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PREFACE

This document contains my thesis project on the design of a micropropulsion based in-
flation system for beyond Earth orbit CubeSat inflatable reflectors. This project has been
conducted in fulfillment of the MSc Aerospace Engineering programme at TU Delft. This
has been an exciting and challenging process that I have thoroughly enjoyed exploring.
I would like to express my sincere gratitude to my supervisors Dr. Chiara Bisagni and Dr.
Angelo Cervone for their patience, guidance and valuable insights. Finally, having con-
ducted a portion of this thesis project over the Covid-19 Pandemic, I would like to thank
my family who have supported me while I worked from home as well as my friends who
helped me to keep on track during the process.
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SUMMARY

In recent years an exciting new era of space exploration has begun with the advent of the
beyond Earth orbit CubeSat (BEOC) missions. However, utilizing the CubeSat platform
for such missions gives rise to a series of significant technological challenges. Fortu-
nately, the field of inflatable space structures offers some tantalizing solutions to these
challenges. Unfortunately, at present the development of these structures is hampered
by a technological gap in the required inflation systems. In order to fill this gap, this
thesis proposes the development of an inflation system optimized for such applications,
based on the field of micropropulsion technology. This shall be done by first designing
an appropriate inflatable structure and then designing the inflation system based on the
requirements generated by the design of the structure.

Prior to this project, a literature study was conducted. In this study, the key design
features of inflatable space structures were identified, with particular attention paid to
those that specifically impacted the design of the inflation system. Following this, an
investigation into the use of inflatable space structures for tackling the telecommunica-
tions, propulsion and power challenges facing BEOC missions was carried out. Inflatable
reflectors were found as showing significant promise for such applications. Finally, the
promising potential of micropropulsion technology for BEOC inflation systems is estab-
lished and a range of promising design concepts identified. Based off of this literature
study the framework for this thesis is developed and the requirements generated.

After a concept generation process, it is established that a spherical inflatable reflec-
tor provides the most promising structure for maximizing the relevance of the designed
inflation system. As such the focus of the design of the reflector is on addressing the key
design considerations that enable the requirements of the inflation system to be gener-
ated, while also highlighting the competitiveness of such structures relative to conven-
tional reflectors. The designed structure has a 1.0 m diameter, that can be compactly
stowed thanks to its 40% packaging efficiency. This packaging phase also requires the
inflation system provide ascent venting to ensure a reliable deployment. Due to the use
of the free deployment method, this need for a reliable deployment requires a high de-
gree of inflation control. In addition, the limitations of current rigidization technology
mean that pressure stabilization is required to maintain structural stability. This in turn
necessitates the need for pressure maintenance, which is exacerbated by gas losses due
to micrometeroid punctures. In order to reduces these losses, a pressurization approach
is selected that inflates the structure to 15% Yield strength to remove wrinkles before
venting to 2% Yield strength. Meanwhile, simplified thermal analysis is carried out to
gauge the inflation temperature and the mechanical properties of the structure are cal-
culated, indicating its highly attractive mass and volume characteristics. The result of
this design process is a preliminary design of an inflatable reflector that comfortably sat-
isfies the desired reflector requirements while also enabling informed inflation system
requirements to be generated.



xxii SUMMARY

Following the generation of the inflation system requirements, the design of the in-
flation system can begin. This starts by carrying out a trade off analysis of the micro-
propulsion based design candidates identified in the literature study. The result of this
analysis is the selection of the cold gas candidate that utilizes regulated blowdown oper-
ation. Following this, nitrogen gas is selected as the most appropriate inflation gas due
to its attractive blend of properties. With the system and gas types both selected, the
next step is the design of the inflation scheme, which consists of four key stages; ascent
venting, inflation, venting and pressure maintenance. Focusing on the inflation stage,
a multi-phase inflation sequence is specified to ensure optimal control, with a pulsed
mode of inflation identified as the best way to achieve this.

With the system type, inflation gas and inflation scheme all specified the required
design adjustments to the cold gas system necessary to facilitate inflation were identi-
fied. While the majority of the system required minimal adjustments, it was found that a
unique design approach was required for the cold gas micro nozzle. Driven by the desire
to minimize the gas jet velocity and maximize its temperature, this approach required
that the nozzle expansion ratio be minimized and its curvature be maximized. The re-
sult of this design approach is a system that can generate gas temperatures in excess of
190 K and velocities less than 460 m/s. In order to facilitate the required pulsed opera-
tion, this nozzle is mounted on an inflation control valve that is operated using a control
logic based off that used for RCS thrusters. This enables it to generate a suitable inflation
sequence, thereby demonstrating its potential for inflation control. Due to the similar
operational requirements with an RCS thruster, a COTS cold gas thruster valve is suit-
able for this control valve. Indeed, apart from the nozzle the similarity of the inflation
system to a conventional cold gas micropropulsion system enabled the widespread use
of COTS components. This is even true for the additional components required in the
feed system so as to facilitate venting. Having said that, the design approach taken for
the design of the tank is slightly different to a conventional propulsion system so as to
assess the impact of the gas losses due to micrometeriod punctures on the maintenance
life of the structure. It was found that facilitating a long duration BEOC mission utilizing
a pressure stabilized structure is infeasible, with the designed system capable of a maxi-
mum lifetime of around a month. However, this is the only requirement that cannot be
met with the designed inflation system. Moreover, as the system functionality enables
venting, its design shall remain relevant even with further advancements in rigidization
technology. Coupled with the widespread use of COTS components, this is an exciting
result for the inflatable space industry as it provides a clear indication that compact and
highly controllable inflation systems can successfully be developed using conventional
micropropulsion technology.

The end result of this thesis project is a feasible preliminary design for a compact
cold gas micropropulsion-based inflation system that can provide a highly precise and
controllable inflation process. Such a system can help fill the current technological gap
associated with controllable CubeSat inflation systems, thereby enabling and enhancing
the development of BEOC inflatable structures, the result of which could help usher in a
new era of space exploration.



INTRODUCTION

This chapter provides an introduction to the thesis work detailed in this report.



2 1. INTRODUCTION

NFLATABLE space structures are a form of deployable structure that consist of a flexible
I chamber and an inflation system. Since the mid-20th century they have been identi-
fied as a structural form with enormous, if not revolutionary, potential. Their exciting
promise stems from an attractive blend of distinguishing qualities including exception-
ally high packaging efficiencies, ultra-low mass, minimal complexity and reduced devel-
opment costs. This combination of highly attractive characteristics gives them a distinct
advantage over many conventional space structures. This is particularly true when con-
sidering the development of beyond Earth orbit CubeSat (BEOC) missions, for which
inflatable space structures have been identified as a key enabling technology.

This decade will usher in a new era of space exploration made possible by the devel-
opment of the BEOC mission. Originally proposed by California Polytechnic State Uni-
versity in 1999, the CubeSat, a 10cm x 10cm x 10cm (1U) satellite, has become a hugely
popular satellite platform. This popularity derives from their reduced cost, weight and
power requirements coupled with their relatively rapid development cycles. These at-
tractive characteristics have seen CubeSats identified as a tantalizing alternative to the
current fleet of space exploration spacecraft which are large, complex and very expen-
sive. Utilizing CubeSats for space exploration missions will enable humanity to explore
the solar system in a cheaper, more flexible and more accessible way than ever before.
However, the development of such BEOC missions have been inhibited by the three main
challenges of telecommunications, power and propulsion, all of which stem from the
enormous distances from both the Earth and Sun that these CubeSats will have to oper-
ate in and travel to. Inflatable space structures, with their unique mix of characteristics,
offer some of the most promising solutions to these challenges. However, in order to
ensure that inflatable space structures satisfy the demanding requirements of such ap-
plications, an optimal inflation system is essential.

Any inflatable space structure will, by definition, require an accompanying inflation
system. This inflation system plays an integral role in ensuring that the shape transfor-
mation structures of the inflatable structure are successfully implemented. This is espe-
cially true for the deployment process, for which the inflation system plays a vital role.
Given that the deployment process is the most important stage of an inflatable space
structures life cycle, should the inflation system fail to ensure a successful deployment
the resulting consequences could be catastrophic. This is particularly true for BEOC ap-
plications, whose need for high surface accuracies, among other considerations, shall
require a precise and controlled deployment. However, despite the clear importance of
inflation systems, they have received surprisingly little attention. Indeed, this lack of at-
tention has yielded a relative dearth of information regarding the development of such
systems. The reason for this is likely due to the current reliance on adapted conventional
propulsion technology, which while bulky and non-optimal, has a high TRL relative to
some of the other key design features of inflatable space structures. Given only a handful
of inflatable space structures missions have been carried out, most of which have been
demonstration missions, these systems have generally been considered sufficient. How-
ever, if inflatable space structures are to be considered a viable option for enabling BEOC
missions, the development of new and optimized inflation systems suitable for CubeSat
application is required.

Having explored different options in the literature study (Dunbar, 2021), the use of



micropropulsion technology to develop a a suitable option was identified as having promis-
ing potential. Thus, in order to address this need for a controllable inflation system, suit-

able for enabling BEOC applications, this thesis project aims to explore the development

of a micropropulsion based inflation system.






LITERATURE REVIEW

This chapter provides an overview of the literature study and its relevant findings. The
overview is broken down into three sections; Inflatable space structures (section 2.2), In-
flatable Structures and Beyond Earth Orbit CubeSat Missions (section 2.3) and finally In-

flation Systems (section 2.4).
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2.1. INTRODUCTION

HIS chapter provides an overview of the relevant findings of the literature study,

which was utilized as the starting point for this thesis. The first step of the litera-
ture study was to investigate the key design features that must be addressed in the suc-
cessful implementation of an inflatable space structure as well as noting their impact
on the design of the inflation system. A short recap of this investigation is provided in
section 2.2. Next, an exploration of how inflatable space structure can be utilized to en-
hance and enable the development of beyond Earth orbit CubeSat (BEOC) missions is
undertaken, a recap of which can be found in section 2.3. This exploration serves to
highlight the revolutionary potential of these structures and by extension the key role
that the development of optimized inflation systems plays in realizing this potential. Fi-
nally, with an understanding of the key design considerations of inflatable structures as
well as their exciting potential for BEOC applications, the development of the inflation
systems required to help make these structures a viable solution going forward is inves-
tigated. This investigation explores the extent to which micropropulsion technology can
be utilized to assist in the development of inflation systems specifically tailored for BEOC
applications. A short summary of this is presented in section 2.4.
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2.2. INFLATABLE SPACE STRUCTURES

2.2.1. INTRODUCTION

NFLATABLE space structures can be defined as flexible-walled, expandable structures

that distend through the use of internal gas pressure and are designed specifically for
space applications. Research into their development has been carried out since the mid-
20th century and they have been identified as a structural form with enormous potential,
a potential recognised by the space industry as possibly revolutionary. This is succinctly
put in a 1995 L'Garde Inc paper which states that, “In many ways they are the ideal de-
ployable structure for use in space” (Cassapakis and Thomas, 1995). In order to under-
stand why;, this section shall provide an overview of what these structures are as well as a
discussion regarding what their key design features are and how they impact the design
of the inflation system.

2.2.2. CHARACTERISTICS

Inflatable space structures are seen as having enormous potential within the space in-
dustry due to their unique blend of attractive characteristics, giving them an advantage
over current state of the art mechanical technologies. However, despite these exciting
advantages, to date only a small handful of missions have utilized them and of these
the majority have been experimental demonstration missions. This is due to some sig-
nificant technological hurdles. In order to realise their potential, these hurdles must be
overcome. A summary of the advantages of inflatable structures is provided in table 2.1
while a summary of the challenges they face in implementation is provided in table 2.2.

ADVANTAGES

Characteristic | Explanation

Low Mass Studies estimate that inflatable space structures can be between
50-80% lighter than their best mechanical counterparts (Cass-
apakis and Thomas, 1995; S. Veldman and Vermeeren, 2001).
These mass savings are in large part due to the thin lightweight
membrane materials used which enable areal densities signifi-
cantly lower than a mechanical structure.

Low Volume High packaging efficiencies are one of the clearest advantages that
inflatable space structures have over their mechanical counter-
parts. They enable inflatable structures to be packaged into a
stowage volume that is typically less than 25% of that for a me-
chanical structure (Cassapakis and Thomas, 1995).

Low Cost Inflatables advantages in packaging efficiency and mass require-
ments have major ramifications for mission costs largely with re-
spect to the potential for cheaper launch vehicle options. Cou-
pled with other factors including the potential for cheaper fab-
rication processes, engineering of inflatables could be 50-90%
cheaper than that of their mechanical counterparts (Cassapakis
and Thomas, 1995; Chmielewski and Jenkins, 2005).




8 2. LITERATURE REVIEW
Low System Inflatables enable the development of structures with relatively
Complexity few components. This makes them far less mechanically complex

and can thus lead to an increase in system reliability (M. S. Grahne
and Cadogan, 1999).
Scalability Inflatable structures provide engineers the opportunity to scale

up their sizes with relatively few additional mechanical complex-
ities (Chandra, 2015). This makes them an enabler technology for
missions that require particularly large scale systems that would
not be feasible given current launch capabilities.

Table 2.1: Inflatable Space Structure Advantageous Characteristics

CHALLENGES

Characteristic

Explanation

Verification
and
Validation

Inflatable space structures lightweight and highly flexible nature
makes ground testing on Earth exceedingly complex and prob-
lematic. Researchers must rely on complex simulation software in
order to overcome this issue, the development of which is in itself
extremely challenging. Thus, verification and validation has been
one of the main obstacles to the widespread use and development
of inflatable space structures to date.

Packaging

The challenge for packaging methods is that they are required to
provide compact stowage as well as predictable and reliable de-
ployment dynamics. Therefore, the chosen method must exhibit
a high packaging efficiency, an ability to vent residual gas and
low strain energy while in its stowed configuration (Schenk et al.,
2014).

Deployment

The deployment process has historically been the highest source
of failures in space systems and with inflatables the stakes are
even higher. This is because the stiffness of the inflatable struc-
ture , and thus its load carrying capacity, is dependent on the de-
gree of inflation which in turn is dependent on the state of deploy-
ment (Salama et al., 2000). Therefore ensuring that inflatables de-
ploy reliably and predictably is of the utmost importance.

Stabilization

In order to ensure the long term viability of an inflatable structure
it must be stabilized to overcome inevitable gas losses. The dif-
ferent stabilization methods available each have their own set of
challenges that must carefully considered.
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Fabrication The flexible nature of the thin film membrane used makes fabri-
cating inflatable space structures a challenging process. The most
popular approach at present, the gore method, faces numerous
challenges with fabrication that inhibit the uniformity and preci-
sion of the inflatable surface (Chandra et al., 2020). Other meth-
ods are in the early stages of development.

Precision The precision of these structures, with respect to shape and sur-
face accuracy, is largely dependent on overcoming the other chal-
lenges presented in this section. A detailed list of possible error
sources that affect precision is given by Freeland et al., 1998.

Table 2.2: Main Challenges Facing Inflatable Space Structure

2.2.3. CLASSIFICATION

Inflatable space structures can be organised and classified according to numerous dif-
ferent selection criteria including inflation requirements, stabilization methods, inter-
nal pressure loads, etc. Despite the numerous different ways that these structures can
be categorised there are generally two major categories that are distinguished irrespec-
tive of the criteria. These categories are High Pressure (1-250 kPa) ‘Heavy Duty’ and Low
Pressure (0.00001-1 kPa) ‘Lightly Loaded’ inflatable structures. Lightly loaded structures
are unsurprisingly less robust than their heavy duty counterparts and thus tend to re-
quire a more controlled and precise inflation process.

HI1GH PRESSURE ‘HEAVY DUTY’ INFLATABLE STRUCTURES

These structures are designed as load bearing structures and utilise high internal pres-
sures in order to facilitate this. They can be further subdivided into two categories de-
pending on whether they utilise these high pressures throughout their life time (pressur-
ized structures) or just for deployment (rigidized structures). Examples of pressurized
structures include the habitats and airlocks (Hinkle et al., 2008), designed to withstand
internal loads, as well as re-entry systems (Olds et al., 2013), designed to withstand ex-
ternal loads. Examples of rigidized structures on the other hand generally take the form
of small radius dual wall structures (S. L. Veldman, 2005) such as booms (Viquerat et al.,
2014) or tori (M. S. Grahne and Cadogan, 1999) and are mostly used as support elements.

LOW PRESSURE ‘LIGHTLY LOADED’ INFLATABLE STRUCTURES

These structures are not designed to withstand large loads, rather they are purely de-
signed to withstand small buckling loads (Defoort et al., 2005). They generally take the
form of large low pressure membrane elements and can be thought of as having ‘inflat-
able volumes’ as opposed to ‘inflatable walls’ (Kroplin, 2005). Like their high pressure
counterparts, low pressure lightly loaded structures can can be further subdivided into
two categories. Pressurized structures (Freeland and Bilyeu, 1993) tend to be more com-
mon than rigidized structures (Babuscia et al., 2020) due to challenges associated with
rigidizing such structures.
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2.2.4. KEY DESIGN CONSIDERATIONS

HEN designing an inflatable space structure, there are a number of important de-
Wsign considerations that must be examined. These key factors include the envi-
ronment they will operate in, the materials they are made of, the fabrication methods
used and most importantly their shape transformation functions. As deployable struc-
tures, inflatable space structures have to fulfil three underlying functions in addition to
their primary design function; Packaging, Deployment and Stabilization. These under-
lying functions correspond specifically to the process of efficient shape transformation
(Miura and Pellegrino, 2020) and thus are rarely chosen independently. Most relevant
to this project, the selected combination of deployment and stabilization methods in
particular has a major impact on the functional requirements of the inflation system.

ENVIRONMENT

In order to design any space structure knowledge of the environments that the struc-
ture will experience is crucial. This is particularly prevalent for inflatable space struc-
tures which have the most significant interaction with the space environment of any
type of space structures (Freeland et al., 1998). This stems from the unique design re-
quirements and applications of these structures such as the rigidization methods for
rigidizable structures or the need to maintain inflation pressure in large lightly loaded
structures. There are four major environments that must be considered in the design of
an inflatable structure shall shall be briefly discussed.

* Ground Environment: The ground environment that an inflatable space structure
experiences consists of the manufacturing environment and the storage and ship-
ping environment. Both of these environments can have a detrimental impact on
the structure if not carefully accounted for.

* Launch and Pre-Deployment Environment: The launch and pre-deployment en-
vironment defines two major environments during which the inflatable is in its
packaged state. A major consideration during launch is the expansion is residual
trapped gas, a by-product of the packaging process, which necessitates that the
inflation system provide an ascent venting function. The stowage requirements of
the packaged structure in the pre-deployment environment, also has a bearing on
the inflation system design, e.g. storage life.

* Deployment Environment: The deployment environment, due to its dynamic na-
ture, is the most challenging environment that an inflatable space structure must
endure. The structure must be capable of withstanding the loads caused by the
inflation process which should be carefully considered when designing an appro-
priate inflation system.

° Operating Environment: There are two main aspects of the space environment
that inflatable space structures must withstand; physical damage from microme-
teoroids and material property changes arising from environmental interactions
such as extreme temperature and radiation. These interactions drive the stabiliza-
tion requirements, which in turn impacts the inflation system functionality.
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PACKAGING

The choice of packaging scheme for an inflatable space structure is crucial for mission
success as it effects packaging efficiency, deployment dynamics and the structural prop-
erties of the inflated structure. The ultimate goal of packaging is to maximise the pack-
aging efficiency. There are a variety of different ways that packaging efficiency can be
defined. Deployable reflectors typically use the ratio of the deployed diameter to the
stowed volume (m?/U), as seen in equation 2.1 (Chandra et al., 2020). In this thesis, this
shall be referred to as the reflector packaging efficiency (RPE).

. . Deployed Reflector Cross Sectional Area
Reflector Packaging Efficiency (RPE) = - - 2.1)
Packaging Container Volume

While this definition is useful for the design of a deployable reflector, for inflatable space
structures the most commonly used definition is given in equation 2.2 which can also be
restated as the packaging factor as seen in equation 2.3 (M. Grahne and Cadogan, 2001).

. . Inherent Material Volume
Packaging Efficiency (PE) = - - x 100 (2.2)
Packaging Container Volume

Packaging Container Volume

Packaging Factor (PF) =
ackaging Factor (PF) Inherent Material Volume

(2.3)

Inevitably for inflatable reflector structures a high PE value yields a high RPE value and
it is therefore highly desirable to maximize PE. While trying to maximise PE, designers
must also consider that the packaging scheme chosen can significantly impact space-
craft dynamics, most notably in the form of residual gas built up during packing. If not
dealt with appropriately this will impart an initial velocity on the structure as it deploys
leading to an unpredictable deployment. The typical PE values for an inflatable space
structure consisting of little hardware, typically low pressure structures (e.g. balloons),
are around 30-80% while more complex systems, such as those that utilize high pres-
sure support structures along with other hardware are around 10-25% (M. Grahne and
Cadogan, 2001). Unsurprisingly, packaging schemes can generally be divided into two
separate categories; those for small radius high pressure structures and those for large
volume low pressure structures. Both of these categories contain numerous different
methods which are explored in detail in the literature study Dunbar, 2021. However,
it should be noted that the majority of research has been done on inflatable booms and
flat thin membrane structures, with the information regarding the packaging of large low
pressure structures more sparse. The selection of an appropriate method is particularly
important for the volume constraints of a BEOC mission.

DEPLOYMENT

The deployment process is the most important stage of an inflatable space structures life
cycle, largely due to the fact that the load carrying capacity of the inflatable structure is
dependent on the state of deployment. Thus, the missions success is entirely dependent
on a successful deployment. However, given the lightweight and highly flexible nature of
inflatable structures this can be an extremely challenging task and has led to the devel-
opment of a number of different deployment methods. They are as follows:
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 Free Deployment: Free deployment allows the inflating structure to move about
freely once released. The advantage of this method is that it requires less mass,
volume, complexity and cost than the other methods. While largely unsuitable for
small radius high pressure structures, this method is commonly used for simple
low pressure structures such as the CubeSat inflatable antenna being developed
by JPL (Babuscia et al., 2020). It must be noted that these inflatables still require
an ejection mechanism to release the structure out into space.

* Passively Controlled Deployment: Passively controlled deployment means that no
active system is utilised to influence the deployment of the structure. Instead a
variety of mechanical resistive and energy control devices are used in order to re-
strict and thus control the deployment process (Salama et al., 2000). This means
that the inflated segments of the structure are gradually released into space. It
is the most popular method of deployment and is normally used for small radius
high pressure structures.

* Actively Controlled Deployment: Active controlled deployment makes use of sen-
sors and active actuators to provide maximal control over the deployment of the
inflatable structure enabling highly accurate and reliable deployment. However,
despite its potential advantages it has been the least popular deployment method
to date, largely due to its undesirable complexity, mass and volume requirements
although this is beginning to change with the advent of embedded intelligent ma-
terials Ruggiero and Inman, 2006.

Given the integral role of the inflation system in this process, it is apparent that delivering
the inflation gas at a controlled rate is highly advantageous for maximizing the reliability
of the deployment process and ensuring its success. This is particularly true for free de-
ployment which unlike the other two methods does not utilize often bulky deployment
mechanisms to control the deployment process.

STABILIZATION

Stabilization of inflatable space structures is integral for maintaining the long-term struc-
tural integrity of the structure after deployment. With threats like micrometeroids and
space debris, as well as imperfections in the inflatable wall, gas leakage due to the devel-
opment of small holes is highly likely. There are two options that are available to coun-
teract this.

* Pressure Stabilization: The first and simpler of the two is to bring make up gas in
order to compensate for such leaks. Known as ‘pressure stabilization’ this option
is attractive for its simplicity and has been widely proposed and utilized for low
pressure inflatable applications. However, given the volume constraints of a BEOC
mission, only a certain amount of make-up gas can be carried, inevitably limiting
the duration for which the pressure in the structure can be maintained. Given the
desire for long duration BEOC missions, it is apparent utilizing this method comes
with its drawbacks. This is particularly true for high pressure structures which leak
at higher rates than their low pressure counterparts.
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* Rigidization: The second option is to utilize a rigidization process. By rigidizing
the flexible walls of the inflatable structure and venting the gas, the structure no
longer relies on internal gas pressure for structural stability making it impervious
to gas leakage. Due to the range and complexity of spacecraft mission require-
ments, several different rigidization techniques, and thus materials, have been
developed and investigated. These techniques draw from a wide range of exter-
nal influences to instigate the rigidization process which can generally be grouped
into three main categories (Defoort et al., 2005). They are:

— Mechanical Rigidization: Rigidization occurs through pressure forces within
the inflatable that induce stresses which are higher than the walls metallic
layers yield stress. Primarily used with an aluminium-polymer laminate and
so commonly known as “Aluminium rigidization” (Schenk et al., 2014).

— Physical Rigidization: Rigidization occurs due a physically induced change
in material properties. Methods include utilizing sub-glass transition tem-
perature resins (Schenk et al., 2014). This is a reversible process.

— Chemical Rigidization Rigidization occurs due a chemically induced change
in material properties. Methods include utilizing UV light to cure thermoset
resins (Defoort et al., 2005). This is an irreversible process.

These different stabilization methods invariably places different functional requirements
on the design of the inflation system. Pressure stabilization requires that the inflation
system have the capacity to provide pressure maintenance, mechanical rigidization re-
quires it to over-pressurize the structure before venting it while physical and chemical
rigidization typically require short term pressure maintenance while the the rigidization
process occurs followed by venting.

MATERIALS

Materials are a vital enabling technology for inflatable space structures.The materials
must be both thin and flexible while also being able to withstand the challenging en-
vironments inflatable space structures are exposed to. The materials used in inflatable
space structures can be split into two categories according to their stabilization method.
These categories are Film materials and Rigidizable materials.

* Film Materials: Film materials are generally single layer materials utilised in the
development of pressurized structures. There are three types of polymer film ma-
terials that are most commonly used for this application, all of which have space-
flight heritage. They are polyesters, polyimides and perfluorinated polymers (Con-
nell and Watson, 2001 ).

— Polyesters: Polyethylene terephthalate (PET), commonly known under the
tradename Mylar, has been the most commonly utilized film material to date.
Its popularity stems from its attractive properties, it’s low cost and it’s com-
mercial availability.

— Polyimides: Known for their ability to maintain excellent mechanical prop-
erties pover a wide temperature range, polyimides such as Kapton HN have
become an attractive alternative to Mylar in recent years.
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— Perfluorinated Polymers: Commonly marketed under the tradename Teflon,
these materials offer inherent resistance to atomic oxygen (AO) erosion, some-
thing the polyesters and polyimides are typically susceptible to. However, it
has poor radiation resistance and relatively unattractive material properties.

— Advanced Materials: Advancements in inflatable technology has seen a num-
ber of new polymer materials emerge that show some promising properties.
Examples include low cure polyimides, such as CP-1 (NEXOLVE REf), TOR
and COR polymers as well as intelligent flexible materials such as such as
PVDF and PolyMEMS (Pearson et al., 2010; Ruggiero and Inman, 2006)

* Rigidizable Materials: Rigidizable materials are materials that have two physical
states. For storage they are flexible and foldable but in their deployed state they
are hard and rigid. They typically consist of two multiple layered components;
the MLI blanket and the support tube laminate. The support tube laminate con-
sists of two main layers, the restraint/ bladder layer, typically a polymer film such
as Mylar or Kapton, and the rigidizable layer. These laminates can generally be
split into two main categories; metal laminate materials, for mechanical rigidiza-
tion, and composite laminate materials, for physical and chemical rigidization
(Chmielewski and Jenkins, 2005).

FABRICATION

While fabrication methods for small radius inflatable structures can vary dependent on
the selected packaging and rigidization methods, in general the most common fabrica-
tion method for inflatable structures is through seaming together one or more thin flat
sections, known as gores, to achieve the desired shape. Given the flexible nature of the
thin films used, handling and cutting of these sections can be extremely challenging,
particularly for curved low pressure inflatable structures such as reflectors or balloons.
One way to overcome this is through the use of precision gore templates or precise au-
tomated cutting systems, both of which provide a high degree of dimensional accuracy
and control (Freeland et al., 1998). However, the presence of non-smooth seams in the
inflatable structures surface leads to a number of issues. Firstly, the faceted nature of us-
ing gores seamed together inhibits the uniformity and precision of the inflatable surface
which can be a major issue for applications requiring high surface accuracies (Chandra
etal., 2020). Additionally, it leads to areas of varying structural stiffness which can lead to
undesirable thermal and mechanical properties. While other methods such as 3D form-
ing (Smith et al., 2018) or thermal forming (Chandra et al., 2020), have been proposed in
order to overcome these limitations, they are only in the early stages of development.

2.2.5. CONCLUSION

This investigation provides a clear description of what these structures are and why they
are so attractive for deployable space applications. In addition, the key design considera-
tions that must be addressed in order to successful provide the attractive characteristics
of an inflatable space structure are identified and their impact on the required design
features of the inflation system is highlighted. This influence derives largely from the
interaction of the structure and the environmental conditions it must withstand.
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The different environments play a significant role in determining the required func-
tions of the inflation system. The launch and pre-deployment environmental conditions
dictate the need for an ascent venting function, as well as the systems storage life, the
deployment environment emphasises the need to provide appropriately controlled in-
flation loads, while the operating environment requires that the structure be sufficiently
durable, by providing suitable pressure levels as well as pressure maintenance and/or
venting. These three environments correspond directly to, and contribute to the choice
of, the shape transformation functions; packaging, deployment and stabilization. In ad-
dition, they also impact the material choice and by extension the fabrication require-
ments.
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2.3. INFLATABLE STRUCTURES AND BEYOND EARTH ORBIT CUBE-

SAT MISSIONS

2.3.1. INTRODUCTION

UMANITY is on the cusp of a new era of space exploration, ushered in by the advent
H of the CubeSat. Compared to conventional satellites, CubeSats cost less, weigh less,
consume less power and have far shorter development cycles. Such characteristics also
make CubeSats an alluring alternative to the conventional large, complex and expen-
sive space exploration spacecraft. A quick comparison between the 2180 kg, $720 mil-
lion Mars Reconnaissance Orbiter (MRO) (Graf et al., 2005) and the 13.5kg, $18.5 million
Mars Cube One (MarCo) provides a clear example of why the space industry is so excited
about BEOC missions. The overwhelming success of the MarCo mission, the first inter-
planetary Cubesat (Schoolcraft et al., 2017), has paved the way for a new fleet of inter-
planetary CubeSat missions, a few of which are mentioned in figure 5.8. These missions
will enable a new age of exploration in our Solar system providing more accessible and
affordable scientific information, as detailed in the Keck Institutes report titled “Small
Satellites: A Revolution in Space Science” (Norton et al., 2014), as well as additional sup-
port for future manned missions. An excellent overview of BEOC missions is provided by
Malphrus et al., 2021, outlining their unique advantages, requirements and challenges.
An overview of how inflatable structures, and their inflation systems, can offer solutions
to these unique challenges will be discussed in this section.

2.3.2. CHALLENGES
WHILE BEOCs can take advantage of the standardized CubeSat platform and the
availability of a wide range of commercial components, designing them specifi-
cally to explore interplanetary space is an extremely challenging task. The main techno-
logical challenges facing the development of an interplanetary CubeSat include telecom-
munications, navigation, radiation hardening, power and propulsion. The literature
study focused specifically on the challenges associated with deployable structures, namely
telecommunications, power and propulsion. These challenges stem from the enormous
distances from both the Earth and Sun that these spacecraft will have to travel to and op-
erate in. Such requirements place a serious technological demand on these three subsys-
tems that conventional LEO CubeSats do not have to consider and have, until recently,
been the major stumbling block to BEOC missions.

o Telecommunications: The most significant hurdle to enabling BEOC missions is
the telecommunications system. Typical CubeSat telecommunications systems
operate on frequencies ranging from VHF to S-Band using low gain dipole, monopole
or patch antennas (Babuscia et al., 2013). However, such systems are completely
inadequate for interplanetary missions where high gain antennas (HGA) that op-
erate at X-band and Ka-band frequencies are preferred due to the large distance
and high data rates demanded (Cesarone et al., 2007). As gain is related to the an-
tenna area, the volumetric constraints of the CubeSat necessitates the utilization
of a deployable high gain antenna to meet these requirements.

° Propulsion: Propulsion systems that enable precise trajectory control and orbital
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maneuvering are essential to the success of stand alone interplanetary CubeSat
missions. In order to meet these requirements, coupled with the difficulty in scal-
ing down traditional propulsion systems, engineers have had to develop new alter-
native propulsion methods. Two of these systems were found to be of particular
interest for inflatable structures are solar sails and solar thermal propulsion (STP).

* Power: BEOC'’s tend to have higher power requirements than their LEO counter-

parts due to the presence of both a propulsion system and more demanding telecom-

munication systems. Coupled with their increasing distance from the Sun, this
puts significant strain on BEOC’s electrical power systems. Given the issues with
RTGs for small spacecraft and the limited efficiency of conventional photovoltaic
solar arrays, alternative options may be required. One obvious option is to develop
solar arrays with large collection areas, something for which inflatable structures
may be well suited. Another option is to utilize solar concentrators to generate
thermal or photovoltaic power.

2.3.3. INFLATABLE STRUCTURE SOLUTIONS

From examining the literature, it was established that inflatable structures have the po-
tential to provide solutions to the different challenges facing BEOC missions. These so-
lutions typically come in the form of two structural types; planar structures and curved
structures.

PLANAR STRUCTURES

Planar structures are typically large, flat and thin structures that can be utilized for a va-
riety of applications. They generally take the form of a thin membrane supported and
tensioned by a high pressure inflatable support structure. They're simplicity and scala-
bility are their most attractive features and make them suitable for applications requir-
ing large areas. This large size enables them to maximize the quantity of radiation they
receive/reflect making them ideal candidates for solar sails, solar arrays and antennas.

» Telecommunications: Planar antennas are composed of a thin flat or slightly curved
reflecting surface and are the most common form of BEOC HGA to date (Chahat,
Arya, et al., 2020; Chahat, Decrossas, et al., 2020; Hodges et al., 2015) . Their flat
surface reflects an incident field directed via a feed from the spacecraft. While no
inflatable planar antenna has yet been proposed for CubeSat applications, much
research has been carried out into their development (Fang et al., 2002; Fang et al.,
2008; Huang, 2001; Liu et al., 2017). Their ability to achieve larger areas and thus
higher gain than other deployable reflectarrays (Arya et al., 2019) makes them very
attractive. For example, a 10.5-m planar HGA would provide a 50 x increase in
data volume transmission capability compared to current interplanetary space-
craft which typically fly a 1.5-m HGA (Cesarone et al., 2007).

* Propulsion: Planar structures can provide an alternative form of propulsion to
conventional propulsion systems in the form of a solar sail. These must be large
thin structures due to the low area density of the momentum provided by incident
photons. Despite the gentle thrust provided by these photons, their persistent na-
ture can eventually accelerate the solar sail to speeds approaching 10% the speed
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oflight. This revolutionary technology is a simple but elegant BEOC propulsion so-
lution as evidenced by their use on recent missions (Johnson et al., 2015). The use
of inflatable booms as a support structure has seen much attention due to their at-
tractive mass and volume characteristics (Kezerashvili et al., 2021; Lichodziejewski
etal.,, 2003; Underwood et al., 2019).

* Power: Planar solar arrays are the most common form of power generation system
on board CubeSats. However, conventional systems have a number of significant
drawbacks including mass, volume and most significantly, limited efficiency. This
necessitates that solar arrays be relatively large compared to the spacecraft in or-
der to meet its power requirements. The relationship between solar array size and
power generated is directly proportional to the solar flux, which decreases with in-
creasing distance from the sun. The lightweight and scalable nature of inflatable
solar arrays enables the development of large lightweight solar arrays that pro-
vide an attractive solution to the challenges associated with conventional systems
(Cadogan and Lin, 1999; Johnson et al., 2014; Veal, 1991).

CURVED STRUCTURES

Curved structures are typically large low pressure inflatable structures that come in ei-
ther parabolic or spherical shapes. Their curved shape enables engineers to focus in-
coming radiation onto small areas thus enabling far more compact systems than their
planar counterparts. This ability to focus incoming radiation is extremely beneficial for
telecommunication application as well as for power and propulsion applications. Given
this ability can be employed across all three applications, inflatable curved structures
can also be utilized as hybrid structures that can provide the different functions in a sin-
gle unique system.

o Telecommunications: Curved reflectors, particularly parabolic reflector, are the
most common structural form for HGAs. This is largely due to their higher ef-
ficiency and higher gain levels relative to planar antennas. However, these ad-
vantages typically come at the expense of a larger stowage volume and increased
complexity. Nevertheless, the appeal of curved reflector antennas, which most
commonly take the form of deployable mesh reflectors, has led to the develop-
ment of numerous CubeSat antennas in recent years. Unsurprisingly, inflatable
structures have long been earmarked as promising solution to these volume and
complexity issues, and are some of the only inflatable structures to have flight her-
itage, notable structures including the ECHO balloons (Clemmons, 1964) and IAE
(Freeland and Bilyeu, 1993). This promise is currently being explored by three dif-
ferent inflatable CubeSat HGA proposals, the CubeSat inflatable antenna concept
led by JPL (Babuscia et al., 2020), the BEOC inflatable gregorian reflector being de-
veloped at MIT (Fenn et al., 2021) and most notably the CatSat inflatable antenna
(Chandra et al., 2021) designed by FreeFall Aerospace which is due to fly this year.

* Propulsion: Curved inflatable structures in the form of solar concentrators have
drawn consideration attention for their ability to enable the unique STP system.
STP utilizes thermal concentration to heat a propellant to very high temperatures
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and generate thrust. It could provide a unique propulsion system that provides
higher specific impulse than chemical propulsion systems, reducing system mass,
coupled with higher thrust levels than electric propulsion systems, enabling faster
trasnfer times. Such a system would play an enormous role in increasing the scope
and range of missions that BEOC’s could undertake. Inflatable concentration sys-
tems are seen as a key enabling technology for such systems. This is evident from
the system optimization analysis for the STP concept in development at TU Delft
carried out by (Leverone, Cervone, et al., 2020). However, the literature to date on
such systems is still quite limited, particularly for BEOC STP applications. At the
time of writing, there are currently no systems in development that the author is
aware of.

* Power: Solar concentrators offer an attractive alternative to the inefficient solar
arrays. Typically taking the form of a parabolic reflector or of a fresnel lens, they
can be utilized for two different types of power generation system, thermal con-
centration and photovoltaic concentration. Thermal concentration is utilized to
generate power by using thermo-dynamic conversion devices such as a brayton,
rankine or stirling cycle engine (Grossman and Williams, 1990; Leverone, Pini, et
al.,, 2020). Photovoltaic systems, on the other hand, can be utilized to improve the
efficiency of traditional solar power generation systems. While a promising so-
lution for addressing BEOC power applications, to date, the use of inflatable solar
concentrators for power generation is least explored of the three applications. This
is partly due to the exciting potential of utilizing the solar concentration concept
for propulsion systems.

° Hybrid: The main design characteristics for an inflatable curved reflector are rel-
atively consistent across the three applications. This is not only true in terms of
shape and function but also with respect to more detailed parameters such as
materials. This gives rise to the multi-functional hybrid inflatable reflector. The
potential of such a hybrid reflector is incredibly enticing and has already been ex-
plored for at least two large inflatable concepts (Lichodziejewski and Cassapakis,
1999; Redell et al., 2005) as well as for BEOC applications as part of a NASA Innova-
tive Advanced Concepts (NIAC) task. Such a BEOC inflatable hybrid reflector could
enable outer solar system missions that are 1/10th the cost and mass of conven-
tional deep space missions (Staehle et al., 2020). However, while promising such
systems are still only at the conceptual level.

SUMMARY

It is evident that inflatable space structures can provide a range of solutions for the chal-
lenges of telecommunications, power and propulsion. Due to their use of high pres-
sure support structures to support and tension the planar membrane, planar structures
shall be categorized as high pressure structures, while their curved counterparts, de-
spite sometimes also utilize high pressure support structures, can typically be catego-
rized as low pressure structures. While planar inflatable structures hold promise, from
the overview provided it can be established that curved inflatable structures offer greater
potential for satisfying these challenges. This is perhaps best epitomized by the exciting
hybrid reflector concept that could address all three challenges in one unique system.



20 2. LITERATURE REVIEW

2.3.4. CONCLUSION

In order to ensure that this thesis explored a suitable design for a BEOC inflatable space
structure, and most importantly its inflation system, the design concepts, figure A.1, are
proposed. They are accompanied by estimates of their TRLs. This overview serves to
highlight the exciting potential inflatable space structures have for enhancing and en-
abling the development of revolutionary BEOC missions. In addition, as noted in section
2.4, the development of optimally suited inflation systems shall contribute to realising
this potential.
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2.4, INFLATION SYSTEMS

2.4.1. INTRODUCTION
T HE inflation system is, unsurprisingly, a key component for enabling the success of
an inflatable structure. Given that this inflation system plays an integral role in the
successful deployment of the inflatable reflector, it is vital to ensure that it can provide
a suitably controlled gas delivery. This is particularly true for BEOC inflatable reflectors,
whose high surface accuracies require a precise and controlled deployment. Should the
inflation system fail to ensure a successful deployment a reduced reflector performance
and/or mission failure shall result. Given the essential role that they play in ensuring the
inflatable structures successful operation, inflation systems have received surprisingly
little attention relative to the other aspects of inflatable structures, with the majority of
proposed systems relying on bulky adapted cold gas propulsion technology. While the
reasons for this may be speculated on, it is likely that demand for simple, reliable and
controllable inflation systems suitable for CubeSat inflatable applications will rise in the
coming years as interest in such structures grows. This need for an optimized CubeSat
inflation system is further emphasized by the role it shall play in enabling the develop-
ment of BEOC missions.

In order to address this need, the literature study explored the potential suitability
of utilizing micropropulsion technology in the development of an inflation system de-
signed specifically for BEOC inflatable applications requiring a controlled and precise
inflation process. In this pursuit, a variety of different systems inspired by both con-
ventional inflation systems and current micropropulsion technology have been investi-
gated. They shall be elaborated on hereafter.

2.4.2. INFLATION SYSTEM DESIGN CONSIDERATIONS

NFLATION as a means of deployment and structural support provides unique chal-

lenges for the development of inflatable space structures. As has been noted one of
the main concerns is ensuring a precise and controlled inflation process, which is essen-
tial for BEOC inflatable reflector applications. In addition, challenges also arise from the
desired stabilization method chosen, be it pressure maintenance for pressure stabiliza-
tion or venting for rigidization. Addressing these challenges is exacerbated by the addi-
tional constraints imposed when considering BEOC missions. Given their limited size
constraints as well as their large distances from Earth, these missions place extremely
demanding requirements on the design of the inflation system, in terms of storage, reli-
ability and size. A summary of these vital design considerations are as follows:

* Highly reliable and predictable deployment
* Limited mass requirements

e Limited volume requirements

* Suitable gas characteristics

* Long storage life

* Compatibility with stabilization method
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2.4.3. TYPES OF INFLATION SYSTEMS

D ESPITE the limited literature, a variety of different inflation system types have been
utilized and proposed for inflatable space applications. This section shall provide

an overview of these different systems types, highlighting those that may be suitably

adapted with micropropulsion technology as well exploring potential systems that uti-

lize, and are inspired by, micropropulsion technology.

INFLATION SYSTEM CATEGORIES
Inflation systems can be categorised into three different groups. These categories were
identified by exploring both terrestrial and space operated systems.

* Cold Gas Systems

— Cold gas systems have traditionally been the most popular category of in-
flation system for inflatable space structures. This is largely down to their
attractive gas flow characteristics and extensive flight heritage as ADCS and
pressurization systems, with the majority of proposed inflatable space struc-
tures to date relying on adapted cold gas systems

* Chemical Gas Generation Systems

— Building on proven technology has also seen the exploration of chemical gas
generation systems. These systems provide inflation via the chemical reac-
tion of liquid and/or solid reactants which can be stored at low pressures,
typically yielding mass and volume savings compared to cold gas systems.
Such systems are commonly seen in terrestrial applications like automotive
airbags and fire extinguishers as well as turbine drivers in large pump-fed
launch vehicle propulsion systems.

* Physical Phase Change Systems

— The finally category of design candidates are the physical phase change sys-
tems. These systems rely on changing the physical form, but not the chem-
ical composition, of the propellant in order to generate inflation gas. This is
the least developed category of inflation system

CoLD GAS SYSTEMS

The most popular method for inflating inflatable space structures to date, these systems
have largely consisted of either simple compressed gas cylinders, as used for ECHO I
(Clemmons, 1964), or adapted conventional cold gas propulsion systems, as used for
the IAE (Freeland and Bilyeu, 1993). Exploring both of these options as well as cold gas
micropropulsion systems, which are the most mature form of micropropulsion system,
two distinct types of cold gas inflation system were identified. These types are derived
from the two different types of gas pressurization system, those that utilize blow down
tanks and those that utilize regulated tanks. While both options are promising the use of
pressurized tanks and the associated mass and volume requirements is seen as a draw-
back.
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Blow Down Systems

The defining feature of a blow down system is that it consists of a single tank containing
the pressurized inflatant. As the tank empties, the pressure on the inflatant decreases.
The way this decrease in tank pressure is managed gives rise to two different forms of
cold gas blow down system.

e Straight Blow Down

— This is the simpler of the two forms, negating the use of pressure reduc-
tion/regulation. Thus, as the tank pressure decreases, the mass flow rate shall
decrease leading to a drop in system performance. These systems have com-
monly utilized in the form of compressed gas cylinders for inflation purposes
(Clemmons, 1964; Nakasuka et al., 2009; Nock et al., 2010).

— Interms of micropropulsion technology, they are typically preferred for MEMS
cold gas micropropulsion systems as they provide a simpler and less bulky
option relative to regulated systems.

* Regulated Blow Down

— The more typical form of a blow down tank system utilizes a pressure regula-
tion system, enabling to provide a consistant performance despite the drop
in tank pressure. These systems are the commonly utilized inflation system
and are typically found among adapted cold gas propulsion systems (Free-
land and Bilyeu, 1993; Lester et al., 2000; Thunnissen et al., 1995).

— In terms of micropropulsion technology, these systems are a popular form
of cold gas micropropulsion system and are one of the few micropropul-
sion systems identified whose promise as a CubeSat inflation system has al-
ready been demonstrated, with the AeroCube-3 inflatable balloon utilizing
the MEMS PICOSAT Inspector (MEPSI). Indeed, Hinkley, 2008 clearly notes,
“This same technology (micropropulsion regulated blow down system) can
be used for holding gas or fluid for inflating structures in space.” This shall
be further emphasized by the utilization of a regulated blow down system on
the CatSat spherical inflatable CubeSat reflector that shall be launched this
year (Chandra et al., 2021).

Regulated Systems

A regulated cold gas system consists of a inflatant tank that is pressurized by a separate
high pressure pressurant tank. The flow of the pressurant is regulated so as to ensure a
constant pressure in the inflatant tank resulting in a consistant performance through-
out the operational lifespan of the system. These systems are significantly more com-
plex than their blow down counterparts due to the requirement for a separate pressurant
tank, explaining their relative unpopularity as both an inflation system and as a cold gas
micropropulsion system. This is evidenced by the fact that only a single such inflation
system could be found in the literature (Thunnissen et al., 1995).
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CHEMICAL GAS GENERATION SYSTEMS

While less common than their cold gas counterparts, the potential mass and volume
savings offered by chemical gas generation systems makes them a promising option for
CubeSat inflation systems, especially when compared to the bulky cold gas systems.
Three types of chemical gas generation system were identified which are derived from
the method used to stow the inflation gas. They are solid, liquid and alternative.

Solid Propellant Gas Generators

Solid propellant gas generators (SPGG) are effectively small solid rocket motors. They
operate by consuming a solid propellant grain, producing an inflation gas with a spec-
ified temperature, pressure and mass flow. SPGGs are the most commonly used form
of gas generator and are popular for their simplicity, low cost and compact packaging.
Storing the inflation gas as a solid grain is particularly beneficial for BEOC missions as
it enables long term storage without the disadvantages associated with leakage or pres-
sure. However, they tend to suffer from a rapid blow down operation. They are typically
categorized into two groups according to the temperature of the gas stream generated,
warm gas generators and cool gas generators.

° Warm Gas Generators

— Warm gas generator (WGG), also referred to as a ‘pyrotechnic’ generator, ig-
nite the solid propellant with the ensuing combustion process creating a hot
gas at temperatures exceeding 700 K (Van Der List et al., 2004). While the op-
erational temperature of these systems is typically limited to about 2000 K,
the flame temperature of some WGG can exceed 3000 K.

— A deviant on the conventional WGG, known as low temperature gas genera-
tors (LTGG), utilize coolant systems to reduce these high gas temperatures as
well as remove particulates from the flow. Such a system was utilized for in-
flating the Mars Pathfinder landing airbags and produced gas temperatures
between 550 Kand 650 K (McGrath et al., 1998). Recent years has seen the de-
velopment of systems with further temperature reductions, the most promis-
ing of which is is an LTGG spacecraft inflation system developed by Han et al.,
2021.

— Unsurprisingly, these warm gas generators are not a popular form of micro-
propulsion system although the system developed by Han et al., 2021 does
show promise for CubeSat applications.

e Cool Gas Generators

— Unlike their warm counterparts, solid propellant cool gas generators (CGG)
produce a pure gas at ambient temperature. Coupled with their low mass and
volume requirements, this makes them an attractive option for for CubeSat
inflation systems. However, their rapid blow down nature is a distinct draw-
back. Two forms of the CGG system were identified, CGG straight and CGG
refill.
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- CGG straight systems deliver inflation gas produced by the CGG directly into
the inflatable structure. These systems are highly compact and have already
been demonstrated for CubeSat inflation applications having been utilized
for InflateSail (Underwood etal., 2019) and DebrisSat-1 (Forshaw et al., 2020).
However, due to the rapid blow down nature of CGG’s, these system has very
limited inflation control.

— The CGG refill systems yields a far more controllable inflation system and is
based on a micropropulsion system utilized for the COGEX (Santandrea et
al., 2013) and T3 uPS (Migliaccio et al., 2010) systems. The system, which is
also explored by Van Der List et al., 2004, consists of a number of CGG’s con-
nected to a plenum. When the system is initialized the first CGG is activated
and releases gas filling the plenum. The gas then travels from this plenum
to the nozzle. As the gas in the plenum is depleted, the pressure shall drop
accordingly. When the pressure reaches a certain value, the next CGG is ac-
tivated refilling the plenum to a certain pressure. This process shall enable a
slower and more controlled inflation process. While it has no heritage as an
inflation system, it has been proposed by Konstantinidis and Forstner, 2013
to inflate the Martian hypersonic inflatable drag balloon.

Liquid Propellant Gas Generation System

These systems were identified as a potential inflation system due to their potential mass
and volume savings as well as their heritage as both conventional propulsion and micro-
propulsion systems. For the purposes of this investigation, two categories of liquid pro-
pellant gas generation system were distinguished, mono-propellant and bi-propellant
systems.

* Mono-propellant Systems

- Monopropellant systems operate by running a propellant over a catalyst where
it decomposes exothermically, generating gas at high pressures and tempera-
tures. Among the most popular chemical propulsion system, they have been
used extensively across conventional spacecraft as attitude control thrusters
as well as in the development of numerous micropropulsion systems. How-
ever, the hazardous characteristics of the propellants utilized in these sys-
tems is seen as a distinct disadvantage for inflation purposes, where avoiding
damage to the membrane is of critical importance.

* Bi-propellant Systems

— These same gas characteristics are also common among bi-propellant sys-
tems, whose additional complexity already marks them as an unattractive
option. However, there is one interesting variation that may hold promise.
The micropropulsion HYDROS thruster developed by Tethers Unlimited (James
etal., 2017) could be utilized to develop an inflation system that stores liquid
water until inflation at which point it can produce a controlled rate of hydro-
gen and/or oxygen inflation gas without the need for high temperatures or
high pressure storage.
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Alternative Gas Generation System

Given the relative lack of research into inflation systems for inflatable space structures
it is not surprising that only a limited number of conventional gas generation systems
have been explored. However, two additional systems have been identified that utilize
relatively new gas generating technology.

* Metal Hydrides

— Metal hydride alloys are capable of storing large amounts of hydrogen, ap-
proximately 1000 times the volume of the alloys themselves (Ino et al., 2015;
Jain, 2009), the release of which can be carefully managed. They also the
unique ability to be able to reabsorb the gas if desired. This could be bene-
ficial for precision inflatable structures. However, due to their low TRL sig-
nificant research and development would be required before they could be
considered a viable option for BEOC inflatable structures.

* Solid-state gas generator

— The Solid State Inflation Balloon deorbiter (SSIB) has been developed by the
University of Arkansas and NASA (Roddy and Huang, 2019). The inflation
system, which shall be utilized by the ArkSat CubeSats, utilises an MEMS
device called the Solid-State Gas Generator (SSGG) which creates nitrogen
gas on-demand by thermally decomposing sodium azide crystals. This ad-
vanced system could provide a potential option for BEOC inflation systems,
although given its a relatively new development the available literature is still
quite limited. One major drawback is that the quantity of gas that it can pro-
duce, at present, is quite limited.

PHASE CHANGE SYSTEMS

The least common of the three categories of inflation system, physical phase change
systems are most commonly found in the form of sublimation systems. However, liquid
vaporization systems are also identified as a potential avenue for micropropulsion based
inflation systems.

Sublimation
Solid sublimation systems are the least complex inflation system currently available.
Two forms of the system have been distinguished. Conventional and controlled.

* Conventional Sublimation

— These systems utilize passive sublimating powders stored inside the inflat-
able structure which upon exposure to the high vacuum of space change di-
rectly from solid to vapor thus inflating the structure. This relatively straight
forward process negates the need for active inflation hardware and is thus
simple and has minimal onboard mass and volume requirements. This makes
it an attractive option for CubeSat inflation systems, as seen in the develop-
ment of the inflatable CubeSat antenna project at JPL (Babuscia et al., 2020).
However, the system is inherently uncontrollable which is a major drawback.
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e Controlled Sublimation

- In order to overcome the uncontrolled nature of the conventional sublima-
tion system, Fenn et al., 2021 has proposed the use of a controllable subli-
mation system. This would involve storing the sublimating powders exter-
nally to the inflatable structure, enabling the release of gas to be controlled
through small variations in the storage temperature/pressure. How the actu-
ation of such a system would work requires extensive research and develop-
ment

Vaporization

This type of inflation system, inspired by resistojet micropropulsion technology, would
utilize a heating element to vaporize the inflatant which is stored as a liquid. While this
system may offer attractive volume and mass characteristics relative to a comparable
cold gas system, the increased temperature of the gas jet is likely drawback.

BIMODAL INFLATION SYSTEM

All of the systems presented here were noted as solely inflation systems. However, it is
also feasible to consider that a bimodal micropropulsion system could be developed.
These systems could enable the development of ‘propulsion-inflation’ systems as is ex-
plored by Thunnissen et al., 1995 and by Griebel, 2011, who designs a propulsion-inflation
system for a Mars inflatable drag balloon. Given both the high surface accuracy require-
ments and high precision pointing requirements of a BEOC inflatable reflector, a system
that could provide both precise inflation and ADCS into one system could be highly ad-
vantageous. In addition, as pointed out by Thunnissen et al., 1995 and Griebel, 2011,
incorporating the inflation system into an existing propulsion system can increase the
volumetric efficiency of the system. Systems such as the VACCO hybrid MiPS, which
combines green monopropellant and cold gas propulsion into one system, for the BEOC
ArgoMoon (VACCO, 2012) mission serve as an example of the potential suitability of mi-
cropropulsion technology for the development a BEOC propulsion-inflation system.

SUMMARY

This investigation identified a wide variety of potential micropropulsion based inflation
systems. Cold gas systems, while having the largest mass and volume requirements,
likely offer the most attractive solution thanks to their desirable gas characteristics and
high degree of control. Of the the chemical gas generation systems, the solid propel-
lant generators that provide low gas temperatures provide the most potential, with most
of the other systems suffering from undesirable gas characteristics and/or limited her-
itage. The phase change systems while promising also suffer from limited heritage, while
in the case of conventional sublimation the inherently uncontrolled nature of the system
is unattractive. Finally, their is also the option of providing a bimodal system that com-
bines the propulsion and inflation functions desired by a BEOC into a single system. This
system could be highly advantageous.
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2.4.4. CONCLUSION

In order to ensure that this thesis explores a suitable design for a BEOC inflation system
the following design concepts, shown in figure B.1, are proposed. Each of these proposed
candidates are deemed to have promising potential based on the design considerations
previously outlined in section 2.4.2.

The variety of proposed concepts clearly shows that micropropulsion technology
provides an extensive range of viable inflation system options that can be utilized the
development of a BEOC inflation system. How each of these concepts meets the desired
requirements for a controlled and precise BEOC inflation system shall be discussed in
section 8.
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2.5. CONCLUSION

The aim of this chapter is to provide a recap of the literature study and its findings. The
key design considerations that must be accounted for in the successful design of the in-
flatable structure are identified and their potential impact on the inflation system is ex-
plored. Following this the exciting potential of inflatable space structures, most notably
in the form of reflectors, for enabling the development of revolutionary BEOC missions
is investigated. This investigation, which in conjunction to the importance of the infla-
tion system already noted, emphasises the key contribution the design of an optimized
system has to the advancement of not only inflatable space structures, but the space in-
dustry as a whole. Finally, the development of such an inflation system is explored, with
the potential of micropropulsion technology for providing an optimized solution clearly
demonstrated.







THESIS FRAMEWORK

This chapter provides a description of the framework that shall be utilized to carry out
this thesis project. This entails first identifying the need for the research carried out in the
thesis (section 3.1), followed by the generation of suitable research questions (section 3.2)
and finally specifying the tasks and objectives required to answer these questions (section
3.3.)
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3.1. NEEDS AND OPPORTUNITIES

This section shall outline the needs and opportunities of the thesis as derived from the
literature review.

Need Statement
In order to enable the development of inflatable reflectors for beyond Earth orbit CubeSat
missions, there is a need for suitable and controllable inflation systems.

Following the logic of developing inflation systems adapted from propulsion technol-
ogy, the literature study verified that micropropulsion technology could be successfully
utilized in the development of new inflation systems suitable for BEOC inflatable reflec-
tor applications. Therefore, the mission statement for this thesis project can be given as
follows:

Mission Statement

The goal of this work is to design a micropropulsion based inflation system that provides a
suitable and controllable inflation process for inflatable reflectors utilized in beyond Earth
orbit CubeSat missions

3.2. RESEARCH QUESTIONS

In order to guide the work done throughout the duration of the thesis a main research
question shall be formulated followed by a series of sub-questions that will be used to
define the necessary tasks to completed during the thesis.

MAIN RESEARCH QUESTION

What are the design adjustments required in order to adapt current micropropulsion tech-
nology so that it can be utilized in the development of a controllable inflation system for
beyond Earth orbit CubeSat inflatable reflectors?

In order to answer this research question the following sub-questions should be ad-
dressed.

1. WHAT ARE THE DESIGN CHARACTERISTICS OF THE BEOC INFLATABLE
REFLECTOR?

Before designing an inflation system for a BEOC inflatable reflector it is first necessary to
define the design characteristics of the inflatable reflector. As discussed in this literature
review, the main design considerations that must be explored include:

* The function(s) of the inflatable reflector
* The geometry of the inflated structure
* The packaging method

* The deployment method
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The stabilization method

° The membrane material

e The fabrication method

* The thermal properties of the structure

* The mechanical properties of the structure
2. WHAT ARE THE DESIGN CHARACTERISTICS OF THE INFLATION SYSTEM?
Once the design of the inflatable reflector has been completed the performance require-
ments for the inflation system can be generated. These requirements, coupled with the

CubeSat constraints, will dictate the design of the inflation system. The main design
considerations that must be explored include:

* The inflation system type

e The choice of inflation scheme

e The choice of inflatant

e The inflator nozzle

* The inflatant storage and pressurization system

* The inflatant feed system

3. WHAT IS THE THEORETICAL PERFORMANCE OF THE INFLATION SYSTEM?
In order to determine if the design of the inflation system suitably meets the generated
performance requirements, it is important to understand its performance characteris-
tics. The key inflation performance characteristics that must be evaluated include:

* The mass flow rate of the inflating gases
* The velocity of the inflating gases

* The temperature of the inflating gases

* The rate of inflation

* The mass of the inflation system

e The volume of the inflation system

3.3. RESEARCH OBJECTIVES AND TASKS
The research questions listed above can be utilized to define the research objectives and
necessary tasks that need to be completed throughout the project. These tasks shall also
be related to the structure and layout of the thesis work.
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OBJECTIVE 1 - DESIGN INFLATABLE REFLECTOR
In order to answer the first research question, it is necessary to design a BEOC inflatable
reflector. This objective can be achieved by fulfilling the following tasks.

Carry out trade off of BEOC inflatable reflector concepts presented in literature
review

Generate list of performance criteria based on chosen concept
Convert criteria to list of requirements

Develop design plan

Utilize appropriate tools/methods to design the chosen concept

Check if the design fulfils requirements

OBJECTIVE 2 - DESIGN INFLATION SYSTEM
In order to answer the second research question, it is necessary to design the inflation
system. This objective can be achieved by fulfilling the following tasks.

Generate list of performance criteria based on the design of the inflatable reflec-
tor and the key design requirements for BEOC inflation systems developed in the
literature review

Convert criteria to list of requirements

Carry out trade off of inflation systems presented in the literature review
Identify and/or develop tools/methods appropriate to design chosen concept
Develop design plan

Utilize appropriate tools/methods to design the chosen concept

OBJECTIVE 3 - EVALUATE INFLATION SYSTEM THEORETICAL PERFORMANCE
In order to answer the third research question, it is necessary to evaluate the theoretical
performance of the designed inflation system. This objective can be achieved by fulfill-
ing the following tasks.

Utilizing the appropriate tools identified in objective 2, check if the theoretical per-
formance of the designed inflation system fulfils the performance criteria.

If the performance does not meet the desired requirements, return to objective 2
and modify the design. Else present results



REQUIREMENTS GENERATION

This chapter provides a preliminary systems engineering analysis which resulted in the
identification of the stakeholders (4.2), the desired system functions (4.3), the system re-
quirements (4.4) and finally the system constraints (4.6). The systems engineering ap-
proach followed in this chapter is based on the guidelines presented in the book "Systems

Engineering Fundamentals" (Lightsey, 2001).
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4.1. INTRODUCTION

A vital first step in the development of this thesis project is the requirement generation
process. These requirements will guide the design of the inflatable system and will pro-
vide the backbone on which the success of the project shall be measured. In order to be-
gin the requirement generation process, the project expectations must first be defined.
They are derived from the need and mission statements (section 3) and stem from an op-
erational deficiency in the field of inflation systems for inflatable space structures, more
specifically those that can enable and enhance the development of BEOC missions. They
can be neatly summarized in the following statements:

* Provide suitable and controllable inflation to a BEOC inflatable reflector

* Adapt current micro-propulsion technology in the pursuit of this goal.

These expectations shall lay the groundwork for the project and will be utilized to iden-
tify the relevant stakeholders, the desired functions the system must perform and the
requirements that describe what the project is to achieve.

4.2. STAKEHOLDERS

In order to translate these project expectations into a more complete set of qualitative
and quantitative expectations and requirements, the relevant stakeholders are identi-
fied. These stakeholders, both active and passive, are introduced in table 4.1 and are
ranked in accordance with their relevance to and/or level of interaction with the project.

ID Category | Stakeholder Rationale

STK-A-01 | Active Researcher The main stakeholder of the project.
Responsible for the design and verifi-
cation of the inflatable system.

STK-A-02 | Active BEOC Reference | The reference mission(s) will affect
Mission(s) the design parameters of the inflat-

able system.
STK-A-03 | Active Support Compa- | External companies can join the
nies project to support and/or advise

during its different phases.

STK-P-01 | Passive TU Delft Space En- | The Space Engineering supervisor
gineering Supervi- | plays a supportive and advisory role
sor for the project.

STK-P-02 | Passive TU Delft | The Aerospace Structures and Materi-

Aerospace Struc- | als supervisor plays a supportive and
tures and Materials | advisory role for the project.
Supervisor
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STK-P-03 | Passive Space Structures | The space structures industry
Industry and particularly those compa-
nies/institutions focused on the
development of inflatable space
structures could benefit from the
results of this project.

STK-P-04 | Passive CubeSat Industry The CubeSat Industry and particu-
larly the beyond Earth orbit CubeSat
and micropropulsion industries could
benefit from the results of this project.

Table 4.1: Project Stakeholders

The stakeholders have a significant impact on the project as they’re expectations dictate
what the functionality of the project shall look like. It is important to note, as is described
in the research objectives (section 3.3), thatin order meet the project and stakeholder ex-
pectations of designing a micropropulsion based inflation system for a BEOC inflatable
reflector it is necessary to first design the inflatable reflector itself. This is because the
performance requirements for the inflation system are dependent on the design param-
eters of this reflector. The coupled system will be referred to as the ‘inflatable system’
and its functionalities are described in the next section.

4.3. INFLATABLE SYSTEM FUNCTIONS

The basis for the derivation of an accurate requirement analysis starts with figuring out
exactly what the inflatable system must do. The functions that the system must perform
stem from the project and stakeholder expectations and describe the necessary func-
tionality that the system must have in order for the project to be deemed successful. The
top level function blocks that the system must perform are identified in figure 4.1.

Inflatable System
Functions

Micropropulsion
e Based Inflation
Reflector System

Figure 4.1: Top Level Function Blocks of the Inflatable System

As can be seen, the inflatable system must perform the functions of both a BEOC in-
flatable reflector and a micropropulsion based inflation system. In order to carry out a
requirement analysis, it is necessary to expand on each of these functions so that there
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is a clear understanding of what the system must do. This can be seen in table 4.2, with
FUNC-IR-# and FUNC-IS-# representing BEOC inflatable reflector and micropropulsion
based inflation system respectively.

ID Stakeholder(s)| Function

FUNC-IR-01 STK-A-01, Provide approximation of current inflatable re-
STK-P-03 flector technology

FUNC-IR-02 STK-A-02, Provide reflector suitable for BEOC application
STK-P-03,
STK-P-04

FUNC-IS-01 STK-P-03 Inflate the Inflatable Reflector

FUNC-IS-01-01 STK-A-01, Provide regulated and controllable inflation flow
STK-P-03 rate

FUNC-IS-01-02 STK-A-01, Provide inflation process compatible with se-
STK-P-03 lected stabilization method

Table 4.2: Inflatable System Functions Expanded

4.4. REQUIREMENT ANALYSIS

Now that the top level functions of the system have been defined, the questions of how
well, and in which environment, the functions must be performed can be put forward.
These questions provide the basis for the development of the list of requirements gen-
erated for this project. They are known as the performance and interface requirements
respectively. These requirements are generated for both function blocks along with some
general interface requirements relating to the systems compatibility with the BEOC mis-
sion are generated.

4.4.1. BEOC MISSION INTERFACE REQUIREMENTS

ID Requirement Rationale
REQ-BEOC- The total (volume) | One of the most attractive features of in-
01 footprint of the inflat- | flatable structures are their low volume re-

able system shall be | quirements. In order to maximize this ad-
less than 25% of the | vantage relative to other conventional sys-
total volume of a 12U | tems, notably the KaTENna Antenna, it is

CubeSat (3U)

important that the volume of the inflatable
system be equal to or less such systems.
See table C.2. This is particularly impor-
tant for BEOC missions with their limited
volume budgets. This requirement is also
driven by the LUMIO payload volume (see
section 5.4.2)




4.4. REQUIREMENT ANALYSIS

39

REQ-BEOC-
02

The total mass of the in-
flatable system shall be
less than 2.5 kg

One of the most attractive features of
inflatable structures are their super
lightweight nature. In order to maximize
this advantage relative to other conven-
tional systems it is important that the
mass of the inflatable system be kept to a
minimum. This is particularly important
for BEOC missions with their limited mass
budgets. This requirement is driven by
the mass requirement for the state of the
art KaTENna Parabolic mesh reflector, see
table C.2

REQ-BEOC-
03

The total power require-
ments of the inflatable
system shall be less
than 60 W

This value is derived from the power bud-
get for the reference LUMIO mission. It is
expected that during inflation most of the
available spacecraft power, except that re-
quired for ADCS, can be utilized. This is
based on the assumption that apart from
ADCS the majority of the subsystems on
board the CubeSat are not operational dur-
ing deployment.

REQ-BEOC-
04

The inflatable system
shall be suitable for a
BEOC demonstration
mission of 407 days

Given the extended lifespan of BEOC mis-
sions, it is desired that the inflatable sys-
tem be capable of functioning for the du-
ration of the demonstration missions lifes-
pan. This requirement is derived from the
LUMIO mission parameters (see section
5.4.2)

REQ-BEOC-
04-01

The inflatable system
shall perform without
hindrance after the 14
day transit time

Given the long transit times of BEOC mis-
sions, long duration stowage of the inflat-
able system will be necessary. It is impera-
tive that the inflation system and inflatable
structure operate as designed so as to en-
sure an accurate deployment. Failure to do
so could lead to mission failure. This re-
quirement is derived from the LUMIO mis-
sion parameters

REQ-BEOC-
04-02

The inflatable system
shall withstand the
space environment for
the 393 days duration of
its operational lifespan

The inflatable system must withstand the
space environment in order to perform its
required application for as long as required
by the BEOC mission. This requirement is
derived from the LUMIO mission parame-
ters
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Table 4.3: BEOC Requirements

4.4.2. BEOC INFLATABLE REFLECTOR REQUIREMENTS

ID Requirement

Rationale

REQ-IRP-01 The deployed area of
the inflatable structure
shall be 0.785 m?

The size of the deployed inflatable reflec-
tor has an important bearing on the perfor-
mance of the reflector for all three BEOC
applications. In order to compete with
the high performing conventional struc-
tures, it is desired that the inflatable reflec-
tor provide a deployed area of at least com-
parable size. This requirement stems from
the KaTENna parabolic mesh reflector, see
table C.2.

The rms error refers to the shape error of
the reflector with respect to the ideal ge-
ometry. For BEOC applications, high ac-
curacy surface accuracies are required and
thus the rms error should be kept to a min-
imum

REQ-IRP-02 The inflatable structure
shall have a rms error
below TBD [mm]

REQ-IRI-01 The structural shape of

the inflatable structure
shall be curved so as
to maximize its poten-
tial for enabling and
enhancing the develop-
ment of BEOC missions

In the literature review it was established
that curved inflatable reflectors offer more
potential for overcoming the BEOC chal-
lenges of telecommunications, power and
propulsion than their planar counterparts.
This is true not only with respect to their
performance characteristics, but also with
respect to their role as a key enabling
technology for exciting BEOC technologies
such as STP and Hybrid reflectors (Dunbar,
2021)
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The inflatable struc-
tures architecture shall
utilize a single category
of inflatable structure

REQ-IRI-02

The main aim of the inflatable reflector is
to provide a suitable approximation of in-
flatable reflectors in order to enable the
design and validation of micro propulsion
based inflation system. It is therefore de-
sirable that the complexity of the struc-
ture be kept to a minimum. This can be
achieved by designing a reflector that uti-
lizes a single category of inflatable struc-
ture as identified in the literature study
(Dunbar, 2021). It will consist of either a
high pressure ‘heavy duty’ inflatable struc-
ture or a low pressure ‘lightly loaded’ struc-
ture but not both.

REQ-IRI-03 The structure shall
consist of a transparent
canopy and an interior

reflector

As is clearly stated in the mission state-
ment, the goal of this thesis is to design
an inflation system for inflatable reflec-
tors utilized in BEOC missions. Given re-
quirements REQ-IRI-01 and REQ-IRI-02,
a curved low pressure inflatable reflector
shall be designed in this thesis (section 5).
These structures consists of a transparent
canopy to allow radiation to pass through
and an inner reflective surface to act as the
reflector.

REQ-IRI-04 The reflector packag-
ing efficiency (RPE) of
the inflatable struc-
ture shall be at least

1.5m?/U

This requirement derives from the mini-
mum RPE (12 ft Sphere) of the spherical in-
flatable structures presented in table C.2.
It can be seen from this table that the RPE
(see equation 2.1) of inflatable structures
is generally an order of magnitude higher
than their mechanical counterparts. It is
an important parameter for BEOC appli-
cations as a high RPE enables the stowage
of high aperture inflatable reflectors within
the limited volume constraints
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REQ-IRI-05

The area density of
the inflatable struc-
ture shall be less than
0.4kg/m?

This requirement derives from the max-
imum area density (12 ft Sphere) of the
spherical inflatable structures presented in
table C.2. It can be seen from this table that
the area density of inflatable structures is
generally an order of magnitude lower than
their mechanical counterparts. It is an im-
portant parameter for BEOC applications
as low area density enable the utilization
of high aperture inflatable reflectors within
the limited mass constraints

Table 4.4: Inflatable Reflector Requirements

4.4.3. MICROPROPULSION BASED INFLATION SYSTEM REQUIREMENTS

ID

Requirement

Rationale

REQ-ISP-01

The inflation time shall
take between 10 sec-
onds and 100 seconds

The rate of inflation is the one of the most
important performance parameters for the
inflation system and can be derived from
the desired inflation time. While the liter-
ature detailing inflation times is very lim-
ited, in general the inflation of inflatable
space structures seems to take anywhere
from a few seconds (small simple struc-
tures) to a few minutes (large complex
structures). The reasoning for the selec-
tion of this inflation time frame range is
discussed in section 7.5.1.

REQ-ISP-02

The inflation system
shall provide ascent
venting

Ascent venting is an essential component
for ensuring a reliable and controllable de-
ployment. It allows residual gases trapped
in the packaged structure to escape during
the launch phase so as to not cause prema-
ture inflation and inhibit the deployment
process.
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REQ-ISP-03

The inflation  sys-
tem shall unfold the
structure in a smooth
controlled fashion

Moving the structure from its packaged
state to its open/deployed state is the most
important phase of the inflation process,
particularly for freely deployed structures.
If the initial inflation rate is too high, high
stresses and accelerations could be in-
duced in the unfolding structure leading to
damage and an unpredictable deployment
situation.

REQ-ISP-04

The inflation system
shall pressurize the
inflatable structure
to 15% of the inflat-
able membranes yield
strength

The inflation system must be capable of
producing the necessary pressure levels
that remove wrinkles leftover from the
packaging process and in turn inflate the
reflector to its desired deployed state.

REQ-ISP-05

The inflation system
shall vent the structure
to 2% of the inflat-
able membranes yield
strength

The pressurization scheme chosen for the
inflatable system entails venting the struc-
ture to a lower predetermined pressure
post inflation. As discussed in section
6.7.3, this pressurization scheme is moti-
vated by the desire to satisfy the mission
statement as well for its similarity to the
scheme used for rigidized structures. This
shall enable the design of a system that
shall be highly relevant to future missions.

REQ-ISP-06

The inflation system
shall provide pressure
maintenance for the
duration of the mission

As the structure is pressure stabilized, it
shall leak gas due to micrometeroid punc-
tures and membrane leakage. Make-up
gas is required to counteract this. In ad-
dition, the system must be able to main-
tain the desired pressure as the structure
undergoes thermal variations and the in-
flation gas expands and contracts.
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REQ-ISI-01

The volume footprint
of the inflation system
shall be less than 1U.

As has been noted in REQ-BEOC-01, the
total volume footprint of the inflatable sys-
tem shall be less than 25% of the total
volume of the 12U CubeSat, or 3U. How-
ever, determining an appropriate volume
requirement for the inflation system is dif-
ficult due to the lack of detail regarding
volume budgets for comparable structures
found in the literature. Thus an estimate
is made based off the analogous CatSat in-
flatable system where the inflation system
is approximately 33% of the total inflatable
deployment system (Chandra et al., 2021).

REQ-ISI-02

The mass of the infla-
tion system shall be less
than 1 kg.

As has been noted in REQ-BEOC-02, the
total mass of the inflatable system shall
be less than 2.5 kg. An inflatable struc-
ture mass of 0.0677 kg (section 6), leaves
2.432kg for the ejection mechanism, in-
flation system and any additional equip-
ment required. While, it is unlikely that
the other major components shall have a
mass greater than that of the inflation sys-
tem, the uncertainty regarding these com-
ponents, particularly in the case of those
required for actual applications (e.g. an-
tenna), means that a conservative mass re-
quirement of 1kg for the inflation system
shall be enforced.

REQ-ISI-03

The power required for
the inflation system
shall be less than TBD

It is desired that the power requirements
of the inflation system be kept to a mini-
mum. Given the uncertainty regarding the
power requirements for the ejection mech-
anism and any additional components this
requirement is TBD.

REQ-ISI-04

The inflation gas shall
not impair the struc-
tural integrity of the in-
flatable membrane

This requirement is vital as not meeting it
will more than likely result in mission fail-
ure.
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The temperature of the gas should be re-
stricted in order to prevent damage to the
inflatable membrane. The maximum ac-
ceptable temperature is dictated by the
glass transition temperature of the poly-
mer film used with an assumed safety mar-
gin of 25%. Given the lack of information
regarding the interaction of low gas tem-
peratures and the membrane, the mini-
mum temperature shall be assumed based
off the desire to maintain the inflation gas
in its gaseous state. As such, the minimum
acceptable temperature is dictated by the
inflation gases critical temperature with an
assumed safety margin of 25% (see 8.2.2).

Hazardous inflation gases that are toxic,
corrosive or chemically unstable should
not be utilized as they will damage the in-
flatable membrane and possibly the infla-
tion system.

Particulates in the gas flow are undesirable
as they will cause degradation to the walls
of the inflatable structure.

REQ-ISI-04- The temperature of the

01 inflation gas shall lie
within the range of 160K
to 430K

REQ-ISI-04- The inflation gas shall

02 be non-hazardous

REQ-ISI-04- The inflation gas shall

03 contain negligible par-
ticulates

REQ-ISI-04- The inflation gas jet ve-

04 locity shall be less than
Mach 1.5

The gas jet velocity exiting the inflation
nozzle shall not damage the material of the
inflatable membrane. Given the gas exit-
ing the throat is sonic (M=1), minimizing
its increase as it expands through the noz-
zle is desirable.

Table 4.5: Inflation System Requirements
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4.5. KILLER AND KEY REQUIREMENTS

The next step in the requirement generation process is to identify the killer and key re-
quirements. Identifying these requirements is an integral step in the concept generation
process as they will be used in the identification of the design concepts most suitable for
fulfilling the functional expectations during the trade off analysis.

4.5.1. KILLER REQUIREMENTS

Killer requirements are defined as requirements that are “uniquely tied to (the) suc-
cess or failure” of the project (Gill, 2015). This success or failure is determined by the
projects capacity to satisfy the need and mission statements as presented in section 4.
Thus, these requirements are those that are most closely tied with the goal of designing
a suitable and controllable inflation system for a BEOC inflatable reflector. With that in
mind, the following requirements have been identified as the killer requirements for this
project:

ID Requirement Rationale

REQ-ISP-01 The inflation time shall | The deployment phase is the most impor-
take between 10 sec- | tant phase of an inflatable reflectors life. It
onds and 100 seconds must be carefully controlled in order to en-
sure the successful operation of the struc-
ture post deployment. Failure to do so will
lead to reduced performance and/or mis-
sion failure.

REQ-ISI-04 The inflation gas shall | The inflation gas characteristics must be
not impair the struc- | carefully considered to avoid damaging the
tural integrity of the in- | inflatable membrane. Failure to do so will
flatable membrane lead to reduced performance and/or mis-
sion failure.

Table 4.6: Killer Requirements

4.5.2. KEY REQUIREMENTS

Key requirements are those that drive the design process as they dictate the key desired
characteristics of the inflatable system. The following requirements have been identified
as the key requirements for this project:

| ID | Requirement | Rationale
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REQ-BEOC- The total (volume) | Due to the reduced performance efficiency

01 footprint of the inflat- | of the inflatable reflector relative to con-
able system shall be | ventional system, maximizing its minimal
less than 25% of the | volume requirements is essential to ensur-
total volume of a 12U | ing it is a competitive and attractive alter-
CubeSat (3U) native option.

REQ-BEOC- The total mass of the in- | Due to the reduced performance efficiency

02 flatable system shall be | of the inflatable reflector relative to con-
less than 2.5 kg ventional systems (Dunbar, 2021), maxi-

mizing its minimal mass requirements is
essential to ensuring it is a competitive and
attractive alternative option.

REQ-BEOC- The inflatable system | To be suitable for long duration BEOC mis-

04 shall be suitable for a | sions itis essential that the inflatable sys-
BEOC demonstration | tem be capable of long term operation
mission of 407 days

REQ-IRP-01 The deployed area of | Due to the reduced performance effi-
the inflatable structure | ciency of the inflatable reflector relative to
shall be greater than | conventional systems, maximizing its de-
0.785 m? ployed area is essential to ensuring it is a

competitive and attractive alternative op-
tion.

REQ-IRI-01 The structural shape of | Due to the challenges associated with
the inflatable structure | BEOC reflector applications optimizing
shall be curved so as | the performance of the inflatable reflector
to maximize its poten- | is essential.
tial for enabling and
enhancing the develop-
ment of BEOC missions

REQ-IRI-02 The inflatable struc- | Due to the limited scope of this thesis
tures architecture shall | project an inflatable reflector that consists
utilize a single category | of only one category of inflatable structure
of inflatable structure shall be designed

REQ-ISP-03 The inflation sys- | The unfolding phase is an integral aspect
tem shall unfold the | oftheinflation process. Ensuring it is care-
structure in a smooth | fully controlled is essential for providing an
controlled fashion optimal and successful deployment.

REQ-ISP-04 The inflation system | Satisfying this requirement is essential for
shall pressurize the | ensuring that wrinkling is removed from
inflatable structure | the reflector surface. Failure to do so shall

to 15% of the inflat-
able membranes yield
strength

lead to an uneven surface and reduced per-
formance
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REQ-ISP-05 The inflation system | Satisfying this requirement is essential to

shall vent the structure | ensuring the relevance of the designed
to 2% of the inflat- | system for future inflatable reflectors that
able membranes yield | shall take advantage of advancements in
strength rigidization techniques

REQ-ISP-06 The inflation system | Given that the structure is pressure stabi-

shall provide pressure | lized, replenishing gas losses is essential
maintenance for the | for maintaining the structural integrity of
duration of the mission | the reflector

Table 4.7: Key Requirements

4.6. CONSTRAINTS

In addition to the constraints imposed by the requirements generated in this section
there are number of additional constraints that must also be considered. These con-
straints are derived from the design challenges associated with designing this inflatable

system.

* Inflatable space structures lack of flight heritage.

— Despite the revolutionary potential of inflatable space structures, up until

this point, only a small number of missions have utilized them and of these
the majority have been experimental demonstration missions. This low TRL
shall invariably constrain this project given its limited scope.

* The lack of literature available on BEOC inflatable reflectors.

— While inflatable reflectors offer exciting potential for addressing the telecom-

munications, power and propulsion challenges facing BEOC missions, the
development of such structures is still in its infancy. In addition to this, the
majority of inflatable space structure research to date has focused on high
pressure load bearing inflatable structures with the literature on low pressure
structures such as curved reflectors being relatively light in comparison.

* The lack of literature available on inflation systems for inflatable space structures.

— Compared to other aspects of inflatable structures, inflation systems have re-

ceived scant attention from the inflatable space structure industry (Dunbar,
2021). The limited research on these systems will inevitably act as a con-
straint for this project. This is particularly true for the use of micropropulsion
technology in the development of CubeSat inflation systems.

Each of these constraints serve to highlight the difficulty in generating a well-performing
and innovative inflatable system design. Coupled with the limited time and research
constraints of a Masters Thesis, these constraints will inevitably limit the scope and com-
pleteness of the finalized design.
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INFLATABLE STRUCTURE CONCEPT
GENERATION

This chapter identifies the most suitable design candidate for the inflatable reflector. This
process entails detailing a list of possible design candidates (section 5.2) followed by a com-
parative analysis (section 5.3). Once the selection process is complete a BEOC reference
mission is selected to inform the BEOC requirements (section 5.4).
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5.1. INTRODUCTION

In order to maximize the relevance of the inflation system designed in this project, it
is deemed prudent to tailor its design for a BEOC inflatable reflector whose continued
development will play a key role in enabling and enhancing the development of both
BEOC missions and inflatable space structures in general. As such,the concept genera-
tion process will entail a number of stages. Firstly, a range of suitable design candidates
derived from those identified in the literature review shall be presented. Following this,
a comparative analysis of these candidates shall be carried out so as to establish which
is the most suitable candidate given the thesis requirements. Once this has been com-
plete a reference BEOC mission shall be selected to as to provide realistic quantitative
requirements that shall help guide the design of the structure.

5.2. DESIGN CANDIDATES

The first step in this process is to examine the wide range of possible design candidates
identified during the literature review. It was established that inflatable space structures
show enormous potential for providing attractive solutions to the main technological
hurdles facing BEOC missions and by extension are seen as a prime candidate for en-
abling and enhancing the development of BEOC missions. These solutions come in the
form of telecommunications, power, propulsion and hybrid subsystems. The poten-
tial candidates identified, which are typically planar or curved reflector structures, are
grouped according to these different subsystems and are presented in figure A.1.

5.2.1. REFINING THE SET OF DESIGN CANDIDATES

As noted in key requirement REQ-IRI-01, the literature review established that curved
inflatable reflectors offer more potential for providing optimal solutions to BEOC reflec-
tor applications. Hence, the identification of the most suitable candidate can begin by
removing any design candidates that do not have a curved structural shape. This means
that the planar design candidates, which fall under the high pressure categorization,
shall not be considered as viable design candidates for this thesis project. Furthermore,
given the clear prevalence of spherical and parabolic reflectors, the Fresnel lens candi-
date shall also be discounted as exploring its design shall not provide a fair approxima-
tion of current inflatable technology (FUNC-IR-01). The refined set of design candidates
can be seen in figure 5.1.

5.2.2. ACCEPTED DESIGN CANDIDATES

It is clear from the design candidates presented in figure 5.1 that irrespective of applica-
tion, inflatable curved reflectors can be split into two distinct configurations, parabolic
and spherical. In order to establish the most promising candidate that shall be explored
in this thesis, these configurations, as well as the different BEOC applications shall be
compared.
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Figure 5.1: Refined design options for the application of an inflatable structure as solutions to the technological
challenges facing BEOC missions
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5.3. COMPARATIVE ANALYSIS

In order to establish the most suitable candidate for exploration in this thesis, the curved
inflatable reflector design candidates identified shall be compared with respect to their
structural configuration and application.

5.3.1. STRUCTURAL CONFIGURATION

As noted that curved inflatable reflector candidates can be split into two structural con-
figurations parabolic and spherical. In order to be able to gauge the most suitable design
candidate for this thesis it is important to qualify what these two configurations are and
how they compare to each other.

PARABOLIC INFLATABLE REFLECTORS

The most popular form of inflatable curved reflector is the parabolic reflector. This is
hardly surprising given that parabolic reflectors are the classic form for optical reflecting
applications due to the innate geometric properties of the paraboloid shape. Any in-
coming radiation that enters the parabolic reflector parallel to its axis will be reflected to
the focal point of the dish. Similarly energy radiating from the focus can be transmitted
outward parallel to the axis. This can be clearly seen in figure 5.2.

- yAN4
AVAN >
\\ >
(a) Incoming Radiation (b) Outgoing Radiation

Figure 5.2: Parabolic Reflector (Fischer et al., 2008)

These reflectors can typically be split into two categories, focal led reflectors and dual
reflectors. A focal led reflector reflects an incident field from and/or to a feed system/
receiver located at its focal point as can be seen in figure 5.3a. Dual reflectors use a
sub-reflector to increase their effective focal length with the Cassegrain reflector using a
hyperbolic sub-reflector and the Gregorian reflector using an elliptical sub-reflector.
Inflatable parabolic reflectors typically take the form of an inflatable volume en-
closed by two parabolic membranes and are supported and tensioned by a torus struc-
ture. One of the membranes is referred to as the canopy and is optically clear to allow
radiation to pass through while the other membrane is the reflector. The torus is re-
quired to both support and tension the reflecting surface as parabolic reflectors require
high surface accuracies in order to ensure the required high performance characteristics,
particularly for telecommunications applications, are met. This torus typically takes the
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Figure 5.3: Parabolic Reflector Antennas (Chahat et al., 2021)

form of a high pressure inflatable tube as seen in figure 5.4. Without the torus, the in-
flation gas would distend the structure towards a spherical shape leading to issues with
shape accuracy and performance Babuscia et al., 2020.
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Figure 5.4: 0S4 Hybrid Parabolic Reflector Concept (Staehle et al., 2020)

SPHERICAL INFLATABLE REFLECTORS

The defining feature of spherical inflatable reflectors is that they make use of the sim-
plest and lowest energy structure in nature; the sphere. Therefore, unlike their parabolic
counterparts, these reflectors do not require a torus to maintain their desired structural
shape. This is an extremely attractive property as it radically simplifies the inflatable sys-
tem by removing the additional packaging, deployment and inflation complexities that
an additional high pressure torus requires. But this simplification comes at a price.

A spherical surface has a constant surface slope rate of change across its surface. This
means that unlike parabolic reflectors, spherical reflecting surfaces suffer from aberra-
tion, i.e. it does not have a precise focal point (figure 5.5a). This inevitably decreases
their concentration efficiency and is detrimental to their performance as an antenna.
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Figure 5.5: Inflatable Spherical Reflector

However, there are a number of corrective measures that can be utilized to compensate
for the inaccuracies of the spherical reflector shape.

Clear membrane

Line feed

(a) Babuscia et al., 2020 Spherical Inflatable Antenna.
(1) Reflective region, (2) Transparant region, (b) CatSat Spherical Inflatable Reflector With Line Feed System
(4) Patch Antenna on a support (3), (5) The stowed volume.  (Chandra et al., 2021)

Figure 5.6: Inflatable Spherical Antenna Corrective Measures

The most straight forward method for correcting the spherical aberrations is to decrease
the size of the reflective surface relative to the sphere. By doing this the spherical reflec-
tor becomes a better approximation of a parabolic reflector and thus leads to a reduction
in aberration. However, this method comes with the drawback in reducing the overall
reflective surface area of the reflector. While this may be more acceptable for concen-
tration applications, particularly photovoltaic concentration, it will inevitably lead to a
reduction in Gain for antenna applications, a vital performance characteristic for BEOC
missions. Other methods include utilizing corrective optics and feed solutions as seen
in figure 5.6. However, these solutions require additional components that must be de-
ployed within the spherical inflatable structure. A more elegant solution may be found
with the GATR inflatable antenna ' (figure 5.7). This spherical inflatable reflector has

Thttps:/ /www.cubic.com/solutions/cisr/protected-communications/expeditionary-satcom

Reflective membrane
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Figure 5.7: GATR Terrestrial Spherical Inflatable Antenna '

two pressure chambers separated by a parabolic membrane reflector which maintains
its shape through the pressure differential between the two chambers. This reflector
provides a solution that combines the attractive structural simplicity of a sphere with
the high performance characteristics of a parabolic reflector.

COMPARISON

Spherical and parabolic reflectors each have a range of advantages and disadvantages
that must be weighed against each other in order to gauge which configuration is most
suitable for this thesis project. As has been established, parabolic inflatable reflectors
are the geometric configuration best suited to ensuring high telecommunications and
concentration performances. However, in order to ensure that these reflectors conform
to the strict surface accuracies required, a high pressure inflatable torus must be utilized
to both support and tension the structure. Without this torus the reflector would natu-
rally distend to a spherical shape. It is for this very reason that spherical antennas are
attractive. Such structures are far less complex than their parabolic counterparts mak-
ing them particularly well suited for CubeSat applications. This point is emphasized by
the fact that of the three CubeSat inflatable reflectors currently in development, two of
which are spherical (Babuscia et al., 2020; Chandra et al., 2021) and one parabolic (Fenn
etal., 2021), the parabolic inflatable concept has a considerably more complex architec-
ture, with three separate inflatable compartments at different pressure levels required.
Despite the fact that spherical reflectors require additional infrastructure to compen-
sate for their performance inaccuracies, their simple shape and single inflation com-
partment, which is desired by key requirement REQ-IRI-02, has made them the current
front runner in the battle between these two configurations as evidenced by the CatSat
spherical inflatable antenna which will become the first CubeSat inflatable reflector to
be tested in space when launched sometime in 2022 (Chandra et al., 2021).
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5.3.2. BEOC APPLICATION

The design candidates presented fall into four different application categories; telecom-
munications, propulsion, power and hybrid. These four different application categories
are described in detail in the literature study (Dunbar, 2021), an overview of which is pre-
sented in the literature review (section 2.3). Thus no further description shall be given
here and only the comparison shall be carried out.

COMPARISON

These categories are compared by ranking them according to their importance to the
development of BEOC missions from 1 to 4, with 1 being the highest. The rationale for
each ranking is also given.

1. Telecommunications:

* From the literature review it is noted that the development of an appropri-
ate telecommunications system is the most significant challenge facing the
development of BEOC missions. This is further emphasised by the fact that
there are three different CubeSat inflatable antenna projects currently un-
der development (Babuscia et al., 2020; Chandra et al., 2021; Fenn et al.,
2021), while inflatable CubeSat propulsion, power and hybrid systems have
not moved beyond preliminary concept studies. This translates into a higher
TRL for inflatable antenna systems than for other applications. This is im-
portant as it enables the design candidates to be assessed with respect to ref-
erence designs.

2. Propulsion:

* Following telecommunications, propulsion is deemed as having significant
BEOC potential due to the enabling role that inflatable concentration plays
in the development of STP systems. An inflation system for such a system
may play a key role in facilitating the development of a unique and highly
exciting propulsion system.

3. Power:

* Any developments in a thermal concentration system for STP will also be uti-
lized for BEOC thermal applications. Indeed Leverone et al., 2020, has pro-
posed a system that combines both applications in one system. This cross
over relegates design candidates for photovoltaic systems to having the least
BEOC potential of the three technological challenges presented.

4. Hybrid:

¢ Although hybrid systems have enormous potential for facilitating the devel-
opment of deep space BEOC missions, their reliance on developments in
each of the other application categories means that for this project these de-
sign candidates are seen as providing the least relevance to BEOC develop-
ment.
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5.3.3. DISCUSSION

From this comparative analysis it is apparent that the most promising design candi-
date is the spherical high gain antenna reflector, stemming from the identification of
the spherical structural configuration as the most desirable and the telecommunications
application as having the most BEOC potential.

However, upon further reflection it is clear that advancements in the development
of such a structure, particularly with respect to its inflation system, shall have an impact
across across all application categories given the prevalence of the spherical reflector
shape. Given this fact, it is deemed wiser to design a spherical reflector structure that is
not tailored for one specific application but rather can be used as an approximate rep-
resentation for all applications, either as an antenna, concentrator or hybrid structure.
This approach is advantageous for a number of reasons. Firstly, it negates the need to
account for the specific design considerations of different applications which, given the
limited scope of the thesis, enables more time to focus on the primary objective of the
thesis, the inflation system. Secondly, as the main design variations for the different
applications stem from internal components and reflective characteristics, the spheri-
cal structural configuration of the reflector shall remain consistant. As a result it can be
assumed that the key design features noted in the literature review (section 2.2), shall
also remain consistant irrespective of application. This is particularly important when
considering the shape transformation functions which, as has been noted, have a di-
rect impact on the design requirements of the inflation system. As a consequence, an
inflation system designed for a generic inflatable spherical reflector structure shall pro-
vide a suitable solution for all inflatable spherical reflector applications, although minor
adjustments may be required.

It was thus decided that in order to maximize the relevance of the inflation system
designed in this thesis, it would be prudent to explore the design a spherical inflatable
reflector structure that is not adapted for any particular BEOC application but rather can
be used as an approximation for all of those identified.
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5.4. BEOC MISSION SELECTION

In order to design an inflatable spherical reflector for a BEOC mission, some parame-
ters regarding the structure and the mission must be established. In order to do this an
examination of a number of reference systems is carried out.

5.4.1. REFERENCE DEPLOYABLE CUBESAT SYSTEMS

In order to gauge the design parameters expected of the inflatable spherical reflector, a
set of reference systems were examined. It must be noted that given the relatively recent
developments in deployable CubeSat systems, particularly for inflatable structures, the
number of reference systems is quite small. For this reason, early spherical structures
developed by NASA in the 1960’s are also referenced.

This small number of reference missions makes it difficult to make strong convinc-
ing inferences about the capabilities and parameters of these structure. In order to try
and address this issue, a number of non-inflatable systems are included so that infer-
ences can be easier spot by comparing the two categories. Table C.2 in the appendices,
contains such a list of systems. This table contains educated estimates for values that
were not clearly attainable from the literature (e.g. values with an *) . From the table the
following inferences can made about the desired parameters of the inflatable structure
and BEOC mission:

* 6 and 12U CubeSat platforms are the most popular for GEO and BEOC missions.

* The area density of the inflatable structures is at least an order of magnitude lower
than their non-inflatable counterparts (<0.4 kg/m?).

* The RPE of inflatable structures is generally an order of magnitude greater than
non-inflatable systems. Unfortunately, due to the limited literature available on
some of these structures their stowed volume could not be established and are
thus marked as TBC. This makes is difficult to draw inferences about the desired
RPE, although a minimum value of 1.5, derived from the 12 ft sphere, informs re-
quirement REQ-IRI-04. However, as is discussed in section 6.3, packaging effi-
ciency values according to the more common definition, referred to as PE in this
thesis, of material volume over the packaging container volume for spherical in-
flatable structures range anywhere from 30-80%. Babuscia, for example has a PE,
of 50%. Given that RPE also depends on the packaging container volume, equa-
tion 2.1, an RPE of 3.27 can be calculated for Babuscia. These values were likely
achieved for the CatSat and NanoSat De-Orbit device structures and if we esti-
mate that CatSat had a conservative PE of 30% this would yield an RPE of 6.56. The
larger the material thickness of the structures the lower this value will be, as can
be seen for the laminate structures.

* Non-inflatable parabolic reflector applications occupy approximately 25% of a BEOC
volume. In order to maximize the low volume requirements of inflatable struc-
tures it is vital that an inflatable reflector have a system volume, including infla-
tion system and deployment/ejection mechanism, at least equal to, but preferably
less than that of a comparable non-inflatable reflector. This is particularly notable
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when examining the data for the CatSat inflatable spherical reflector antenna and
the KaPDA parabolic mesh reflector antenna. Both have the same deployed area
and occupy the same volume of the CubeSat (1.5U) despite the CatSat inflatable
structure likely having an RPE an order of magnitude greater. The reason for this
lies with CatSats inflation system and ejection mechanism, both of which con-
tribute the majority of the systems volume requirements. This is significant as the
KaTENna antenna, as a mesh reflector, inevitably has higher performance charac-
teristics than the inflatable CatSat. Therefore, when designing an optimized BEOC
spherical inflatable reflector, minimizing the volume requirements of the inflation
system (and the ejection mechanism) is vital in ensuring that it is an attractive
alternative to its high performing non-inflatable counterparts.

5.4.2. REFERENCE BEOC MISSIONS
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Figure 5.8: Sample of the exciting Beyond Earth Orbit CubeSat Missions due to launch in the next few decades
(Dunbar, 2021)

To date only a single BEOC mission has been completed, the MarCo mission (Schoolcraft
et al.,, 2017). Ideally the mission would have used a parabolic antenna for its telecom-
munication system, however the strict volume requirements and short development
timescale meant the team developed a planar reflectarray that was stowed on the side
of the CubeSat structure. This system was quite successful and is now due to be utilized
onboard the M-ARGO BEOC mission (Walker et al., 2017). Unfortunately, the budgetary
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data on both MarCo and M-ARGO, as well as the inflatable CubeSat antenna concepts
already discussed, could not be found in the literature. Therefore, as no reference BEOC
curved reflector mission, inflatable or otherwise, could be utilized to provide prelimi-
nary parameters for the design of the inflatable system, it was decided that this thesis
would design an inflatable system for a lunar spherical inflatable reflector demonstra-
tion mission. This decision was based on the relevance of such a mission, with a signif-
icant number of Lunar CubeSat missions planned for the next few years (figure 5.8), as
well as the fact that the TU Delft space engineering department is involved in the devel-
opment of the LUMIO BEOC mission (Cervone et al., 2021). The LUMIO CubeSat will
provide the base concept for the CubeSat with the only major difference being the pay-
load, which shall be the inflatable system for this a demonstration mission. As such the
payload parameters of LUMIO shall be used as a guide for the design requirements of the
inflatable system. These parameters are listed in table 5.1 and are used to further refine
the requirements listed in section 4.4.

Table 5.1: LUMIO CubeSat Mission Parameters (Cervone et al., 2021; Menicucci et al., 2021)

Size Dry Total Payload Payload Payload | Transit Operational
Mass Mass Volume Mass Power Time Lifespan
12U 21.1kg 28.7kg =3U ~3kg TBD 14 days 393 days
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INFLATABLE STRUCTURE DESIGN

The BEOC inflatable reflector is designed in this section. The first step consists of consid-
ering the structures key design features. This involves exploring its geometry (section 6.2),
its shape transformation functions (section 6.3), suitable materials (section 6.4) its fabri-
cation methods (section 6.5) and the environmental orbital conditions it shall operate in
(section 6.6). Once these have been established the mechanical properties of the structure
are calculated (section 6.7). The output of this process is a preliminary design of a spheri-
cal inflatable reflector that can be utilized to generate the inflation system requirements.
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6.1. INTRODUCTION

Following the concept generation process and selection of the inflatable spherical struc-
ture for a Lunar CubeSat demonstration mission, the design of the structure can be-
gin. The focus of this design process shall be on addressing the main design consid-
erations, as discussed in section 2.2, to an acceptable degree so that the requirements
set out in section 4.4 are met and informed requirements for the inflation system can
be generated. As such the reflective performance of the reflector shall not be assessed
and any additional reflector components, such as internal corrective components re-
quired for spherical reflector applications, shall not be explored. Instead, as is desired
by requirement REQ-IRI-03, the designed spherical inflatable structure shall consist of
a transparent canopy and an interior reflector. This section shall explore the geometry,
shape transformation functions, materials, environmental conditions and mechanical
properties of such a structure within the constrained scope of the requirements. These
key design considerations shall inform the design requirements of the inflation system.

6.2. GEOMETRY OF STRUCTURE

As this spherical structure shall be utilized for demonstrating the development of a mi-
cropropulsion based inflation system, the sizing of the structure shall not be tailored
to either telecommunication, power or propulsion applications. However, in order to
demonstrate the potential of these structures, key requirement REQ-IRP-01 desires that
the deployed area of the inflatable structure be at least comparable with the KaTENna
parabolic mesh reflector, the latest high performing 12U CubeSat reflector. As given in
table C.2, this equates to a deployed cross sectional area of 0.785 m?. This antenna can
be seen in figure 6.1a.

(a) KaTENna Antenna Parabolic Mesh Reflector ¢

https:/ /www.tendeg.com/products (b) CatSat Spherical Inflatable Antenna (Chandra et al., 2021)
Figure 6.1: Comparable Reflector structures

Such a cross sectional area is 4 times the size of the CatSat inflatable reflector, given in
figure 6.1b, due to launch sometime in 2022. Given that CatSat is being developed for
LEO applications, such an increase in size shall be necessary in order to compensate
for the operational distances from the Earth/Sun required by BEOC reflector applica-



6.3. SHAPE TRANSFORMATION FUNCTIONS 67

tions. Taking telecommunications as an example, in section 2.3 it is noted that high gain
antennas are desired for BEOC missions. As gain is proportional to antenna cross sec-
tional area, these higher gain levels require higher larger cross sectional areas. While
the specifics of these reflective applications shall not be explored, designing an inflation
system for a structure of this size shall enable the demonstration of both the potential of
micropropulsion based inflation systems for BEOC missions as well as the volume and
mass advantages an inflatable reflector possesses over the comparably sized state of the
art KaTENna Antenna parabolic mesh reflector. As such, the required diameter of the
inflatable spherical structure shall be 1.0 m.

6.3. SHAPE TRANSFORMATION FUNCTIONS

The shape transformation functions correspond to the packaging, deployment and sta-
bilization functions of the inflatable structure. As noted in the literature review (section
2.2), the selected combination of these functions has a major impact on the functional
requirements of the inflation system. However, due to the limited scope of this thesis
project they shall only be explored in limited detail, with an optimal design for each
function likely requiring a full thesis on their own.

6.3.1. PACKAGING

The packaging scheme for the inflatable structure plays a crucial role in the mission suc-
cess as it impacts the packaging efficiency, deployment dynamics and structural prop-
erties of the inflated structure. For this thesis, the packaging efficiency and its impact
on the stowed properties of the structure shall be assessed, with its impact on both the
deployment dynamics and structural properties neglected. Both of these considerations
require testing and complex simulations to accurately assess and so shall be left for fu-
ture work. In the case of of its impact on the deployment dynamics, which arises pri-
marily due to the build up of residual gas, this issue is typically dealt with through the
use of ascent venting. As such, this shall be taken into consideration for the design of the
inflation system, as noted in requirement REQ-ISP-02.

As observed in the literature review, high packaging efficiencies are one of the most
attractive advantages that inflatable space structures possess over their mechanical coun-
terparts. As such REQ-IRI-04 specifies that the packaging scheme enable an RPE of at
least 1.5m?/U. As noted in the literature study (section 2.2), this definition of packaging
efficiency (deployed area/stowed volume) is commonly utilized for deployable antennas
and concentrators and is given in equation 2.1. Given that the structure being designed
is an inflatable reflector this seems appropriate. However, the more commonly used def-
inition of packaging efficiency for inflatable structures is referred to as PE, and is given
in equations 2.2 and 2.3. As such, given both RPE and PE depend on the packaging con-
tainer volume, PE shall be utilized to calculate RPE. First though, a suitable packaging
scheme must be established.

THE PACKAGING SCHEME

Grahne and Cadogan, 2001 claim that spherical inflatable structures “consisting of lit-
tle hardware. .. could expect a packaging efficiency (PE) of 50 to 80% [Packaging Factor
(PF) of 2 to 1.25] depending on material density and modulus and packaging method (by
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hand or hydraulically) used”. However, unlike inflatable booms and flat thin membrane
structures (Dunbar, 2021), the literature on packaging methods (schemes) for these struc-
tures is quite limited. This makes the validity of Grahne and Cadogan, 2001’s claim diffi-
cult to gauge.

Cross-sectional cut-out of Key: ECHO II
the folded sphere O Canister /\
Individual O Laminate ——
“ pleats '

8=

Polar cap

Angled
‘7 fold

Step 1

Figure 6.2: Inflatable Spherical Structure Packaging Techniques (Secheli, 2018)

Recently Babuscia et al., 2014 explored a number of packaging schemes for an inflatable
CubeSat antenna based around the popular Z-folding method while Nakasuka et al.,
2009 utilized a tangential wrapping packaging configuration for the spherical NanoSat
de-orbit device. However, the detail surrounding these configurations is again quite lim-
ited and no quantitative values for the PE values are given. Fortunately, more detail on
packaging schemes for spherical structures can be found in the literature detailing the
design and fabrication of NASA’s early inflatable balloon projects. The techniques in-
volved utilizing initial pleat folding of the individual gores in the structure followed by
one of a number of z folding patterns (figure 6.2) similar to those explored by Babuscia
etal., 2014.

A detailed evaluation and examination of these packaging methods is deemed be-
yond the scope of this thesis project and so further elaboration on these methods will
not be presented. However, a detailed description of the methods is given by Talentino,
1966, while a more accessible summary is available in Secheli, 2018. These spherical
structures achieved a PF of 3 (PE of 33%), with attempts at a PF of 2.5 (PE of 40%) fail-
ing. These PE values are substantially lower than the possible 80% claimed by Grahne
and Cadogan, 2001 although it must be kept in mind that these structures contained
sublimating powders which inevitably decreased their efficiency. Given that the struc-
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ture being designed for this project shall not contain sublimate powders, coupled with
modern advancement in packaging, it seems prudent to assume a PE of at least 50% is
feasible. Despite this, it must be acknowledged that this structure is being designed for a
demonstration mission and that while it shall not contain internal spherical aberration
corrective components, realistic BEOC spherical structures shall. Therefore, a more con-
servative PE value of 40% shall be assumed for this project. This PE value shall inform
the fufilment of REQ-IRI-04.

6.3.2. DEPLOYMENT

The deployment process is the most important stage of an inflatable space structures
life cycle. Of the three deployment methods discussed in the literature study, section
2.2.4, the free deployment method shall be employed for this spherical inflatable reflec-
tor. This decision is based off the fact that of the three methods, it is the only one uti-
lized to date for similar low pressure inflatable spherical structures including the OCSE
(Guidanean and Veal, 2003), MIRIAM and ARCHIMEDES (Griebel, 2011), as well as the
Inflatable CubeSat Antenna (Babuscia et al., 2017) and CatSat (Chandra et al., 2020), see
figure 6.3.

Rubber O-rings

Patch antenna

Antenna support

Membrane interface

Latch mechanism
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Electrical.

(a) CatSat deployment system (Chandra et al.,(b) Ejection Mechanism for spherical inflatable structure (Babuscia et al.,
2022) 2017)

Figure 6.3: Free Deployment

Free deployment involves ejecting the packaged structure out into space and is thus
generally not constrained or controlled in any significant fashion during the inflation
process. It entails a number of components including the packaging container, an ejec-
tion plate/mechanism and of course the inflation system. Two examples of mechanisms
used for free deployment are seen in figure 6.3. The ejection mechanism used seen in
figure 6.3b, is evidently simpler likely arising from its use of sublimation powder. Un-
fortunately, the literature surrounding the design of both of these mechanisms is quite
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limited and to design a custom mechanism would likely require an entire thesis by it-
self. As such, its design shall not be explored with the primary focus of the deployment
system being the inflation system.

As has been noted, unlike controlled deployment methods which utilize passive or
active means to control the deployment of the structure during inflation, the free deploy-
ment method provides limited-to-no control. Thus in order to ensure that the structure
unfolds and deploys successfully successful, the inflation process must be solely relied
upon. Thus, in order to satisfy requirements REQ-ISP-01 to REQ-ISP-05, this inflation
process must be carefully managed and a suitable inflation scheme must be designed.
This is explored in greater detail in the design of the inflation system, sections 7.5 and
8.3.3.

6.3.3. STABILIZATION

As is explored in the literature study (Dunbar, 2021) and briefly discussed in section
2.2.4, there are a variety of different ways to stabilize the inflatable structure so as to
ensure its structural integrity. Unlike for deployment where free deployment is the pri-
mary method used for low pressure spherical structures, in the case of stabilization there
are three main methods that are typically utilized. They are pressure stabilization, alu-
minium rigidization and UV rigidization. In order to select a suitable stabilization method
for this project, these three methods must be discussed.

PRESSURE STABILIZATION

Pressure stabilization relies solely on the internal pressure provided by the inflation gas
to maintain the structural integrity of the membrane walls, as is the case for typical bal-
loon structures utilized in terrestrial applications. Of the three methods discussed here,
pressure stabilized structures provide the most extensive heritage for inflatable reflec-
tor applications having been utilized for structures such as IAE (Freeland et al., 1997)
and PAGEOS (Teichman, 1968) as well as being proposed for the OASIS (Walker et al.,
2019) and TST inflatable telescopes (Walket et al., 2017). Most notably it has also been
proposed for the CatSat spherical inflatable antenna (Chandra et al., 2021), which shall
become the first inflatable CubeSat antenna tested in space.

It's popularity largely stems from its excellent optical properties which is ensured by
its use of a thin membrane that also maximizes the mass and volume benefits of inflat-
able structures. However, this thin membrane is highly susceptible to threats such as
micrometeoroids and space debris which lead to the development of small holes in the
structure. In order to compensate for the gas leaks instigated by these holes additional
make-up gas is required. This leads to a dilemma relating to the system mass and the
structures lifetime, with the lifetime limited by the quantity of gas that can be carried
within the mass and volume constraints of the CubeSat.

ALUMINIUM RIGIDIZATION

Aluminium rigidization entails pressurizing an aluminium laminate membrane to just
past the yield stress of the aluminium layer, after which point the structure is vented.
This enables the structure to be stabilized without the need for inflation gas giving it a
significant advantage over pressure stabilization as no make-up gas is required. While
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the laminate yields a slightly lower RPE, due to its lower PE, and areal density relative
to the thin membrane utilized for the pressure stabilized structure, the increased envi-
ronmental durability and negation of make-up gas has seen it become a highly success-
ful rigidization method, having been utilized for numerous inflatable spherical reflec-
tor satellites including ECHO II (Staugaitis and Kobren, 1966), Explorer IX (Coffee et al.,
1962) and OCSE (Guidanean and Veal, 2003). It has also most recently been used in the
InflateSail and Debris-Sat CubeSat boom-based Inflatable Structures (Underwood et al.,
2019). However, as the structure is composed of an aluminium laminate it can only act as
areflective surface. This makes it unfeasible for the desired inflatable reflector structure
which shall consist of a transparent canopy and an inner reflective surface.

UV RIGIDIZATION

UV rigidization entails utilizing UV light to cure a thermoset matrix resin thus rigidizing
the structure and removing the reliance on gas pressure for structure integrity. It holds
the most promise for long duration BEOC inflatable reflector applications of the three
methods as it is the only method that can provide both viable optical properties and
long term environmental durability.

The method is currently being investigated by Babuscia et al., 2020 and Staehle et
al., 2020 who propose the use of UV-resin filled ribs that are built into the gores of the
structure in a 'venous web’ as seen in figure 6.4. However, the TRL of this method is still
quite low with the current technology incapable of fully maintaining the desired inflated
shape of the reflector. This is due to the fact that applying the UV resin uniformly to the
reflector surface leads to excessive mass and volume increases, as seen in a preliminary
investigation by Babuscia et al., 2020. Indeed Staehle et al., 2020 estimates that 4.9 kg of
UV resin would be required for the OS4 inflatable reflector, thus raising the areal density
of the 0S4, as noted in table C.2, from 0.368 to 0.6173 kg/ m?, exceeding requirement
REQ IRI-05 Given that the shape cannot be fully maintained this in turn leads to issues
with the reflector shape and its ability to operate successfully.

Figure 6.4: UV Rigidization Webbing (Chandra, 2015)

While this stabilization method shows promise, it’s low TRL at present means that it is
unsuitable for the desired application. Further research and testing is required before it
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can considered a feasible option for inflatable reflector applications.

DISCUSSION

Itis apparent that of the three stabilization methods only the pressure stabilization method
can provide a suitable option at this moment in time. The inability of aluminium rigidiza-
tion to provide a canopy reflector and the issues associated with the low TRL of UV
rigidization mean that despite the need for make-up gas, the pressure stabilization method
is currently the only method capable of meeting the desired requirements of a BEOC
CubeSat inflatable reflector. Indeed this need for makeup gas informs the functional re-
quirements of the inflation system necessitating key requirement REQ-ISP-06. However,
this comes at the price of the mission duration, which is inevitably limited by the need to
constantly replenish the gas losses. The effect this has on the feasible mission duration
shall be explored in greater detail in section 8.4. As noted by Chandra et al., 2022, further
research on suitable rigidization methods is required for these inflatable reflectors.

6.3.4. SHAPE TRANSFORMATION SUMMARY

This investigation regarding the required shape transformation functions of the spheri-
cal inflatable structure satisfies the requirements of the inflatable structure and informs
those of the inflation system in a variety of ways. Firstly, the packaging efficiency selected
shall enable the fulfilment of REQ-IRI-04, thereby ensuring that the designed structure
provides a competitive alternative to conventional reflectors. Secondly, the use of the
free deployment method, requires that the inflation process be carefully managed so
that the structure unfolds and pressurizes in a suitably controlled manner. This in turn
informs requirements REQ-ISP-01 to REQ-ISP-03 and necessitates the need for an infla-
tion scheme. This is explored in greater detail in section 7.5. Finally, as pressure sta-
bilization is the only suitable option given current rigidization technology, the inflation
system must be capable of providing pressure maintenance. This in turn informs the
functional requirements of the inflation system, as dictated by REQ-ISP-06.

6.4. MATERIAL

As alluded to in section 2.2.4, materials play a key role in enabling the development of
inflatable space structures. The material selected for this pressure-stabilized structure
must be both thin and flexible while also being able to withstand the challenging lunar
environment. In addition, as the reflector structure shall consist of two separate sec-
tions, a clear transparent canopy and an interior reflecting surface (courtesy of a reflec-
tive coating) as desired by requirement REQ-IRI-03, the material must also provide high
optical transparency and be suitable for coating/ metallization. Before exploring the po-
tential materials for this application the material requirements must first be specified.

6.4.1. MATERIAL PROPERTIES

While a detailed exploration of the optical properties of the material shall not be carried
out in this thesis, a list of desirable material properties stemming from the requirements
outlined in section 4.4 can be generated. The motivation for the selection of certain
desirable material properties is informed by Connell and Watson, 2001; Friese et al., 1983
and Liu et al., 2017. They are presented in table 6.1.
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ID

Property

Rationale

PROP-M-01

Density

This defines the mass per unit volume of the material.
It is desirable to be keep the density of the material to
a minimum, thereby minimizing mass requirements.

PROP-M-02

Young’s
Modulus

This is a measure of the stiffness of a material. A low
Youngs Modulus, which yields an elastic and flexible
material, is clearly desirable for inflatable space struc-
ture and is a particularly important parameter for the
PE of the structure. However, if it is too low unde-
sirable pliant behaviour, such as that experienced by
rubber inflatable balloons which undergo significant
stretching during inflation, would result. To negate
this, inflatable space structures generally utilize ma-
terials with a Youngs modulus an order of magnitude
higher than their rubber counterparts. Based off rel-
evant literature, this equates to a minimum Youngs
Modulus of 1 GPa.

PROP-M-03

Yield
Strength

The yield strength is the stress at which a material
suffers permanent (plastic) deformation. In order
to remove wrinkles from the inflatable structure it is
must be initially inflated to about 15 % of the yield
strength (section 6.7.3). Thus, in order to minimize in-
flation gas requirements, it is desirable that the yield
strength be minimized. As this value is derived from
the Young’s modulus, this further emphasis the desire
to minimize the Youngs Modulus.

PROP-M-04

Radiation
Resistance

Radiation in the lunar orbital environment can cause
degradation to inflatable space structures. High ra-
diation doses associated with solar flares and galactic
cosmic rays (Menicucci et al., 2021 as well as high en-
ergy solar radiation, particularly that in the VUV and
X-ray range, have sufficient energy to dramatically al-
ter the structures material properties. It is therefore
imperative that the selected material for this structure
have sufficient radiation resistance to withstand the
lunar radiation environment.

PROP-M-05

Coefficient
of Thermal
Expansion

This a measure of the expansion of the material with
temperature. The extreme temperature environment
that can be experienced in lunar orbit necessitates a
low coefficient in order to ensure consistent material
properties over wide temperature ranges.




74 6. INFLATABLE STRUCTURE DESIGN

PROP-M-06 | Transmittance | This is a measure of the fraction of incident radiation
on a surface that passes through the surface. High op-
tical transparency is a key performance parameter for
inflatable reflector canopies.

PROP-M-07 | Emissivity This is a measure of the amount of thermal radiation
a body emits to its environment. It is desired that it
be as high as practical in order to achieve reasonably
even temperatures across the surface for the canopy.

PROP-M-08 | Solar This is a measure of the amount of solar radiation ab-
Absorptivity sorbed by the material. It should be kept to a mini-
mum in order to minimize temperature differentials
across the surface.

PROP-M-09 | Metallizability | The material should have the ability to be metallized
or coated for the reflective surface.

Table 6.1: Desirable Material Properties

As is noted by Connell and Watson, 2001, tensile strength is not included in the mate-
rial requirements. This is due to the fact that the materials being considered are ductile
and for inflatable applications are generally lightly loaded. As noted for PROP-M-03, the
maximum inflation pressure yields a skin stress of a maximum 15% of the yield strength,
well below the tensile strength.

6.4.2. CANDIDATE MATERIALS

The most popular materials for the pressure stabilized reflector applications are polymer
film materials. These materials are utilized in a wide range of space applications and
their low weight and foldability make them particularly well suited to inflatable applica-
tions. The three most popular polymer film types utilized for inflatable space structures
are polyesters, polyimides and Perfluorinated polymers. In the literature study (Dun-
bar, 2021) it was established that Perfluorinated polymers have less desirable properties
relative to polyesters and polyimides and so they shall not be discussed in this thesis. In-
stead, the material selection is based around the most popular polyester and polyimide
films that have been utilized in inflatable reflector applications. They are as follows:

° Mylar: Mylar, a polyester film, has been by far the most commonly utilized film
material in pressure stabilized inflatable reflectors to date and has been used on
structures including ECHO 1 (Clemmons, 1964), PAGEOS (Teichman, 1968), IAE
(Freeland et al., 1997) and most recently CatSat (Chandra et al., 2021). It's pop-
ularity stems from its attractive combination of properties and more importantly
it's low cost and commercial availability. Its material properties can be found us-
ing MatWeb' and DuPont Teijin Films website”, as well as this DuPont Teijin Films
optical properties PDF °.

Ihttp:/ /www.matweb.com/index.aspx
2https:/ /europe.dupontteijinfilms.com/
3https:/ /usa.dupontteijinfilms.com/wp-content/uploads/2017/01/Mylar_Optical_Properties.pdf
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* Kapton HN: Kapton HN has extensive space heritage and is the standard poly-
imide film utilized in space applications. Its ability to maintain excellent material
properties over a wide range of temperatures as well as its greater radiation resis-
tance have seen it become an attractive alternative to Mylar. Its material properties
can be found using MatWeb' and on DuPont Teijin Films website'’.

e Upilex S: Like Kapton HN, Upilex-S is a popular high performing polyimide film
for inflatable space applications. Its outstanding thermal properties, the best of
any polymer film according to its manufacturers UBE industries’, as well as its
exceptional mechanical properties make it an attractive option for inflatable ap-
plications in harsh BEO space environments. Its material properties can be found
using MatWeb' and on UBE industries website".

e CP-1: CP-1is a colorless polyimide that offers superior optical properties rela-
tive to the other polyimides presented here although its mechanical properties are
slightly inferior. It is particularly well suited for inflatable reflector applications
and has been utilized in the development of both high precision inflatable reflec-
tor antennas and concentrators (Chodimella et al., 2006; Fay et al., 1999; Pearson
et al.,, 2010). In addition, its greater radiation resistance relative to mylar makes
it particularly well suited for reflector applications in harsh BEO space environ-
ment. This is emphasised by its selection for two CubeSat solar sail missions that
will both operate in the lunar vicinity, Lunar Flashlight and NeaScout (Johnson et
al,, 2015). Its material properties can be found using MatWeb' and on NeXolve's
website”.

The key material properties for each material are listed in table 6.2.

4https:/ /www.ube.com/upilex/en/index.html
Shttps:/ /nexolve.com/wp-content/uploads/2021/10/TDS_CP1_Clear.pdf
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Property Mylar KaptonHN Upilex-S CP1
Density (kg/m?) 1380 1420 1470 1540
Min Thickness (um) 6 13 23 2.5
Tensile Strength (MPa) | 172 231 520 87
Young Modulus (GPa) | 3.5 2.76 9.121 2
Yield Strength (MPa) 103 69 255 54.5*
Poisson’s Ratio 0.5 0.34 0.34* 0.34*
CTE (um/m°C) 17 20 12 51
Transmissivity 0.85 0.7 TBC 0.83
Emissivity 0.5 TBC TBC 0.45
Absorptivity (SA) 0.08  >>CpP1' >>CP1"  0.08
Radiation Resistance Low High High High

* =0.0274x Youngs Modulus - Average of Kapton HN and Upilex-S Values
* = Assumed Poisson Ratio of a Polyimide (MatWeb)

TBC = To be confirmed (i.e. Value couldn’t be found)

SA = Solar absorptivity

T = Known for being high although value couldn’t be found

Table 6.2: Material Properties

6.4.3. MATERIAL SELECTION

In order to assess the properties of each material with respect to the material require-
ments a graphical trade off table shall be utilized. In addition, while a graphical trade-off
is qualitative by nature, this trade off analysis is informed by the quantitative data pro-
vided by table 6.2. The trade off is presented in tables 6.3 and 6.4. For more information
on the color scheme see appendix D.

PROP-M-01 | PROP-M-02 | PROP-M-03 PROP-M-04

Table 6.3: Material Graphical Trade Off

Gas PROP-M-05 | PROP-M-06 | PROP-M-07 | PROP-M-08 | PROP-M-09
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Upilex-S

[ cp-1

Table 6.4: Material Graphical Trade Off

EVALUATING THE MATERIALS

* Mylar: As can be seen, Mylar provides highly desirable properties across the range
of criteria. It has excellent optical properties and provides the lowest density lev-
els of any material. However, it has a number of drawbacks. Its Youngs modulus
and yield strength values are higher than the best performing material CP1 and
more importantly its poor radiation resistance makes it unsuitable for BEOC ap-
plications. Mylar is particularly susceptible to degradation from radiation expo-
sure even with VDA coating (Connell and Watson, 2001). For this reason it is most
commonly utilized for demonstration inflatable reflector missions in Earth orbit
where long term environmental durability is not a concern. While this thesis is
focused on the development of a demonstration mission, the desire to design a
suitable approximation of a BEOC reflector necessitates the need for environmen-
tal durability.

* Kapton HN: Kapton HN on average provides the best mechanical properties of
any of the materials. It has the second lowest density value, young’s modulus
value, yield strength and CTE. In addition, it provides excellent radiation resis-
tance for extended periods in GEO and at the L2 Lagrangian point (Russell et al.,
2000; Wooldridge et al., 2001). However, its optical properties leave a lot to be de-
sired. Kapton HN, like Upilex-S, is known for its high solar absorptivity. This leads
to a yellow/amber coloring which in turn reduces the optical performance of the
material (Connell and Watson, 2001). This reduces its desirability for reflector ap-
plications requiring a transparent canopy. This is clearly reflected in the literature
where no example of a Kapton HN transparent canopy could be found.

e Upilex S: Upilex-S provides the lowest CTE of any material, highlighting its sta-
bility over large temperature ranges. However, other than that and its radiation
resistance, its properties are less desirable than those of all the other materials. Its
yield strength and Youngs modulus are excessively high and would lead to unde-
sirable inflation requirements and a reduced PE respectively. Furthermore, it has
undesiable optical properties which, like Kapton HN, has led to no examples of
Upilex-S canopies for reflector applications in the literature.

° CP-1: CP-1 provides the most desirable mix of properties of any of the materi-
als presented. It has the lowest Youngs modulus and Yield strength (which negate
its high density), excellent radiation resistance (although less than Kapton HN and
Upilex-S (Russell et al., 2000; Wooldridge et al., 2001)) and excellent optical proper-
ties. This makes it a more attractive option than the radiation susceptible Mylar as
well as more suitable for reflector applications than Kapton HN and Upilex-S. The
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only major drawback for the material is its CTE value. This will undoubtedly cause
issues for thermal control of the structure and coupled with the low Young’s mod-
ulus may lead to concerns if the structure undergoes large thermal cycles (Smith
et al,, 2018). However, its application for high precision inflatable reflector appli-
cations would suggest this is not a major issue and can be managed. As such, CP-1
is clearly the most suitable material based on the material requirements laid out
in this thesis.

THE COATING

In order to satisfy requirement REQ-IRI-03, a reflective coating must be selected to act
as the interior reflective surface. As is the case for the structural material, a detailed
analysis of the reflective optical properties shall not be carried out. However, from the
same sources used to inform the material properties of the structure, the following two
material properties, see table 6.5, of the reflective coating are given to be particularly
desirable.

ID Property Rationale
PROP-R-01 | Reflectivity This is a measure of the fraction of incident radiation
on a surface thatis reflected. It is desired that the coat-
ing possess high reflectivity so as to ensure that the
desired wavelengths of light are reflected.
PROP-R-02 | Emissivity It is desired that the coating possess a low emissivity
to reduce heat generated within the structure.

Table 6.5: Desirable Reflective Coating Properties

The most obvious option is to utilise a VDA coating as CP1 coated in VDA is commer-
cially available ‘. Indeed, it has been utilized for the Lunar Flashlight and NeaScout
solar sails, with NeaScout utilizing a 10nm coating of aluminium (Heaton et al., 2017).
In order to gauge both the properties of uncoated CP-1 as a transparent material and
VDA coated CP-1 as a reflective material, tests were conducted onboard the ISS in in the
early 2000’s (Finckenor et al., 2015). The results indicated that CP-1, both uncoated and
VDA coated, has high performing optical qualities with the reflectivity of the VDA coated
material above 90%. In addition, the low emissivity of the coating can be seen in table
6.6 further solidifying its suitability for this application. These properties are taken from
SMAD (Larson and Wertz, 1992) and Matweb'.

Property Value
Density (kg/m®) | 2700
Thickness (nm) | 30
CTE (um/m°C) | 24
Emissivity 0.04
Absorptivity 0.08

Table 6.6: Properties of VDA
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The thickness of the coating is typically 400-800 A (40-80 nm) (Connell and Watson, 2001)
although the the solar sails are utilizing 10nm thick VDA. For this structure a VDA thick-
ness of 30nm, as will be utilized by the Gregorian inflatable reflector (Fenn et al., 2019),
will be assumed. It should be noted, that a coating on the external side of the membrane
surface is also likely necessary, although, once again, this shall not be investigated.

6.5. FABRICATION

For the preliminary design of this structure, it shall be assumed that the structure is an
ideal spherical shell constructed from a homogeneous material. This shall be done as
assessing the impact of the fabrication method was deemed beyond the scope of this
thesis. Despite this, a brief overview of the potential fabrication methods for a spherical
inflatable structure shall be presented due to fabrication being a key design considera-
tion for future iterations of the inflatable structures design process.

6.5.1. SPHERICAL INFLATABLE FABRICATION

The baseline ideal design for the structure is a that of a spherical shell. However, as noted
in the literature study, manufacturing a large monolithic and seamless spherical struc-
ture from thin polymer films is extremely challenging. It is therefore no surprise that one
of the most significant challenges in realizing this ideal shape is the fabrication process
(Lesser et al., 2015). A recent paper by Smith et al., 2018 from the University of Arizona
and Freefall Aerospace (the developers of the CatSat inflatable spherical structure) inves-
tigated several different fabrication methods with which to construct spherical inflatable
structure as part of NASA Advanced Innovative Concept (NIAC) research program. They
identified three different methods; The gore approach, the ‘soccer ball’ approach and
the 3D casting approach. A brief exploration of the papers findings for each of these
methods shall be provided here.

THE GORE APPROACH

As noted in the literature study, this is the classical approach that has been utilized for
decades in the fabrication of inflatable reflectors structures as well as large high-altitude
scientific balloons. To the best of the authors knowledge it is the only tried and flight
tested method of fabricating such structures. The method involves fabricating the struc-
ture from flat film gores that are then assembled into a near perfect spherical structure by
seaming the gores together as seen in figure 6.5 although as noted handling and cutting
precise gores is very challenging.

The non-smooth faceted surface that results from utilizing this method is a major
drawback for precision reflector applications. This is particularly true for a sphere fab-
ricated from a small number of gores which in turn requires higher pressures so as to
deform the material into a more desirable spherical shape. However, high pressures can
lead to undesirable structural consequences as well as increasing the demands on the
inflation system. A solution to this issue is to utilize a higher number of gores. However,
this also has drawbacks as the large number of converging seams at the apex and nadir
lead to an undesirable stiffening at the poles of the sphere. Not only does this lead to
variable structural stiffness along the length of the structure but is also requires polar
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Membrane Gores Exploded View
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Figure 6.5: The Gore Approach (Chandra et al., 2020)

caps, as seen in figure 6.5, which in turn increase the mass and volume requirements of
the structure.

After developing a range of spheres of various sizes, Smith et al., 2018 state that while
the gore approach is suitable for spheres with a diameter of 5 metres or greater, its use
is undesirable for spheres smaller than this. Thus despite the CatSat spherical inflatable
structure utilizing this approach, Smith et al., 2018 state that an alternative method for
CubeSat spherical reflectors is desirable.

THE SOCCER BALL APPROACH

This approach was identified by Smith et al., 2018 as showing promise for CubeSat spher-
ical inflatable reflectors. The method is like that utilized for soccer balls where flat hexag-
onal and pentagonal sections are cut and then seamed together into a structure called
a Goldberg polyhedron, figure 6.6a. The researchers also investigated using triangular
elements, as seen in figure 6.6b. While the soccer ball method would provide a more
uniform structural thickness distribution relative to the gore approach, the approach
leads to an increased number of complex seams which increases the risk of fabrication
errors. In addition, a significant degree of wrinkling was created.

THE 3D FORMING APPROACH

This approach involves forming elements of the structure using a 3D mandrel. It is seen
as holding the most promise of the three approaches identified by Smith et al., 2018
who constructs a sphere using the triangular soccer ball approach with the 3D triangular
elements fabricated using this method. This allowed them to address the wrinkling issue
present in the soccer ball approach and produce a sphere with what appears to be a
high degree of surface smoothness, as seen in figure 6.7. It is evident that this method
shows promise, particularly for CubeSat spherical structures although as Smith et al.,
2018 state, it requires further research.
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(a) Pentagonal Elements (b) Triangular Elements

Figure 6.6: The Soccer Ball Approach

Figure 6.7: 1 metre sphere fabricated using the 3D forming approach

SUMMARY

It is apparent that the fabrication of precision spherical inflatable reflectors is still in
its early days. While the 3D Forming Approach in particular shows promise, further re-
search must be carried out to assess its suitability for space applications and also to as-
sess its impact on the shape transformations of the structure. As noted, this is left for
future work with the fabrication method and its impact on the structure not considered
in this thesis.

6.6. ENVIRONMENTAL ORBITAL CONDITIONS

As discussed in the literature review (section 2.2.4), the environmental conditions that
the structure must withstand play a substantial role in the required functionality of the
inflation system. The discussion on packaging (see section 6.3) notes that ascent venting
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is required to vent the residual gases during the launch and pre-deployment environ-
ment, while the discussion on deployment (see section 6.3) points out that the inflation
loads be appropriately controlled during the dynamic deployment environment. How-
ever, for this discussion, the focus shall be on the operating environment, i.e. the space
environment.

As dictated by key requirement REQ-BEOC-04-02, this structure, which will operate
in Lunar Orbit, must be capable of withstanding the lunar environment. As is alluded to
in the literature review, this lunar environment is composed of two main aspects that the
inflatable structure must be able to withstand; physical damage from micrometeoroids
and material property changes arising from environmental interactions, most notably
temperature extremes and radiation. As the radiation resistance of CP1 has already been
established in section 6.4, only micrometeoroids and the thermal environment shall be
discussed here. In addition, as a detailed analysis of the orbit is not carried out in this
thesis, it is assumed that the structure shall operate in a 500 km-altitude circular orbit
about the moon. This orbit is based off one of the options discussed by Cipriano et al.,
2018, who discusses the LUMIO missions lunar orbital design.

6.6.1. MICROMETEOROIDS

As is described in the literature study, high velocity impacts from micrometeoroids can
damage the inflatable structure. In order to gauge the threat posed by micrometeoroids
to the pressure stabilized structure, the micrometeoroid flux in the lunar environment
must be quantified. By doing this, the rate of hole growth due to micrometeoroid punc-
tures can be estimated and the mass of make-up gas required by the inflation system
gauged.

Due to the limited nature of the literature surrounding the calculation of these pa-
rameters only a handful of papers detailing this process could be found. Of these, both
Grossman and Williams, 1990 and Chodimella et al., 2006 used a Near Earth-Lunar model
(Cour-Palais, 1969) for estimating the hole growth in inflatable concentrator and an-
tenna structures respectively. However, neither provided a detailed exploration of the
analysis nor the calculated results. In addition, while a variety of different models are
available for calculating the lunar flux, such as those presented by Badyukov, 2020, few,
if any, have been utilized for such calculations. As a consequence it was decided that the
approach presented by Thomas and Friese, 1980 would be followed due to the fact that
the method could be validated using results presented in the paper.

APPROACH

Using the micrometeoroid flux model developed by Whipple, 1967, the accumulated
number of micrometeoroid impacts on the structure per cm? per second, i.e. the flux,
can be calculated using the following equations 6.1 and 6.3 over a micrometeoroid mass
range of 10712 to 10? grams. Equations 6.2 and 6.4 give the derivatives of these equations
with respect to mass and allow the number of impacts with mass between m and m +
dm to be found.

* Form < 107> grams:
N=141x10"".m 0 6.1)

dN=-7.19x10"1%- m13lgm 6.2)
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-5.2

¢ Form > 10 grams:

N=331x10"19. ;14 (6.3)
dAN=-463x10""-m2*dm (6.4)

where:

o N = Micrometeoroid Flux (lez_s)

¢ dN = Flux between m and m + dm (miz's)

° m =mass (grams)

+ dm = mass step size (mx10%1)

In order to find the change in hole area due to micrometeoroid damage, i.e. the rate of
hole growth, the hole generated by a micrometeoroid of a certain mass is multiplied by
the flux at that mass and then integrating this across the entire micrometeoroid mass
range. This is expressed in equation 6.5.

G:f Ay,(m)dN(m) (6.5)
m
where:

* A,(m) = Area of hole generated by micrometeoroid of mass m

Assuming that all micrometeoroids are spherical in shape, A,(m) can be calculated by
finding the diameter of the micrometeoroid of mass m. This can be done by finding
the volume of the micrometeoroid using the appropriate density value. Instead of us-
ing a uniform density across the entire mass range as is done by Thomas and Friese,
1980, it was decided to use the more realistic mass-density relations from Grossman and

Williams, 1990. These are given in equation 6.6

m< 10_6g = 2.Ogcm3
10%g<m<0.01g=1.0gcm® (6.6)
m>0.01g = 0.05gcm3

In addition, Grossman and Williams, 1990 determined that the size of the hole gener-
ated by the micrometeoroid shall depend on the material thickness-to-micrometeoroid
diameter ratio (T/D). This T/D ratio can yield three different damage scenarios as seen
in figure 6.8. A quantitative indication of “Small”, “Intermediate” or "Large” (figure 6.8)
and the damage hole size Dy, theyyield is given by the following expressions (Chodimella
etal., 2006). These expressions are as follows:

1. If the T/D ratio is less than 0.33, i.e the particles diameter is significantly larger
than the material thickness, the particle will pierce through both sides of the struc-
ture. Due to some uncertainty regarding the expression given by Chodimella et al.,
2006, it shall be assumed that a hole slightly larger (1.1 times) than the meteoroid
diameter is created in both sides (Grossman and Williams, 1990).

TID<0.33= Dpore=1.1xD 6.7)
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2. If the T/D ratio is between 0.33 and 3, the particle will break up on impact and
create a hole significantly larger than the meteoroid diameter.

0.33< T/D<3= Djpjo=3.44x D (6.8)

3. If the T/D ratio is greater than 3, no hole is created although a crater is formed in
the material. The effects of this cratering on the local material properties of the
structure are not considered in this thesis.

T/D > 3 = No penetration (6.9)

A graphical indication of these relations is presented in figure 6.8.
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Figure 6.8: Effect of micrometeroid particle size on damage caused to inflatable. (Grossman and Williams,
1990)

From this exploration it can be said that the area of hole generated by micrometeoroid
of mass m A, (m) can be found using equation 6.10, which for T/D<0.33 is multiplied by
2 to account for holes generated in both sides of the structure.

2
Ag(m) =1 (%) (6.10)

Integrating equation 6.5 across the micrometeoroid mass range yields the rate of hole
growth. However, as the micrometeoroid flux model is originally derived for calculating
the micrometeoroid flux in Earth orbit (Whipple, 1967) a correction factor is introduced
to express this hole growth rate as a function of the flux in lunar orbit. This is correction
factor is taken to have a value of 0.7 (Badyukov, 2020).

GM:GEXFM (611)

where:

¢ G = Growth rate in Lunar orbit
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¢ Gg = Growth rate in Earth orbit

e Fj; = Micrometeoriod correction factor (0.7)

RESULTS

Calculating Gy, for a range of different membrane thicknesses yields the following re-

sults. Comparing these growth rates to that calculated by Thomas and Friese, 1980 (6.23E-
14 1/s) or Thunnissen et al., 1995 (1.0869E-15 1/s) for inflatable reflector structures in

Earth Orbit, it can be seen that the approach utilized generates realistic values.

Thickness (um) | Growth rate (1/s)
2.5 2.61986E-14
5 3.21421E-14
12.7 4.13974E-14
254 5.20799E-14
50 6.19771E-14

Table 6.7: Growth rate, G, in membrane wall due to Micrometeroids

However, as can be seen from table 6.7 the growth rate results reveal an unexpected phe-
nomenon. Smaller wall thickness actually yield a lower rate of hole growth in the inflat-
able membrane relative to larger thicknesses. It is presumed that this is primarily due to
the relationship between hole size and the T/D ratio, with larger holes being generated at
higher thicknesses despite the lower flux levels. Unfortunately due to the relatively scant
information regarding the development of holes in inflatable space structures, further
elaboration on this phenomena could not be found with the limited detail provide by
Grossman and Williams, 1990 and Chodimella et al., 2006 being of little use. As such,
this phenomena would be worth exploring in future work. Moreover, future work should
also utilize more accurate lunar flux models to more precisely gauge the rate of hole
growth for an inflatable structure in lunar orbit.

SUMMARY

Using the method described in this section, the growth rate of holes on the structures
surface due to micrometeroid damage can be estimated. This growth rate, which varies
with material thickness as seen in table 6.7, shall inform the selection of an appropriate
material thickness for the structure, impacting its mass, volume and pressure require-
ments. With the selection of the material thickness, the associated growth rate can be
used to calculate the mass of makeup gas required to compensate for the loss of gas due
to the development of these holes, and thus maintain the structures structural integrity.
This is discussed further in the design of the inflation system, sections 7.4 and 8.4. It
should be noted that the affect of the VDA coating is assumed to be negligible in these
calculations.

6.6.2. THERMAL ENVIRONMENT
In this section, a preliminary investigation into the expected on-orbit temperatures shall
be carried out. However, while these on-orbit temperatures are a key consideration in
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the design of an inflatable space structure, accounting for the thermal cycling the reflec-
tor undergoes as it orbits the moon, and the resultant variations in gas pressure and skin
stress, requires a detailed Finite Element thermal Analysis (FEA). This is further empha-
sized by the need to model the complex thermal behaviour of a structure composed of
a transparent canopy and internal reflective surface, with the internal radiation requir-
ing numerical solutions coupled with ray tracing models to be developed (Thomas and
Friese, 1980). As such an analysis was deemed beyond the scope of this thesis, a sim-
plified approach is necessary to at least gauge a preliminary estimate of the expected
on-orbit temperatures.

It was decided that the relatively simple, and verifiable, analytical method previously
utilized for NASA spherical inflatable structures (Clemmons, 1964; Coffee et al., 1962;
Teichman, 1968; Wood and Carter, 1959) shall be suitable for achieving this goal. While
this approach shall allow a simplified thermal analysis to be carried out, one of its main
downsides is that the structure must be considered both homogeneous and opaque, thus
neglecting the fact that the structure is composed of a transparent canopy and interior
reflector (REQ-IRI-03). This assumption, while not accounting for the real thermal be-
haviour of the structure, shall help to give a preliminary indication of the expected on-
orbit temperatures. However as the structure shall be considered opaque, i.e. coated in a
particular thermal coating, before further exploring this method, it was deemed prudent
to first establish suitable thermal requirements for the analysis.

THERMAL REQUIREMENTS

Utilizing this method requires the simplified assumption that this structure is a uniform
opaque spherical structure. Thus, as CP-1 is a transparent material, it shall be assumed
for this analysis that the structure is uniformly coated with a non-transparent coating. In
order establish a reasonable initial estimate of the anticipated on-orbit structural tem-
peratures, a suitable coating must be selected. This shall be done by evaluating the ther-
mal performance of different coatings with respect to two distinct thermal requirements;
the temperature differential across the structure and the equilibrium ‘operational’ tem-
perature of the structure.

As no inflatable reflectors have been designed for lunar orbit an accurate gauge of
suitable on-orbit thermal requirements could not be found in the literature. Therefore,
itwas decided to turn to pressure-stabilized inflatable reflectors in Earth Orbit in order to
gain insight into the desirable thermal requirements for such a structure in Lunar Orbit.
While this comparison isn't perfect, it will be helpful for gauging appropriate structural
temperatures. In addition, while opaque structures that consist of a fully coated exterior
shall be referenced, the temperatures of structures with a transparent canopy and inter-
nal reflector shall take priority when determining the suitable thermal requirements. A
summary of these thermal requirements is given in table 6.8.

o Temperature Differential:

— Uneven heating of the structure during its orbit shall result in hot and cold
regions, leading to a temperature differential (A7) across the structure. This
differential can cause significant problems for maintaining shape accuracy
of the structure. It is therefore desirable that this temperature differential be
kept to a minimum (Friese et al., 1983).
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- ECHO 1 and PAGEOS (Clemmons, 1964; Teichman, 1968), from which the
simplified thermal model stems, had temperature differentials of 20 K and
25 K respectively, both having a fully reflective aluminium coating on their
exterior. Examining structures with interior reflective components, a recent
study by Smith et al., 2018 performed a thermal analysis on a large pressure-
stabilized inflatable sphere in an LEO sun synchronous orbit. They found
a similar temperature differential of about 30 K across the structure. Other
structures with internal reflective components also yield differentials of 20-
30 K (Freeland and Bilyeu, 1993; Friese et al., 1983; Pino, 2016). Therefore,
based off this research it is assumed that a temperature differential between
the hot and cold spots on the structure of between 20-30 K is acceptable.

Thermal Requirement Value (K)
Temperature Differential (A7) 20-30

Sunlit Temperature (Teg,) 300 +/- 50
Shadow Temperature (Teq,,) 200 +/- 50

Table 6.8: Thermal Requirements

* Operational Temperature: m
- Deciding on an appropriate operational temperature is a slightly more tricky
process. Factors that must be considered include the reflective application,
the characteristic of the inflation gas and of course the relevant thermal en-
vironment. However, as has been stated, given no relevant lunar inflatable
structures could be found in the literature, operational temperatures are de-
rived from Earth orbiting structures.

— The operational sunlit temperatures (T,4,) of the fully externally coated ECHO
1 and PAGEOS structures are approximately 380 K-410 K, while the opera-
tional shadow temperatures (Te,,,) are significantly lower, getting as cold as
123K. Thomas and Friese, 1980 evaluate the theoretical temperature profiles
of a variety of semi-transparent spherical black balloons in Earth orbit giv-
ing temperatures varying from about 220K to 350K with varying solar an-
gle. Examining, structures with interior reflective components unsurpris-
ingly yields lower sunlit operational temperatures. The CATSAT inflatable
spherical reflector (Chandra et al., 2020; Chandra et al., 2021) in a sun syn-
chronous orbit has an average operational temperature of about 300 K, while
IAE’s temperature as the sun is entering the shadow is about 315K and then
plummets to 205 K in shadow (Freeland et al., 1997). Meanwhile, Friese et
al., 1983 calculates values varying from approximately 210 K to 400 K for an
inflatable reflector depending on sun angle. Finally, a parabolic reflector de-
signed by Thunnissen et al., 1995 for the purpose of designing low mass in-
flation systems assumes an operational temperature of about 293 K.

— Based off this research it is assumed that an inflatable space structure can
typically survive and likely operate in temperatures ranging from 100K to
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400K. As such, it shall be assumed that nominal sunlit operational temper-
atures of around 300 K +/- 50 K (-23°C to 77 °C) are desirable, while shadow
temperatures of around 200 K are +/- 50 K are deemed acceptable. As extreme
thermal variations between the sunlit and shadow temperatures exacerbate
the thermal distortions of the structure, it is highly desirable to minimize the
time the structure spends in shadow. As a detailed analysis of an appropriate
orbit for the structure is not carried out, this shall be left for future work.

THE LUNAR THERMAL ENVIRONMENT

The thermal analysis of a homogeneous opaque spherical inflatable structure in lunar
orbit shall be now be carried out using the analytical method referred to previously. The
first step in this analysis is to evaluate the thermal environment. As the structure is in
orbit around the moon, it can only interact with the lunar thermal environment by radi-
ation. The different sources of radiation are:

1. Direct Solar Radiation

2. Lunar Albedo

3. Thermal Energy from the Moon

4. Reflected solar radiation from the CubeSat

The spherical structure will experience thermal equilibrium if the sum of the these ra-
diation sources, along with any thermal energy generated internally by the reflector as
well as that conducted from the CubeSat, is equal to the energy that the structure radi-
ates out into space. This thermal balance will enable the calculation of the temperature
of the inflatable structure (Fortescue et al., 2011). However, before this can be done it
is first necessary to quantify the radiation sources present in the lunar thermal environ-
ment. It is important to note that for this thermal analysis that thermal energy from the
CubeSat, whether by reflected solar radiation or conduction, is neglected.

Direct Solar Radiation

As the angle subtended by the Sun at Earth is around 0.5°, the solar radiation incident
on the structure can be approximated as a parallel beam (Fortescue et al., 2011). The
intensity of this solar radiation is given by the solar flux, F, and at the Moon is about
the same as at Earth, 1361 W/m? °. The amount of energy absorbed by the spherical
structure can be written using equation 6.12.

Qs=nR*-Fs-as 6.12)
where:

* Qs = Solar radiation absorbed by structure (W)
o wR? = Area of structure receiving solar radiation (m?)
 F, = Solar flux (1361 W/m?)

° as=Absorptance of structure to solar radiation

Shttps:/ /nssdc.gsfc.nasa.gov/planetary/factsheet/moonfact.html
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Lunar Albedo

The lunar albedo represents the fraction of the solar radiation that is reflected off the
surface of the moon. While the Albedo, a, across the surface of the moon will inevitably
vary, a value of 0.11 (the bond albedo) ° can be utilized as an average approximate value.
Utilizing averaged properties for thermal analysis is customary. The intensity of the solar
radiation that is reflected off the lunar surface tends to be a function of the orbital solar
angle (3. It can be represented by a visibility factor F. An approximate representation
of this visibility factor can be made as a function of . F=1 when the structure lies on
the moon-sun line, i.e. the sun’s rays are in the orbital plane, (8 = 0) and F = 0 when
the structure is about to enter the moons shadow, i.e the orbital plane is perpendicular
to the sun’s rays (assumed f = 90°) (Teichman, 1968).This approximation contributes
to the calculation of the structures maximum and minimum temperature values while
in sunlight. In addition, considering an altitude of 500 km (Cipriano et al., 2018), the
altitude factor k also affects the amount of radiation absorbed. The amount of energy
absorbed by the spherical structure can be written using equation 6.13.

QRanZ-Fs-as-a-F(ﬁ)-[1—@] 6.13)
where:
. QR = Reflected solar radiation absorbed by structure (W)
* a=Lunar bond albedo
* F(P) = Lunar visibility factor
e k= Altitude factor (%)

— h = Altitude (500km)
— Ry, =Radius of moon (1,737.4 km)

Lunar Thermal Radiation

Like all planetary bodies, the moon has a non-zero temperature (270.4 K 6y and thus radi-
ates heat. Given that practically all of the heat received by the moon is either reflected or
radiated, the amount of energy absorbed by the spherical structure can be approximated
using equation 6.14.

. 1-
QManZ-FS-aM-Ta-[1—\/(1—k2)] 6.14)
where:
* Qy = Lunar thermal radiation absorbed by structure (W)

° ajs = Absorptance of structure to lunar thermal radiation. According to Kirchoff’s
law this is equal to the structures infrared emittance ¢, (Fortescue et al., 2011)
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THERMAL BALANCE

As has previously stated, the temperature of the structure is dependent on the thermal
balance between the heat received by the structure and the heat it radiates into the ther-
mal vacuum of space. The general equation for a single node thermal analysis is given in
equation 6.15.

Qin = Qout = Qubsorhed + Qinternal = Qemitted (6.15)

For this analysis, internal heat generation, Q;ysernal, is neglected. This means that, as
has been already stated, the impact of the internal radiation on the temperature of the
structure is not considered. In addition, it is assumed that the spherical shell structure is
isothermal and remains in thermal equilibrium its environment (Clemmons, 1964). This
yields the following equation.

Qemltted 4mR*- ‘€00 T QS+QR+QM (6.16)

where:
* Qumitred = Thermal radiation emitted by the structure (W)
* €, = External surface emissivity
¢ o = Stefan-Boltzmann constant (5.67 x 10" 8W/(m? - K*))
¢ T4 = Structure equilibrium temperature (K)

For this thesis, the average equilibrium temperature of the structure is of interest as a
means of determining the median temperature of the structure. This value can then be
utilized for calculations relating to the inflation system. It shall be calculated for both
sunlight and shadow conditions in order to gauge the temperature differentials.

Sunlit Conditions

While the structure is in sunlight, equation 6.16 can be written so as to yield an equilib-
rium temperature, Teg4,, of the structure in this environment as seen in equation 6.17.
The variation of this temperature with orbital angle 8 can be calculated by using the
visibility factor E For this study, only the maximum and minimum equilibrium temper-
atures are of interest and can be obtained by setting F=0 and F=1. These worst case con-
ditions must be defined in order to ensure the structure stays within acceptable limits.

[1— Va-k2) ]) 6.17)

Meanwhile the hottest and coldest spots on the surface of the structure can be calculated
using the following equations. These local hot and cold spots arise due to uneven heating
of the structure and exacerbate the challenge with shape accuracy. It is thus important
to calculate these values as it allows the temperature differential across the structure to
evaluated. See reference sources for derivations.

Fo-
4 _ 15 As ap(ﬁ)+Taa_M

= 1+2
eds 4-€5-0 (
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Fy-ag+ i Fas- (1+2[a F(p)+ 154 “M] [1—\/(1 kz)])

Ty = (6.18)
§ 0-(€;+€op)
L8 Fyag-(142[a- P + 150 2] [1- VA=)
T, = (6.19)
¢ 0-(€; +€o)
where:

¢ Teq, = Equilibrium temperature in sunlit conditions (K)
 Tj, = Hotspot temperature in sunlit conditions (K)
* T, = Coldspot temperature in sunlit conditions (K)

* €; = Internal surface emissivity

Shadow Conditions

While the structure is in the shadow of the moon, not accounting for shadows cast by
the Earth on the moon due to their rarity, equation 6.16 can be written so as to yield an
equilibrium temperature, T4, p,, of the structure in this environment as seen in equation
6.20.

Tog = M~(1_ ) M- Va=i2)] (6.20)

4-€5-0

Once again the hottest and coldest spots on the surface of the structure can be calculated
using the following equations. See reference sources for derivations.

Foag (59)-(3-2-[1- VO8] +#?)

o-(€;+€o)

4

= (6.21)

1
46‘0

1- V-1

-Fs-as-
T4

6.22
Con o (el +€o) (622

where:
¢ Teq,, = Equilibrium temperature in shadow conditions (K)
* Ty, = Hotspot temperature in shadow conditions (K)

* T, = Coldspot temperature in shadow conditions (K)
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Results

For this thermal analysis, a variety of different thermal coatings commonly utilized in
thermal control shall be evaluated with respect to the desired thermal requirements.
Generally, these coatings are applied to a percentage of the structures external surface
area to adjust the effective absorptivity and emissivity of the structure. The effective val-
ues can be calculated using the following equations (Coffee et al., 1962):

Ac
as=(as, - as,) s, (6.23)
Ac
€= (eop - eou) A_T +€o, (6.24)
where:
° p = coated
° u=uncoated
* A, =Area Coated
* Ar =Total Area
n As the structure shall be uniformly coated these equations can be reduced to:
as=as, (6.25)
€0 = €o, (6.26)

Table 6.9 details the thermal characteristics of a variety of different coatings on the spher-
ical structure in both sunlight and shadow. All these calculations are carried at F=1.

Coating as, | €o, Teq,°C Ty, °C T °C Teqy, °C Ty, °C  Te, °C
VDA 0.08 | 0.04 | 70.6 86.58 63.38 -95.86 -88.19 -99.59
Bare Alu- | 0.17 | 0.1 57.96 89.27 41.76 -95.86 -79.92 -104.53
minium

VDG 0.3 0.03 | 233.48 253.22 225.37 | -95.86 -89.90 -98.69
Gold 0.25 | 0.04 | 178.32 200.67 168.81 -95.86 -88.19 -99.59
Polished 0.44 | 0.01 | 458.47 468.93 454.47 | -95.68 -93.718 -96.83
Beryllium

Polished 0.6 0.6 20.91 87.2 -35.22 -95.68 -55.018 -129.701
Titanium

3M Black | 0.97 | 0.84 | 30.32 107.56 -39.92 -95.68 -50.85 -137.16
Velvet

White 0.2 0.85 | -49.21 -13.24 -101.38 | -95.68 -50.71 -137.16
Paint

Silver 0.37 | 0.44 | 10.19 66.05 -34.23 -95.68 -59.29 -123.65
Paint
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Table 6.9: Effects of various coatings (Fortescue et al., 2011; Larson and Wertz, 1992)

It can be clearly seen from table 6.9 that both VDA and bare aluminium are the most ap-
propriate coatings for the inflatable structure given the thermal requirements presented
in table 6.8. The sunlit equilibrium temperature of both coatings meet the desired oper-
ational temperature requirement. These temperatures vary by only about 5 °Cas F tends
towards 0 due to the uniformity of the coatings. However, while the thermal differential
of VDA (23.2K) meets the desired thermal differential requirements, the value for bare
aluminium (47.51K) does not. Hence, VDA can be considered the most suitable thermal
coating for this thermal analysis. This suitability is further emphasized by the fact that
VDA coated CP-1 is manufactured by NeXolve ’.

Property Value (K)
Sunlit Temperature Differential (Ar,) 23.2
Sunlit Temperature (T,,) 343.75
Shadow Temperature (Teq,,) 177.29

Table 6.10: Structures Thermal Properties

The sunlit results for VDA presented in table 6.9 are calculated for when the structure lies
on the moon-sun line, F = 1, and represent the maximum structural equilibrium temper-
ature. As noted, this temperature shall drop by about 5 °C as F tends towards 0. In a more
detailed thermal analysis it may be worth examining this variation as the structure orbits
the moon, including the rapid change in thermal properties as the structure enters the
shadow region, in order to gain a more detailed understanding of the structures thermal
cycling. However, this shall be left for future work. The results presented in table 6.10
are deemed sufficient for a preliminary thermal analysis with T,,, being taken as the
structures equilibrium temperature during all inflation stages.

CONCLUSION

Ideally a comprehensive thermal analysis utilizing FEA and ray tracing models would be
carried out to evaluate the thermal properties of this lunar spherical inflatable reflector.
However, due to the limited scope of this thesis project a simplified thermal analysis of
the structure was carried out by approximating it as a uniform opaque spherical reflec-
tor coated in VDA, similar to the ECHO and PAGEOS satellite reflectors. This enabled a
simple yet verifiable thermal analysis to be carried out. While not fully reflective of the
real thermal properties of an inflatable reflector with a transparent canopy and interior
reflective surface, the analysis yielded a preliminary estimate of the on-orbit conditions
that satisfies the thermal requirements informed by comparative structures that consist
of such a canopy and reflector.

7https:/ /nexolve.com/
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6.7. MECHANICAL PROPERTIES

The final stage in the design of this inflatable spherical structure is to determine its me-
chanical properties. The determination of these properties is constrained to those that
are required to ensure that the designed structure complies with the mission require-
ments as well as the reflector requirements that follow. Once this compliance has been
established, the inflation system requirements can be finalized, thereby enabling the de-
sign process for the inflation system to begin.

The key mechanical properties that shall be established in this section include the
primary parameters of stowed volume and mass followed by the structural loads that
the struture must withstand. These parameters shall enable the selection of the most
suitable membrane thickness based on the desired structural requirements. For all of
these calculations, the structure is assumed to be a uniform thin shell structure.

6.7.1. STOWED VOLUME

As the structure is assumed to be a uniform thin shell structure, the material volume
of the CP1 structure can be calculated using equation 6.27. This method, although an
approximation which does not consider the individual gores nor the adhesive, provides
an accurate approach for calculating the mass and volume of the structure and has been
verified for both ECHO 1 and PAGEQOS structures, yielding a difference of <5 % from the
recorded value.

Vepr = gﬂ (R*-(R-1?) (6.27)

where:

o V =Volume (m?3)

* R =Deployed radius (0.5 m)
¢ t = Material thickness (m)

In addition, to the material volume of the CP1 inflatable structure, the material volume
of the VDA coating must be calculated. This can also be done using a value of 30 nm
(VDA coating thickness) for t in equation 6.27 and diving the result by 2, given that the
coating is on only one half of the structure. This yields a material volume for VDA of
Vvpa=4.71x 10~8m?3. Adding this to V¢p) yields the total material volume of the struc-
ture. Considering an additional margin of 10 % to account for other contributions not
considered in this calculation such as residual gas, adhesives, etc, the total material vol-
ume of the structure can be calculated using equation 6.28.

Vinateriai = Vep1 + Vypa) X 1.10 (6.28)

From the discussion on the packaging of a spherical inflatable structure (section 6.3), a
PE 0of 40% is assumed. Thus, using equation 2.2, the packaging container volume (i.e. the
stowed volume) of the structure can be calculated. Once this has been done, the RPE of
the structure can be calculated using equation 2.1. REQ-IRI-04 desires a minimum RPE
value of 1.5m?/U.
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6.7.2. MASS
The mass of the structure can be calculated using equation 6.29. As is the case for volume
an additional margin of 10 % is considered.

Mmaterial = (Vep1-pep1+ Vvpa-pvpa) x 1.10 (6.29)
Where:

* M =Mass (Kg)

* p = Density (Kg/m?®)

Dividing this value by the deployed cross sectional area of the structure, its areal density
can be found. As noted in requirement REQ-IRI-05, it is desired that this value be less
than 0.4 kg/ m?.

6.7.3. STRUCTURAL LOADS

In order to assess whether the structure can maintain its structural integrity while in lu-
nar orbit, a preliminary structural analysis must be carried out. For this analysis the on-
orbit loads that the structure shall experience must be determined. This shall be done in
this section. The main loads an inflatable spherical structure shall experience on-orbit,
according to the following sources (Clemmons, 1964; Guidanean and Veal, 2003; Smith
etal., 2018) are as follows. It should be noted that given the limited nature of the thermal
analysis carried out, an exploration of thermal loading is left for future work.

* Internal Pressure Loading
* Thermal Loading
* Deforming Loads

- Solar radiation/ Photonic pressure
— Atmospheric drag pressure

— Micrometeroid pressure

- Gravity gradient loading

— Spacecraft induced Loads

PRESSURE

Unsurprisingly, the most dominant loading for the spherical structure is the pressure
difference between the structures internal pressure and the vacuum of space. This inter-
nal pressure provides the pressure-stabilized structure both with its initial desired shape
post inflation as well as its structural stability for the duration of the mission. The re-
quired internal pressure for the fully inflated state of the spherical structure is deter-
mined from the desired stress level in the skin and can be calculated using the equation
for a thin wall sphere (Clemmons, 1964).

Pl' = ? + PO (6.30)

Where:
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e P; = Internal pressure (Pa)
* P, = External pressure (Pa)

- Assumed to be negligible due to vacuum of space.
e ¢ = Skin stress (Pa)

The desired skin stress level o is dependent on a couple of factors. A low skin stress is
desirable as it reduces the pressure differential with the space vacuum environment and
be extension reduces the required make-up gas. However, the skin stress must also be
chosen so as to minimize and remove the wrinkles leftover from the packaging process as
well as maximize the performance of the reflector (Mills et al., 2019). From the literature
there appears to be two approaches to how an inflatable pressure-stabilized reflector
should be pressurized to satisfy this process shall be addressed here.

Approach 1

The most popular approach found in literature is to pressurize the structure to the mini-
mum stress level at which the wrinkles can be removed and maintain this pressure level
with no additional venting. From the literature it appears that this approach has been
followed by the vast majority pressure-stabilized reflectors to date with notable exam-
ples including the IAE lenticular reflector. The IAE was pressurized to a skin stress of
6.89 MPa which had been shown to be the minimum stress level at which packaging
wrinkles could be removed (Freeland and Bilyeu, 1993). In order to determine this min-
imum stress level prototyping and characterization is typically required. However, Mills
etal., 2019 notes that in general an operating skin stress of at least 15% of the yield stress
is desirable.

Mission Skin Stress (MPa) | % Yield Strength
ECHOI 35 4

IAE 6.89 7

CatSat 15 14.6*
Gregorian 18.3 15
Babuscia 6.59 - 13.6 6.4 -13*

* = Assumed yield Strength of 103 MPa

Table 6.11: Skin Stress levels in Inflatable Reflectors: Approach 1

Examining table 6.11, it can be seen that while older inflatable structures such as ECHO
I (Clemmons, 1964) and IAE (Freeland and Bilyeu, 1993) utilize skin stress values at a
lower % than this, the more recent CubeSat reflector developments (Babuscia et al., 2020;
Chandraetal., 2021; Fenn et al., 2021) all utilize skin stress values in and around this 15%
mark.
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Approach 2

The second approach entails a two step pressurization method and was specifically de-
signed for pressure-stabilized applications. Originally proposed by Friese et al., 1983,
the structure should first be pressurized to approximately its yield stress to eliminate
packaging wrinkles. Following this, the structure should then be vented down to a pre-
determined maintenance pressure so as to reduce make-up gas requirements. While
this process seems logical, it only appears in one other publication by Thunnissen et
al,, 1995, which details the design of pressure-stabilized parabolic reflector for the pur-
pose of designing low mass inflation systems. Unfortunately, no further discussion of
the approach could be found. This may be due to the lack of literature surrounding the
development of inflation systems for such structures, with these two publications being
two of the only papers to discuss inflation system sequencing (see section 7.5). Table
6.12 provides a breakdown of the skin stress values required by this two step approach
for the inflatable reflector designed by Thunnissen et al., 1995. As the values from Friese
etal., 1983 are unclear, these skin stress values shall be used as a guide for this approach.

Stage Skin Stress (MPa) | % Yield Strength
1. Yield Stress 77.5 100
2. Maintenance Stress 0.3447 0.5

Table 6.12: Skin Stress levels in Inflatable Reflectors: Approach 2

Discussion

Evidently pressurizing the structure to a minimum skin stress level of around 15% yield
strength, as done in approach 1, yields reduced pressurization gas mass requirements.
In addition, it may be a safer approach than pressurizing to approximately the yield
strength, which could potentially lead to deformation of the inflatable membrane if not
carefully managed. However, maintaining the pressure within the structure at this higher
level and not reducing to a small maintenance pressure, as is done in approach 2, leads
to increased make-up gas requirements. This leads to a reduction in the mission lifetime,
as the amount of make-up gas that can be carried is constrained by the CubeSats mass
and volume constraints. Why exactly approach 1 is more popular is not entirely clear
from the literature but it may be the case that the higher operational skin stresses enable
a higher surface accuracy and thus better optical properties. However, this is TBC and
as such is left for future work. In addition, it may also be because most of the structures
that have been developed to date have either been short term demonstration missions,
such as IAE and CatSat, or are intended to be rigidized after a certain time period, such
as for the Babusica Inflatable CubeSat Antenna and the Gregorian inflatable reflector.
Both scenarios do not require long operational lifespans.

Regardless of the reason for its popularity, the higher operational pressure levels of
approach 1 (15% vs 0.5%) lead to a reduction in the mission lifetime. While a reduced
mission lifetime is inevitable with pressure stabilized structures, until there are further
advancements in rigidization technology, maximizing the operational lifespan of the
structure is desirable. In this regard approach 2 offers a more attractive option. Not only
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do the reduced operational pressures enable a longer lifespan, the venting operation
post initial inflation replicates the venting process required for a rigidizable inflatable
structure. This is advantageous as it shall enable the design of an inflation system that
shall be highly relevant to future missions that utilize advancements in rigidization tech-
nology, while also enabling the design of a BEOC reflector based on current technology.
However, the need to initially pressurize the structure to the yield stress is a significant
drawback of approach 2, while the reduced maintenance skin stress levels may lead to
areduction in surface accuracy, thereby inhibiting reflector performance. This pressur-
ization scheme enables the generation of the inflation system requirements REQ-ISP-04
and REQ-IPS-05.

Result

It was decided that a hybrid approach is the most suitable for the design of this structure,
thereby maximizing the benefits of each approach and minimizing the drawbacks. As
such, the inflatable structure shall be pressurized to at least 15% of its Yield Strength,
based on approach 1, and after a period of time, shall then be vented to a reduced %
of its Yield strength, based off approach 2. While it remains to be confirmed whether
the reduced skin stress levels at 0.5% dramatically inhibit the surface accuracy/reflector
performance, it shall be assumed that a higher stress level of 2% is more appropriate.
The validation of this assumption should be explored in future work. These two values
shall be used to calculate the inflation pressure and stabilization pressure respectively.

However, these skin stress values are not constant and shall vary with temperature,
with the membrane Yield strength inversely proportional and the gas pressure propor-
tional to temperature. Considering this variation requires complex thermal analysis to
account for the thermal interactions between the gas jet, the already present inflation
gas and the structural membrane as they interact with each other and the thermal space
environment. As was discussed for the thermal analysis, such modelling is beyond the
scope of this thesis. Thus, assuming inflation occurs during the sunlit phase of the orbit,
the skin stress shall be calculated for the sunlit thermal equilibrium temperature of 343
K. Unfortunately, due to a lack of information regarding the variation in CP1’s mechan-
ical properties with thermal variations, the yield strength of the material is only known
at 300K. Thus, given that the Yield strength of CP1 shall be lower at 343 K, and the pres-
sure exerted by the gas higher, it shall be assumed that the pressurization skin stress can
be calculated as 10% Yield strength and the stabilization skin stress can be calculated at
4/3% Yield strength, both at 300 K.

DEFORMING LOADS

Inflatable reflectors are by nature lightly loaded. Thus they are not designed to withstand
large loads, but rather they are purely designed to withstand small buckling loads (De-
foort et al., 2005). In order to assess whether the structure can withstand these buckling
loads while in lunar orbit, the loads must be assessed. The first step in this process is to
calculate the critical buckling pressure of the structure. This can be done by once again
assuming it is a smooth, thin-walled sphere using equation 6.31 ( Teichman, 1968).
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2E- 2

Pp=—— 6.31)
R [301-v2)2

Where:
* E =Youngs Modulus (Pa)
e v = Poissons ratio (0.34 from table 6.2)

As has been noted there are a number of external ‘environmental’ loads that impinge on
the structure that should be considered. The most notable of these loads include; so-
lar radiation pressure, atmospheric drag pressure, micrometeoroid pressure and gravity
gradient loading. Clearly atmospheric drag is an insignificant consideration in Lunar or-
bit. As noted during the design of ECHO I and PAGEOS, when the effects of atmospheric
pressure are negligible, the maximum environmental deforming load is the solar radi-
ation pressure. Thus, it is assumed that if the structure can withstand this pressure it
can withstand the remaining environmental deforming loads. The solar radiation pres-
sure is proportional to the solar flux and can be expressed using the following equation
(Teichman, 1968):

Py=— (6.32)
Where:
* ¢ =Speed oflight in a vacuum (299,792,458 m/s)

In lunar orbit, this results in a value 9.08x10~% Pa yielding a large deformation safety
factor Ps/P.,, as seen in table 6.13. This indicates that the structure can comfortably
survive the on orbit deforming loads. However, it must be noted that the structure shall
also be subject to dynamic loads, such as spacecraft induced loads, from inputs includ-
ing propulsive dynamics. It may be prudent to assume that once the structure has been
deployed and the CubeSat is in orbit such firings wont happen. Thus induced loads and
vibrations could be assumed minimal. However, further exploration of this topic and
other dynamic loads on the structure is left for future work due to the limited time con-
straints of this thesis project.

6.7.4. MATERIAL THICKNESS

Before compiling a finalized list of the mechanical properties of the inflatable structure
determined in this investigation, an appropriate material thickness must first be speci-
fied.

Table E.1 possesses a list of suitable reference structures and the membrane thickness
values used in their development. From these reference structures a range of thickness
values were determined. The variation in growth rate and mechanical properties of the
structure with these different growth rates is presented in table 6.13. From this table it
can be seen that requirements REQ-IRI-04, desiring an RPE of at least 1.5 m?/U, and
REQ-IRI-05, desiring an area density of at least 0.4 m?/kg, are satisfied. In many re-
spects this is unsurprising seeing as these minimum and maximum values were derived
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Property 2.5 um S5um 12.7 um 25.4 um 50 um
Structure Type Solar Sail | Solar Sail Reflector | Reflector | Reflector
Growth Rate (1/s) 2.619E-14 | 3.214E-14 || 4.140E-14 | 5.208E-14 | 6.198E-14
Stowed Volume (U) 0.022 0.04 0.11 0.22 0.43
RPE (m?/U) 36.14 18.18 7.15 3.58 1.82
Mass (Kg) 0.013 0.026 0.0677 0.135 0.266
Area 0.017 0.034 0.086 0.172 0.338
Density (m?/ kg)

Inflation Pressure 54.5 109 276.86 553.72 1090.0
(Pa)

Maintenance Pres- 7.26 14.53 36.91 73.83 145.33
sure (Pa)

Deformation 6.76E3 27.04E3 174.48E3 697.94E3 2704.5E3
Safety Factor

Table 6.13: The impact of membrane thickness on the mechanical properties

from the 12 ft Sphere (see table C.2) which utilizes a laminate material, thereby yield-
ing a higher mass and lower packaging efficiency than a single polymer film structure.
However, the degree to which these requirements are met does vary with thickness. For
example, at 50 um the resulting structure just satisfies the requirements, yielding an RPE
of 1.82 m?/U and area density of 0.338 m?/ kg. However, at 12.7 um the requirements are
comfortably met, yielding values of 7.15 m?/U and 0.086 m?/ kg respectively. Evidently,
as seen in table 6.13, lower thickness values yield more attractive mechanical proper-
ties, not only in terms of stowed volume and mass, hence their more attractive RPE and
area density characteristics, but also in terms of the required inflation and maintenance
pressure values. This is highly attractive as it reduces the mass of gas needed, thereby
reducing the size of the inflatant tank and/or extending the mission lifetime. This ad-
vantage is also reinforced by the decrease in hole growth rate with thickness. It should
be noted that while the critical buckling pressure, and thus deformation safety factor,
does decrease with decreasing thickness it is evident from the large deformation safety
factors that at these thickness values this not a defining issue.

While lower thickness values are clearly more attractive, the values of 2.5 um and 5
1m have only been found in solar sail applications with 12.7 um being the minimum
thickness found for pressure stabilized reflector applications. The reasons for this are
likely due to the increased complexity of fabricating inflatable reflector structures using
these lower thicknesses, although it may also be due to the effects of thermal or dynamic
loading on the structure. Further exploration of this shall be left for future work. As such,
according to the mechanical properties evaluated in this section, as well as the growth
rate of holes due to micrometeroid punctures, it was decided that a thickness of 12.7 um
is the most appropriate value.
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6.7.5. SUMMARY OF REFLECTOR PROPERTIES
A summary of the preliminary design for a spherical inflatable reflector for lunar appli-
cations is given in figure 6.9.

Inflatable Spherical Reflector

a4

Figure 6.9: Graphic Summary of the Inflatable Spherical Reflector
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6.8. CONCLUSION

At the start of this chapter, the focus for the design of the inflatable reflector was speci-
fied as aiming to address the main design considerations of the inflatable structure so as
to both satisfy the inflatable reflector requirements and inform the generation of the in-
flation systems requirements. As elaborated in section 9.2 with regards to the inflatable
reflector requirements this aim was fulfilled with the exception of REQ-IRP-02 due to the
lack of emphasis placed on analyzing the structures performance as a reflector. Despite
this, and the simplified analytical approach utilized in the thermal and structural anal-
ysis, the preliminary design of the structure presented successfully addresses the main
design characteristics of the BEOC inflatable reflector, enabling informed requirements
for the inflation system to be generated. These requirements are presented in table 6.14,
while the key assumptions made in the design of the structure are presented in the ap-
pendices section E.

ID Inflation System Requirement Design Consideration
REQ-ISP-01 | The inflation time shall take be- | Deployment Method,
tween 10 seconds and 100 seconds | Geometry of Structure
REQ-ISP-02 | The inflation system shall provide | Packaging Method,
ascent venting Deployment Method
REQ-ISP-03 | The inflation system shall unfold | Deployment Method
the structure in a smooth con-
trolled fashion
REQ-ISP-04 | The inflation system shall pressur- | Internal Pressure Loading,
ize the inflatable structure to 15% | Geometry of Structure,
of the inflatable membranes yield | Thermal Environment
strength
REQ-ISP-05 | The inflation system shall vent the | Internal Pressure Loading,
structure to 2% of the inflatable | Geometry of Structure,
membranes yield strength Thermal Environment
REQ-ISP-06 | The inflation system shall provide | Stabilization Method,
pressure maintenance for the du- | Micrometeroids
ration of the mission

Table 6.14: Inflation System Performance Requirements Generated By Key Inflatable Structure Design Deci-

sions
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INFLATION SYSTEM CONCEPT
GENERATION

This chapter provides a systems engineering analysis which resulted in the identification
of the design concept for the inflation system as well as the choice of inflatant gas and in-
flation scheme. The concept generation process starts with the identification of acceptable
design candidates (section 7.2), followed by a detailed concept selection trade off (section
7.3). Once the most suitable candidate is selected, a trade of of potential inflation gases is
carried out (section 7.4). Finally, the inflation scheme is discussed (section 7.5).
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7.1. INTRODUCTION

In order to ensure that this thesis explores a suitable design for a micropropulsion based
inflation system a number of key design parameters must first be determined. This be-
gins with establishing a suitable inflation design candidate, based off those identified
in the literature review, via a comprehensive trade off analysis. Following this, the most
suitable inflation gas shall be determined followed by a discussion regarding an infla-
tion scheme. This is necessary in order to facilitate the controlled inflation required by
an inflatable system using the free deployment method. As a result this chapter shall
determine, based on the requirement analysis presented in section 4.4, the most suit-
able micropropulsion based inflation system design candidate, inflation gas and infla-
tion scheme.

7.2. INFLATION SYSTEM DESIGN CANDIDATES

As is the case for the inflatable structure concept generation, section 5, the first step in
this process is to present a wide range of possible design candidate. These candidates
were identified in the literature review, section 2.4, and can be seen in the design option
tree presented in figure B.1. Following the identification of these candidates, the list of
satiable candidates shall be reduced by removing clearly unacceptable options. Finally,
with the remaining candidates a trade off analysis shall be carried out in order to deter-
mine the most suitable concept for this project.

As can be seen from figure B.1, the inflation system design candidates identified in
the literature review can be grouped according to three broad categories; cold gas sys-
tems, chemical gas generation systems and physical phase change systems. It should
also be noted that it is assumed that the candidates presented can be also be utilized in
the multimode propulsion-inflation system.

ELIMINATE THE OBVIOUS LOSERS

The first step in reducing this number is to identify those candidates that produce gas
with characteristics which violate killer requirement REQ-ISI-04. This includes any can-
didates that generate gases at temperatures exceeding those dictated in REQ-ISI-04-01
and/or are hazardous as dictated by REQ-ISI-04-02. In addition, any candidates that
cannot meet the desired pressure levels as dictated by key requirement REQ-ISP-04 or
are inherently uncontrollable are also removed. This leads to the following candidates
being rejected:

* Violates REQ-ISI-04

— Conventional WGG System
— Monopropellant System
- Conventional Bipropellant System

— Resistojet Based System
e Cannot meet REQ-ISP-04

— Solid State Gas Generation (SSGG)
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¢ Inherently uncontrollable

— Conventional Sublimation System

ELIMINATE CONCEPTS BEYOND SCOPE OF PROJECT

The next step in reducing the number of design candidates is to identify and eliminate
the concepts, that might be workable, but are not worth pursuing now. These concepts
may rely on a new technology that requires time and resources that are not available to
a masters thesis project or they may be too difficult to analyze within the given project
time frame. This leads to the following candidates being rejected:

* Multimode Propulsion-Inflation System
* Bipropellant Electrolysis System
* Metal Hydride System

* Controlled Sublimation System

While these concepts are rejected for this thesis they provide an interesting list of possi-
ble CubeSat inflation systems that may be worth investigating in future work.

7.2.1. ACCEPTED DESIGN CANDIDATES

A refined design option tree containing the accepted design candidates is presented in
figure 7.1. For descriptions of each of the design candidates, the reader is referred to
section 2.4 of the literature study overview.

Micropropulsion
Based Inflation
Concepts

Figure 7.1: Refined Design Option Tree of Potential Design Candidates

7.3. CONCEPT SELECTION

In order to choose the most suitable design candidate for this thesis from those pre-
sented, the candidates must be evaluated under certain criteria. The candidate that
meets these criteria the best shall be chosen as the most suitable for this project. These
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selection criteria are dictated by the requirements laid out in section 4.4 and are weighted
according to their perceived importance to the project.

7.3.1. SELECTION CRITERIA

CONCEPT MATURITY

This criterion is of vital importance to the selection of the most suitable candidate. The
maturity of a concept is closely related to TRL and is dependent on the flight heritage
and available background literature for a design candidate. For this thesis project the
maturity of a design candidate must be evaluated with respect to its maturity as an infla-
tion system and as a micropropulsion system. Maturity as an inflation system will enable
the design of a more predictable system while maturity as a micropropulsion system is
essential to fulfilling the project mission statement which explicitly desires the design
of an inflation system based on micropropulsion technology. Therefore, a design candi-
date that has a high maturity as both an inflation system and a micropropulsion system
is imperative to the success of this thesis.

INFLATION CONTROL

As is clearly stated in the need statement for this project, the development of a control-
lable inflation process shall play a key role in enabling the development of inflatable
reflectors for beyond Earth orbit CubeSat missions. This need is clarified in the mis-
sion statement for this project which dictates that “the goal of this work is to design a
micropropulsion based inflation system that provides a suitable and controllable infla-
tion process for (BEOC) inflatable reflectors”. This is emphasized by the use of the free
deployment method, as discussed in section 6.3, which provides limited-to-no control
over the deployment process during inflation. It is therefore imperative that the selected
design candidate be capable of providing the desired degree of controllability for the
inflation process. This is qualified in killer requirements REQ-ISP-01, which desires a
suitable inflation time, and key requirement REQ-ISP-03 which dictates that the infla-
tion system shall be capable of unfolding the structure in a smooth controlled fashion.
In addition, as the structure is pressure stabilized it is highly desirable for the inflation
system to be capable of providing precise pressure maintenance as noted in key REQ-
ISP-06. As is discussed in section 8.3, these requirements are best met by a pulsed mode
of inflation. Thus this capability is essential.

VOLUME FOOTPRINT

As specified in requirement in REQ-ISI-01, the volume footprint of the inflation system
shall be less than 1U. This requirement derives from key requirement REQ-BEOC-01 and
is essential in ensuring the designed inflatable system is competitive relative to more
conventional technologies. Minimizing the volume of the inflation system is key to ful-
filling this requirement. As there is no analysis done on the concepts, the absolute vol-
umes are not evaluated. Instead, given that the volume of the inflation system is depen-
dent on the hardware and propellant storage requirements, these parameters shall be
used to distinguish the different design candidates.



7.3. CONCEPT SELECTION 111

MASS

Due to uncertainty regarding the mass required for the ejection mechanism and any
additional equipment, such as that needed for the reflectors application (e.g. antenna),
REQ-ISI-02 specifies that the mass of the inflation system shall be less than 1kg. This
conservative requirement derives from key requirement REQ-BEOC-02 and while key
to ensuring the designed inflatable system is competitive relative to more conventional
technologies is seen as being more flexible than the volume footprint. As is the case for
the volume footprint, no absolute values are available regarding the mass of each system
and so estimates are made based on the candidates hardware and the mass of similar
systems.

COMPLEXITY

It is desirable to keep the complexity of the system to a minimum. The complexity of the
system is generally associated with the number of system components and the number
of interactions between different elements within the system. This in turn gives a good
representation of the reliability of the system with simpler systems tending to be more
reliable than complex ones. In addition, this criteria also has a bearing on the mass and
volume requirements of the system as has been already noted. However, simplicity may
also come at the cost of controllability. This must be balanced accordingly.

7.3.2. CRITERIA WEIGHTING

In order to establish the weighting of these selection criteria a common systems engi-
neering approach known as the analytical hierarchy process (AHP) shall be utilized. Us-
ing this method, the criteria are compared against each other enabling the weightings
to be found by establishing the relative importance of each criteria. A description of
the AHP method used can be found in the following sources (Gill, 2015; Nadja and Karl-
heinz, 2004) with the calculations being carried out using an Excel spreadsheet. This
process yields the criteria weightings as seen in table 7.1. In order to ensure that con-
sistent weights have been determined and the approach is numerically valid the consis-
tency ratio (CR) should be less than 10%. For this analysis, the CR was calculated to be
1.1%, well below the desired threshold.

Selection Criteria | Weighting
Concept Maturity 0.2768
Inflation Control 0.3636
Volume Footprint 0.1678
Mass 0.1205
Complexity 0.0712

Table 7.1: Selection Criteria Weightings

REFLECTION ON THE CRITERIA WEIGHTING
As has been alluded to the criteria weightings stem from a pairwise comparison of each
criteria. This comparison matrix is shown in table 7.2, with the importance of each crite-
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ria relative to the others indicated by a number according to the AHP grading scale. This
matrix shall be utilized to reflect on the criteria weightings and discuss why the author
selected the chosen grades.

Criteria Concept Inflation | Volume Mass Complexity

- Maturity | Control Footprint

Concept 1.0 0.67 2.0 2.50 3.50

Maturity

Inflation 1.50 1.0 2.50 3.0 4.0

Control

Volume 0.50 0.40 1.0 1.50 3.0

Footprint

Mass 0.40 0.33 0.67 1.0 2.0

Complexity | 0.29 0.25 0.33 0.50 1.0

* Concept Maturity

Table 7.2: Selection Criteria Comparison Matrix

— Concept maturity criteria has the second highest weighting, deriving from its

importance in predicting the inflation systems performance and in success-
fully fulfilling the project mission statement. As such it is deemed moder-
ately more important than volume footprint, mass and complexity although
marginally less important than inflation control.

¢ Inflation Control

— Inflation control is the most important selection criteria. This importance

stems from its critical role in addressing the project mission statement for
this project and in accounting for the use of the free deployment method.
As a consequence, it is graded as moderately more important than volume
footprint, mass and complexity and marginally more important than concept
maturity.

* Volume Footprint

— The volume footprint criteria has the third highest weighting. It derives from

a desire to ensure that the inflatable system is competitive with more con-
ventional CubeSat reflector systems. It is seen as marginally and moderately
more important than the mass and complexity criteria respectively but it is
deemed less important than inflation control and concept maturity as it is
not essential to satisfying the project mission statement.

— The mass criteria also stems from a desire to ensure that the inflatable system

is competitive with more conventional CubeSat reflector systems. However,
the mass requirement for the system is seen as more flexible than the volume
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requirement and thus this criteria is weighted marginally lower. However, it
is deemed more important than complexity.

* Complexity

- Complexity is the lowest weighted criteria. This is because minimizing com-
plexity is not critical for satisfying the project mission statement and while
desirable, it is not necessary for ensuring the competitiveness of the system
with conventional CubeSat reflector systems.

7.3.3. THE TRADE OFF

Following on from the establishment of the criteria weighting, the AHP method shall be
utilized to determine the relative merit of each design candidate with respect to each
selection criteria. Once this has been done for each criteria, the grades are then mul-
tiplied by the associated weights and are then summed up for each design candidate.
The design candidate with the highest overall score is deemed to be the most suitable
candidate. Once again, a Microsoft Excel spreadsheet was utilized to carry out the nec-
essary matrix multiplication. In addition, as before the consistency ratios are calculated
for each criteria in order to ensure that consistent weights have been determined and
the approach is numerically valid. These ratios are shown in table 7.3 and all are well
below the 10% threshold.

Selection Criteria | Consistency Ratio
Concept Maturity 2.14%
Inflation Control 0.93%
Volume Footprint 0.74%
Mass 0.71%
Complexity 2.48%

Table 7.3: Selection Criteria Consistency Ratios

The final AHP trade-off matrix can be seen in table 7.4. As can be seen the cold gas reg-
ulated blow down candidate provides the most attractive candidate by a considerable
margin. This is despite the fact that it is the worst performing candidate with respect to
volume footprint and mass with its attractiveness instead stemming from its extensive
concept maturity and excellent inflation control. It is followed in second by the CGG
refill candidate which incorporates the attractive mass, volume and complexity charac-
teristics of CGG technology with the increased inflation control offered by the use of a
refillable plenum. It is evident from table 7.4 that it provides the best combination of
characteristics only falling behind the cold gas regulated blow down candidate in con-
cept maturity and inflation control, both of which could be improved. In third comes
the cold gas regulated candidate who's increased inflation control sees it outperform the
cold gas straight blow down candidate despite performing relatively poorly on the re-
maining criteria. Finally, the CGG Straight and LTGG candidates even with the most at-
tractive mass, volume and complexity characteristics bring up the rear, suffering heavily
from their poor inflation control capabilities and low concept maturity.
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As can be seen the grades of each candidate relative to each selection criteria clearly
indicated. The justification for the grades attributed to each candidate shall now be dis-
cussed in order to ensure that a clear understanding of the authors subjective input into
the objective AHP process is presented. The selection of these grades is crucial to the
AHP trade off process and hence a transparent explanation of the rationale behind their
selection is important particularly given that no prior analysis has been done on the de-
sign candidates.
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REFLECTION ON WEIGHTING

Asnoted the AHP method, through pairwise comparison, is used to determine the weight-
ing of each candidate with respect to each of the selection criteria, thus enabling the

selection of the most suitable design candidate. In order to provide greater clarity on

how these weightings were determined, a brief discussion on the comparison matrix of

each selection criteria shall be presented. These comparison matrices can be found in

appendix F.

* Concept Maturity

— As can be seen from table 7.4, the two cold gas blow down candidates score
significantly better than the remaining candidates with respect to concept
maturity. This is demonstrated in table E1 where the two candidates are
graded as having moderately better maturity than the cold gas regulated and
CGG refill candidates and a moderate to strong degree of maturity relative to
CGG straight and LTGG candidates. This strong performance stems from the
extensive heritage of both candidates for micropropulsion and inflation ap-
plications, with the regulated blow down candidate scoring marginally higher
due to its increased heritage as an inflation system.

— They are followed by the CGG refill candidate which, despite not yet having
flight heritage as an inflation system, scores strongly due to its maturity for
micropropulsion applications. As such it is graded as having moderately bet-
ter maturity than the CGG straight and LTGG candidates, neither of which
have such heritage. It also scores marginally better than the cold gas regu-
lated candidate, which despite having heritage as a conventional propulsion
system, is unpopular for micropropulsion applications.

— The three candidates that score the lowest for concept maturity are the cold
gas regulated, CGG Straight and LTGG candidates. Despite having flight her-
itage as a CubeSat inflation system, the CGG straight candidate has only been
utilized for high pressure structures, being ill suited for low pressure applica-
tions. Like the LTGG candidate, which also has very limited heritage as an
inflation system, the utilization of the CGG straight candidate as a propul-
sion system is non-existent. As such the two candidates are deemed to score
marginally to moderately worse than the cold gas regulated candidate which
is deemed to have greater maturity due to its heritage as a conventional propul-
sion system as well as its proposed, but as yet unexplored, use for the con-
trolled inflation of inflatable reflectors.

¢ Inflation Control

— The two cold gas regulated candidates score the highest with respect to in-
flation control thanks to their use of a regulation system as well and their
capacity for pulsed operation. It is assumed that both candidates offer the
same degree of controllability. This can be seen in table E2 where they are
both graded as having moderately greater control than the CGG refill and
cold gas straight blow down candidates and strongly greater control than the
CGG Straight and LTGG candidates.
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— The CGG refill and cold gas straight blow down candidates perform mod-
erately worse than their regulated counterparts due to their degradation in
performance over time. However, due to the CGG refill candidates ability
to recharge its plenum, this system scores marginally better than the cold gas
straight blow down candidate. Despite this both candidates yield moderately
to strongly better control than the CGG Straight and LTGG candidates both
of whom lack the capacity for pulsed operation.

— Due to their rapid blow down nature and unsuitability for rapid on/off actu-
ation required by the pulsed mode of operation, it is hardly surprising that
the CGG Straight and LTGG candidates perform the poorest with respect to
inflation control. However, the LTGG candidate, does score marginally bet-
ter than the CGG straight candidate, being capable of producing an inflation
rate 3-5 times slower.

* Volume Footprint

— The CGG straight and LTGG candidates, both of which are assumed to be
based on current systems (Underwood et al., 2019 and Han et al., 2021 re-
spectively) that are appropriately sized, are deemed to yield the lowest vol-
ume requirements. This is because they shall provide inflation gas, initially
stored as a solid propellant, directly into the inflatable structure with min-
imal need for a feed system. As such they are deemed to provide moder-
ately lower volume requirements than the bulkier tanked cold gas systems
and marginally lower than the CGG refill candidate. This can be seen in ta-
ble 3 where it can also be noted that the CGG straight candidate marginally
outperforms than the LTGG candidate as it does not require a coolant system
to provide suitable gas characteristics.

— The CGG refil candidate provides the third most attractive volume charac-
teristics, primarily thanks to its use of a number of smaller solid propellant
canisters although the need for a feed system and plenum is a drawback rel-
ative to the other solid propellant candidates. Despite this, it does provide
moderately better volume requirements than the cold gas candidates.

— The three cold gas candidates all score poorly due to their need for bulky in-
flatant tanks and feed systems. The two regulated candidates are assumed
to have similar volume requirements with the cold gas regulated blow down
candidate having higher tank requirements but lower additional component
requirements than the cold gas regulated candidate. In addition, both can-
didates are graded marginally worse than the cold gas straight blow down
candidate due to their use of a pressure regulator.

* Mass

— The motivation for the candidate weighting with respect to the mass criteria,
as shown in table E4, is effectively the same as volume footprint and so no
further reflection was deemed necessary.

* Complexity
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— As is the case for mass, the motivation for the candidate weighting with re-
spect to complexity, as shown in table E5, is largely the same as that provided
for the volume footprint. However, there is one major point of difference,
that being the additional complexity of the regulated cold gas candidate rel-
ative to the cold gas regulated blow down candidate. This is due to its need
for an additional pressurant tank and associated components. It is this addi-
tional complexity that is likely the main reason for the difference in concept
maturity of the two candidates.

7.3.4. CONCLUSION

This section presents a trade off analysis of the inflation system design candidates con-
sidered promising for the development of a micropropulsion based inflation system for
this project. This trade off analysis utilized the AHP method, which is very useful for pro-
viding a quantitative indication of the performance of each of the candidates according
to the criteria despite the lack of prior analysis. However, it must noted that it is still
subject to the assumptions made by the author. Therefore, given the importance that
this trade off decision plays in the successful development of an appropriate concept, a
comprehensive and transparent overview of the decision making process behind both
the criteria weightings and selection of design candidate relative grades is presented.
In addition, as has been previously noted the consistency ratios for both the criteria
weighting matrix and the relative grade matrices all lie comfortably within the accept-
able threshold, indicating the numerical validity of the trade off and by extension its
reliability. Therefore, the resulting selection of the cold gas regulated blow down design
candidate presented in this trade off analysis is justified to the best extent possible and
shall provide the basis for the design of a micropropulsion based inflation system. With
respect to the other candidates explored here, it is apparent that the CGG refill candidate
with its attractive combination of CGG technology and conventional cold gas propulsion
system design is a highly promising solution. While providing lower inflation control rel-
ative to the regulated blow down design candidate, its mass and volume properties make
it an exciting concept worthy of exploration for BEOC inflation systems.

7.4. INFLATION GAS

The next stage in the concept generation process is the selection of a suitable inflation
gas. This process is not immediately straight forward and depends on a number of im-
portant factors. In order to select a suitable inflation gas for this thesis project, a range
of potential of gases shall be explored with their characteristics being examined relative
to a range of important factors.

7.4.1. GAS OPTIONS

As has been alluded to in the previous section, cold gas inflation systems are the most
mature type of inflation system. During the literature review process, a number of gases
were identified as the most typically utilized for such systems. As such this seemed like
the most obvious place to start in the gas selection process. The identified gases are
presented in table 7.5.
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Gas Molecular Weight (Kg/mol) | Gas specific heat ratio
Hydrogen 0.002 1.404

Helium 0.004 1.67

70/30 Nitrogen-Helium 0.01121 1.308
Nitrogen 0.02802 1.4

95/5 Argon-Helium 0.03815 1.482

Argon 0.0399 1.67

Carbon Dioxide 0.044 1.28

Xenon 0.1313 1.67

Table 7.5: Potential inflation gas

Nitrogen is by far the most popular inflation gas and has been utilized across a vast ar-
ray of inflatable structures, including numerous spherical structures (Coffee et al., 1962;
Guidanean and Veal, 2003; Nakasuka et al., 2009). Helium and Hydrogen possess the
most attractive mass properties of any gas thanks to their low molecular weight and
are commonly found in terrestrial inflatable applications as well as inflatables proposed
for other planets (Griebel et al., 2004; Griebel, 2011). Xenon, on the other hand, is the
heaviest of the proposed gases and as such is less commonly used for inflation purposes
although it was utilized for the AeroCube-3 inflatable de-orbit balloon (Hinkley, 2008).
Carbon dioxide and Argon, while often utilized in cold gas automotive airbag inflation
systems (Shi et al., 2009) are relatively uncommon among inflatable space applications.
However in the case of Argon, the CatSat inflatable spherical antenna does propose the
use of a 95/5 Argon-Helium mixture (Chandra et al., 2021). The use of optimized gas
mixtures is likely the best way to provide an optimal inflation gas for a given application.
This is noted by Roe, 2001, who discusses the use of a 30/70 Nitrogen-Helium mixture
for the ARISE inflatable antenna. Such a mixture was chosen so as to provide the optimal
gas molecular weight that minimizes the wet mass of the antenna. As the development
of an optimized gas mixture for this specific structure is beyond the scope of this thesis,
these two gas mixtures shall also be evaluated.

7.4.2. DESIRABLE GAS CHARACTERISTICS
There are a number of important properties that must be considered when selecting an
inflation gas for this project.

ID Property Rationale
PROP-G-01 | Minimal volume Derived from REQ-ISI-01, this plays an essen-
requirements tial role in minimizing the volume require-
ments and satisfying key requirement REQ-

BEOC-01.
PROP-G-02 | Minimal mass Derived from REQ-ISI-02, this plays an essen-
requirements tial role in minimizing the mass requirements
and satisfying key requirement REQ-BEOC-02.
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PROP-G-03 | Stability at expected | Derived from REQ-ISI-04-01, this is vital in en-
temperature and suring that the gas does not cause degradation
pressure ranges to the inflatable membrane, with condensation
or deposition of the gas within the inflation
system or the inflatable structure highly unde-
sirable.

PROP-G-04 | Non-hazardous Derived from REQ-ISI-04-02, this is vital in en-
suring that the gas does not cause degradation
to the inflatable membrane or indeed the infla-
tion system/ CubeSat

PROP-G-05 | Minimal gas speed | Derived from REQ-ISI-04-04, minimizing the
of sound gas speed of sound is desirable as it plays a key
role in ensuring that the gas jet doesn’t damage
the inflatable membrane.

PROP-G-06 | Heritage Available experience being used for inflation
purposes, particularly inflatable space struc-
tures is desired.

Table 7.6: Desirable Inflation Gas Properties

7.4.3. INFLATION GAS SELECTION

As can be seen from these desired gas properties, the molecular weight plays a leading
role in the selection of the most suitable inflation gas, playing a key role in satisfying the
mass, volume and velocity requirements of the system. As such, the first step taken in the
gas selection shall be establishing the impact of molecular weight on these requirements.

MOLECULAR WEIGHT

Firstly, the mass requirements for the inflation process can be split into two categories;
mass of gas for initial inflation, i.e. pressurization, and mass of gas for pressure mainte-
nance. The mass of gas required for the initial inflation process can be calculated using
equation 7.1.

Ping - Vstructure

R T (7.1)

Ming = Mw -
where:
° min¢ = Mass of gas required for initial inflation/ pressurization (Kg)
* My = Molecular weight (Kg/mol)
* P;,r = Inflation pressure (Pa)
° Ustructure = Volume of inflated structure (m3)
* R4 =Universal gas constant (8.3145 J/mol-K)

* T =Temperature of gas (K)
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As m;, 5 is proportional to the molecular weight (Mw) of the gas it is evident that the
lower the molecular weight of the gas, the lower the mass of gas required for the initial
inflation process. This can clearly be seen in figure 7.2a where helium and hydrogen
require significantly lower quantities of gas than their higher molecular weight counter-
parts. In the case of pressure maintenance, the mass of inflation gas required to make-up
for leaks caused by micrometeoroid damage is proportional to the square root of the gas
molecular weight. This can be seen in equation 7.2, where the influence of the gases
specific heat ratio can also be noted.

y+1
-0 G,
E maintenance

2
Mmakeup = V Mw - P Astructure Ray- T (m (7.2)

where:
® Mmakeup = Mass of gas required for pressure maintenance (Kg)

e P,, = Maintenance pressure (Pa)

o Astructure = Structures cross sectional area (m?)

* v = Gas specific heat ratio

e T =Temperature of gas (K)

* G = Growth rate due micrometeroid punctures (1/s)
°* tmaintenance = Duration of pressure maintenance (s)

This leads to the results presented in figure 7.2b, where the mass of gas required to
compensate for the gas losses increases with time. Due to the mass requirements be-
ing proportional to the square root of the gas molecular weight this is a major issue for
the higher molecular weight gases, particularly Xenon, yielding highly undesirable mass
requirements relative to the lower molecular weight gases. However, as the tank volume
is proportional to the number of moles required, and hence volume of stored gas, the
lower the molecular weight of the gas the greater the volume requirements (Roe, 2000).
This can clearly be seen in figure 7.2c, where xenon has far lower volume requirements
than the low molecular weight gases helium and hydrogen despite having significantly
higher mass requirements.

In addition to providing reduced volume requirements, higher molecular weight gases
also provide a lower gas jet velocity. This is key to satisfying requirement REQ-ISI-04-04,
which desires the gas velocity to be kept below 1.5 times the gas speed of sound. Thus to
reduce gas jet velocity a gas with a minimal speed of sound is desirable. The gas speed
of sound a is given by equation 7.3.

Ra
Mw
As is the case for volume, the speed of sound is inversely proportional to the square root

of the gas molecular weight. Thus it can generally be said that the higher the molecular
weight of the gas the lower its speed of sound.

a=1/y—4 (7.3)
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Note: It is assumed all gases are stored in gaseous phase at 200 bar and 300K for ease of comparison. Further
exploration of gas storage is done in section 8.4

Figure 7.2: Molecular Weight Impact on Inflation System Characteristics

SPECIFIC HEAT RATIO

From this discussion regarding molecular weight it can be concluded that the the higher
the molecular weight of the gas, the higher its mass requirements but the lower its vol-
ume and velocity requirements. However, this statement is not entirely true. As can
be seen in equations 7.2 and 7.3, the specific heat ratio of a gas also plays a role in de-
termining these parameters. In the case of makeup gas, as given in equation 7.2, the
influence of a lower specific heat ratio can reduce the mass requirement. This is seen
in the case of Carbon Dioxide which, from figure 7.2b, can be seen to have a reduced
Mg 45 requirement relative to the lighter Argon. Given that the volume is calculated based
on these mass requirements the specific heat ratio shall also effect the volume require-
ments of the gas. This can be seen in the case of Argon and 95/5 Argon-Helium, where
95/5 Argon-Helium has a slightly lower volume requirement than Argon despite hav-
ing a lower molecular weight. The impact of the specific heat ratio on Argon and 95/5
Argon-Helium is even more noticeable when examining velocity where it results in 95/5
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Argon-Helium having a lower speed of sound, as seen in figure 7.2d.

DISCUSSION

From this consideration of it is apparent that the very low molecular weight gases helium
and hydrogen are highly unattractive for the purposes of inflating a pressure stabilized
inflatable structure. As tank volume is proportional to gas volume, the required tank
sizes necessary to stow these gases would cause significant issues when attempting to
satisfy requirement REQ-ISI-01, while their high gas velocities are equally unsuitable. On
the other hand, Xenon has the exact opposite characteristics, with attractive volume and
velocity properties but major issues with the mass of gas required. As seen in figure 7.2,
these issues increase with time and shall be exacerbated by further mass requirements
for ullage and leakage (see section 8.4.6). As such, it was decided to eliminate Helium,
Hydrogen and Xenon from the consideration for a suitable inflation gas. This leaves
the following potential inflation gases, as summarized in table 7.7, with their properties
calculated at 30 days.

Gas M;,f (grams) Speed of sound (m/s) | Mg, (grams) | Stowed
Volume (U)

Nitrogen- | 0.65 539.66 22.03 0.273

Helium

Nitrogen | 1.63 352.98 36.24 0.179

Argon- 2.28 311.29 43.4 0.157

Helium

Argon 2.32 322.57 46.15 0.16

Carbon 2.58 270.18 44.69 0.14

Dioxide

Table 7.7: Summary of gas properties @ 30 days

From table 7.7, it is apparent that while having the most attractive mass characteris-
tics, 70/30 Nitrogen-Helium possesses relatively undesirable velocity and volume prop-
erties. The other gas mixture, 95/5 Argon-Helium, with its lower specific heat ratio, yields
slightly more attractive velocity and volume characteristics than the heavier Argon, over
which it already has an advantage in mass. However, these differences are slight and
while it provides a more optimized solution relative to Argon, it was decided that due
to the fact that more data is readily available on Argon, the 95/5 Argon-Helium shall
not be further considered. As such, it was decided to eliminate both gas mixtures from
the discussion. Before contemplating Nitrogen, Argon and Carbon Dioxide, the phase
change properties of the three gases shall be presented so as to provide a more informed
comparison. These are presented in table 7.8, with the data compiled from the NIST
website'.

From these tables, it can be seen that while Carbon Dioxide possesses the most attrac-
tive velocity and stowed volume properties of the three gases, its critical and triple points
lie around the expected temperatures and pressures, well in excess of Nitrogen and Ar-
gon. This lack of stability at the expected temperature and pressure ranges is tenuous,

Lhttps://webbook.nist.gov
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Gas Phase Change Point | Temperature (K) | Pressure (bar)
Nitrogen Critical Point 126.2 34
Boiling Point 77.4 1
Triple Point 63.14 0.1252
Argon Critical Point 150 48.9
Boiling Point 87.5 1
Triple Point 83.78 0.689
Carbon Dioxide Critical Point 304 74
Triple Point 216 5.185

Table 7.8: Inflation Gas Phase Change Data

and would complicate the design of the inflation system, necessitating careful control
of the temperature and pressure. In addition, while Carbon Dioxide has been proposed
for an inflatable space reflector (Friese et al., 1983) and is inert under most conditions,
it can be toxic if exposed to moisture?, and is thus generally not considered for cold gas
propulsion applications (Anis, 2012). For these two reasons it shall not be further con-
sidered for this inflation application. This leaves only Nitrogen and Argon, with both
possessing relatively similar properties, although Argon slightly outperforms Nitrogen
with regards to velocity and volume requirements. However, upon the consideration of
the far more extensive use of Nitrogen for inflatable space structures, it was decided that
for this project, Nitrogen shall be selected as the most suitable inflation gas. This de-
cision process is summarized in the graphical trade off table 7.9, where the mass and
volume requirements are taken at 30 days. For more information on the color scheme
see appendix D.

2https:/ /ilmoproducts.com/industries-served/welding-cutting/ gases-their-applications/carbon-dioxide
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7.5. INFLATION SCHEME

Akey factor in ensuring a reliable and controlled inflation process is the inflation scheme,
which involves the sequencing of the inflation process so as to maximize control over the
inflation rate. This inflation sequencing can enable the inflation system to compensate
for the lack of deployment control provided by free deployment and ensure the structure
inflates within an acceptable time-frame. Unfortunately, the literature available on in-
flation sequencing for inflatable space structures is very limited with Friese et al., 1983,
Thunnissen et al., 1995 and Lichodziejewski et al., 2003 providing some of the only use-
ful descriptions in the literature. The sequences described in these three sources are all
quite similar and are in accordance with the general guidelines that should be followed
for each of the inflatable structures shape transformation functions, as described in the
literature review (Dunbar, 2021). Typically the only variation in inflation sequences is
due to the stabilization method, with pressure stabilized structures having an additional
pressure maintenance phase relative to rigidized structures who have an additional vent-
ing phase. For the inflation of the designed inflatable spherical structure, as is discussed
in section 6.7.3, the inflation sequence shall contain both of these phases. This was done
as the venting phase enables the design of a structure with a lower operating pressure
as well as an inflation system that can also be utilized for rigidized applications. There-
fore the general inflation sequence steps for this structure, which are encapsulated in
requirements REQ-ISP-02 to REQ-ISP-06, are as follows:

1. Ascent Venting

* As noted in the literature study (section 2.2.4) and structural design process
(section 6.3) an important factor that must be considered in the design of a
controllable inflation system is the impact of residual gases built up during
the packaging process. The uncontrolled expansion of these gases during
launch can be hugely detrimental to the successful implementation of the
inflation sequence as it may lead to premature inflation of the structure, re-
sulting in an unpredictable and unreliable deployment process, as was seen
in the IAE experiment (Freeland et al., 1997). Due to the difficulty in com-
pletely negating residual gas build up during packaging, the conventional
method of overcoming this issue is through ascent venting. During launch,
the packaged structure should be vented to ambient pressure so as to allow
any trapped gases to escape.

2. Inflation

(a) Unfolding

* The unfolding phase involves moving the structure from its packaged
state to its open/deployed state in a smooth and controlled manner. Due
to the use of free deployment, coupled with the delicate nature of the in-
flatable membrane prior to stiffening by internal pressure, precise con-
trol over the unfolding process is essential. If the inflation rate is too
high, the structure will inflate too quickly, leading to high stresses and
accelerations induced in the unfolding structure resulting in an unpre-
dictable deployment situation and damage to the inflatable membrane.
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It is therefore no surprise that this a vital stage in the inflation sequence,
particularly for freely deployed structures like the one designed in this
thesis project.

(b) Pressurization

* This phase entails pressurizing the inflatable structure to 15% of its yield
stress so as to remove any wrinkles leftover from the packaging process
and thus inflate the reflector to its desired deployed state. The motiva-
tion for the selection of this skin stress is discussed in section 6.7.3. The
inflation rate is typically increased relative to the unfolding stage so as to
ensure that the structure is inflated in a suitable inflation time (Griebel,
2011; Lichodziejewski et al., 2003). For additional control, it may be wise
to reduce the inflation rate as it approaches design pressure so that the
tension in the skin can build up more gradually (Griebel, 2011).

3. Venting

* Ashas been alluded to, for this system an inflation sequence was chosen that
entails venting the structure to alower predetermined pressure post inflation
as is done by Friese et al., 1983 and Thunnissen et al., 1995 for inflating inflat-
able reflectors. As is discussed in section 6.7.3, this predetermined stress level
is found at 2% of the membranes yield stress. This venting process should be
carried out in a non-propulsive manner utilizing a zero thrust valve to vent
the gas symmetrically (Lichodziejewski et al., 2003). This shall reduce the
disturbances on the spacecraft and by extension the ADCS workload.

* This phase, while not typical for pressure stabilized structures, is included
in this thesis project so as to satisfy the mission statement as it shall enable
the design of an inflation system which is also suitable for rigidizable appli-
cations and will therefore be highly relevant for future BEOC inflatable ap-
plications. In addition, by reducing the internal pressure of the structure the
amount of make-up gas required is reduced leading to a reduction in infla-
tion system sizing and a longer mission duration.

4. Pressure Maintenance

* As the lunar inflatable reflector structure is a pressure stabilized structure,
the inflation system must also be capable of providing pressure maintenance
as the last phase of the inflation sequence. This pressure maintenance must
be capable of replenishing the gas lost to micrometeoroid punctures and
other sources of leakage as well as be capable of responding to pressure changes
in the structure induced by thermal variations in the environment as the
structure orbits the moon. Precise pressure maintenance is essential to en-
suring the structures skin stress level stays within desirable limits.

* This phase is the most challenging in terms of meeting the stringent mass
and volume requirements of the system and a trade off between sizing and
mission duration must be carried out to account for this.
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7.5.1. THE INFLATION STAGE

As can be seen there are four distinct steps involved in the inflation sequence of the
spherical inflatable reflector. Unsurprisingly, the most important step is the inflation
process, which is further subdivided into unfolding and pressurization, as the inflation
system is designed specifically with this step in mind. The primary driver of the inflation
system’s performance is the rate of inflation. As mentioned, if the inflation rate is too
high during the unfolding phase, the structure will inflate too fast leading to an unpre-
dictable deployment process as well as potentially damaging the inflating structure. On
the other hand, if the inflation rate is too low during the pressurization phase, the struc-
ture will inflate too slowly, leaving it exposed to the on-orbit loads and environmental
conditions for an extended period of time prior to reaching the skin stress necessary
for suitable structural stability and surface accuracy. While no literature could be found
exploring such effects it is likely that for pressure stabilized structure this could be detri-
mental to the operational performance of the reflector post inflation. For rigidized struc-
tures, particularly those that utilize rigidization processes which are time dependent
such as UV rigidization, the impact of a slow pressurization could even be detrimental
to the structural stability of the structure due to the potential for an uneven rigidization
process. In the case of UV rigidization, this would take the form of an uneven curing of
the UV resin prior to the structure reaching the desired skin stress.

Evidently, as seen in a variety of different inflation systems (Friese et al., 1983; Griebel,
2011; Lester et al., 2000; Malone and Williams, 1996), these two phases of the inflation
stage require a variation in the provided inflation rate in order to ensure the structure
is unfolded in a controlled fashion and pressurized in a suitable time frame. However,
before exploring how this variation can be provided, a suitable inflation time must first
be determined.

INFLATION TIME

In order to ensure that the structure is inflated in an appropriate time frame, minimum
and maximum values for the inflation time of the structure must be determined. These
inflation times will in turn dictate the rate of inflation of both phases of the inflation
stage, as discussed in greater detail in the design of the control logic (see section 8.3.3),
and by extension the mass flow rate through the inflation nozzle. Given that methods
for establishing these times, such as testing and complex simulations, are beyond the
scope of this thesis the only other option for gauging appropriate times is to examine the
literature. However, given the limited literature available on inflation systems in general,
the detail on suitable inflation times, never mind inflation rates, is very sparse.

Structure Shape Dimensions (m) | Total Inflation | Reference
Time (s)
MIRIAM Sphere =4 120 Griebel, 2011
30 Inch Sphere | Sphere ¢ =0.76 15 Coffee et al,
1962
12 ft Sphere Sphere ¢ =3.66 238 Coffee et al.,
1962
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NanoSat Sphere ¢=0.33 4 Nakasuka
Device etal., 2009
Solar Lenticular | ¢=4.17,f=2.05 110 Lester et al.,,
Concentrator 2000

Table 7.10: Inflation Times for Spherical Inflatable Space Structures

The inflation times presented in table 7.10 were the only relevant values that could be
found, with little information given regarding their selection. Given the variety in struc-
tural sizes, applications and times, this limited data makes estimating suitable inflation
times based on relevant structures infeasible. As such, the only option for proceeding
with the design of the inflation system is to make an initial estimate of the minimum and
maximum inflation times for the 1.0 m diameter structure. Examining both the inflation
times of the above spherical structures, as well as other inflatable space structures, in
general it can be said that the inflation of an inflatable space structure seems to take
anywhere from a few seconds for small simple structures to a few minutes for large com-
plex structures. As such, a preliminary estimate regarding the minimum and maximum
inflation times is given in table 7.11. This estimate shall inform the preliminary design of
the system and while clearly not optimal shall nonetheless inform the exploration of the
major design considerations. Thus, until further analysis is carried out these preliminary
values shall be used as a guide for the inflation time, with the minimum and maximum
times considered suitably conservative for a controlled inflation and pressurization.

Parameter Time (s)
Minimum Inflation Time 10
Maximum Inflation Time 100

Table 7.11: Preliminary Estimate of Maximum and Minimum Inflation Times

TYPES OF INFLATION METHODS/MODES

There are two types of inflation methods/modes that can be utilized to facilitate the re-
quirements of the desired inflation sequence. The two methods contain different char-
acteristics and place different demands on the design of the inflation system. They can
be differentiated by the length of inflation pulse that they utilize. One method utilizes
numerous short pulses (milliseconds) to slowly inflate the structure while the other uses
a small discrete number of long pulses (seconds). Given the popularity of using adapted
propulsion systems as inflation systems, it is unsurprising that these two inflation modes
correspond to the two main propulsion modes utilized in spacecraft propulsion; the
pulsed mode of operation and the steady state mode of operation. Therefore, for this
discussion the two inflation modes shall be referred to using these titles.

The Pulsed Method

The pulsed inflation method works just like a pulsed operation propulsion system. The
method requires that the inflation system operate by opening the inflation control valve,
typically a solenoid or piezoelectric valve, for a short time frame, allowing inflation gas to
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flow into the structure, before closing it again. This on/off cycle is repeated with a spec-
ified frequency until the desired inflation pressure is reached. The opening times and
frequencies can be adjusted and tailored to the specific requirements of the inflation se-
quence. Like a pulsed operation propulsion system, which is typically utilized for precise
RCS thruster maneuvers, this inflation method enables a highly precise and controllable
inflation. In addition, utilizing these very small pulses of gas to slowly inflate the struc-
ture reduces the violent effects of gas expansion under vacuum conditions (Lester et al.,
2000).

As far as the author could find, as of the time of writing there are only two distinct
projects where the use of numerous short pulses is applied to inflate an inflatable space
structure. Both of these projects explicitly state that this was done in order to provide
an inflation system capable of controlled and precise deployment of the inflatable struc-
ture. While the use of short pulses are sometimes referred to in other works, such as by
Thunnissen et al., 1995, and are likely used to inflate other inflatable structures, these are
the only two projects where their use is explicitly mentioned. The first project entails the
inflation of a Martian Inflatable Hypersonic Drag Balloon that was investigated by the
University of the Federal Armed Forces of Germany (Griebel et al., 2004; Griebel, 2011.
The other entails the design of a inflation control system specifically for an inflatable
solar concentrator (Lester et al., 2000).

The Steady State Method

The steady state method utilizes long pulses of inflation gas so as to have a continu-
ous gas flow into the inflatable structure. Unlike the pulsed method where the valve
is opened and closed rapidly, this method simply involves holding open the inflation
valve for long enough until either the inflation stage is finished or the structure is fully
inflated at which point the valve is closed again. While it sounds simple and less com-
plex, this continuous steady state method leads to a number of issues for the inflation of
precision inflatable structures that require a multi stage inflation sequence as specified
above. Firstly, the gas flow must be strictly controlled and regulated so as to ensure that
it does not damage the inflatable structure. Secondly, in order to provide different in-
flation rates for unfolding and pressurization, the system must be able to adjust the gas
flow rate.

From the literature, it appears that inflation systems utilizing the steady state method
typically aim to adjust gas flow rates not through the use of complex proportional valves
but by utilizing multiple different gas pathways. For example, for the design of the ITSAT
inflatable solar array (Malone and Williams, 1996) the inflation system was designed with
two gas flow pathways, a low rate path, for unfolding, and a high rate path, for pressur-
ization. A diagram of this system can be seen in figure 7.3. This use of multiple path-
ways is also seen in Friese et al., 1983 for the inflation and pressure maintenance of the
lenticular structure of an inflatable antenna. Indeed, for this system, the two separate
pathways also utilize separate tanks, one for unfolding and pressure maintenance, and
one for pressurization.
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Fig. 5 Inflation system schematic.

Figure 7.3: ITSAT Steady State Method Inflation System (Malone and Williams, 1996)

Unfortunately, once again the literature on inflation systems that utilize the steady state
method is limited. This is largely due to the ambiguity of the operational descriptions of
many inflation systems. While there are a number of examples of steady state cold gas
inflation systems being utilized for inflating structures without major concern for infla-
tion sequencing, (Coffee et al., 1962; DiSebastian, 2001), the literature regarding their use
for systems with stringent inflation sequencing is neither extensive nor clear. As of the
time of writing, the author could only discern two such inflation systems, that used for
the design of the ITSAT inflatable solar array as (Malone and Williams, 1996) and another
used for the inflation of an inflatable antenna structure (Friese et al., 1983).

Discussion

Like the inflation scheme, the literature available on inflation methods is very limited.
As has been alluded to in the descriptions above, of the inflation structures described
in the literature the vast majority don't discuss their desired inflation mode, despite the
clear importance it has for a controlled inflation system. However, despite the lack of lit-
erature, there are a few notable differences between the two methods that can be readily
discussed.

The most notable difference between the two methods is the increased degree of
controllability offered by the pulsed inflation method, as is evidenced by its popular-
ity with precision RCS systems. For inflation systems utilizing this method, it enables a
controllable inflation process that can be tailored for each stage of the inflation sequence
by varying the pulse width and duty cycle. This contrasts with the steady state method
where the control of inflation rates is more complex, requiring either a complex valve
and throttling system or multiple gas pathways. As the use of a complex valve and throt-
tling system was deemed undesirable due to the scope of this thesis, the steady state
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method would have to be implemented using multiple gas pathways. The increased de-
gree of controllability of the pulsed method is also evidenced by its capacity to provide
slower inflation rates. This is discussed by Nakasuka et al., 2009 who provides the only
mention of a comparison between the two methods that could be found. The inflation
system is equipped with a piezoelectric valve, with no mention of other additional flow
control devices, and is designed for the inflation of a simple deorbit inflatable balloon.
When the piezo-valve is kept open, in steady state mode, the balloon inflates rapidly
(0.7s) due to the high inflation rate. However, when the piezo-valve is switched on/off,
in pulsed mode, the balloon inflates almost an order of magnitude slower (4s), enabling
a smoother and more controlled deployment. It can clearly be seen that pulse mode has
the capability to significantly reduce inflation rates and therefore provide slower and
more controlled inflation, even without the use of additional flow control devices.

Requirement | Description Preferred Method | Rationale
REQ-ISP-01 Provides suitable | Pulsed Method Can provide suitable
inflation rates inflation rates that

can be varied with
relative ease

REQ-ISP-03 Unfold structure | Pulsed Method Can provide slower
in smooth and more precise infla-
controlled fash- tion rate
ion

REQ-ISP-06 Provide precise | Pulsed Method Can provide more
pressure mainte- precise pressure
nance maintenance

REQ-ISI-01 Low volume foot- | Pulsed Method Requires less com-
print ponents as only a

single gas pathway

REQ-ISI-02 Minimal mass Pulsed Method Requires less com-

ponents as only a
single gas pathway

REQ-ISI-03 Simple system Pulsed Method Requires less com-
ponents and system
interactions as only
a single gas pathway

Table 7.12: Evaluating Preferred Inflation Method with Respect to Requirements

The ability to provide small precise bursts of inflation is another key component of the
inflation system controllability as it is highly desirable for precise pressure maintenance
(Friese et al., 1983; Lester et al., 2000; Thunnissen et al., 1995). It enables the leak rates to
be precisely compensated for throughout the mission, in a similar fashion to how precise
RCS systems are often utilized to compensate for undesirable forces on spacecraft that
require extreme stabilization and pointing precision. Without this capability steady state
systems are not well suited for precise pressure maintenance capabilities.
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Given all of these considerations, it is clear that in order to facilitate a controllable
inflation system in accordance with the desired inflation scheme and inflation system
requirements, the pulsed method is the preferable of the two. This conclusion is sum-
marized in table 7.12, where a brief summary of the rationale behind this decision is
provided. While it would be preferable to carry out a detailed analysis comparing the
two methods, the clear advantages in inflation controllability possessed by the pulsed
method made such an analysis unnecessary for this project. However, as this appears
to be the first exploration of ‘inflation modes/methods’ for inflatable space structures a
detailed investigation into the two methods may be worth exploring in the future.
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7.6. CONCLUSION

This section established three key design variables ahead of the detailed inflation system
design. Firstly, it was established that a cold gas regulated blowdown system provides
the most attractive candidate for a micropropulsion based inflation system. Following
this conclusion, nitrogen gas was found to be the most suitable inflation gas. Finally,
the inflation sequence was specified and the pulsed mode of inflation highlighted as the
most appropriate method for providing optimal inflation control.
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INFLATION SYSTEM DESIGN

The micropropulsion based inflation system is designed in this chapter. The first step in
this process is the design of the inflator nozzle (section 8.2). Once the parameters for the
nozzle have been established, the required inflation valve is discussed (section 8.3). Next,
the design of the inflatant tank is investigated (section 8.4) followed by the design of the
feed system (section 8.5). Finally, a suitable mass flow rate is selected (section 8.6). Once
these steps are complete, the final design of the system is presented (section 8.7)
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8.1. INTRODUCTION

Following the concept generation process, the design of the cold gas micropropulsion
based inflation system can begin. The aim of this chapter is to establish the design ad-
justments required in order to adapt such a micropropulsion system, that shall utilize
nitrogen inflation gas and operate in the pulsed mode of inflation, in order to satisfy the
desired inflation system requirements. This process shall entail tailoring each of the ma-
jor micropropulsion system design features specifically for inflation applications. Once
this has been complete, the performance of the system relative to the desired perfor-
mance requirements shall be evaluated.

8.2. NOZZLE DESIGN

8.2.1. INTRODUCTION

The first major design feature that must be tailored for inflation applications is the noz-
zle. The first stage in this process is to establish via theoretical analysis the desired prop-
erties of the inflation system and more specifically the nozzle. This shall be done utilizing
rocket propulsion theory and shall be done in two stages. First ideal rocket theory shall
be used to gain a reasonable approximation of the performance of the inflation system
via the design of an ideal nozzle. Once this is complete, the next stage of the analysis
shall begin. This stage shall incorporate a more realistic approach to the nozzle’s design
by accounting for losses experienced by the system. The final output of this analysis shall
be a cold gas micropropulsion based nozzle custom designed for inflation purposes.

8.2.2. IDEAL ANALYSIS

The ideal theoretical analysis shall be done utilizing ideal rocket theory which offers a
reasonable approximation of the performance of actual micropropulsion systems (Zand-
bergen, 2018). The analysis shall begin with an initial preliminary investigation into the
impact of the inflation systems design requirements on the design parameters of the
nozzle. The outputs of this preliminary analysis are a set of refined requirements that
shall drive the design of the nozzle which shall follow on from it. Important assumptions
that are made during this analysis include the following:

 The inflation gas is homogeneous

* The inflation gas obeys the ideal gas law

* The heat capacity of the gas is constant

* The flow through the nozzle is one-dimensional, steady and isentropic.

¢ The flow through the nozzle has reached critical conditions in the throat

CONSIDERING INFLATION SYSTEM REQUIREMENTS

The first step in the design of the nozzle for this system is to first assess the impact of the
inflation system requirements on the system and thus further refine these requirements
so that they can be utilized to properly inform the design of the nozzle. The most im-
portant requirements that must be considered for the design of the inflation system are
derived from killer requirements REQ-ISP-01 and REQ-ISI-04:
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° REQ-ISP-01: The inflation time shall take between 10 seconds and 100 seconds

— Performance Parameter (s):

& Mass flow rate

* REQ-ISI-04-01: The temperature of the inflation gas shall lie within the range of
160K to 430K.

— Performance Parameter (s):

¢ Chamber Temperature
o Exit Temperature

° REQ-ISI-04-04: The inflation gas jet velocity shall be less than 1.5 times the Mach
number

— Performance Parameter (s):

o Exit Velocity

The importance of these requirements to the design of the inflation system shall be dis-
cussed below.

Inflation Rate

As has been discussed in section 7.5, controlling the rate of inflation is essential to pro-
viding a reliable and controlled inflation process. This shall be done by operating the
inflation system in pulsed mode, allowing the different stages of the inflation scheme
to be fulfilled in the desired time frame. The first step in achieving inflation within the
desired time frame (10-100 seconds) is the mass flow rate of inflation gas through the
nozzle. It is desirable to have a low duty cycle pulsed inflation, so that rapid emptying
of the tank is avoided, thus enabling the assumption of isothermal blowdown. In the
discussion and analysis regarding pulsed inflation presented in section 8.3.3, it was es-
tablished that in order to meet this time frame a steady state mass flow rate range of 0.1
to 0.9 g/s is required.

Temperature
Establishing thermal requirements for the inflation gas jet is not a straight forward pro-
cess. This is in large part due to the dearth of information regarding the interaction
between gas temperature and the inflation of inflatable structures. This thermal inter-
action during the inflation process is a complex one as it consists of the inflation gas
jet interacting with both the inflatable membrane and the already present inflation gas,
both of which are increasing/decreasing in temperature due to their interaction with the
space thermal environment. Modelling this thermal interaction requires a detailed ther-
mal analysis which is beyond the scope of this thesis. Thus, a number of simplifying
assumptions regarding the thermal requirements of the inflation gas jet shall be made.
Firstly, the maximum acceptable temperature for the inflation gas shall be assumed
to derive from the membrane materials (CP1) glass transition temperature (536 K). As-
suming a 25% factor of safety this yields a maximum gas jet temperature of 430 K. On the
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other hand, establishing a minimum gas jet temperature is a bit more difficult. This is
due to lack of information regarding the interaction between low temperature inflation
gas and polyimide membranes. Therefore, a minimum acceptable gas temperature shall
be assumed based off the phase change data of the inflation gas, Nitrogen. Evidently it
is desirable for Nitrogen to stay in its gaseous state throughout the entire inflation pro-
cess, with any condensation or deposition likely leading to detrimental consequences.
Key Nitrogen phase change data from the NIST website is presented in table 7.8 from
the section on the inflation gas selection discussion. As can be seen from this table, the
temperature and pressure values of these points decrease proportionally, with the triple
point occurring at a significantly lower temperature and pressure than the critical point.
This relationship is apparent when examining figure 8.1.
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Figure 8.1: Nitrogen Phase Change Graph Nishimachi et al., 2012

Assuming that the exit pressure P, shall be lower than 34 bar, it can then be stated that if
the temperature of the exit gas remains greater than 126.2 K then no condensation or de-
position shall occur. As was the case for the maximum temperature an additional factor
of safety of 25% shall be assumed. This yields a minimum exit gas temperature of about
160 K. This is clearly quite a conservative estimate, particularly as exit pressures well be-
low 34 bars are anticipated. However, given the uncertainty surrounding the thermal
interaction between the gas jet, the already present inflation gas, the structural mem-
brane and the thermal space environment, such a conservative estimate was seen as an
appropriate starting point until further research clarifies the subject.

Velocity

In a conventional propulsion system, maximizing the gas jet exit velocity is highly desir-
able as it improves the performance of the system. However, for an inflation system, the
opposite is true where it is desired that the gas flow velocity be kept low enough so as to
not damage the inflating inflatable membrane. Given that the minimum gas exit velocity
is assumed to occur in the throat, where it equals the gas speed of sound ay, it is desired
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that the inflation gas jet velocity be less than 1.5 times this velocity. As there does not
appear to be any previous analysis on the impact of gas jet velocity on inflatable mem-
branes this velocity requirement was seen as an appropriate starting point until further
research clarifies the subject.

ANALYSING THE IMPACT OF THESE REQUIREMENTS

Ideal rocket theory calculates the parameters according to a typical convergent-divergent
nozzle. Using this theory, the exit velocity of a cold gas system can be written in terms of
the chamber to nozzle exit temperature ratio using the following expression:

Y Te
Ve=1/2——R-T;-|1—— 8.1
e \/Y—l c ( Tc) (8.1)

where:
* V =Velocity (m/s)

* v = Gas specific heat ratio

R=14(/kg-K)
e T =Temperature (K)
¢ ¢, e = Chamber, Exit

As the flow is assumed isentropic, Poisson’ relations (expression 8.2) can be utilized to
write equation 8.1 in terms of the chamber pressure to exit pressure ratio as follows:

T, _P7) _pe

= (8.2)
T. P Pc
where:
e P =Pessure (Pa)
* p = Density (kg/m?)
y-1
(5
v, = 2L-R.TC.(1——6)( ) 8.3)
y-1 c

Using these two expressions the relationship between the gas jet velocity, the cham-
ber and exit temperature as-well as the chamber and exit pressures can be investigated.
Moreover, the velocity of the gas can be written in terms of the mass flow rate using the
following expression:

>3

where:
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* m = Mass flow rate (kg/s)

o A= Cross-sectional area (m?)

Using this expression, equations 8.1 and 8.3 can be rewritten in terms of the mass flow
rate:

m_o k2 (1)) o9
Ae VR T \y+1\T¢ T. ‘
m_ P 2 (&)(5)(1_&)(71) ©6)
Ae VR T, \v+1\P. P, '

Assuming that the flow becomes sonic in the nozzle throat, the critical conditions for
the throat to chamber pressure, temperature, density and speed of sound ratios can be
written as follows:

T 2
—=— (8.7)
T, v+1
p__nA)_ 2 () .
P, T, y+1
pec T¢ Y+1
a T, 2 ()
ot o2 (8.10)

where:
* a=Speed of sound (m/s)
~a=J7RT
* t=throat

The equation for mass flow rate at the throat, where at sonic conditions V; = ay, is as
follows:
m:pt~At-Vt:pt~At-at (8.11)

Subbing the critical condition expressions into this equation yields the following equa-
tion for the critical mass flow rate in terms of throat area and chamber pressure:

T-P.- A
m=———

8.12
JRT (8.12)

where:
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el
e I' = Vandenkerckhove constant (\/77 (%) 20-1 )

As the mass flow rate through the nozzle is constant, equation 8.12 can be subbed into

equations 8.5 and 8.6, yielding the following expressions for the expansion ratio of the
nozzle:

Ae T
le _ (8.13)
A \/ e
a7
Ae T
e _ (8.14)

At 2 y-1
¢L (&)(v) (- &)(7)
y+1 \ Pc P
Using these equations relating the gas jet velocity, temperature ratios, pressure ratios and
expansion ratio, the impact of the driving requirements relating to temperature, velocity
and inflation rate can be assessed. Before doing this however, the exit velocity must be

expressed in terms of the Mach number so as to adhere to requirement REQ-ISI-04-04.

This can be done using the equation 8.15. The speed of sound at the nozzle throat a; can
be calculated using equation 8.10.

Ve Ve
M=—=——— (8.15)
ar \Jy-R-T,
Where:
° M = Mach Number
Nozzle Exit Velocity vs Temperature Ratio Nozzle Exit Velocity vs Pressure Ratio

"
<

"

<

"
@

"

@

=
e

=
e

.
S
L
.
S
L

I
w
L

Nozzle Exit Velocity (M)
=
w
|

Nozzle Exit Velocity (M)

I
N
N
I
N
N

.
b

I

b

.
E}

.

E}

12 13 14 15 16 17 18 19 2.0 2 4 6 8

10
Chamber to Nozzle Exit Temperature Ratio (Tc/Te)

Chamber to Nozzle Exit Pressure Ratio (Pc/Pe)

(a) Velocity vs Temperature Ratio (b) Velocity vs Pressure Ratio
Figure 8.2: Graphing of Exit Velocity vs Temperature and Pressure Ratios
Figures 8.2 and 8.3 present the impact of the velocity requirement. The black dashed

line indicates the maximum exit velocity requirement of 1.5 Mach. From the graphs pre-
sented, a number of clear conclusions can be made regarding the impact of this velocity
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constraint on the system design. Starting with the relationship with the temperature ra-
tio, figure 8.2a, it can clearly be seen that in order to minimize the increase in gas jet ve-
locity, the temperature ratio should be kept to a minimum. This relationship is also clear
for the pressure drop across the nozzle, as can be seen 8.2b, and for the nozzle expansion
ratio which, as can be seen 8.3a, must be limited to less than 1.3683. For simplicity this
shall be rounded down to 1.36.
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Figure 8.3: Graphing of Exit Velocity vs Expansion Ratio and in terms of M vs m/s

Finally, figure 8.3b presents the relationship between velocity in terms of the Mach num-
ber and m/s for a range of chamber temperatures. As can be clearly seen, lower chamber
temperatures yield lower velocities (m/s) which is attractive given the desire to minimize
the gas jet velocity.
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Figure 8.4: Exit Temperature vs Expansion Ratio

Figure 8.4 presents the impact of the temperature requirement on the expansion ratio
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of the nozzle. The vertical black dashed line indicates the maximum expansion ratio
of 1.36 due to the velocity constraint while the horizontal black dashed line indicates
the the minimum exit temperature requirement of 160 K. As can be seen, the velocity
constraint is the driving requirement regarding a maximum expansion ratio for cham-
ber temperatures above 250 K. However, for chamber temperatures below this value, the
temperature constraint becomes the driving requirement. This is particularly evident
for a chamber temperature of 200 K, which requires a severely restricted expansion ra-
tio in under to ensure the exit temperature remains above 160 K. This graph also clearly
indicates that in order to meet the critical conditions, the critical temperature ratio for
nitrogen means that even at an expansion ratio of 1.0, i.e. the nozzle ends at the throat,
the temperature of the gas jet still undergoes a drop relative to the chamber tempera-
ture. This value is thus the maximum gas jet exit temperature which decreases as the
gases expand through the nozzle with increasing expansion ratio.

From figure 8.3b it is apparent that lower chamber temperatures yield a reduced gas
exit velocity. However, as seen in figure 8.4, this comes at the expense of reduced gas
exit temperatures. In this regard, of the chamber temperatures compared, 300 K pro-
vides the best balance of these requirements. Further optimization would yield an ideal
chamber temperature but given that thermal control systems already aim to maintain
satellite temperature around 300K such a chamber temperature is the obvious choice
for this preliminary design. Maintaining chamber pressures above and below this value
leads to additional undesirable system complexity. Higher temperatures would require
a heating system and thus additional power, while lower temperatures would likely re-
quire additional insulation and other coolant features to ensure it remains colder than
than the rest of the CubeSat.

Results

Unlike a nozzle design for a conventional propulsion system which typically starts the
design process with a desired AV, thrust and Isp, the design process for the nozzle for
this inflation system starts with the inflation system requirements, particularly the gas jet
temperature and velocity requirements. In assessing the impact of these requirements
on the design of the cold gas convergent-divergent nozzle, the following results were
established.

* Mass Flow Rate:
- The range of suitable mass flow rates for this design is 0.1 - 0.9 g/s.
° Chamber Temperature:

- An optimal chamber temperature of 300K was selected to balance exit tem-
perature and exit velocity requirements.

 Exit Temperature and Exit Velocity:

— The maximum exit velocity of 1.5 time Mach is the driving design require-
ment as it determines the maximum acceptable expansion ratio. As seen in
figure 8.4, at a chamber temperature of 300 K this yields a gas exit temper-
ature above the minimum requirement of 160 K. Table 8.1 contains a list of
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parameters calculated at the minimum expansion ratio of 1, in which case
the nozzle ends at the throat and there is no divergent section, and at the
maximum expansion ratio of 1.36 as dictated by the velocity requirement.

Parameter Min. Expansion Ratio | Max. Expansion Ratio
Expansion Ratio 1 1.36

Exit Velocity (Mach) 1 1.495

Exit Velocity (m/s) 322.25 481.88

Exit Temperature (K) 250.038 188.28

Temperature Ratio (T./T,) | 1.2 1.59

Pressure Ratio (P./P,) 1.89 5.11

Table 8.1: Calculated Values

¢ Throat Diameter and Chamber Pressure:

— This preliminary analysis gives little detail regarding the throat dimensions or
the chamber pressure. These parameters shall be discussed in greater detail
in the real analysis section. See figure 8.9a for the relationship between throat
diameter, chamber pressure and mass flow rate.

PROPULSION PARAMETERS

As has been mentioned the driving design parameters for this inflation system derive
from the desired inflation rate and properties of the gas jet. This is quite different to the
design of a conventional cold gas nozzle, which focuses on maximizing performance rel-
ative to propulsion requirements such as AV, thrust and specific impulse. In order to try
and adapt a micropropulsion system for inflation purposes it behooves the designer to
establish the performance of such a system with relation to the main parameters used to
described a propulsion system. This shall also be important for determining the impact
that the inflation process has on the spacecraft and thus the ADCS requirements needed
to compensate. These propulsion parameters are as follows:

* Thrust: The thrust generated by the inflation system can be described using equa-
tion 8.16. It should be noted that the ambient pressure P, reflects the pressure
inside the inflatable structure. Initially, this value should be vacuum thanks to as-
cent venting. However, as the inflation process is completed this shall rise to the
final desired pressure. However, this has a maximum value of about 276 Pa which
is negligible compared to the exit pressure value which shall be on the order of
magnitude of 100,000 Pa (bar). Thus, P, shall be assumed equal to 0.

F:m~Ve+(Pe—Pu)~Ae:m-Veq (8.16)
where:

— F =Thrust (N)
— Veq = Equivalent velocity (m/s)
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* Specific Impulse (ISP): The specific impulse can be calculated using 8.17. It is re-
lated to nozzle exit velocity, with a low ISP corresponding to a low velocity. Cold
gas nitrogen systems have low Isp values compared to other propulsion systems.

v,
sp=-4 8.17)

8o
where:

~ g, = Standard acceleration due to gravity on Earth (9.81 m/s?)

* Characteristic Velocity: The characteristic velocity can be calculated using 8.18.
Like Isp, the characteristic velocity is related to the nozzle exit velocity, reflecting
the energy level of the inflatant. Unlike, Isp, it is independent of the nozzle pres-
sure ratio. It can also be described in terms of the mass flow rate. For this nitrogen
based system, ¢* is 435.77 m/s.

1 P.-A
c* = f\/R- T, = CT[ (8.18)

where:
— ¢* = Characteristic velocity (m/s)
e Thrust Coefficient: The thrust coefficient can be calculated using 8.19. It deter-
mines the amplification of thrust due to the expansion of gas in the nozzle.

F

Cp =
F=p. A,

(8.19)

where:
— Cp = Thrust Coefficient

These parameters shall aid in the design of the system, as conventional propulsion sys-
tem nozzles and thruster valves utilize these parameters to describe the components
performance. In addition, each of these parameters shall be utilized to evaluate the real
performance of the nozzle, through the use of correction factors. This shall be elaborated
on in the following section.

CONCLUSION

From this ideal analysis, a preliminary gauge of the nozzles design has been established.
Importantly, the impact of the unique inflation system requirements, namely associated
with inflation rate, gas temperature and gas velocity, has also been assessed leading to an
understanding of how each of these parameters drive the design and performance of the
nozzle. The impact of the temperature and velocity requirements in particular are highly
unusual for conventional propulsion systems where maximizing exit velocity is key to
achieving high performance. This gives a preliminary indication of the alternative design
approach that must be followed for an inflation system adapted from such technology.
Finally, an introduction to the propulsion parameters typically utilized in the design of a
cold gas inflation system are also presented. The next stage in the design of the inflation
nozzle is the performance of a more realistic analysis based on non-ideal assumptions.
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8.2.3. REAL ANALYSIS

INTRODUCTION

As has been noted ideal Rocket Theory does not fully account for the real performance
of the nozzle. While it does provide some preliminary guidelines for the design of the in-
flation system, it assumes that the flow through the nozzle is both one-dimensional and
without friction and that the gas always acts as an ideal gas. Due to the limited validity
of these assumptions, the ideal performance calculations do not necessarily fully reflect
the real performance of the system. In order to correct the performance calculations to
account for the discrepancy between real and ideal performance, correction factors may
be introduced.

These corrections factors can be quite large for low thrust propulsion systems (<0.1N)
and are largely due to viscous losses, although real gas effects and rarefaction effects may
also contribute. However, as is noted in La Torre, 2011, for thrusters with a thrust >ImN,
the effects of rarefaction can be neglected. Thus the losses experienced by this nozzle
shall come from the following two sources:

* Real Gas Effects
* Flow Divergence
 Viscous Effects

The main correction factors stem from the the inflation performance requirements as
well as the main propulsion performance parameters, as mentioned previously. They
shall be investigated through a combination of theoretical calculations and experimental
values from the literature. They are as follows:

e Thrust Correction Factor

F
&r = = Caénée (8.20)
Fideal
* Nozzle Correction Factor
CFreal
n="—"— (8.21)
Crideal
* Heating Correction Factor
C*
£ = —real (8.22)
Cideal
* Propellant Consumption Correction Factor
Is
¢, = —>Preal (8.23)
Ispideal
* Discharge Coefficient
m
Cy = —real (8.24)

Mideal
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* Velocity Correction Factor

Ve
EV — €real (8.25)
Veideal
* Temperature Correction Factor
T
Er= (8.26)
Teideal

Unsurprisingly, the most important factors for the design of the inflation system are the
discharge coefficient, velocity correction factor and temperature correction factor.

N0OZzzZLE CONFIGURATION

The configuration of the nozzle directly impacts the losses accrued and thus has a major
impact on the real performance of the nozzle.. By investigating how the different noz-
zle parameters impact its performance, an increased understanding of how the inflation
nozzle shall look can be garnered. As has already been noted, the expansion ratio lim-
ited by the velocity constraints on the gas jet is entirely counter-intuitive for a conven-
tional propulsion system while the idea of minimizing gas jet temperature is also quite
unusual. In this section, a more detailed look at the nozzles configuration shall be exam-
ined to establish what other unusual design features a cold gas micropropulsion based
inflation nozzle possesses.

Nozzle Shape

The ideal rocket theory utilized to calculate the ideal analysis assumes a convergent-
divergent nozzle design. As can be seen lower gas jet velocity and highest gas jet temper-
ature can be achieved in the case of a nozzle that reaches sonic conditions at the throat
and has a limited diverging section. This may indicate the suitability of a solely conver-
gent nozzle for such an application. However, despite this potential, cold gas thrusters
generally utilize converging-diverging nozzle configurations. Seeing as the main research
question attempts to ascertain the design adjustments required to adapt current cold gas
micropropulsion technology for inflation purposes, it was thus decided to investigate the
impact of the inflation requirements on the design of a converging-diverging nozzle. As
such the use of a converging nozzle shall be left for future investigation.

There are two nozzle shapes that can be utilized for the converging-diverging con-
figuration, conical and parabolic. However, for ease of manufacturing, simple conical
nozzles are preferred for cold gas micropropulsion applications (La Torre, 2011; Ozden
etal., 2021). A schematic of a basic conical nozzle is shown in figure 8.5a below.

Nozzle Dimensions

The dimensions of a convergent-divergent nozzle can, unsurprisingly, be split into con-
vergent and divergent parts. As can be seen in figure 8.5a above, the dominant features
of a conical nozzle are the convergent half angle (), the divergent half angle (a) and of
course the throat diameter. However, this schematic does not account for the sharpness
of the edges which can impact the flow and nozzle performance. More detailed diagrams
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Figure 8.5: Conical Nozzle (Zandbergen, 2018)

of the convergent and divergent sections can be seen in figures 8.5b and 8.5c. From these
diagrams the leading dimensions of the nozzle can be listed as follows:

e Chamber Diameter (D)

— According to Sutton and Biblarz, 2016 and Zandbergen, 2018, for monopro-
pellant systems the cross sectional area of the chamber should be at least 3-4
times larger than that of the throat diameter in order to ensure contraction
losses are minimized. Guidelines for cold gas systems are a little more vague
as the nozzle is directly mounted onto the outlet of the control valve. Despite
this Zandbergen, 2018 does also offer a conservative guideline for RCS cold
gas thrusters that states chamber diameter should be at least 4 times throat
diameter.

e Throat Radius (R;)

— The throat radius is key to the value of the Reynolds number. For throat
Reynolds numbers over 100,000 the boundary layer is limited to the divergent
section. However below this value, the boundary layer is also found within
the throat.

* Throat Longitudinal Radius (R,)

— The Throat Longitudinal Radius dictates the sharpness of the nozzle throat,
affecting both the length of the nozzle and boundary layer within the throat.
It is generally given in relation to the throat radius, with values of 0.5Rt-1.5Rt
most typical.
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* Convergent Half Angle (f)

— The convergent half angle typically varies from 30-60 degrees although for
cold gas micropropulsion systems this can be as high as 90 degrees (Zand-
bergen, 2018). Its design is mostly aimed at reducing pressure losses due to
flow contraction, with higher angles leading to increased pressure loss due to
shorter convergent lengths (L.,,) between the chamber and nozzle throat. It
also contributes to the discharge coefficient as explored by Ahmad, 2001.

 Divergent Half Angle (@)

- The divergent angle plays a significant role in the performance of the system.
It determines the flow divergence factor as shown in equation 8.31 and also
plays a key role in the build of the boundary layer at the nozzle exit.

- The angle selected generally lies between 12 and 18 degrees with the smaller
the angle, the smaller the flow divergence factor. However, as the divergence
angle also determines the length of the nozzle, the smaller the angle, the
longer the nozzle. This in turn enables a greater distance along which the
boundary layer can develop leading to increased viscous losses. Thus, when
deciding on a divergence angle, nozzle designers must carry out a trade-off
between the impact of boundary layer formation and divergence loss in or-
der to establish the most suitable value for a nozzle with a specific expansion
ratio.

» Divergent Length (x1)

- The divergent length reflects the length of the nozzle from the throat to the
exit. As noted it is dependent on the value of the divergence angle but also
the throat longitudinal radius. The boundary layer develops along the walls
of the nozzle and thus, a longer nozzle yields a larger boundary layer. In order
to determine the value of the divergent length for a conical nozzle, equation
8.27 can be used:

(VE=1)-R+Ry- (—wsl(a) - 1)
X = (8.27)
tan(a)

» Expansion Ratio (¢)

- For this inflation system the expansion ratio plays an essential role in satisfy-
ing the desired gas exit temperature and velocity requirements. Moreover, as
seen in equation 8.27, the expansion ratio contributes to the overall length of
the nozzle and thus the viscous losses within it.

For this preliminary design, the choice of chamber diameter and convergent angle are
less important for the real performance of the nozzle relative to the other dimensions
(Louwerse, 2009). While they do play a role in the relationship of the thruster valve to
the nozzle, and thus the real pulsing performance, as shall be discussed in section 8.3.3,
a detailed analyses of the pulsing performance was beyond the scope of this project.
Thus their impact on the performance of the nozzle shall not be further investigated.
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EFFECT OF NOZZLE DESIGN ON PERFORMANCE

In this section, the effect of the nozzles design on its performance shall be investigated.
The main effects discussed are real gas effects, flow divergence and boundary layer for-
mation. Their relation to the nozzles design parameters shall be explored.

Real Gas Effects

For the ideal performance of the nozzle, it is assumed that the inflation gas behaves as an
ideal gas. However, in reality this is not necessarily true. Thus the selection of the cham-
ber pressures can effect the performance of the system. One of the leading contributors
to this is the compressibility of the gas at high pressures. This can be accounted for using
the compressibility factor (Z) as is shown in equation below:

P
E =ZRT (8.28)

It gives the ratio between the real and ideal density of the gas and thus affects the mass
flow rate of the gas (Zandbergen, 2018). Thus, when determining the throat diameter for
a given mass flow rate, the real diameter should be larger than the ideal calculation.

-0.5
Myreql = (Zplenum) X Mideal (8.29)

In addition to compressibility, another effect of real gases is that unlike in IRT where
specific heat is assumed constant, the specific heat of the gas varies with temperature
and will thus vary depending on location in the nozzle. This additional correction yields
the following equation:

05 I'(ys)
I'(ye)

The real gas effects can be summarized into one correction factor called the real gas
correction factor (¢). Johnson, 1971 calculates this factor for nitrogen gas at a range of
chamber temperatures and pressures as can be seen in figure 8.6. It can be seen from
this figure that the correction factor decreases with decreasing chamber pressure and
increasing chamber temperature.

Myreal = (Zplenum)_ X Mideal = P X Mideal (8.30)

Flow Divergence

For the ideal performance of the nozzle, it was assumed that the flow through the noz-
zle is one-dimensional. However, in reality this is not true and the assumption leads to
an over estimation of the nozzles performance. In order to account for this, the flow
divergence factor (1,) seen in equation 8.31 can be utilized.

/ln = (@) (8.31)

As mentioned previously, the divergence half angle is the design parameter that affects
this correction factor and thus must be considered accordingly. The lower the angle, the
lower the losses due to flow divergence. A graph of this is presented in figure 8.11a.
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Figure 8.6: Real Gas Correction Factor for Nitrogen Gas (Johnson, 1971)

Viscous Effects

For the ideal performance, it is assumed that there is no friction within the nozzle. This
statement of course has limited validity in reality, with friction losses impacting the per-
formance of the nozzle through viscous effects. As the gas flows over the nozzles wall,
friction with the walls surface causes the development of a boundary layer. The buildup
of this boundary layer can reduce the performance of the nozzle. The magnitude of this
impact is primarily governed by the Reynolds number Re;, which for nozzles is calcu-
lated at the throat as seen in equation 8.32:

_pt'Vt~Dt_ 4-m
Ky 7-p-D

Re; (8.32)

where:
* Re =Reynolds number
¢ D =Diameter (m)
* u=Dynamic Viscosity (kg/m -s71)

For throat Reynolds numbers over 100,000, the boundary layer is limited to the nozzle di-
vergent section (Zandbergen, 2018). This mostly effects the nozzle quality factor. How-
ever, below 100,000 the effect of the boundary layer is also found in the nozzle throat
where its presence reduces the available flow area, thereby effecting the discharge qual-
ity factor. The design of the nozzle, most notably its divergent half angle and longitudinal
radius, impacts the buildup of this boundary layer and so should be carefully considered
during the design process. In order to establish the impact of the boundary layer on
the nozzles performance, the following properties of the boundary layer must be estab-
lished:

* Boundary Layer Thickness
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* Displacement Thickness
° Momentum Thickness

 Skin Friction Coefficient

There are numerous different approaches available for determining these values for the
geometry of the nozzle, including the use of CFD. However, for this project it shall be as-
sumed that the nozzle resembles a flat plat which is aligned parallel to a uniform stream
(Zandbergen, 2018). This assumption allows a simple method for establishing the above
parameters, although it must be noted that it is slightly inaccurate. The expressions for
laminar and turbulent boundary layers according to this method are seen in figure 8.7.
These expressions are based on the assumption that the boundary layer only starts de-
veloping in the nozzle divergent section, thus defining the nozzle throat as the leading
edge of the flat plat, with its length measured along the nozzle wall.

(a) (b)

Property Laminar Turbulent'" Turbulent'®
. & 491 & 0.16 & 0.38

Boundary layer thickness —=— S ‘m 2 =
¥ VRe, v (Rey)' v (Rey

5 1.72 & 0,020 &% 0048

Digplacement thickness = = — =" —

X VRe, v (Re )" ¥ (Re,)'"

) 8 0664 8 0.016 8 0.037

Momentum thickness = = s = =

X V'Re, X (Re ' X (Reg '™

0,664 0.027 0.059

Local skin friction coefficient C;,=— (.= — Gy = 0
. V'Re, ’ (Re )™ ’ (Re,)

* Laminar values are exact and are listed to three significant digits, but turbulent values are listed to only
two significant digits due to the large uncertainty affiliated with all turbulent flow fialds.

T Obtained from one-seventh-power |aw,

t Obtained from one-seventh-power law combined with empirical data for turbulent flow through smooth
pipes.

Figure 8.7: Summary of expressions for laminar and turbulent boundary layers on a smooth flat plate aligned
parallel to a uniform stream (Zandbergen, 2018)

The first step in determining the parameters of the boundary layer is to establish whether
the boundary layer is fully laminar, fully turbulent or in transition. In his research into
the gas flow in cold gas micro thruster nozzles, the highest Reynolds number encoun-
tered by La Torre, 2011 at a thrust of 1N was 130,000. At this value the Re difference be-
tween laminar and turbulent effects was less than 1.5%. Given this small difference, the
author concludes that the flow through the nozzle remains laminar, “probably because
turbulence has neither the time nor space to develop”. Given that the low expansion ra-
tio of the inflation nozzle shall lead to a short nozzle length, as well as the fact that the
thrust generated by the nozzle is < 1N for mass flow rates under 1.0 g/s and chamber
pressures less than 10 bar (see equation 8.16), it shall be assumed for this study, that
the flow through the nozzle is fully laminar. A complicating factor is these relations as-
sume that there are constant conditions along the flat plate. This assumption is not valid
for nozzles, where the conditions vary strongly. Thus, in order to account for this, the
displacement thickness and momentum thickness values shall be determined at throat
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and nozzle exit conditions, with the actual value being considered the average of the two
(Zandbergen, 2018). The calculation of these parameters shall be explored hereafter.
For determining the local Reynolds number along the flat plate, the length of the of
the nozzle wall must be established. At the nozzle exit this is given as a function of the
total nozzle length as seen in equation 8.33.
XL

L, = (8.33)
cos(a)

where:
* L, =Length of nozzle wall (m). Corresponds to ‘X’ in figure 8.7.

e xr corresponds to divergent length of nozzle along x-axis as seen in figure 8.5b and
equation 8.27.

The local Reynolds number for the values at the throat and exit can be calculated using
equation 8.34. As the length at the nozzle throat cannot be taken as zero, it shall be
assumed for the purposes of this calculations that L; can be taken as 0.1:L,.

:Pe'Ve'L

He

Rep (8.34)
Once this value has been established the laminar boundary layer expressions can be
calculated, with the average momentum thickness and displacement thickness values
being calculated. These two values can be utilized to calculate the momentum loss and
reduction in nozzle expansion ratio respectively.

0.+60
Oavg = ——— (8.35)
2
6% +6F
Syg = "2 L (8.36)

where:
¢ 0 = Momentum thickness (m)
e §* = Displacement thickness (m) thickness
° avg = Average

The skin friction on the nozzle wall has an axial component that leads to the boundary
layer effecting the thrust generated. This effect can be determined using the momentum
thickness 6,,. Equation 8.37 can be used to calculate the loss in thrust due to momen-
tum loss (AFmomentum)-

AFmomentum = (Pe Ve 21 Re- Gayg) Ve (8.37)

The presence of the boundary layer leads to a displacement of the core gas flow with a
certain distance. This distance is given by the displacement thickness. For Re; > 100,000,
the effect of the displacement thickness is only considered for the exit diameter, as can
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be seen in figure 8.8. The effective exit diameter of the nozzle can thus be calculated
using equation 8.38.

Re,; = Re=070g -
Aeeff =7 (Reeff)z (8.39)
N - \
& bﬂdy\\
\\\ \‘
N\ \
\ N\
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Figure 8.8: Effect of boundary layer on nozzle expansion ratio (Spisz et al., 1965)

N

Nozzle exit

At Re; < 100,000 the displacement thickness within the nozzle throat increases and thus
must be accounted for. This increase leads to a reduced throat area and hence the actual
mass flow rate through the throat decreases. Instead of utilizing the flat plate method
to calculate this displacement thickness, as it assumes the boundary layer only starts
developing in the divergent region, this loss can be accounted for using by calculating
the discharge coefficient C,; using a relation developed by Tang and Fenn, 1978 for cold
gas nozzles at low Rey, as seen in equation 8.40. It should be noted that while the dis-
placement thickness is no longer calculated using the flat plate method, the momentum
loss still is. This may lead to some inaccuracies but shall be deemed sufficient for this
preliminary analysis.

3
y+1\1 (-2.128 _05 (y=D(r+2) 1
Cd:].—(T) ( +3.266 'Remodified+0'9428. m . emodified
(8.40)
where R is a modified throat Reynolds number given as:
05
Repodifiea = Rer — (8.41)

Ry

At Re; < 100,000, it can be assumed that the discharge coefficient is equal to the area
contraction coefficient C4 (Zandbergen, 2018).
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Atyyy
Ci=Cp=— (8.42)
Ay
Using equation 8.42, the effective throat area can then be calculated from which the ef-
fective expansion ratio can be calculated using the following equation 8.43. For Re; >
100,000, Ateff is assumed equal to Ay, .

€e
Eoff= —2 (8.43)

where:
. . Ae
* ¢ =Expansion Ratio (A_z)

Utilising this value, the ‘real’ exit temperatures and pressures can be solved for using
equations 8.13 and 8.14. Once these values have been established the ‘real’ exit velocity
can also be established using equation 8.1. In addition, for Re; > 100,000 the ‘real’ mass
flow rate can be calculated using equation 8.30, while for Re; < 100,000 it can be derived
from the discharge coefficient calculated in equation 8.40. Finally, in order to calculate
the correction factors the ‘real’ thrust generated by the nozzle must be calculated. This
can be done using equation 8.44.

Frear = (An *Myeal * Verml + Pe,ml : Aeeff) —AFmomentum (8.44)

OPTIMIZING FOR NOZZLE PERFORMANCE

In order to finalize the design of the nozzle for this inflation system, the parameters that
maximize the desired performance of the system must be determined. For this investiga-
tion, this shall be limited to the parameters that most affect the nozzle performance, the
expansion ratio ¢, the throat diameter Dy, throat longitudinal radius R,, and divergent
half angle a.

Throat Diameter

From equation 8.32, it can be seen that the throat Reynolds number Re; is dependent
on the throat diameter D;. From the equation for the critical mass flow rate 8.12, D,
is directly proportional to the mass flow rate through the throat and inversely propor-
tional to the chamber pressure. These relationships are visualized in figure 8.9a. Thus,
the throat Reynolds number is directly proportional to the mass flow rate and inversely
proportional to the chamber pressure. This can clearly be seen in figure 8.9b, where the
black dashed line signifies the threshold between the two boundary layer conditions,
above and below a throat Reynolds number of 100,000. Therefore, the selection of the
mass flow rate and chamber pressure values shall directly affect the throat diameter of
the nozzle and by extension the boundary layer conditions of the flow through that noz-
zle. The importance of this distinction shall become clear in the following exploration of
divergence angle and throat longitudinal radius.
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Figure 8.9: Relationship between mass flow rate, chamber pressure and throat diameter

Throat Longitudinal Radius

The throat longitudinal radius R, also know as the throat curvature, dictates the sharp-
ness of the nozzle throat. This shall impact the real performance of the nozzle in two
major ways. Firstly, R, shall impact the length of the nozzle, as seen in equation 8.27,
thereby impacting the development of the boundary layer within the throat and the re-
sulting losses experienced. The contribution of R, to the total nozzle length, clearly vi-
sualised in figure 8.5b, is given in equation 8.45. Secondly, below Re; = 100,000, the
sharpness of the throat shall effect the boundary layer development within the nozzle
throat. This effects the discharge coefficient as noted in equation 8.40.

Xp =Ry, -sin(a) (8.45)
where:
* xp = Throat longitudinal length along x-axis (m)

The value for R, is typically chosen between 0.5Rt-1.5Rt. In order to select an appropri-
ate value for the nozzle, the impact of R, on the desired nozzle performance is assessed,
as seen in figure 8.10. This assessment is carried out for a nozzle with an expansion ratio
of 1.36, with the results as follows.

 Discharge Coefficient: As noted, below Re; = 100,000 R, contributes to the dis-
charge coefficient (equation 8.40). This contribution can clearly be seen in figure
8.10a, with increasing efficiency found at higher values of R,,. This is not surprising
given the decreased sharpness of the nozzle throat at higher R,, values. Above Re;
= 100,000, its contribution to C,; is no longer considered which can also be clearly
seen.

e Expansion Ratio Efficiency: The contribution of R, to C; below Re; = 100,000
also leads to a variation in the Real vs Ideal expansion ratio € as can seen in figure
8.10b. Lower C; values means that the real mass flow rate through the nozzle is
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reduced due to the presence of the boundary layer at the throat, thus leading to
a reduced effective throat area. In this assessment, for R, values < 1, this yield
a real expansion ratio greater than the ideal, as can be seen in figure 8.10b. As
the Reynolds number increases, the boundary layer at the nozzle exit increases
thus reducing the real expansion ratio and in turn a reducing the efficiency until
at Re; = 100,000 the boundary layer in the throat is no longer considered. This
relationship is reversed for R, values > 1.

Reynolds Number vs Discharge Coefficient

Reynolds Number vs Expansion Efficiency
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Figure 8.10: Real vs Ideal Parameters across range of Reynolds numbers with different values for R, at static
parameters: @ = 15°, £ = 1.36

 Exit Temperature Efficiency: From figure 8.4, it can be seen that the exit tempera-
ture is inversely proportional to the expansion ratio. As such it is no surprise that
the relationship between R, and the temperature efficiency, presented in figure
8.10c, is the inverse of that for expansion efficiency. It can be clearly seen from this
relationship that higher R, values are more attractive for the design of this infla-
tion nozzle as they yield increased temperature efficiencies. This is highly desir-
able given the desire to maximize the gas exit temperature as noted in the thermal
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constraints.

* Exit Velocity Efficiency: Unlike temperature, the exit velocity is proportional to the
expansion ratio, as seen in figure 8.3a. Once again this relationship is mirrored
in the relationship between R, and the velocity efficiency, as presented in figure
8.10d. Thus, with increasing R,, values the velocity efficiency decreases. This is
also attractive as it enables the reduction of the gas jet velocity as desired by the
inflation system constraints.

From this investigation, it is apparent that maximizing the value of R,, is attractive for
optimizing the design of this inflation nozzle. It yields a more curved throat which min-
imizes the development of a boundary layer in the nozzles throat and maximizes the
length of the nozzle. This leads to an increased discharge coefficient which in turn yields
a higher temperature efficiency and lower velocity efficiency. This is attractive given the
desire to maximize exit temperature and minimize exit velocity.

Divergent Half Angle

The selection of the divergence half angle a plays a significant role in maximizing the
performance of the nozzle, through its influence on the flow divergence factor and the
buildup of a boundary layer in the nozzle. In this investigation the contribution of a on
these two influences shall be assessed, beginning with the flow divergence factor.

A graph of the variation in flow divergence factor with divergence half angle is pre-
sented in figure 8.11a. As can be seen the greater divergence half angle, the lower the
flow divergence factor A,. This factors accounts for the non 1-dimensional flow in the
nozzle and is multiplied by the non-pressure related terms in the thrust equation. With
respect to its impact on the build up of the boundary layer at the nozzle exit, the length
of the nozzle is largely dependent on the divergent half angle (see equation 8.27). This
can be evidently seen in figure 8.11b where an increase in « leads to a decrease in nozzle
length, resulting in a decrease in boundary layer thickness.
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Figure 8.11: Flow Divergence Factor and Divergence Nozzle length with a. Static Parameters: Ru = 1Ry, € =
1.36, m=0.5g/s
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As an increase in divergence half angle leads to a decrease in the flow divergence factor
and an increase in efficiency, due to a decrease in the boundary layer thickness, it was
deemed prudent to establish how each of these losses contribute to the real performance
of the nozzle. This is done by establishing the losses incurred only due to A,, and then
comparing them to losses that also considering viscous effects. This can be seen clearly
in figures 8.12a and 8.12b. The first thing of note when examining these graphs is that
the decline in efficiency with increasing « signals the dominance of 1,, over the real per-
formance of the nozzle. Thus smaller divergence angles shall yield a higher thrust and
velocity efficiency. In addition, it can be clearly seen that the viscous losses yield a sig-
nificant reduction in thrust efficiency at lower Reynolds numbers. A different situation
arises for the velocity efficiency where it can be seen that at lower Reynolds numbers,
the viscous losses contribution is almost negligible relative to A,. This is particularly
apparent at larger a values where the boundary layer thickness is reduced.
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Figure 8.12: Contribution of Divergence Factor and Viscous Losses to Real Nozzle Performance with respect to
a. Static Parameters: Ru=1Rs, € =136, m=0.5g/s

To further understand the relationship between a and the performance of the nozzle,

the performance parameters for a range of a and Re; values shall be calculated as was
done for Ru.

* Discharge Coefficient: As can be seen in figure 8.13a, the discharge coefficient is
independent of a and rises gradually with Re; until it reaches the 100,000 thresh-

hold and the presence of the boundary layer within the throat is no longer consid-
ered.

* Expansion Ratio Efficiency: From figure 8.13b it is apparent that a@ contributes
to the expansion efficiency. Lower a angles lead to longer nozzle lengths which
in turn lead to an increase in boundary layer thickness at the nozzle exit, thereby
reducing the effective exit area relative to larger a values. This in turn means that
at lower a angles, the expansion efficiency is reduced.
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* Exit Temperature Efficiency: As was noted previously, the temperature efficiency
is inversely proportional to the expansion efficiency. As such, lower expansion ef-
ficiencies yield higher temperature efficiencies. Thus, as seen in from 8.13c, lower
a angles enable higher gas jet exit temperatures. Indeed, at both low and high
Reynolds numbers, the values for « yield real T, values exceeding the ideal values.
As mentioned during the investigation of Ru this is highly desirable for meeting

the thermal constraints imposed on the system.
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* Exit Velocity Efficiency: As noted for figure 8.12b, the velocity efficiency is domi-
nated by 1, with viscous effects contributinglittle except at higher Reynolds num-
bers as seen in figure 8.13d. Thus, this means that higher a angles yield lower exit
velocity efficiencies. As minimizing the gas jet velocity is another key driving in-
flation requirement, a lower exit velocity efficiency is highly desirable.

As can be seen from figures 8.13c and 8.13d, the driving requirements of this nozzle de-
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sign, a maximized exit temperature and minimized exit velocity, demand opposing a an-
gle requirements. Low a angles yield high temperature efficiencies but also high velocity
efficiencies with the relationship reversing with higher a angles. Therefore, in order to
satisfy both requirements and thus optimize the performance of the nozzle, a middle a
angle of 15 ° was deemed the most appropriate choice.

Expansion Ratio

Ashas been apparent from the discussion regarding R, and «, the expansion ratio, which
dictates the exit area of the nozzle and as a result the nozzle length, plays an integral role
in the real performance of the nozzle. Given its role in the development of the boundary
layer, and by extension the discharge coefficient, it was deemed prudent to further inves-
tigate the minimum and maximum expansion ratio values determined in the ideal anal-
ysis (1-1.36). As such low expansion ratios are highly unusual for cold gas convergent-
divergent nozzles, this investigation shall consider potential fabrication constraints on
achieving these expansion ratios and the consequences on the real performance of the
nozzle.

° Maximum Expansion Ratio: Given the low expansion ratio range, as dictated by
the velocity requirements, the difference in the throat diameter and the exit diam-
eter is on the order of um, as seen in figure 8.14a. In addition, due to the throat
diameter deriving from chamber pressure and mass flow rate, this difference shall
vary according to these parameters. Given the low nozzle length (figure 8.11b), it
was deemed prudent to establish a minimum acceptable difference in throat and
exit diameter in order to ensure that appropriate parameters are selected.
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Figure 8.14: Difference in throat and exit diameters with P, and e atm = 0.5 g/s

From different papers exploring the development of cold gas micro-thrusters such
asLaTorre, 2011, Ozden, 2019 and Louwerse, 2009, it is apparent that using micro-
propulsion fabrication methods, throat diameters of 50-500 pm (0.05 - 0.5 mm) are
readily achievable. However, none of these papers explore expansion ratios as low
as the maximum ideal expansion ratio of 1.36. Given this requirement is unique
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among micropropulsion systems, it is therefore unsurprising that the difference in
throat and exit diameter is also neither explored nor referred to. Without doing a
detailed exploration and/or testing of the different fabrication techniques for mi-
cro nozzles, it is difficult to determine a minimal acceptable diameter difference.
It was thus decided to base this decision off a reference cold gas micro nozzle fab-
ricated by Jung and Huh, 2008 which provides the most similar dimensions of any
micro nozzle found in the literature to those required for the inflation nozzle. It
has a throat diameter of 0.298 mm and expansion ratio of 2, yielding a difference
of 118 um between the nozzle throat and exit diameters. As a consequence it was
decided to assume a minimum diameter difference of 100 um for the preliminary
design of the inflation nozzle. The vertical black dashed line in figure 8.14a rep-
resents this requirement. It can clearly be seen from figure 8.14b, that this results
in a maximum acceptable chamber pressure P, given P, is inversely proportional
to throat diameter, for a given expansion ratio. The lower the expansion ratio, the
lower the maximum acceptable chamber pressure. Or said inversely, there is a
maximum acceptable expansion ratio given a certain chamber pressure. This is
very clear demonstrated in figure 8.15, which demonstrates that at higher mass
flow rates, the maximum acceptable chamber pressure is higher due to the throat
diameter being proportional to mass flow rate, see figure 8.9a.

Max. Acceptable Chamber Pressure vs Expansion Ratio
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Figure 8.15: Max P, across mass flow rate range

* Minimum Expansion Ratio: As this expansion ratio range yields low nozzle lengths,
the throat curvature R, shall contribute a significant % of this length. The higher
the value of R, the higher its contribution (see equation 8.45). This in turn places a
constraint on R as its contribution must clearly remain less than the total length
of the nozzle. As such a maximum contribution of 60 % is arbitrarily selected. At
lower expansion ratios, this restriction on length limits the range of R, values, as
seen in figure 8.16a. Indeed it was found that for expansion ratios below 1.084, R,
values equal to or greater than 0.5R; are not feasible. Thus, the minimum expan-
sion ratio € must be greater than 1.084. For simplicity, the minimum acceptable
expansion ratio is updated to 1.1.
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As discussed previously, higher R, values are desirable for maximizing tempera-
ture efficiency and minimizing velocity efficiency. However, as is clear from figure
8.16a, due to the fabrication constraint the maximum value for R, is dependent
on the value of €. This makes its selection straightforward, with the selection of
the most suitable the expansion ratio € now being the main design consideration.
Thus, as seen in figures 8.16b and 8.16¢, the real exit temperature and velocity
values are calculated for € with the maximum R, values as dictated by the length
constraint seen in figure 8.16a. It can be noted that despite the higher efficiencies
available at increasing R,,, expansion ratios with a maximum R,, value of 1.5R;, €
= 1.26 and above, still yield exit temperature and velocity values significantly less
desirable than lower expansion ratios. This indicates that while higher throat cur-
vature is desirable for increasing efficiency, its impact in the selection of the most
suitable nozzle design is relatively limited compared to the expansion ratio.
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Discussion
From this investigation into the optimization of the nozzles performance a number of
statements can be made.

* With respect to the throat diameter, its size, and the resulting Re; value stem from
the mass flow rate and chamber pressure. Both of these parameters shall depend
on further design decisions and so shall not be discussed here.

* With respect to the throat curvature it was found that maximizing the value of R,
was seen as the most appropriate for optimizing nozzle performance as it enables
a higher discharge coefficient and temperature efficiency as well as lower velocity
efficiency.

* With respect to the divergence half angle, it was found that in order to maximize
the temperature efficiency, a low a angle should be used. However, in order to
minimize velocity efficiency a high a angle should be used. Thus, an a angle of
15° was chosen as a compromise.

* With respect to the expansion ratio, it was found that considering a fabrication
constraint on the minimum difference in the nozzle throat and exit diameters of
100 pym the maximum expansion ratio is dependent on the chosen chamber pres-
sure and mass flow rate parameters selected. In addition, considering an addi-
tional fabrication constraint on the contribution of R, to the total nozzle length, a
minimum acceptable expansion ratio was found at 1.1. This also limits the selec-
tion of an appropriate R, value.

The results of this exploration won’t become clear until the chamber pressure and mass
flow rate values are specified. This shall be done with the selection of the most appro-
priate mass flow rate value following the full design of the system (section 8.6). However,
figure 8.17 demonstrates the impact of these considerations on the design of the nozzle
utilizing values determined at different mass flow rates in section 8.6. As can be seen,
higher mass flow rates have a major impact on the throat diameter of the nozzle while
the minimum 100 ym fabrication constraint on the diameters is evident. With respect
to the fabrication constraint on the throat curvature, the effect of different expansion
ratios on its selection is clearly demonstrated. Most notable of all, however, is the low
nozzle lengths relative to the throat diameter which is as a result of the minimization of
the expansion ratio in order to satisfy the velocity requirements.
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Figure 8.17: Variation in Nozzle Design with mass flow rate (see table 8.19)

8.2.4. CONCLUSION

This section explored the design of a micropropulion based inflation nozzle. The design
of such a nozzle is clearly unique relative to conventional propulsion systems due to the
unusual requirements dictated by the inflation system requirements, particularly those
related to gas exit temperature and gas exit velocity. In order to maximize the temper-
ature and minimize the velocity, the expansion ratio must be kept to a minimum. This
low expansion ratio is the leading driver behind the performance of the system and the
other leading nozzle parameters, such as the divergence half angle and throat curvature
R, are considered with respect to it. In optimizing these properties it was desired to
maximize the temperature efficiency and minimize the velocity efficiency. Such an ap-
proach is counter intuitive for conventional propulsion system design and once again
highlights the unique considerations that must be made when adapting cold gas mi-
cropropulsion technology for inflation purposes. As the nozzle design parameters and
performance characteristics are dependent on the selection of chamber pressure and
mass flow rate, they shall not be elaborated on here. Instead they are detailed in section
8.6, where a discussion into the selection of these two variables, informed by the design
of the inflation system, is carried out.
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8.3. INFLATION VALVE

8.3.1. INTRODUCTION

In order to facilitate the desired pulsed inflation mode as discussed in section 7.5.1, an
inflation control valve is required. As is the case for cold gas RCS systems, this control
valve, referred to as the thruster control valve for propulsion applications, is at the heart
of the inflation system as it is used for controlling the inflation process. These valves,
which are normally closed, are opened to allow gas flow into the nozzle thereby gen-
erating thrust, or for this application providing inflation. This opening and closing of
the valve enables the on/off actuation required for pulsed mode operation. The pulse
width and duty cycle of the pulse mode is controlled by the response characteristics of
the valve. A diagram of a cold gas thruster with the nozzle mounted directly onto the
thruster control valve is shown in figure 8.18.

@ 20mm

Nozzle
Seal

Solenoid |
Coil

Figure 8.18: Schematic of a cold gas thruster (Adler et al., 2005)

In this section, a preliminary discussion regarding the selection of an appropriate infla-
tion valve as well as its desired operational performance shall be explored. However a
detailed exploration of the influence of the inflation valve design on the performance of
the system is not carried out due to time constraints. For example, the influence of rise
time and thrust decay are neglected. Instead it shall be assumed that the nozzle reaches
steady state performance conditions instantaneously when the valve opens and goes to
zero instantaneously when the valve closes. This is of course not fully representative of
the real situation but does provide sufficient information to demonstrate the potential
that a micropropulsion based inflation system has for providing controllable inflation.
In keeping with this simplified approach, a complex control logic is not developed re-
garding the pulsed performance and instead a simple logic based on PWM is used to
demonstrate how control logic’s typically used for RCS systems can also be implemented
for inflating precise inflatable structures.
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8.3.2. VALVE SELECTION

In keeping with the desire to utilize cold gas micropropulsion technology, it is desired
that a thruster valve currently being utilized in such systems be selected for this inflation
system.

VALVE TYPES
According to Oh and Ahn, 2006, there are four common actuation principles utilized for
mechanically active cold gas micro-valves. They are:

* Magnetic
¢ Electric
¢ Piezoelectric

¢ Thermal

In addition, there are two options for manufacturing thruster valves either utilizing MEMs
technology, as is discussed by Louwerse, 2009 and Mueller et al., 2001, or conventional
fabrication technology. MEMS devices are attractive for their low power and mass re-
quirements as well as their rapid response times although issues with pressure handling
and leak rate are still being investigated. While these devices are typically utilized for low
thrust applications (<=10mN), many are still at the research stage. For thrust applica-
tions (10mN - 10N) the most commonly utilized thruster valve type is the conventional
miniature solenoid valve (Bzibziak, 2000; Zandbergen, 2013). These valves are utilized
in the majority of available COTS cold gas thruster control valves. As such a miniature
solenoid valve shall be utilized for the inflation valve of the inflation system. A schematic
of such a valve is visualised in figure 8.19.

Open Position

=

=<

Figure 8.19: Schematic of a solenoid thruster valve (Zandbergen, 2018)

SOLENOID THRUSTER VALVE
It is desired that a COTS thruster valve can be utilized for this inflation system, thereby
demonstrating the suitability of current cold gas micropropulsion technology for this
application. Thus, as is done for other feed system components (see section 8.5.3), an
exploration of current cold gas COTS thruster valves shall be carried out.

With respect to commercially available miniature solenoid valves, some of which are
suitable for propulsion applications, there are a range of companies that provide them.
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These include companies such as The Lee Company ', Clippard °, Parker Hannifin *
and more. However, for this project, the investigation shall be limited to COTS cold gas
thruster valves utilized in RCS and/or micropropulsion applications. From a search for
such valves, the cold gas thruster assemblies (thruster valve + nozzle) presented in ta-
ble 8.2 were found, each of which are compatible with nitrogen gas. As many of these
commercial valves are designed to be compatible with different nozzles, it is feasible to
consider that the custom designed inflation nozzle could be mounted onto one of these
COTS cold gas thruster valves. It also must be noted that for the Moog microthrusters,
the mass flow rate is calculated from thrust and specific impulse values using IRT. While
this flow rate is not necessarily indicative of the range of mass flow rates that the valve
is capable of handling and nor does is it indicate the actual flow rate through the valve,
it does give us the mass flow rate at the throat which can be utilized in the nozzle de-
sign. From the COTS valves a number of statements regarding the selection of the most
appropriate thruster valve can be made.

Firstly, bar the bulky VACCO 48003040 all thrusters have mass requirements less than
70 grams. This small mass requirement translates to a similarly small volume require-
ment, with the MOOG 058E142A and MOOG 058-118 clearly possessing the most attrac-
tive volumetric properties. Of the microthrusters presented, three are suitable for oper-
ation at the desired mass flow rate range of 0.1-0.9 g/s. These are the MOOG 058E142A,
MOOG 058E151 and Nammo SVT01. However, given the low MEOP of the Nammo SVT01
valve, it shall not be considered as a viable option. Of the remaining two valves, it can
clearly be seen that the MOOG 058E142A provides significantly more attractive mass and
volume requirements, although it does have a shorter cycle life and higher power re-
quirements than the MOOG 058E151. While the power requirements are not explored in
detail in this thesis, the power requirements of both valves are well within the power bud-
get provided by REQ-BEOC-03 although the lower requirements of the MOOG 058E151
are clearly attractive. The shorter cycle life of the MOOG 058E142A, while well within
the expected requirements of the initial inflation process, could become an issue with
an extended pressure maintenance lifespan. This would place additional constraints on
the control logic required for pressure maintenance, limiting the acceptable frequency
and pulse widths. However as the control logic required for pressure maintenance is not
explored in this thesis, and given the relatively limited maintenance lifespan (see section
8.6), it shall be assumed that the cycle life provided by the MOOG 058E142A is sufficient.
As such, given the desire to minimize the mass and volume requirements of the inflat-
able system, as given by key requirements REQ-BEOC-01 and REQ-BEOC-02, the COTS
MOOG 058E142A solenoid thruster valve shall be utilized for the for dimensioning and
designing of this inflation system.

Ihttps:/ /www.theleeco.com/products/solenoid-valves/

2https:/ /www.clippard.com/products/electronic-valve-mme-3

3https:/ /ph.parker.com/gb/en/solenoid-valves

4https:/ /www.moog.com/content/dam/moog/literature/Space_Defense/spaceliterature/propulsion/moog-
coldgasthrusters-datasheet.pdf

Shttps:/ /www.nammo.com/wp-content/uploads/2021/03/2021-Nammo-Cheltenham-Spacecraft-Cold-Gas-
Thruster-Valve.pdf

Shttps:/ /www.vacco.com/ images/uploads/pdfs/cold_gas_thrusters.pdf

https:/ /marotta.com/products/flow-controls/satellite-propulsion-controls/cold-gas-microthruster/
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8.3.3. PULSING PERFORMANCE

In order to determine the width and frequency of the pulses required to fulfil the require-
ments of both the unfolding and pressurization stages, an inflation control logic for the
operation of the inflation valve must be utilized. As has been noted, pulsed operation is
utilized by RCS thrusters for precise maneuvers. It is therefore unsurprising that these
thrusters also utilize a control logic with the most popular control strategies including
bang-bang, Pulse-Width Modulation (PWM) and Pulse-Width Pulse-Frequency (PWPF)
modulation (Chen et al., 2014; Kindracki et al., 2017; Morrow, 2012; Silik and Yaman,
2019). These methods can be utilized for the development of an inflation control logic
as is clearly demonstrated by Griebel, 2011 and Lester et al., 2000 who use the PWM and
PWPF methods respectively.

CONTROL LOGIC TYPES
Utilizing these methods there are two options for the design of the control logic available
to designers.

e Simple:

— Thefirst option involves establishing these parameters pre-flight via assump-
tions, simulations and experimental measurements carried out in a lab. This
option is simple, reliable and requires no additional components for opera-
tion. However, it does have its drawbacks. As the system has a pre-determined
set of commands, it is unable to adapt to variations in on-orbit conditions
such as variations in tank pressure, gas temperature or unforeseen issues
such as delayed deployment or inaccurate estimates of residual gas (Griebel,
2011). This becomes particularly pressing for pressure maintenance, where
inaccurate estimates of gas leakage would leave the inflation system inca-
pable of accounting for the difference between the actual internal pressure
of the structure and the nominal internal pressure.

* Complex:

— The second option involves the development of a more sophisticated con-
trol logic which utilizes a closed loop system that calculates the required pa-
rameters in real time using information provided by sensors. This option of-
fers a far more precise, controllable and adaptable inflation system that is
also capable of providing accurate pressure maintenance to account for gas
leakages. In addition, it enables the inflation system to accurately account
for variations in thermal environment during both the inflation process and
operation. However, this improved precision and controllability requires a
complex control logic and reliable sensor information.

The additional complexity of the more complex approach was deemed undesirable by
Griebel, 2011 who decided that the simple method was good enough for the inflation of
the Martian Inflatable Hypersonic Drag Balloon. However, given both the surface accu-
racies required of inflatable reflectors as well as the need for precise pressure mainte-
nance, Lester et al., 2000 deems the greater degree of control and precision essential to
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the development of the solar concentrator inflation control system. Therefore, it would
be desirable to develop a complex control logic for this inflation system. However, given
the constraints of this thesis project this was deemed untenable and shall be left for ex-
ploration in future work. Thus a simple method inspired by Griebel, 2011 shall be utilized
to demonstrate the feasibility of using control logic’s typically utilized for RCS systems
for inflation purposes and determine the desired pulse width and frequency that shall
enable the inflation requirements of this project to be fulfilled.

SIMPLE LOGIC DESIGN

The first step in this process is to determine the desired functionality of the control logic.
For this preliminary design, the focus of this simple method shall solely be on the initial
inflation of the structure, with pressure maintenance left for future work. From killer
requirement REQ-ISP-01, it is desired that this initial inflation process take between 10
and 100 seconds. In addition, from the description of the inflation sequence (section 7.5)
this inflation process can be split into two distinct phases; unfolding and pressurization.
In order to further quantify the desired performance parameters, the inflation sequence
detailed by Griebel, 2011 for a comparable spherical structure is utilized as inspiration.
This inflation sequence is seen below.

1. Unfolding Phase:

* Pressure: Complete when 5% of final pressure/mass is reached/expelled.

* Time: Complete in 8-10% of total inflation time.
2. Fast Pressurization Phase:

* Pressure: Complete when 95% of final pressure/mass is reached/expelled.

* Time: Complete in 55-60% of total inflation time.
3. Gradual Pressurization Phase:

e Pressure: Complete when 100% of final pressure/mass is reached/expelled.
e Time: Complete in 30-35% of total inflation time.
Using these parameters, the pulse widths and frequencies required to satisfy the inflation

system requirements can be determined. In addition, as discussed previously, a number
of simplifying assumptions are made. These are as follows:

* No time delay from command signal to valve opening

 Rise time and decay time are neglected. Steady state conditions reached instanta-
neously.

These assumptions reduce the complexity of this preliminary exploration of the pulsed
operation of the inflation system. In future work, these assumptions should be accounted
for. See papers cited above for more detail.
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INFLATION RATE

A python script is written for to determine the desired valve operating parameters that
stem from these inflation phase parameters. Three different pulse widths are calculated
for each of the three phases. Based on the PWM method, the frequency is kept constant
and the pulse widths are varied until the desired parameters are achieved. The mini-
mum pulse width is solely dependent on the thruster valve response time and is found
by a single open/close cycle. From table 8.2 the MOOG 058E142A has the minimum
pulse width of 8 ms. In addition, a minimum frequency of 1 Hz is assumed. Figure 8.20a
highlights the relationship between inflation time and frequency at a mass flow rate of
0.5 g/s. The different slopes represent the three phases of inflation and described by the
parameters above. Unsurprisingly, the higher the frequency the lower the inflation time.
As shown in figure 8.20Db, this is also true for mass flow rate.
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Figure 8.20: Graphing of Inflation Phase vs Time

The pulsed performance at different mass flow rates within the desired range yields a
variation in the required pulse widths and duty cycles. The equation for duty cycle is
given in equation 8.46. The variation in pulse widths required to satisfy the time and
pressure requirements for each phase can be seen for a variety of mass flow rates in table
8.3. The smallest pulse width is set at the minimum pulse width of 8ms and as can be
seen is utilized for the gradual pressurization phase, with the pulse widths for the other
two phases changes in accordance with flow rate.

Table 8.3: Pulse Widths at Various Mass Flow Rates

Mass Flow Rate (g/s) | PW1 (ms) | PW2 (ms) | PW3 (ms)
0.1 28.75 74.75 8
0.5 32.53 73.75 8
0.9 35.25 77.0 8

These different mass flow rates lead to different inflation times and different duty cy-
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cles. Evaluating the impact on these variables at different frequencies yields the results
contained in table 8.4.

Duty Cycle = Luise Width (8.46)
ty Cycle = Period )

Where:

e Period = 1/frequency

Table 8.4: Duty Cycles at various Frequencies and Mass Flow Rates

Frequency (Hz) | DC1 (%) | DC2 (%) | DC3 (%) | Inflation Time (s)
m=0.1g/s - - - -
1 2.825 7.475 0.8 327
2.5 7.06 18.6875 2 130.8
3.5 9.8875 26.1625 2.8 93.43
5 14.125 37.375 4 65.4
10 28.25 74.75 8 32.7
m=0.5gls - - - -
1 3.3 7.925 0.8 62
2.5 8.25 19.8125 2 24.8
3.5 11.375 25.8125 2.8 19.14
5 16.5 39.625 4 12.4
10 33 79.25 8 6.2
m=0.9gl/s - - - -
1 3.55 7.7 0.8 35
2.5 8.8125 19.25 2 14
3.5 12.3375 26.95 2.8 10.0
5 17.625 38.5 4 7.0
10 35.25 77.0 8 3.5

DC = Duty Cycle

As can be seen in table 8.4, lower mass flow rates yield longer inflation times. In fact for
an ideal mass flow rate of 0.1 g/s, at frequencies less than 3.5 Hz the inflation time lies
outside the desired range of 10 - 100 seconds. In order to reduce this inflation time, the
frequency must be increased, which in turn leads to an increase in duty cycle. However,
in order to assume that the tank pressure in the tank drops in an isothermal fashion,
lower duty cycles are desirable (Zandbergen, 2018). Thus a maximum duty cycle must be
specified. In addition, although it is assumed that there is no time delay, which leads to
saturation points (Rekleitis et al., n.d.), it seems prudent to also specify a minimum duty
cycle. Once again Griebel, 2011 is referred to for estimating these values, with a desired
duty cycle range of approximately 2.5-26% being assumed for this simple control logic.
As can be seen from the table, this range is satisfied at around 3.5 Hz for each of the flow
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rates, with DC2 and DC3 being the two defining duty cycles. Clearly, these values don’t
exactly meet the desired duty cycle requirement with the value for DC2 being slightly
greater than desired. However, for this simple control logic it shall be deemed sufficient
and so a frequency of 3.5 Hz shall be assumed.

SELECTING THE OPTIMAL MASS FLOW RATE

As the desired inflation time of 10-100 seconds is selected somewhat arbitrarily, as dis-
cussed in section 7.5.1, it is not entirely clear which mass flow rate offers the best/most
optimal solution. Establishing the most suitable inflation time would require using test-
ing or complex simulations of the inflation process and control logic. However, both of
these solutions are beyond the scope of this thesis project. Instead the results presented
in figure 8.20 and table 8.4 shall be utilized to as the basis for selecting the most appro-
priate mass flow rate.

From examining table 8.4 it can be seen that low mass flow rates require higher op-
erational frequencies, and thus higher duty cycles, to meet inflation times that higher
mass flow rates can achieve at lower frequencies and lower duty cycles. For example, at
0.1 g/s, an operational frequency of 5 Hz is required to facilitate an inflation time of 65.4
s while at 0.5 g/s this can be achieved at 1 Hz and thus lower duty cycles. This capacity
for lower duty cycles is attractive as it reduces the requirements placed on the inflation
valve and allows for greater flexibility with regards the pulse width and inflation time.
This greater flexibility inherently enables the inflation system to provide a greater de-
gree of control over the inflation process. However, it be must noted that this flexibility
is subject to the maximum and minimum duty cycle requirements that are an important
consideration for the real performance of the inflation nozzle. While this doesn’t provide
any significant advantage for the simplified approach taken in this thesis, for the more
complex control logic desired for a real inflation process the potential for increased con-
trollability with higher flow rates would be very beneficial. Thus, while the development
of a complex control logic is left for future work, it is postulated that higher mass flow
rates (within an acceptable duty cycle range) offer greater potential for controllability
than lower mass flow rates.

8.3.4. CONCLUSION

This section provides a preliminary investigation into the suitability of utilizing a cold
gas micropropulsion thruster valve for inflation purposes. While the scope of the in-
vestigation is kept quite simple, it is apparent that operating the inflation system in a
pulsed mode of operation utilizing a rapid response solenoid thruster valve enables a
controllable inflation rate, which can be varied to achieve precise control of the inflation
process. This is demonstrated here by solving for the pulse performance parameters of
frequency, pulse width and duty cycle using a simplified PWM approach. This approach
demonstrates that the inflation system can provide a smooth and controlled unfolding
phase, as dictated by key requirement REQ-ISP-03, followed by a rapid pressurization
stage so as to inflate the structure within the desired inflation time, as dictated by killer
requirement REQ-ISP-01, while also providing a slower and more controlled pressuriza-
tion stage so as to provide a gradual approach to the final operating skin stress of the
structure, thus satisfying key requirement REQ-ISP-04. Moreover, this pulsed mode ap-
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proach provides the flexibility to provide precise pressure maintenance as dictated by
key requirement REQ-ISP-06. All of this functionality can be provided by a miniature
COTS solenoid thruster valve.
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8.4. INFLATANT TANK

8.4.1. INTRODUCTION

The inflatant storage system allows for the storage of the inflation gas until its use for
inflation. The storage system has a major impact on the performance and features of
the inflation system, as can be clearly seen in the inflation system concept generation
process (Chapter 8). In this section, the design of a tank for this cold gas micropropulsion
based inflation system shall be discussed.

8.4.2. STORAGE SYSTEM TYPES
Cold gas micropropulsion systems can generally be categorized into three subcategories;
pressurized gas, heated gas and liquefied gas, as shown in figure 8.21.

Pressurized Heated Gas Liquefied
Gas System System Gas System

W Latch Valve

Plenum

= Regulator

- Solenoid

kA
- Valve

Figure 3. Three possible variations of cold gas propulsion systems.
(a) Pressurized Gas System, (b) Heated Gas System, (c¢) Liquefied
Gas Svstem.

Figure 8.21: Cold Gas Storage System Types (Lev et al., 2014)

PRESSURIZED GAS

Pressurized gas systems are the simplest and most common form of cold gas system.
They store the inflatant in the form of pressurized gas within the propellant tank. As was
outlined in section 7.4, the molecular weight of the inflation gas has a significant bearing
on the size of the tank required for a pressurized gas system. Lower molecular weights
mean lower mass requirements but larger volume requirements. This leaves the designer
with two options when using low molecular weight gases, store the gas at low pressure
and have high storage volume and low tank mass, or store the gas at high pressure and
have low storage volume but high tank mass.

* Low Pressure Storage
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- Storing the inflation gas at low pressure (<10 bar) is typically preferred for
cold gas micropropulsion system. Lower tank pressures yield a lower risk of
failure, reduced leakage, lower mass requirements and a less complex feed
system with no need for pressure regulation. However, this does come at a
cost. Storing the inflation gas at low pressure means that the mass of inflation
gas that can be stored within the limited volume specifications of a CubeSat
inflation system is severely limited. This becomes even more of an issue for
systems requiring make-up gas, severely limiting the lifespan of the inflatable
structure.

* High Pressure Storage

— In order to reduce volume constraints it is highly desirable to store the in-
flation gas at higher pressures. Indeed this is the more common approach
for nitrogen cold gas propulsion systems with numerous small satellite RCS
and main propulsion systems having storage pressures of 100-200 bar (Anis,
2012; Cardin and Acosta, 2000; Harris, 2003; Zaberchik et al., 2019). Indeed,
the RCS system for the sloshsat FLEVO small satellite stores nitrogen at pres-
sures in excess of 470 bar (Adler et al., 2005). The cold gas inflation systems
that have previously been utilized for inflating inflatable space structures
also utilize storage pressures of 100-200 bar (Coffee et al., 1962b; Freeland
and Bilyeu, 1993; Griebel, 2011; Rasse et al., 2014; Wright et al., 2012). Inter-
estingly, a number of systems utilize mini gas cartridges typically used in ter-
restrial applications such as hospitality and medicine. Nakasuka et al., 2009
utilize an N2 cartridge typically used for beer server with an initial storage
pressure of 198 bar, while Chandra et al., 2021 (CATSAT) utilizes 4 x 18ml Ar-
gon/Helium Cartridges developed by a company called picocyl ® . The stor-
age pressure of these cartridges isn’t clear although a minimum pressure of
50 bars is likely. Examining nitrogen mini cartridges commercially available
in Europe, NTG ” supply a cartridge that can supply 18.5 grams of nitrogen
stored at 138 bar.

— However, storing the inflation gas at these pressures leads to a number of is-
sues. Firstly there is increased system mass and complexity due to the need
for pressure regulation, while leakage also becomes more of an issue at higher
operating pressures. In addition, such high pressure tanks on CubeSats may
be at odds with launch and safety constraints as dictated by the launch vehi-
cle provider. This desire to maintain low tank pressures during launch gives
rise to the next storage option.

HEATED GAS

Unlike compressed gas, the heated gas storage system stores the inflatant in a partially
liquid phase enabling a more compact stowage of the inflatant. Once the system is in
space and prior to operation, the entire propellant tank is heated above the inflatants

8https://www.picocyl,com/
http://www.ntg-europe.de/pdf/standardspecifications_en.pdf
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critical temperature enabling the full vaporization of the inflatant. Once this is com-
plete, the system operates in the same way as a pressurized gas system. This system is
inherently more complex than a compressed gas system. For example, the release of pro-
pellant from the tank can lead to a decrease in temperature and pressure which can in
turn lead to re-liquidation of the propellant. Heating and temperature control are thus
essential. These reasons contributed to the drawback of CO2 as an inflation gas (section
7.4).

Given the critical temperature and pressure values of nitrogen gas are 126K and 34
bar respectively, the additional complexity required to maintain the nitrogen inflation
gas below this temperature (i.e. at cryogenic temperatures) is highly undesirable for this
application. The storage of cryogenic inflation gases may be desirable for large space-
craft inflation systems as noted by Roe, 2000 and would enable a greatly reduced volume
requirement. However, as pointed out by Griebel, 2011 “no inflation system has ever
existed that stored inflation gas in this way”.

LIQUEFIED GAS SYSTEM

Like the heated gas system, this system stores the inflatant as a liquid. However, unlike
heated gas the evaporation of the inflatant is not caused by heat but rather by utilizing
expansion chambers. Such a system can be seen in figure 8.22. When the high pressure
liquid enters the expansion chamber, the drop in pressure as it expands enables vapor-
ization. Such a system was utilized for the MEPSI cold gas inflation system that was used
to inflate the AeroCube 3 structure (Hinkley, 2008). As discussed for the heated gas sys-
tem, the storage of nitrogen as a liquid is not considered feasible. Despite this, the use of
expansion chambers is an interesting method of reducing gas pressures before reaching
the thruster which can also be utilized for compressed gas systems as noted by Hinkley,
2008 “This same technology can be used for holding gas or fluid for inflating structures
in space”.

Valve 1

Propellant
Tank
90 cc

2

Figure 8.22: Use of expansion chambers in a liquefied gas system (Arestie et al., 2012)

Indeed, Griebel, 2011 utilizes the method in the design of an inflation system for the
Mars Drag Balloon. The main advantage of the inflation system designed using this
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method is its mechanical simplicity. However, as noted in Lev et al., 2014 the use of
this method is still relatively new and has primarily been utilized in small 3D printed
cold gas micropropulsion systems where low propellant tank pressures make additive
manufacturing suitable. (Arestie et al., 2012; Hinkley, 2008 ).

8.4.3. TANK DESIGN

Given the additional complexity required to store nitrogen as a liquid, such as the need
for cryogenic temperatures and propellant management devices (PMD’s), it is apparent
that the nitrogen gas required for inflation should be stored as a compressed gas. Thus
a pressurized gas storage system shall be utilized for this inflation system. From this
point on the design of an appropriate propellant tank shall be discussed. The tank shall
follow the same design process used for the design of nitrogen pressurant tanks. It thus
contains no additional pressurant gas or propellant management devices and empties
in a blowdown fashion, as discussed in section 8.

TANK SHAPE

The storage tank takes the form of a thin-walled container. The two most common tank
shapes are spherical and cylindrical. The spherical tank is popular as it is the optimum
shape for minimizing mass. The cylindrical tank on the other hand tends to offer bet-
ter use of the available volume in the CubeSat. Indeed, when volume constraints are a
priority conformal tanks offer the best solution. These tanks are volumetrically efficient
as they can be specifically designed in a shape that maximizes the use of the available
volume. Although uncommon in large spacecraft they are seen as a legitimate option for
small satellite propulsion systems (Collicott et al., 2019).

e Spherical:

— The spherical tank is a popular shape as it is seen as the optimum shape
for minimizing mass and maximizing propellant volume capacity. However,
the spherical shape makes it more difficult to integrate into the CubeSat as it
makes an inefficient use of the available volume.

 Cylindrical:

— The cylindrical tank offers a proven and popular solution which provides a
high propellant volume capacity. It makes better use of the available volume
than the spherical tank and is a popular shape among cold gas micropropul-
sion systems as well as inflation systems (Chandra et al., 2021; Coffee et al.,
1962a; Freeland and Bilyeu, 1993; Nakasuka et al., 2009; Wright et al., 2012).
In addition, high pressure nitrogen cartridges found in terrestrial applica-
tions are primarily cylindrical in shape.

¢ Conformal:

- The conformal tank provides the best solution for maximizing volumetric ef-
ficiency within the CubeSat. Indeed it is for this reason that a cuboid shaped
conformal tank is proposed for the LUMIO main propulsion system propel-
lant tank and RCS tank (Nett, 2021). However, while such a tank provides the
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best integration into the satellite, the complexity of a custom shaped tank
with respect to design and testing is perceived as a disadvantage. For exam-
ple, in the case of a cuboid shaped tank, issues with mass, stress concentra-
tions and leakages arise that must be accounted for. These issues shall only
be exacerbated by higher storage pressures.

Given volume is a primary concern for this inflation system, as dictated by key require-
ment REQ-BEOC-01, the volumetrically inefficient spherical tank is clearly undesirable.
On the other hand the volumetrically efficient conformal tank promises the best use of
the available spacecraft volume. However, given the additional design constraints and
issues that must be addressed it was decided that a simpler and proven tank shape is
more suitable. It is for this reason, that the popular cylindrical tank shall be utilized
for the design of the inflatant storage tank. This also yields the possibility of utilizing
high pressure nitrogen cartridges found in terrestrial applications, which are primarily
cylindrical in shape. Further optimization of the inflation system may see the use of a
conformal tank.

8.4.4. TANK MATERIAL

For cold gas propulsion systems there are a number of materials that are commonly used
in propellant storage tanks. These can generally be grouped into two categories; metallic
tanks and composite over-wrapped tanks. Historically metallic tanks have been the most
popular form of propellant storage tank, particularly metals that provide high yield and
specific strengths. Materials such as Aluminum and Titanium alloys provide lightweight,
high strength and durable characteristics that have seen them used extensively.

Table 8.5: Key Material Properties

Material Density | Yield Specific | Young’s Fracture CTE
Strength | Strength | Modulus | Toughness

Units kg/m?3 N/mm?® | N-m/kg | GPa Pa.m??® strain/°C

Aluminium | 2,770 - | 359-530 1.28E5 - | 69-76 2.66E7 - | 2.29E-5

7075T6 2,830 1.89E5 2.68E7 - 2.41E-
5

AISI 302 | 7,810 - | 205-310 | 2.59E4 - | 189-197 | 6E7-7.2E7 1.6E-5 -

Steel, An- | 8,010 3.92E4 2.0E-5

nealed

Ti-6Al-4V, 4,410- 827 - | 1.87E5- 110-117 | 8.2E7 - 1E8 8.7E-6 -

STA 4,450 1,140 2.41E5 9.1E-6

Epoxy/S- 1,840- 1,700- 8.73E5- | 47.6-47.8 | 7.76E7- 1.73E-6

glass fiber | 1,970 1,760 9.42E5 9.49E7 - 3.67E-
6

Ihttps:/ /www.matweb.com/
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Composite overwrapped tanks have become increasingly popular in recent years (Harris,
2003; McLaughlan et al., 2011; Tam and Griffin, 2002; Thunnissen et al., 1995). They are a
combination of composite fibers wrapped over a fluid retention barrier that serves as an
internal liner, which are typically a thin ductile metal such as aluminum. The composite
fibers are typically produced from carbon, Kevlar or glass. These tanks offer a significant
weight advantage at approximately one half of their metallic counterparts (McLaughlan
etal., 2011). In addition, they are typically custom designed for the desired application
to maximize the desired tank properties. However, this in turn means they are more
costly to manufacture and require a more complex design process. In addition, they
have additional failure modes relative to metallic tanks.

For these reasons it was decided for this preliminary design of the inflation system,
a popular metallic material would be utilized. As is proposed by Nett, 2021 for the de-
sign of the LUMIO propulsion system, the popular titanium space alloy Ti-6Al-4V STA
is chosen as the tank material. In addition to its extensive flight heritage, this material
offers an extensive range of attractive properties relative to other popular metals, as can
be seen in the table above. With further optimization it would be highly advantageous
to explore the design of a composite overwrapped propellant tank in future work.

8.4.5. TANK SIZING

INFLATANT TANK CAPACITY

In order to design an inflatant tank for this inflation system, the available tank volume
capacity must be established. Unlike in a conventional propulsion system, where the
sizing for the tank is based off the required propellant mass and maximum allowable
tank pressure, for this investigation the sizing of the tank shall be derived off histori-
cal/statistical data first, followed by the derivation of the inflatant mass and tank pres-
sure. This was done for two reasons.

1. Firstly, it enables the designer to assess the impact of gas losses due to microme-
teroid punctures on the mass requirements of the inflation system. As the main-
tenance life is dependent on the quantity of gas that can be carried, this in turn
demonstrates the feasible operational lifespan of the pressure stabilized structure
given the volume and pressure constraints of the BEOC mission.

2. From this investigation the operational tank pressures required to facilitate both
the inflation and pressure maintenance of the structure over this lifespan can be
established. This is important as it shall have a significant impact on the design of
the feed system (see section 8.5)

An initial investigation was carried out by gathering data from similarly sized micro-
propulsion systems. Due to the limited data available on similarly sized cold gas mi-
cropropulsion systems, other chemical propellant micropropulsion systems are also uti-
lized for this process. The systems gathered are graphed in figure G.1. It contains a graph
of the tank capacity versus the propulsion system size for these reference Cubesat sys-
tems. Given a maximum inflation system volume of 1U, as dictated by REQ-ISI-01, an
initial estimate for the inflatant tank capacity of about 0.4U was gauged from this graph.
As seen in figure 8.23, using a cylindrical tank configuration such a tank size leaves very
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little space for the remaining components of the inflation system. Given the bulky na-
ture of some of the COTS inflation system components, as discussed in section 8.5, this
is highly undesirable.

|
0.4U Capacity 0.25U [apa(wy‘ 0.25U Capacity

100

90

Figure 8.23: 3D Graphic of 0.4U vs 0.25U Inflatant Tanks within 3U Volume

In addition, due to the uncertainty regarding the size of the ejection mechanism, re-
ducing the radius of the tank and increasing its length shall not be considered for this
preliminary design. Thus, as a conformal tank configuration shall not be explored in this
thesis, a lower inflatant volume capacity should be considered. Of the systems explored
in the initial investigation, it can be seen that the LUMIO RCS system proposed by Nett,
2021, with a system size of 1U, has a smaller tank capacity then indicated by the trend
line. This system has a tank capacity of 0.267U, which is 1.5 times smaller than the 0.4U
tank, and given it is sized specifically for LUMIO may present a more appropriate initial
estimate for this preliminary design. Rounding for simplicity, a tank with a capacity of
0.25U can be seen in figure 8.23, where the increased volume available for other inflation
components is apparent. Furthermore, it can also be seen that utilizing multiple smaller
tanks, as is done for Catsat (Chandra et al., 2021), can further increase the volumetric
efficiency of the system. Seeing as the system must be able to house a pressure regulator
and multiple latch valves, as discussed in section 8.5, this would be beneficial. However,
this shall be left further exploration and a single tank shall be utilized.

The major knock on effect of a smaller tank capacity is its impact on the required
storage pressure. While the LUMIO mission dictates a maximum storage pressure of 50
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bar (Cervone et al., 2021), thesis supervisor Dr Angelo Cervone, who is involved with the
LUMIO mission, pointed out that it may be feasible to relax this constraint to a maximum
storage pressure of 200-250 bar. This is due to the LUMIO maximum storage effectively
being selected based on similar CubeSat missions, with a higher pressure feasible as long
as it does not compromise the structure or its operation. Thus, the reduction in tank
volume can certainly be accounted for with an increase in pressure, as shall be discussed
in the following pages.

TANK SIZE

In order to calculate the mass and external volume of the inflatant tank, the wall thick-
ness must be found. The inflatant tank consists of a cylindrical section and two domed
caps. For simplicity, it shall be assumed that these caps are hemi-spherical in shape. The
internal volume of the inflatant tank can thus be calculated using equation 8.47, while
the total external volume can be calculated using equation 8.48.

4
— 3 2 .
Utankinlernal - § T rmnk tn- rtank ’ lcylmder (847)
v —L—l-n.(r +t 2+ 7 (Frank + teyD)? - Leyii (8.48)
tankgyternal — 3 tank sphcap tank cyl cylinder .
liank = lcylinder +2-(Frank + tcapsph) (8.49)

where:
e p=Volume (U= mm?3/1E6)

¢ r =Radius (mm)

l = Length (mm)
* cyl = Cylinder
* sphcap = Spherical cap

As aradius for the tank has been determined, see figure 8.23, these thickness values, f, v
(cylindrical section) and Espheap (spherical caps), can be calculated. As is determined by
Nett, 2021, the ultimate stress is more appropriate for dimensioning this than the yield
stress. Using the equations established by Nett, 2021 as well as the relevent safety factors,
the wall thickness values can thus be calculated as follows:

p T
tcyl — mnl(cj tank % ]bu]u (8.50)

u

Piank - Trank . .
fspheap = ’“Z.J“" * Jou Ju (8.51)
u

where:

e t=thickness (m)




186 8. INFLATION SYSTEM DESIGN

e g, = Ultimate Stress (1100 MPa)
° jpu = Burst Safety Factor = 2.5
* j, = Ultimate Load Factor = 1.25

Evidently, the thickness is dependent on the tank storage pressure which shall now be
discussed.

8.4.6. STORAGE PRESSURE

As has been discussed at the start of this chapter, there are two design options for pres-
surized gas systems based on the storage pressure; low pressure storage (<10bar) or high
pressure storage (>10bar). In order to select the appropriate storage pressure, the mass
of inflatant gas that can be stored at different pressures must be quantified. This can be
done using the following equation:

(8.52)
where:
* M = Gas mass (Kg, convert to grams)

The total mass of inflation gas required shall consist of the gas required for the initial
inflation, the make up gas required for pressure maintenance, the gas required to main-
tain the final tank pressure above that of the regulator inlet and then the gas required to
account for leakages. This is demonstrated in equation 8.53.

Mgas = Minflation + Mmakeup + MUllage + MLeakage (8.53)

A description of each of these contributing factors is as follows:

® Minflation
~ Minf1ation is the mass of gas required to inflate the structure to its desired
skin stress level. This is found to be 1.63 grams.

makeup

— The mass of gas carried onboard for pressure maintenance of the structure is
given by My, akeup- It's value is determined by the hole growth rate of the in-
flatable structure stemming from the local micrometeroid flux, as discussed
in section 6.6. The mass of makeup gas required to sustain the desired pres-
sure levels increases exponentially with time. This mass can be calculated for
this structure as a function of time using equation 7.2. As has been alluded
to Mypakeup is the deciding factor in determining the operational lifespan of
the pressure stabilized structure.

* Myiiage
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~ Muyiiage is dependent on the residual pressure requirements of the tank, i.e.
the final tank pressure, which is dependent on the minimum regulator inlet
pressure as discussed in section 8.5.4.

* Mpeakage

— The mass of gas required for leakage, M;qrage, Must also be considered.
This is TBD but for this preliminary design a conservative margin of 25% shall
be assumed to account for gas leakages in the system.

Using this equation, it can be found that for the minimum mass flow rate of 0.1 g/s,
the relatively low molecular weight of nitrogen gas requires that a storage pressure of 21
bar is required just for initial inflation. This clearly exceeds the threshold for low pres-
sure storage. Thus high pressure gas storage is a necessity. Figure 8.24a, shows the total
mass of gas required for a range of pressure maintenance time-frames against the stor-
age pressures (equation 8.54) necessary to meet the volume constraint of 0.25U.
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Figure 8.24: Size of Tank with Storage Pressure. Static Parameters: m = 0.5 g/s, Myjjqge = 8.63 grams (see
section 8.6)
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Mgss R-T
Piank = g‘[;s . (8.54)
tan

As can be seen in figure 8.24a, the gas required for initial inflation at 0.5 g/s, clearly
marked by the dashed orange line, is 45 bar, just under the 50 bar LUMIO maximum
storage pressure requirement. Across the mass flow rate range this pressure varies from
21 bar at 0.1 g/s to 69 bar at 0.9 g/s due to the increasing ullage gas requirements (see
section 8.6). This indicates that for an inflatant tank capacity of 0.25U, the LUMIO max-
imum storage pressure of 50 bar is either not capable of providing sufficient storage for
the inflation gas or can only provide limited pressure maintenance. Thus, as has been
noted previously, for this thesis this LUMIO pressure requirement shall be relaxed, en-
abling maximum storage pressures of 200-250 bar. However, as can be seen in figure
8.24a, even at these higher storage pressures, the system can only carry enough makeup
gas for about 35 days of pressure maintenance. This is well below the 393 days desired
by requirement REQ-BEOC-04-02. Indeed, the 3.92 Kg’s of inflatant gas that would be
necessary to meet such a mission duration exceeds the total mass budget for the inflat-
able system (REQ-BEOC-02). This clearly demonstrates the limitations of pressure sta-
bilized inflatable optical reflectors and further emphasises the need for advancements
in rigidization technology as noted in section 6. Without such advancements, long du-
ration CubeSat inflatable reflectors cannot become a realistic option for BEOC missions.

Given that along term mission is out of the question, a reduced mission lifetime must
be considered. Based on the MEOP of the upstream high pressure latch valve MV602L
(see section 8.5.3), the maximum tank pressure shall be taken as 200 bar. This limits the
mission duration under the current design parameters to about a month. It should also
be noted that while not accounted for in this thesis, thermal variations in the operating
environment shall also require makeup gas, thus further constraining this mission life-
time. However, it is conceivable that with further design iterations it may be possible
to extend this lifespan. This could be done by either increasing the tank capacity or re-
ducing the mass of make up gas. A list of possible ways that this could be done is given
below.

* The tank capacity could possibly be increased if:

— A conformal tank is utilized.
— Multiple smaller tanks are utilized.

— The inflation system components can be stored in a volumetrically efficient
manner.

— The designed ejection mechanism has minimal volume requirements, thus
reducing the volume constraints on the tank.

— The mass of ullage gas Myjj4g, is minimized.

— The mass of gas required for leakage Meqkqage is minimized.
¢ The quantity of make up gas My, 4keup required could possibly be reduced if:

— Further detailed analysis of the lunar micrometeroid environment yields a
lower growth rate.
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— A smaller diameter structure is utilized.
— Alower stabilization pressure is utilized.

However, irrespective of these possible solutions it is apparent that the lifespan of a pres-
sure stabilized BEOC reflector shall invariably be limited. This is presents a clear issue for
long duration BEOC missions and indicates that utilizing a pressure stabilized structure
for such a purpose is likely unfeasible, particularly given the current uncertainty regard-
ing the micrometeroid environments across the solar system. Therefore, without further
advancements in rigidization technology, inflatable reflectors shall likely be limited to
short duration missions. This does not satisfy the desire to facilitate long term BEOC re-
flector applications but it does open the door for alternative mission parameters where
shorter operational parameters such as month long missions are desirable.

8.4.7. CONCLUSION

In this section, the design of the storage tank for the inflation system has been explored.
With respect to how the inflation gas shall be stored, given the additional complexity
required to store nitrogen gas as a liquid, the most appropriate way to store the inflation
gas is as a compressed gas. Given the molecular weight of nitrogen this requires a high
pressure storage tank. A cylindrical tank was chosen as it provides a simple and proven
tank shape. However, it may be desirable to increase the volumetric efficiency of the
tank, either by utilizing a custom conformal tank or by splitting the cylindrical tank into
anumber of smaller tanks. Each of these approaches has benefits and drawbacks which
should be explored with further optimization of the inflation system. With regards to
optimization, it would be desirable to explore the design of a compressed overwrapped
tank. However, for this preliminary design the popular titanium space alloy Ti-6A1-4V
STA was deemed the most appropriate.

Table 8.6: Tank Parameters

Component Value
Internal Volume (U) 0.25
Rianik (mm) 33.02
Leytinder (Mm) 28.96
Icyr (mm) 1.76
Isphcap (MmM) 0.88
L;ani (mm) 96.76 mm
Initial Tank Pressure (bar) | 200
Tank Mass (dry) (grams) 103.18
Wet Mass (grams) 58.42
Total Tank mass (grams) 161.6

With regards to sizing of the tank, while an initial investigation indicated that a 1U infla-
tion system may be able to contain a tank with a capacity of 0.4U, the use of a cylindrical
tank configuration meant facilitating the volume requirements of the remaining infla-
tion components was infeasible. As such, a reduced tank size of 0.25U is considered.
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This leads to an increase in the required storage pressure. However, regardless of the
stored pressure it is apparent that it is unfeasible to provide a mission lifetime of 393
days, as this would require a wet mass greater than the total mass budget of the inflat-
able system. A storage pressure of 200 bar was thus chosen, facilitating a month long
mission lifetime. The tank parameters are summarized in table 8.6. While a variety of
possible solutions have been proposed to increase this lifetime, the the limitations of
pressure stabilized inflatable optical reflectors are evident. Without further advance-
ments in rigidization technology these structures cannot provide a competitive option
for long duration BOEC missions.
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8.5. FEED SYSTEM

8.5.1. INTRODUCTION

The feed system of the cold gas inflation system ensures the transport of the nitrogen
inflation gas from the inflatant tank to the inflation valve and nozzle. It consists of a
number of different components that enable the transportation of the gas with the de-
sired flow and pressure rate. These components usually include a pipe system to deliver
the propellant and valves to control the supply. These components together are known
as the feed system. The design of the feed system for this inflation system shall be dis-
cussed in this section.

8.5.2. FEED SYSTEM TYPES

As has been discussed in section 8, the inflation system shall be based on a cold gas reg-
ulated blow down system. There are a number of different variations on the feed system
that can be utilized to implement such a design. This discussion shall be limited to the
two main system types, one based on the use of a mechanical pressure regulator and
one based on the use of expansion chambers. Although these feed systems shall be dis-
cussed as discrete types, it should be noted that feed systems that utilize both pressure
regulators and expansion chambers/plenums are possible. However, this combination
is primarily associated with liquid propellant systems.

MECHANICAL PRESSURE REGULATOR

The conventional method for providing a regulated blow down system is through the use
of a mechanical pressure regulator. A basic schematic of such a system is seen in figure
8.25 below.

Propellant High Pressure

Tank Section
Filter
High Pressure Fill and
T low pressure,
Transducer Vent Valve ool v mid
Latch Wi‘:ry
Valve
High Pressure
Regulator
Low Pressure
Regulator
Low Pressure
Transducer
Solenoid Low Pressure Legend Total Mass of Set-up: 0.172 kg
K Hi
sV, mX F
Nex Nex O @ W O

Nozzle slenoidvalve  manualvalve  filter  preswe  oribce tank regulator

(a) Cold Gas Regulated Propulsion System Schematic (Zaber-(b) Cold Gas Regulated Inflation System Schematic (Thunnis-
chik et al., 2019) sen et al., 1995)

Figure 8.25: Mechanical Pressure Regulated Systems

As has been discussed in the concept generation section, the use of a mechanical pres-
sure regulator for pressure control is widely found across cold gas propulsion systems as
it gives two significant advantages over a straight blowdown system. Firstly, it enables
the propellant to be stored at far higher pressures than the operational chamber pres-
sure, allowing a greater quantity of propellant to be stored. Secondly, unlike blow down
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systems where the chamber pressure drops with the tank pressure, the chamber pres-
sure in a regulated system remains constant as long as the tank pressure remains above
the regulator pressure. This is advantageous as it allows the thruster (the control valve
and nozzle) to operate at a constant mass flow rate, thus generating a constant thrust
level for propulsion systems or, in the case of inflation, a constant inflation rate. Unsur-
prisingly this is highly attractive from a performance standpoint and as is mentioned in
section 8 enables a greater degree of inflation control. This method is commonly found
among inflation systems that utilize converted cold gas propulsion technology such as
IAE, where the storage pressure of 210 bar is reduced down to 4.14 bar (Freeland and Bi-
lyeu, 1993). Lester et al., 2000, Thunnissen et al., 1995 and Wright et al., 2012 also utilize
this method to provide controlled cold gas inflation systems.

EXPANSION CHAMBER

As was mentioned in section 8.4.2, liquefied cold gas systems usually utilize a number
of expansion chambers, wherein the liquefied propellant vaporizes. This process can be
utilized as an alternative option to a mechanical pressure regulator, with the desired in-
flatant pressure obtained by optimizing the volume and number of the expansion cham-
bers.

Filling { Venting
plug

Valve EIA

anual Fill | Vent
Valve

Valve A/B ection
Main Tank Valve 3

Pressure Tank

Figure 8.26: Expansion Chamber based Inflation System (Griebel, 2011)

These systems are less commonly utilized for compressed gas systems but can be used
to reduce the pressure of the gas as it expands within the expansion chamber. They oper-
ate by feeding the propellant into the expansion chambers until a certain gas pressure is
reached, at which point the propellant inlet valve is closed. Once this is done, the outlet
valve is opened allowing the propellant at the reduced pressure to flow into either an-
other expansion chamber for further pressure reduction or to the inflation control valve.
As the inflatant in the chamber is depleted, the pressure shall drop accordingly. When
the pressure reaches a certain value, the inlet valve is opened again refilling the chamber.
In this fashion a controllable system can be developed and utilized to provide inflation
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and pressure maintenance to an inflatable space structure. Assuming no pressure regu-
lator is used further downstream of the expansion volumes, this leads to non-constant
flow rate similar to a straight blow down system.

Unfortunately, the literature on these systems, particularly for compressed gas appli-
cations is quite limited although as is discussed in section 8, the use of a chamber/plenum
does provide the basis for the design of the high performing CGG refill design candidate.
Given the non-constant flow rate this system does not possess the same inflation con-
trol characteristics that gives the regulated blow down candidate its edge in the inflation
system design candidate trade off process. However, it is conceivable that the impact
of such an issue can be reduced by introducing the inflation control valve before the
expansion chambers, as is done in the system proposed for the inflation system of the
Mars Inflatable Hypersonic Drag Balloon (Griebel, 2011). The designers of this inflatable
spherical structure developed a unique compressed gas inflation system that utilizes a
series of expansion chambers as seen in figure 8.26. Unfortunately, the available litera-
ture on the design of this system is limited and as such, its performance and design are
not as well understood as that of a mechanical regulated system.

FEED SYSTEM SELECTION

In order to assess the suitability of these systems with respect to the system require-
ments, a graphical trade off table is utilized. This can be seen in table 8.7. For more
information on the color scheme see appendix D.

Volume

Inflation
Control

Concept
Maturity

Complexity | Mass

Pressure
Regulator

Expansion
Chamber

Table 8.7: Feed System Graphical Trade Off

It is apparent from this discussion, that of these two types of feed system, the pressure
regulator system is preferable to that of the expansion chamber system. Not only does
it reflect the desirable inflation control properties indicative of the regulated blow down
concept initially discussed in section 8, its far greater concept maturity as an inflation
system sees it as the significantly more attractive feed system type. Moreover, given the
perceived similar mass, volume and complexity requirements a system that utilizes both
a pressure regulator and an expansion chamber provides no advantage to the inflation
system required for this project. However, the use of a chamber in conjunction with a
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pressure regulator may prove beneficial for structures that have more than one inflat-
able chamber. This can be seen in the design of the inflation system for a hypersonic
inflatable aerodynamic decelerator (HIAD) as explored by Wright et al., 2012. In sum-
mary, the use of a mechanical pressure regulator provides the most appropriate feed
system for the design of this inflation system.

8.5.3. FEED SYSTEM LAYOUT

The layout of the pressure regulated feed system shall be described in this section. A
schematic of the desired layout shall be presented along with an investigation into the
relevant components.

SCHEMATIC

The schematic presented in figure 8.27 follows a typical design for a cold gas propul-
sion system that utilizes a mechanical pressure regulator. A fill/drain valve is included
although it is feasible that if a compressed nitrogen cylinder is used this may be unnec-
essary.

Filter
Fill/'Vent
Valve

|

High Pressure Relief Valve ——> Low Pressure
Latch Valve Latch Valve Thruster Valve  Nozzle

DI =

T Vent Valve ——>
Regulator

From the tank, the gas shall flow through a filter which is vital for filtering out impuri-
ties or particulates in the flow ensuring that neither the feed system nor the inflatable
structure is damaged as desired by killer requirement REQ-ISI-04. Following the filter a
normally closed high pressure isolation latch valve is included to isolate the tank from
the rest of the system during non-operational periods. When in the open position, the
gas flows through the isolation valve to the mechanical pressure regulator, which reduces
the pressure level coming from the tank and maintains a desired constant pressure level
downstream of it. After the regulator, a pressure relief valve is included for safety and
redundancy reasons. Downstream is a normally open low pressure isolation latch valve.
This is vital for enabling vent requirements REQ-ISP-02 (ascent venting) and REQ-ISP-
05 as it isolates the rest of the inflation system from the thruster and the vent valve. The
normally closed vent valve is included after this isolation valve. Finally, this is followed
by the normally closed thruster valve and nozzle. This thruster valve is operated in pulse
mode to provide controlled inflation to the structure.

During launch, both isolation valves are closed. The high pressure valve isolates the
tank from the rest of the system while the low pressure valve isolates the system from
the vent valve and nozzle. The normally closed vent valve is energized to open the valve

GN2 Tank

Figure 8.27: Feed System Layout Schematic
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while the thruster valve is also energized. In this fashion, ascent venting of the pack-
aged inflatable structure can be implemented satisfying REQ-ISP-02. A similar process
is utilized for venting the structure down to predetermined pressure post pressurization,
satisfying REQ-ISP-05, while it can also be utilized in the case of over-pressurization of
the structure. It should be noted that no sensors are included in the schematic, although
they shall be required to monitor the upstream and downstream pressures and temper-
atures of the pressure regulator, the flow rate entering the inflatable structure as well as
the pressure levels in the structure itself. The information provided by theses sensors
shall be utilized by the complex control logic to implement the desired inflation scheme
as described in section 8.3.

COMPONENTS
From the schematic above based on a typical cold gas feed system, the following list of
components are required for the preliminary design of this inflation system.

¢ Inflatant Tank
¢ Feed Lines

- High Pressure
— Low Pressure

— Fittings/Joints
e Filter
* Valves

Fill/Vent Valve

— Isolation-Latch Valves

o High Pressure
o Low Pressure

— Regulator Valve
— Relief Valve
— Start/Stop Thruster (Inflation) Valve

¢ Nozzle
* TBD
— Sensors

- Non-propulsive venting nozzle

Ideally, it would be desired that all of these components are COTS so as to reduce the
cost and time for development of such an inflation system. In addition, this would indi-
cate the need for minimal design adjustments to current micropropulsion technology in
order to facilitate the design of a feed system for inflation applications. Unsurprisingly,
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this is highly desirable. Thus, the design of the feed system shall investigate the use of
COTS components and their suitability for the desired inflation system characteristics.
For this investigation, an exploration of a selection of the main components shall be car-
ried out. With the tank and inflation valve are dealt with in their own respective sections
of this thesis, section 8.4 and section 8.3, these main components shall include the feed
lines, fill/vent valve, filter, latch valves and the regulator. The selection of the sensors
and a non-propulsive venting nozzle are TBD and shall be left for future work. It should
be noted that as most components provide flow details in various different volumetric
standards, all are converted to standard liter per minute (SLPM) for ease of comparison.
The desired mass flow rate range (0.1 - 0.9 g/s) for Nitrogen gas expressed in SLPM is
about 5-45 SLPM.

Feed Lines

It is assumed that the same diameter tubing is utilized through the system. Given the
flow rates a tubing diameter of 4 mm was deemed suitable with the gas velocity through
the tubing remaining well below the maximum flow velocity as given by equation 8.55
(Zandbergen, 2018):

V=175-(1/p)*% (8.55)

For the high pressure stage upstream of the regulator stainless steel tubing shall be uti-
lized. Swagelok provides a range of stainless steel tubing. The SS-T6M-S-1,0M-6ME with
an outer pipe diameter of 6mm and wall thickness of Imm, provides working pressures
up to 420 bar and a weight factor of 0.125 kg/m '°. For the low pressure stage flexible tub-
ing can be utilized. This enables more flexibility in routing the tube up to through the
ejection mechanism to the inflatable structure. PFA tubing was chosen for this appli-
cation. As Swaglok does not appear to provide weight factors for PFA tubing, the 3/16"
PFA tubing provided by Parker '' shall be utilized. It has an internal diameter of 1/8"
(3.175mm), a working pressure of 22 bar and a weight of 0.021 kg/m. A summary of
these piping characteristics is contained in figure G.1.

Type Internal MEOP [bar] | Weight Factor [kg/m]
Diameter [mm]

High Pressure | 4 420 0.125

Tubing

Low Pressure | 3.175 22 0.021

Tubing

Table 8.8: Feed Lines

10https://www.swagelok.com/downloads/webcatalogs/en/ms-01-181.pdf
Uhttp://www.texloc.com/tube_HP_pfa_table.html
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Fill/Vent Valve
For the filling and venting of the inflatant tank, a Fill/Vent Valve (FVV) can be utilized.
Table 8.9 provides a list COTS FVV’s.

Parameter Omnidea FVV | Nammo FVV | VACCO FVV
Dimensions (mm) 76 X Pp25* 78.5 x p22* 107.5x $p30*
Mass (grams) 91 50 113
Operating Pressure (bar) 350 328 275

Leak rate internal (scc/s (GHe)) | <1x107° «1x1074 <1x107°
Leak rate external (scc/s (GHe)) | <1x107° <1x107° <1x107°
Port diameter 6.35mm 6.35mm 6.35mm
Filter Mesh Size (um) 2 - -

Reference Webpage '° Webpage ' | Webpage'”

* = Dimensions given relate to attachments as such estimate of bodies diameter are made

Table 8.9: COTS Fill/Vent Valves

This component is not as integral to the performance of the system although maximizing
its mass and volume requirements is important. From the 3D models presented in figure
H.2, itis apparent that the VACCO FVV in particular is excessively large and while smaller
the similarly sized Omnidea and Nammo options are still relatively bulky. However, it
must be noted that the actual body dimensions for each of the valves are unclear and
so estimates are made based on the provided drawings. It should also be noted that
in figure H.2, the interfaces/ end connections of the Nammo FVV are considered not
integral to its performance and are thus reduced in length. Despite this, it is apparent
that all components are undesirably bulky. Clearly a smaller more compact FVV would
be more desirable and unless a more suitable COTS can be found it is likely that there
is a need for a custom sized component or the use of a custom built nitrogen cartridge
could be explored. However, for this preliminary design the Nammo FVV shall be used
for sizing due to it having the lowest mass and, based off the estimate, the most compact.

Filter

As has been mentioned, the filter is required to remove any impurities or particulates
from the gas flow. Table 8.10 contains COTS high-pressure inline filters that were found.
The first step in exploring the suitability of these COTS filter is to evaluate their size rel-
ative the volume constraints of the system. This is done by examining the 3D models
presented in figure H.1 presented in the appendices. It is apparent that the Omnidea
(due to both its size and shape), VACCO F1D10636-01 and VACCO F1D10286-02 filters
are all clearly unsuitable for this system. Thus, the VACCO F1D10588-01 is the only one
of the COTS filters presented that is a feasible option. This is further emphasized by the
fact that is the only filter suited for the desired flow rates, although as discussed in section

12http:/ /www.omnidea-rtg.de/site/images/stories/Downloads/Omnidea-RTG_Catalogue_Feb2016.pdf
13https:/ /www.nammo.com/product/fdv-fvv/
14 https:/ /www.vacco.com/images/uploads/pdfs/V1E10648-01Rev.pdf
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8.5.4, it experiences large undesirable pressure losses with increasing flow rates. How-
ever, as it is the only feasible COTS option it shall be used for the design and preliminary
sizing of the inflation system.

Parameter Omnidea Fil- | VACCO VACCO VACCO
ter F1D10636- F1D10588- F1D10286-
01 01 02
Dimensions 50x30x30 88x¢28.50D | 42x¢14 OD 53x¢28.50D
(mm)
Mass (grams) 76 250 24 113
MEOP (bar) 350 330 300 290
AP vs Flow rate 1 bar @ |13 bar @ | 0.05 bar @ | 0.02 bar @
5417.5 SLPM 6462.4 SLPM 5.798 SLPM 0.36 SLPM
Flow Coefficient | 0.704 0.76 0.0051 0.025
Leak rate (scc/s | 0 <1x107° <1x1078 -
(GHe))
Filter Mesh Size | 2 10 40 2
(um)
Port diameter | 6.35 6.35 6.35 6.35
(mm)
Reference Webpage Webpage” Webpage” Webpage”

Table 8.10: COTS Filter

High Pressure Latch Valve
The high pressure latch valve is required to isolate the tank from the rest of the system
during non-operational periods. It is normally closed. For this isolation valve it is desired
to use a solenoid latch valve so that the power requirements when in the open position
can be reduced. High pressure COTS isolation latch valves that were found are contained
in the following table 8.11.

Relative to the filter COTS components, the presented high pressure latch valves, ex-
cept for the VACCO V8E10580-01, in table 8.11 provide flow rates in the desired flow rate
range. As shown in section 8.5.4, they are particularly well suited for flow rates that tend
towards 0.1 g/s. With respect to the size of the components, figure H.3 clearly indicates
that the VACCO V8E10580-01’s large size is unsuitable for the given volume constraints.
Although the size of the two MOOG valves is unclear, the high mass of the MOOG 51E207
indicates it is likely similar in size to the VACCO V8E10580-01’s while an estimate regard-
ing the MOOG 051-212B, based on a similar sized MOOG cold gas thruster valve (The

D https:/ /www.vacco.com/images/uploads/pdfs/VACCO_Filtration_Catalogl01117FINALwithbookmarks.pdf

18https:/ /www.moog.com/content/dam/moog/literature/ Space_Defense/spaceliterature/propulsion/moog-
electric-propulsion-isolation-valve-datasheet.pdf

"https:/ /www.vacco.com/ images/uploads/pdfs/latch_valves_high_pressure.pdf

18https:/ /marotta.com/wp-content/uploads/2020/09/MV602L.pdf
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Parameter MOOG MOOG 51E207 | VACCO Marotta
051-212B V8E10580-01 MV602L*

Dimensions - - 79 x¢34 OD 24 x¢$8.5 OD

(mm)

Mass (grams) 170 <230 160 100

MEOP (bar) 186 310 208 200

APvsFlowrate | 1 bar at 20 | <0.69 bar at | 0.5 bar at 141.5 | 12.3 bar at
SLPM (69 | 42.1 SLPM (124 | SLPM (208 bar) | 47.57 SLPM

bar) bar) (GHe) (100 bar)
Flow Coeffi- | 0.00589 0.01108 0.0121 ESEOD 0.014"
cient C;=0.6

Leak rate in- | <8x107% <1x107%(GN2) | <8x107% (GN2) <1x1074
ternal (scc/s

(GHe))

Leak rate ex- | <1x107° <1x107° <1x107° <1x107°
ternal  (scc/s

(GHe))

Response time | <50 <50 15 30

(ms)

Cycle Life > 18,000 > 600 > 20,000 -

Port diameter 3.175mm - 6.35mm 6.35mm
Filter Mesh | 5 - 40 -

Size (um)

Reference Webpage'® | (Bzibziak, 2000) | Webpage " Webpage '

* = The interfaces/ end connections are not considered integral to its performance and are thus not accounted

for in the dimensions provided.

Table 8.11: COTS HP Isolation Valves

MOOG 58E163A '), does indicate it may provide a more attractive size than the VACCO
V8E10580-01. Despite this promise, it is evident that the Marotta MV602L provides not
only the most attractive size but also the the most attractive mass properties of the COTS
valves presented. One drawback of note, as discussed in section 8.5.4, is that both it and
the MOOG 051-212B experience a significant increase in losses with increasing flow rate
relative to the VACCO V8E10580-01 and MOOG 51E207. While undesirable, the Marotta
MV602L is still clearly the best suited of the COTS HP Latch valves. However, it should
be acknowledged that an optimal solution would provide reduced pressure losses, likely
necessitating a custom built component.

Low Pressure Latch Valve
The low pressure latch valve is required to isolate the venting system from the rest of the

9https:/ /www.moog.com/content/dam/moog/literature/Space_Defense/spaceliterature/propulsion/moog-
coldgasthrusters-datasheet.pdf
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system during venting periods. It is normally open. For this isolation valve it is desired
to use a solenoid latch valve so that the power requirements when in the open position
can be reduced. Low pressure COTS isolation latch valves that were found are contained
in the following table 8.12.

Parameter V1E10728-01 Nammo LP Marotta
SPV187*

Dimensions 79 x¢34 OD 21 x¢16 OD 20 x¢17 OD

(mm)

Mass (grams) 168 35 45

MEOP (bar) 28.5 20 10 (Nominal)

AP vs Flow rate 0.2 bar at 8.05 | <0.05mbar at | 0.12 bar at 23.76

SLPM 0.054 SLPM SLPM

Flow Coefficient | 0.047 0.009 ESEOD 0.067"
Cs=0.6

Leak rate inter- | <3x107* <1x107* <1x107*

nal (scc/s (GHe))

Leak rate exter- | <1x107° <1x107° <1x107°

nal (scc/s (GHe))

Response time | 15 - 100

(ms)

Cycle Life 1,000 - -

Port diameter 6.35mm 6.35mm 3.175mm

Filter Mesh Size | 40 25 -

(pm)

Reference Webpage " Webpage”' Webpage™

* = The interfaces/ end connections are not considered integral to its performance and are thus not accounted
for in the dimensions provided.

Table 8.12: COTS Low Pressure Valve

Despite attractive volume and mass properties, the low flow rate Nammo LP is unsuit-
able for the desired inflation flow rates due to the pressure losses it experiences as noted
in section 8.5.4. However, it may be suitable for the venting process where the reduction
in pressure is less critical and can take a number of hours. Further research into this
process is required, but is not explored here due to the limited timeframe of the project.
Thus, while not considered for the low pressure latch valve, it shall be utilized for the
preliminary sizing of the venting valve.

With respect to the low pressure latch valve, of the two remaining valves, the Marotta
SPV187 provides significantly more attractive mass and volume properties (see figure
H.4) as well as pressure loss characteristics (section 8.5.4). It is apparent that is the most

20https:/ /www.vacco.com/images/uploads/pdfs/latch_valves_low_pressure.pdf
21 https://www.nammo.com/product/low-pressure-inline-fcv/
22nttps:/ /marotta.com/wp-content/uploads/2020/09/SPV187.pdf
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suitable of the three COTS LP valves presented here and shall be used for the preliminary
design of the system. In addition, it is the only one of the components discussed so far
that may not require a custom component to provide optimal performance.

Regulator Valve

Regulator valves are inherently bulky components and shall contribute significantly to
the overall volume and mass of the inflation system. Table 8.13 provides details on the
available COTS regulators found.

Parameter Cobham Nammo Cold | VACCO US Para Plate
B47630-1 Gas PR 66250 PR 9014 Series
Dimensions 88x95x52 12 x ¢60 OD 110x 50 OD | 44x 25 OD
(mm)
Mass (grams) | 450 250 363 100
Inlet Pressure | 330-40 250 250-24 205
(bar)
Regulated 20-22 6 14.6 0-13.8
Pressure
(bar)
Max Flow | 3225 4.75 260-1160 190*
rate (SLPM
(GN2))
Leak rate in- | <2.8x1072 <1 x 107* ] <0.3(GN2) -
ternal (scc/s (GN2)
(GHe))
Leak rate ex- | <1x1073 <1 x 10°%7- -
ternal (scc/s (GN2)
(GHe))
Cycle Life 1x108 1 year Mis- | - -
sion Life
Port diameter | 9.525 6.35 6.35 6.35
(mm)
Integrated Yes - Yes Yes
Filtration
Relief Valve Yes - Yes No
Stages 1 1 1 2
Reference Webpage ** Webpage > Webpage *° Webpage *°

* = Based off flow rate/pressure level graph

Table 8.13: COTS Mechanical Pressure Regulators
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Of the presented COTS regulators it can be clearly seen from the 3D models presented
in figure H.5 that the Cobham B47630-1 and VACCO 6250 are unsuitable for the volume
constraints of the inflation system. The Nammo, while less massive than the other two, is
also quite bulky with the US Para Plate 9014 Series presenting the only regulator with at-
tractive mass and volume properties. In addition, the Nammo’s max flow rate lies about
0.1 g/s, and is unsuitable for higher mass flow rates. As such it is ill suited for this system,
with the US Para Plate 9014 Series offering a more suitable flow rate range. However, un-
like the other regulators, in order to ensure that this regulator provides a constant outlet
pressure it is likely that it must be utilized in a two stage configuration as is done for
the similar cold gas system, Adelis-SAMSON (Zaberchik et al., 2019). An image of this
configuration is provided in figure 8.28.

Figure 8.28: Adelis-SAMSON Two Stage Pressure Regulation System (Zaberchik et al., 2019)

Unfortunately, few details are available on the Adelis-SAMSON regulator system which
was custom built and so its flow characteristics are unknown. However, from the details
provided it is apparent that the individual regulators are similar in size and mass (110
grams) to the US Para Plate 9014 Series regulator and are required to regulate a tank
pressure of 160 bar. As the operation of the regulator shall not be investigated in detail
it shall be assumed that the US Para Plate 9014 Series regulator two stage system shall
provide the same pressure regulation properties as that used for the Adelis-SAMSON, i.e.
the first regulator shall reduce the system pressure down to at most 10 bar and the second
regulator shall reduce the pressure down again to at most 2 bar, as seen in figure 8.28.
Despite requiring a two stage system, the total mass (200 grams) is still the lowest of the
regulators evaluated and given its shape also provides the greatest volumetric efficiency.
Thus US Para Plate 9014 Series regulator shall be utilized for the preliminary sizing of this
system in a two stage configuration. However, seeing as it does not contain an integrated
relief valve, a COTS relief valve from The Lee company, such as the 250 PRI 27 shall be
utilized for the sizing of the system with its performance being neglected for this present
thesis discussion. For a custom regulator it may be desirable to have an integrated relief
valve.

23https:/ /www.cobhammissionsystems.com/space-propulsion-systems/hypersonic-reaction-control-
regulator/hypersonic-reaction-control-regulator/docview/

24 ttps:/ /www.nammo.com/wp-content/uploads/2021/03/2021-Nammo-Ireland-Mechanical-Pressure-
Regulator.pdf

2Shttps:/ /www.vacco.com/images/uploads/pdfs/regulators.pdf

26 https://circoraerospace.com/pdf/Pressure-Regulators-Mini)-9014-Series.pdf

2Thttps:/ /www.theleeco.com/product/250-pri/
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Summary
A summary of the components required for this inflation system design is contained in
table 8.14.
Component Selected COTS Option
Fill/Vent Valve Nammo FVV
Inflatant Tank NA
High  Pressure | -
Section
Stainless ~ Steel | Swagelok
Tubing
Filter VACCO F1D10588-01
HP Latch Valve Marotta MV602L
Regulator US Para Plate 9014 Series x2
Lee Company 250 PRI
Relief Valve
Low Pressure | -
Section
PFA Tubing Parker
LP Latch Valve Marotta SPV187
Vent Valve Nammo LP
Inflation Valve MOOG 058E142A
Nozzle NA

Table 8.14: Component Summary

8.5.4. PRESSURE LOSS

One of the most critical considerations for the feed system is its pressure distribution.
The pressure variations from the tank, through the feed system and into the thruster de-
termine the inflatant flow rate. As has been discussed, the major pressure variation in
this system shall be induced by the pressure regulator which will reduce the high pres-
sure gas coming from the tank to a pressure more suitable for the nozzle. However, as
the inflation gas flows through the feed system, friction losses lead to a further drop in
pressure. These must be accounted for in the design of the system.

PRESSURE LOSS DUE TO FRICTION
To calculate the pressure loss due to friction, the Darcy-Weisbach relation, equation 8.56,
is used.

L1
AP=f==pV? 8.56
f o3P (8.56)
where:

e AP = Pressure loss (Pa)



204 8. INFLATION SYSTEM DESIGN

e f =Friction factor

e L= Characteristic length (m)
* D =Pipe diameter (m)

* p =Flow density (m/s)

e V =Flow velocity (m/s)

This equation is primarily used for calculating the pressure loss in the piping. The fric-
tion factor f, is dependent on the Reynolds number of the flow and the pipe smoothness.
The Reynolds number is calculated using the pipes hydraulic diameter as seen in equa-
tion 8.57.

p-V-D

Rep = (8.57)

A moody chart or empirical relations can be utilized to calculate the friction factor ac-
cording to the Reynolds number value, which indicates laminar, transitional or turbulent
flow. For this project, the following empirical relations shall be utilized (Zandbergen,
2018).

¢ For fully development incompressible laminar flow (Rep < 2320)

64
f= E (8.58)

e For fully development incompressible turbulent flow

— 2320 < Rep < 2 x10%

0.25
f=0.316- (—Re ) (8.59)
D
— 2 x10* < Rep <10°
1 0.2
f=0.184- (—Re ) (8.60)
D

* For non-smooth pipes at high Reynolds number, the friction coefficient is inde-
pendent of Rep and can be found using the following equation:

-2
f= 8-(2.457-log (3.707- w%)) (8.61)

where:

* e = Surface roughness (mm)
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PRESSURE LOSS DUE TO AREA CHANGE

In the case of the gas flowing from a pipe with diameter of one size to a pipe with a
diameter of another, or in the upstream case to/from the tubing to/from the major com-
ponents, there is a pressure loss associated with the change in area. This pressure loss is
defined in terms of the resistance coefficient {. This resistance coefficient is calculated
under two different conditions:

¢ Sudden Contraction:

3
A 1
(=05 (1 — small ) (8.62)
Alarge
e Sudden Expansion:
A 2
(o= (1 - M) (8.63)
Alarge

Once ( is found, the pressure loss due to the area change can be calculated using equa-
tion 8.64:

1 2 2
AP = E C-p- (Vsmall - Vlarge) (8.64)

PRESSURE LOSS DUE TO FLOW COEFFICIENT

For calculating the pressure loss in components such as valves, filter etc, it is best to use
values provided by the manufacturer. However, this is not necessarily a straight forward
process. If data is provided it is typically given for one particular fluid/gas. Utilizing such
values would therefore not be appropriate for gauging the pressure loss for nitrogen.
Therefore, in order to find the pressure loss across the valves presented above the gas
flow coefficient C, must be calculated. A guide to calculating this value for gas and fluids
is presented in this document provided by Swagelok *°.

e For calculating the C,, for gas flow:

Cy= Qs (8.65)

2AP AP
NZ'PI( 3P )'\/ P1-GgTh

e For calculating the C,, for liquid flow:

Cy= _& (8.66)

N, . /AP
1 Gf
where:
e C, = Gas flow coefficient

* Qg = Gas flow rate (SLPM)

28nttps:/ /www.swagelok.com/downloads/webcatalogs/EN/MS-06-84.PDF
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* Qy =liquid flow rate (LPM)

e Pp =Inlet pressure (bar)

* AP =Pressure drop (bar)

* T1 = Upstream temperature (K)

* Gg = Gas specific gravity

¢ Gy = Liquid specific gravity

* N; = Liquid numerical constant (14.42)
¢ N, = Gas numerical constant (6950)

Using these equations, C, can be calculated for feed system components given the inlet
pressure, temperature, pressure loss and flow rate of the gas. Once this has been done,
the pressure loss across the components can then be calculated for a range of inlet pres-
sures and flow rates. This is done for all of the COTS components presented previously
except the two Marotta components who's data is provided in terms of the Equivalent
Square Edge Orifice Diameter (ESEOD), which is given by d in the equation 8.67, and the
discharge coefficient C,;. For these components the following equation for orifice flow is
utilized *°.

(8.67)

where:
» Q=Flow rate (m3/s)

* Cg4 = Discharge Coefficient

d =ESEOD (m)

* AP = Pressure drop (Pa)

PRESSURE LOSS ACROSS MAJOR COMPONENTS

One of the leading factors in gauging the suitability of a COTS component is to establish
its pressure loss characteristics at the desired pressure levels and flow rate range. This
plays a crucial role in establishing the suitability of cold gas micropropulsion technol-
ogy for CubeSat inflation applications. In this section the pressure loss across the up-
stream and downstream components shall be investigated, with the associated graphs
only plotting the sub critical pressure drop across the valves, as reaching a critical pres-
sure drop (AP > 1/2P;ppy,) is clearly undesirable. These results informed the decision
making process carried out above regarding the main COTS components.

29nttps:/ /www.engineeringtoolbox.com/orifice-nozzle-venturi-d_590.html
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For components upstream of the pressure regulator, the system pressure shall de-
crease as the tank empties. This in turn means that the pressure loss across the upstream
components shall vary over time. This relationship between pressure loss and tank pres-
sure shall be investigated for the upstream components. The components downstream
of the pressure regulator, on the other hand, do not experience a change in pressure with
a constant downstream pressure ensured by the regulator. Thus, the pressure loss across
the downstream components shall be investigated with respect to different regulated
pressures. The upstream and downstream components can be seen in the feed system
layout presented in figure 8.27.

Filter

Figure 8.29 presents graphs of the pressure drop against the tank pressure for each of
the COTS filters presented in table 8.10. It can clearly be seen from this table that the
Omnidea and VACCO F1D10636-01 filters are designed for flow rates far in excess of the
desired range and as such their pressure loss characteristics shall not be explored.

Pressure Drop vs Tank Pressure [VACCO F1D10588-01] Pressure Drop vs Tank Pressure [VACCO F1D10286-02]

200 4 Mass Flow Rate 200 4 Mass Flow Rate
— 014/ — 01gs
175 4 0.59g/s 175 4 0.59g/s
— 0.94g/s — 094g/s
150 4 150 4

125 125 1

100 100 4

75 4 759

Tank Pressure [bar]
Tank Pressure [bar]

50 - 50 4

254 254

0 5 10 15 20 0 1 2 3 4
Pressure Drop across Valve [bar] Pressure Drop across Valve [bar]

(a) VACCO F1D10588-01 (b) VACCO F1D10286-02

Figure 8.29: Graphing of Pressure Loss Across COTS Filters

Of the remaining two valves it can be seen from figure 8.29, that the VACCO F1D10286-02
provides the more attractive pressure loss characteristics thanks to its higher flow coef-
ficient value. However, as discussed in section 8.5.3,its bulky nature makes it an un-
feasible option. The VACCO F1D10588-01, on the other hand, has attractive mass and
volume properties and is well suited to the lower end of the flow rate range, as seen in
figure 8.29a. However, it does experience a substantial increase in pressure losses with
increasing flow rate.

High Pressure Latch Valves

The pressure losses across the COTS high pressure latch valves presented in table 8.11 are
graphed in figure 8.30. It can be clearly seen that all of the valves experience significantly
lower pressure losses as the flow rate tends towards 0.1 g/s. This is particularly true for
the Moog 051-212B and Marotta MV602L, both of whom exhibit similar pressure losses
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and experience significant increases in losses with higher mass flow rates.

Pressure Drop vs Tank Pressure [MOOG 051-212B] Pressure Drop vs Tank Pressure [MOOG 51E207]
200 Mass Flow Rate 200 4 Mass Flow Rate
— 0.1g/s — 0.1g/s
175 4 0.5g/s 175 4 0.5 g/s
— 0.99/s — 0.99/s

.
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(a) Moog 051-212B (b) Moog 51E207
Pressure Drop vs Tank Pressure [VACCO V8E10580-01] Pressure Drop vs Tank Pressure [Marotta MV602L]
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(c) VACCO V8E10580-01 (d) Marotta MV602L

Figure 8.30: Graphing of Pressure Loss Across COTS HP Valves

The VACCO V8E10580-01 and MOOG 51E207 on the other hand, experience lower pres-
sure losses as well as a less significant increase with higher mass flow rates. The fact that
these two are better equipped to handle higher flow rates relative to the MOOG 051-212B
is unsurprising due to their higher flow coefficient values.

Low Pressure Latch Valves

The pressure loss across the low pressure latch valve depends on the chosen regulated
pressure. Figure 8.31 presents the pressure loss across the VACCO V1E10728 and Marotta
SPV187 valves at a range of downstream regulated pressures. It is apparent that the
higher the regulated pressure, the lower the pressure loss. The low flow rate Nammo
valve is not presented as results clearly indicated its flow coefficient value is unsuitable
for the desired mass flow rate range.
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Pressure Drop vs Regulated Pressure [V1E10728-01] Pressure Drop vs Regulated Pressure [Marotta SPV187]

Mass Flow Rate Mass Flow Rate
14 4 — 01gs 14 4 — 01gs
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Regulated Pressure [bar]
Regulated Pressure [bar]
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Pressure Drop across Valve [bar] Pressure Drop across Valve [bar]

(a) VACCO V1E10728-01 (b) Marotta SPV187

Figure 8.31: Graphing of Pressure Loss Across COTS LP Valves

Of the two valves presented it is apparent that the Marotta SPV187 experiences pressure
losses about half those of the VACCO V1E10728-01, resulting in chamber pressures closer
to the regulated pressure.

PRESSURE LOSS ACROSS SYSTEM

In conjunction with the other components discussed for this feed system, the most ap-
propriate COTS components can be utilized to gain an estimate of the upstream and
downstream pressure losses utilizing the equations given at the start of this pressure loss
section. This shall enable an appropriate estimation of the system performance as the
pressure loss through the system dictates the quantity of usable inflation gas within the
inflatant tank as well as the operational chamber pressure of the nozzle and by extension
the nozzles expansion ratio. It is thus an important consideration in gauging the impact
of the feed system layout on the performance of the inflation system.

Geometry Estimation

In order to make a preliminary estimate of the mass and volume requirements of the
feed system, in addition to the pressure drop across it, the systems geometry must be
established. For this preliminary design an estimate of the systems geometry shall be
made based off a rough 3D model of how the major system components may be placed
within the systems volume constraints. This model can be seen in figure 8.32. From this
3D model an estimate of the piping and associated components such as 90 degree bends
and T-Junctions can be estimated. It is envisioned that the upstream section shall consist
of two 20mm long straight sections and three 90 bends to guide the gas from the tank
through the filter and latch valve and onto the regulator system. The regulator system
is assumed to be a whole unit so additional piping shall not be considered. Meanwhile,
downstream of the regulator it is envisioned that the flexible tubing will consist of four
90 degree bends and three straight sections as well as two T-Junctions that are assumed
to have the same diameter as the tubing. Unlike their upstream counterparts, the tubing
sections that consist of a 90 degree bend(s) and a straight section are one uniform piece
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of flexible tubing. The 90 degree bends are included here to demonstrate the minimum
acceptable bend radius for the flexible tubing''. These components shall be required to
guide the gas from the regulator through the latch valve and up to the inflation valve and
nozzle from where the structure is inflated. A synopsis of this estimated geometry can
be found in table 8.15.

Component Length (mm)/ | Flow Inner Diam- | e/D
Equivalent Length Coefficient (Cv) | eter (mm)

High Pres-
sure Section
Straight 20 - 4 3.75x107%
90 Bend 20D - 4 3.75x107*
Filter 42 0.0051 6.35 -
90 Bend 20D - 4 3.75x107%
Latch Valve 24 ESEOD 0.014" 6.35 -

Ci=0.6
90 Bend 20D - 4 3.75x107%
Straight 20 - 4 3.75x107*
Regulator - - 6.35 -
Low Pressure
Section
Relief Valve 18D - 6.35 2.36x107%
T-Junction 20D - 3.175 4.72x107%
Straight (flex) | 50 - 3.175 0
90 Bend (flex) | 19.05 - 3.175 0
Latch Valve 20 ESEOD 0.067" 3.175 -

Ci=0.6
90 Bend 19.05 - 3.175 0
Straight 100 - 3.175 0
90 Bend 19.05 - 3.175 0
Straight 50 - 3.175 0
90 Bend 19.05 - 3.175 0
T-Junction 20D - 3.175 4.72x107%
Inflation 300D - 6.35 2.36x107%
Valve

Table 8.15: Geometry Estimation

In order to calculate the pressure loss through components where insufficient informa-
tion is given an estimate can be made using the darcy weisbach equation (equation 8.56).
This shall be done for the piping components as well as for the relief valve and inflation
valve. In order to utilize the darcy weisbach equation for the components where the
length is unknown, it is taken to be equal to its characteristic length, which is usually
expressed in pipe diameters. Table 8.15 provides estimates of these L.,/ D values (Zand-
bergen, 2018). For all these components, except the flexible tubing, a surface roughness



8.5. FEED SYSTEM 211

estimate for stainless steel tubing is taken to be 0.0015 mm. For the flexible tubing the
surface roughness is assumed equal to 0. Both of these values are taken from Zandber-
gen, 2018.

Thruster Valve
] =gl oy ]
® Cli=

Low Pressure Latch VElv!% High Pressure Latch Vawzl’
£ .
Pegula?ur)‘
[Fill/Vent Valve
f\—l i Regulator

O 5 \?* Eﬁ

Figure 8.32: Basic 3D Model of System. Tubing not included.

=
|

Upstream Pressure Loss
A graph of the pressure drop against tank pressure is shown in figure 8.33a. As the infla-
tion gas leaves the tank, the pressure inside the tank decreases. Comparing the pressure
drop values to those presented for the latch valve and filter components in figures 8.30d
ands8.29a, it is apparent that both the VACCO F1D10588-01 filter and Marotta MV602L
are far better suited for the reduced flow rates values now being examined. In addition,
it also clear that they both the dominate the upstream pressure loss. This can be seen in
table 8.25 which provides a breakdown of the losses of each contributing component.
As noted, as the pressure in the tank decreases, it tends towards the regulator inlet
pressure. In order to avoid choked flow, the tank pressure must remain above the min-
imum inlet pressure of the regulator. Therefore the final tank pressure is given by the
equation 8.68.

Ptankfi,ml = Fregulator inlet,,;, + PLossesU,,S"mm (8.68)

The final tank pressure against the regulator inlet pressure is graphed in figure 8.33b. As
mentioned, lower mass flow rates are more suitable for the COTS components being uti-
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Upstream Pressure Drop vs Tank Pressure Required Final Tank Pressure vs Regulator Inlet Pressure
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(a) Upstream Pressure Drop at multiple mass flow rates (b) Upstream Tank Pressure vs Regulator Inlet

Note: Black dashed line = Minimum Regulator Inlet Pressure

Figure 8.33: Graphing of Upstream Pressure Loss across mass flow rate range

lized and thus enable lower operational pressures due to their reduced losses. This can
be clearly seen in figures 8.33a and 8.33b where the reduced losses enable lower final
tank pressures and by extension a lower ullage gas requirement. It should be noted how-
ever, that due to the minimum regulator inlet pressure of 10 bar, the advantage of mass
flow rates of < 0.3 g/s is somewhat negated, as seen in figure 8.33b. Establishing this
upstream relationship is an important consideration when determining the most suit-
able mass flow rate for the inflation of the structure, as well as the desired performance
parameter of the pressure regulator.

Downstream Pressure Loss

A graph of the pressure drop against regulated pressure is shown in figure 8.34a. The
isolation valve is the main contributor to the pressure loss in the downstream condition
as can be seen in table 8.26. As noted the COTS Marotta SPV187 isolation valve is well
suited for the desired flow rate and pressure range and as such the downstream pressure
losses are closer to the optimum than their upstream counterparts.

Pchamber = regulator outlet — PLossesdownS,,eam (8.69)

As the regulator is upstream of the nozzle chamber, the chamber pressure can be deter-
mined as a function of the regulator outlet pressure and the pressure losses as seen in
equation 8.69. This relationship is graphed in figures 8.34a and 8.34b. Meanwhile fig-
ure 8.34c graphs the maximum acceptable chamber pressure for a given expansion ratio
for each of the mass flow rates, according to the fabrication constraints as discussed in
section 8.2.
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Downstream Pressure Drop vs Regulated Pressure Chamber Pressure vs Regulated Pressure
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Figure 8.34: Graphing of Downstream Pressure Loss across mass flow rate range

As can be seen from table 8.16, due to the minimum regulator outlet pressure of 2 bar,
mass flow rates < 0.8 g/s yield minimum chamber pressures greater than that required to
achieve the minimum expansion ratio of 1.1. This is an important result to establish as it
indicates that at these mass flow rates the pressure losses experienced in the feed system
shall impede the selection of the most optimal nozzle expansion ratio (¢ = 1.1). Table 8.26
provides a breakdown of the downstream losses of each contributing component.

Mass Flow | Min. Regulated | Min. Chamber | Max. Chamber Pressure
Rate (g/s) Pressure (bar) Pressure (bar) (bar) @ =1.1

0.1 2 1.986 0.132

0.2 2 1.948 0.265

0.3 2 1.878 0.397

0.4 2 1.781 0.53
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0.5 2 1.656 0.662
0.6 2 1.504 0.794
0.7 2 1.325 0.926
0.8 2 1.119 1.059
0.9 2.12 1.071 1.192

Table 8.16: Minimum Chamber Pressures

Summary

This section explored the relationship between the estimated geometry of the system
and the pressure loss across it. It indicated the suitability of the upstream COTS com-
ponents for lower flow rates as well as showing the relationship between the final tank
pressure and the minimum regulator inlet pressure. It was apparent from this explo-
ration that lower mass flow rates induce lower pressure losses across the system and as
such require lower ullage gas mass requirements enabling larger quantities of usable gas
to be stored within the inflatant tank. The exploration of the downstream pressure loss
indicated the same relationship between lower mass flow rates and pressure loss. In
addition, it also showed the relationship between the regulator outlet pressure and the
nozzle chamber pressure. This investigation showed that at mass flow rates less than
or equal to 0.8 g/s the pressure losses experienced downstream of the regulator actually
impede the selection of the minimum optimal expansion ratio. Finally, it must be con-
sidered that while not entirely accurate, these pressure loss calculations do give a good
working value for the preliminary design of the inflation system

8.5.5. CONCLUSION

This section provides the last major stage of the design process for the inflation system.
From investigating two different possible feed system types, it becomes apparent that in
order to satisfy the desired inflation requirements the use of mechanical pressure regu-
lator offers a more suitable feed system than utilizing expansion/refill chambers. Thus
a pressure regulated feed system is designed and its layout is formulated. This layout,
which does not account for additional sensors that are required, incorporates an addi-
tional aspect not seen in conventional cold gas feed systems, the venting subsection.
This section is isolated from the rest of the feed system during venting operations al-
lowing the structure to be vented as needed. While not explored in detail here, this de-
sign feature is important for the relevance of this inflation system design to rigidizable
inflatable structures. This is important as the limitations of pressure stabilized struc-
tures makes the development of long duration BEOC inflatable reflectors unfeasible at
present, as noted in section 8.4, and thus advancements in rigidization technology are
required. With the incorporation of this venting section, this feed system shall be suit-
able for inflating and venting such structures.

As is done for the inflation valve, a range of COTS options are evaluated for the major
feed system components. They are evaluated primarily according to their mass, vol-
ume and pressure loss characteristics. This investigation helped to inform the selection
of the most appropriate COTS components and whether a custom component is desir-
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able or needed. As was the case for the inflation valve it was found that current COTS
components have the potential to be utilized in the design of a BEOC inflation system,
thus successfully addressing the desire to utilize current micropropulsion technology
as stated in the projects mission statement. For the upstream section components, the
VACCO F1D10588-01 filter and Marotta MV602L high pressure latch valve were found
to be the most promising, although both yield large increases in losses with increasing
mass flow rate. Custom built components may provide more suitable pressure charac-
teristics, thereby reducing ullage gas requirements and increasing maintenance life. In
addition, none of the COTS Fill/Vent valves evaluated provided particularly attractive
options due to their relative bulk. As such, a custom component may also be required.
Downstream the Marotta SPV187 is clearly a suitable COTS component for the low pres-
sure latch valve.

Addressing the pressure loss across the system, it is apparent that operating the sys-
tem at lower mass flow rates shall enable a greater quantity of usable inflatant to be
stored onboard due to the reduction in the required final tank pressure. However, it
was also found that operating at lower mass flow rates (<0.8 g/s) impeded the selection
of the minimum nozzle expansion ratio. This arises from the consideration of a 2 bar
minimum regulator outlet pressure stemming from a similar cold gas system (Zaberchik
etal, 2019).

8.6. MASS FLOW RATE

The final step in this design process of the inflation system is to tie the design consider-
ations made regarding the inflatant tank and pressure losses upstream with those made
regarding the nozzle, inflation valve and pressure losses downstream. This can be done
through the selection of an optimal mass flow rate. A critical factor in the design consid-
erations of all the main components of the inflation system, the optimal mass flow rate
shall be identified by evaluating its on the upstream and downstream conditions of the
system.

8.6.1. UPSTREAM

The upstream considerations regarding the mass flow rate consist of its impact on the
regulator inlet pressure, the final tank pressure and the mission lifetime. As noted in
section 8.5, as the tank empties, the higher the mass flow rate the higher the pressure
losses experienced upstream. From figure 8.33, it is apparent that this means higher
mass flow rates reach the critical pressure limit at higher pressures, thus requiring higher
final tank pressures and by extension higher minimum regulator inlet pressures. This
can be clearly seen in table 8.17, where the consequence of the higher final tank pres-
sures is apparent in the higher quantity of ullage gas required. As alluded to in section
8.4, this reduces the quantity of usable inflatant gas that can be stored within the in-
flatant tank thus lessening the duration for which pressure maintenance can be main-
tained. This results in a difference in maintenance life between 0.1 g/s and 0.9 g/s of 5.5
days, varying from 27.5 to 33 days. As a result of these relatively short lifespans, which are
a consequence of the drawbacks of using pressure stabilized structures, the importance
of the maintenance life is somewhat diminished with the longer mission duration’s of
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lower mass flow rates being desirable but not hugely impactful to the overall design of
the system.

Table 8.17: Upstream Conditions

Mass Flow | Min. Regulator In- | Final Tank Ullage Gas Maintenance
Rate (g/s) let Pressure (bar) Pressure (bar) | Mass (grams) | Life (days)
0.1 10.0 11.55 3.24 33

0.2 10.0 14.93 4.18 32.5

0.3 10.0 18.96 5.31 32

0.4 12.5 24.75 6.92 31.5

0.5 15.5 30.85 8.63 30.5

0.6 18.5 36.95 10.33 30

0.7 22 43.36 12.12 29

0.8 25 49.46 13.82 28.5

0.9 28 55.56 15.53 27.5

8.6.2. DOWNSTREAM

The downstream consideration regarding the mass flow rate consist of its impact on the
regulator outlet pressure, chamber pressure and expansion ratio, as well as the nozzle
performance and the inflation rate. These considerations shall be tackled sequentially
in this discussion.

CHAMBER PRESSURE

As noted in section 8.5, the regulator shall provide a minimum outlet pressure of 2 bar.
This causes a problem for mass flow rates < 0.8 g/s. From figure 8.34c, it can be seen
that at lower mass flow rates, the maximum acceptable chamber pressure required for
minimizing expansion ratio is lower. As a result, at a minimum regulator outlet pressure
of 2 bar, the lower pressure losses experienced at mass flow rates less than < 0.8 g/s
yield chamber pressures higher than these maximum acceptable values. This hinders
the selection of a minimum expansion ratio, as was clearly noted in table 8.16.

Mass Flow | Chamber Pres- | Regulated Pres- | Min. Expansion Ratio
Rate (g/s) sure (bar) sure (bar)

0.1 1.986 2.0 >1.36
0.2 1.943 2.0 1.282
0.3 1.873 2.0 1.223
0.4 1.775 2.0 1.186
0.5 1.650 2.0 1.160
0.6 1.498 2.0 1.141
0.7 1.318 2.0 1.120
0.8 1.111 2.0 1.102
0.9 1.189 2.207 1.1
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Table 8.18: Chamber Pressures and Expansion Ratio

Table 8.18 gives the minimum achievable expansion ratios for the mass flow rate range.
It can clearly be seen that for mass flow rates < 0.8 g/s, the lower the mass flow rate,
the higher the minimum achievable expansion ratio. This results in a major difference
in expansion ratio between 0.8 g/s, which is close to optimal, and 0.1 g/s, which exceeds
the maximum of 1.36 and is thus discounted. In addition, for mass flow rates greater than
0.8 g/s a regulator outlet pressure greater than 2 bar is required to satisfy the minimum
expansion ratio requirements.

NOZZLE PERFORMANCE

Table 8.19 details the performance and configuration of the inflation system thruster.
This is done for the mass flow rate range of 0.2 g/s to 0.9 g/s using the equations and
relations discussed in section 8.2. These results shall be discussed with regards to the
most important parameters associated with the selection of the most desirable mass flow
rate. These are most notably the three key inflation requirements; real mass flow rate
Myeql, Teal gas exit temperature T, , , and real gas exit velocity Ve . Given the low
chamber pressures and mass flow rates, the throat Reynolds number Re; is well below
the 100,000 threshold. Thus the development of a boundary layer within the throat shall
contribute to the real performance of the system.

* Real Mass Flow Rate

— The contribution of the boundary layer build up in the throat can best be
demonstrated in its impact on m;.,; in the form of the discharge coefficient
Cg4. As seen in equation 8.40, C; is dependent Re; and throat curvature R,
with higher Re; and R, both contributing to an increase in C; (see figure
8.10a). However, from table 8.19 it can be seen that across the mass flow rate
range C, stays about the same. This is because while Re; increases with in-
creasing mass flow rate, R, decreases due to the corresponding decrease in
expansion ratio €. This decrease arises from the fabrication constraint im-
posed on R,.

* Real Exit Temperature

— The impact of the decrease in expansion ratio ¢ with increasing mass flow
rate can also be appreciated by examining Te, . From 0.2 g/s to 0.7 g/s,
Te,,, increases from 195.439 K to 213.607 K due to the decrease in €. While
all of these temperatures are well above the minimum T, _,,, requirement of
160 K (REQ-ISI-04-01), higher values are attractive due to the desire to maxi-
mize T,,, . For mass flow rates = 0.8 g/s, T, , lies at around 216K, due to the
relatively constant €. As was discussed in section 8.2.3, this relationship high-
lights the impact of the expansion ratio € on the exit temperature T, ,, with
the decrease in efficiency ¢ r with a decreasing R, having a limited impact on
results.
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* Real Exit Velocity

— This variation in parameters with mass flow rate and expansion ratio is also
true for V¢ . It decreases from 458.247.785 m/s (Mach 1.422) to 416.536
(Mach 1.293) from 0.2 g/s to 0.7 g/s and for mass flow = 0.8 g/s V, _ , lies at
around 410 m/s (Mach 1.272). While all mass flow rates satisfy the the V., ,
requirement (REQ-ISI-04-04), which desires the gas velocity be less than 483.38
m/s (Mach 1.5), lower values are attractive due to the desire to minimize
Ve, .a;- ONce again, the efficiency {y which increases with decreasing R, has
alimited impact on results.

These results indicate that, given the design adjustments discussed during the design of
the inflation nozzle (section 8.2), mass flow rates from 0.2 g/s to 0.9 g/s all satisfy the
desired driving velocity and thermal requirements of the nozzle design. Moreover, given
the discussion regarding chamber pressure, higher mass flow rates enable the nozzle to
be designed with lower expansion ratios. This derives from the fabrication constraint
of 100 um imposed on the difference in throat and exit diameters. This in turn means
that in order to maximize the temperature and minimize the velocity of the exit gas jet,
selecting a higher mass flow rate is desirable. Meanwhile with regards to the mass flow
rate requirement, the fabrication constraint imposed on the throat curvature leads to a
constant discharge coefficient across the mass flow rate range and thus no difference in
efficiency. On the other hand, its impact on the velocity and thermal requirements is
quite limited. The results of all these considerations on the design of the nozzle can be
seen in figure 8.17.
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INFLATION PERFORMANCE

Section 8.3 deals with establishing the controllability of the inflation system through the
pulsed operation of the inflation valve. A simple control logic is utilized to demonstrate
this controllability by enabling the inflation system to provide three distinct inflation
phases. These different phases have varying inflation rates due to their utilization of
different pulse widths at an operational frequency of 3.5 Hz. While the pulse widths and
duty cycles vary slightly with increasing mass flow rate, the main variation is the inflation
time. The different inflation times for the refined mass flow rate range, at the m;,; value
are shown in table 8.20.

Table 8.20: Inflation Times for mass flow rate range

Real Mass Flow | Unfolding | Fast Pressurization | Gradual Total
Rate (g/s) time (s) time (s) Pressurization | time (s)
time (s)

0.196 4.0 27.43 14.57 46.0
0.295 2.57 18.29 9.71 30.57
0.393 2.0 14.0 7.43 23.43
0.492 1.71 11.43 6.0 19.14
0.59 1.14 8.29 4.57 14.0
0.688 1.14 8.0 4.29 13.43
0.785 0.86 6.29 3.43 10.57
0.884 0.86 6.0 3.14 10.0

As can be seen all mass flow rates can deliver inflation times within the desired inflation
range of 10-100 seconds as given by killer requirement REQ-ISP-01 while it also evident
that with increasing mass flow rate, both the inflation time and the difference in infla-
tion times decreases. As noted in section 8.3.3 it is difficult to discern which of these
mass flow rate values is most suitable based solely on these inflation times. This is pri-
marily due to the fact that the desired inflation time range, as dictated by REQ-ISP-01, is
based on a preliminary estimation that, due to the limited literature, cannot be validated
until further testing and/or complex simulations of the inflation process are carried out.
However, it was decided that in order to maximize the reliability and controllability of
the inflation process, a number of considerations should be considered.

* Firstly, while a minimal inflation time of 10 s was selected, it is deemed prudent to
choose a relatively slow inflation time in order to ensure that the structure deploys
in a smooth and controlled fashion. As such, the slower inflation rates offered by
lower mass flow rates are attractive.

* Secondly, while the simple logic utilized demonstrates the potential of utilizing
RCS pulse logic to provide a controllable inflation process, it derives from an infla-
tion sequence designed by Griebel, 2011 and as can be seen from the relatively fast
unfolding times is perhaps not ideally tailored to meet REQ-ISP-03, which desires
a smooth unfolding process. These times are not a consequence of the designed
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system but rather of this control logic, which as can be seen provides more suitable
times for gradual pressurization. This should be addressed in future work where
the development of a more suitable ‘complex’ logic should be designed.

* Finally, as discussed in section 8.3.3, higher mass flow rates have the potential to
offer the control logic designer increased flexibility in duty cycle and frequency
options while still maintaining the capacity to inflate the structure within a rea-
sonable time frame. As such they offer the potential for increased controllability.
However, this controllability is subject to the maximum and minimum duty cycle
requirements that are an essential consideration for the real performance of the
inflation nozzle. Importantly, the current logic’s duty cycle requirements limit this
potential.

Having clarified these consideration, it is apparent that based off of the pulse logic uti-
lized for the demonstration of the controllability of this inflation system, lower mass flow
rates provide a more attractive inflation performance.

8.6.3. SELECTION

As noted, mass flow rates from 0.2 g/s to 0.9 g/s all satisfy the desired inflation system re-
quirements. However, in order to finalize the preliminary design of this inflation system,
the most appropriate flow rate should be selected. From the discussion above regarding
the impact of the mass flow rate on the key design considerations, both upstream and
downstream, the following conclusions can be made.

° Higher mass flow rates enable the design of nozzle with lower expansion ratios,
which in turn allows the system to generate lower gas jet exit velocities and higher
gas jet exit temperatures.

* Lower mass flow rates enable slower inflation times and as such a greater control-
lability of the inflation process.

* Lower mass flow rates enable a greater quantity of usable propellant to be stored
in the tank thanks to their lower ullage gas mass requirements. This in turn allows
pressure maintenance to be sustained for longer thereby increasing the mission
length.

These statements are clearly represented in table 8.21. It can be seen that the exit tem-
perature and exit velocity values increase and decrease respectively with increasing mass
flow rate. The most attractive values are found at 0.8 g/s and 0.9 g/s. Due to both mass
flow rates being capable of facilitating the minimum expansion ratio of 1.1, the temper-
ature and velocity characteristics are effectively the same, lying around 216 K and 410
m/s respectively. These values are 21 K greater and 42 m/s lower than those found at 0.2
g/s. However, while higher mass flow rates provide more attractive exit temperature and
exit velocity values, they provide faster inflation times and shorter maintenance lives.
Taking 0.8 g/s and 0.9 g/s again it can be seen that they both yield effectively the same
inflation time, which is about 36 s faster than that of 0.2 g/s. In addition, they also yield
areduction in maintenance life of about 5 days relative to 0.2 g/s.




222 8. INFLATION SYSTEM DESIGN

Mass Flow | Inflation | Exit Exit Maintenance

Rate (g/s) Time (s) Temperature Velocity Life (days)
(K) (m/s)

0.2 46.0 195.439 458.247 32.5

0.3 30.57 201.263 445.301 32

0.4 23.43 205.312 436.075 31.5

0.5 19.14 208.388 428.934 30.5

0.6 14.0 210.8 423.25 30

0.7 13.43 213.697 416.536 29

0.8 10.57 216.115 410.446 28.5

0.9 10.0 216.5 409.504 27.5

Table 8.21: Properties across mass flow rate range

Until more detailed analysis and research detailing the interaction of the inflation gas jet
and the inflating membrane becomes available finding an optimal mass flow rate based
on these considerations isn't feasible. Until this is done prioritizing between killer re-
quirement REQ-ISP-01, regarding the inflation time, and killer requirement REQ-1SI-04,
regarding the inflation gas jet temperature and velocity, cannot be done in a satisfac-
tory manner. As such, it was decided the best approach for this preliminary design is to
compromise. This decision shall enable a suitably conservative mass flow rate selection
given the current knowledge ascertained by the author in the development of this thesis
work. Thus a mass flow rate of 0.5 g/s shall be selected, half way between 0.2 g/s and 0.8
g/s.

While this selection is evidently not optimal, the limitations of this thesis means that
it deemed a suitable starting point for the preliminary design of a cold gas micropropul-
sion based inflation system. Future work exploring an optimal mass flow rate should
explore the development of a complex control logic as well as test/simulate the complex
deployment/inflation process and the interaction between the gas jet and the inflating
structure. This would enable a more comprehensive and refined understanding of the
inflation environment and in turn the constraints that it places on the design of the in-
flation system.
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8.7. CONCLUSION

In conclusion, the inflation system designed in this thesis successfully addresses the mis-
sion statement of this thesis project to “design a micropropulsion based inflation sys-
tem that provides a suitable and controllable inflation process for inflatable reflectors
utilized in beyond Earth orbit CubeSat missions”. This is emphasized by the inflation
system design successfully addressing all of the inflation system requirements outlined
in section 4.4. The design process undertaken in the pursuit of this aim indicated the
suitability of adapting such cold gas micropropulsion system technology for such appli-
cations with minimal design adjustments required. While a relatively unique approach
is required to facilitate the design of the nozzle, the general design of the system is very
similar to that of a typical cold gas RCS micropropulsion system. This is hugely excit-
ing for the inflatable space industry as it provides a clear indication of the potential of
these systems for providing compact and precise inflation systems for beyond Earth or-
bit Cubesat inflatable structures.

8.7.1. SUMMARY OF SYSTEM PERFORMANCE

With the finalized selection of the mass flow rate the key system performance parame-
ters can be summarized. This is done in using a series of tables, describing the nozzle
performance, the inflation performance, the tank parameters, the pressure drop char-
acteristics and the inflation system mass budget. The volume budget of the system is
addressed in the summary graphic, figure 8.35, and can clearly be seen to comfortably
fit within within the 1U volume requirement (REQ-ISI-01). The only major system bud-
get not addressed is that of the power budget. This is left for future work.

SUMMARY OF NOZZLE PERFORMANCE

Parameter Value
E (¢) 1.16
Dy (mm) 1.297
D, (mm) 1.397
Ry, (Ry) 0.94
a () 15
L0221 (Mm) 0.267
Nozzle Performance -
Myreal (8/S) 0.492
P, (bar) 1.65
Te, ., (K 208.388
Ve, ou (M/8) 428.934
Ve, .. Mach) 1.331
Frea1 (N) 0.28

Table 8.22: Nozzle Performance Parameters

Examining the nozzle performance from table 8.22, it can clearly be noted that tempera-
ture and velocity requirements, REQ-ISI-04-01 and REQ-ISI-04-04, both of which are sub
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requirement of the killer requirement REQ-ISI-04, are satisfied. The gas exit temperature
is comfortably above the minimum temperature of 160K while the gas exit velocity is
comfortably below the maximum velocity of mach 1.5. Due to the lack of literature eval-
uating the interaction between the inflatable membrane and a cold gas jet, these values
were chosen as a conservative estimate and until they are investigated further, achieving
them with a simple cold gas system utilizing convergent-divergent nozzle shall require
such an unusual configuration. Should it turn out these requirements can be relaxed, a
more conventional convergent-divergent nozzle configuration may be feasible although
it also may be worthwhile investigating either the use of some sort of inhibitor between
the nozzle and the inflating structure to slow/warm the gas as it enters the structure or
to focus on the design of an alternative nozzle configuration, such as a convergent noz-
zle. The impact of the thrust generated is not considered but would place additional
requirements on the ADCS system.

SUMMARY OF INFLATION PERFORMANCE

Parameter Value
f (Hz) 35
Pulse Widths -
PWunfolding (ms) 32.5
PWPressurizationfast (ms) 73.75
PWPressurizationslow (ms) 8.0
Duty Cycles _
DCunfoiding % 11.375
DCpressurizations g % 25.8125
DCpressurizationg,, % 2.8
Inflation Times -
Lunfolding (8) 1.71429
Pressurizationy,g (s) 11.42857
IPressurizationg,, (s) 6.0
Linflation (8) 19.14286

Table 8.23: Inflation Performance Parameters

The inflation performance is given in table 8.23. This table clearly demonstrates the
successful design of a cold gas inflation system that can provide a controllable inflation
process, courtesy of the pulsed inflation method, within the desired time frame, satis-
fying killer requirement REQ-ISP-01. The use of this method shall also enable precise
pressure maintenance, thereby succesfully satisfying key requirement REQ-ISP-06. One
point of note however, is the degree to which key requirement REQ-ISP-03 is satisfied.
This requirement dictates that the structure slowly unfold in a smooth and controlled
fashion. As can be seen from the table, an unfolding time of 1.7 s is yielded based on the
inflation sequence discussed in section 8.3.3. While it is suspected that such an unfold-
ing time is too fast, without testing and simulation it is impossible to validate. As noted
this issue arises not from the capabilities of the inflation system or the pulsed method,
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but rather from the selection of the parameters for the inflation sequence, as clearly seen
by the times for fast and gradual pressurization. As such, while the inflation sequence
utilized in this thesis is useful for demonstrating the capacity of the designed inflation
system for controllable inflation, it may not necessarily provide suitable unfolding times.
Future work should explore the development of a more suitable complex logic, with spe-
cific focus on the use of sensory feedback. The parameters for such work would have
to be informed by the use of complex simulations and testing. This would also enable
validation of the estimated suitable inflation times.

SUMMARY OF TANK PARAMETERS

Component Value
Initial Tank Pressure (bar) 200
Final Tank Pressure (bar) 30.85
Inflatant Tank Capacity (U) | 0.25
Rnk (mm) 33.02
Lignik (mm) 96.76

Inflatant Tank Mass (grams) | 103.18
Inflation Gas -

Initial Inflation (grams) 1.63
Ullage Gas (grams) 8.63
Makeup Gas (grams) 36.48
Leakage Gas (grams) 11.68
Total Inflation Gas (grams) 58.42
Mission Lifetime (days) 30.5

Table 8.24: Tank Parameters

The quantity of gas that the system can carry is limited. This limitation arises from the
requirement to carry additional unusable gas to compensate for leakages and to main-
tain the tank pressure above that of the minimum regulator inlet pressure. As can be
seen this unusable gas contributes almost 35% of the total inflation gas which is clearly
undesirable. As is noted in table 8.24 this means that only sufficient makeup gas can be
carried to provide pressure maintenance for to 30.5 days, well below the 393 days desired
in requirement REQ-BEOC-04-02. This issue with limited pressure maintenance clearly
indicates the limitations of pressure stabilized inflatable optical reflectors and empha-
sises the need for further advancements in rigidization technology for these structures.
Something for which, as has been noted, this inflation system is very much suited for.

UPSTREAM PRESSURE BUDGET

A more straight forward approach to reducing the makeup gas requirements is to utilize
components that yield lower pressure losses with the upstream COTS components con-
tributing large pressure losses due to being ill-suited to the desired flow rates. This can
be seen in the upstream pressure budget presented in table 8.25.
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Component AP (Pa)
Upstream -

Initial Tank Pressure | 200 (bar)
Final Tank Pressure | 30.85 (bar)
Losses @ 30.85 bar -

Straight 1.74

90 Bend 6.97
Expansion Loss 6.82

Filter 537,457.68
Contraction Loss 6.42

90 Bend 6.97
Expansion Loss 10.88
Latch Valve 996,190.85
Contraction Loss 6.42

90 Bend 6.97
Straight 1.74
Expansion Loss 6.82

Total AP 15.38 (bar)
Min. Regulator Inlet | 15.51 (bar)

Table 8.25: Upstream Pressure Losses at Tank pressure of @ 0.5 g/s

DOWNSTREAM PRESSURE BUDGET

Table 8.26 contains the downstream pressure budget which operates at a constant reg-
ulated pressure of 2.3 bar. As can be seen the major contributors to the pressure loss
downstream are the latch valve, the inflation valve and of course the flexible tubing that
is accounted for in the straight and 90 bend sections.

Component AP (Pa)
Regulator Outlet Pressure | 2.0 (bar)
Relief Valve 110.91
Contraction Loss 327.89
T-Junction 286.04
Straight (50mm) 419.17
90 Bend 159.7
Latch Valve 29331.14
90 Bend 159.7
Straight (100mm) 838.34
90 Bend 159.7
Straight (50mm) 419.17
90 Bend 159.7
T-Junction 286.04
Expansion Loss 457.71
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Inflation Valve 1848.52
Total AP 0.35 (bar)
Chamber Pressure 1.65 (bar)

Table 8.26: Downstream Pressure Losses at regulated pressure of 2.0 bar @ 0.5 g/s

MASS BUDGET

Finally, table 8.27 provides the overall mass budget for the inflation system. As can be
seen utilizing COTS components the mass budget for this preliminary design comes
in comfortably under the 1kg requirement dictated by REQ-ISI-02. Meeting this mass
requirement is essential for ensuring that the inflatable system as a whole can com-
pare competitively with other more conventional spacecraft deployable structures. It
is hoped that further iterations of this design, and further utilization of micropropulsion
technology for the different components could further reduce this mass requirement,
and also maximize the mass of inflation gas that can be carried.

Table 8.27: Mass Budget

Component Mass (grams) %

Inflatant Tank (dry) 103.18 13.70
Nitrogen Gas 58.42 7.76
Fill Vent/Valve 50 6.64
Filter 24 3.19

HP Latch Valve 100 13.28
LP Latch Valve 45 5.98
Regulator 200 26.56
Relief Valve 4.5 0.60
Vent Valve 35 4.65
Thruster Assembly 16 2.13
Piping 60.8 8.08
Pressure Transducers 560 7.44
Total 752.9 100

30Estimate based off the Adelis-SAMSON Cold Gas System (Zaberchik et al., 2019)
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SUMMARY GRAPHIC
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Figure 8.35: Inflation System Summary Graphic

As can be seen from figure 8.35, the inflation system and packaged inflatable reflector
both fit comfortably within the 3U volume requirement set by key requirement REQ-
BEOC-01. Indeed there is over 1.5 U available for both the ejection mechanism and
any additional system components required, although it is hoped that such compo-
nents shall be compact in order to facilitate a minimal volume requirement. This clearly
demonstrates the exciting potential for inflatable structure for facilitating large deploy-
able structures within relatively compact CubeSat volumes. Indeed, with further ad-
vancements in rigidization technology, removing the need for makeup gas, the size of
both the inflatant tank and the inflation system as a whole could be further reduced pro-
viding an even more compact system.
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CONCLUSIONS AND
RECOMMENDATIONS

This chapter concludes the thesis work, providing an overview of the results as well as
recommendations for future work. The first step in this process is to answer the research
questions (section 9.1). After this the compliance of the work with respect to the require-
ments generated is evaluated (section 9.2). Finally, recommendations pertaining to the

design of BEOC inflatable reflectors and CubeSat inflation systems are proposed (section
9.3).
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9.1. RESEARCH QUESTIONS

The research questions are addressed in order with their answers informing the main
research question.

9.1.1. WHAT ARE THE DESIGN CHARACTERISTICS OF THE BEOC INFLAT-
ABLE REFLECTOR?

In order to maximize the relevance of the inflation system designed in this thesis project,
itwas decided to explore the design of a spherical inflatable reflector. Such a reflector can
be utilized to satisfy the major BEOC applications through its use as either an antenna,
concentrator or hybrid system. However, instead of tailoring the design of the reflec-
tor to any one specific application, a generic spherical inflatable structure is designed
thereby informing the design of an inflation system that can be utilized for all spherical
inflatable applications. The focus of the design is on addressing the desire to highlight
the competitiveness of such structures relative to conventional reflectors and to inform
the design and performance requirements of the inflation system.

The key design characteristics that must be addressed in order to meet these aims are
identified in the literature study and include the geometry, shape transformation func-
tions, materials, fabrication methods, environmental conditions and mechanical prop-
erties of the structure. Each of these characteristics are explored within the constrained
scope of the requirements. As such, the diameter of the structure is based off the de-
sire to provide a deployed area the same size as the high performing CubeSat KaTENna
parabolic mesh reflector. Following this the investigation into the shape transformation
functions of packaging, deployment and stabilization informs the design requirements
of the inflation system. While a detailed exploration of each function is not carried out,
the following design decisions were made. Firstly, the residual gas build up during pack-
aging necessitates that the inflation system provide ascent venting. Secondly, the use of
the free deployment method requires that the inflation process provides sufficient con-
trol to unfold and pressurize the structure in a controlled manner. Finally, the limitations
of current rigidization technology means that pressure stabilization is the only suitable
stabilization method, in turn necessitating that the inflation system be capable of pro-
viding pressure maintenance.

This investigation also informs the selection of the material for the structure with
the CP-1 polymer film being identified as the most suitable following a trade off analy-
sis. A brief exploration of the fabrication methods for a spherical inflatable structure is
then discussed, but their implications on the preliminary design of this reflector is not
assessed. However, the impact of the on-orbit environmental conditions are evaluated.
A micrometeroid flux model is utilized to estimate the rate of hole growth in the struc-
ture due to micrometeroid punctures, thereby informing the makeup gas requirements
of the inflation system. Following this, a simplified analytical method is used to assess
the thermal characteristics of the structure, informing the expected temperatures dur-
ing the inflation process. Finally, the mechanical properties of the structure are evalu-
ated. Unsurprisingly, as a pressure stabilized structure, the internal pressure loading, as
the most dominant structure load, is a key mechanical property. This pressure loading
is determined based on the following pressurization approach. Firstly the structure is
pressurized to 15% of its Yield strength to remove any wrinkling. Following this it is then
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vented down to 2% of its Yield strength so as to minimize the makeup gas requirements
of the inflation system. The next step is the selection of the most suitable membrane
thickness.

Having completed these steps and assessed the design characterstics of the BEOC
inflatable reflector, this investigation established both the attractive properties of the
spherical inflatable structure relative to conventional CubeSat reflectors and the informed
the generation of the requirements for a suitable inflation system.

9.1.2. WHAT ARE THE DESIGN CHARACTERISTICS OF THE INFLATION SYS-
TEM?

In order to ensure that a suitable micropropulsion-based inflation system is designed

there are a number of key design characteristics that must be addressed.

The first step in this process was to identify the most suitable design concept out
of those identified in the literature study. A trade off analysis utilizing the AHP method
provided a quantitative comparison of each of the micropropulsion based design candi-
dates according to the criteria of concept maturity, inflation control, volume footprint,
mass and complexity. The cold gas regulated blow down design candidate is selected
as the most suitable candidate thanks to its to its high degree of inflation control and
concept maturity. Following this, nitrogen gas is identified as the most suitable inflation
gas. Its identification stems from an attractive blend of desirable gas properties that are
derived from key inflation requirements. Having established both the system and gas
types, the next key design characteristic is the inflation scheme. This inflation scheme
encompasses the key functional and performance requirements of the inflation system.
As such it consists of ascent venting, inflation, venting and pressure maintenance. With
a focus on the inflation stage, a multi-phase inflation sequence is identified in order
ensure a reliable and controllable inflation process. As this sequence requires that the
inflation system be capable of varying the inflation rate, the pulsed mode of inflation,
which is commonly used for precision RCS system, is selected as the best method for
facilitating this sequencing, offering a high degree of inflation control.

With the system type, inflation gas and inflation scheme all specified, the key de-
sign characteristics related to the detailed design of the inflation system shall now be ex-
plored. These include the inflation nozzle, the inflation control valve, the inflatant tank
and the inflatant feed system. The aim of the detailed design process was to establish the
design adjustments required to adapt these components of the micropropulsion system
for inflation purposes. In this vain, it was found that in order to adapt a conventional
cold gas micro nozzle for inflation purposes a unique design approach is required. This
counter-intuitive approach is driven by the desire to maximize the gas jet temperature
and minimize the gas jet velocity. The result of this process yielded a design approach
that aims to minimize the nozzle expansion ratio and maximize its throat curvature. As
such the designed nozzle has an unusually low expansion ratio, enabling it to generate
gas temperatures in excess of 190 K and velocities less than 460 m/s.

Other than the unique design approach required for adjusting the nozzle for inflation
purposes, the general design of the rest of the system is very similar to that of a typical
cold gas micropropulsion system. This can be seen in the use of COTS components for
the design of the feed system and the use of RCS control logic for the pulsed operation




236 9. CONCLUSIONS AND RECOMMENDATIONS

of the inflation control valve. However, additional components are required to facilitate
the desired ascent venting function while the design approach for the inflatant tank is
slightly different. This is done so as to enable the designer to assess the impact of the gas
losses incurred by micrometeroid punctures on the mass requirements of the inflation
system over time.

The design approach followed in the design of this inflation system, is to the au-
thors knowledge, the first detailed exploration of a micropropulsion based inflation sys-
tem specifically tailored for providing precise inflation control within the constraints of a
CubeSat platform. The design characteristics explored in this pursuit clearly address the
mission statement of the project by successfully establishing that a controllable inflation
system can be developed through the adaption of cold gas micropropulsion technology.
This is hugely promising for the inflatable space industry and provides a clear indica-
tion that such systems can play a key role in the enabling the development of further
advancements in inflatable space structure technology.

9.1.3. WHAT IS THE THEORETICAL PERFORMANCE OF THE INFLATION SYS-
TEM?

This question is asked in order to determine if the design of the inflation system meets
the desired key inflation performance characteristics. This is succinctly addressed in
section 8.7 where the capacity of the inflation system to deliver the key functionalities,
as set out by the inflation scheme, as well as desirable gas characteristics is established.
It is noted that further research is required with respect to the interaction between the
inflation gas jet and the inflating membrane in order to further refine the desired re-
quirement. Despite this, the theoretical results presented provide a clear indication that
the design approach followed in the design of this micropropulsion based inflation sys-
tem can enable the precise and controllable inflation of an inflatable reflector, within the
constraints of a BEOC platform.

9.1.4. MAIN RESEARCH QUESTION

The answers given to the sub-research questions above can be utilized to answer the
main research question which is formulated as follows:

* What are the design adjustments required in order to adapt current micropropul-
sion technology so that it can be utilized in the development of a controllable infla-
tion system for beyond Earth orbit CubeSat inflatable reflectors?

It is apparent that, apart from the inflator nozzle, there are limited adjustment required
to adapt current cold gas micropropulsion technology so that it can be utilized in the de-
sign of a compact and controllable inflation system. As such, it has been established that
the need for a suitable and controllable inflation system in order to enable and enhance
the development of BEOC missions can be addressed through the use of micropropulsion-
based inflation systems. This successfully fulfils the mission statement of the project.
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9.2. REQUIREMENTS

The compliance of the designed inflatable system, consisting of both the inflatable struc-
ture and the inflation system, with respect to the requirements set out in section 4 is
evaluated in this section. The compliance is graded according to the following colors:

Cell Color Compliance
Compliant
Partly Compliant
Yellow TBD
Not Compliant

Table 9.1: Compliant Grades

9.2.1. BEOC MISSION INTERFACE REQUIREMENTS

D
REQ-BEOC-01
REQ-BEOC-02
REQ-BEOC-03
REQ-BEOC-04
REQ-BEOC-04-01
REQ-BEOC-04-02

Compliance

Table 9.2: BEOC Requirements

While the inflatable reflector and inflation system satisfy their mass and volume require-
ments, as the ejection mechanism and any additional components are not explored, key
requirements REQ-BEOC-01 and REQ-BEOC-02 can only be marked as partly compli-
ant. REQ-BEOC-03 which relates to system power is not investigated, in part because the
application of the inflatable structure is not explored. Thus it is marked at TBD. While
REQ-BEOC-04-01 is deemed as compliant, with cold gas systems suitable for a period
of storage, it should be noted that the impact of leakage is not assessed. This should be
explored. As pressure stabilization has been established as the only currently suitable
stabilization technology, REQ-BEOC-04-02 and thus REQ-BEOC-04 as a whole are not
compliant. Instead of being suitable for a 393 day mission, pressure maintenance can
only be maintained for 30.5 days given the system constraints. As a key requirement,
this is a major issue that must be addressed if inflatable structures are to become a feasi-
ble option for BEOC missions with advancements in rigidization technology, such as UV,
required.

9.2.2. BEOC INFLATABLE REFLECTOR REQUIREMENTS

| ID Compliance
REQ-IRP-01
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REQ-IRP-02
REQ-IRI-01
REQ-IRI-02

REQ-IRI-03
REQ-IRI-04
REQ-IRI-04

Table 9.3: Inflatable Reflector Requirements

The design of the inflatable reflector is compliant with majority of the requirements
specified. However, as the application of the structure is not explored, further work is
required on REQ-IRP-02 and key requirement REQ-IRP-03 which relate to surface accu-
racy. While fulfilling these requirements, enables the successful demonstration of the
micropropulsion-based inflation system, significantly more detailed work is required to
design a feasible inflatable reflector structure.

9.2.3. MICROPROPULSION BASED INFLATION SYSTEM REQUIREMENTS

D
REQ-ISP-01
REQ-1SP-02
REQ-ISP-03
REQ-ISP-04
REQ-ISP-05
REQ-ISP-06
REQ-ISI-01
REQ-ISI-02
REQ-ISI-03
REQ-ISI-04
REQ-ISI-04-01
REQ-ISI-04-02
REQ-ISI-04-03
REQ-ISI-04-04

Compliance

Table 9.4: Inflation System Requirements

The micropropulsion based inflation system designed in this thesis project successfully
addresses the majority of the requirements, including the two killer requirements REQ-
ISP-01 and REQ-ISP-04. REQ-ISP-02 which details ascent venting is not explored in detail
in this design process, although it is partly elaborated on. Further research is required.
As is the case for REQ-BEOC-03, REQ-ISI-03 relating to the inflation systems power re-
quirements are not explored. As most of the onboard power shall be available during the
initial inflation process, this is not seen as a significant hurdle.
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9.3. RECOMMENDATIONS AND FUTURE WORK

This sections details the recommendations that have arisen during the project. Consid-
ering that the thesis explores the design of both an inflatable structure and an inflation
system, many topics were investigated. However, as is the case with any research un-
dertaken, there are various aspects of both systems that could be improved with further
exploration. As such, future work into both inflatable structures and inflation systems
should consider the following recommendations.

9.3.1. INFLATABLE SPACE STRUCTURES

APPLICATION

The inflatable reflector designed in this thesis is primarily designed in order to demon-
strate the competitiveness of such a structure relative to conventional CubeSat reflector
structures and to facilitate the generation of functional and performance requirements
for the inflation system. As such, the design of the structure is in itself quite limited.
To start with, future work should explore the application of a spherical reflector to one
of the promising BEOC applications, be that telecommunications, power or propulsion.
This would require exploring the desired optical properties of the structure which could
be done utilizing ray tracing models, FEA analysis and ground testing.

SHAPE TRANSFORMATION FUNCTIONS

The investigation into the shape transformation functions of the inflatable structure are
quite limited in this thesis. The development of these functions for CubeSat inflatable
reflectors is still in its infancy and further research into any of the functions would be
hugely beneficial. In the case of packaging, packaging methods for parabolic and spher-
ical reflector structures are still relatively unexplored and it is recommended that further
work explore such methods paying particular attention to their impact on both the de-
ployment dynamics and the structural properties of the structure. With regards to de-
ployment, the design and development of a suitable ejection mechanism is required.
Given the uncertainty regarding its mass and volume, this is a major aspect of the inflat-
able system that must be investigated before verifying the competitiveness of inflatable
reflectors for BEOC applications. Finally, pressure stabilization is clearly ill suited for
long duration BEOC missions. As such future work exploring advancements in rigidiza-
tion techniques is recommended.

FABRICATION

The design of the structure assumes that it is an ideal spherical shell constructed from
a homogeneous material. This is clearly not realistic and any future work should assess
the impact of fabrication methods on the properties of the structure as well as its per-
formance for BEOC reflector applications. In addition, research into suitable fabrication
methods is still in its infancy, with research into suitable methods recommended.

ENVIRONMENTAL ORBITAL CONDITIONS

The analysis of the micrometeroid and the thermal environments in this thesis is quite
limited and further detailed work on both aspects is recommended. With respect to the
micrometeroid environment, it is recommended that future work aim to utilize more
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accurate lunar flux models in order to more precisely gauge the rate of hole growth in
lunar orbit. Moreover, there remains uncertainty surrounding the damage incurred by
micrometeoroid punctures, with the approximations used in this thesis yielding some-
what surprising results, with thinner walls yielding lower rates of hole growth. It is rec-
ommended that this phenomenon be further investigated. With regards to the thermal
analysis, the analytical method used does not accurately represent the real thermal char-
acteristics of the inflatable reflector. As such it is recommended that a comprehensive
thermal analysis utilizing FEA and ray tracing models be carried out.

MECHANICAL PROPERTIES

A detailed analysis of the properties of the deployed structures is also recommended.
In this thesis, the structure is approximated as a uniform thin shell structure with the
investigation into the mechanical properties of the structure is carried out using this
approximation. This investigation focuses solely on static deforming loads, with the dy-
namic loads incurred due to inputs such as spacecraft dynamic loads not considered.
In addition, it is recommended that further work into suitable skins stress levels, and by
extension the internal pressure, be investigated.

9.3.2. INFLATION SYSTEM

INFLATION SYSTEM TYPE

While the cold gas regulated blowdown candidate was selected and designed in this the-
sis work, the CGG refill candidate, which makes use of the attractive mass and volume
characteristics of CGG technology, is an exciting candidate that is worthy of further ex-
ploration. Moreover, the list of design candidates eliminated due to their exploration
being beyond the scope of the thesis may also be worthy of investigation.

INFLATION SCHEME

The venting and pressure maintenance phases of the inflation scheme are not inves-
tigated in this thesis project with the primary focus being on the inflation phase. It is
recommended that future work consider the performance of these phases. With respect
to the inflation phase, it is investigated by developing a simplified control logic which
is utilized to demonstrate the feasibility of such a system for inflation purposes. How-
ever, its actual inflation performance is not optimal and it is recommended that a more
suitable ‘complex’ control logic be developed.

NOZZLE

The nozzle is the main system component requiring adjustment for inflation purposes.
The driving requirements behind the design of the nozzle derive from constraints placed
on the inflation rate as well as the temperature and velocity of the gas jet. However, these
requirements are based on preliminary estimates due to the lack of literature available
on the interaction between the gas jet and the inflating membrane. It is recommended
that future work explore this interaction so as to further refine these requirements. With
respect to the actual design process, it is recommended that the real analysis of the noz-
zle be further refined by accounting for the real pulsing performance of the inflation con-
trol valve. Moreover, the fabrication constraints considered should also be investigated
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further as they are imposed due to the uniquely low expansion ratio of the nozzle. Due
to this unique design process, it may be worthwhile exploring alternative options, such
as utilizing a converging nozzle, or indeed multiple different nozzles. This may help to
facilitate different gas jet requirements and reduce the unusual fabrication requirements
the converging-diverging nozzle demands. Finally, this thesis does not explore the inter-
face between the nozzle and the inflatable structure, nor how it would be mounted with
respect to the ejection mechanism. This also requires further exploration.

OTHER COMPONENTS

The general design of the rest of the system is quite similar to a conventional cold gas
propulsion system. However, there are further refinements to the design that are rec-
ommended. Firstly, it is recommended that further optimization of the inflatant tank be
carried out so as to maximize the mass of inflatant that can be carried. This may en-
tail exploring the design of a custom conformal tank, or exploring a compressed over-
wrapped tank material. In addition, analysis of the gas leakage is required. Further
optimization is also recommended for the feed system, where the potential use of ex-
pansion chambers/plenums may be worthy of investigation. Moreover, the layout and
constituent components of the system should also be further refined. Suitable sensors
should be selected and the performance of the venting section evaluated. Finally, while
the COTS components utilized demonstrate the suitability of micropropulsion technol-
ogy for inflation applications, it is recommended that future work investigate the design
of suitable custom built components so as to further optimize the system. This is partic-
ularly true for the pressure regulator whose performance is assumed based of a reference
system.
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Figure A.1: Design options for the application of an inflatable structure as solutions to the technological chal-
lenges facing BEOC missionss
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REFERENCE DEPLOYABLE
CUBESAT SYSTEMS

C.1. REFERENCE TABLE

System Reference

CatSat (Chandra et al., 2021)
Babuscia (Babuscia et al., 2020)
Gregorian (Fenn et al., 2021)
0S4 (Staehle et al., 2020)
AeroCube3 (Hinkle et al., 2008)
NanoSat Device | (Nakasuka et al., 2009)
30 Inch Sphere (Coffee et al., 1962)
12 ft Sphere (Coffee et al., 1962)
ECHO 1 (Clemmons, 1964)
KaTENna Tendeg '

KaPDA Tendeg '

M-ARGO (Walker et al., 2017)
MarCo (Chahat et al., 2020)

Table C.1: Reference BEOC Reflector Structures

C.2. PARAMETERS TABLE

Thttps://www.tendeg.com/products
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Table C.2: Reference Deployable CubeSat Systems

Name Mission Configuration = CubeSat Inflatable Deployed Reflector RPE System Vol-

Parameter Size (U) Mass (kg) CSA (m?) Area Den- (m?/U) ume/CubeSat
sity (kg/m?) Size (%)

Inflatable Reflector

CatSat LEO/GEO Spherical 6 0.0139% 0.196 0.071 TBC 25

Babuscia LEO Spherical 3 0.17% 0.785 0.216 3.272 20

Gregorian BEOC Parabolicx 12 1.77 4.524 0.391 3.6192 TBD

054 Neptune Parabolicx 12 7.22 19.635 0.368 TBC TBC

Inflatable De-Orbit

AeroCube 3 LEO Spherical 1 0.04x 0.28 0.141 1.81 15.5

NanoSat Devicexx LEO Spherical 3 0.135 0.42 0.323 TBC 13.3

Inflatable 1960’s NASA Balloons

30 Inch Spherexx  LEO Spherical NA 0.137 0.456 0.3 3.93 NA

12 ft Sphere** LEO Spherical NA 4.2 10.521 0.4 1.51 NA

ECHO Ix* LEO Spherical NA 51.5 182.415 0.282 1.643 NA

Non-Inflatable Reflector

KaTENna GEO/BEOC Parabolic Mesh 12 2.5 0.785 3.183 0.262 25

KaPDA GEO/BEOC Parabolic Mesh 6 1.4 0.196 7.13 0.123 26.67

M-ARGO BEOC(0.8AU) Planar 12 1 0.173 5.787 0.3 NAT

MarCo BEOC(1.5AU) Planar 6 1 0.197 5.085 0.237 NAT

* = Calculated using available data

*= Parabolic structure are composed of reflector and torus structures

** = Structure constructed from laminate material
T = Stowed externally on side of CubeSat

Gregorian = Data only for the primary reflector
System Volume = Refers to the total inflatable system volume including inflation system and ejection/deployment mechanism
TBC = To be confirmed (Value couldn’t be attained)




GRAPHICAL TRADE OFF

The graphical trade off tables is used in the analysis and selection of various different
design characteristics in this thesis. The advantage of such a trade off method is that it
is fast, easy to handle and stresses the unacceptable design candidates (Gill, 2015). Four
colors are used to define the different degrees to which the design candidate performs
relative to the desired requirement. These are demonstrated in table D.1.

Cell Color Compliance
Excellent/ Exceeds Requirements
Good/ Meets Requirements
Limited/ Undesirable
Unacceptable

Table D.1: Compliant Grades
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E.1. MATERIAL THICKNESS

Structure Material Thickness (um) | Reference

Inflatable CubeSat | Half-Aluminized/ 50.6/25.4 (Babuscia et al., 2020)
Antenna (Babuscia | Transparent Mylar

Reflector)

Gregorian  inflat- | Half-Aluminized/ 25.4 (Fenn et al., 2019)
able reflector Transparent Melinex

AeroCube 3 Aluminized Mylar 25.4 (Fuller et al., 2010)
ECHOI Aluminized Mylar 12.7 (Clemmons, 1964)
TST TBD 12.7 (Walket et al., 2017)
Lunar Flashlight Aluminized CP1 3 (Johnson et al., 2015)
NeaScout Aluminized CP1 2.5 (Johnson et al., 2015)

Table E.1: Membrane thickness value from reference structures
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E.2. KEY ASSUMPTIONS

A number of significant key assumptions are made in the design of this structure. This
was done so as to facilitate the design of a structure that can inform the requirements of
the inflation system within the time constraints of the thesis. They are as follows:

APPLICATION OF REFLECTOR
* The key design features of a spherical inflatable reflector remain consistant across
the applications of telecommunications, power and propulsion.

* The optical properties of the structure are less important than the key design con-
siderations explored in this thesis for dictating the inflation system requirements.

GEOMETRY OF REFLECTOR
* An inflatable reflector cross sectional area of 0.785 m? can be utilized to demon-
strate the attractive characteristics of such structures relative to high performing
mesh reflectors such as the KaTENna antenna.

SHAPE TRANSFORMATION FUNCTIONS
The shape transformation functions are not investigated in detail, with only the suffi-
cient detail required to inform inflation system design parameters explored

* Packaging
— A PE value of 40% is assumed to be feasible based on similar reference sys-
tems
— The residual gas build up can be completely negated through the use of as-
cent venting.

* Deployment

— The free deployment method is selected based on its use for similar refer-
ence systems. The use of free deployment necessitates additional inflation
control.

- An ejection mechanism can be designed that satisfies REQ-BEOC-01, REQ-
BEOC-02 and REQ-BEOC-03.

* Stabilization

— Based off current rigidization technology, pressure stabilization is the only
method currently suitable for inflatable reflector applications.

MATERIAL
* Due to a lack of available information, the optical properties of Kapton HN and
Upilex-S are assumed based on statements made in relevant literature.

* While the performance of a VDA reflective coating is not explored, based off the
information provided it is assumed suitable for this application.
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FABRICATION
« Instead of investigating the effects of potential fabrication issues on the structural
or thermal properties of the structure, it is assumed that the structure is an ideal
spherical shell constructed from a homogeneous material.

ENVIRONMENTAL CONDITIONS
e Orbit

— Itis assumed that the structure will operate in a 500 km-altitude circular orbit
about the moon (Cipriano et al., 2018).

* Micrometeroids

— An estimation of the flux and the rate of hold growth is calculated using a
simple verifiable method presented by Thomas and Friese, 1980. The lunar
flux is calculated using a simplified Earth flux model. It is assumed this can
be corrected for by utilizing a correction factor of 0.7 (Badyukov, 2020). In
addition, it is assumed that the distribution and flux of the micrometeroids
is uniform over time.

- An approximate method developed by Chodimella et al., 2006 is used to gauge
the damage caused by micrometeroids. This method makes a number of
assumptions including that all micrometeroids are spherical in shape. As a
consequence the impact crater is assumed to be circular.

e Thermal

- It is assumed that the thermal characteristics of the structure can be cal-
culated using a simplified thermal analysis that approximates the structure
as a uniform opaque spherical reflector coated in VDA. The validity of this
assumption is limited due to the structure consisting of both a transparent
canopy and a reflective interior coating.

— As such, the thermal requirements are assumed based off relevant inflatable
structures and not their impact on the properties of the structure. This re-
quires further work with FEA.

— Thermal variations due to varying orbital parameters are also not considered
although the shadow conditions are calculated. In addition, it is assumed
that such variations do not impact pressure maintenance of the structure. In
reality, this is not true.

- Inaddition, thermal analysis regarding variations in the relationship between
the skin stress and the internal pressure are not investigated. Thus, as it is
assumed that inflation occurs at a constant temperature, an approximation
of the desired skin stress at 343K is made.
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MECHANICAL PROPERTIES
 The structure is approximated as a uniform thin shell structure. In addition, it is
considered a single body system with no analysis relating to the coupled system of
it and the CubeSat explored. The mass, volume and structural loads of the struc-
ture are calculated according to these conditions.

* Due to limited information regarding the variation of the mechanical properties
of CP-1 with thermal variations, the desired skin stress values are calculated based
off the yield strength at 300K.

* The dynamic loads incurred during the deployment process or due to inputs such
as spacecraft dynamics are not considered and are left for future work.



AHP COMPARISON MATRICES

The comparison matrices for the design candidates with respect to the different selec-
tion criteria are contained in this section. They are key to utilizing the AHP trade off
method.

Concept & CGB CG LTGG | CGG CGG
\ETevAs Straight | Regulated | Regulated Straight | Refill
CGB 1.00 0.67 3.00 5.50 3.50 2.50
Straight
CGB 1.50 1.00 3.50 6.00 | 4.00 3.00
Regulated
CG 0.33 0.29 1.00 3.00 | 2.00 0.50
Regulated
LTGG 0.18 0.17 0.33 1.00 0.50 0.25
CGG 0.29 0.25 0.50 2.00 1.00 0.33
Straight
CGG 0.40 0.33 2.00 4.00 | 3.00 1.00
Refill

CGB = Cold Gas Blowdown

LTGG = Low Temperature Gas Generator
CGG = Cool Gas Generator

CG = Cold Gas

Table E1: Concept Maturity Comparison Matrix
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11k 8 CGB CGB CG LTGG | CGG CGG
00is) 8 Straight | Regulated | Regulated Straight | Refill
CGB 1.00 0.33 0.33 3.00 4.00 0.50
Straight
CGB 3.00 1.00 1.00 6.00 7.00 2.00
Regulated
CG 3.00 1.00 1.00 6.00 7.00 2.00
Regulated
LTGG 0.33 0.17 0.17 1.00 1.50 0.25
CGG 0.25 0.14 0.14 0.67 1.00 0.20
Straight
CGG 2.00 0.50 0.50 4.00 5.00 1.00
Refill

CGB = Cold Gas Blowdown

LTGG = Low Temperature Gas Generator
CGG = Cool Gas Generator

CG = Cold Gas

Table E2: Inflation Control Comparison Matrix

Volume [No&:] CGB CG LTGG | CGG CGG
Straight | Regulated | Regulated Straight | Refill
CGB 1.00 1.50 1.50 0.29 0.29 0.50

Straight

CGB 0.67 1.00 1.00 0.25 | 0.25 0.33
Regulated

CG 0.67 1.00 1.00 0.25 | 0.25 0.33
Regulated

LTGG 3.50 4.00 4.00 1.00 0.67 2.00
CGG 3.50 4.00 4.00 1.50 1.00 2.00
Straight

CGG 2.00 3.00 3.00 0.50 | 0.50 1.00
Refill

CGB = Cold Gas Blowdown

LTGG = Low Temperature Gas Generator
CGG = Cool Gas Generator

CG = Cold Gas

Table E3: Volume Footprint Comparison Matrix
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CGB CGB CG LTGG | CGG CGG

m Straight | Regulated | Regulated Straight | Refill

CGB 1.00 2.00 2.00 0.33 0.33 0.67

Straight

CGB 0.50 1.00 1.00 0.25 0.25 0.40

Regulated

CG 0.50 1.00 1.00 0.25 0.25 0.40

Regulated

LTGG 3.00 4.00 4.00 1.00 0.67 2.00

CGG 3.00 4.00 4.00 1.50 1.00 2.00

Straight

CGG 1.50 2.50 2.50 0.50 0.50 1.00

Refill

CGB = Cold Gas Blowdown

LTGG = Low Temperature Gas Generator
CGG = Cool Gas Generator

CG = Cold Gas

Table E4: Mass Comparison Matrix

Complexity [eoe CGB CG LTGG | CGG CGG
Straight | Regulated | Regulated Straight | Refill
CGB 1.00 2.00 3.00 0.40 0.33 0.50

Straight

CGB 0.50 1.00 2.50 0.33 | 0.29 0.40
Regulated

CG 0.33 0.40 1.00 0.25 | 0.22 0.29
Regulated

LTGG 2.50 3.00 4.00 1.00 0.67 2.00
CGG 3.00 3.50 4.50 1.50 1.00 2.50
Straight

CGG 2.00 2.50 3.50 0.50 0.40 1.00
Refill

CGB = Cold Gas Blowdown

LTGG = Low Temperature Gas Generator
CGG = Cool Gas Generator

CG = Cold Gas

Table E5: Complexity Comparison Matrix






INITIAL TANK SIZING

Propellant Tank Capacity vs Inflation/Propulsion System Size
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Figure G.1: Determining Inflatant Tank Capacity from reference systems

2https:/ /gomspace.com/UserFiles/Subsystems/flyer/Flyer_NanoProp_20000.pdf

3https://cubesat-propulsion.com/wp-content/uploads/2015/10/Mepsi-micro-propulsion-system.pdf

4https:/ /www.cubesat-propulsion.com/wp-content/uploads/2018/09/VACCO-Micro-Propulsion-Systems-
Summary-web2-Sept2018.pdf
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G. INITIAL TANK SIZING

System Reference

T3uPs (Migliaccio et al., 2010)
Samson (Levetal., 2014)
CatSat (Chandra et al., 2021)
LUMIO RCS (Proposed) (Nett, 2021)

NanoProp 2000 Gomspace '

VACCO MEPSI VACCO

VACCO Broadhead VACCO ’

VACCO ArgoMoon VACCO *

VACCO Lunar Flashlight | VACCO *

Table G.1: Reference Micropropulsion Systems




FEED SYSTEM COMPONENTS
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Figure H.1: 3D Graphic of COTS Filters.
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66

Figure H.2: 3D Graphic of COTS Fill/Vent Valve.
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Figure H.3: 3D Graphic of COTS High Pressure Latch Valve
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Figure H.4: 3D Graphic of COTS Low Pressure Latch Valve
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Figure H.5: 3D Graphic of COTS Pressure Regulators
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