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ABSTRACT

Next generation small satellites, also known as nanosatellites, have masses signifi-
cantly lower than traditional satellites. Including the propellant mass, the total mass
of a nanosatellite is often in the range of 1 to 4 kg. These satellites are being devel-
oped for numerous applications related to research, defense, and industry. Since their
popularity began in the early 2000’s, limitations on the downscaling of propulsion
systems has proven to be problematic. Due to this, the vast majority of nanosatellite
missions have limited lifespans of 90-120 days in low Earth orbit before they reenter
the Earth’s atmosphere. Although satellites on this scale have little available space
for instrumentation, the development in the fields of microsensors, microelectronics,
micromachinery, and microfluidics has increased the capabilities of small satellites
tremendously.

With limited options for primary propulsion and attitude control, nanosatellites
would benefit greatly from the development of an inexpensive and easily implemented
propulsion system. This work focuses on the development of an additively manufac-
tured chemical propulsion system suitable for nanosatellite primary propulsion and
attitude control. The availability of such a propulsion system would allow for new
nanosatellite mission concepts, such as deep space exploration, maneuvering in low
gravity environments, and formation flying.

Experimental methods were used to develop a dual mode microthruster design
which can operate in either low impulse, pseudo-monopropellant mode, or high im-
pulse, bipropellant mode. Through the use of a homogeneous catalysis scheme for gas
generation, nontoxic propellants are used to produce varying levels of thrust suitable
for application in nanosatellite propulsion. The use of relatively benign propellants
results in a system which is safe and inexpensive to manufacture, store, transport,
and handle. In addition to these advantages, the majority of the propulsion system,
including propellant storage, piping, manifolding, reaction chambers, and nozzles can
be 3D printed directly into the nanosatellite chassis, further reducing the overall cost
of the system.

This work highlights the selection process of propellants, catalysts, and nozzle
geometry for the propulsion system. Experiments were performed to determine a
viable catalyst solution, validate the gas generation scheme, and validate operation
of the system.
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CHAPTER 1

INTRODUCTION

1.1 NANOSATELLITES

Next generation small satellites, also known as nanosatellites, have significantly lower
masses compared to the standard satellites of today. The total mass of a nanosatellite
is often in the range of 1 to 4 kg. Although satellites on this scale have limited available
space for instrumentation, the continued development in the fields of microsensors,
microelectronics, micromachinery, and microfluidics increases the capabilities of small
satellites tremendously. Low developmental costs allow these satellites to be created
at a fraction of the cost of traditional satellites for numerous applications related to
research, defense, and industry.

As instrumentation and payload footprints become smaller, nanosatellite func-
tionality increases. Some recent developments include the incorporation of three-axis
spin-stabilization and the addition of image and radio wave field devices. Along with
this, the ability to create autonomous nanosatellite missions decreases the overall op-

erational costs associated with many of the traditional satellite missions of the past.



The advantage of low mass and volume also allow a large number of nanosatellites
to be delivered to space during a single launch, further reducing the deployment and
overall mission expenses [1].

Through the development of nanosatellite components which are inexpensive, re-
liable, lightweight, and have low power consumption, nanosatellites have gained sig-
nificant ability to perform many of the same operations traditional satellites have
performed. Along with this, the ability to launch large numbers of nanosatellites
simultaneously allows for the use of swarm or constellation formations to take many
simultaneous measurements from multiple points in space. This provides more accu-
rate and descriptive data than was possible with previous satellite technology. Cou-
pling nanosatellite formations with GPS technology allows the position and attitude
of each nanosatellite to be measured and adjusted accurately in Earth’s orbit as well
as in deep space. Although the measurement technology is currently available for
this type of mission, current primary propulsion and attitude control limitations are
hindering its implementation [2, 1].

To date, the low cost of nanosatellite missions has allowed many groups which lack
the funding of large space programs with the ability to contribute to space exploration.
Cost reductions of nanosatellite planetary missions have dropped the overall cost by an
order of magnitude compared to traditional satellites. In the past, typical planetary
missions with traditional satellites have often been in the range of hundreds of millions
or billions of dollars. These same missions, performed with nanosatellites, now have
overall costs of less than ten million dollars [3]. This improvement has allowed space
programs in countries with little funding to take on a larger role in space exploration.

An example is the Canadian Asteroid Rendezvous And Visit Enabled by Lightsail



(CARAVEL), which is a low cost nanosatallite mission that is easily affordable by
the Canadian Space Agency. Without the significantly reduced construction and
launch costs, it is unlikely the Canadian Space Agency would be able to have an
impact beyond making minor contributions to expensive missions led by much larger

space agencies [4].

1.2 (CUBESATS

The CubeSat project has been an ongoing endeavor since its creation by Prof. Jordi
PuigSuari and Prof. Bob Twiggs in 1999. Since then, it has gained immense pop-
ularity for the development of nanosatellites for scientific, private, and government
payloads [5]. The CubeSat platform offers a low cost alternative to traditional satel-
lites due to their low Size, Weight and Power (SWaP). Through standardization of
dimensions and launch methods, the overall cost of access to space has been further
decreased though the implementation of a common deployment system, called the
Poly Picosatellite Orbital Deployer (P-POD) [5]. The P-POD removes the otherwise
necessary step of integration of the CubeSat into the launch vehicle by providing a
standard platform for CubeSat deployment. In total, each P-POD has the ability to
carry up to three 1 unit CubeSats.

The dimensions of a CubeSat unit is 10 em x 10 em x 11 ¢m with a maximum
mass of 1.33 kg per unit. Using this design, units can be combined linearly to a max-
imum of three units. By doing this, CubeSats with larger payloads and subsystems
can be designed for deployment via P-POD. The P-POD is shown in Figure 1.1 [6].

The P-POD’s dimensions are 13 ¢m x 16 em x 40 ¢m, and can hold a total of three



CubeSat units. Although the P-POD is the current standard for CubeSat deploy-
ment, CubeSat deployers have been designed with the ability to deploy both larger
numbers of CubeSats as well as CubeSats with dimensions greater than three units.
An example is the deployer jointly designed and created by Innovative Solutions In
Space (ISIS) and Andrews Space. This deployer has been developed with the ability
to launch a total of thirty-five 12 unit CubeSats [7]. The ability to launch large num-
bers of CubeSats has been demonstrated. In 2014 a total of thirty-three CubeSats
were deployed from the International Space Station over a period of 17 days. Twenty-
eight of those were for monitoring natural disasters, deforestation, agricultural yields,
and other environmental changes with the ability to capture data with a resolution

between three and five meters [8].

Figure 1.1: The standard Poly Picosatellite Orbital Deployer (P-POD) used for transport
and deployment of CubeSats. Reproduced from [5].

Due to their small size, CubeSats were often overlooked or deemed invaluable dur-



ing the early 2000’s. However, between the first CubeSat launch in 2003 and the end
of 2012, a total of 112 CubeSat missions had been flown. By the end of 2013, another
eighty were deployed [6]. Since their debut, CubeSats have grown in popularity for
industry, government, and academic applications due to the dramatically decreased
construction, mission, and operation costs compared to traditional technology. These
same attributes will allow CubeSats to continue to gain popularity in the future as
technological advances allow them to perform more complex tasks at substantially

decreased cost.

1.3 NANOSATELLITE PROPULSION

Recent advances in fields including additive manufacturing, microfluidics, MicroElec-
troMechanical Systems (MEMS), low power microelectronics, high efficiency solar
cells, and advanced materials all contribute to the development of on-board propul-
sion systems for the CubeSat platform. Incorporating these advances, future Cube-
Sats could enable scientific missions that would be impossible or financially impru-
dent using traditional satellites. The addition of propulsion systems would provide
CubeSats with the ability to incorporate maneuvers allowing for extended mission
lifetimes provided by drag make-up, increased ability for attitude control, the ability
to perform proximity operations, and the ability to de-orbit [9].

In the near future, the NASA CubeSat Launch Initiative (CSLI) plans on pro-
viding over 100 CubeSats with low cost access to space for research purposes. These
CubeSats will be developed by both the United States government and non-profit

organizations. Without on-board propulsion systems, these missions are expected to



have a lifespan of approximately 90 to 120 days before they fall to earth and burn up
in the atmosphere [10]. However, through the integration of propulsion systems, the
total lifetime of missions similar to these could be greatly extended for periods limited
only by the total on-board fuel. Extended CubeSat missions will provide researchers
with the ability to collect more data without the cost of launching and deploying

additional CubeSats.

Figure 1.2: Two of 28 CubeSats deployed as part of a CubeSat constellation called Flock
1 from the International Space Station in February 2014. These CubeSats did not have
propulsion systems and were expected to re-enter after three to five months. Reproduced

from [11].

There are many types of CubeSat propulsion systems currently in development
such as solar sails, electrodynamic tethers, ion electrospray, miniaturized Hall thrusters,
solid rocket motors,; liquid chemical thrusters, cold gas thrusters, and pulsed plasma
thrusters [12]. While many of these technologies offer great promise, currently the
high cost of manufacturing coupled with the need for technological advancements
in electric power generation and storage, thermal management, and power process-

ing units makes these systems inviable. A reliable, low-cost, easily manufactured



propulsion system is necessary for CubeSat propulsion to be widely implemented.
Among the most appealing of the propulsion technologies in development are
chemical propulsion systems. The combination of simplicity, reliability, and low power
requirements makes them an attractive choice for CubeSat propulsion. Liquid propul-
sion systems are of particular interest both as primary propulsion and attitude control,
as demonstrated by recent efforts such as the University of Vermont Discrete Mono-
propellant Microthruster[13] and the ESA-sponsored PRECISE project[35], which
both use the catalyzed decomposition of a monopropellant to generate thrust. While
these propulsion systems are currently in development, each has reported challenges

associated with performance of the catalytic chamber due to scaling effects.

1.4 CUBESAT PROPULSION TECHNOLOGY

The addition of propulsion systems is a crucial developmental step for the CubeSats
platform. Recent growing interest CubeSats has prompted many propulsion projects
in academia and industry to create a viable, inexpensive, and easily implemented
propulsion system. This advancement would make the CubeSat platform a low cost
solution for many missions that may otherwise cost millions of dollars. However, the
combination of the low thrust and small footprint required for use in CubeSats results
in design difficulties that have yet to be overcome using a method that can be widely
implemented.

The development of propulsion systems for small satellites has been an important
area of research throughout the world. With the vast number of propulsion systems

in development it would be unsuitable to provide a thorough description of each



system in this document. Instead, the survey herein will focus on relevant chemical
propulsion systems only.

Chemical propulsion systems are attractive for CubeSats because, unlike electrical
or propellantless propulsion, they can provide high thrust for rapid maneuvers. Ad-
ditionally, the simplicity of chemical systems results in less hardware and decreased
chance of failure compared to more complex propulsion alternatives.

Chemical propulsion systems for CubeSats have proven to be problematic in the
past due to issues with scale down. Research on the development of microscale
converging-diverging nozzles has shown that the scale down increases the impor-
tance of viscous effects, plaguing these devices with inefficiencies if designed using
the same methods as their larger counterparts. Along with nozzles, the size of other
components must be reduced including regulators, valves, filters, pressure transduc-
ers, piping, and manifolding in order for the propulsion system to operate properly.
These miniaturizations have proven to be a difficult task due to unforeseen scaling
issues. In addition to scaling problems, the use of toxic and explosive propellants
increases the construction and handling costs of the system dramatically, making the
overall cost of a chemical propulsion system which utilizes harsh chemicals too large

for organizations with small budgets such as universities.

1.4.1 MONOPROPELLANT AND BIPROPELLANT

PROPULSION SYSTEMS

Monopropellent thrusters which operate through the decomposition of hydrazine are

in development by several organizations including JPL, Areojet Rocketdyne Mi-



cro Aerospace Solutions, the National Cheng Kung University, Tethers Unlimited,
Firestar, Vacco, and Busek [9, 14, 15, 16]. Although there are many monopropellant
systems in development in industry, academia, and government, the most relevant
chemical propulsion systems are briefly described below.

Areojet Rocketdyne has developed three Hydrazine based monopropellant propul-
sion systems designed for use in 3 U and 6 U CubeSats, these include the MPS-120,
MPS-120XW, and the MPS-120XL. Along with these, Areojet Rocketdyne has also
developed a line of monopropellant thrusters designed for CubeSats that uses AF-
M315E, a green monopropellant. Currently, the MPS-130 is marketed as a green
monopropellant propulsion system for CubeSats. However, these propulsion systems
are still at the system level laboratory testing stages [17, 16].

Stellar Exploration Inc. developed a micropropulsion system utilizing hydrazine
as a monopropellant. It was designed around ease of manufacturing and affordabil-
ity. The propulsion system has specially designed catalysts, valves, and combustion
chambers which power four 1.5 Newton thrusters. In initial testing, incomplete de-
composition was observed during operation [18].

The HYDROS Propulsion system, developed by Tethers Unlimited, uses solar
power for the on-orbit electrolysis of water to create hydrogen and oxygen. The
hydrogen and oxygen is then combusted in a bipropellant thruster. The major ad-
vantages of this design include the low pressure storage of water as fuel, high thrust,
and high specific impulse. Tethers Unlimited claims 100 Ns of total impulse for each
100 mL of water and that the HYDROS Propulsion System will be available in 2016
[19].

Vacco’s green monopropellant propulsion system features four throttable 100 m N



ECAPS ADN thrusters. The system can provide a 1808 Ns total impulse and can
be scaled from 0.5 to 1 U total volume. The Mars Cube One (MarCO) CubeSats,
currently in construction by NASA’s Jet Propulsion Laboratory, will use VACCO
propulsion systems for reaction wheel desaturation and trajectory correction maneu-
vers [20].

Busek’s green monopropellant thruster provides 500 mN of thrust and a total
delta-V of 130 m/s for a 4 kg CubeSat. The total volume of the system can be
packaged in 1 U including the propellant tank, and has a total mass of less than 1.5
kg. It is designed for application in a 3 U CubeSat [21].

Hydrogen peroxide has been examined for use as a monopropellant by several
academic and government organizations. At the University of Vermont, a MEMS
based device was developed that used micromachined silicon pillars coated with sil-
ver for the decomposition of hydrogen peroxide. However, the device suffered from
incomplete decomposition of the hydrogen peroxide, which could have been caused
by inefficient mixing as well as excessive heat losses. Another design was later created
using ruthenium oxide nanorods as the catalyst for hydrogen peroxide decomposition.
In this design, incomplete decomposition was also found to be a problem with the
nanorod catalyst, most likely due to the hydrophobic surface of the nanorods [22, 13].

In 2007, Kwan, Chen, and Chao developed a hydrogen peroxide microthruster
which provided 100 mN of thrust. It was designed as a reaction control system using
pure platinum as a catalyst. In 2005, it was determined that the high latent heat of
water and hydrogen peroxide reduced the decomposition rate, resulting in decreased
performance. However, by 2007 the group had developed an operational device with

the ability to produce 182 mN of thrust with a specific impulse of 101 s [23, 24].
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In 2014, a liquid monopropellant MEMS thruster was designed, fabricated and
tested at the Korea Advanced Institute of Science and Technology. The thruster
used a blend of high test hydrogen peroxide and ethanol as fuel and platinum as a
heterogeneous catalyst. The measured thrusts were about 40% lower than expected

[25].

1.4.2 ALTERNATIVE PROPULSION SYSTEMS

Monopropellant and Bipropellant propulsion systems provide high thrust and are
often used for maneuvers where rapid change of position is required. However, for
missions such as deep space missions where rapid maneuvering is not necessary, al-
ternative chemical, electric, or propellantless propulsion may have attractive benefits
over monopropellant or bipropellant propulsion.

Alternative chemical propulsion systems include cold gas thrusters, liquefied gas
thrusters, solid rocket motors, and digital microthruster arrays. In cold gas thruster
systems, the propellant is stored as a pressurized gas. Liquefied gas thrusters are
similar to cold gas thrusters, except the propellant is stored in the liquid phase.
neither of these propulsion systems require multiple storage vessels, piping networks,
or valves. Due to this, they offer a great simplicity at the cost of performance.

Unlike other forms of chemical propulsion, after ignition solid rocket motors do
not consume power during operation. Additionally, they have the ability to offer large
thrust values and high accelerations. However, thrust and delta-V cannot be altered
during use of solid rocket motors and the motors are single use only. The benefits
of solid rocket motors lies in their ability to produce large single bursts of delta-

V with low power consumption. Digital microthruster arrays provide single-pulse
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units of thrust which are attractive due to their low power consumption and ease
of installation. However, there are many challenges associated with digital thruster
arrays including, timing, repeatability, torque variance between thruster positions,
and the use of valuable wall space that could otherwise be used for solar panels.

Electric propulsion has the advantage of small impulse bits for fine attitude and
formation flying control. Along with this, electric propulsion has the ability to
supply large delta-V due to its high specific impulse. However, unlike chemical
propulsion systems, they cannot offer high thrust for rapid acceleration. Electric
propulsion options include pulsed plasma thrusters, vacuum arc thrusters, miniature
ion engines, miniature hall thrusters, electrospray thrusters - colloid, electrospray
thrusters- FEEP, nanoparticle field extraction thrusters, resistojets, microcavity dis-
charge thrusters.

Propellantless propulsion avoids many of the complexities of the systems previ-
ously described. In order to generate force without using propellants, propellantless
systems must use electromagnetic fields or sunlight to provide acceleration. The use
of propellantless systems imposes strict mission planning difficulties and limitations
based on electromagntic fields and the availability of sunlight. Propellantless propul-
sion options include electromagnetic formation flying, electrodynamic tethers, and

solar sails [9].
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1.5 HISTORICAL USAGE OF HYDROGEN

PEROXIDE PROPULSION

Although hydrogen peroxide was first synthesized and identified by Louis Jacques
Thenard in 1818, it was not mass produced until 1832. Initially, hydrogen peroxide
was used as an external irritant for medical purposes and for bleaching works of art.
Only low concentrations were available for sale, and the maximum purity achieved in a
laboratory setting was 33%. By 1923, LaPorte began large scale production of 27.5%
hydrogen peroxide, used mostly in the textile and pulp and paper industries. As the
global usage of hydrogen peroxide increased, the Roessler and Hasslacher Chemical
Company and Duffalo Electro-Chemical Company began to produce large volumes of
hydrogen peroxide via electrolytic manufacturing with purities as high as 35% [26].

Hydrogen peroxide was not used as a propellant until 1935 when Hellmuth Walter
began using 80% hydrogen peroxide for submarine turbine drive systems and assisted
takeoff units (ATO). By 1936, Walterwerke, Hellmuth Water’s company, had designed
an operational 2200 [bf ATO engine as well as a 400 horsepower submarine turbine.
Soon after, the German V-2 turbo-pump gas generator was the first time hydrogen
peroxide was used for rocket propulsion systems. The design of the V-2 operated by
injecting 80% hydrogen peroxide with a potassium permanganate catalyst solution
26].

After World War II, the United States’ space program constructed several oper-
ational reaction control systems and turbo-pump gas generators utilizing hydrogen

peroxide as an energy source. However, by the 1980’s, hydrazine had almost com-
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pletely replaced hydrogen peroxide in many of these applications for performance
reasons. During this time, performance was considered important enough to justify
the additional costs associated with hydrazine’s environmental, toxicity, and opera-
tional hazards. This lead to the almost complete abandonment of hydrogen peroxide
propulsion systems by the end of the decade. However, in the 1990’s, hydrogen per-
oxide began to see a rise in interest driven by increased environmental concern and

low handling costs [26].

1.6 ADVANTAGES OF HYDROGEN PEROXIDE

Along with mass limitations for a 1 U and 3 U CubeSat of 1.33 kg and 4 kg re-
spectively, the maximum pressure contained in any component is limited to 1.2 at-
mospheres. These limitations suggest that an energy dense fuel with a low vapor
pressure should be used for CubeSat propulsion. Along with adhering to these crite-
ria, the nontoxic and noncorrosive nature of hydrogen peroxide makes it a promising
choice for use in a CubeSat propulsion system.

In comparison to other chemical propellants, such as hydrazine and oxides of
nitrogen, high test hydrogen peroxide has low toxicity and is considered a "green"
monopropellant. Additionally, the volume specific impulse of 90% hydrogen peroxide
is greater than most comparable green propellants currently available. In addition,
the chemical products of the decomposition of hydrogen peroxide pose no risk to
the integrity of the CubeSat structure or any of its components. The decomposition

reaction of hydrogen peroxide is shown below.
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Hy0,(1) — ;Oz(g) + Hy0(g)

Unlike other promising high-energy green monopropellants such as ADN, HAN],
and HNF, the decomposition of hydrogen peroxide results in products with relatively
low molecular weight. This is an advantage because the operational temperature of
the exhaust gases in hydrogen peroxide thrusters can be maintained much lower than
that of other green propellants resulting in decreased materials and manufacturing
costs [34]. Due to these characteristics, hydrogen peroxide is a relevant propellant
option for CubeSats with a significantly reduced cost of manufacturing, storage, and

handling when compared to other "green" fuels on the market today.

1.6.1 AUTOGENOUS PRESSURIZATION

A significant advantage of using hydrogen peroxide as a propellant is the elimination of
a propellant pressurization system. In most chemical propulsion systems, an external
system must be used to transport the chemicals from storage to the reaction chamber.
This system provides the necessary pressure differential to cause the chemicals to flow
through the piping network. Often, additional pressurized gas or pumps are used to
provide this pressure.

However, when using hydrogen peroxide an additional pressure source is unnec-
essary. Similar to other chemical propulsion systems, this system utilizes pressure
driven flow for supplying the hydrogen peroxide and catalyst solution to the mixing
and reaction chamber. However, instead of an external pressure source, the slow

auto-decomposition of the hydrogen peroxide into gaseous oxygen and water while in
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storage creates enough pressure to supply the propellants to the system.

This simplification decreases the overall cost, mass, and volume of the propulsion
system because the need for pumps or external pressure chambers and pressure reg-
ulators is eliminated. Along with this, the pressure during launch can be kept well
under the maximum allowable 1.2 atmospheres. After the CubeSat is deployed, the
auto-decomposition will allow for operation of the system at higher pressures.

When properly stored, Hydrogen peroxide decomposes at rates well below 1% per
year. This rate of decomposition allows the hydrogen peroxide to slowly repressurize
the storage vessel as the propellants are consumed during operation of the propulsion
system. In addition to this, the storage vessel can easily be designed to withstand
higher operating pressures, eliminating the concern for storage vessel failure due to

pressure build up.

1.7 STORAGE AND HAZARDS OF

HYDROGEN PEROXIDE

Hydrogen peroxide has been commercially manufactured since around 1885. Today, it
is used in a verity of applications in industries including medicine, pulp and paper, and
propulsion. Billions of pounds of industrial grade hydrogen peroxide are used around
the world every year. The massive quantities consumed by industry are typically
transported and stored in bulk at concentrations as high as 70% [27].

Although rocket grade hydrogen peroxide has a long history of usage as a propel-
lant, a combination of anecdotal evidence and published negative assessments lead

many people to disregard hydrogen peroxide as a viable propulsion solution. A large
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portion of these beliefs are based on the negative characterizations provided in pop-
ular propulsion textbooks such as Ignition by Clark. Books like these provide the
reader with a strong bias against hydrogen peroxide by drawing attention to the dan-
gers and storage instabilities of hydrogen peroxide while downplaying those of other

fuels[28].

1.7.1 STORAGE CAPABILITIES

Typical long term ground storage scenarios for rocket propellants occur before the
construction of a propulsion system as well as after a propulsion system is charged with
propellant but not used immediately. Along with these, a charged propulsion system
may sit dormant for long periods before launch or may only be used intermittently
during a mission for orbital maneuvers or station keeping. These situations require
that the propellant is stable for long periods of time. In satellite and spacecraft
applications, propellants must be able to be stored in closed, pressurized vessels for
as long as 10 years or more without losing the ability to function properly [29].
Hydrogen peroxide’s history of usage as an industrial chemical as well as a pro-
pellant has proven that it is a viable chemical for long term storage. Sealed storage
on-board spacecraft has been demonstrated for periods as long as 5 years, starting
with relatively impure hydrogen peroxide compared to today’s standards. At the
FMC Corporation, a single drum of 90% hydrogen peroxide was stored for over 17
years. After 17 years of storage, the concentration of the hydrogen peroxide was
measured to be 84%, a 0.4% average decrease in concentration per year. The nor-
mal rate of decomposition for commercial grade hydrogen peroxide using chemically

compatible materials is less than 1% per year [29, 27, 28].
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Stability of hydrogen peroxide increases with concentration. Although this seems
counterintuitive, higher concentrations of hydrogen peroxide have the slowest decom-
position rate. Due to the instabilities which develop when impurities are introduced,
hydrogen peroxide becomes increasingly unstable as it decomposes causing the con-
centration of water in the mixture to rise. Today, the technology to produce up to
99% hydrogen peroxide has been developed and proven both safe and economical on
the pilot scale. With the ability to produce a high purity product, the long term stora-
bility of hydrogen peroxide is increased dramatically compared to 85-90% hydrogen
peroxide which has historically been used for propulsion. Along with the improve-
ments in hydrogen peroxide manufacturing, material compatibility has been studied
extensively. By determining which alloys slow the auto-decomposition of hydrogen
peroxide, storage has become safer and more reliable than ever before. Research sug-
gests that the overall storable lifespan of hydrogen peroxide has increased by a factor
between 2 and 10 since 1965 and will continue to increase with future developments

29, 27].

1.7.2 DETONATION RISK

Liquid hydrogen peroxide is non flammable. However, the formation of hazardous
explosive vapors in atmospheric conditions and temperatures above about 121 degrees
Celsius is possible. At this temperature, the vapor pressure of hydrogen peroxide
is high enough to exceed the lower explosive limit when mixed with the Earth’s
atmosphere. However, below this temperature high purity hydrogen peroxide can be
stored safely without the risk of explosion caused by flammable vapors [27].

Condensed phase hydrogen peroxide has proven to be stable. Even when boiling
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at atmospheric pressure, the liquid phase does not pose a risk of detonation. Al-
though it is not likely to occur in a natural situation, high test hydrogen peroxide has
been forced to explode in a laboratory setting. In a recent examination of literature
surrounding the explosively of liquid hydrogen peroxide, Solvay Interlox concluded
that an adjacent detonation is necessary to provide significant energy to initiate an
explosion in liquid hydrogen peroxide. These conclusions were based on several ex-
periments which showed that along with elevated temperatures, a No. 8 detonator
with a 50 gram booster charge was necessary to induce a high test hydrogen peroxide
explosion. However, these high temperatures and pressures are not likely to occur in
standard storage or usage situations. In addition, it is extremely unlikely that vapor

phase explosions can cause liquid phase detonations [27].

1.7.3 Toxicity RISK

Hydrogen peroxide is a naturally occurring chemical that is considered a cytotoxic
agent. However, it is produced by the human body and can be found at low concen-
trations in urine as well as exhaled air. In the human body, hydrogen peroxide does
not readily oxidize most biological molecules. Along with this, it is present at levels
high enough to be detected in drinking water, rain water, sea water, and is a normal
part of a human’s diet [30].

When compared to hydrazine, the toxicity and handling characteristics are less
hazardous or equivalent for hydrogen peroxide. Hydrogen peroxide’s low vapor pres-
sure presents little risk of inhalation. Due to this, high concentrations of dangerous
vapors are unlikely at normal storage temperatures. Effects of the vapors are gen-

erally low at ambient temperatures and can be almost completely avoided through
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proper handling techniques and personal protective equipment. Since the beginning
of commercial production of hydrogen peroxide in the early twentieth century, there

has been little evidence of toxicity on workers or surrounding communities [27, 28].

1.7.4 SAFETY CONCLUSIONS

When handled and stored properly, hydrogen peroxide poses a low risk of detonation,
fire, and toxicity. Using modern storage methods, materials, and high purity hydro-
gen peroxide, decomposition can be maintained well below 1% per year. Hydrogen
peroxide has long term stability in storage, and has proven throughout the last 100
years of commercial high purity production that it can be handled safely. Due to
the low risk of storage and handling, hydrogen peroxide offers a low operating cost

alternative to the toxic monopropellents which are often used today [27, 28|.

1.8 RECENT RELEVANT WORK

Hydrogen peroxide decomposition generates high temperature gas which can be used
as a working fluid for many applications such as reaction control, primary propulsion,
and auxiliary power [31]. Due to this, the catalytic decomposition of hydrogen per-
oxide has been studied intensely since its first propulsion applications in the 1930’s
26].

Catalysis of the decomposition of hydrogen peroxide can be achieved through
either heterogeneous or homogeneous catalysis. In heterogeneous catalysis, a catalyst
that is a different phase initiates the decomposition reaction. This is typically a solid

phase catalyst such as platinum or silver. In homogeneous catalysis, the catalyst is
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the same phase as the hydrogen peroxide. Due to this, homogeneous catalysts are

liquids that are miscible with hydrogen peroxide.

1.8.1 HETEROGENEOUS CATALYSIS

Heterogeneous catalysis of hydrogen peroxide is generally performed using a solid
catalyst in packed columns, beds, or screens. When hydrogen peroxide comes into
contact with the surface of the solid catalyst, the decomposition reaction proceeds
rapidly creating steam and oxygen as products. Upon contact, the hydrogen peroxide
uses the surface properties of the solid catalyst to decrease the activation energy
necessary for the reaction to take place. This results in a drastic increase in reaction
rate through the alterations of the chemical kinetic properties of the reaction. This
is caused by altering the intermediate steps resulting in a lower activation energy
pathway for the decomposition reaction.

Heterogeneous catalysis for thrust applications has been used extensively through-
out history. Rocket grade, 90%, hydrogen peroxide was first used for attitude control
on the X-15 and Mercury spacecraft in the late 1950’s. In this design, silver was used
as a catalyst. Here, the hydrogen peroxide was pushed through silver plated screens
to initiate the decomposition reaction. This process effectively decomposed the hy-
drogen peroxide. The gaseous reaction products were then sent through a nozzle to
provide thrust. In more recent systems, the screen mesh size has been decreased and
silver electroplate is used to promote the reaction and increase the performance of
the catalyst system [32].

The performance of this type of catalysis depends on the available catalytic surface

area. Due to this, dense screens are preferable for increased reaction rate. However,
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flow resistance also increases as the screen density is increased resulting in the need
for increased pressure drop to achieve high flow rates through the catalytic system.
Pressure drop over these screens is significant and can be as high as 80 to 90 PST
[32].

In heterogeneous catalysis systems, the liquid hydrogen peroxide must contact
the surface of the screens in order to decompose catalytically. There are three types
of catalyst degradation that can render a surface catalyst ineffective. First, non-
volatile materials dissolved in the hydrogen peroxide, such as contamination during
production, are left behind as deposits on the surface of the catalyst. This makes
it impossible for the hydrogen peroxide to contact the contaminated areas, reducing
the effective catalytic area. Second, stabilizers used to prolong the life of the hydro-
gen peroxide while in storage can also poison the catalyst by disabling its ability to
catalyze the decomposition in the same way that it stops the decomposition during
storage. Third, a combination of pressure and thermal stresses can cause mechanical
damage to the catalyst resulting in clogging or channeling [28].

There are several MEMS-based monopropellant propulsion systems in develop-
ment which utilize heterogeneous catalysis. Most notably, the PRECISE (chemical
uPRopulsion for an Efficient and accurate Control of Satellites for Space Exploration)
system in development by the European Space Agency and the MEMS-based mi-
crothruster developed at the University of Vermont. Design of catalyst beds on such
small scales has proven to be problematic for both systems. Not only do manu-
facturing techniques need to be taken into consideration, microfluidic effects create
unexpected fluid flow patterns on the micro scale [22, 35].

PRECISE was designed to operate in the thrust range of 1-10 m/N for application
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in accurate attitude control systems on small satellites. In order to achieve thrust
in this range, it was necessary to supply approximately 6 mg/s of hydrazine to the
catalyst bed. During the development of PRECISE, several heterogeneous catalysis
drawbacks were recognized on the micro propulsion scale. These included, signifi-
cantly increased pressure drop, the need to account for microfluidic effects, and that
grain-based catalysts are not viable on this scale. In 2014, several different microcata-
lyst designs were being considered. Through the variation of coatings and geometries
inside the catalyst bed, researchers will try to develop a catalyst that is thermally
and mechanically stable [35].

At the University of Vermont, a thruster design relying on a MEMS-based catalyst
bed was designed and tested. The catalyst bed used an etched diamond pillar geom-
etry for the catalytic chamber design which was coated with high purity (>99.999%)
silver. The catalyst bed geometries tested can be seen in Figure 1.3. During test
firings, the catalyst chamber design did not achieved complete decomposition of the
hydrogen peroxide [22].

A second catalyst chamber design was later tested at the University of Vermont.
Unlike the first catalyst bed, this system utilized self-assembled ruthenium oxide
nanorods which were grown on the surfaces of the reaction chamber’s walls. Verifica-
tion of the ruthenium oxide nanorods was performed by scanning electron microscope
which confirmed that the growing technique yielded a uniform density nanorod coat-
ing in a pillar configuration to increase the effective surface area of the catalyst. The
pillar configuration is shown in Figure 1.4 [13].

During operational testing, complete decomposition of the hydrogen peroxide was

not achieved accross the nanorod catalyst bed. Additionally, the side of the catalyst
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Figure 1.3: Left: A photograph of the MEMS microthruster with a silver coated catalyst
bed in comparison to a US penny, developed by the Goddard Space Flight Center with help
from the University of Vermont. Right: A close up view of the silver coated diamond pillar
catalyst bed, some of the pillars in the catalyst bed have been damaged to show the entire
pillar structure. Reproduced from [22].

bed with the lowest density of nanorods showed the greatest gas production. This was
an unexpected result as reaction rate was thought to be related to catalyst surface
area. It was concluded that due to surface tension effects, the nanorods acted as a non-
wetting surface. The hydrophobic nature of the ruthenium oxide nanorods greatly

reduced the contact area between the nanorods and hydrogen peroxide, making them

ineffective as catalysts [13].

1.8.2 HOMOGENEOUS CATALYSIS

Homogeneous catalysis occurs when hydrogen peroxide is mixed with a liquid phase
catalyst. Upon mixing with the catalyst the hydrogen peroxide decomposes, forming
gaseous steam and oxygen.

Homogeneous methods of catalysis have been used since the beginnings of experi-

mentation with hydrogen peroxide for propulsion applications. Notably, the Helmuth
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Figure 1.4: Top: Gas bubbles at channel outlet show incomplete decomposition of hydrogen
peroxide over catalyst bed. Bottom Left: Scanning electron microscope (SEM) photograph
of deposited Ruthenium Ozide nanorod catalyst. Bottom Right: High magnification SEM
photograph of Ruthenium Oxide nanorod catalyst layer. Reproduced from [13].

Walter and Heinkel HE176 aircraft, flown in 1938, and later the V2 ballistic missile.
Both of these devices used aqueous solutions of calcium permanganate as a catalyst
for hydrogen peroxide decomposition. In these devices, the catalyst solution was fed
in parallel with hydrogen peroxide into a reaction chamber where they mixed causing
the decomposition reaction to take place [32].

In a previous effort at the University of Vermont, a novel method for decomposing
a monopropellant on the micro scale was proposed [38]. In this scheme, shown in Fig-
ure 1.5, the monopropellant and an aqueous catalyst were fed into a mixing chamber
in microscale slugging flow to initiate the decomposition of hydrogen peroxide. The
slugging flow increased mixing in the reaction chamber through the natural internal

circulation of the slugs. The gaseous reaction products were then ejected through a
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converging-diverging nozzle. This system offers a number of advantages over a tradi-
tional heterogeneous catalytic bed, including reduced pressure drop, lack of catalyst
bed fouling, and improved performance. Perhaps the most important advantage,
however, is that eliminating the catalyst bed opens the potential for a propulsion

system where the majority of the components are additively manufactured.

Monopropellant

High
Temperature
Gas
[ —
=]
Supersonic
Micronozzle

Aqueous Catalyst

Figure 1.5: Schematic of the homogeneous catalysis concept. The monopropellant is brought
into contact with an aqueous catalyst in a specially designed mixing chamber, which results
in rapid, exothermic decomposition. The resulting products are vaporized and ejected through
a converging-diverging nozzle to generate thrust. Reproduced from [38].

1.9 DESCRIPTION OF WORK

The goal of this project is to create an operational chemical propulsion system which
can be additively manufactured and incorporated directly into a CubeSat chassis. The
propulsion system design takes into account the necessary thrust, impulse bit, specific
impulse, and total delta-V for use as a CubeSat primary propulsion and attitude
control system. The resulting propulsion system is designed to be inexpensive while

maintaining long term reliability.
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The work described herein includes proof of concept experimentation along with
the theoretical and experimental selections of catalyst, catalyst solvent, material of
construction, and manufacturing method. Finally, the operation of the system is
verified through temperature measurements at the exit plane of the nozzle and thermal
images of the exhaust gas plume. The results of this study support the development
of an additively manufactured thruster that is suitable for both attitude control and

primary propulsion for a CubeSat-class satellite.
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CHAPTER 2

ADVANTAGES OF HOMOGENEOUS

CATALYSIS

Beyond the ability to additively manufacture the system, the use of homogeneous
catalysis offers several other advantages over heterogeneous catalysis. One of the fore-
most advantages of homogeneous catalysis is the ability to vary the ratio of catalyst
solution to hydrogen peroxide, resulting in different properties of the nozzle exhaust
fluid and the ability to vary thrust and impulse bit without altering the propulsion
system. This can be exploited though the careful selection of catalyst and catalyst
solvent resulting in a substantial increase in the propulsion system’s versatility.
Along with this, the continuous replenishment of catalyst insures that catalyst
degradation or poisoning will not cause reliability issues as the spacecraft ages. This,
combined with the autogenous pressurization of the system resulting from the slow
auto-decomposition of hydrogen peroxide while in storage, makes this system ideal

for long missions which require varying thrust levels and impulse bits.
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2.1 HOMOGENEOUS CATALYSIS PROCESS

Similar to the homogeneous catalysis propulsion systems produced in the past, the
propulsion system described in this work operates in three stages. These three stages
are storage, mixing and reaction, and expulsion. A diagram outlining the principle

stages of operation is shown in Figure 2.1.

H202
“_~ Gaseous
-- Mixing —» Reaction —» —» Reaction
/ / Products
Catalyst
+
Solvent

Figure 2.1: This drawing shows the general principle of homogeneous catalysis and how it
1s applied in the system outlined in this paper. High test hydrogen perozride and catalyst
are both fed into a mizing chamber from their respective storage vessels. In the mixing and
reaction chamber the chemical reaction takes place, producing gaseous reaction products.
The gases are then expelled through a converging-diverging nozzle.

In the storage stage, the catalyst solution and hydrogen peroxide are both stored
separately in chemically compatible vessels. In this system, the storage vessels will
be pressurized by the slow auto-decomposition of hydrogen peroxide, resulting in a
pressure increase in the storage vessels without the need for an external pressure

source.
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The second stage, mixing and reaction, occurs when the hydrogen peroxide and
catalyst solutions are allowed to flow into the mixing and reaction chamber of the
thruster. Here, the catalyst solution is mixed with the hydrogen peroxide resulting
in a fast decomposition reaction. This reaction produces steam, oxygen, and heat.
The heat released by the decomposition reaction vaporizes the catalyst solvent. Due
to the high temperature created by the decomposition reaction, the catalyst solvent
vapors react with the oxygen resulting in a combustion reaction. This second reaction
releases additional thermal energy into the flow.

After the reactions have occurred in the mixing and reaction stage, the hot product
gases enter the third stage of the propulsion system, the converging-diverging nozzle.
The decrease in mass density of the gaseous reaction products compared to the density
of the liquid reactants results in substantial pressure increase in the mixing and
reaction chamber. This pressure drives the reaction products through the converging-
diverging nozzle. Here, the flow is accelerated to supersonic conditions in order to

produce thrust.

2.2 DuaL MODE OPERATION

A significant benefit of the homogeneous catalysis process is the ability to operate
in two distinct modes, pseudo-monopropellant mode and bipropellant mode. These
different modes of operation are achieved by varying the the flow rates of the catalyst
solution and hydrogen peroxide. By changing the ratio of catalyst solution to hydro-
gen peroxide in the mixing and reaction chamber, the resulting thrust and impulse

bit can be altered and optimized for specific situations.
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At the lowest operational ratio of catalyst solution to hydrogen peroxide, the
thrust produced will approach the results of a monopropellant thruster, this is the
pseudo-monopropellant mode of operation. Increasing the ratio of catalyst solution
to hydrogen peroxide to a stoichiometric ratio allows all of the oxygen produced by
the hydrogen peroxide decomposition to be consumed though a combustion reaction
with the catalyst solvent. Coupling the combustion of the catalyst solvent with
the decomposition of hydrogen peroxide results in a dramatic increase in thrust.
This mode of operation is similar to a bipropellant system, and is considered the
bipropellant mode of operation.

Dual mode operation allows the thruster to alter its performance through the
manipulation the ratio of catalyst solution to hydrogen peroxide, resulting in a change
in thrust. Due to this, the propulsion system is suitable for both attitude control and
primary propulsion for CubeSat-class satellites. Dual mode operation allows the
satellite to have full functionality of a reaction control system as well as a primary
propulsion system without the need for two separate propulsion systems.

When the decomposition of hydrogen peroxide is coupled with the combustion of
a catalyst solvent, the overall reaction products are carbon dioxide and steam and the
total number of gas particles created by the reaction is increased. This, along with
an increase in the heat evolved from the chemical process results in larger stagnation
pressures and temperatures upstream of the nozzle. The bipropellant mode of the
thruster design takes advantage of these properties resulting in an increased thrust
and impulse bit. The theoretical differences between pseudo-monopropellant mode
and bipropellant mode can be seen in Table 2.1.

When operating in pseudo-monopropellant mode, the energy released approaches
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Table 2.1: Operation parameters of high and low impulse modes. Isp calculations are per-
formed assuming a perfect converging-diverging nozzle, thrust is calculated using flow rates
that will produce 50 mN of thrust during low impulse operation, impulse bit is calculated
using a 10 ms valve actuation time, and Delta-V is calculated for a 3U CubeSat with 1U
dedicated to fuel and oxidizer.

Isp (S) Thrust (mN) | Impulse Bit (mN*s) Delta-V (m/s)
I'ﬂgh Impulse Mode* 291 112 11.2 986
Low Impulse Mode 161 50 5 574
[Percent Difference 57.5 76.5 76.5 52.8

*2-Propanol as catalyst solvent

that of a monopropellant hydrogen peroxide system. In this mode, approximately
586 calories of heat per gram of 85% hydrogen peroxide is released and the adiabatic
flame temperature during operation is 886 K [22]. The addition of a stoichiometric
ratio of energy-dense solvent significantly increases the energy evolved resulting in an
increased adiabatic flame temperature. In comparison to the pseudo-monopropellant
mode, the use of a stoichiometric mixture of hexanol and pure hydrogen peroxide
results in an energy density of approximately 1050 calories per gram of mixture with

an adiabatic flame temperature of 2670 K.

2.3 APPLICATION OF DuAL MODE

OPERATION

Dual mode operation of the propulsion system provides high and low thrust for many
applications such as CubeSat maneuvers, station keeping, detumble, reaction wheel

desaturation, and attitude control. A major advantage of the system outlined here
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is the ability to use the same propellants, piping, and valving for both high and low

thrust applications.

2.3.1 ASTEROID EXPLORATION

One of the most exciting applications of a dual mode propulsion system is in the
ability to use CubeSats for asteroid exploration. Today, there are several current
missions using traditional satellites for exploration of asteroids including the Dawn
and OSIRIX-REx missions, both lead by NASA| and the Rosetta mission lead by the
ESA.

Each of these missions focuses on exploring low gravity targets. Due to the reliable,
precise, and low levels of thrust necessary for orbiting these targets, monopropellant
propulsion systems are preferred for these applications [36]. However, for missions
to targets that call for higher delta-V and specific impulse, bipropellant and solar
electric propulsion systems have great advantages over monopropellant systems. Less
accessible targets may call for multiple propulsion systems, utilizing high delta-V
and high specific impulse propulsion for interplanetary maneuvers, while a second
propulsion system is used for attitude control and station keeping while in low gravity
orbit.

A dual mode propulsion system designed for the CubeSat platform would provide
the necessary propulsion needs to expand CubeSat missions beyond low Earth orbit
for many applications such as asteroid flyby or rendezvous. Bipropellant, or high
impulse mode, can provide the thrust and specific impulse levels necessary for flyby or
rendezvous. During a rendezvous, the pseudo-monopropellant, or low impulse mode,

can provide attitude control and delta-V for small position and trajectory adjustments
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that need to be made due to the Yarkovsky effect, solar radiation pressure, and

variations in the gravitational field of the asteroid.

2.3.2 FORMATION FLYING

CubeSat formation flying requires both primary propulsion and attitude control for
maintenance of absolute position of the CubeSat swarm or constellation as well as the
relative position of each individual CubeSat in the swarm or constellation. Formations
may require both impulsive and low-thrust maneuvers over the course of their mission.
Due to the tight volume and mass constraints on CubeSats, the ability to use a
single propulsion system for impulsive maneuvers, low-thrust maneuvers, and attitude

control is a strong advantage over many other propulsion systems.

2.3.3 VAN ALLEN BELT TRAVEL

High levels of ionizing radiation are trapped in the Van Allen belts caused by the
Earth’s magnetic field. Here, particles such as electrons, protons, and heavier ions are
plentiful. This environment is detrimental to electronic systems on board spacecraft
and has the ability to cause many problems including decreased power production by
solar arrays, failure of sensitive electronics, and increased background noise in sensors.
The high radiation levels in the Van Allen belts have been known to quickly cause
damage to satellite electronics resulting in malfunction and failure in as little as a
few days. Due to this, total radiation dosages must be reduced when passing though
the belts by traveling at high velocity, which decreases the total time spent inside the

high radiation regions [37].
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The tight mass and volume limitations imposed by the CubeSat specifications
limits the additional radiation shielding which can be added for protection. Although
electronic and propellantless propulsion systems have high efficiencies, their low lev-
els of thrust make them unable to generate the force necessary to propel CubeSats
through the radiation belts quickly. However, chemical propulsion provides the nec-
essary thrust to accelerate small satellites at a high enough rate through the radiation
belts to decrease damage. Through the use of the high impulse, bipropellant mode of
operation, the homogeneous catalysis system can be used to provide CubeSats with
enough thrust to pass through the belts with minimal exposure to harsh radiation,
greatly decreasing the shielding necessary to protect sensitive electronics included in
the CubeSat’s payload. Additionally, the low power consumption of the homogeneous
catalysis propulsion system provides it with the ability to operate even if the CubeSat

is unable to generate much power due to decreased solar array efficiency.
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CHAPTER 3

DESIGN CONSIDERATIONS

The criteria outlined in the CubeSat Design Specification places strict structural,
electrical, operational, and testing requirements on the design and qualification of
each CubeSat. By doing this, the CubeSat Program insures the safety of the launch
vehicle, primary payload, and other CubeSats on board the P-POD [5]. However, even
with strict CubeSat requirements, nearly half of the university-led CubeSat missions
which reach orbit fail to achieve mission success. These high failure rates can be
attributed to insufficient system-level functional testing prior to launch. Tests such
as vibration and operation testing, are expensive and time consuming. Due to this,
they are often neglected [6].

The high failure rate associated with CubeSat missions demonstrates the impor-
tance of constructing a robust and reliable propulsion system. The propulsion system
is a critical part of the CubeSat, if it fails, the CubeSat mission will likely also fail.
The design of the propulsion system must have the ability to withstand the high tem-
peratures and pressures without melting, deforming, or cracking due to the thermal

and mechanical stresses placed on the material. Along with the material’s ability to
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withstand these stresses, the manufacturing technique must provide a reliable method
for uniform durability throughout the manufactured parts. With the possibility of
missions lasting 10 or more years, longevity of the CubeSat chassis and propulsion
system are also paramount in importance. The material of construction must also
be chemically compatible with the catalyst, catalyst solvent, and hydrogen peroxide
in order to avoid possibility of corrosion of the chassis material caused by intimate
contact with the propulsion chemicals over the entire mission lifetime. In addition to
the material of construction, the chemical propellants must be chosen with long term

degradation in mind.

3.1 ADDITIVE MANUFACTURING

CONSIDERATIONS

One of the major limitations of additive manufacturing today is the inability to pre-
cisely and consistently fabricate complex designs incorporating multiple materials and
commercial off the shelf parts. In the past, this limitation has excluded additive man-
ufacturing from being a viable end-to-end fabrication method for CubeSat propulsion
technologies. In order to avoid the complications of creating an additively manu-
factured propulsion system, it is necessary to devise a system which does not have
complicated geometries, can be made from a single material, and does not require
embedded COTS parts for operation. The homogeneous catalysis scheme described
in this work eliminates the need for a complicated catalyst bed resulting in a sim-
plified mixing and reaction chamber geometry and material of construction. Along

with this, the use of additively manufactured manifolding allows for COTS valving
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to be installed after the chassis has been manufactured. These simplifications of the
propulsion system manufacturing process allows for the opportunity to inexpensively
additively manufacture the homogeneously catalyzed propulsion system without sac-
rificing performance.

By incorporating as many parts of the propulsion system into the design of the
CubeSat chassis as possible, the number of additional necessary components is sig-
nificantly decreased. This allows for better use of volume and mass through the
integration of the propulsion system into the structural design of the CubeSat. Along
with providing more available space, the total number of components and required
assembly steps is decreased resulting in a reduced cost of manufacturing. Unlike
subtractive manufacturing processes such as milling, turning, cutting, and drilling,
there is typically no need for tooling during the additive manufacturing process which
further decreases the cost and lead time [39).

There are advantages of additive manufacturing beyond cost, lead time, and mass
reduction. By additively manufacturing fluid piping networks, many potential leak
paths are eliminated. This occurs because there is no need to plug holes that have
been created while drilling the piping networks. Welding and inspection costs are also
diminished because the additive manufacturing process does not require welds. This
production method results in decreased time for part integration and testing while
allowing chassis designs to be optimized for mission specific purposes. The design
of simpler systems decreases the number of failure modes, making additively manu-
factured CubeSats more reliable than their traditionally manufactured counterparts.
Overall, the decreased cost and increased performance and reliability make additive

manufacturing an attractive option for CubeSats [39, 40].
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Preliminary designs of the additively manufactured, homogeneously catalyzed
propulsion system have been created by GreenScale Technology, LLC. These initial
design drawings of the primary propulsion and reaction control system can be found
in Appendix A. The drawings show both systems incorporated into a 3 U CubeSat

chassis.

3.1.1 CUBESAT INTEGRATION

Additive manufacturing has the ability to create cost effective, customized, lightweight
CubeSats with high strength and complex components. The combination of small
batch sizes and low volume manufacturing makes additive manufacturing an attrac-
tive and low cost method of production. The ability to manufacture high quality, high
resolution, and metallic parts has provided additive manufacturing the ability to pro-
duce mission specific CubeSat designs for a relatively low marginal cost compared to
conventional manufacturing techniques.

Additive manufacturing technology is developing rapidly. The ability to fabricate
entire electrical and mechanical devices, including full circuits and sensors, will soon
be commonplace allowing for many of the onboard systems to be custom printed.
With the inclusion of additively manufactured electrical equipment, electrical shorts
will be virtually eliminated and CubeSat robustness will be increased dramatically
[41, 42].

The first CubeSat with 3D printed parts was launched in November 2013. The de-
sign incorporated sensors and printed experiments in order to validate the robustness
of the 3D printed parts in the harsh space environment [43]. The RAMPART (RApid

prototyped MEMS Propulsion and Radiation Test) CubeSat will likely be the first
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CubeSat with a 3D printed chassis flown in space. The RAMPART’s chassis is 3D
printed from WINDFORM materials that are laser sintered and nickel plated which
have been deemed acceptable for use in space through ASME testing. The materials
have shown superior strength, brittleness, and thermal properties when compared
to polymer materials for additive manufacturing. The RAMPART’s launch date,

although originally planned for June 2013, has been delayed to a later launch [44].

3.1.2 MATERIAL SELECTION

Unlike CubeSat parts and chassis which have been additively manufactured from
polymer or WINDFORM materials, the nozzle and reaction chamber for the homoge-
neous catalysis propulsion system must withstand high temperatures and pressures.
Typical non-metallic additively manufacturing materials would likely melt or burn at
these temperatures. The need for temperature resistance suggests that metal alloys
with high melting points such titanium or aluminum alloys are more suitable for this
application.

Although aluminum alloys have low density and high strength, their melting points
are low compared to the adiabatic flame temperatures of the decomposition of hy-
drogen peroxide when coupled with a combustion reaction. Due to this, additively
manufactured aluminum is only an option for pseudo-monopropellant operation. For
use in a propulsion system that will operate in bipropellant mode, titanium alloys
were chosen for the material of construction because they are less likely to fail due to
heat load in the thruster’s reaction chamber and nozzle.

The longevity of the material of construction of the CubeSat chassis in a harsh

space environment is an important concern for long duration missions. Along with
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this, the material must be able to tolerate cyclic heat loads resulting from repeated
thruster firings over the lifetime of the CubeSat. The storage vessels must also be
capable of withstanding the maximum pressure expected from the autogenous pres-
surization of the system.

The material of construction will be in intimate contact with both the hydrogen
peroxide and catalyst solution for the entire lifetime of the CubeSat. Due to this,
long term chemical compatibility between the material of construction and hydro-
gen peroxide as well as the catalyst and catalyst solvent is imperative. Incompatible
materials with hydrogen peroxide may act as catalysts resulting in premature decom-
position during storage and catastrophic failure of the storage vessel. Similarly, the
corrosive nature of the catalyst could cause significant damage to the material over a
short period of time if the storage or piping network in contact with the catalyst is
not chemically compatible.

Titanium is an attractive material of construction due to its chemical compatibil-
ity, strength, specific weight, and history of usage in aerospace applications. Although
there have not been any CubeSats additively manufactured from titanium to date,
the Manufacturing Demonstration Facility at Oak Ridge National Laboratory has
been focusing on the use of titanium powder in the construction of a 3U CubeSat
via an electron beam melting technique. Aerojet Rocketdyne has also began working
with additively manufactured titanium as a material for use in CubeSat propulsion
[45]. Likewise, NASA has shown interest in additively manufactured titanium parts
for aerospace applications which can decrease the cost of some parts by more than
90% while maintaining high quality standards. NASA has created and used addi-

tively manufactured complex titanium parts which are exposed to high temperatures

41



such as headers for rocket engines and "tube-in a tube-in a tube" style parts through
the direct metal laser sintering process [46]. Most studies show that the mechanical
properties of additively manufactured titanium alloy materials are equal to or exceed
their traditionally manufactured counterparts [47].

Along with its mechanical properties and history of usage, titanium’s corrosion
resistance adds to the attractiveness as a material of construction for this application.
Titanium is chemically compatible with hydrogen peroxide, ferric chloride, and ferrous
chloride [48]. The chemical compatibility of the materials will allow for long term

operation without loss of strength or failure due to corrosion.

3.1.3 ADDITIVE MANUFACTURING METHOD

In the past, CubeSats have been almost completely manufactured from commercial
off the shelf parts. Although this method of production allows for inexpensive, mass
produced CubeSat structures, it is not conducive to CubeSat designs that require
customized structures due to instrumentation, propulsion, or other subsystem needs.
Mission specific CubeSat designs are highly valuable due to the variability between
CubeSat missions. The ability to create custom CubeSats with minimum retrofitting
and modification saves time and money during the development process. Unlike
more traditional manufacturing methods, additive manufacturing has the ability to
produce mission specific CubeSat designs at a low cost and with a much smaller lead
time. The increased production efficiency caused by additive manufacturing will allow
more time and money to be placed on the development and design of the spacecraft
subsystems [49)].

Additive manufacturing using metallic materials can be accomplished using several
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different methods. They are classified into three groups, powder bed, powder feed,
and wire feed systems.

Powder bed systems operate by first laying a thin layer of powder on the working
surface of the machine. Then, an energy source is used to melt or sinter the powder
in the desired shape, forming a thin layer of solid metal. The process is repeated
until the thin layers form a three dimensional object. This method produces high
resolution features that can contain internal passages while maintaining accurate di-
mensions. Powder feed systems are similar to powder bed systems. However, powder
feed systems use a nozzle to deposit metal powder on the build surface in the desired
shape. Then, after the metallic powder has been deposited, a laser is used to melt
the thin layer of powder into a solid monolayer. Unlike the powdered systems, wire
feed systems use prealloyed wire. The wire is melted using an energy source such as
an electron beam, laser beam, or plasma arc. Wire feed systems are typically used
for items with large build volumes and often require extensive post print machining
[50].

The additive manufacturing method used for a 3D printed thruster, chassis, pip-
ing, and manifolding must be chosen to minimize cost while maintaining structural
integrity in each part. Based on a survey of commercially available 3D printing tech-
niques, direct metal laser sintering (DMLS) appears to be the most suitable candidate.
The combination of high resolution and product quality results in the least amount
of post print finishing to provide a smooth nozzle surface.

DMLS is a powder bed system. In this type of system, a metal powder is applied
in thin layers to a building platform. Then, a laser is used to fuse the metal particles

together in the areas that will make up the part being printed. The remaining metal
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powder that was not fused together is removed, and another powder layer is placed on
top of the previous metal layer. Through this process, a series of thin layers are fused
together to create a three dimensional object. The quality of the part is dependent
on the powder material, exposure parameters, inert gas flow, and the temperature on
the building platform. Due to the large number of factors that can have a negative
effect on part quality, the additive manufacturing process must have camera and diode
based monitoring throughout the printing process. By monitoring the manufacturing
quality during operation, defects such as porosity, lack of fusion, and rough surfaces
can be avoided. The resulting product created by DMLS is a high quality metallic
part well suited for application in CubeSats [51].

The laser sintering powder mixture can be composed of a mixture high and low
melting point metals. After the liquid metal mixture crystalizes, the high melting
point metals add structural integrity while lower melting point metals act as a binder
holding the high melting point metals together. Along with this, additives can be used
to reduce oxidation, reduce corrosion, or act as a fluxing agent. Prealloyed powders
can also be used. Each grain of a prealloyed powder is a mixture of metals and exhibits
a zone where solid and liquid exists over a wide temperature range. When using a
prealloyed powder, grain boundaries can be formed in the final product resulting in
the need for post processing such as furnace post-sintering or hot isostatic pressing
[52].

There is little waste created when using DMLS compared to subtractive manufac-
turing methods such as CNC machining, milling, lathing, or drilling. Along with the
significant decrease in waste metal, there are often much shorter turnaround times

for additive manufactured parts compared to traditional subtractive manufacturing
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methods. Variance in CubeSat design increases the cost of traditionally manufac-
turing individual, one-off, designs. However, the additive manufacturing process is
well suited for customized application reducing the cost of one-off parts. Additive
manufacturing also has the ability create low mass parts by printing hollow, strong
structures that would not be able to be produced through traditional methods. The
strength of the microstructure created during the DMLS process when manufactur-
ing titanium based materials such as Ti-6A1-4V have shown a 50% increase in tensile

strength compared to wrought products of the same material [53, 54].

3.2 CATALYST SELECTION

For optimal performance, the rate of hydrogen peroxide decomposition must generate
exhaust gases rapidly and have the ability to maintain high flow rates during steady
state operation. Due to this, it is important that the propulsion system design can
support high enough reaction rates for sustained operation.

In order for the decomposition of hydrogen peroxide to proceed at a rate fast
enough for propulsion, a catalyst is used to lower the activation energy of the reac-
tion. The relationship between reaction rate and activation energy can generally be
explained with the Arrhenius equation, shown as Equation 3.1. The Arrhenius equa-
tion produces inaccurate results for complex reactions such as this decomposition,
but it is useful for understanding what factors may have a significant impact on the

reaction kinetics.
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Where £ is the rate constant and is directly related to the reaction rate, A is a
pre-exponential factor, F, is the activation energy, R is the universal gas constant,
and 7' is the temperature.

The catalytic decomposition of hydrogen peroxide has been studied extensively.
In 1934, Haber and Weiss identified both ferric and ferrous salts as catalysts for
a chain and radical decomposition reaction of hydrogen peroxide [55]. In a report
published by Sandia National Laboratories, iron compounds were determined to be
in the group with the most vigorous hydrogen peroxide decomposition out of all the
catalysts studied [56]. Although this decomposition reaction has been studied many
times since it was first discovered in 1894 by Henry Fenton, there are no models of the
reaction kinetics that can adequately describe the overall reaction rate in a variety of
pH, iron ion, and hydrogen peroxide concentrations [33].

To generate thrust, the catalysts used during experimentation must create a rapid
decomposition of hydrogen peroxide. Although there are many chemicals and mate-
rials that increase the rate of decomposition, few have been extensively researched
and documented. Two catalysts were chosen for this application based on the cur-
rent available literature, those were ferric chloride (F'e(111)Cl3) and ferrous chloride
(Fe(II)Cly). Ferric chloride and ferrous chloride were selected as the homogeneous
catalysts for the decomposition reaction for several reasons. The ionic nature of the
bonds in these catalysts allow them to readily disassociate into their constituent ions
when they are dissolved into polar solvents. This results in a high concentration of
iron ions in the catalyst solution, increasing the reaction rate [55, 57, 33]. Along
with this, literature suggests that iron salts are among the the highest performing

catalysts for hydrogen peroxide decomposition specifically in propulsion system ap-
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plications [58, 59].

3.2.1 CATALYST CONCENTRATION

The concentration of the catalyst ions is a determining factor in the initial reaction

rate which can be described using the second-order kinetic law shown as Equation

3.2.

—d[HQOQ]

o = Ral HyOy|[Fe(111)] (3.2)

where kg4 is the second-order rate constant for the reaction, [Hy0s] is the concen-
tration of hydrogen peroxide, and [Fe(/II)] is the concentration of the Fe(III) ion
[33]. This shows that there is a strong linear dependence on the concentration of
iron ions on the reaction rate. By assuming that the reaction products (H.O and
O,) are only present in the gaseous phase, the concentration of the iron ions will
increase as the reaction proceeds as a result of the decreasing volume of unreacted
hydrogen peroxide and catalyst solution. Unlike the concentration of the iron ions,
the concentration of hydrogen peroxide will have negligible change over time. This
is because the concentration of hydrogen peroxide dependent on the density of the
liquid HyOs, which has negligible variance with temperature.

Although this model describes the Fe(III) ion, it is likely that the reaction kinetics
are similar for the Fe(II) ion. This can be seen in the first two steps of the reaction

mechanism described in the literature [33].

Fe*t + HyOy — Fe*t + HO3 + H
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Fe*t + HyOy — Fe*™ +*OH + OH~

The first two steps have a similar mechanism. The first step using Fe(III) as a
catalyst produces Fe(II) which is then consumed and produces Fe(IIl) again as a
product of the second step. Due to the similarities, it is likely that the model of
the initial kinetics of the reaction suggested for the Fe(III) ion are similar enough to
generally describe the reaction kinetics of the Fe(II) ion also.

Although the kinetic equation is a simplified model of the actual chemical kinetics,
which have not been completely and accurately modeled to date, the initial reaction
kinetics are a valuable concept to understanding what variables will likely effect the
overall reaction rate. In this case, the hydrogen peroxide concentration cannot be
changed because it depends on the density of the liquid phase hydrogen peroxide.
Therefore this model shows that we should expect a larger initial reaction rates by
increasing the concentration of the catalyst.

Along with chemical kinetics, increased catalyst concentration also decreases the
freezing point of the catalyst solutions. In order for proper operation, neither the
catalyst solution nor the hydrogen peroxide can be in the solid phase. Due to this,
it is important that the catalyst solution does not freeze at temperatures greater
than the freezing point of 90% propellant grade hydrogen peroxide, which is —10°C.
However, due to the freezing point depression caused by addition of the catalyst to
the catalyst solvent, the freezing points of the catalyst solutions are depressed below
the freezing point of hydrogen peroxide for each combination of catalyst and solvent

of interest, including water.
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Minimization of Catalyst Mass

As the reaction proceeds, the total volume of the reactants decreases. The concen-
tration of the catalyst will eventually exceed its solubility limit in the solution. At
this point, the excess catalyst ions will precipitate out of solution. The solid precip-
itate is expected to be carried out of the system through the nozzle along with the
gaseous products. This produces the potential hazard of slight geometry changes in
the mixing and reaction chamber if the precipitate becomes attached to the walls of
these sections instead of flowing out the nozzle as expected.

Catalyst loading may also negatively affect thruster performance through the ad-
dition of a second phase. As solid catalyst precipitate passes through the nozzle,
performance may be substantially degraded. Thrust reductions of up to 19% have
been predicted by the addition of a multiphase component with a volume fraction as
small as 0.1% [60].

Along with the potential of system geometry changes and decreased thrust from
multi-phase flow, another downside of high catalyst concentrations is the additional
mass of the catalyst. On small satellites, the total mass restrictions are tight. It
is imperative to minimize the total mass of the system by using the minimum con-
centration of catalyst necessary to promote complete decomposition of the hydrogen
peroxide. This will allow the thrusters to operate properly without unnecessary cat-
alyst mass.

Although increasing the mass fraction of the catalyst may result in an increased
rate of reaction, the adverse effects caused by additional mass, multiphase loading,
and geometry changes must be considered alongside the reaction rate. The com-

bination of these factors could significantly decrease the overall performance of the
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propulsion system if excessive catalyst loading is used. Due to this, only mass frac-

tions of catalyst below 25% were considered for experimentation.

3.3 SOLVENT SELECTION

The catalyst solvent was selected based on several criteria including freezing point,
viscosity, miscibility with hydrogen peroxide, auto-ignition temperature, the ability
to dissolve the catalyst, energy density, adiabatic flame temperature, relative specific
impulse, toxicity, and chemical hazards. Although all of these criteria are important
considerations, no known chemical meets all of the criteria for an optimal solvent.
Due to this, six viable solvents were chosen for experimentation based on predicted
and tabulated values of the selection criteria.

The six solvents chosen were water, hexanol, n-hexane, ethanol, methanol, and
2-propanol. These solvents stood out among a list of viable solvents as the most

promising based on their chemical and physical properties.

3.3.1 FREEZING POINT

The freezing point of the catalyst solvent is important for the operation of the propul-
sion system, a frozen catalyst solution will not flow into the mixing and reaction
chamber and will cause a system malfunction. In order for the propulsion system to
operate normally, both the hydrogen peroxide and the catalyst solvent must remain
in the liquid phase. Due to the environment in space, cold operating temperatures
are common especially when the satellite is not in direct sunlight. The freezing point

of high test peroxide is approximately -10 degrees Celsius for 85% hydrogen peroxide.
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Catalyst solutions were selected that would not freeze at higher temperatures than
the hydrogen peroxide.

The freezing points of the pure substances are shown in Table 3.1. However, the
addition of catalyst as a solute further depressed the freezing point of each catalyst
solution. Due to this, even water which has a freezing point of 0 degrees Celsius when
pure will stay in the liquid phase for temperatures lower than -10 degrees Celsius

after the addition of the catalyst.

Table 3.1: Pure substance freezing points of the chosen catalyst solvents.

Solvent Freezing Point of Pure Substance (°C)

Water 0
Hexanol -48.3
N-Hexane -95.3
Ethanol -114
Methanol -97.6
2-Propanol -89

3.3.2 VISCOSITY

The viscosity of the catalyst solvent was considered during the selection process to
eliminate solvents which may require large pressure drops to flow into the mixing and
reaction chamber. The viscosity is directly related to the pressure drop in the fluid

network, as can be seen in the Hagen-Poiseuille equation, shown as Equation 3.3.

~ 8ulLl@Q
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(3.3)

Where AP is the pressure drop, u is the dynamic viscosity, L is the length of the
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pipe, r is the radius of the pipe, and @ is the volumetric flow rate. The pressure
driving the fluid flow of both the hydrogen peroxide and the catalyst solution is
supplied by the slow decomposition of the hydrogen peroxide while in storage. Due
to this, the pressure drop over the hydrogen peroxide piping network and the catalyst
solution piping network will be the same. Although increasing the diameter of the
catalyst piping network would allow high viscosity catalyst solvent to be used, piping
diameter restrictions are imposed when incorporating the piping network into the
CubeSat chassis.

Along with this, mixing the hydrogen peroxide with a high viscosity catalyst
solvent would likely call for a more complex mixing scheme. The Reynolds number

of a flow is inversely proportional to the viscosity of the fluid, as shown in Equation

3.4.

Re = — (34)

where p is the density of the fluid, v is the velocity, L is the hydraulic diameter, and
1 is the dynamic viscosity. High viscosity catalyst solvents flow with lower Reynolds
numbers resulting in more laminar flow, increasing the difficulty of mixing. Due to
the fact that the mixing and reaction chamber is already small, the addition of flow
with very low Reynolds numbers would likely have a substantial negative impact on

mixing and overall performance.
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3.3.3 MISCIBILITY WITH HYDROGEN PEROXIDE

In addition to viscosity, miscibility of the hydrogen peroxide and the catalyst solvent
plays an important role in the mixing of the solutions. Highly miscible catalyst solu-
tions promote the decomposition reaction in the mixing and reaction chamber. Mixing
is important in the thruster design to disperse the catalyst particles throughout the
hydrogen peroxide. The use of an immiscible solvent would cause the decomposition
reaction to occur only at the interface of the catalyst solvent and hydrogen peroxide.

Solvents with a range of polarities were chosen for testing based on the rule of
thumb that miscible materials have similar intermolecular bond types. Alcohols were
chosen as primary candidates due to the hydrogen bond in the alcohol functional
group, which is similar to the structure of hydrogen peroxide. The similarity in the

structures of ethanol and hydrogen peroxide can be seen in Figure 3.1.

N e s o
Q- 0{ / ON
H CH,-CH, H
Hydrogen Peroxide Ethanol

Figure 3.1: Chemical structure of hydrogen peroxide and ethanol. Similarities can be seen
between the two structures which lead to high miscibility. The hydrogen peroxide has two
hydrogen bonds and the ethanol has a hydrogen bond in the alcohol functional group.
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3.3.4 AuUuTO-IGNITION TEMPERATURE

All of the solvents of interest, except for water, were selected because they are
flammable and release a significant amount of energy during combustion. It was
important to choose solvents with auto-ignition temperatures higher than typical
ambient temperatures experienced by CubeSats during a mission as well as during
storage. This requirement insures safety for those working on the device as well
as avoiding risk of damage to the launch vehicle and CubeSat during development,

construction, storage, launch, and deployment.

Table 3.2: The auto-ignition temperatures of the solvents of interest.

[Solvent  |Auto-lgnition Temperature (°C)]
Water N/A
Hexanol 293
M-Hexane 223
Ethanol 365
Methanol 470
2-Propanol 399

Solvents with auto-ignition temperatures near the adiabatic flame temperature of
the decomposition of hydrogen peroxide (886 K') would not combust during operation
of the propulsion system if the hydrogen peroxide or catalyst solvent is fed into the
mixing and reaction chamber at low temperatures. This is because the energy released
during the decomposition of hydrogen peroxide must heat the entire mixture to the
auto-ignition temperature of the solvent in order for the combustion of the solvent
to occur. Due to these limitations, only solvents with auto-ignition temperatures

between 150 and 500 degrees Celsius were chosen. The auto-ignition temperatures of
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the chosen solvents are shown in Table 3.2.

3.3.5 ABILITY TO DISSOLVE CATALYST

In order to use iron salts to catalyze the decomposition of hydrogen peroxide reaction,
the solvent used for catalyst delivery must have the ability to fully dissolve the cata-
lyst at temperatures at or below the lowest operating temperature of the propulsion
system.

The minimum operating temperature was chosen as the freezing point of rocket
grade hydrogen peroxide, -10 degrees Celsius. It is important that the catalyst solute
will not precipitate out of solution above this temperature because operation of the
propulsion system with large solid-phase particles could result in reduced flow, total
piping blockages, or valve damage. Along with these, precipitation of the catalyst
would likely cause the hydrogen peroxide decomposition rate to decrease in the mixing
and reaction chamber due to a decrease in iron ion concentration.

Experimental solubility data of the catalysts in each solvent of interest is not
currently available. Due to the lack of experimental data, solubility values were pre-
dicted using a nonlinear regression model based on 10 chemical descriptors published
by Jean-Claude Bradley and Andrew Lang in 2009 [61]. Although the model only
predicts solubilities for room temperature solvents, the data was used to eliminate
solvents with poor solubility qualities. Solvents with the highest predicted solubility

of the catalysts were considered for further experimentation.
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3.3.6 ENERGY DENSITY

When selecting catalyst solvents, the energy density was calculated as the total chemi-
cal energy per unit volume of chemical storage. When operating in bipropellant mode,
the volumetric ratio of hydrogen peroxide and solvent differs between solvents due to
the chemistry of each combustion reaction. By taking into consideration the volumet-
ric ratios of hydrogen peroxide and solvent, the solvent with the highest combined
energy density will provide the propulsion system with the highest delta-V per unit of
chemical storage space. The energy density was calculated using the formula shown

as Equation 3.5.

AHHQOQ + A[{Solven
PEnergy = V. ! (35)

storage,HsOs 1 VStorage, Solvent

Where pgpergy is the energy density, AHpy, o, is the enthalpy released by the hy-
drogen peroxide during decomposition, A Hgopent is the enthalpy released by the com-
bustion of the solvent, Viiorage, mo0, 15 the storage volume of the hydrogen peroxide,
and Vsiorage,Solvent 1 the storage volume of the solvent. This energy density definition
is relevant due to the tight volume constraints imposed by the CubeSat platform. In
order to have the most compact propulsion system, the total energy density of the
storage volume was evaluated. Figure 3.2 shows the calculated energy density based

on each solvent of interest.
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Figure 3.2: The energy density of the stoichiometric ratio of hydrogen peroxide and solvent.
Higher energy densities allow for smaller total storage volume leading to decreased system
footprint.

3.3.7 ADIABATIC FLAME TEMPERATURE

The adiabatic flame temperature is the theoretical maximum temperature of the prod-
uct gasses created during the reaction of the hydrogen peroxide and catalyst solution.
The addition of water, either as a catalyst solvent or as a result of degradation of the
hydrogen peroxide during storage has a great affect on the operation temperature of
the propulsion system. The significant impact of water on the operating temperature
can be seen in Figure 3.3. Above 0.35 mass fraction of water, the reaction does not
evolve enough heat to vaporize all of the water in the product stream. This cre-
ates a product stream consisting of saturated steam and water droplets, significantly
impacting performance of the nozzle.

Catalyst solvents other than water can be used to increase performance. The

replacement of water with a fuel at a stoichiometric ratio of fuel to hydrogen peroxide
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Figure 3.3: Plot of the adiabatic flame temperature verses the mass fraction of water in the
mixture. When the mass fraction of water is above 0.35, the reaction products are a mixture
of liquid water and saturated steam, causing severe performance degradation.

increases the adiabatic flame temperature of the mixture significantly. This can be
seen in Figure 3.4 which shows the adiabatic flame temperatures of the reaction if
ethanol, methanol, 2-propanol, hexane, or hexanol are used as the catalytic solvent
at stoichiometric ratios.

The use of reactive solvents results in higher adiabatic flame temperatures which

increase the thrust and specific impulse resulting in a more efficient propulsion system.
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Figure 3.4: Plot of the adiabatic flame temperature of a stoichiometric mizture of hydrogen
peroxide and catalyst solvent.

3.3.8 RELATIVE SPECIFIC IMPULSE

Based on the molecular masses and adiabatic flame temperature of the product gasses
created in the mixing and reaction chamber, the theoretical relative specific impulse
between the various catalyst solvents can be compared. The calculated relative spe-
cific impulses for the catalyst solvents chosen are shown in Table 3.3.

Table 3.3 shows the significant increase in specific impulse, thrust, impulse bit, and
delta-V achieved by all of the chosen catalyst solvents while operating in bipropellant
mode when compared to water. The significant improvement in specific impulse allows
smaller volumes of hydrogen peroxide and catalyst solvent to be stored on board for

missions where large delta-V is necessary.
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Table 3.3: Iy, thrust, impulse bit, and Delta-V in bipropellant mode.

Thrust | Impulse Bit | Delta-V
(mN) (mN*s) (m/s)

Water 161 50 5 574
2-Propanol 291 112 11.2 986
Ethanol 289 111 11.1 937

Hexanol 296 114 11.4 1000
Methanol 283 109 10.9 858
114 11.4 1018

n-Hexane

3.3.9 Toxicity AND CHEMICAL HAZARDS

In order to decrease the overall cost of storage and handling of the propulsion system,
only nonhazardous chemicals were considered for use as the catalyst solvent. In
an effort to increase environmental friendliness while maintaining high performance,
catalyst solvents were chosen that would not pose a significant risk to the environment

or the people handling the solvents.

Flammability Hazards

Hexane, ethanol, methanol, 2-propanol, and hexanol are highly flammable and pose a
fire hazard when in the presence of open flames and sparks. Due to the fact that the
solvents were chosen based on their ability to react at relatively low temperatures, it is
not possible to eliminate chemicals that pose flammability hazard. Likewise, solvents

with high energy density were chosen because they offer the highest performance for
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the CubeSat propulsion system. Similar to many high energy, flammable fuels and
solvents used by both industry and the public today, the risk of fire can be minimized
with proper handling and storage of the solvents.

Although the solvents do pose a flammability hazard, they were chosen based on
their common use in industry. All of the solvents that were tested have a long history
of usage in many different industries as fuels and solvents. The common usage of
these chemicals shows that when handled properly, they do not pose a substantial

fire risk.

Health Hazards

Only solvents that are easily handled and do not pose a significant toxicity hazard were
considered for use in the propulsion system. Although the chosen solvents are easily
handled, it is still important to use personal protective equipment, maintain adequate
ventilation, and have nearby safety showers during handling. By only considering
solvents that have a history of safe, large scale industry usage, the chemical hazards
in the propulsion system were minimized [62, 63, 64, 65, 66]. Through the process of
eliminating chemicals that were extremely toxic, the resulting propulsion system was

able to maintain its status as a "green" chemical propulsion system.

3.4 NOZZLE SELECTION

Previous linear micronozzle studies performed at the University of Vermont have
focused on micronozzles an order of magnitude smaller than those studied here. In

that previous work, a 30° expander was found to offer the best performance for "deep"
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nozzles (>100 um), as it was sufficiently wide to overcome the viscous boundary layer
but narrow enough to keep most of the flow in the axial direction [67].

However, in this study, the focus is on slightly larger nozzles which produce more
thrust and have higher flow rates. In the numerical study performed on the nozzles at
this scale, only the shallowest nozzle (0.25 mm) overlaps with the previous effort. The
results from the numerical simulations are shown in Figure 3.5. A detailed description

of the computational model and the numerical results can be found in Appendix B.
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Figure 3.5: The thrust performance per unit depth at Re ~ 800 for 15°, 30° and 45° expander
half-angles at 0.25, 0.50 and 1.00 mm. For the shallowest nozzles, the viscous boundary
layer dominates the flowfield, which reduces performance.

Surprisingly, the findings of the computational study, shown in Figure 3.5, per-
formed on this scale indicate that a 45° expander offers the best performance at all
depths studied. Based on the previous work, the expectation was that deeper nozzles
would suffer less from viscous effects, making the wider nozzle inefficient due to ge-
ometric losses. However, the simulation results indicate that viscous effects are still

significant enough to warrant a 45° expander over the Reynolds numbers of interest
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in this study. Due to the computational results, a nozzle with a 45° expander was

used for experimentation.
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CHAPTER 4

CHEMICAL TESTING AND ANALYSIS

A total of six solvents and two catalysts were selected for experimental testing based
on their chemical and physical properties. In order to determine which solvent and
catalyst combinations provide the highest performance and reliability in this propul-
sion system, each combination of solvent and catalyst was tested for solubility and
chemical kinetic properties at three concentration levels. The catalysts were tested
at concentrations of five, fifteen, and twenty-five weight percent. Due to this, there
were a total of thirty-six different combinations of catalyst, catalyst concentration,

and solvent.

4.1 SOLUBILITY TESTING

4.1.1 BACKGROUND

The determination of solubility of chemical species in a solvent based on chemical

structure and chemical descriptors is a difficult problem. Although it has been stud-
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ied for decades, computational methods for the determination of solubility still face
significant reliability issues. Many of the models that have been developed are solvent
specific. Models that are designed with the ability to estimate solubilities in various
solvents sacrifice accuracy for the increased solvent inclusivity. Chemical solubility
models are typically created for estimation of drug solubility. Due to this, the solvents
considered in the majority of models are limited to benign liquids that can be used
for pharmaceutical delivery such as water, ethanol, or propylene glycol.
Additionally, estimated solubility values are typically calculated at ambient tem-
peratures of 20-25 degrees Celsius. Although this is acceptable for many applications,
the CubeSat propulsion system must operate at temperatures as low as -10 degrees
Celsius, far below the prediction temperature. Temperature dependence of solubility
is variable between chemical species. As a result, the extrapolation of solubility data
to low temperatures has a high risk of inaccuracy and needs to be verified through

experimentation.

4.1.2 EXPERIMENTAL PROCEDURE

The solubility of the catalyst in the selected solvents was studied at the approximate
freezing point of hydrogen peroxide. To perform this study, each combination of
catalyst and solvent were created at concentrations of 5, 15, and 25 weight percent
resulting in a total of 36 catalyst solution samples. These concentrations are well be-
low the estimated solubility predicted through the solubility model and were expected
to fully dissolve the solutes, even at low temperatures. The samples were placed in a
refrigerated area where they were cooled to -10 degrees Celsius and left undisturbed

for a minimum of 12 hours. This allowed the samples enough time for any undis-

65



Figure 4.1: Left: An unstable colloid that has settled to the bottom of a test tube. Middle:
A stable colloid. Right: A dissolved catalyst, below the solubility limit.

solved solute to settle to the bottom of the test tubes. After the samples were cooled
and settled, a visual examination of the samples was performed to determine if the
samples were homogeneous.

The samples were then allowed to warm to room temperature. After the samples
were at room temperature and there was no condensation on the outside of the test
tubes, a laser was used to determine if the solutions were colloidal. The colloid
test was performed using a red laser which was pointed through each sample in a
dark environment. If the laser scattered, the sample was determined to be colloidal.
Homogeneous samples which did not have visible laser scattering were determined
to be fully dissolved. Colloidal solutions were allowed to sit, undisturbed, for 12
hours. After 12 hours, the samples were visually inspected for homogeneity. If the
solution remained homogeneous, the samples were determined to be stable colloids. If
the solution separated, the samples were determined to be unstable colloids. Sample

photographs of the solubility test are shown in Figure 4.1.
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4.1.3 EXPERIMENTAL RESULTS

Solubility testing resulted in the elimination of 19 of the 36 catalyst solutions of
interest. Although predictions for solubility of ferric chloride and ferrous chloride were
substantially larger than the concentrations of the solutions which were examined,
experimental results showed that actual solubility was lower than predicted for many
of the solvents.

Hexane, although predicted to be a viable solvent, did not show any attributes of
being a solvent for either the ferric chloride or ferrous chloride. Along with this, five
weight percent of either ferric chloride or ferrous chloride in water was not sufficient

to depress the freezing points below -10°C. Results of solubility testing are shown in

Table 4.1.
Table 4.1: Experimental solubility testing results.
Results of Solubility at -10°C
Fe(lll)Cls Fe(ll)Cl;
5% 15% 25% 5% 15% 25%

Hexane | | I I | I
1-Hexanol H, NC H, NC H, NC NH, OSL MNH, OSL NH, O5L
Methanol H, NC H, NC H, NC NH, NC H, NC H, UC
Ethanol H, NC H, NC H, NC H, NC H, NC NH, O5L
2-Propanol H, NC H, NC NH, O5L NH, OSL MNH, OSL NH, O5L
Water Frozen, NC |H, NC H, NC Frozen, NC |H, NC MNH, O5L

H=homogeneous
NH= not homogeneous

MNC=noncolloidal, fully dissolved
UC = unstable colloid
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4.2 DRoOP TESTING

4.2.1 BACKGROUND

Drop testing was used to evaluate the reaction kinetics of each combination of solvent
and catalyst that were determined to be viable through solubility testing. A slow
decomposition reaction is undesirable because it results in the need for a longer mixing
and reaction chamber. In the chemical reactions studied, heat released from the
decomposition of hydrogen peroxide causes the combustion of the solvent. Due to
this, the rate of decomposition is strongly related to the time between mixing and
solvent combustion. Higher decomposition rates provide faster overall reaction times
leading to increased propulsion system performance.

In this study, the time between initial contact of the fluids and the onset of a
violent reaction is defined as the initial delay time. The initial delay time depends
strongly on the heat and mass transfer properties of the system as well as the chemical
kinetics [68]. Ideally, the delay could be broken into two contributing parts, delay
caused by chemical kinetics, and delay resulting from the heat and mass transfer
characteristics of the system. However, mixing limitations prevent the ability to
accurately determine the contribution from each of these specific factors.

A minimum chemical reaction delay corresponds to increased system performance
by minimizing heat losses from the mixing and reaction chamber resulting in acutal
temperatures that are closer to the theoritical adiabatic flame temperature. Along
with this, longer initial delays may result in the creation of high concentrations of

explosive intermediate species resulting in hard engine starts and decreasing system
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reliability. The optimum outcome of drop testing is to find a low toxicity fuel which
can be safely and easily stored while still providing short delay and reaction times
when mixed with hydrogen peroxide. In previous studies, alcohols were found to
be inexpensive, non-toxic, and highly storable, while providing good performance
(68, 69].

Although drop testing has historically been the standard method for initial screen-
ings of hypergolic fuel and oxidizer mixtures, it should be noted that there are signif-
icant environmental differences between the drop test and the reaction kinetics in the
thruster [70]. Mixing is a large determining factor in performance of the thruster being
designed in this work. Due to this, it is important to understand that differences in
mixing, pressure, and heat transfer between the drop test and use in the thruster will

likely cause the reaction to proceed with different kinetics during thruster operation.

4.2.2 EXPERIMENTAL PROCEDURE

Drop testing was performed by mixing 50 microliters of hydrogen peroxide with 50
microliters of catalyst solution inside an additively manufactured aluminum "chalice"

shown in Figure 4.2.

Figure 4.2: Additively manufactured aluminum "chalice” used during the experimental drop
tests. The diameter and depth of the "chalice” are both 15.875 mm.
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50 microliters of hydrogen peroxide were first placed in the chalice. Then, 50
microliters of the catalyst solution were quickly added to the chalice using a micro-
pipette. The reaction was observed and timed. Data was collected pertaining to the
length of the initial delay before reaction and the total elapsed time for the substances

to react. Incremental photographs of a drop test experiment is shown in Figure 4.3.

Figure 4.3: Incremental photographs of an experimental trial of a drop test.

During this experiment, each solvent of interest was tested in combination with
each catalyst at three levels of concentration. Through this process, every viable

combination of solvent, catalyst, and catalyst concentration was examined.

4.2.3 EXPERIMENTAL RESULTS

Each reaction was categorized by delay time and reaction time. The delay times

were binned into three levels; no delay, short delay, and long delay. No delay was
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defined as having no noticeable delay by the observer. To be placed in the no delay
category, the reaction must have begun reacting upon contact of the catalyst solution
and hydrogen peroxide. Short delay was defined as a reaction having an initial delay
of less than one second after contact between the catalyst solution and the hydrogen
peroxide. The long delay category was used for reactions with initial delays greater
than one second.

Similarly, the reaction time was categorized into two categories, fast reaction or
slow reaction. Fast reactions occurred rapidly, in less than one second, and slow

reactions occurred in greater than one second. The results are shown in Table 4.2.

Table 4.2: Observed reactivity of experimental solutions.

Results of Drop Test at 20°C

Fe(lll)Cl3 Fe(ll)Cl;

5% 15% 25% 5% 15% 25%
Hexane N/A N/A N/A N/A N/A N/A
1-Hexanol LD, LR LD, 5R LD, LR N/A N/A N/A
Methanol LD, LR ND, FR ND, FR LD, LR ND, FR ND, FR
Ethanol ND, LR 5D, 5R ND, FR LD, LR ND, FR N/A
2-Propanol LD, LR ND, FR N/A N/A N/A N/A
Water ND, 5R ND, 5R ND, FR ND, LR ND, 5R ND, LR
ND=Mo Observed Delay SR= Reaction less than 1 s
SD=Delay shorter than 1s LR = Reaction longer than 1 s
LD=Delay longer than 1s M/A = Mot tested due to solubility testing results
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4.3 SOLUBILITY AND DROP TESTING

ANALYSIS

The results from solubility testing and drop testing were combined to determine which
catalyst solutions are viable for the propulsion system. For application in the propul-
sion system, it is necessary that the catalyst remains dissolved at low temperatures,
the solution does not freeze, and that there is a fast decomposition of hydrogen per-
oxide with no delay. These qualities are necessary for reliable performance in space.

Viable catalyst solutions were selected from the 36 catalyst solutions which under-
went solubility and drop testing based on the overall measured performance. Solubil-
ity requirements for viable solvents were limited to solutions which were homogeneous,
noncolloidal, and unfrozen at -10°C. Along with this, only solutions which had fast de-
composition reactions with no observable delay during drop testing were considered.
Through this process, the original 36 possible catalyst solutions were further reduced
to seven viable catalyst solutions. The results are outlined in Table 4.3, which shows
the viable catalyst solvents in white.

Solvents with low concentrations of catalyst, are preferred for propulsion system
applications for several reasons. Lower concentrations result in solutions which remain
homogeneous at lower temperatures. As temperature decreases the solubility limit of
the catalyst in the solvent also decreases. Due to this, low concentrations of catalyst
decrease the minimum temperature before solid catalyst crystallizes and precipitates
allowing lower operation temperatures and increased reliability for solvents with low

catalyst loading. Along with this, the overall mass of the catalyst in the system is
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Table 4.3: Observed solubility and reactivity of experimental solutions. Solutions in white
cells show high levels of solubility and reaction performance and are promising mixtures for
further experimentation.

Results of Solubility at -10C, Overlayed with Drop Test Data

Fe(lll)Cls Fe(ll)Cl;
15%

1-Hexanol

Methanol

Ethanaol

2-Propanol
H=homogeneous UC = unstable colloid
NH= not homogeneous OSL = over solubility limit
NC=noncolloidal, fully dissolved | = insoluble

-Lang delay, slow reaction, or insoluble

short delay followed by fast reaction or unstable colloid

Mo delay, Fast reaction, Noncolloidal

decreased. At high concentrations of catalyst, the mass of dissolved catalyst can add
significant mass to the overall system.

In order to choose which catalyst solutions would offer the best overall perfor-
mance, the viable catalyst solutions were ranked by expected performance for ap-
plication in CubeSats. The rank was based on the relative specific impulse(Ispg),
catalyst concentration (Concg), and the relative chemical storage energy density (Ug)
of each viable catalyst solution. The formula used to determine the expected perfor-

mance is shown as Equation 4.1.

Expected Performance = Ur * 5+ Igpr x5 — Concg * 1.5 (4.1)

From this, the relative expected performance was determined by normalizing the
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expected performance with the highest performing solution, 15% ferric chloride in

2-propanol. The relative expected performance of each catalyst solution is shown in

Figure 4.4.
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Figure 4.4: The relative expected performance of each solution of interest based on three
major performance and reliability characteristics including storage energy density, relative
specific impulse, and solute concentration.

Based on this information, 15% ferric chloride in 2-propanol shows the highest
expected performance for the propulsion system. This catalyst solution was chosen

for further testing based on its performance and reliability characteristics.
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CHAPTER 5

THRUSTER AND SYSTEM TESTING

5.1 THRUSTER DESCRIPTION

Thruster and system testing was performed using additively manufactured thrusters
constructed from Formlabs Clear Photopolymer Resin, Formulation FLGPCL02, for
nozzle performance verification and thrust verification. The thrusters were designed
by GreenScale Technologies and manufactured on site using a FormLabs 3D printer.
Thrusters made from this material were used for low temperature and preliminary
experimentation.

For thermal imaging of the plume and exit plane temperature measurement, a
thruster was 3D printed by a third party using the DMLS process and a titanium
alloy as the material of construction. The drawings for the titanium alloy thruster
are shown in Figure 5.1, and the actual thruster used for testing is shown in Figure

5.2.
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Figure 5.1: Drawings of additively manufactured thruster design used for experimental test-
ing. Designed by GreenScale, LLC.

5.2 NOZZLE PERFORMANCE VERIFICATION

Schlieren photography was used to verify that the nozzle design can create supersonic
flow at the nozzle outlet. In order to make this verification, compressed air at ambient
temperature was supplied to the nozzle to mimic the flow of reaction products during
thruster operation. Through this process, the plume created by the gasses at the
outlet of the nozzle was observed using Schlieren photography. This allowed the flow
to be visualized and analyzed for the expected supersonic flow patterns.

The converging-diverging nozzle can be approximated using isentropic quasi-one-
dimensional flow. In order for the nozzle to produce a supersonic flow in the diverging
section of the nozzle, the flow must have a pressure ratio over the nozzle which is equal
to or exceeds the minimum pressure ratio necessary for sonic flow at the throat. This

pressure ratio is dependent on the mixture of gases passing though the nozzle, and is
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Figure 5.2: Additively manufactured thruster, manufactured with titanium alloy material.
Thruster is shown side by side with a french roasted arabica coffee bean for scale. Pho-
tographs were taken after experimental testing, residual ferric chloride is seen as discol-
orations in the diverging section of the nozzle.

shown as Equation 5.1.

pP* 2 2
=T 6.0
I 0 Y +1

where % is the minimum ratio of pressure upstream of the nozzle to the pressure

on the nozzle exit plane in order to achieve sonic flow at the nozzle, and v is the
specific heat ratio of the gasses passing through the nozzle.

Due to the low Reynolds numbers in the nozzle, it was possible that the viscous
effects in the nozzle could not be ignored and that Equation 5.1 would not accurately

describe the nozzle. For supersonic viscous flow, viscous effects must be taken into
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account when designing the nozzle because the subsonic boundary layers can occupy
a large fraction of the divergent cross section resulting in a significant decrease in
performance that is not accounted for in the isentropic quasi-one-dimensional model
[71].

Schlieren photography was used to verify that the selected nozzle design will
achieve supersonic flow in the divergent section. This is an important verification
because it demonstrates that the nozzle will work as intended when implemented

into the CubeSat propulsion system.

5.2.1 BACKGROUND

Schlieren photography relies on the dependence of refractive index on gas density.
It uses a collimated light source, a light source with parallel rays, which is focused
with a mirror. A knife’s edge is placed at the focal point of the mirror such to block
approximately half of the light. Due to this, when the collimated light travels through
a fluid of uniform density, the photograph appears darker than it would if some of
the light was not blocked by the knife’s edge. Through this process the image is
not distorted in any way. However, when there are variations in density of the fluid
which the collimated light travels through before being focused by the mirror, the
refraction of the light caused by the changing refractive index of the fluid bends the
ray of light. The rays that are no longer in line with the rest of the collimated light
do not pass through the focal point of the mirror. Instead, they hit the knife’s edge
and are effectively removed from the photographed image.

Due to this, the light which passed through a fluid with varying density is blocked

from the final image taken by the camera. The resulting photograph taken by a
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Schlieren system contains the information from the collimated light, with lighter or
darker areas which correspond to the density gradients in the fluid. This allows shock
waves and shock patterns to be visualized as darker or lighter patterns in the Schlieren

photograph [72, 73].

5.2.2 METHOD AND APPARATUS

The Schlieren photography was performed in house using ambient temperature com-
pressed air through the nozzle. The house air stagnation pressure was measured to
be approximately 55 PSIg. According to Equation 5.1, the ratio of the stagnation
pressure to outlet pressure necessary to achieve sonic flow at the throat was 1.57
(using 7 = 1.4 for air), resulting in a necessary minimum stagnation pressure of
approximately 38 PSIg when vented directly to the laboratory. Due to this, the
pressure drop over the nozzle resulting from the supplied house air was determined
to be theoretically large enough for supersonic flow in the divergent section of the
nozzle.

The Schlieren photography apparatus is shown in Figure 5.3. The Schlieren ap-
paratus used for this experiment was a Z-type system consists of a bright light source
that passes through a 0.25 mm hole, directed at a mirror that is placed one focal
length away from the light source. The first mirror collimates the light and redirects
the collimated light over the test region, where the nozzle was placed. After passing
through the test region, another mirror refocuses the light towards the knife’s edge, in
this case the edge of a razor blade, which is located one focal length from the second
mirror. A camera after the knife’s edge is used to capture the Schlieren photographs.

The 45 degree half angle nozzle design was chosen for Schlieren photography be-
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Figure 5.3: Optical table with the Z-type Schlieren photography system used for flow visu-
alization of the nozzle plume. The light source is in the top left, and the camera is in the
bottom right.

cause it had the highest predicted performance in numerical simulations. A simplified
flow network design was created which eliminated one of the inlets from the nozzle
design, leaving one inlet for the house air line. A photograph of the nozzle which

was used for Schlieren photography is shown in Figure 5.4. The nozzle was additively

manufactured using Formlabs Clear Photopolymer Resin, formulation FLGPCLO2.

5.2.3 RESULTS AND CONCLUSIONS

The Schlieren photograph shown in Figure 5.5 shows an overexpanded diamond shock
pattern in the flow exiting the nozzle. The presence of the standing shock structure
is evidence of supersonic flow at the nozzle exit.

The results obtained from the Schlieren photography confirm that the nozzle op-
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Figure 5.4: Nozzle with 45 degree half angle used for verification of supersonic flow in the
test region of the in-house Schlieren photography system. The photo on the left shows the
house air connection which was secured with epoxy, the photograph on the right shows the
stmplified flow network and nozzle half angle.

erates properly with stagnation pressures as low as 55 PSIg. Due to the rapid
decomposition and combustion reaction during operation, it is likely that the chemi-
cal propulsion system will have adequate pressure upstream of the nozzle to achieve

supersonic flow in the diverging section of the nozzle when operating in the vacuum

of space.

5.3 THRUST VERIFICATION

After verification of supersonic flow in the divergent section of the 45 degree half
angle nozzle, an effort was made to measure the thrust produced by the nozzle.
Due to the large half angle of the nozzle, substantial geometric losses caused by
the portion of the nozzle exit flow directed away from the axis of the nozzle were

possible. Although the previously performed computational simulations suggest that
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Figure 5.5: Schlieren photograph of ambient temperature air passing through the 45 degree
half angle nozzle vented directly to the laboratory, with an upstream stagnation pressure of
approximately 55 PS1g. An overerpanded diamond shock pattern is visible which is evidence
of supersonic flow in the diverging section of the nozzle.

the use of a 45 degree half angle had improved performance over the 15 and 30 degree
half angles, experimental thrust data is valuable for computational model validation.
These experiments were performed in an effort to validate the computational model

and determine if the thrust produced by the system would be adequate for the desired

application.

5.3.1 THRUST STAND BACKGROUND

A torsional thrust stand was constructed for steady state thrust measurements on the
order of milli-newtons. This type of thrust stand was chosen for its simplicity and
ease of use. A photograph of the thrust stand is shown in Figure 5.6.

The thrust stand operates through the deformation of a central spring. It was de-
signed to have a sensitivity of 1.0 mN and a sampling rate of 20,000 samples/second.

Position of the torsion arm is measured by a Lord MicroStrain Digital Voltage Re-
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20 cm

61 cm

Figure 5.6: Photograph of the torsional thrust stand. A polymer nozzle is placed at the end
of the thrust stand arm and the angular displacement of the arm is measured during thruster
operation. The thrust produced by the nozzle is calculated from the arm displacement.
luctance Transmitter (DVRT), and captured using a National Instruments USB-6001
Digital Acquisition (DAQ).

A LabView Virtual Instrument was written to convert the positional data into
thrust data, and record this data for post-processing. Hydrogen peroxide and cata-
lyst solution are pumped into the thruster reaction chamber via two syringe pumps

manufactured by New Era Pump Systems Inc., model NE-300.

5.3.2 EXPERIMENTAL METHOD

To perform thrust stand measurements, prototype thrusters were 3D printed using
a FormLabs Form 14 3-D using FormLabs Clear V2 resin (FLGPCL02). The resin
was chosen because it has been shown to be chemically inert when subjected to both

hydrogen peroxide and the catalysts of interest. In addition to chemical compati-
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bility, the Form 1+ is a Sterolithography (SLA) printer, which cures the resin using
an ultraviolet laser. Due to this, the cured resin has a higher melting point when
compared to the products of many other low cost additive manufacturing methods.
High melting points are important because the material was subjected to the heat
released from the decomposition of the hydrogen peroxide as well as the combustion
of the catalyst solvent and must be capable of surviving the temperature of short
duration firings without melting. Prototypes of the 45 degree half angle thrusters
were manufactured in-house using the system described; an example of the thrusters

used for thrust stand testing are shown in Figure 5.7.

Figure 5.7: Photo of an additively manufactured thruster with a 45 degree half angle used
for thrust stand testing. Catalyst solution was supplied to the top inlet port and hydrogen
perozide was supplied to the bottom inlet port.
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The flow rates of the hydrogen peroxide and catalyst solutions into the thruster
were controlled via syringe pumps attached to the thruster inlets using a lightweight,
flexible, polymer tubing which offered negligible mechanical resistance against the
movement of the thrust stand arm. The prototype thruster was then mounted to end
of the thrust stand arm so the thrust vector was perpendicular to the arm. Data
collection began once both the hydrogen peroxide and catalyst solutions entered the
mixing chamber.

A photograph of a thruster during operation is shown in Figure 5.8.

Figure 5.8: Photo of an additively manufactured thruster operating with hydrogen peroxide
and 15% ferric chloride in 2-propanol.

Figure 5.8 shows a visible plume of condensed steam due to the ambient temper-
ature in the laboratory, which is below the condensation point for water. The shape

of the plume suggests that the thruster is operating as properly.
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5.3.3 PRELIMINARY RESULTS

Experiments were performed on the thrust stand using a 45 degree half-angle pro-
totype nozzle with a straight channel mixing and reaction chamber. For these ex-
periments, 87.6% hydrogen peroxide was decomposed using water, ethanol, and 2-
propanol as homogeneous catalyst solvents, ferric chloride was used as the catalyst.
Based on the flow rates of hydrogen peroxide and catalyst solution, thrust levels be-
tween 20 mN and 70 mN were expected. Although the expected thrust lies in the
measurable range of the thrust stand, no measurable thrust was produced during
experimentation. As shown in Figure 5.8, the thruster operated as expected, but the
thrust was likely below the threshold of the equipment.

Along with this, steady state operation of the thruster during preliminary testing
was not achieved. This is because during extended periods of operation, the temper-
ature inside the reaction chamber and the nozzle exceeded the maximum operating
temperature of the Formlabs polymer material. The high temperatures resulted in
the combustion of the polymer material before steady state data could be collected.

A photograph of the charred thruster is shown as Figure 5.9

5.4 THERMAL IMAGING OF PLUME

5.4.1 BACKGROUND

Thermal imaging was used to visualize the temperature profile inside the plume at
the nozzle exit during operation. From the images captured during steady-state

operation, the temperature of the plume and the temperature of the thruster was
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Figure 5.9: Photograph of a additively manufactured thruster operating with hydrogen per-
ozide and 15% ferric chloride in 2-propanol.

observed and compared. The thermal image of the plume was used to determine the
shape, direction, and temperature characteristics of the flow after exiting the nozzle.
From these data, the ratio of catalyst solvent to hydrogen peroxide as well as the total
flow rate of gases through the nozzle were examined to determine which parameters
affect the operation of the propulsion system.

During operation in the supersonic regime, temperature of the working fluid after
exiting the nozzle is significantly lower than the temperature upstream of the nozzle.
Because the reaction chamber is inside the thruster, directly upstream of the nozzle,
the plume temperature was expected to be much lower than the temperature of the
thruster during steady-state, supersonic operation. Although the thermal camera was

not calibrated to measure absolute temperatures of the materials, the thermal images
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provide invaluable insight in the flow dynamics and operation of the system.

5.4.2 EXPERIMENTAL PROCEDURE

Thermal imaging of the system was performed using a thermoIMAGER TIM T900
manufactured by Micro-Epsilon. Thermal images were collected and analyzed using
Micro-Epsilon’s thermal imaging software, TIM Connect. Along with thermal images,
standard video was recorded using a PixeLink PL-B774U Color Camera. The thermal
imaging camera was supported above the thruster, while the PixeLink camera was
mounted to capture the side view of the thruster.

Two New Era Pump Systems, Model No. NE-300, syringe pumps were used to
supply aqueous catalyst solution and hydrogen peroxide to the thruster. A photo-

graph of the experimental set-up is shown below in Figure 5.10.

Figure 5.10: Photograph of thermal imaging set-up including thermal imaging camera, Pix-
eLink camera, syringe pumps, and DMLS thruster.

The thruster used for this experiment was manufactured from a titanium alloy
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through the DMLS process. The thruster had a 1.5 mm throat, a throat to exit area
ratio of 6, and a linear geometry. The thruster used for this experiment is described
in Section 5.1.

To remain below the melting point of the nozzle, water was used as the catalyst
solvent which decreased the adiabatic flame temperature well below the melting point
of the titanium alloy. The use of water as the solvent eliminated the combustion of
the catalyst solvent. This, along with the control of the ratio of hydrogen peroxide to
aqueous catalyst solution allowed the expected adiabatic flame temperature during
steady-state operation to be set less than 685 Kelvin for each trial. The low adiabatic
flame temperature insured that the thruster would be available for future testing.

The catalyst solution used for experimentation was 15 weight% aqueous ferric
chloride. The ferric chloride was laboratory grade, anhydrous powder, manufactured
by The Science Company. Catalyst solution was prepared less than an hour prior to
testing in order to eliminate any possible catalyst degradation due to oxygen expo-
sure. Hydrogen peroxide used for the experiment was HTP manufactured by FMC
Corporation, the concentration was measured as 87.6 % using an Atago refractometer,

model PAL-39S.

5.4.3 EXPERIMENTAL RESULTS

The thermal image data shows that during operation the plume was a lower tem-
perature than the thruster. This is shown in Figure 5.11, where the plume is blue,
the surrounding laboratory atmosphere is green, and the thruster is yellow. During
steady-state operation, the temperature of the thruster was closely related the stag-

nation temperature of the fluid upstream of the nozzle throat. These results show

89



that there was a significant decrease in temperature as the fluid passed through the
nozzle. This strongly suggests that the nozzle was operating in the supersonic flow

regime.

] | 0.5°C (AT)

Figure 5.11: A thermal image of steady-state operation of the thruster using 15% aqueous
ferric chloride as the catalyst solution and 87.6% HTP. The large temperature difference
between the thruster and plume suggests supersonic operation.

Figure 5.12 shows the plume created by the nozzle during steady-state operation.

At low total gas flow rates, the plume was stable during operation.

Figure 5.12: A stable plume created by the thruster at low gas flow rates.

At high gas flow rates, the plume developed instabilities which caused the direction

of the plume to bounce between the walls and the center of the nozzle. When the
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flow direction changed, no noticeable changes in plume temperature or flow patterns
were observed suggesting that the nozzle was operating in the supersonic flow regime
regardless of the flow instabilities. The instabilities in the flow direction were likely
caused by incomplete mixing resulting in incomplete reaction in the thruster reaction
chamber. This would cause suspended liquid droplets in the working fluid during

high operational flow rates. The observed flow instability can be seen in Figure 5.13.

Figure 5.13: A flow instability at high flow rates through the thruster system. These insta-
bilities are likely caused by incomplete mixing and reaction upstream of the nozzle.

5.5 EXIT PLANE TEMPERATURE

MEASUREMENT

5.5.1 BACKGROUND

The temperature of the working fluid at the exit plane of the nozzle indicates if the
flow through the nozzle is in the supersonic regime. Supersonic flow through the

nozzle is achieved if the pressure drop over the nozzle is high enough to choke the
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flow at the nozzle throat. As the nozzle diverges, a supersonic flow will accelerate
as the flow area increases. The flow through a converging-diverging nozzle can be
described using the quasi-one-dimensional isentropic relation shown as Equation 5.2.
Equation 5.2 relates the Mach number, M, the ratio of the flow area to the area of

the throat, %, and the specific heat ratio of the gasses flowing through the nozzle, .

1

ER N

From this relationship, the geometry of the nozzle can be used to determine a

theoretical Mach number at the nozzle exit plane. Using the temperature relation for
isentropic supersonic flow, shown as Equation 5.3, this information can then be used
to determine the ratio of the stagnation temperature, T,, to the temperature at the

nozzle exit plane, T,, where M, is the Mach number at the exit plane.

= (1+ 72_1M£)_1 (5.3)

Le

1,

The adiabatic flame temperature of the reactants for each trial is the approximate

stagnation temperature in the system. From this, it is possible to determine a theo-

retical working fluid temperature at the exit plane of the nozzle. These calculations

result in the lowest achievable fluid temperature at the exit plane during experimen-

tation due to the isentropic assumptions made in the calculation of the fluid exit
temperature.

These calculations allow the experimental exit plane temperature to be compared

to the theoretical temperature which would be achieved if the nozzle was operating

in the supersonic regime at isentropic conditions.
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5.5.2 EXPERIMENTAL PROCEDURE

The exit plane temperature measurement was performed using an Omega digital
thermometer, model HH501AK, and a type K thermocouple. The thermocouple
was placed directly at exit plane of the nozzle so that the end of the thermocouple
was in the center of nozzle exit. A thermal camera manufactured by Micro-Epsilon,
model TIM T900, was also used to capture thermal images of the plume during the
tests. Along with thermal images, standard video was recorded using a PixeLink
PL-B774U Color Camera. The experimental set-up for this experiment was similar
to the experimental set-up for the thermal imaging of the plume experiment. The

experimental set-up for this experiment is shown in 5.14.

Figure 5.14: Right: Photograph of DMLS titanium nozzle used for plume temperature mea-
surement. A type K thermocouple was placed directly in the center of the nozzle exit for
temperature measurements. Left: Photograph of entire experimental set-up including ther-
mal imaging camera, video camera, and digital thermometer.

Figure 5.15 shows a photograph of the thruster during the plume temperature

measurement experiment. In this photograph, the thermocouple placement in the
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center of the nozzle exit can be seen. Condensation of steam produced by the reaction
is visible around the nozzle exit plume. From the experimental data, thermal images,
and photographs, the thruster appeared to be operating normally, with the exception

of flow instabilities at high flow rates, during all trials.

Figure 5.15: A photograph of the thruster system operating during the plume temperature
measurment experiment. Condensation surrounding the plume is visible.

To remain below the melting point of the titanium alloy used for the nozzle fabri-
cation, water was used as the catalyst solvent. This eliminated the combustion of the
catalyst solvent resulting in manageable adiabatic flame temperatures. By controlling
the ratio of hydrogen peroxide to aqueous catalyst solution, the maximum adiabatic
flame temperature expected during steady-state operation of the thruster was 685
Kelvin.

The catalyst solution used for experimentation was 15 weight% aqueous ferric
chloride. The ferric chloride was laboratory grade, anhydrous powder, manufactured
by The Science Company. Catalyst solution was prepared less than an hour prior
to testing in order to eliminate any possible catalyst degradation due to oxygen ex-

posure. Hydrogen peroxide use for the experiment was HTP manufactured by FMC
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Corporation, the concentration was measured as 87.6 % using an Atago refractometer,

model PAL-39S.

5.5.3 EXPERIMENTAL RESULTS

From Equations 5.2 and 5.3, the measured temperatures were normalized by the the-
oretical supersonic isentropic fluid temperature at the exit plane. The resulting ratio
is plotted against the ratio of the flow rate of HTP to catalyst solution for each run in
Figure 5.16. This plot shows that the measured temperatures of the working fluid at
the nozzle exit agree within 18% of the calculated theoretical isentropic temperature
when a volumetric ratio of 10 units HTP to 1 unit of catalyst was used. The closest
measured temperature at this ratio agreed within 3.5% of the theoretical value. Along
with the strong agreement with theoretical values at high volumetric ratios of HTP
to catalyst solution, it is noteworthy that none of the recorded temperatures were
below the minimum isentropic values.

Due to the strong agreement between the calculated quasi-one-dimensional isen-
tropic and measured exit plane temperatures, this nozzle and mixing scheme were
likely operating as expected during steady-state operation. These data also suggest,
that at the nozzle scale which was tested, the viscous boundary layers do not signifi-
cantly decrease the exit area of the nozzle as was predicted by Louisos in supersonic
micronozzles [67].

Figure 5.17 compares the measured temperatures to the adiabatic flame temper-
ature. This shows that low ratios of HTP to catalyst solution resulted in measured
nozzle exit plane temperatures near the adiabatic flame temperature. This trend is

observed in flows with volumetric ratios 4, 2, and 1. These data suggest that flows
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Figure 5.16: The ratio of measured to theoretical temperature vs. the ratio of volumetric flow
rate of HTP to catalyst solution. High ratios of HTP to catalyst solution show agreement
with quasi-one-dimensional isentropic supersonic flow in the nozzle. This strongly suggests
the flow through the nozzle is choked at the throat at high HTP to catalyst solution ratios.

with low ratio of HTP to catalyst solution were not able to generate enough energy
to create sufficient stagnation pressure to achieve choked flow at the throat. Due to
this, these flows remained in the subsonic regime in the nozzle, resulting in much
higher nozzle exit plane temperatures.

During experimentation, the total molar flow rate of gases through the nozzle
varied between trials. The ratio of the measured nozzle exit plane temperature to
theoretical quasi-one-dimensional isentropic temperature is shown as a function of
total molar gas flow rate in Figure 5.18. This plot shows that the total gas flow rate
had little affect on the resulting flow regime. This plot strongly suggests that high
ratios of HTP to catalyst solution result in supersonic flow though the nozzle, even

at low total gas flow rates.
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Figure 5.17: The ratio of measured to adiabatic flame temperature vs. the ratio of volumetric
flow rate of HT'P to catalyst solution. These data strongly suggest that at low ratios of HTP
to catalyst solution, flow is not choked at the nozzle throat and remains in the subsonic
regime throughout the nozzle.
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Figure 5.18: The ratio of the measured to theoretical temperature plotted against the total
molar flow rate of gas through the nozzle. High ratios of HTP to catalyst solution show
evidence of supersonic flow over the entire range of flow rates.
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CHAPTER 6

FUTURE WORK

6.1 THERMAL MANAGEMENT

During steady-state operation, the high adiabatic lame temperatures achieved through
the decomposition of hydrogen peroxide and combustion of catalyst solvent causes the

temperature of the mixing and reaction chamber and nozzle to be greater than the

melting point of the material of construction. Although the thermal mass of the mate-

rial of construction may have the ability to absorb the heat for short firings, extended

use of the thrusters for bipropellant operation causes concern. The current configura-

tion, without an additional cooling scheme, may result in melting, deformation, and

ultimately failure of the propulsion system during steady-state operation.

Due to this, the addition of a cooling system will allow the thruster to operate in
steady-state bipropellant mode by lowering the operating temperature of the material
and eliminating concerns of overheating. Through the use of cold liquid reactant, a
preheater will be designed which will transfer heat produced from the reaction into the

reactants before they are fed into the mixing chamber, keeping the reaction chamber
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and nozzle temperatures low enough for continuous operation. This type of nozzle
and reaction chamber cooling scheme is typical of chemical propulsion systems and

has proven to be effective cooling method in many aeronautical applications.

6.2 MIXING AND REACTION

CHAMBER DESIGN

Thermal imaging of the plume showed flow instabilities which were likely caused
by incomplete reaction in the thruster’s mixing and reaction chamber. Incomplete
reaction results in suspended liquid droplets in the flow, causing flow instabilities and
potentially to decreasing thrust [60]. Instabilities were observed at high total gas flow
rates suggesting that the hydrogen peroxide and catalyst solution were unable to mix
and react completely before being ejected through the nozzle.

For these experiments, a straight channel geomerty was used for mixing of the
hydrogen peroxide and catalyst solutions. Through the lengthening of the mixing and
reaction chamber, it may be possible to achieve complete decomposition for high flow
rate operation. A simple solution to this problem may be matching the residence time
in the mixing chamber during high flow rate operation with the residence time of the
stable, lower flow rate operation. Another solution may be to alter the mixing scheme
from a straight channel to a more complex geometry. To date, many effective mixing
schemes have been created for small scale, low Reynolds number flows which work
through the generation of laminar chaos in the flow. These designs are often simple
and include obliquely oriented grooves on one chamber wall, asymmetric herringbone

patterns, or helical channels [74, 75].
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6.3 RELIABILITY STUDIES

Preliminary results show catalyst deposits on the nozzle walls. This deposition occurs
when the liquid catalyst solvent reacts with hydrogen peroxide to form gaseous prod-
ucts. As the reaction proceeds, the volume of the catalyst solvent decreases leading
to an increased catalyst concentration. When the solubility limit of the mixture is
exceeded, the solid catalyst begins to precipitate out of solution. Eventually, all of the
liquid reactants have formed gaseous products and the solid catalyst cannot remain
in solution.

During operation, the catalyst particles are either entrained in the gaseous product
stream and ejected through the nozzle or deposited as crystal structures on the walls
of the reaction chamber and nozzle. In order to reduce the build up of catalyst
deposits, it may be beneficial to manufacture the mixing chamber and nozzle with a
resistant material or coating. However, since no long term operational studies have
been performed on the nozzle, it is not clear if deposit build up occurs to a high enough
degree to affect performance over the lifetime of the system. Through performing
long term steady-state and pulsed mode operational testing, the accumulation of
catalyst in the reaction chamber and nozzle during a normal operational lifetime
can be quantified. From these results, it will be possible to determine if catalyst

accumulation is a problem and if so, a method for resolving the issue can be developed.
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CHAPTER 7

CONCLUSIONS

The CubeSat chemical propulsion system described in this paper utilizes a homoge-
neous catalysis gas generation scheme to provide bipropellant and pseudo-monopropellant
operation modes. Dual mode operation is controlled by adjusting the ratios of cata-
lyst solution to hydrogen peroxide fed to the thrusters. Pseudo-monopropellant mode
occurs at the smallest possible ratio of catalyst solution to hydrogen peroxide. At
this ratio, the thrust and impulse bit produced by the system approaches the perfor-
mance of monopropellant hydrogen peroxide. Increasing the ratio of catalyst solution
to hydrogen peroxide to the stoichiometric ratio allows the thruster system to op-
erate in bipropellant mode. In this mode, the catalyst solvent is combusted using
the hydrogen peroxide as an oxidizer. This greatly increases the thrust, impulse bit,
and specific impulse provided by the system. Dual mode operation allows the same
propulsion system to be used for small position adjustments such as attitude control
as well as more demanding maneuvers such as rapidly traversing the Van Allen belts.
The nozzles, mixing and reaction chamber, piping, manifolding, and chemical

storage, can be additively manufactured directly into the CubeSat chassis without
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violating CubeSat regulations. Commercial off the shelf parts can be used for the
valving, the only component of the system which cannot be additively manufactured.
The incorporation of the propulsion system into the chassis allows for a low cost and
highly customizable propulsion system which occupies a small fraction of the internal
CubeSat volume. Additionally, the propellants used in the homogeneous catalysis
scheme are non-toxic, "green" chemicals with a history of safe industrial usage.

This system provides a novel solution for low cost CubeSat propulsion. By lever-
aging microscale effects, the total mass and volume of this system is less than the
alternative commercially available CubeSat propulsion systems. Through the work

presented herein, three major goals were accomplished:

1. A "green" catalyst solution was selected for operation of the homogeneous catal-

ysis system

2. The operation of the homogeneous catalysis system was experimentally vali-

dated as a viable gas generation method for CubeSat propulsion

3. Supersonic flow was validated using the selected nozzle design with cold com-
pressed house air as well as with hot gas generated via the prototype homoge-

neous catalysis gas generation scheme

The achievement of these goals strongly supports the further development of the
additively manufactured, homogeneously catalyzed, "green" chemical propulsion sys-

tem described in this paper.
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7.1 CATALYST AND CATALYST SOLVENT

SELECTION

15 weight % ferric chloride in 2-propanol was chosen as a high performing catalyst
solution. 2-propanol was selected based primarily on its high energy density, high
relative specific impulse, and fast reaction kinetics. Ferric chloride was selected as the
catalyst due to its ability to dissolve in 2-propanol, ease of handling, high performance,
and long term reliability. The 15 weight % solution of ferric chloride in 2-propanol
performed well in both the solubility and drop testing experiments. Along with this,
ferric chloride and 2-propanol are both "green" chemicals which are easily handled and
have proven their safety through decades of use in industry. This catalyst solution
is expected to allow for high performance operation in both pseudo-monopropellant

and bipropellant operation modes of the homogeneous catalysis system.

7.2 HOMOGENEOUS CATALYSIS VALIDATION

Through thermal imaging of the plume and exit plane temperature measurement
experiments, the homogeneous catalysis gas generation system has been validated.
The homogeneous method of gas generation proposed in this work successfully cre-
ates adequate pressure and flow rate in the mixing and reaction chamber to support
steady-state, supersonic operation of the converging-diverging nozzle. Although these
experiments showed signs of flow instabilities at high gas flow rates which were at-

tributed to incomplete reaction in the mixing and reaction chamber, low gas flow rates
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operated as expected. It is likely that these instabilities will be eliminated through
the increase of residence time and the implementation of a passive mixing scheme in

the mixing and reaction chamber.

7.3 SUPERSONIC FLOW VALIDATION

Thruster nozzle design was based on the work of Louisos [67], utilizing a linear
walled design to enhance performance on the small scale. The nozzle design was
validated though Schlieren photography using house air as a working fluid. The re-
sulting Schlieren photographs showed an overexpanded diamond shock pattern at the
nozzle exit, confirming supersonic operation of the nozzle. Additionally, supersonic
flow through a similarly designed, additively manufactured (DMLS), titanium alloy
nozzle was confirmed using nozzle exit plane temperature measurements during hot
gas operation. The hot gas was generated from the homogeneous catalysis gas gener-
ation scheme using 87.6 % hydrogen peroxide and 15 weight % aqueous ferric chloride
as propellants. Thermal images and photographs were taken during operation of the
prototype system. These thermal images show that the system operated as expected
when the reacting flow had adequate mixing and residence time to completely react
before entering the nozzle. Through these experiments, successful operation of the

system was validated.
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APPENDIX A

PROPULSION SYSTEM DRAWINGS

This section includes preliminary drawings of a primary propulsion system and re-
action control system that have been designed around the homogeneous catalysis
scheme being studied. Figures A.1 and A.2 show the primary propulsion design, Fig-
ures A.3 and A.4 show the reaction control system design. These designs were drafted

by GreenScale Technologies, LLC.

Figure A.1: Three dimensional drawing of the primary propulsion system not incorporated
into the CubeSat chassis. The primary propulsion system is designed to consume 1 U of a
CubeSat.
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Figure A.2: Three dimensional drawing of the primary propulsion system incorporated into
a 8 U CubeSat chassis.

- V"

t:
)

Figure A.3: Three dimensional drawing of the reaction control system (RCS) unit, not
incorporated into a CubeSat. The RCS is designed to consume 1 U of a CubeSat.
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Figure A.4: Three dimensional drawing of the reaction control system (RCS) incorporated
in the CubeSat chassis. The RCS is designed to consume 1 U of a CubeSat.
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APPENDIX B

No0zzLE COMPUTATIONAL MODEL

For ease-of-manufacturability, the nozzle for this design is a linear micronozzle. Three-
dimensional models have been developed for expander half angles of 15°, 30° and 45°
with nozzle depths of 0.25 mm, 0.50 mm and 1.0 mm; all other geometric parameters
are held constant. An example of the computational domain is shown in Figure B.1.
The throat and exit dimensions of the micronozzle (0.5 mm and 3.0 mm, respectively)
yield an expansion ratio of 6.0 and are fixed parameters in this study. To maintain
a constant area expansion ratio, the axial length of the expander section is adjusted
accordingly. The inlet stagnation temperature is held constant at 886 K, which is
the adiabatic flame temperature of 85% hydrogen peroxide, while the inlet stagnation
pressure is adjusted from 5 - 250 kPa, which corresponds to a Reynolds number of
approximately 15 to 800.

Computational meshes are generated in COMSOL Multiphysics 5.1; a mesh sen-
sitivity study was performed to confirm that simulations are insensitive to further
refinements in the grid. The resulting meshes are between 200,000 and 300,000 el-

ements depending on the expander angle and depth. Planar symmetry is used to
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Figure B.1: Ezample of the computational domain for the numerical studies. The nozzle
and an exit volume are modeled using planar symmetry to reduce the size of the domain.

reduce the computational domain. An example of the computational grid is shown
in Figure B.2.

For each of the half angles and nozzle depths, a parametric sweep was run for six
Reynolds numbers ranging between 50 and 800, for a total of 54 simulations. The
stagnation pressure is ramped from 0 to the desired value over a period of 10 ms for

stability, but for the purposes of this effort, transient effects are not considered. The

thrust produced by each nozzle was evaluated according to Equation B.1.

F;S - / pﬁ(ﬁ ﬁ)dA + /A (pem't _poo)dA (Bl)

exit exit
where ﬁt is the thrust, p is the density of the products at the nozzle exit plane, o

is the velocity of the products at the exit plane, 7 is normal vector of the exit plane,
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Figure B.2: Example of the computational mesh for a 30° half angle nozzle at 1 mm depth.

Pezit 1S the pressure at the exit plane and p, is the ambient backpressure. In practice,

for the micronozzles studied here, the pressure term contributes a negligible amount
of thrust.

B.1 No0zzLE NUMERICAL RESULTS

To orient the reader, an illustration of the 3D supersonic Mach contours in a 1 mm
deep micronozzle is provided in Figure B.3 for a 30° expander half-angle operating at

a throat Re 800. The supersonic Mach contours range from 1.0 to 3.25 and show
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the expansion fan that is typical of an under-expanded nozzle.

Figure B.3: The 3D supersonic Mach contours along the symmetry planes for a 1 mm deep
micronozzle with a 30° expander operating at a throat Re ~ 800.

An important consideration in micronozzles are the size of the subsonic region
that develops as a result of the viscous boundary layer. While the subsonic region
may be negligible for larger nozzles, it can become a significant percentage of the
total nozzle exit for smaller nozzles. An illustration of the subsonic region for the
same nozzle (1 mm depth, 30° half angle, Re ~ 800) is shown in Figure B.4. Under
these operating conditions, the subsonic layer is relatively small.

One of the major considerations of the numerical study is for nozzle depth. For
the shallowest depth considered (0.25 mm), viscous forces are dominant owing to the
subsonic layer; the boundary layers from the top and bottom of the nozzle are so large
that for nearly all Reynolds numbers the flow is subsonic. The 45° expander has the
smallest subsonic layer for all nozzle depths considered while the 15° has the largest

subsonic layer size. The thrust produced per unit depth, shown in Figure B.5, shows
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Figure B.4: An illustration of the 8D subsonic layers at selected locations in a 1 mm deep
30° expander operating at Re ~ 200 (left) and 800 (right). Note the central core of the
flow remains supersonic downstream of the nozzle throat in both, but the subsonic layers are
noticeably larger for the lower Re.

that for the conditions simulated the 45° expander offers the best performance at all

depths.
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Figure B.5: The thrust performance per unit depth at Re ~ 800 for 15°, 30° and 45°
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boundary layer dominates the flowfield, which reduces performance.
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