a higher flow rate is required; a higher flow rate means a higher flow
velocity which in turn increases the pressure drop. If at any point in the PFCD the pressure is below
zero, no result is recorded. This may happen if the friction pressure loss is greater than the pressure
after the contraction. A jump is seen in the data: this occurs at the point where the Reynolds number
surpasses 2100 and the Blasius relation is used instead of the Hagen-Poiseuille relation. In reality,
the transition that occurs around this Reynolds number is smooth, and not accounted for well by the
equations. The jump shown here is merely a result of the mathematical relations used. The Reynolds
number and Darcy-Weissbach friction factor are presented in Figure 4.9. The results corresponding to
Reynolds numbers around 2100 should be treated with caution as some inaccuracies are present. An
orifice diameter of 500 um is preliminarily chosen. A large orifice length is observed to be required to
limit the required flow rate. It is observed that for the minimum thrust level with thruster inlet pressure of
5.5 bar, the maximum achievable pressure drop for an orifice length of 100 mm is lower as compared
to other orifice lengths. This is caused by a jump being present in the friction factor calculated for Re >
2100, and the resulting approximated pressure drop exceeding the thruster pressure. Subsequently,
the static pressure (theoretically, ignoring vaporisation of the working fluid) reaches zero at some point
inside the PFCD orifice, making the solution invalid. This is discussed further in Section 2.5.2. This
jump is furthermore seen in Figure 4.9 at a volumetric flow rate of roughly 115 ml-min-'.

PFCD with 500 micron orifice diameter and different lengths, for different thruster inlet pressure values
p thruster = 5.5 bar p thruster = 13.75 bar p thruster = 22.0 bar
14

20
12 A

10
15 4

P = 6 o 10
= Lo=25mm = Lo=25mm [T L o=25mm
21 L o =50mm L o=50mm L o=50mm
— Lo=75mm 47 — Lo=75mm 5 —— Lo=75mm
14 —— L_o =100 mm 2 —— L. o=100 mm — L_o=100 mm
— Lo=125mm — Lo=125mm — Lo=125mm
0 —— L o =150 mm 04 —— L o=150 mm oA —— L o= 150 mm
ll) 5|0 lCI!D 15|0 ll) ltI)O 260 360 ll) ltI)O 2t|)0 360 460
vdot (ml/min) vdot (ml/min) wvdot (ml/min)

Figure 4.8: Recirculation loop pressure drop as function of volumetric flow rate for different thruster pressure values,
Python/Matplotlib.

4.2.3. Pump Requirements and Final Selection
Due to the large amount of freedom in selecting parameters for the propulsion system, choices are
made to continue with the design:

» The thrust level is set as constant.
* The thrust level is chosen as the maximum possible thrust achievable with the selected pump.

« The worst case required volumetric flow rate for the pump is estimated as 200 ml-min™' for the
aforementioned medium thrust level. The maximum thrust level is at an inlet pressure of 22
bar. This is not attainable due to the low tank pressure at EOL in combination with the highest
attainable pressure differential from these pumps being 17.237 bar.

» The PFCD orifice length is chosen as 50 mm in order to limit the volume and mass of the com-
ponent as compared to the PFCD used in the concept design stage, utilising an orifice length of
100 mm. Figure 4.8 shows an attainable pressure differential of roughly 10 bar for a flow rate of
200 ml-min™'. To illustrate the achievable thrust at this pressure differential and an example tank
EOL pressure of 1 bar, a thruster inlet pressure of 11 bar corresponding to a thrust level of 0.5 N
would be attainable.
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Flow properties for PFCD with 500 micron orifice diameter
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Figure 4.9: Recirculation loop Reynolds number and Darcy-Weissbach friction factor as function of volumetric flow rate for
different thruster pressure values, Python/Matplotlib.

» The PFCD inlet diameter is chosen equal to the port diameter of the pump.

» The PFCD orifice diameter is preliminarily set at 500 um. In reality, at a certain flow cross-sectional
area, capillary action may occur, analysis of this is however left out of scope and it is not assumed
to happen at this orifice diameter.

» Throttling of the thrusters occurs by keeping the total thruster mass flow constant, increasing the
mass flow to one thruster and decreasing the mass flow to the other thruster. This facilitates the
mitigation of torques caused by misalignment.

A shortlist of five pumps able to provide the highest pressure differential for flow rates below 500 ml/min
is presented in Table 4.13. For increasing pressure differential, the flow rate decreases. The highest
differential pressure at highest rotational velocity is chosen for reference. For these pumps a very
similar mass is observed. Even for the lowest thrust level with thruster inlet pressure of 5.5 bar, still a
volumetric flow rate of around 100-150 ml through the PFCD is required (Figure 4.8). Pump models
2212-M04C10.C12.C15, 2212-M04C49.C50.C51 and 2212-M04X05.X06.X07 are not considered due
to a very low flow rate resulting in requiring a very large PFCD orifice length. Finally, the pump with
model designation 2222-M04C58.C59.C60 is selected due to its mass being lower than that of model
2222-M04X10.X11, and having an acceptable flow rate. Its mass is furthermore not significantly higher
than that of other shortlisted pumps (show also some pumps that comply with lowest thrust setting).
During the concept phase, a much higher thrust level was achieved due to higher EOL tank pressure
and a higher achievable PFCD pressure drop using an orifice diameter below 500 micron. The pumps
listed in Appendix C include pumps with higher pressure differentials than those in Table 4.13, however
they provide a much lower flow rate (95 ml-min') at max. Ap, which would be insufficient for any of the
proposed PFCD for the 13.8 bar and 22.0 bar thruster pressure plots presented in Figure 4.8.

Table 4.13: Shortlist of pumps, data for highest rotational velocity, highest pressure differential attainable. Selected pump marked
in bold. Infeasible pumps marked in italics. From Appendix C.

| Model | Max. Flow rate at max. Ap | Ap | Mass |
2212-M04C10.C12.C15 | 20 ml-min’" 13.790 bar | 140 g
2212-M04C49.C50.C51 | 95 mi-min’” 17.237 bar | 176¢g
2212-M04X05.X06.X07 | 120 mi-min’” 12.411 bar | 160 g
2222-M04C58.C59.C60 | 270 ml-min™" 12.066 bar | 150 g
2222-M04X10.X11 350 ml-min"" 12.066 bar | 190 g
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4.2.4. Pump-PFCD-Thruster Working Points

It has to be considered that during the TVC condition, the total mass flow being transported by the pump
decreases, while the generated differential pressure increases. As the differential pressure the pump
is able to supply is limited, some margin for nominal thrust is required. Furthermore, as requirement
PROP.052 (Appendix A.1) states that each thruster shall be throttled by +- 10% of nominal thrust, it
is decided that the system provides a high-pressure end pressure corresponding to that of maximum
thrust (110% of nominal thrust) plus some assumed pressure drop margin, to be regulated down by
a pressure regulator valve to achieve nominal thrust. Ideally, this provides a fixed inlet pressure and
therefore fixed mass flow in each thruster. For throttling to correct for misalignment effects by a given
% of nominal thrust, the inlet pressure of one thruster is increased by half that percentage, for the the
other thruster it is decreased by half that percentage.

Given that the selected pump provides a maximum pressure differential of 12.066 bar (Table 4.13)
and the tank EOL pressure is 0.741 bar (Table 4.4), a theoretical thruster inlet pressure of 12.807 bar
results, ignoring any flow losses. This inlet pressure corresponds to a maximum thrust (nominal + 10%)
of 0.582 N, or nominal thrust of 0.53 N. Subsequently it must be considered that for the TVC situation
where the differential pressure at a fixed rotational velocity of the pump increases, and that pressure
losses will occur in the feed system. Therefore, a nominal thrust level of 0.45 N is selected, to provide
sufficient margins for operation. The working points of the system are presented in Figure 4.10. Here
it is observed, that a significantly higher differential pressure results inside the pump-PFCD system
at TVC condition, therefore the margins are justified. The pressure at all PFCD stations is presented
in Figure 4.11. The calculation data is presented in Table 4.14. Finally, it is observed that at BOL,
a significantly higher cavitation constant results with the experimental result of 8.657 (Table 2.8. At
EOL however, much lower NPSH, is observed at a higher rotational velocity, causing a comparably
very low value of this constant. This indicates that at this condition, the pump operates closer to risk of
cavitation as compared to the test. However, it must be noted that nothing with respect to cavitation was
mentioned during the tests described by Besnard et al. in 2019 [55], therefore it cannot be concluded
with certainty whether cavitation will occur. One other observation is that the NPSH, value at EOL
calculated here is slightly higher to that of the larger pump during test 4. However, no rotational velocity
was provided with that test, therefore no cavitation constant could be calculated for that situation. It is
concluded, that cavitation may be expected for pump operation due to the comparatively low cavitation
constant, therefore testing of the pumps is required in order to determine the cavitation characteristics
in combination with propellant LMP-103s at the selected working points and tank pressure values.

Pump and PFCD performance, pump model 2222-M04C58, PFCD length 0.05 m
Constant nominal thrust force of 0.45 N, pre-regulator pressure corresponding to thrust force of 0.495 N + dp margin
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Figure 4.10: Pump-PFCD operating point for a constant thrust force of 0.5 N, Python/Matplotlib.

"Total mass flow (for 2 thrusters)
2Numpy minimisation function in Python
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Pressure at each station in the PFCD for LMP-103s for different operating points.
Orifice length 0.05 m, Inlet diameter 3.0 mm, orifice diameter 0.5 mm.
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Figure 4.11: PFCD pressure at all stations for a constant thrust force of 0.5 N, Python/Matplotlib.

Table 4.14: Pump-PFCD-Thruster system at BOL, EOL conditions for TVC and TVO conditions.

] Parameter \ BOL TVO \ BOL TVC \ EOL TVO \ EOL TVC
Nominal thrust level 0.450 N 0.000 N 0.450 N 0.000 N
Thruster pressure 9.900 bar 0.000 bar 9.900 bar 0.000 bar
Thruster mass flow’ 3.973 E-4 kg-s" | 0.000 kg-s™" 3.973E-4 kg-sT | 0.000 kg-s"

w pump 10,587.209 min"" | 10,589.209 min" | 13,001.382 min"" | 13,001.382 min""
Tank pressure 3.725 bar 3.725 bar 3.725 bar 3.725 bar

High pressure 10.914 bar 11.713 bar 10.914 bar 11.777 bar
Appump 7.189 bar 7.988 bar 10.173 bar 11.036 bar
Apprcp 7.189 bar 7.988 bar 10.173 bar 11.036 bar
Myumyp 3.866 E-3kg-s' | 3.676 E-3kg-s' | 4597 E-3kg-s' | 4.392 E-3 kg-s™"
Mprcp 3.467 E-3kg-s" | 3.676 E-3kg-s' | 4.200 E-3kg-sT | 4.392 E-3 kg-s™"
Solver used fmin?2 line search fmin line search
Solver mismatch 5.260 E-4 Pa 0.846 Pa 6.400 E-5 Pa 3.426 Pa

P pump 2375 W 2247 W 3.920 W 3.782'W
NPSH, 29.498 m 29.498 m 4.890 m 4890 m
Cavitation constant C., | 15.56 15.56 1.71 1.71

4.2.5. Throttling

As per requirement PROP.052 (Appendix A.1), the thrust of each thruster is required to be able to be
throttled by +-10% from nominal thrust. This can be achieved by the use of a regulator valve to regulate
pressure, assuming specific impulse of the thruster stays constant and thrust force is proportional to
thruster inlet mass flow. The inlet mass flow in turn is proportional to thruster chamber pressure as
observed in Equation 2.9. Assuming that chamber pressure is proportional to inlet pressure (with
unknown pressure drop over the catalyst bed and the inlet port), the thrust force is therefore assumed
to be proportional to thruster inlet pressure. Furthermore, because changing the total thruster mass
flow would mean a change in the operating point of the pump, and the rationale behind the throttling
requirement is to compensate for misalignment of thrusters, it is decided to keep the total thruster mass
flow constant by throttling one thruster up and the other thruster down by the same percentage.

As thruster mass flow is low (in the order of 2.200 E-4 kg-s™' per thruster assuming a thrust level of
0.5 N) and the found commercially available regulator valves such as the Valcor pressure regulator
(Table 2.14) are dimensioned for much larger mass flows and higher pressures, and finally are char-
acterised by high mass, it is decided to assume a custom designed valve can be used. This valve is
modeled after the MEMS Pressure Regulator Module by GOMSpace/NanoSpace AB. It is realised that
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this valve was designed for Xenon gas applications and for a very low MEOP of just 2 bar, however due
to the lack of suitable options, these properties are left out of scope, to arrive at a mass and volume
estimate of such a component. The maximum specified mass flow through the valve is 50 pg-s™ of
Xenon gas.

As a larger mass flow rate through the valve must be accommodated for fluids with different densities,
the mass flow equation m = pvA is rearranged:

Anew _ MpewPold

@.1)

Aold PnewMola
where the subscript new corresponds to the upscaled version and old to the original scale of the valve.
Calculations are shown in Table 4.15, resulting in a required upscaling of the flow cross-sectional area
by a factor of 30.650. To keep the valve design simple, two dimensions of the valve are simply scaled
up by a factor equal to the square root of this area ratio, namely 5.536, then the final dimensions are
rounded up. A final mass of 11.995 g results for the custom regulator valve. For this valve, itis assumed
that it can withstand the maximum pressure observed in the system of 10.914 bar, and regulate the

TVO pressure of 10.914 bar (pressure corresponding to nominal thrust +10%) down to 9.900 bar for
nominal thrust and 8.910 bar for -10% thrust (Table 4.16).

Table 4.15: Custom regulator valve design.

| Parameter | Value \
Original regulator mass flow rate 5.000 E-8 kg-s™"
Required mass flow rate 2.200 E-4 kg-s™'
Density of Xenon (300 K, 2 bar)? 10.527 kg-m3
Density of LMP-103s (300 K, assumed incompressible) | 1,236.520 kg-m™
Flow area ratio 37.460
Scale factor for two outer dimensions 6.120
Original valve outer dimensions 20x7x1.2mm
Upscaled valve outer dimensions 20x43 x 7 mm
Material volume upscaled 6.293 E-6 m3
Assumed material density® 2,329.600 kg-m™3
Material mass upscaled 14.661 g

Table 4.16: Operating conditions for one thruster.

| Thrust level | Thrust force | Pressure before regulator | Pressure after regulator |

Nominal 0.450 N 10.914 bar 9.900 bar
+10% 0.495N 10.914 bar 10.914 bar
-10% 0.450 N 10.914 bar 8.910 bar

3Calculated using the ideal gas law, using a molar mass for Xe of 131.293 g-mol™" [49]
4Taken for Silicon, from Pubchem/NLM [124]
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4.3. COTS Component Selection, Integration and Digital Mockup
This Section serves to discuss the custom designed components and chosen COTS components.
The components are first discussed for the MPS, subsequently for the RCS. For each component,
a simple Digital Mockup (DMU) is created, to use in the final full system DMU. Not all dimensions
may be presented for a component, therefore some dimensions may be assumed. The purpose of
all DMUs presented here is to achieve a preliminary layout of the complete propulsion system and to
determine the required line lengths, bends and T-junctions in order to approximate the pressure loss
for this preliminary propulsion system layout. The spacecraft bus including a black box representation
of the 3x1 U payload is presented in Figure 4.12. It is modeled after the CubeSat standard for a 12U
bus, shown in Appendix D.

Figure 4.12: Spacecraft bus including "black box” payload, Inventor 2022.

4.3.1. Main Propulsion System Components

Fill/Drain Valve

As FDV, the Omnidea Hydrazine FDV is selected, as for the VACCO FDV, no material compatibility
was found with LMP-103s due to the Tungsten Carbide ball used. Furthermore, the Arianespace FDV
series require a separate valve for each filling/draining purpose. For this component, dimensions were
not clearly indicated. The outer dimensions were taken as provided by Omnidea in the datasheet [105],
all other dimensions were assumed. The DMU is shown in Figure 4.13a.

Pressure Transducer

The GP:50 Miniature Pressure transducer 7000 is selected due to its low mass. Due to requirement
ECSS.140 (Appendix A.4), a solution for a redundant setup is needed. A simple block is created to
connect the components to a flow tube with 3 mm inner diameter, measuring 20x20x10 mm, resulting
in a material volume of 3.859 E-6 m3, using Ti-6Al-4V this results in a mass of 17 g. The DMU is shown
in Figure 4.13b.

Thermocouple

The selected thermocouple is the RS Pro K-type thermocouple (Table 2.20). Its mass and dimensions
are unknown, and integration in the DMU is left out of scope. Two small ports will be required to be
made into the tank wall, one for each thermocouple, and the probes must be in contact with the fluid,
e.g. connected to the sponge PMD.

Latch Valve

The 1/4” Low Pressure Miniature Latch Valve V1E10728-01 by VACCO was selected due to being the
lightest suitable option. This component includes a 40 um etched disk filter at the inlet, eliminating the
need for a separate filter. For this component, no dimensions are assumed as all are provided in the
datasheet published by VACCO [103]. The DMU is shown in Figure 4.13c.

Pump

As discussed in Section 4.2, the Flightworks, Inc. model 2222M04C58 pump was selected. Its di-
mensions are provided by Flightworks, Inc. [56] and are 79.9 mm length, 22 mm diameter and 3 mm
inlet/outlet ports of 10 mm length. The DMU is shown in Figure 4.14a.
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Passive Flow Control Device

As discussed in the Section 4.2, the chosen orifice length is 500 mm and the inlet diameter is equal to
the pump port diameter of 3 mm. The orifice diameter is set as 500 um. Using 5 mm of inlet and outlet
port lengths, this results in a total length of 60 mm. The wall thickness is chosen as 7 mm, therefore
the final dimensions of the PFCD are 60 x 7 x 7 mm. The material volume is 2.860 E-6 m® and the
chosen material is Ti-6Al-4V for material compatibility, resulting in a mass of 13 g. The DMU is shown
in Figure 4.14b.

Regulator Valve
The regulator valve design is discussed in Section 4.2 and the DMU is shown in Figure 4.14c.

Thruster
The only provided thruster dimension is the length - 178 mm as presented by Persson et al. in 2012
[41]. All other dimensions are assumed. The DMU is shown in Figure 4.15a.

Tank and Propellant Management Devices
The design of the tank and PMDs is discussed in Section 4.1. The DMU is shown in Figure 4.15b. A
separate view of the PMDs is provided in Figure 4.15c.
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(a) Fill/Drain valve for the Main Propulsion Sys-(b) Two connected pressure Transducers for the(c) Latch valve for the Main Propulsion System.
tem. Main Propulsion System.

Figure 4.13: Digital Mockups of Main Propulsion System Components, 1, Inventor 2022.
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(a) Flightworks, Inc. 2222M04C58 pump for the(b) Passive Flow Control Device for the Main(c) Custom designed regulator valve for the Main
Main Propulsion System. Propulsion System. Propulsion System.

Figure 4.14: Digital Mockups of Main Propulsion System Components, 2, Inventor 2022.

4.3.2. Reaction Control System Components

Fill/Drain Valve

The selected FDV is the VACCO Fill/Drain Valve Table 2.18, due to the lowest mass option and its
material compatibility with water. The Arianespace valves require two separate valves for fill/drain
operations, resulting in higher total mass and are therefore undesirable. The length of 103.759 mm
and diameter of the triangular mounting plate of 47.498 mm are used, all other dimensions are as-
sumed. The hind tube is shortened here in order to be able to fit the volume. The DMU is presented in
Figure 4.16a.
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(a) ECAPS HPGP 1N Thruster for the Main(b) Tank for the Main Propulsion System. (c)Propellant Management Devices for the Main
Propulsion System. Propulsion System.

Figure 4.15: Digital Mockups of Main Propulsion System Components, 3, Inventor 2022.

Filter

The selected filter is based on the VACCO model F1D10807-02 filter (Table 2.19), customised for use
in the RCS. Due to the very low flow rate in the RCS with only one thruster firing (max. 4.079 E-6
kg-s'), the model by VACCO is too large. Due to lack of smaller options, a custom model is made,
shown in Figure 4.16b with protruding inlet and outlet ports. An inlet diameter of 1 mm is chosen, using
the area ratio from the original filter with an inlet diameter of 6.35 mm and a maximum diameter of 14
mm, the maximum diameter results in 4.86 mm, rounded up to 5 mm. The length is arbitrarily set at
twice the maximum diameter, namely 10 mm. Assuming a wall thickness of 1 mm throughout for the
cylindrical centre part, the mass of the cylindrical part is 0.870 g, rounded up to 1 g.

Pressure Transducer

This component is identical to the one used in the MPS, however with TBD inner diameter. The DMU
is presented in Figure 4.17a.

Thermocouple

The selected thermocouple is the RS Pro K-type thermocouple (Table 2.20). Its mass and dimensions
are unknown, and integration in the DMU is left out of scope. Two small ports will be required to be
made into the tank wall, one for each thermocouple, and the probes must be in contact with the fluid,
e.g. connected to the sponge PMD.

Latch Valve

The selected latch valve is the Moog Latching Valve (Table 2.17), it is important to note that no compat-
ibility with water was noted, however it is assumed that this component is indicative of the mass and
volume required for fulfilling latch valve functionality for the RCS. The dimensions are 10 x 10 x 10 mm.
The DMU is presented in Figure 4.17b.

Thrusters

The selected thrusters are the Aurora ARO thrusters, which according to the datasheet measure 20 x
20 x 20 mm in their smallest configuration [90]. The DMU is shown in Figure 4.18a.

Tank and Propellant Management Devices

The tank and PMD design is presented in Section 4.1. The DMU is presented in Figure 4.18b. A
separate view of the PMDs is presented in Figure 4.18c.
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(a) Fill/drain valve for the Reaction Control System. (b) Filter for the Reaction Control System

Figure 4.16: Digital Mockups of Reaction Control System Components, 1, Inventor 2022.

il

(a) Two connected pressure transducers for the Reaction Control Sys-(b)  Latch  valve for the Reaction Control  System.
tem.

Figure 4.17: Digital Mockups of Reaction Control System Components, 2, Inventor 2022.

(a) Aurora ARO thruster for the Reaction Control(b) Tank including Propellant Management De-(c) Propellant Management Devices for the Re-
System. vices for the Reaction Control System. action Control System

Figure 4.18: Digital Mockups of Reaction Control System Components, 3, Inventor 2022.
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4.3.3. Integration into Spacecraft Bus

The complete system is integrated into the spacecraft bus and interconnected using feed lines. The
feed line diameter for the RCS here is purely for illustration, the inner diameter is TBD. The DMU of the
complete integrated system is presented in Figure 4.19. The MPS alone is presented in Figure 4.20a
and Figure 4.20b, the RCS alone is presented in Figure 4.21a and Figure 4.21b.

In this layout, the MPS thrusters have been placed in two of the three available mounting volumes at the
rear end of the spacecraft, diagonally opposed as to not cause a torque over the pitch or yaw axes of
the spacecraft. The MPS thrusters occupy the full available length of the additional "tuna can” volume.
The free corner is occupied by the RCS, here the thrusters are placed at the far end of the tuna can
volume. Some implications of this layout must be addressed: first of all, the MPS propellant tank and
MPS thrusters are very far apart, with a significant amount of space being occupied by feed lines and
other components. Integration of other spacecraft subsystems may require a different feed line layout
to accommodate for these subsystems.

For the integration, three important notes must be made. The first is, that all components have been
placed such that as little space in the bus-length direction is occupied as possible, while getting as
little feed line bends as possible. The second note is that all mounting means are left out of scope.
Therefore, no brackets are shown in the DMUs. The third note is that the MLI blankets, heaters and
thermocouples have been left out of the integration as the placement of these components may be
driven by thermal considerations, which can only be made when the integration of all other compo-
nents of the spacecraft is considered. The power and mass considerations for these components is
considered however, at the end of this Chapter in the system summary.

Figure 4.19: Complete propulsion system integrated into the 12U spacecraft bus, Inventor 2022.
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(a) Main Propulsion System, isometric perspective. (b) Main propulsion System, side perspective.

Figure 4.20: Main Propulsion System DMU, two views, Inventor 2022.

(a) Reaction Control System, isometric perspective. (b) Reaction Control System, side perspective.

Figure 4.21: Reaction Control System DMU, two views, Inventor 2022.
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4.4. Pressure Drop and Fluid Hammer

This section delineates the approximation of pressure drop over the feed system of the MPS and RCS,
additionally the worst-case fluid hammer magnitude is approximated. The theory for this is presented
in Section 2.6. In the previous section, the DMUs for the MPS and RCS were discussed, from these,
the line lengths were measured in Inventor and used here to approximate the pressure loss. For the
MPS, a bend radius of 10 mm was chosen, for the RCS, a bend radius of 5 mm was chosen. If *-”" is
noted for length, this means that the components are directly interconnected. For the T-junctions, a
bend radius of 3 mm was selected for the MPS, a bend radius of 1 mm was selected for the RCS. It
is assumed that no coiling effects occur during bends, i.e. all bend flow flows through the plane of the
bend.

4.4.1. Main Propulsion System

The hydraulic diagram as used in the DMU including all bends and T-junctions is shown in Figure 4.22
including station numbering. The segments are described with their section length, diameter, flow
velocity and resulting approximated pressure drop in Table 4.18. All calculations are made for the
steady-state TVO situation at EOL at the selected constant nominal thrust level of 0.45 N with the
highest PFCD mass flow as seen from Table 4.14. A graphical representation is shown in Figure 4.23.

Note that the T-junction at station 6 coincides with the pump inlet as seen in Figure 4.20b, and the
flow from 5-7 flows straight through, this pressure loss is approximated using a straight segment. It
is important to note, that only one thruster branch is considered here. For the flow from from tank to
thruster, a constant velocity is taken, this is achieved by halving the pipe cross-sectional area after
station 13. The flow exiting the PFCD is routed to the pump inlet using the T-junction at station 6. For
approximating the pressure drop over the LV, Equation 2.26 is used in combination with manufacturer
data as published by VACCO [103], where the lowest presented pressure drop of 0.6 psid at 0.03 GPM
and the highest presented pressure drop of 4.25 psid at 0.10 GPM is used considering water propellant.
Converted to metric units, this corresponds to a friction loss factor K of 2324.373 for the minimum flow
rate and K of 1481.786 for the maximum flow rate. In order to arrive at a simple estimate, the average
of these values is used, namely 1903.080.

A pressure mismatch at station 6 for the tank-pump flow and station 27 for the recirculation loop-pump
outflow is observed: the pressure at the exit of the recirculation loop is 0.725 bar, the pressure coming
from the tank side towards the pump inlet is 0.739 bar - an error of approximately 1.894%. In reality,
this is not likely to cause problems for the system functionality, as the pump-PFCD system will adjust
for this slight mismatch and the pump-PFCD working point will change by a small amount.

Table 4.17: Required input data for pressure drop approximation for the Main Propulsion System, steady state TVO situation at
EOL.

| Property | Value \
Thrust level 0.450 N
Mass flow 2 thrusters 3.973 E-4 kg-s™’
Pump mass flow m,,my, 4.597 E-3 kg-s™”
PFCD mass flow mpycp 4.200 E-3 kg-s™"
Tank pressure 0.741 bar
Pump differential pressure Ap,,,,, | 10.173 bar
Bend radius 10 mm
T-junction bend radius 3 mm
Pipe baseline diameter 3 mm
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Figure 4.22: Line segments and components of the Main Propulsion System for approximating pressure drop, draw.io.

Table 4.18: Feed line segments and their pressure drop for the Main Propulsion System. Each station refers to the downstream
end of the component.

| Station | Description | Length | Diameter | Velocity | Pressure drop | Pressure
0 Tank - - 0 - 1.293 bar
1 Straight 8.610 mm | 3.00mm | 0.045 m-s’ 4.030 Pa 0.741 bar
2 PT block 20 mm 3.00mm | 0.045 m-s” 9.362 Pa 0.741 bar
3 Straight 0 3.00mm | 0.045 m-s" 0 0.741 bar
4 Latch valve n/a 6.35mm | 0.010 m-s" 121.107 Pa 0.740 bar
5 Straight 0mm 3.00mm | 0.045 m-s” 0 0.740 bar
6 T-junction 10 mm 3.00mm | 0.548 m-s" | 56.164 Pa 0.739 bar
7 Pump inlet 0 3.00mm | 0.548 m-s™ 0 0.739 bar
(Sub) total 190.663 Pa -
8 Straight 25 mm 3.00mm | 0.548 m-s” 135.409 Pa 10.911 bar
9 T-junction 4712mm | 3.00mm | 0.045 m-s’ 2.616 Pa 10.911 bar
10 Straight 33.968 mm | 3.00 mm | 0.045 m-s’’ 15.901 Pa 10.911 bar
11 Bend 90° 15.708 mm | 3.00 mm | 0.045 m-s" 8.721 Pa 10.910 bar
12 Straight 10.000 mm | 3.00 mm | 0.045 m-s-" 4.681 Pa 10.910 bar
13 T-junction 4.712 mm 2.12mm | 0.045 m-s” 4.701 Pa 10.910 bar
14 Straight 57774 mm | 2.12mm | 0.045 m-s 54.088 Pa 10.910 bar
15 Regulator 20.000 mm | 2.12mm | 0.045 m-s™ 100,985.22 9.900 bar
16 Straight 0 2.12mm | 0.045 m-s" 0 9.900 bar
17 Bend 90° 15.708 mm | 2.12mm | 0.045 m-s™" 15.672 Pa 9.900 bar
18 Straight 0 2.12mm | 0.045 m-s” 0 9.900 bar
(Sub) total 101,227.009 Pa -
9 T-junction 4.712 mm 3.00mm | 0.480 m-s” 202.580 Pa 10.910 bar
19 Straight 10.000 mm | 3.00 mm | 0.480 m-s™’ 49.482 Pa 10.910 bar
20 Bend 90° 15.708 mm | 3.00 mm | 0.480 m-s" 161.056 Pa 10.910 bar
21 Straight 0 3.00mm | 0.480 m-s" 0 10.910 bar
22 PFCD inlet 5.000mm | 3.00mm | 0.480 m-s’ 24.741 Pa 10.910 bar
22 PFCD orifice | 50.000 mm | 0.50 mm | 17.298 m-s”" | 1,017,259.968 Pa | 0.735 bar
22 PFCD outlet | 5.000 mm | 3.00 mm | 0.480 m-s™ 24.741 Pa 0.735 bar
23 Straight 0 3.00mm | 0.480m-sT [0 0.735 bar
24 Bend 180° 31416 mm | 3.00mm | 0.480 m-s™ 322.112 Pa 0.732 bar
25 Straight 45.000 mm | 3.00 mm | 0.480 m-s™” 222.671 Pa 0.729 bar
26 Bend 90° 15.708 mm | 3.00 mm | 0.480 m-s" 322.112 Pa 0.726 bar
27 Straight 30.000 mm | 3.00 mm | 0.480 m-s™ 148.447 Pa 0.725 bar
6 T-junction 4.712 mm 3.00mm | 0.526 m-s™” 57.886 Pa 0.724 bar
(Sub) total 1,018,795.796 Pa | -
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Pressure per station, Main Propulsion System
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Figure 4.23: Approximated pressure per station for the Main Propulsion System, Python/Matplotlib.

Reaction Control System

A visual representation of the line segments and components in the RCS is shown in Figure 4.24. The
calculations from the previous section are repeated for this case, presented in Table 4.20. The input
data for these calculations are presented in Table 4.19. This data corresponds to the BOL situation, as
the RCS operates in blow-down mode and at BOL the thruster pressure and therefore mass flow are
at their highest. For the bend at stations 2 and 14, a radius of 10 mm is used instead of 5 mm as used
everywhere else. This was a necessary choice in the DMU to allow placements of the components and
leaving some space between them. Using the single datapoint for pressure drop provided by VACCO
for filter model F1D10807-02 [108] (10342.1 Pa for 0.024 kg-s™! of Hydrazine), a factor K is determined
as 36.038, assumed to be valid for a preliminary approximation of pressure drop through the customised
variant. For the Moog Latching Valve, the same value is assumed due to lack of information. Figure 4.25
shows the approximated pressure per station for the RCS at BOL. Due to the very low flow velocity,
a very low Reynolds number results of 6.08. Taking the pipe diameter of 1 mm, in order to achieve
a Dean number De of 11, a bend radius of 0.153 mm would be required, which does not occur here.
Assuming that below this value of De, no helical vortices form, all bends here are simply assumed as
straight flows. The total

Table 4.19: Required input data for pressure drop approximation for the Reaction Control System, steady state thruster firing at
BOL.

| Property | Value \
Thrust level 4.000 mN
Mass flow 1 thruster | 4.079 E-6 kg-s™”
Tank pressure 1.000 bar
Pipe diameter 1.000 mm
Bend radius 5.000 mm
T-junction bend radius | 1.000 mm

4.4.2. Conclusion Pressure Loss

For the MPS, in Table 4.18 the thruster valve inlet pressure is observed to be 9.900 bar (stations 17
and 18). The pressure before the regulator is 10.910 bar (at least 10.890 bar required for nominal
thrust level + 10% ), which has some margin above the aforementioned required 10% above 9.900 bar
inlet pressure. Therefore, the pressure drop in the feed system of the MPS is considered acceptable
and the pipe diameter is taken as acceptable as well. However, it was seen that a small pressure
mismatch was present at station 6, namely between the branches coming from the tank and from the
recirculation loop. This is as mentioned not expected to be a problem due to in reality, the pump-PFCD
system adjusting its working point slightly for such situations.

For the RCS, due to very low flow velocity at the chosen pipe diameter of 1 mm, a very small pressure
loss of 20.711 Pa is observed, which is negligible compared to the feed pressure of 1 bar. It must be



110

4. Detailed Design

)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Tank PT ;@}_ F LV TV
—

. . Latch Pressure Thruster

Legend Bend | F | Fiter (J) Junction | LV o | PT | qracesire | Tv | el

Figure 4.24: Line segments and components of the Reaction Control System for approximating pressure drop, draw.io.

Table 4.20: Feed line segments and their pressure drop for the Reaction Control System. Each station refers to the downstream
end of the component.

| Station | Description | Length | Diameter | Velocity | Pressure drop | Pressure |
0 Tank - - 0 - 1.000 bar
1 Straight 0 1.000mm [ 5211 E-3m-s" | 0 1.000 bar
2 Bend 90° 15.708 mm | 1.000 mm | 5.211 E-3 m-s | 2.237 Pa 1.000 bar
3 Straight 0 1.000mm | 5211 E-3m-s" | 0 1.000 bar
4 PT block 20 mm 1.000 mm | 5211 E-3m-s”" | 2.848 Pa 1.000 bar
5 Straight 0 1.000mm | 5211 E-3m-s" | 0 1.000 bar
6 Bend 180° 15.708 mm | 1.000 mm | 5211 E-3 m-s" | 2.237 Pa 1.000 bar
7 Straight 5.000 mm 1.000mm | 5211 E-3m-s"7 | 0.712 Pa 1.000 bar
8 Filter 0 1.000 mm | 5.211 E-3 m-s”" | 0.488 Pa 1.000 bar
9 Straight 16.750 mm | 1.000 mm | 5211 E-3 m-s" | 2.385 Pa 1.000 bar
10 Latch valve 0 1.000 mm | 5.211 E-3m-s”" | 0.488 Pa 1.000 bar
11 Straight 5.000 mm 1.000 mm | 5211 E-3m-s" | 0.712 Pa 1.000 bar
12 Bend 180° 15.708 mm | 1.000 mm | 5.211 E-3 m-s" | 2.237 Pa 1.000 bar
13 Straight 0 1.000mm [ 5211 E-3m-s" [ 0 1.000 bar
14 Bend 90° 15.708 mm | 1.000 mm | 5211 E-3 m-s" | 2.237 Pa 1.000 bar
15 Straight 17.054 mm | 1.000 mm | 5.211 E-3 m-s' | 2.428 Pa 1.000 bar
16 4-way junction | 1.571 mm 1.000 mm | 5211 E-3m-s”" | 0.224 Pa 1.000 bar
17 Straight 10.397 mm | 1.000 mm | 5.211 E-3 m-s™" | 1.480 Pa 1.000 bar
18 Thruster valve | 0 1.000 mm | 5211 E-3m-s™" | O 1.000 bar
Total 20.711 Pa -

noted however, that this pipe diameter was chosen preliminarily and was not driven by any component
constraints such as for the MPS, where the pipe diameter was driven by the pump inlet and outlet port
inner diameters.

4.4.3. Feed Line Mass Estimate

For creating the feed line mass estimate, all section lengths are added, for the MPS this is from Ta-
ble 4.18, for the RCS, the values from Table 4.20 are taken. The mass of the junctions are simply
estimated using the flow path length through them. A wall thickness of 1 mm is assumed for the MPS,
for the RCS, a wall thickness of 0.5 mm is assumed. Using Ti-6Al-4V as material with an ultimate tensile
strength of 1170 MPa and a material density of 4430 kg-m™ (Table 2.10), a mass of 0.020 kg results
for the MPS and 0.001 kg for the RCS. A maximum pressure of 11.777 bar will occur using operation
for the MPS (at EOL TVC condition Table 4.14) and 1.000 bar for the RCS (Table 4.9).

4.4.4. Fluid Hammer

This subsection contains a check for the worst-case magnitude of a fluid hammer pressure surge upon
valve closing using the Joukowsky equation ( Equation 2.34). For the MPS, the flow velocity at maxi-
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Pressure per station for the Reaction Control System at BOL
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Figure 4.25: Approximated pressure per station for the Reaction Control System, Python/Matplotlib.

Table 4.21: Feed line mass estimate for the Main Propulsion System and the Reaction Control System.

| Property | MPS | RCS \
Total feed line length 363.448 mm | 118.604
Line inner diameter 3.0 mm 1.0 mm
Line wall thickness 1.0 mm 0.5 mm
Line mass 0.020 kg 0.001 kg
Max. pressure 11.777 bar 1.000 bar
Hoop stress 1.767 MPa 0.100 MPa
Burst load factor jj,, 2.5 25
Ultimate load factor j, 1.25 1.25
Hoop stress including load factors | 5.520 MPa 0.313 MPa

mum nominal thrust is used, assuming a constant flow velocity from tank to thruster valve. Propellant
properties are taken from Table 3.5 for LMP-103s for the MPS and Table 3.6 for the water propellant
used in the RCS. As seen in Table 4.22, the magnitudes observed of 1.026 bar for the MPS and 0.078
bar for the RCS are insignificant compared to the static steady-state pressure values in either system.

Table 4.22: Fluid hammer calculations.

| Property | MPS | RCS \
Density 1,236.520 kg-m | 996.560 kg-m™
Wave celerity 1,626.930 m-sT | 1,501.500 m-s™"
Flow velocity 0.045 m-s™" 5211 E-3 m-s™"
Surge magnitude | 1.026 bar 0.078 bar
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4.5. Summary of Final Designs and Requirements Compliance

The most important properties of the MPS and RCS are summarised in Table 4.23. The mass budget
for the MPS is presented in Table 4.24, the mass budget for the RCS is presented in Table 4.25. The
power budgets are presented in Table 4.26 and Table 4.27 for the MPS and RCS, respectively.

The requirements compliance table for the MPS is presented in the first subsection, the second sub-
section contains the RCS requirements compliance table.

Table 4.23: Summary of specifications of the Main Propulsion System and the Reaction Control System.

Parameter MPS Ref. RCS Ref.
Wet mass 5.563 kg Table 4.24 0.822 kg Table 4.25
Volume TBD n/a 1TU+T n/a
Thrust level 0.450 N Section 4.2.4 1mN -4 mN Table 4.8
Number of | 2 Table 4.24 4 Table 4.25
thrusters
Propellant mass 2476 kg Table 4.24 0.193 kg Table 4.25
Usable propellant | 2.228 kg EE of 0.9 0.174 kg EE of 0.9
mass
Av achievable’ 203 m-s™’ Table 4.3 n/a n/a
I, achievable’ - - 170 N-s Table 4.8
Thruster pre-heat | 20 W Table 2.12 n/a -
power
Thruster firing | n/a - 20 W Table 4.8
power
Temperature (con- | 300 K - 300 K -
stant)
Tank heating power | 0.5 W Table 4.11 0.012W Table 4.11
Valve power 10.779 W (open- | Percoil, Table 4.26. | n/a [90]

ing), 1.274 W (hold-

ing)

Table 4.24: Mass budget for the Main Propulsion System.

| Component | Mass | Ref. \
Tank (dry) including PMDs | 1.679 kg | Table 4.5
Propellant 2476 kg | Table 4.3
Pressurant 0.004 kg | Table 4.4
Multi-layer insulation 0.073 kg | Table 4.11
Thermocouples (2) n/a Table 2.20
Pressure transducers (2) 0.024 kg | Table 2.20
Pressure transducer block | 0.017 kg | Section 4.3.1
Fill/drain valve 0.150 kg | Table 2.18
Latch valve 0.168 kg | Table 2.17
Pump 0.150 kg | Table 4.13
PFCD 0.013 kg | Section 4.3.1
Regulator valves (2) 0.029 kg | Table 4.15
Thrusters (2) 0.760 kg | Table 2.12
Feed lines 0.020 kg | Table 4.21
Total 5.563 kg

"Required propellant mass calculated backwards from required Av and I;.




4.5. Summary of Final Designs and Requirements Compliance

113

Table 4.25: Mass budget for the Reaction Control System.

| Component | Mass | Ref.
Tank (dry) including PMDs | 0.250 kg | Table 4.9
Propellant 0.193 kg | Table 4.8
Pressurant 0.082 kg | Table 4.9
Multi-layer insulation 0.018 kg | Table 4.11
Thermocouples (2) n/a Table 2.20
Pressure transducers (2) 0.024 kg | Table 2.20
Pressure transducer block | 0.017 kg | Section 4.3.1
Fill/drain valve 0.113 kg | Table 2.18
Filter 0.001 kg | subsection 4.3.2
Latch valve 0.007 kg | Table 2.17
Thrusters (4) 0.116 kg | Table 2.13
Feed lines 0.001 kg | Table 4.21
Total 0.822 kg
Table 4.26: Power budget for the Main Propulsion System.
| Property | Value | Ref.
Thruster valve actuation (2 thrusters) 10.779 W (per coil) | Table 3.4
Thruster valve holding 1.274 W (per coil) | Table 3.4
Worst case pump power assuming n of 0.5 | 8.702 W Table 4.14
Latch valve n/a [103]
Worst case tank heating 0.5W Table 4.23
Worst case pre-heating 20W Table 2.12
Table 4.27: Power budget for the Reaction Control System.
| Property | Value [ Ref.
Thruster valve actuation | n/a [90]
Thruster valve holding n/a [90]
Latch valve actuation n/a [102]
Firing power 5-20W | Table 4.8
Worst case tank heating | 0.012 W | Table 4.23
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4.5.1. Requirements Compliance of the Main Propulsion System
The tables containing the requirements for the MPS are Table 4.28, Table 4.29 and Table 4.30, addi-

tional verification required is described by "A” = Analysis, ”I” = Inspection and/or "T” = Testing.
Table 4.28: Requirements compliance check for the MPS. Y = Yes, N = No, TBD = To Be Determined. Requirements PROP.010
- PROP.080.
ID Text Compl- | Remarks Verification
iance
PROP. | The propulsion system shall pro- | Y Propellant mass calculated | A - Expulsion ef-
010 vide a minimum Av of 200 m- backwards from this require- | ficiency = must be
s™! for stationkeeping and orbital ment and PROP.020, Ta- | analysed.
transfer. ble 4.23.
PROP. | The propulsion system shall al- | Y Included in Av budget, refer | A - Expulsion ef-
020 low for a minimum Av of 3 m- to PROP.010 and Table 4.23. | ficiency @ must  be
s”! to remain available at the end analysed.
of the mission for EOL manoeu-
vres.
PROP. | The thrust delivered by each | Y Nominal thrust level constant | T
050 thruster shall be no more than 0.450 N, Table 4.23.
1000 mN
PROP. | The number of main thrusters | TBD 2 thrusters used (Table 4.23), | A, | - P. axis of inertia
051 shall be 2, placed symmetrically however position with re- | must be determined.
with respect to the spacecraft spect to principal axis of iner-
principal axis of inertia tia not considered.
PROP. | Each thruster shall be throt- | Y Custom regulator valves in- | T - Testing of regulator
052 tleable within a range of no less cluded, Section 4.2. valve performance.
than £10% of the nominal thrust.
PROP. | The thrust delivered by each | Y Nominal thrust level constant | T
053 thruster shall be more than 100 0.450 N, Table 4.23
mN.
PROP. | The propulsion system shall | Y Thruster specifications state | T - Testing of sys-
060 have a maximum thrusting time 45 min of max. continuous | tem performance for
of 60 min per manoeuvre. Maxi- firing time (Table 3.4), how- | 60 min thrust time.
mum manoeuvre time is needed ever at thrust level of 0.45
for the Stable Manifold Injection N each thruster, the SMIM
Manoeuvre (SMIM) with a Av of manoeuvre takes only 35.15
73 m-s™. min. PMD feed rate is higher
than thruster mass flow rate
at nominal thrust, Table 2.11,
Table 4.1.
PROP. | The propulsion system shall | TBD TBD A
070 have an operational life in space
of at least 1.5 years.
PROP. | The propulsion system shall be | TBD TBD T
080 able to operate in a vacuum ex-
ternal environment.




4.5. Summary of Final Designs and Requirements Compliance

115

Table 4.29: Requirements compliance check for the MPS. Y = Yes, N = No, TBD = To Be Determined. Requirements PROP.090

- PROP.180
ID Text Compli-| Remarks Verification
ance
PROP. | The propulsion system shall be | TBD Constant temperature of 300 | T - Performance of
090 operational in the temperature K considered for all calcula- | system over this range
range between 278 Kand 323 K. tions. Heating power within | must be tested.
power budget, Table 4.23.
PROP. | The propulsion system shall | TBD See PROP.090 T - Performance of
091 withstand a non-operational system over this range
temperature in the range be- must be tested.
tween 273 K and 313 K.
PROP. | The propulsion system shall | TBD TBD A - Precisely analyse
100 have a maximum volume of 5U occupied volume.
(CubeSat form factor)
PROP. | The propulsion system shall | Y Propulsion system wet mass | | - Weighing of system
110 have a wet mass of no more 5.563 kg, Table 4.23. components.
than 6 kg.
PROP. | The propulsion system shall re- | Y Pre-heat power, pump power | T - Measure power
120 quire a total power of no more and valve power within | consumption for every
than 10 W during firing, 25 W bounds, Table 4.26. component from BOL
for pre-heating, and 1 W during to EOL.
standby.
PROP. | The propulsion system shall op- | Y Pump voltage 6 V [56], latch | n/a
124 erate at a voltage of no more valve 11 V [103], thruster
than 32 V, and allow for switch- valve hold voltage 11 V [40].
ing to lower voltage to keep
the thrust valve open (when
needed).
PROP. | The propulsion system shall | TBD Thruster characteristics w.r.t | T - Hot-fire tests re-
130 reach steady state conditions this requirement are not | quired.
in less than 2 s after the thrust found.
valve opening command is sent.
PROP. | The propulsion system shall be | TBD Thruster 1500 firings Ta- | T
150 able to be restarted for a mini- ble 3.4. No specifications for
mum of 500 times. other components found.
PROP. | The pressure in all components | Y Highest system pressure | A
160 of the propulsion system shall be at EOL TVC condition,
no more than 50 bar. Table 4.14.
PROP. | The pressure drop between pro- | Y Approximated pressure drop | T
161 pellant tank and thruster shall be tank - pump 221 Pa, pump -
less than 0.1 bar. regulator 242 Pa, regulator -
thruster 18 Pa, Table 4.18.
PROP. | All propulsion system compo- | Y Tank design uses j, = 2.5, | A - Must be checked
162 nents shall be designed on a Section 4.1.2. for all components.
burst factor of at least 2.5.
PROP. | The propulsion system shall al- | TBD TBD A
170 low for spacecraft passivation,
by releasing all remaining pro-
pellant.
PROP. | The propulsion system shall in- | Y Pressure transducers and | n/a
180 clude sensors to continuoously thermocouples included in
monitor the pressure and tem- DMU, Section 4.3.1.
perature in the propellant tank.
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Table 4.30: Requirements compliance check for the MPS. Y = Yes, N = No, TBD = To Be Determined. Requirements PROP.190
- PROP.200

ID Text Compli-| Remarks Verification
ance
PROP. | The propellants shall not include | Y Only fluids are LMP-103s, Ni- | n/a
190 any substance that is classified trogen.
as toxic according to the REACH
regulations.
PROP. | All propulsion system compo- | Y All component materials Ti- | n/a
191 nents shall be compatible to the 6Al-4V or stainless steels.
propellants used by the system. Latch valve PTFE seats are
compatible with LMP-103s
[109].
PROP. | Payload reserved volume notto | Y Used as design input. Seen | |
200 be used by any propulsion sys- in Figure 4.20a.
tem components: 3U in length
(one quarter of the bus)
4.5.2. Requirements Compliance of the Reaction Control System
The tables presenting the requirements compliance of the RCS are Table 4.31, Table 4.32 and Ta-
ble 4.33, additional verification required is described by "A” = Analysis, "I’ = Inspection and/or "T” =
Testing.
Table 4.31: Requirements compliance check for the RCS. Y = Yes, N = No, TBD = To Be Determined. Requirements RCS.030
- RCS.070.
ID Text Compli-| Remarks Verification
ance
RCS. | The RCS propulsion system | Y Propellant mass calculated | A - Expulsion ef-
030 shall provide a minimum Total backwards from this require- | ficiency @ must be
Impulse for all RCS tasks of ment, Table 4.8. analysed.
110 N-s (if the Aurora ARM-A
system is used), or 170 N-s (if
the GomSpace 6DOF system is
used). The custom system shall
provide a worst-case total im-
pulse of 170 N-s.
RCS. | The thrust delivered by each | Y Thrustlevelsare4 mN (BOL) | T
050 RCS thruster shall be in the -1 mN (EOL) Table 4.8
range 1-10 mN.
RCS. | The number of RCS thrusters | Y Figure 4.21a, Table 4.25. n/a
051 shall be no less than 4.
RCS. | The RCS propulsion system | TBD TBD A
070 shall have an operational life in
space of at least 1.5 years.
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Table 4.32: Requirements compliance check for the RCS. Y = Yes, N = No, TBD = To Be Determined. Requirements RCS.080

-RCS.170.
ID Text Compli-| Remarks Verification
ance
RCS. | The RCS propulsion system | TBD TBD T
080 shall be able to operate in a vac-
uum external environment.
RCS. | The RCS propulsion system | TBD Constant system tempera- | T - Performance of
090 shall be operational in the tem- ture of 300 K used in all | system over this range
perature range between 278 K calculations. Heating power | must be tested.
and 308 K. within bounds, Table 4.27.
RCS. | The RCS propulsion sys- | TBD See PROP.090 T - Performance of
091 tem shall withstand a non- system over this range
operational temperature in the must be tested.
range between 273 K and 313
K, eventually using its own
thermal control if the spacecraft
thermal control is not sufficient.
RCS. | The RCS propulsion system | Y Figure 4.21a I
100 shall have a maximum volume of
1U (CubeSat form factor).
RCS. | The RCS propulsion system | Y Total system wet mass is | T-Weighing of system
110 shall have a wet mass of no 0.822 kg, Table 4.25. components.
more than 1 kg.
RCS. | The RCS propulsion system | Y Thruster firing power of 20W | T - Measure power
120 shall require a power of no more at BOL, lower at EOL, heat- | consumption for every
than 25 W during operation, ing power within bounds, Ta- | component from BOL
and no more than 0.5 W during ble 4.27. to EOL.
standby.
RCS. | The RCS propulsion system | TBD No data published for LV | n/a
124 shall operate at a voltage be- and thruster operating volt-
tween 3.3V and 16V. age [90], [102].
RCS. | The RCS propulsion system | TBD No data w.r.t. minimum im- | T - Hot fire tests re-
140 shall be able to provide a mini- pulse bit published [90]. quired.
mum impulse bit of 2 mN-s.
RCS. | The RCS propulsion system | TBD No data w.r.t. lifetime of LV | T - Hot fire tests re-
150 shall be able to be restarted for and thruster published [102], | quired.
a minimum of 2000 times. [90].
RCS. | The pressure in all components | Y BOL tank pressure of 1.000 | A
160 of the RCS propulsion system bar Table 4.8.
shall be no more than 50 bar.
RCS. | The pressure drop between pro- | Y Total pressure drop approxi- | T
161 pellant tank and thruster shall be mated as 21 Pa, Table 4.20.
less than 0.1 bar.
RCS. | Al RCS propulsion system | Y Tank designed using burst | A - Must be checked
162 components shall be designed factor j, = 2.5, Section 4.1.3. | for all components.
based on a burst factor of at
least 2.5.
RCS. | The RCS propulsion system | TBD TBD A
170 shall allow for spacecraft passi-

vation, by releasing all remaining
propellant.
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Table 4.33: Requirements compliance check for the RCS. Y = Yes, N = No, TBD = To Be Determined. Requirements RCS.180

- RCS.200.
ID Text Compli-| Remarks Verification
ance
RCS. | The RCS propulsion system | Y Two thermocouples and | n/a
180 shall include sensors to con- two pressure transducers
tinuously monitor the pressure included, Section 4.3.2.
and temperature in the propel-
lant tank.
RCS. | The propellant shall not include | Y Only fluids are LMP-103s, Ni- | n/a
190 any substance that is classified trogen.
as toxic according to the REACH
regulations.
RCS. | AlIRCS propulsion system com- | TBD Tank and line material is Ti- | n/a
191 ponents shall be compatible to 6Al-4V, LV unknown, thruster
the propellants used by the sys- designed for water-based
tem. propellants.
RCS. | Payload reserved volume notto | Y Not conflicting with payload | |
200 be used by any propulsion sys- space, Figure 4.21a.
tem components: 3U in length
(one quarter of the bus).
4.5.3. ECSS and Miscellaneous Requirements
The requirements compliance for ECSS and miscellaneous requirements is shown in Table 4.34, Ta-
ble 4.35 and Table 4.36, additional verification required is described by "A” = Analysis, "I” = Inspection
and/or "T” = Testing.
Table 4.34: Requirements compliance check for the MPS and RCS. Y = Yes, N = No, TBD = To Be Determined. Requirements
ECSS.020 until ECSS.080.
ID Text Compli-| Remarks Verification
ance
ECSS. | Evaluation shall be performedto | Y Worst case surge magnitude | T
020 confirm no water hammer issues 1.026 bar for MPS, 0.078 bar
ensure proper propulsion sys- for RCS. Section 4.4.4
tem functioning. This shall in-
clude assessment of worst case
pressure transients.
ECSS. | If the flight version of the sys- | Y LV present in both MPS and | n/a
060 tem is divided into independent RCS Figure 4.1, Figure 4.2.
blocks, they should be sepa-
rated by safety barriers such as
pyrovalves, latch valves or burst
membranes.
ECSS. | The system design shall allow | Y FDV present in both MPS | n/a
080 for on-ground draining. and RCS Figure 4.1, Fig-
ure 4.2.




4.5. Summary of Final Designs and Requirements Compliance

119

Table 4.35: Requirements compliance check for the MPS and RCS. Y = Yes, N = No, TBD = To Be Determined. Requirements
ECSS.090 until ECSS.140.

each system, Section 4.3.1,
Section 4.3.2.

ID Text Compli-| Remarks Verification
ance
ECSS. | The location of fill-and-drain | Y Pressurant and propellant | n/a
090 valves and piping layout shall not separable. No other
prevent contact between dissim- fluids in system.
ilar fluids.
ECSS. | Allfilters used at system or com- | TBD TBD A
100 ponent level shall be designed
and positioned according to the
result of contaminant control and
reliability studies.
ECSS. | Filters shall be installed imme- | Y MPS LV and thrustersinclude | T - Particle genera-
110 diately downstream of potential filter [41], [103]. RCS in- | tion of all components
particle generating components cludes filter (Figure 4.2). must be investigated.
and, depending on the result of
the failure risk analysis, directly
upstream of components sensi-
tive to pollution or contamina-
tion.
ECSS. | To avoid propellant freezing | TBD Tank heating power prelimi- | n/a
120 and control propellant tank narily calculated Table 4.23.
pressures, the tank and line
temperatures shall be controlled
during the whole mission.
ECSS. | For propulsion systems working | TBD Thruster specifications in this | A - Thruster specifica-
130 in blow-down mode, the ratio design assumed dependent | tions required.
of pressurant volume shall be only on thruster inlet pres-
consistent with thruster specifi- sure.
cations.
ECSS. | Redundant functional transduc- | Y Two pressure transduc- | n/a
140 ers shall be installed. ers and thermocouples for

Table 4.36: Requirements compliance check for the MPS and RCS. Y = Yes, N = No, TBD = To Be Determined. Requirements
PLD.150 and SYS.040 until SYS.060.

ID Text Compli-| Remarks Verification
ance
PLD. The maximum size of the pay- | Y Used as input for design. n/a
150 load shall be 98 mm x 98 mm x
290 mm.
SYS. The system shall be free of com- | TBD TBD n/a
040 ponents as described in ITAR
regulations.
SYS. The integrated system shall | Y MPS and RCS within mass | T - Weighing of the
050 have a mass of < 26 [kg] (TBC). constraints (Table 4.24, Ta- | complete system.
ble 4.25). Wet mass used to
calculate required Av.
SYS. In the launch configuration, the | Y Used as input for design. n/a
060 satellite shall comply with the

12U standard.
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4.5.4. Requirements Compliance Discussion
Compliance with requirements of both systems is discussed here.

Main Propulsion System

The requirements for which compliance is set at TBD are PROP.051, 070, 080, 090, 100, 130, 150 and
170. Placement of the MPS thrusters according to PROP.051 requires knowledge of the location of
the principal axes of inertia, which is currently unknown. PROP.070 refers to the operational lifespan
of 1.5 years in space, which cannot be determined due to lack of information published on all compo-
nents. Compliance with PROP.080 cannot be determined before custom components are tested in a
vacuum environment. PROP.090 and PROP.091 refer to operational and non-operational temperature
ranges for the propulsion system, however all calculations refer to the nominal temperature of 300 K.
Compliance with PROP.100 is still TBD as the MPS components are spread out over more than 5U, it
is TBD whether this is acceptable. For PROP.130, thruster data is lacking. For PROP.150, specifica-
tions for all components other than the thruster is lacking. Finally, PROP.170 may be complied with if
the propulsion system is simply kept firing until EOL, however it is TBD whether all propellant will be
expulsed at that time.

Reaction Control System

For the RCS, requirement compliance for RCS.070, 080, 090, 091, 124, 140, 150, 170, 191 is TBD.
For RCS.070, 080, 090, 091, the same reasons as provided for the MPS apply. For RCS.124, 140 and
150, data on the thruster is lacking. For RCS.170, the same reasons as for the MPS apply. RCS.191
is TBD due to no data being known on the LV.

ECSS and Miscellaneous Requirements

For compliance, ECSS.100, 120, 130 and SYS.040 have been marked TBD. ECSS.100 cannot be
complied with until contaminant control and reliability studies have been performed. ECSS.120 requires
heating of propellant lines, this has not been considered. Determining compliance with ECSS.130
requires information on the thruster, thruster inlet pressure was assumed linear with thrust level and
power consumption. Finally, SYS.040 is left at TBD because for none of the components used, specifics
w.r.t ITAR were published.
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4.6. Comparison of Designs to Commercial-off-the-Shelf Systems

Through comparing the final custom designs to COTS systems, an additional step of preliminary veri-
fication of the designs is achieved. First, the metrics on which the comparison is made are presented:

1. Wet mass

2. Volume

3. Power consumption
4. Thrust level

Low wet mass for a given required Av is desirable, as it decreases the spacecraft wet mass. Low system
volume is desirable, as it enables a higher volume margin for other spacecraft components. Low power
consumption is desirable, as it enables higher power margins for other spacecraft components. Finally,
a high thrust level is desirable as it decreases manoeuvre time.

4.6.1. Commercial-off-the-Shelf System Selection

Main Propulsion System

The options considered are listed in Table 2.21: Aerojet Rocketdyne MPS-135, Busek AMAC and
NanoAvionics EPSS. Of these systems, the Busek AMAC is not considered due to lack of information
on dry mass and propellant mass. Between the systems EPSS and MPS-135, the system by MPS-
135 is characterised by higher I, and the larger version of the MPS-135 furthermore shows a higher
value of ¢, namely 0.507 as compared to 0.308 for the EPSS. Due to lack of more datapoints for the
NanoAvionics EPSS, and due to the excessive wet mass resulting from scaling up the EPSS system
to accommodate a Av of 203 m-s™', the MPS-135 is chosen to serve as baseline for the comparison
for the MPS.

Reaction Control System

The options considered are listed in Table 2.22: Aurora ARM-A, GOMSpace/Nanoprop 6DOF, VACCO
MiPS CGT. Here, the Aurora ARM-A is chosen as the most suitable candidate due to its highest specific
impulse and propellant wet mass fraction ¢.

4.6.2. Comparing Custom Designs to COTS Systems
In this subsection, the comparison is made.

Main Propulsion System

Table 4.37 shows the comparison. For the COTS, two systems are chosen, placed in the same location
as the thrusters are placed in the custom design. The wet mass results from the propellant wet mass
fraction ¢ and the required propellant mass considering a spacecraft wet mass of 26 kg and the highest
reported I, of the system. For volume, the 2U version of the MPS-135 is considered, as it is unknown
whether or not the length of the system changes to account for varying propellant mass. For power
consumption, the pre-heat power is considered as it is observed to be the most critical (> 25 W for the
COTS version). Mass data for the custom design from Table 4.24, power data for the custom design
from Table 4.26. Specifications for the COTS from Table 2.21.

On the first metric, the custom version performs much worse than the COTS version, with an observed
significant difference in wet mass. Similarly, the COTS version requires only 4U in total, in CubeSat
form factor. For the custom design, the total volume remains unclear however if the CubeSat form
factor is considered it is at least above 4U, considering the tank alone is already occupying roughly
2x1.37 U (Table 4.4) and the thrusters each are occupying 1.78 U (thruster length from inlet to tip of the
nozzle is 178 mm, Table 2.12). For the power consumption, the custom version performs much better,
with only 20 W worst-case pre-heat power as compared to 56 W worst-case pre-heating power for the
COTS version. Finally, the thrust level of the custom version is much lower as only two thrusters are
used and a low constant nominal thrust level is chosen. The COTS version has eight thrusters each
capable of generating 1.00 N of thrust, however it is unclear whether this system operates in blow-down
mode. According to the Carpenter et al. in 2013 [78], it is piston tank fed by a separate pressurant tank
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without regulator valve and therefore it is assumed that it operates in blow-down mode with significantly
lower EOL thrust, possibly 0.25 N as noted in the datasheet as the lower end of the thrust force range
[22]. Whether or not this is worse performance as compared to the custom design depends on the
preference of the thrust level. If the system were to require constant thrust force, the custom design
here were to perform better.

Table 4.37: Comparing the custom design to the commercial-off-the-shelf version. Main Propulsion System.

| Parameter | Custom design | COTS \
Wet mass 5.563 kg 4.324 kg
Volume TBD 4U
Power consumption (pre-heating) | 20 W 56 W
Thrust level 1.0N 2.00-8.00N

Reaction Control System

Table 4.38 shows the comparison. An important note here is that both the custom and the COTS
system utilise the same thruster - the Aurora Resistojet One, using the same propellant and assuming
the same I, of 100 s. The COTS system may be placed in the same location as the custom solution,
namely in the free hind 1U space left behind by the payload and the two diagonally opposed thrusters.
The propellant mass is identical to the custom solution, as the same total impulse requirement of 170
N-s is used. Using the value of ¢ from Table 2.22, the wet mass results. According to the datasheet,
the form factors are 0.35 U, 1 U and 4 U, with options for intermediate steps [33]. Assuming a volume of
0.35 U required for a propellant mass of 0.070 kg, a conservative estimate proportional to these values
results in a volume of 0.865 U for a propellant mass of 0.173 kg. Finally, the thrust level and power
consumption are correlated. It is unclear whether or not the system operates in blow-down mode, if it
would, it would perform similar to the custom solution.

On basis of the first metric, the COTS system performs better, less significantly than for the MPS.
Comparison based on the second metric is difficult as the precise volume of the custom solution is not
determined. The final two metrics result in the same performance, assuming blow-down operation from
maximum thrust level to the acceptable minimum thrust level of 1 mN.

Table 4.38: Comparing the custom design to the commercial-off-the-shelf version. Reaction Control System.

| Parameter | Custom design | COTS \
Wet mass 0.822 kg 0.750 kg
Volume <1U 0.865 U
Power consumption (firing) | 5-20 W 5-20W
Thrust level 1mN-4 mN 1 mN -4 mN

4.6.3. Conclusions on the Comparisons

For both systems, the COTS version performs better than the custom solution. First and foremost it
must be considered that the custom solution is a preliminary design generated by one person during a
MSc thesis project, and the COTS solutions are finalised designs over presumably larger timeframes
than the duration of a MSc thesis, designed by a team of engineers. Secondly, and more importantly,
an important factor in the performance of the COTS systems is the significantly higher level of inte-
gration of all components. Due to the custom solution relying on a limited selection of commercially
available components, suboptimal performance with respect to system volume and mass results. An
important example of this is e.g. the FDV for both the MPS and RCS, which significantly contribute to
system volume and mass. For the RCS COTS version no information is published on the feed network
layout, however for the MPS-135 by Aerojet Rocketdyne, a high level of integration results from the use
of AM methods, integration fluid flow paths and manifolds into the monolithic structure. The valves for
both COTS systems are not mentioned anywhere, however possibly custom-created valves were used
to suit the specific requirements of these systems, contributing to a lower volume and mass as com-
pared to using COTS valves from online sources. Finally, it must be noted that the custom propulsion
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system was specifically designed for the required Av and I, delivered. The COTS systems on the other
hand were scaled up from a fixed design, assuming a linear propellant mass-total system wet mass
relationship. This is not completely fair to the COTS systems due to the added tank mass in reality
not scaling linearly with the propellant mass - where it is expected that the step addition of dry mass
decreases for every step of propellant mass added.






Conclusions and Recommendations

First, the conclusions are presented through answering the research questions. Subsequently, the
recommendations are presented. A note added to this project is that parts of this work are included
in a paper to be presented at the International Astronautical Congress of 2021 in Dubai, United Arab
Emirates: "Propellant Line Dimensioning for 'Green’ CubeSat Mono-Propellant Propulsion Systems”.

5.1. Conclusions
In order to present the conclusions of this project, the research questions are answered in order:

1. What are the most relevant performance and design metrics for the LUMIO propulsion system?
The most relevant metrics to describe the propulsion system performance are wet mass, volume,
power consumption and thrust level, as used for the comparison between the custom solution and
the COTS solution. These metrics have been chosen as they are dictated by the requirements
and are the most critical, due to the following reasons. The wet mass of both the MPS and the
RCS is close to the maximum allowable value: 5.563 kg for the MPS as compared to the 6.000 kg
limit as stated by requirement PROP.110, and 0.822 kg for the RCS as compared to the 1.000 kg
limit as stated by requirement RCS.110. The system volume of both MPS and RCS are difficult to
determine, however the MPS occupies a significant amount of space inside the spacecraft bus,
mainly due to the length of the COTS thrusters. The RCS is observed to occupy close to 1 U
of volume inside the spacecraft bus, as compared to the limit of 1 U as stated by requirement
RCS.100. Power consumption for both systems is critical due to the high pre-heating power
of both MPS thrusters of 20 W (worst case), close to the allowable maximum of 25 W as per
requirement PROP.120, an. For the RCS, this metric is even more critical, as water resistojets
require a high amount of power for firing due to the high latent heat of vaporisation of water. This is
reflected in the firing power of one single thruster at a BOL thrust level of 4 mN corresponding to 20
W of electrical power needed, as compared to the allowable 25 W (RCS.120). Finally, the thrust
level of the MPS influences the transfer time of a manoeuvre. There is no specific requirement
dictating the maximum manoeuvre time for any given manoeuvre, only a requirement on the
thrust levels themselves which are complied with. Furthermore, in reality, some manoeuvres can
be split into multiple burns. However, this may be time-consuming and may significantly limit the
operational envelope of the mission.

(a) If these metrics have an order of importance, what is the order? The order of the metrics
is selected as the following, based on the criticality of the requirements. First, wet mass
and volume, as they are critically close to the maximum as compared to the requirements,
especially for the MPS. Secondly, power consumption, as this limits the number of RCS
thrusters firing. Finally, thrust level is the least critical metric as some manoeuvres can be
split into multiple burns as mentioned before.

2. What are feasible concepts for the propulsion system of LUMIO? Three concepts were generated
for both the MPS and RCS, namely a pressure regulated concept, a blow-down type concept and
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a pump-fed concept. These concepts were very simple designs, much less in-depth than the
detailed design phase, only to determine the most feasible feed system option for the propul-
sion systems. For the MPS, all three concepts were feasible as none exceeded the metrics of
mass, volume, power consumption, thrust force and propellant tank pressure. For the RCS, all
three concepts were feasible as well, on the basis that none of the aforementioned metrics were
exceeded.

(a)

(b)

(c)

What are feasible COTS systems for the propulsion system of LUMIO and what are their
characteristics? The only feasible COTS system for the MPS from the options considered is
the Aerojet Rocketdyne MPS-135, as the other systems would result in excessive propulsion
system wet mass due to their low propellant wet mass fraction ¢. For the RCS, the only
feasible COTS system of the systems considered is the Aurora ARM, the other systems are
deemed infeasible due to their excessive wet mass resulting from low I, and low propellant
wet mass fraction ¢.

What COTS systems are chosen as the baseline to compare the in-house designed system
to and what are their characteristics? The baseline systems for comparison to COTS sys-
tems are the Aerojet Rocketdyne MPS-135 for the MPS and the Aurora ARM for the RCS
due to the other options being deemed infeasible.

What are the most feasible propulsion system concepts for the in-house design of LUMIO
and what are their characteristics? The most feasible propulsion system concepts for LUMIO
based on the concept generation and selection process are the pump-fed concept for the
MPS and the blow-down type concept for the RCS. The pump-fed concept for the MPS
was chosen due to its comparatively excellent performance with regards to volume and
propellant tank pressure, furthermore it enables constant thrust force over the lifetime of
the spacecraft. The low propellant tank pressure results in lower propellant tank mass due
to the pump providing significant pressure differential between the tank pressure and the
thruster inlet pressure, and as a result additionally requires a lower pressurant gas volume as
compared to the regulated type and blow-down type concepts. The blow-down type concept
for the RCS was selected due to the pressure regulated concept performing poorly based
on propellant tank pressure, due to the high required storage pressure in order to enable
constant maximum thrust. As noted however, the BOL and EOL tank pressure values here
can be chosen as identical to those of the blow-down system, enabling constant minimum
thrust. In this case however, the regulated concept would still not win the trade-off due
to the required extra mass and volume for the integration of a regulator valve while tank
mass and dimensions are identical as compared to the blow-down concept. The pump-fed
concept performed worse as compared to the blow-down concept due to the pump taking up
significant volume inside the limited volume of 1U. Furthermore, the pump-fed system would
operate at a very low differential pressure due to the very low inlet pressure of the selected
thruster. Additionally, a very low EOL tank pressure is used in the pump-fed concept which
is close to the vapour pressure of the propellant.

3. What is the detailed design for the propulsion system of LUMIO? The detailed design for LUMIO’s
MPS consists of a custom, cuboid tank with custom PMDs, COTS FDV, LV, pump, PFCD and
thrusters. The detailed design of the RCS consists of a custom, cuboid tank including custom
PMDs as well, and COTS FDV, filter, LV and thrusters.

(@)

What are the characteristics of this design? The MPS is first of all characterised by its wet
mass of 5.563 kg and constant thrust level of 0.450 N. The propellant tanks are cuboid
due to higher volumetric efficiency as compared to cylindrical tanks. This tank includes a
custom vane-type PMD combined with a sponge PMD, designed conservatively to ensure
on-demand gas free propellant expulsion with a vane mass flow rate higher than the required
thruster mass flow. A conservative EE of 90% was assumed, meaning that at EOL, 10% of
propellant mass may be left behind inside the propellant tank. Pressurant gas is Nitrogen,
selected due to its higher molar mass than Helium and expected lower leak rates, at only
an insignificant mass increase. The tank is covered in MLI, specifically 40 aluminised Mylar
sheets to reduce the emissivity of the propellant tank. The thrusters used are two Brad-
ford/ECAPS HPGP 1N thrusters using propellant LMP-103s stored at 300 K, fed by a Flight-
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(b)

(c)

(d)

(e)

works, Inc. 2222-M04C58 micro-gear pump passively controlled by the custom designed
PFCD. The RCS is first of all characterised by its wet mass of 0.822 kg and a decreasing
thrust level of 4 mN - 1 mN from BOL to EOL. The propellant tanks are similar to the MPS,
in being of cuboid shape and featuring custom designed PMDs: a vane-type PMD in com-
bination with a sponge-type PMD is used here as well. The same EE was assumed here,
and the same pressurant gas and MLI is used. The thrusters used are four Aurora ARO
thrusters at an assumed I, of 100 s using water propellant stored at 300 K.

How will this system be integrated into the spacecraft? The tanks and feed lines were de-
signed such that they would in any case not interfere with the payload reserved volume. All
thrusters are integrated at the rear end of the spacecraft bus, fully utilising the three "tuna
can” volumes. Preliminary placement of components is performed in a DMU, in which the
feed line lengths are measured and these lengths are used to determine the feed system
pressure drop and fluid hammer characteristics for both the MPS and RCS.

How will the system performance and health be monitored on-orbit? As per requirements
PROP.180 and RCS.180, the propellant tank temperature and pressure shall be continu-
ously monitored. As per requirement ECSS.140, all transducers shall be redundant. There-
fore, both MPS and RCS are equipped with each two pressure transducers and two ther-
mocouples. The pressure transducers are installed at the outlet port of the propellant tank
to monitor tank pressure, the model is GP:50 miniature pressure transducer 7000 series.
Thermocouples are considered in the preliminary design as well, and the RS Pro K-type
thermocouple can be used. Its mass and dimensions are unknown and integration into the
DMU is left out of scope. Integration of these components will require additional ports in
the propellant tank with increased risk of leakage. Furthermore, the end of the thermocou-
ple must be in contact with the propellant at all times, therefore it should be connected to a
PMD, e.g. the sponge.

How does this design compare to the COTS baseline systems? Both systems are signif-
icantly heavier and occupy a higher volume inside the spacecraft bus as compared to the
COTS versions. This is first of all attributed to the higher level of integration possible in the
COTS versions, possibly using completely custom designed components such as valves,
filters and thrusters and not relying on web-sourced commercial available components. Fur-
thermore, the COTS version is produced using AM, integrating fluid passages into the mono-
lithic system. For the MPS, higher power required is observed for the COTS version due to
eight thrusters being used. Each MPS-135 is equipped with four thrusters, and due to the
requirement of thrusters being mounted symmetrically around the principal axes of inertia,
two systems are used therefore resulting in eight thrusters. The custom design only uses
two thrusters and therefore is characterised by lower pre-heating power. This is however
considering that all eight thrusters are fired simultaneously and therefore all eight must be
pre-heated while in reality a lower number of thrusters could be used. The RCS custom and
COTS designs both utilise the same thrusters, namely the Aurora ARO, and the power is
dependent on the set thrust level. Due to the same thrust levels being used (4 mN maxi-
mum available and 1 mN minimum allowable), the power consumption is expected to be the
same between these systems. Finally, the thrust level for the custom version of the MPS is
able to be kept constant due to the use of the pump, and the COTS version is taken to be
a blow-down type system, due to lack of a regulator valve between the pressurant tank and
the piston-type tank pressurant cavity. For the RCS, the same thrust levels are possible as
for the COTS, due to the aforementioned maximum available 4 mN of thrust and minimum
allowable value of 1 mN.

What are the most critical requirements for this design? As seen by the wet mass of the
MPS which is close to the maximum requirement, and the high volume occupied by the
MPS inside the spacecraft bus, for the MPS, the most critical requirements are PROP.100
and PROP.110 for volume and mass, respectively. For the RCS, this is the power level
requirement, namely RCS.120 - this requirement enables only the use of one thruster at full
thrust simultaneously. The maximum available firing power is 25 W and the maximum firing
power consumption of one Aurora ARO thruster is 20 W - four thrusters firing simultaneously
would consume 80 W of electrical power.
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5.2. Recommendations

In this thesis, the following challenges are identified. First of all, the high mass and volume of the
custom MPS and RCS systems leaves room for improvement. This should be addressed by custom
valve solutions, decreasing the size of the MPS thrusters with integrated thruster valves. Ideally, an
AM solution should be considered to achieve a higher degree of integration. Secondly, a more efficient
propellant tank design can be pursued, perhaps L-shaped or shaped such that it mostly takes place
behind the RCS inside the spacecraft bus. Thirdly, a high power consumption of the RCS thrusters
during firing is observed and the choice was made to utilise only a single thruster simultaneously. If
the ACS strategy would require using two thrusters simultaneously, or in case any requirement were
to dictate this, the feed pressure of the thrusters must be decreased. This can be achieved by either
lowering the BOL tank pressure and roughly doubling the RCS propellant tank length to accommodate
for this lower pressure without having to decrease the EOL pressure, or by integrating a pressure
regulator valve to throttle the thruster inlet pressure. Fourthly, as observed from the pump working
point calculations (Table 4.14), the dimensionless cavitation coefficient at EOL is significantly below the
value obtained from the tests described in Table 2.8. As mentioned in the description of the working
point calculations, this does not yet indicate whether the system is actually experiencing cavitation at
that working point or not, only that it is in any case closer to cavitation as compared to the test situation.
Therefore, qualification tests of the pump for the specified propellant tank pressures and working points
are required. Fifthly and finally, the feed pressure losses inside the feed systems for both the MPS and
RCS were determined only using empirical relations and were deemed insignificant compared to the
thruster inlet conditions for both the MPS and RCS. However, no additional losses introduced by fittings
were considered yet (e.g. burrs, even smaller bend radii or small changes in cross-sectional area), this
should be included in further research. The pressure loss in a real system must additionally be validated
by testing.
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Requirements

A.1. Main Propulsion System Requirements

Req. ID Type'| Identifier Text Rationale Verif.
method?
PROP.010| FUN | Overall Av The propulsion system shall provide a | From Av budget (includ- | R
minimum Av = 200 m-s™! for station- | ing all dictated margins as
keeping and orbital transfer. per ESA margin policy).
PROP.020| FUN | EOL Av The propulsion system shall allow fora | From Av budget and EOL | R
minimum Av = 3 m-s' to remain avail- | strategy.
able at the end of the mission for EOL
manoeuvres.
PROP.050| FUN | Max. thrust The thrust delivered by each thruster | For minimising transfer | R, T
shall be no more than 1000 mN. time without undesired
unbalancing effects
(Phase-0, CDF).
PROP.051| FUN | Number of | The number of main thrusters shall be | To allow for compensation | R
thrusters 2, placed symmetrically with respect to | of misalignment effects.
the spacecraft principal axis of inertia.
PROP.052| FUN | Throttleability | Each thruster shall be throttleable | To facilitate compensa- | R, T
within a range of no less than +10% of | tion of undesired torques
the nominal thrust. (such as those caused by
misalignment effects).
PROP.053| FUN | Min. thrust The thrust delivered by each thruster | To allow for quasi- | R, T
shall be more than 100 mN. impulsive  manoeuvres
(from Phase-0 and CDF
studies).
PROP.060| FUN | Thrust time The propulsion system shall have a | Maximum estimated | R, A
maximum thrusting time of 60 min | thrusting time for a quasi-
per manoeuvre. Maximum manoeu- | impulsive manoeuvre.
vre time is the Stable Manifold Injection | From Phase-0 and CDF
Manoeuvre (SMIM) with a Av of 73 m- | studies. @ Can be split
s in shorter thrust times
separated by non-firing
intervals, if preferable.
PROP.070| OPS | Lifetime The propulsion system shall have an | Operational lifetime con- | R

operational life in space of at least 1.5
years.

straints.

TFUN: Functional, DES = Design, OPS = Operations, ENV = Environmental, CON = Constraints, PHY = Physical
2R = Review-of-Design (ROD), A = Analysis (including similarity), T = Test (including demonstration), | = Inspection
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X

A. Requirements

Req. ID Type | Identifier Text Rationale Verif.
method
PROP.080| ENV | External En- | The propulsion system shall be able to | Environmental con- | R, A
vironment operate in a vacuum external environ- | straints.
ment.
PROP.090| ENV | Thermal En- | The propulsion system shall be oper- | Required temperature | R, A
vironment ational in the temperature range be- | range to allow safe
tween 278 K and 323 K. operation of the thruster.
PROP.091| ENV | Non- The complete propulsion system shall | Required temperature | R, A
Operational | withstand a non-operational tempera- | range to allow safe
Temperature | ture in the range between 273 K and | propellant storage.
313 K, eventually using its own thermal
control if the spacecraft thermal control
is not sufficient.
PROP.100| CON | Volume The propulsion system shall have a | From spacecraft volume | R, A
maximum volume of 5U (CubeSat form | budget.
factor).
PROP.110| CON | Mass The propulsion system shall have awet | From spacecraft mass | R, A
mass of no more than 6 kg. budget.
PROP.120| CON | Power Con- | The propulsion system shall require a | From spacecraft power | R, T
sumption total power of no more than 10 W dur- | budget.
ing firing, 25 W for preheating, and 1 W
during standby.
PROP.124| CON | Electrical In- | The propulsion system shall operate R
terface at a voltage of no more than 32 V,
and allow for switching to lower voltage
to keep the thrust valve open (when
needed).
PROP.130| FUN | Response The propulsion system shall reach | To ensure fast operations | R, T
Time steady state conditions in less than 2 | when required.
s after the thrust valve opening com-
mand is sent.
PROP.150| FUN | Number of | The propulsion system shall be able | Assuming one restart per | R, A
Restarts to be restarted for a minimum of 500 | day + margins.
times.
PROP.160| CON | Maximum The pressure in all components of the | From launch and safety | R, A
Pressure propulsion system shall be no more | constraints.
than 50 bar.
PROP.161| CON | Pressure The pressure drop between propellant | Typical pressure drop | R, A
Drop tank and thruster shall be less than 0.1 | value in micro-propulsion
bar. systems.
PROP.162| CON | Burst Pres- | All propulsion system components | From safety constraints. R, A
sure shall be designed based on a burst
factor of at least 2.5.
PROP.170| CON | Passivation The propulsion system shall allow for | From safety constraints. R
spacecraft passivation, by releasing all
remaining propellant.
PROP.180| CON | Tank Sen- | The propulsion system shall include | To allow for propulsion | R
sors sensors to continuously monitor the | system telemetry.
pressure and temperature in the pro-
pellant tank.
PROP.190| CON | Propellant The propellants shall not include any | From safety constraints. R
Toxicity substance that is classified as toxic ac-

cording to the REACH regulations.




A.1. Main Propulsion System Requirements Xl
Req. ID Type | Identifier Text Rationale Verif.
method
PROP.191| CON | Propellant All  propulsion system components R
compatibility | shall be compatible to the propellants
used by the system.
PROP.200| CON | Volume Payload reserved volume not to be | Payload volume reserva- | R

used by any propulsion system compo-
nents: 3U in length (one quarter of the
bus).

tion.
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A. Requirements

A.2. Reaction Control System Requirements

Req. ID Type | Identifier Text Rationale Verif.
method
RCS.030 | FUN | Overall Total | The RCS propulsion system shall pro- | From Attitude control | R
Impulse vide a minimum Total Impulse for all | strategy (including all dic-
RCS tasks of 110 Ns (if the Aurora | tated margins as per ESA
ARM-A system is used), or 170 Ns (if | margin policy). Note that
the GomSpace 6DOF system is used). | the required total impulse
The custom system shall provide a | depends on the charac-
worst-case total impulse of 170 N-s. teristics of the system
used (thrust, placement
of thrusters etc.)
RCS.050 | FUN | Thrust The thrust delivered by each RCS | To allow for an optimum | R, T
thruster shall be in the range 1-10 mN. | RCS strategy.
RCS.051 | FUN | Number of | The number of RCS thrusters shall be | Minimum number of RCS | R
Thrusters no less than 4. thrusters that theoretically
allows for 3-axis opera-
tion. In practice, 6-12
RCS thrusters are proba-
bly preferable.
RCS.070 | OPS | Lifetime The RCS propulsion system shall have | Operational lifetime con- | R
an operational life in space of at least | straints.
1.5 years.
RCS.080 | ENV | External En- | The RCS propulsion system shall be | Environmental con- | R, A
vironment able to operate in a vacuum external | straints.
environment.
RCS.090 | ENV | Thermal En- | The RCS propulsion system shall be | Required temperature | R, A
vironment operational in the temperature range | range to allow safe
between 278 K and 308 K . operation of the thruster.
RCS.091 | ENV | Non- The RCS propulsion system shall with- | Required temperature | R, A
Operational | stand a non-operational temperature in | range to allow safe
Temperature | the range between 273 K and 313 K, | propellant storage.
eventually using its own thermal con-
trol if the spacecraft thermal control is
not sufficient.
RCS.100 | CON | Volume The RCS propulsion system shall have | From spacecraft volume | R, A
a maximum volume of 1U (CubeSat | budget
form factor).
RCS.110 | CON | Mass The RCS propulsion system shall have | From spacecraft mass | R, A
a wet mass of no more than 1 kg. budget.
RCS.120 | CON | Power Con- | The RCS propulsion system shall re- | From spacecraft power | R, T
sumption quire a power of no more than 25 W | budget.
during operation, and no more than 0.5
W during standby
RCS.124 | CON | Electrical In- | The RCS propulsion system shall oper- R
terface ate at a voltage between 3.3 and 16V.
RCS.140 | FUN | Impulse Bit The RCS propulsion system shall be | For precision manoeuvres | R, T
able to provide a minimum impulse bit | (from Phase-0 and CDF
of 2 mNs. studies).
RCS.150 | FUN | Number of | The RCS propulsion system shall be | Assuming five restarts per | R, A
Restarts able to be restarted for a minimum of | day + margins.
2000 times.
RCS.160 | CON | Maximum The pressure in all components of the | From launch and safety | R, A
Pressure RCS propulsion system shall be no | constraints.

more than 50 bar.




A.2. Reaction Control System Requirements XIII
Req. ID Type | Identifier Text Rationale Verif.
method
RCS.161 | CON | Pressure The pressure drop between propellant | Typical pressure drop | R, A
Drop tank and thruster shall be less than 0.1 | value in micro-propulsion
bar. systems.
RCS.162 | CON | Burst Pres- | Al RCS propulsion system compo- | From safety constraints. R, A
sure nents shall be designed based on a
burst factor of at least 2.5.
RCS.170 | CON | Passivation The RCS propulsion system shall allow | From safety constraints. R
for spacecraft passivation, by releasing
all remaining propellant.
RCS.180 | CON | Tank Sen- | The RCS propulsion system shall in- | To allow for propulsion | R
sors clude sensors to continuously monitor | system telemetry.
the pressure and temperature in the
propellant tank.
RCS.190 | CON | Propellant The propellants shall not include any | From safety constraints. R
Toxicity substance that is classified as toxic ac-
cording to the REACH regulations.
RCS.191 | CON | Propellant All RCS propulsion system compo- R
Compatibil- nents shall be compatible to the propel-
ity lants used by the system.
RCS.200 | CON | Volume Payload reserved volume not to be | Payload volume reserva- | R

used by any propulsion system compo-
nents: 3U in length (one quarter of the
bus).

tion.




XV A. Requirements

A.3. ECSS Requirements
A.3.1. Sourced From Tailored Requirements of ECSS-E-ST-35-01C

Req. ID Type | Identifier Text Rationale Verif.
method
ECSS.020| CON | Fluid Ham- | Evaluation shall be performed to con- R, A
mer firm no water hammer issues and en-

sure proper propulsion system func-
tioning. This shall include assessment
of worst case pressure transients.

ECSS.060| FUN | Separation If the flight version of the system is R
of Blocks divided into independent blocks, they
should be separated by safety barri-
ers such as pyrovalves, latch valves or
burst membranes.

ECSS.080| FUN | Draining The system design shall allow for on- R
ground draining.
ECSS.090| CON | Draining The location of fill-and-drain valves and R

piping layout shall prevent contact be-
tween dissimilar fluids.

ECSS.100| FUN | Filters All filters used at system or component R, A
level shall be designed and positioned
according to the results of contaminant
control and reliability studies.

ECSS.110| FUN | Filters Filters shall be installed immediately R
downstream of potential particle gen-
erating components and, depending
on the result of the failure risk analy-
sis, directly upstream of components
sensitive to pollution or contamina-
tion. NOTE: For example: actuation
valves, pressure regulators, injectors
and thrusters.

ECSS.120| FUN | Propellant To avoid propellant freezing and control R, A
Tanks propellant tank pressures, the tank and
line temperatures shall be controlled
during the whole mission.

ECSS.130| CON | Blow-Down For propulsion systems working in R, A
blow-down mode, the ratio of pres-
surant volume between BOL and EOL
shall be consistent with thruster spec-
ifications. NOTE: For example: Isp,
combustion stability and mixture ratio
shift.

A.3.2. Sourced From Tailored Requirements of ECSS-E-ST-35C Rev. 1

Req. ID Type | Identifier Text Rationale Verif.
method
ECSS.140| FUN | InstrumentationRedundant functional transducers shall R
be installed.




A.4. Miscellaneous Requirements

XV

A.4. Miscellaneous Requirements

Req. ID Type | Identifier Text Rationale Verif.
method
PLD.150 | PHY | Maximum The maximum size of the payload shall | Size constraint T
size be 98 mm X 98 mm X 290 mm.
SYS.040 | CON | ITAR The system shall be free of compo- | To comply with European | R
nents as described in ITAR Regula- | law and allow exporting of
tions. the satellite.
SYS.050 | CON | Total mass The integrated system shall have a | Estimate on maximumca- | |
mass of < 26 [kg] (TBC). pacity of 12U XL deploy-
ers.
SYS.060 | CON | 12U  Stan- | Inthe launch configuration, the satellite | To be compatible with 12U | |
dard shall comply with the 12U standard. deployers.







State-of-the-Art Propulsion Systems and
Thrusters (COTS and Experimental)

Company/

# | Type' | Name institute Isp (s)? | Fr (N) | P.; (W)® | Propellant | Ref.
1 CGT | SNAP1 SSTL, UK 43 0.05 n/a Butane [16]
2 | CGT | CNAPS UTIAS-SFL, CA 35 0.04 n/a SFg [16]
3 | CGT POPSAT-HIP1 Microspace Rapid, Sl 43 0.001 n/a Argon [16]
4 | CGT MEMS CG GOMSpace, DK 75 0.001 n/a Methane [16]
5 | CGT | CPOD VACCO, US 40 0.025 | n/a R134a [16]
6 | CGT NANOPS UTIAS-SFL, CA 45 0.05 n/a SFg [13]
7 CGT MEMS Aerospace Co. US 30 0.1 n/a Xe [13]
8 | CGT | T3-uPS TNO/TUD/UT, NL 69 0.006 | n/a N, [13]
9 | CGT MEPSI MiPS VACCO, US 65 0.053 | n/a Isobutane | [13]
10 | CGT MiPS VACCO, US 40 0.01 n/a R134a [13]
11 | CGT | AFRL PUC VACCO, US 47 0.0035 | n/a SO, [13]
12 | CGT Custom UTexas, US 64 0.1 n/a R236fa [13]
13 | CGT Microprop System | NanoSpace, SE 75 0.001 n/a N, [13]
14 | CGT MicroThruster Marotta, IT 65 2.36 n/a N, [17]
15 | CGT Bevo-2 prop. sys U. Texas, US 89 0.15 n/a R236fa [18]
16 | CGT | 58X125A Moog, US 65 0.0044 | n/a N, [14]
17 | CGT | 58E143-146 Moog, US 60 0.04 n/a N, [14]
18 | CGT 58E142 Moog, US 57 0.12 n/a N> [14]
19 | CGT | 58E151 Moog, US 65 0.12 n/a N, [14]
20 | CGT | 58-118 Moog, US 65 3.6 n/a N, [14]
21 | CGT Butane Prop. Sys. | SSTL, UK 80 0.5 n/a Butane [17]
22 | CGT Nanoprop 3U GomSpace/NanoSpace, DK | 110 0.001 n/a Butane [17]
23 | CGT Nanoprop 6U GomSpace/NanoSpace, DK | 110 0.04 n/a Butane [17]
24 | CGT NanoProp 6DOF GOMSpace, DK 50 0.01 n/a Butane [19]
25 | CGT MarCO MiPS VACCO, US 40 0.025 | n/a R236fa [20]

"CGT = Cold Gas Thruster, CMP = Chemical Monopropulsion, CBP = Chemical Bi-propulsion, CHB = Chemical Hybrid, CSD
= Chemical Solid, ETR = Electrothermal (resistojet), ESI = Electrostatic lon, ESH = Electrostatic Hall, ESE = Electrostatic
Electrospray/FEEP/Colloid, EDP = Electrodynamic Pulsed Plasma Thruster/Vacuum Arc Thruster/Magnetic Nozzle System.

2All reported Isp are taken as vacuum values. For Ig, and Fr, the max. reported value is always taken.

3Power indicated as during firing/preheating/standby. n/a Indicates not available. Electric power consumption only considered

for CMP (due to catalyst bed heating) and electric propulsion technology for preliminary review of technologies.
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XVIII B. State-of-the-Art Propulsion Systems and Thrusters (COTS and Experimental)

# | Type | Name icr::;:?tzi:yl Iy (s) | Fr (N) P,, (W) Propellant Ref.

26 | CMP | GPIM Aerojet, US 235 1.1 12/10/n/a AF-M315E [16], [21]
27 | CMP | MPS-120 CHAMPS | Aerojet, US 215 0.26 11/0/10 Hydrazine [16]

28 | CMP | MPS-130 CHAMPS | Aerojet, US 235 0.25 11/0/10 AF-M315E [16], [22]
29 | CMP | HPGP 1N ECAPS, SE 232 1 n/a/7.3/n/a LMP-103s [16], [23]
30 | CMP | BGT-X1 Busek, US 214 0.1 n/a/4.5/n/a AF-M315E [16]

31 | CMP | BGT-X5 Busek, US 225 0.5 n/a/20/n/a AF-M315E [16]

32 | CMP | muprop system VACCO/ECAPS, SE | 258 0.1 n/a LMP-103s [13]

33 | CMP | HPGP 0.1N ECAPS, SE 200 0.1 n/a LMP-103s [13]

34 | CMP | Hydros Tethers Unl., US 258 0.6 n/a/10/n/a Water [13]

35 | CMP | MR-103H Aerojet, US 220 1.07 5/1.5/n/a Hydrazine [14]

36 | CMP | HmNT JPL, US 150 0.129 8/0.25/n/a Hydrazine [14]

37 | CMP | MEMS U. Cheng Kung, TW | 162 0.00144 n/a Hydrazine [14]

38 | CMP | Unnamed ARC Seibersdorf, AT | 153 0.8 n/a H,0, [14]

39 | CMP | Unnamed U. Cheng Kung, TW | 125 0.221 n/a/15/n/a H,O, [14]

40 | CMP | GR-1 Aerojet, US 231 1.42 8/14/n/a AF-M315E [17], [24]
41 | CMP | GR-22 Aerojet, US 248 26.9 16/37/n/a AF-M315E [17], [24]
42 | CMP | AMAC Busek, US 225 0.425 n/a/20/n/a AF-M315E [17], [25]
43 | CMP | MiPS VACCO, US 190 0.4 0.055/n/a/15 | LMP-103s [17]

44 | CMP | Integr. Prop. Sys. VACCO, US 220 4 n/a LMP-103s [17]

45 | CMP | ArgoMoon H-MiPS | VACCO, US 190 0.1 0.1/1/20 LMP-103s [17], [26]
46 | CMP | EPSS C1K Nano Avionics, US 213 1 1/0.19/9.6 LMP-103s [17], [27]
47 | CMP | LFPS GeorgiaTech, US n/a 0.1 n/a AF-M315E [7]

48 | CHB | Green Hybrid Utah State, US 215 8 n/a ABS, GOx [17]

49 | CHB | Unnamed JPL, US 31 44 n/a PMMA, GOx [28]

50 | CHB | Unnamed Utah State, US 133 1 n/a PMMA, GOx [29]

51 | CBP | MEMS MIT, US 300 27 n/a GOx, Ethanol [14]

52 | CBP | PM400 Hyperion Tech., NL 290 1 n/a N,O, Propane | [30]

53 | CBP | PM200 Hyperion Tech., NL 285 0.5 12 Propene, N,O | [31]

54 | CSD | Isp30s Aerospace Co. US 187 37 n/a Al, NH4CIO4 [16]

55 | CSD | Star 4G Orbital ATK, US 269 13 n/a HIPEP-501A [16]

56 | CSD | CDM-1 DSSP, US 226 76 n/a AP/HTPB [16]

57 | CSD | CAPS-3 DSSP, US 300 0.3 n/a HIPEP-501A [17]

58 | CSD | STAR5A Orbital ATK, US 251 169 n/a TP-H-3399 [14]

59 | ETR | LPR SSTL, UK 48 0.018 30 Xe [16]

60 | ETR | PUC CU/Nacco, US 65 0.0054 15 SO, [16], [32]
61 | ETR | CHIPS CU/Vacco, US 82 0.03 30 R134a, R236fa | [16]

62 | ETR | AMR Busek, US 150 0.01 15 Ammonia [16]

63 | ETR | CubeSat MEMS NanoSpace, SE 92 0.001 2 Butane [13]

64 | ETR | FMMR USC, US 79 0.000129 | 3.2 Water [14]

65 | ETR | ARM-A Aurora, FI 100 0.004 20 Water [33]

66 | ESI BIT-1 Busek, US 3200 | 0.00018 | 28 Xe, |, [16]

67 | ESI BIT-3 Busek, US 2500 | 0.00115 75 12 [16]

68 | ESI RIT-puX Airbus, DE 3000 | 0.0005 50 Xe [16]

69 | ESI RIT-10-EVO Airbus, DE 3200 | 0.025 145 Xe [16]

70 | ESI MiXI JPL, US 3100 | 0.0015 50 Xe [13]

71 | ESI MNRIT-2.5 Astrium, DE 2850 | 0.0005 35 Xe [13]

72 | ESI MRIT Penn. State. U., US | 5480 | 0.00006 15 Ar [14], [34]
73 | ESI 1-COUPS U. Tokyo, JP 1000 | 0.0003 38 Xe [17], [35]
74 | ESI IFM Nano Thruster | Enpulsion, AT 6000 | 0.0004 40 In [17]

75 | ESH | BHT-200 Busek, US 1390 | 0.0128 200 Xe, lo, Kr [16]

76 | ESH | BHT-600 Busek, US 1530 | 0.0391 600 Xe, I, Kr [16]

77 | ESH | HT 100 Sitael, IT 1100 | 0.01 100 Xe, Kr [16]

78 | ESH | HT 400 Sitael, IT 1750 | 0.05 250 Xe [16]

79 | ESH | CHT UTIAS-SFL, CA 1139 | 0.01 200 Xe, Ar [16]




XIX

Company/

# Type | Name institute Isp (S) | Fr (N) P,; (W) | Propellant | Ref.
80 | ESH | SPT-30 Undefined 1370 | 0.013 258 Xe [14]
81 ESH | Unnamed MIT, US 865 0.0018 126 Xe [14]
82 | ESH | CHT 3.0 PPPL, US 1650 | 0.006 185 Xe [14]
83 | ESH | Halo ExoTerra, US 1500 | 0.033 450 W | Xe [36]
84 | ESE | S-EPS MIT, US 1200 | 0.0001 1.5 lonic liquid | [16]
85 | ESE | TILE 5000 Accion, US 1800 | 0.0015 30 lonic liquid | [16]
86 | ESE | BET-1mN Busek, US 800 0.0007 9 lonic liquid | [16]
87 | ESE | BET-100 Busek, US 1800 | 0.0001 5.5 lonic liquid | [16]
88 | ESE | IFM Nano Enpulsion/Fotec, AT 6000 | 0.00035 40 In [18]
89 | ESE | ST-7 Busek, US 240 0.0000358 | 24.6 lonic liquid | [14]
90 | ESE | In-FEEp 100 ARC Seibersdorf, AT 12000 | 0.0001 10 In [14]
91 ESE | GOCE MTA ARC Seibersdorf, AT 12000 | 0.00065 52 In [14]
92 | ESE | In-FEEP 1000 ARC Seibersdorf, AT 12000 | 0.001 80 In [14]
93 | ESE | FEEP-5 Centrospazio, IT 9000 | 0.00004 27 Cs, In [14]
94 ESE | FEEP-50 Centrospazio, IT 9000 | 0.0014 93 Cs, In [14]
95 | EDP | EO-1 PPT Primex, US 1150 | 0.00014 12.5 PTFE [16]
96 | EDP | MPACS Busek, US 830 0.000144 | 10 PTFE [16]
97 | EDP | BmP-220 Busek, US 536 0.00014 7.5 PTFE [16]
98 | EDP | uCAT GWU, US 3000 | 0.00002 10 Ni [16]
99 | EDP | UWE4 Arc Thruster WU, DE 1100 | 0.00001 2 Ti, W [16]
100 | EDP | pyPPT Busek, US 700 0.0005 2 PTFE [13]
101 | EDP | uBLT U. of lllinois, US 3000 | 0.000054 | 4 Al [13], [37]
102 | EDP | Dawgstar U. Washington, US 266 0.000264 n/a PTFE [14]
103 | EDP | PPTCUP AAC-Clyde, UK 655 0.00004 2 PTFE [17]
104 | EDP | NanoSat PPT AAC-Clyde, UK 640 0.00009 5 PTFE [17]
105 | EDP | Metal Plasma Thruster | Applied Sci. Corp., US | 2400 | 0.0015 100 Al [17]
106 | EDP | RFT Phase Four, US 498 0.00277 50 Xe [13]
107 | EDP | RFT Phase Four, US 7852 | 0.00277 50 Water [13]







Flightworks, inc. Magnetically Coupled
Micro-Gear Pumps

Data for continuous operation, heavy fuel, v 2 E-3 Pa-s [56]. Determined graphically, some inaccu-
racies expected but data assumed sufficiently accurate for selection.

Flow rate in ml/min, highest attainable Ap in psi (bar)
Model ID At wpnin At Wy Mass (g) Port di-
ameter
(mm)
2204-M03C01.C03.C05 1, 30 (2.068) 8, 30 (2.068) 65 3
2204-M03C40.C41.C42 2, 30 (2.068) 24,30 (2.068) 75 3
2204-M03C58.C59.C60 2, 30 (2.068) 24, 30 (2.068) 90 3
2204-M03X05.X06.X07 2, 30 (2.068) 24,30 (2.068) 105 3
2205-M03C01.C03.C05 1, 95 (6.550) 7,125 (8.618) 65 3
2205-M03C40.C41.C42 1, 80 (5.516) 30, 125 (8.618) 70 3
2205-M03C58.C59.C60 1, 80 (5.516) 30, 125 (8.618) 90 3
2205-M03X05.X06.X07 1, 105 (7.240) 32,125 (8.618) 105 3
2212-M04C01.C03.C05 12, 100 (6.895) 65, 100 (6.895) 125 3
2212-M04C10.C12.C15 1, 100 (6.895) 20, 200 (13.790) 140 3
2212-M04C40.C41.C42 25, 80 (5.516) 160, 80 (5.516) 130 3
2212-M04C49.C50.C51 1, 155 (10.687) 95, 250 (17.237) 175 3
2212-M04C58.C59.C60 1, 155 (10.687) 95, 250 (17.237) 150 3
2212-M04X01.X03.X04 1, 155 (10.687) 95, 250 (17.237) 175 3
2212-M04X05.X06.X07 1, 155 (10.687) 120, 180 (12.411) 160 3
2222-M04C10.C12.C15 20, 125 (8.618) 120, 125 (8.618) 140 3
2222-M04C49.C50.C51 25, 175 (12.066) 270, 175 (12.066) 175 3
2222-M04C58.C59.C60 25,175 (12.066) 270, 175 (12.066) 150 3
2222-M04X01.X03.X04 30, 175 (12.066) 275, 175 (12.066) 180 3
2222-M04X05.X06.X07 65, 105 (7.240) 330, 105 (7.240) 160 3
2222-M04X10.X11 95, 175 (12.066) 350, 175 (12.066) 190 3
2232-M04C10.C12.C15 125, 80 (5.516) 225, 80 (5.516) 145 3
2232-M04C49.C50.C51 95, 125 (8.618) 490, 125 (8.618) 180 3
2232-M04C58.C59.C60 100, 105 (7.240) 500, 105 (7.240) 155 3
2232-M04X01.X03.X04 95, 125 (8.618) 490, 125 (8.618) 180 3
2232-M04X05.X06.X07 160, 40 (2.758) 575, 40 (2.758) 165 3
2232-M04X10.X11 170, 125 (8.618) 600, 125 (8.618) 195 3
2232H-M05C22.C23.C24 | 310, 100 (6.895) 440, 100 (6.895) 205 6
2232H-M05C49.C50.C51 | 240, 210 (6.895) 795, 210 (6.895) 210 6
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XXII C. Flightworks, inc. Magnetically Coupled Micro-Gear Pumps
Flow rate in ml/min, highest attainable Ap in psi (bar)
Model ID At wnin At Wy Mass (g) Port di-
ameter
(mm)
2232H-M05X01.X03.X04 | 325, 125 (8.618) 820, 125 (8.618) 225 6
2232H-M05X2 295, 225 (15.513) 795, 225 (15.513) 245 6
2232H-M05X10.X11 295, 225 (15.513) 795, 225 (15.513) 240 6
2232H-M05X12 295, 225 (15.513) 795, 225 (15.513) 290 6
2252-M05C49.C50.C51 520, 140 (9.653) 1300, 140 (9.653) 220 6
2252-M05X01.X03.X04 575, 65 (4.482) 1400, 65 (4.482) 235 6
2252-M05X02 500, 175 (12.066) 1300, 175 (12.066) 255 6
2252-M05X10.X11 520, 130 (8.963) 3400, 130 (8.963) 250 6
2252-M05X12 500, 175 (12.066) 1350, 175 (12.066) 300 6
2282-M05C49.C50.C51 950, 100 (6.895) 2300, 100 (6.895) 220 6
2282-M05X01.X03.X04 980, 60 (4.137) 2400, 60 (4.137) 235 6
2282-M05X02 900, 125 (8.618) 2400, 125 (8.618) 265 6
2282-M05X10.X11 900, 125 (8.618) 2400, 125 (8.618) 260 6
2282-M05X12 900, 125 (8.618) 2400, 125 (8.618) 300 6




)

CubeSat Standard
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D.1. 12U CubeSat Design Specifications (Outer Dimensions)
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Figure D.1: CubeSat Design Specifications for a 12U CubeSat, captured from [125].
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D.2. 12U CubeSat Design Specifications (Extra Volume)
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Figure D.2: CubeSat Design Specifications for CubeSats with extra volume, captured from [125].
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XXVIII E. Finite Element Analysis Results

E.1. Main Propulsion System
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Figure E.1: Von Mises stresses. Maximum: 153.460 MPa, minimum: 0.344 MPa, ANSYS 2019.
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Figure E.2: Deformations. Maximum: 0.407 mm, minimum:8.769 E-5 mm, ANSYS 2019.



E.1. Main Propulsion System XXIX

E.1.1. Design lteration: Reduction of Wall Thickness

ANSYS
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Figure E.3: Von Mises stresses after the first design iteration. Maximum: 349.540 MPa, minimum: 0.816 MPa, ANSYS 2019.
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Figure E.4: Deformations after the first design iteration. Maximum: 0.883 mm, minimum: 1.467 E-4 mm, ANSYS 2019.



XXX E. Finite Element Analysis Results

E.1.2. Sensitivity Analysis for FE-Analysis
Element Size of 3 mm
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Figure E.5: Main Propulsion System tank FE-analysis Stress result for 3 mm element size, ANSYS 2019.
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Figure E.6: Main Propulsion System tank FE-analysis Deformation result for 3 mm element size, ANSYS 2019.



E.1. Main Propulsion System

XXXI

Element Size of 5 mm
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Figure E.7: Main Propulsion System tank FE-analysis Stress result for 5 mm element size, ANSYS 2019.
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Figure E.8: Main Propulsion System tank FE-analysis Deformation result for 5 mm element size, ANSYS 2019.



XXXII E. Finite Element Analysis Results

Element Size of 10 mm
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Figure E.9: Main Propulsion System tank FE-analysis Stress result for 10 mm element size, ANSYS 2019.
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Figure E.10: Main Propulsion System tank FE-analysis Deformation result for 10 mm element size, ANSYS 2019.



E.1. Main Propulsion System XXXIII

Element Size of 3 mm - After Wall Thickness Reduction Iteration
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Figure E.11: Main Propulsion System tank FE-analysis Stress result for 3 mm element size, after the wall thickness reduction
iteration, ANSYS 2019.
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Figure E.12: Main Propulsion System tank FE-analysis Deformation result for 3 mm element size, after the wall thickness
reduction iteration, ANSYS 2019.



XXXIV E. Finite Element Analysis Results

Element Size of 5 mm - After Wall Thickness Reduction Iteration
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Figure E.13: Main Propulsion System tank FE-analysis Stress result for 5 mm element size, after the wall thickness reduction
iteration, ANSYS 2019.
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Figure E.14: Main Propulsion System tank FE-analysis Deformation result for 5 mm element size, after the wall thickness
reduction iteration, ANSYS 2019.



E.1. Main Propulsion System XXXV

Element Size of 10 mm - After Wall Thickness Reduction Iteration
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Figure E.15: Main Propulsion System tank FE-analysis Stress result for 10 mm element size, after the wall thickness reduction
iteration, ANSYS 2019.
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Figure E.16: Main Propulsion System tank FE-analysis Deformation result for 10 mm element size, after the wall thickness
reduction iteration, ANSYS 2019.



XXXVI E. Finite Element Analysis Results

E.2. Reaction Control System

ANSYS

2019R3
ACADEMIC

18,906

L 12.631

6.356
0.060801 Min

0,000 15.000 30,000 {mm) z‘)\ X
I

7.500 22.500

Figure E.17: Von Mises stresses. Maximum: 56.557 MPa, minimum: 0.081 MPa, ANSYS 2019.
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Figure E.18: Deformations. Maximum: 0.267 mm, minimum: 6.327 E-5 mm, ANSYS 2019.



E.2. Reaction Control System XXXVII

E.2.1. Sensitivity Analysis for FE-Analysis

1 mm Element Size
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Figure E.19: Reaction Control System tank FE-analysis Stress result for 1 mm element size, ANSYS 2019.
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Figure E.20: Reaction Control System tank FE-analysis Deformation result for 1 mm element size, ANSYS 2019.
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3 mm Element Size
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Figure E.21: Reaction Control System tank FE-analysis Stress result for 3 mm element size, ANSYS 2019.
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Figure E.22: Reaction Control System tank FE-analysis Deformation result for 3 mm element size, ANSYS 2019.



E.2. Reaction Control System XXXIX

10 mm Element Size
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Figure E.23: Reaction Control System tank FE-analysis Stress result for 10 mm element size, ANSYS 2019.
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Figure E.24: Reaction Control System tank FE-analysis Deformation result for 10 mm element size, ANSYS 2019.
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