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ABSTRACT
CubeSats are a standardized class of small satellites based on combinations of
10x10x10cm units called ‘U’s. These small satellites are revolutionizing the space industry, but
their general lack of propulsion options limit their operational capabilities. Previous research at
Penn State into the use of additive manufacturing to create an integrated hybrid propulsion unit
for CubeSats showed promise, but material limitations eliminated the possibility of using the
polymer materials investigated.
In this work, development of an additively manufactured propulsion unit for CubeSats
was continued with the goal of creating a metal design. Estimations of performance parameters
for the proposed propulsion unit were made using previous work, basic orbital mechanics, and
computer models. Initial estimates indicated the propulsion unit could provide 160 m/s of
velocity change to a 3U CubeSat weighing approximately 5 kg. Feasibility studies conducted
using these performance parameters showed that an integrated hybrid propulsion unit for
CubeSats can enable significant orbital maneuverability without the cost and hazards associated
with the sparse market alternatives. Specifically, models suggest that the propulsive capability
enabled by the propulsion unit can extend the lifetime of a 3U CubeSat deployed from the
International Space Station from a number of months to a number of years. Based on the
positive results of the feasibility study, a titanium hybrid propulsion unit for CubeSats was
subsequently designed, additively manufactured, and tested through a series of pressure, leak,
and hot-fire tests. The propulsion unit was designed to utilize paraffin-based grains and nitrous
oxide as the fuel and oxidizer, respectively.
The printed propulsion unit, with a mass of 550g, showed some minor deformations from
the manufacturing process that were corrected using post processing or accounted for in the
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design of subsequent tests. Pressure and leak testing verified that the oxidizer tank could
withstand high pressures and that the additively manufactured pressure vessel did not leak at
expected operating pressures. A specialized nozzle assembly was designed and manufactured to
withstand the extreme conditions of a hot-fire test. The propulsion unit was designed to take
standardized 1.5” diameter, 2.5” long fuel grain cartridges. Hot-fire testing demonstrated the
propulsion unit in a laboratory environment, satisfying the conditions necessary to bring the
propulsion unit to Technology Readiness Level 4. A unique fuel grain geometry featuring a
length of straight port paraffin with a downstream ABS diaphragm and mixing section was used
and characterized during the hot-fire tests. Initial calculations suggest these fuel grains achieved
a c* combustion efficiency of around 0.60-0.80, reflecting relatively high performance for such
short fuel grains. Recommendations for future work necessary to advance the propulsion unit to
Technology Readiness Level 6 (component demonstration in a relevant environment) were made
based on the knowledge gained in this research.
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CHAPTER 1. Introduction
1.1. Background
1.1.1. CubeSats
Regular access to low earth orbit (LEO) and beyond has enabled humankind to make
technological leaps in both science and civilization. Satellite communication networks link
remote regions to anywhere else in the world. Real time observations from satellites as close as
NOAA’s ATN in LEO and as far as NASA’s DSCOVR located at the Earth-Sun L1 point are
used to forecast the weather and monitor the climate [1] [2]. NASA’s Hubble Space Telescope
has made contributions to countless discoveries regarding the nature of our universe [3].
Navigation constellations such as the U.S. Global Positioning System (GPS) constellation have
revolutionized the way our vehicles navigate and will continue to play an essential role in the age
of autonomy.
While there is no doubt that access to space has granted innumerous benefits to mankind,
the extent of our access has been constrained by the prohibitive costs of spacecraft, and the
limited capabilities and availabilities of launch vehicles. NASA estimates the industry average
for launch pricing is $10,000/kg on most large launch vehicles [4]. Although recent
advancements in the launch vehicle industry has led to prices as low as $2,864/kg on SpaceX’s
Falcon 9, the cost of launch vehicles as a whole are still in the tens to hundreds $M/vehicle [5].
These prohibitive costs generally restrict access to space to governments and large corporations.
Developing smaller satellites became a priority during the 1990s when there was a policy
emphasis on “Faster, Better, Cheaper” access to space. During this time, Stanford established
the Space Systems Development Laboratory (SSDL) to promote students to design, build, and
launch small, inexpensive satellites on a regular basis. SSDL started a program called Satellite
1

Quick Research Testbed (SQUIRT) with the goal of having students design and build a 20 kg
class satellite annually. The first SQUIRT satellite was Sapphire, which was started in 1994 and
launched in 2001. Sapphire successfully performed its mission for three years and remained
partially operational until 2005. OPAL, the second SQUIRT satellite, was started in 1995 with
the goal of demonstrating “Mother-Daughter” satellite technology in which a larger spacecraft
carries and releases smaller spacecraft at a specified time. The “daughter” satellites were 4x3x1
or 8x3x1 inches and designed to be launched from a simple and reliable spring-loaded, railguided deployment system. OPAL was also successful in its primary mission of deploying its
“daughter” satellites and collecting secondary data. While these satellites were major milestones
for space access, they failed to meet their development time goals of a single year, mitigating
their educational value to students who were not able to experience the entire design cycle [6]
[7].
Based on the experience with Sapphire and OPAL, SSDL decided to develop a
standardized picosatellite [1kg < mass < 10kg] platform. To develop the design, Stanford
partnered with California Polytechnic Institute, San Luis Obispo (Cal Poly SLO), an amateur
group of radio operators called the Stensat Team, and other organizations. Collectively, these
groups developed the concept of the CubeSat, where an individual satellite would consist of one
or more cubes called “Units” or simply ‘Us’. The original proposed dimensions for each U was
4x4x4 inches, but the design was eventually refined to be 10x10x10 centimeters to simplify the
standards and calculations [6]. During this time, Cal Poly SLO pioneered the development of the
Poly Picosatellite Orbital Deployer (P-POD), the first standardized deployer for CubeSats. The
P-POD, illustrated in Figure 1-1, was largely based on experiences from the OPAL deployment
system, a spring-loaded box that ejects its contents after the door is opened. This simple yet
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reliable mechanism is the design standard for numerous other CubeSat deployers, such as the
NanoRacks CubeSat Deployer (NRCSD) aboard the International Space Station (ISS) [6] [8].

Figure 1-1: A standard P-POD 3D model (left) and actual assembly (right) [9]

The standard specifications for CubeSats are maintained in the CubeSat Design
Specification (CDS), which is maintained at Cal Poly SLO. Common CubeSat dimensions are
1U, 1.5U, 2U, 3U, and 3U+, with each unit weighing no more than 1.33kg. The 3U+
configuration, illustrated in Figure 1-2, utilizes the internal volume of the compressed spring in
the P-POD to add an additional cylinder of volume to the end of the CubeSat [9]. Recently,
larger CubeSats such as 6U CubeSats have been proposed, and a provisional CDS for 6U
CubeSats has been released to standardize their dimensions [10].

Figure 1-2: 3D model showing the usable volume and interfacing for a 3U+ CubeSat [9]

3

The current commercial launch vehicle market is oriented towards transporting large
primary payloads to orbit. However, with their low mass, standardized dimensions, and rugged
deployment mechanisms, CubeSats are well suited as auxiliary payloads. The two most common
paths through which CubeSats reach orbit are as the secondary payload to a larger commercial
satellite [11] or through transport and deployment from the International Space Station NRCSD
[8]. Launching as a secondary payload or in large groups of CubeSats has enabled relatively low
launch costs of around $250,000-$300,000 for a 3U CubeSat, as shown in Table 1-1 [12] [13]
[14].
Table 1-1: Launch pricing for CubeSats available through commercial launch providers (FY2018) [12] [13] [14]

Launch
Provider

Launch
Vehicle

LEO price for
1U

LEO price for
3U

Price per
kilogram

Source

NanoRacks

Various/ISS

$85,000

~$255,000

$64k

[12]

Spaceflight

Various

-

$295,000

$73k

[13]

Rocket Labs

Electron

$77,000

$240,000

$58-60k

[14]

Table 1-1 also shows that the corresponding price per kilogram (PPK) for commercial
CubeSat launches is between $58-73k. While this may seem unreasonable compared to industry
wide PPKs for commercial scale launch vehicles listed in Table 1-2, the higher price can be
justified by the additional deployer mass as well as integration and testing costs for the launch
provider.
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Table 1-2: Commercial PPK for typical foreign and domestic launch vehicles (FY2017) [5]

The development of CubeSats as a standardized satellite bus to reduce complexity and
costs has had dramatic consequences in the space industry. Universities across the world have
developed and launched their own CubeSats (including the recently deployed OSIRUS-3U by
Penn State), projects which give students valuable educational experiences and enable higher
levels of on-orbit scientific research [15]. CubeSats are also enabling companies like Planet
Labs to build and maintain an imaging satellite constellation on an unprecedented scale, a
development which promises to revolutionize a broad swath of industries [16].
1.1.2. Hybrid Rockets
Solid, liquid bipropellant (LBP), and monopropellant systems have historically been the
dominant kinds of chemical propulsion. Monopropellant systems use a single propellant that is
5

used independently or reacts upon contact with a catalyst bed. Solid and LBP systems need fuel,
oxidizer, and a heat source to initiate and maintain a reaction. As their names imply, solid rocket
propellants combine the oxidizer and fuel together in a solid molded form while a LBP rocket
stores the fuel and oxidizer in liquid form and injects them together into a combustion chamber
where they react. Solid and LBP systems dominate the market for launch vehicles. However,
the cryogenic nature of most high-performance LBP oxidizer and the low specific impulse of
most solid propellants make LBP and solid rockets uncommon in primary propulsion systems of
spacecraft. Monopropellant systems dominate the market for spacecraft that require a long-term
propulsion because of their storability and simplicity.
Each of these propulsion types have notable drawbacks. Solid systems, by nature of the
complete mixing between fuel and oxidizer, cannot be throttled or shut down once they are
ignited. The mix of the fuel and oxidizer in solids also tends to make them dangerous to handle
due to the risk of starting a sustained reaction (solid rockets are generally formally considered to
be explosives). Solid systems also suffer from lower specific impulse, or Isp, which is a measure
of rocket efficiency, than LBP rockets. However, the necessary plumbing in LBP systems tends
to make them complex and, therefore, expensive. Additionally, because the propellants are kept
in their liquid phases, it is possible for the fuel and oxidizer to rapidly mix during a structural
failure and cause an explosion. Monopropellant systems often rely on the inherit reactivity of the
propellant with a catalyst. This necessity often means that the propellants used in
monopropellant systems are toxic and/or dangerous to humans, leading to drastically higher
manufacturing, shipping, and handling costs.
Hybrid propulsion is a combination of solid and LBP systems, as it uses propellants of
two different phases. Usually, a fuel is molded into a solid grain with one or more ports that run
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lengthwise through the grain. The oxidizer, often stored as a liquid, is then flowed through the
port(s) in the fuel and a heat source is used to begin a sustained reaction. Although not
considered a common kind of propulsion, hybrids have a history dating back to the 1930s. This
history is well told in Chapter 1 of Chiaverini & Kuo’s Fundamentals of Hybrid Rocket
Combustion and Propulsion [17]. Hybrid propulsion was first used in the U.S.S.R. in 1933 by
two scientists to launch GIRD-9. This rocket used gelled gasoline as the fuel held together by a
wire mesh and liquid oxygen (LOX) as the oxidizer, reaching an altitude of 1500m. Hybrid
research first began in the U.S. in 1946 when NASA’s Jet Propulsion Lab (JPL) began
experiments to determine regression rates of hybrid rocket fuels. Initial experiments showed that
the rate of combustion is dependent of the rate of vaporization of the fuel grain. This shifted
hybrid research away from slow burning fuels like graphite, which has an extremely high heat of
sublimation. General Electric (GE) also conducted early research into hybrid rockets, although
initially this research was focused on passing reacting hydrogen peroxide through solid fuel
grains to supplement the performance of the monopropellant. This combination performed well,
increasing the Isp of the propulsion system from 136 sec to 230 sec. Although such a motor is
not a hybrid by the modern definition, this GE research still contributed important early
knowledge to the field of hybrids such as the capability of throttling the motor and the uniformity
of combustion along the grain [17].
The Pacific Rocket Society (PRS) continued early fundamental research into hybrids by
constructing rockets using LOX and Douglas Fir in the 1940s. PRS eventually transitioned to
and became one of the early pioneers in the use of rubber-based fuels, launching a rocket using
rubber fuel to around 30,000 ft in 1951. PRS also contributed what is now considered common
knowledge in the field by finding that, unlike in a solid motor, the fuel regression rate is
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dependent on the oxidizer flow rate and not on the chamber pressure. Hybrids did not see
widespread use until the 1960s when Sweden began launching hybrid sounding rockets for
scientific research and the U.S. began building high altitude autonomous target drones with
hybrids. The possibility of using hybrids as a large booster stage was also investigated starting
in the 1960s. This concept gained more traction after the 1986 Challenger Disaster when NASA
sought to replace the shuttle Solid Rocket Boosters (SRB). However, the low regression rate and
complex grain geometry meant that hybrids were not yet technologically advanced enough for
large scale boosters [17] [18]. The first notable application of hybrids since the 1960s occurred
in the 2000s as a response to the Ansari X-prize, a competition to challenge private companies to
reach space. Scaled Composites used an HTPB/LOX hybrid motor to power Space Ship-One,
their response to the challenge. In 2004, Space Ship-One successfully reached 100 km and won
the competition [17].
The unique configuration of propellants in hybrids, illustrated in Figure 1-3, eliminates
many of the problems associated with solid and LBP systems. The physical separation and phase
difference of the fuel and oxidizer eliminates the threat of spontaneous ignition like in solid
rockets and makes it nearly impossible for an explosion to occur by rapid unintended mixing like
in LBP rockets. Most hybrid fuels/oxidizers are also not considered individually hazardous for
manufacture or transport —a significant advantage over most solid and monopropellant systems.
The use of a single liquid propellant also halves the necessary plumbing and control elements in
hybrids, reducing their complexity relative to LBP systems. Increased safety and relatively low
complexity means hybrids can achieve high levels of performance at reasonable costs. Hybrids
also boast a higher bulk density than most LBP systems and can achieve higher theoretical
specific impulses than solid rockets. They can also be throttled and shut down, unlike solid
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rockets, an essential attribute for a satellite handling a multitude of missions. Another advantage
of most hybrids is they generally demonstrate little to no dependence on chamber pressure and
ambient temperature [18] [17].

Figure 1-3: An illustration of the configuration of a typical hybrid rocket system. [17] Note that some hybrids have
oxidizers that are self-pressurizing, and therefore do not require an oxidizer pressurization system.

The mechanisms of hybrid combustion are very different from solid and LBP
combustion, in which oxidizer and fuel are combined into a relatively homogenous mixture. In
LBP systems, this mixture and combustion happens in the combustion chamber. In solids, the
propellants are premixed and the combustion occurs on the port walls of the propellant grain. In
contrast, hybrid combustion occurs in a diffusion flame a short distance from the port wall of the
fuel grain. The diffusion flame lies inside the boundary layer formed by the flow of the oxidizer
over the fuel grain. The oxidizer is transported to this combustion zone by the axial flow of the
oxidizer, while the fuel is transported to this zone after being released from the fuel grain in a
process called pyrolysis. Pyrolysis occurs when heat from the flame or ignition source heats the
surface of the fuel grain to beyond the heat of sublimation, during which material from the
surface of the fuel grain vaporizes and is transported to the diffusion flame in the form of a fuel9

rich gas. The diffusion flame is where the fuel-rich vapor and oxidizer are near the ideal ratio for
combustion [19]. The thrust of the system is dependent on the rate at which the fuel grain is
consumed, also known as the regression rate. The standard combustion process and diffusion
flame zone is illustrated in Figure 1-4.

Figure 1-4: Standard hybrid combustion diagram illustrating the diffusion flame zone [19]

Hybrids also have some disadvantages, many of them due to the unique mechanisms of
combustion they experience. Because only oxidizer flow can be controlled, the oxidizer to fuel
(O/F) ratio over the entire burn cannot be controlled as in LBP systems, meaning that the O/F is
not usually optimal for the duration of the burn, to the detriment of the overall system
performance. Hybrids also, while exhibiting a bulk density comparable or superior to LBP
systems, cannot match the bulk density of standard solid motors. A major drawback to hybrid
systems is that they exhibit a grain regression rate that is “Typically less than one-third that of
composite solid rocket propellants” [19]. This low regression rate means that hybrids generally
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have difficulty generating sufficient thrust, and therefore often require more ports to increase fuel
surface area and, therefore, thrust. The addition of more ports also means that more support
webbing is necessary to ensure the grain does not break apart during operation. This additional
webbing can further reduce the useful mass fraction of the motor, as a higher proportion of the
internal volume and mass consumed will be webbing. The diffusion flame combustion
mechanism also means that the fuel and oxidizer are not as thoroughly mixed during combustion.
As a result, hybrids often have a lower combustion efficiency compared to solid and LBP
systems [17] [19].
Extensive research has gone into how to mitigate the issues with hybrid systems and
further improve their performance. The most significant issue is regression rate, which limits
thrust. The low regression rate means that traditional hybrid systems with a single port are not
viable for use on large scale launch vehicles. Attempts to increase regression rate in hybrids
have followed three main paths: the introduction of additives into fuel, the introduction of flow
turbulence/swirl into the oxidizer flow, and finding fuel/oxidizers that do not follow traditional
hybrid behavior. Metallic additives such as aluminum can help by aiding in the radiative heat
transfer from the flame into the fuel, thus increasing the rate of pyrolysis. However, the
regression rate improvement using aluminum as an additive is limited to 30-50% [18]. Adding
oxidizers to the fuel grain is another common method to increase the regression rate, but this also
negates many of the benefits of a hybrid rocket. With added oxidizers, the grain is often
considered a low-grade energetic material and must be handled/transported as such. In addition,
the presence of oxidizers in the fuel eliminates the temperature and pressure independence that
makes hybrids relatively forgiving [18].

11

The addition of turbulence and/or swirl into the oxidizer flow is another commonly used
method of increasing regression rate. Swirl moves the diffusion flame closer to the fuel surface
through centrifugal force, increasing heat transfer and subsequently increasing the regression
rate. Turbulence increases turbulent mixing, contributing to a much higher combustion
efficiency. The addition of wire meshes or rings called diaphragms into the flow path is a
relatively new method to introduce turbulence into the oxidizer flow [19] [20]. Recently, the use
of fuels with reasonably low melting points and low viscosities in their liquid form has become a
common way to increase regression rate. During combustion, the heat from the flame leads to
the development of a melt layer on the fuel. If the viscosity of the melt layer is low enough, then
the melt layer will take the form of rolling waves on the surface of the fuel grain, where these
waves protrude into the boundary layer and generate droplets near the diffusion flame due to
shear instabilities. The droplets generated via this process form their own reaction surfaces,
contributing to the combustion. This process, known as droplet entrainment, can increase the
regression rate over traditional pyrolysis-based hybrids by three to four times [18] [17]. Figure
1-5 illustrates the process of droplet entrainment [21].

Figure 1-5: An illustration of the droplet entrainment in hybrid rockets [21]
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1.2. Motivation
1.2.1. CubeSat Propulsion Applications
As discussed in 1.1.1, CubeSats generally rely on ridesharing to get to orbit as a result of
the excessive costs of dedicated launch vehicles, which are generally only economical for large
payloads. Currently, Rocket Labs, a company based in New Zealand, is the only entity offering
dedicated CubeSat launches. Rocket Labs’ Electron launch vehicle has an estimated launch cost
of $6M. While $6M is a relatively low launch cost, it is still excessive for any single CubeSat
and, therefore, Rocket Labs plans to find customers by offering launches of many CubeSats at
once [22]. As a result of their current reliance on ridesharing, CubeSats are deposited in the final
orbit of the upper stage of the launch vehicle that carried them. The exception to this
generalization is if the CubeSat is stowed on an ISS resupply ship, where is it transported and
subsequently deployed from the ISS. Regardless of their launch circumstances, the orbits that
CubeSats are inserted into are ideal for the primary mission and not necessarily for the CubeSat.
Deployment into an undesirable final orbit is often a mission handicap for CubeSats,
which usually lack propulsive capabilities. CubeSats deployed in LEO experience the effects of
residual atmospheric drag, which can limit the lifetime of a CubeSat that would otherwise be
operational for years to a number of months. CubeSats deployed in higher orbits with less
residual drag face the opposite problem and may fail to meet end-of-life disposal requirements
set by international regulatory bodies focused on mitigating space debris. The lack of de-orbit
capabilities is particularly problematic because the cost reductions made possible by CubeSats
could mean further saturation of LEO with objects. A higher number of objects in LEO
increases the threat of a Kessler scenario, in which spacecraft collisions cause a cascading
domino effect filling LEO with a dense field of debris and rendering LEO all but useless for
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many years. These issues can all be mitigated by the implementation of commercially available
propulsion units for CubeSats.
1.2.2. CubeSat Propulsion Market Survey
Companies that currently have CubeSat propulsion systems on the market or in
development range from well-known organizations like Aerojet Rocketdyne to smaller entities
like Clyde Aerospace. As a result of their strict mass and size limitations, CubeSat propulsion
systems must be designed to be simple, light, and volume efficient. This requirement generally
precludes the use of LBP systems in CubeSats. Most CubeSat propulsion systems currently on
the market utilize either electric or cold gas propulsion. Electric propulsion uses electricity to
accelerate charged propellants to very high velocities, achieving high efficiency, but tends to be
expensive. Busek is one of the market leaders in the electric CubeSat propulsion unit market
with numerous different options for electric thrusters. Their primary CubeSat electric propulsion
systems use ammonia or PTFE stimulated by electricity as a propellant. Despite their high
efficiency, these systems only provide 50-60 m/s of velocity change, or Δv, to a spacecraft the
size of a 3U CubeSat [23]. Cold gas systems are much simpler, consisting of compressed gas in
a tank that can be released to propel the spacecraft. However, they generally suffer from low
efficiency and performance. Aerojet Rocketdyne’s base CubeSat propulsion unit, the MPS-110,
is a cold gas unit utilizing inert gas that can only provide a 3U CubeSat with 10 m/s of Δv [24].
Monopropellant propulsion units have also shown promise in CubeSat propulsion units
given their relatively high performance and simplicity in comparison with cold gas and electric
propulsion. Aerojet Rocketdyne’s MPS-120, a propulsion system that is stated to deliver 209
m/s of Δv to a 3U CubeSat, utilizes the well characterized hydrazine as a propellant. Hydrazine
can enable higher performance, but it is extremely toxic and poses multiple handling hazards.

14

The increased risks associated with handling/shipping hydrazine products generally makes them
more expensive and difficult for amateur student engineers to handle. Both Aerojet and Busek
are developing monopropellant systems using a new “green” monopropellant based on aqueous
hydroxylammonium nitrate (HAN) oxidizer known as AF-M315E. HAN-based monopropellant
promises many improvements over hydrazine including less handling risks as well as higher
performance, but has run into a series of engineering issues in the development and deployment
of flight systems. Aerojet’s MPS-130, a propulsion unit in development designed to use AFM315E, states it can provide a 3U CubeSat with 340 m/s of Δv, a claim which has yet to be
verified. The summary of some commercially available/soon to be available CubeSat propulsion
systems is provided in Table 1-3 [23] [24]. Unfortunately, the costs of these systems are not
published. These propulsion systems are a fraction of all systems available on the market meant
to be representative of the capabilities of most currently available systems.
Table 1-3: Summary of key propulsion system characteristics of major market companies [23] [24]

System
Name
MPS-110
MPS-120
MPS-130
Micro
Resistojet
BmP-220
BGT-X5

Propulsion
Type

Propellant
Wet Mass
(s)
(kg)
Aerojet Rocketdyne
Cold Gas
Inert gas
Varies
Monopropellant Hydrazine
1.6
Monopropellant AF-M315E
1.6
Busek
Electric

Ammonia

Electric
PTFE
Monopropellant AF-M315E

3U Δv (m/s)

Source

10
209
340

[24]
[24]
[24]

1.25

60

[23]

0.5
1.5

53
146

[23]
[23]

There currently are no hybrid rocket propulsion units for CubeSats available
commercially or through open source databases, although the concept has started to gather some
attention in the literature. Hybrid rocket propulsion units for CubeSats (PUCs) will enable
picosatellites to take advantage of remarkable aspects of hybrids such as their relatively high
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performance compared to cold gas and monopropellant systems as well as their simplicity
compared to similarly high performing LBP and monopropellant systems. In addition, hybrid
PUCs would enable universities and small companies to handle the ground configuration of the
system without the expensive safety systems and protocols needed for systems that use solid
rockets or hydrazine. The relatively high-performance potential of hybrid rockets combined with
relative safety and cost efficiency make hybrid PUCs an ideal choice for additional study.

1.3. Introduction to Hybrid PUC Development at Penn State
Based on the market need for an affordable, reliable, and high-performance PUC,
academia began to investigate the possibility of using hybrid rockets in PUCs. In 2010, Dushku
and Mueller at Utah State University developed a hybrid PUC called the Additively
Manufactured Propulsion System – Hybrid (AMPS-H) [25]. The goal of the AMPS-H was to
demonstrate the feasibility and simplicity of affordable hybrid rocket propulsion for CubeSat
applications through the design, construction, and testing of an additively manufactured CubeSat
PUC. The research team designed AMPS-H to utilize an additive manufacturing (AM) process
known as Powder Bed Fusion (PBF), in which a laser is used to melt powder layer-by-layer into
a finished part [25]. AM drastically simplifies the design and fabrication process compared to
traditional machining. Traditional machining involves subtractive manufacturing, in which a
part is made by removing material from a stock. In traditional fabrication using machining, the
cutting tools must physically have access to all volumes that must be cut out. As a consequence,
a pressure vessel cannot practically be manufactured from a single piece of stock, meaning that
there must be large sealing surfaces and joints. AM, as its name implies, fabricates parts using
additive instead of subtractive methods. This enables parts to be manufactured with internal
volumes that would not be possible with traditional machining.
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The body material chosen for the tank was a carbon-fiber reinforced polymer (CFRP).
CFRPs tend to have high strengths compared to most polymers with the advantage of having a
density comparable to standard polymers. Because of the simplicity and availability of
polymers, CFRPs are also less expensive to use in AM processes than metals. The use of AM
enabled the Utah State team to design the AMPS-H to be one integrated unit with a toroidal
oxidizer tank surrounding a central port through the CFRP that served as the combustion
chamber. This unit configuration is shown in Figure 1-6. AMPS-H used the CFRP material in
the central port as its fuel and filled the oxidizer tank with nitrous oxide, N2O as its oxidizer.
The AMPS-H utilized the advantages of AM to integrate most of the key propulsion system
components, the combustion chamber, grain, and oxidizer tank, into one part. This drastically
simplified the manufacturing process for the unit. However, there are some key components of a
hybrid system that are difficult to manufacture using AM technology. The Utah State team
decided to use traditionally manufactured and commercially available parts for the nozzle and
the oxidizer control solenoid valve to circumvent the shortfalls in AM capabilities.

Figure 1-6: Cross sectional illustration of the AMP-H design [25]

17

The AMPS-H was successfully manufactured and demonstrated at the Logan-Cache
Airport in 2010. The system had a peak thrust of 6.2 lbf which gradually declined to under 1.0
lbf over the course of the 16 second burn [25]. However, the AMPS-H is not practical for a
number of reasons. Primarily, as demonstrated by McKnight et al., the combustion efficiency
and regression rate of CFRP are low compared to most practical hybrid fuels [26]. McKnight
worked with a research team at the High Pressure Combustion Lab (HPCL) at The Pennsylvania
State University (PSU) and the Propulsion Science Department at The Aerospace Corporation
(Aerospace Corp.) to design a new PUC that built on the positive aspects of the AMPS-H while
improving its performance. The research team concluded that the ability to insert fuel grain
cartridges made from more ideal propellants into the PUC body would enable higher regression
rates and combustion efficiency, leading to a higher thrust and better overall use of the limited
volume in CubeSats.
The PSU/Aerospace Corp. team created a model using a toroidal tank around a central
combustion chamber capable of accepting a standardized 1.25” OD, 2.5” length fuel grain
cartridge. High strength AM CFRP materials called Windform XT 2.0 and NyTek 1200 CF
were evaluated as structural materials of the PUC. The PUC body also featured five ports; two
ports to access the oxidizer tank, two ports to feed igniters through, and a port into the top of the
combustion chamber. One oxidizer port features a dip tube so that liquid N2O from the bottom
of the tank can be directly fed into the combustion chamber. Besides the fuel grain and an
oxidizer flow control mechanism, the only additional external part used in the PUC was a nozzle.
The initial concept was to use a nozzle made from the same CFRP material that would slowly
erode over the course of the burn. A cross sectional view of the PUC design created by
McKnight et al. is shown in Figure 1-7 [26].
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Figure 1-7: PSU/Aerospace Corp. CFRP PUC design with fuel grain analog and nozzle included [26]

The PUC was designed to withstand a maximum expected operating pressure (MEOP) of
1000 psig, selected using the approximate critical point of N2O, and was verified using
SolidWorks’ finite element analysis (FEA) [20]. The material parameters used in the FEA were
those provided by the manufacturer for the z-axis (vertical) of the material, which is generally
considered the weakest. FEA with the Windform XT 2.0, the stronger of the two materials,
showed some stress concentrations at the top of the tank as can be seen in Figure 1-8. However,
McKnight determined that this stress concentration was a non-physical phenomenon from the
FEA method used by SolidWorks. After removing the non-physical stress concentration from
consideration, the minimum factor of safety (FOS) from the FEA was around 1.3, which was
considered a conservative estimate based on the weaker z-axis parameters the model is based on
[20] [26].
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Figure 1-8: FEA of Windform XT 2.0, the stronger of the material options [20]

McKnight et al. also studied fuel grains that would be ideal for the short length available
in the PUC. The fuel had to have a relatively high regression rate to compensate for the short
length of the grain as well as high combustion efficiency to maximize the propulsive potential of
the PUC. Another goal of the fuel grains was to design them so that they could be additively
manufactured from extrusion machines. Overall, McKnight focused on materials that can be
printed, like ABS, acrylic, and paraffin, while still exhibiting favorable combustion
characteristics. McKnight determined using a paraffin-based motor with a diaphragm and
mixing section downstream is an excellent combination for achieving high performance. The
paraffin contributed a reasonably high regression rate and high thrust while the mixing section
increased the combustion efficiency, compensating for the negative impacts of droplet
entrainment associated with paraffin. The diaphragm and mixing section were made of material
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with a lower regression rate but reasonable combustion characteristics like acrylic or ABS [20]
[26].
Two PSU/Aerospace Corp PUCs were manufactured at CRP Technology from the
Windform XT 2.0 material. To verify the FEA model and FOS, one of the tanks was
hydrostatically tested to failure. The tank survived far beyond its FEA predicted FOS of 1.3
(1300 psig), and did not show significant flexing until reaching 1000 psig. The tank
catastrophically failed at 2250 psig, or at a FOS of 2.25. This test verified that the CFRP was
capable of withstanding the pressures necessary to hold N2O and justified the results of the FEA
model. However, there was still a concern about whether there would be any material
compatibility issues with the N2O that could compromise the strength of the tank or contaminate
the oxidizer. Some early testing showed that Windform gained 2.3% mass while soaking in N2O
over the course of a week, suggesting the N2O was absorbed in the Windform. Subsequent
testing with tensile samples soaked in N2O for various lengths of time showed that N2O soaked
Windform XT 2.0 loses about 25% of its ultimate tensile strength (UTS) and about 40% of its
yield strength. NyTek 1200 CF suffered similar performance hits after soak tests in N2O [20].
Subsequent FEA testing with the tensile test results for the as-received and degraded material
parameters for the NyTek 1200 showed that the new prediction for FOS-based yield strength
severely dropped in the post-exposure case to dangerous levels. The as-received FEA model also
showed that at MEOP some yielding occurs. These results can be seen in Figure 1-9, which
shows the as-received and post-exposure FOS based on yield strength for the NyTek material.
Note that the as-received PUC shows a lower FOS than that predicted in Figure 1-8. This is a
result of the FEA shown in Figure 1-9 calculating FOS based on yield strength of the NyTek,
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which is a significantly higher threshold than using the FOS based on the UTS of the stronger
Windform, the metric used in Figure 1-8 [20].

Figure 1-9: As received (left) and post exposure (right) FEA results for the FOS based on yield [20]

While the PSU/Aerospace Corp. CFRP PUC was able to withstand MEOP during
hydrostatic testing, it was determined that the material compatibility issues with the N2O oxidizer
meant that CFRPs were not feasible for PUCs utilizing N2O. Therefore, McKnight et al.
recommended that future work focus on transitioning the PUC design to be manufactured from
metal instead of a polymer [20] [26].

1.4. Research Goals
The objectives for the research performed and described hereafter were to show that an
additively manufactured hybrid PUC is technically and commercially feasible and to
subsequently develop and analyze the mechanical, thermal, and combustion performance of an
AM hybrid PUC. Feasibility must be demonstrated through theoretical performance capability
analysis. The PUC must be relatively inexpensive to produce and have a high FOS based on
yield strength of 4. Initial structural verification testing including a test of the tank up to 1.5
times MEOP and pressure leak test must be performed. Finally, the tank must be conceptually
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demonstrated in a laboratory hot-fire test to bring the Technology Readiness Level to 4. On
NASA’s scale of Technology Readiness Levels (TRLs), TRL 4 corresponds with “Component
… validation in laboratory environment” [27]. The combustion and thermal performance of the
PUC must also be deduced from these hot-fire tests in order to characterize the behavior of the
system and diagnose design flaws that can be addressed in a later iteration. In addition to
technical feasibility, the PUC should be created to encourage free use of its design for
universities and small companies with minimal modification/specialized equipment.

23

CHAPTER 2. PUC Performance Predictions
2.1. Δv Capabilities
Performance predictions were necessary to determine if it was practical to attempt to
build a hybrid PUC within the constraints of a CubeSat. In terms of spacecraft utility, one of the
primary performance metrics for a propulsion system is the change in velocity, or Δv, that the
system enables. The Δv is used both as a metric to measure the velocity change required by a
maneuver and as a metric that describes the amount by which the propulsion system can
accelerate a given spacecraft. The Δv enabled by any given propulsion system will vary and can
vary for spacecraft of different masses. The Tsiolkovsky Rocket Equation, Equation 1, shows
the calculation for Δv in terms of the mass ratio and the specific impulse. The mass ratio is the
ratio of the initial mass (mi) of the vehicle to the final mass (mf) of the vehicle (after the
propellant is spent), while the specific impulse (Isp) is a performance parameter of the propellant
combination related to the exhaust velocity, and g is the acceleration due to gravity.
𝛥𝑣 = 𝐼𝑠𝑝 𝑔 ln |

𝑚𝑖
|
𝑚𝑓

(1)

McKnight made estimates for the Δv of a 6U CubeSat using the PUC based on the
characteristics described in Table 2-1. These calculations were based on using a straight port
paraffin fuel grain and N2O as oxidizer and predicted that the PUC would enable around 115 m/s
of Δv for a 6U CubeSat. McKnight made this estimate based on an initial satellite mass of 10 kg,
which is an intermediate mass estimate for 6U CubeSats which can be up to 12 kg [10] [20].
Using McKnight’s Δv parameters and changing the initial mass to 4 kg to estimate performance
of a 3U CubeSat, the Δv estimate becomes 312 m/s.
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Table 2-1: Parameters used for McKnight initial PUC Δv predictions [20]

Oxidizer

Fuel

Chamber
Pressure, Pc

O/F

Area
Ratio,
Ae/At

Specific
Impulse,
Isp

Initial
Mass, mi

Final
Mass, mf

N2O

Paraffin

100 psig

6.0

15

285 s

10.00 kg

9.60 kg

The 312 m/s Δv estimate for a 3U CubeSat is comparable to the highest performing PUCs
on the market, which can be seen in Table 1-3. However, one of the assumptions McKnight
made in the performance predictions was that the PUC oxidizer tank could hold the volume of
N2O necessary to completely combust the fuel at the ideal oxidizer to fuel (O/F) ratio. Given the
dimensions of the fuel grain, the volume of fuel in a straight port grain is around 65 cm3.
Assuming a paraffin density of 0.92 g/cm3 [28], the fuel mass is 60.35g. To combust the entire
fuel mass at an ideal O/F would require an oxidizer mass of 363g, or 423g of propellant overall.
This is fairly similar to the propellant mass estimated by McKnight. The volume of the PUC
oxidizer tank is around 350 cm3. However, some volume must be left in the tank to serve as
ullage —volume for the N2O to expand without causing excess pressure on the tank walls. In
addition, the dip tube that feeds the N2O into the combustion chamber does not reach the bottom
of the tank. Taking out about 10% of the volume as ullage and removing the volume below the
dip tube leaves only about 250 cm3 of usable N2O. At an expected density of around 0.75 g/cm3
[29] the usable volume in the PUC tank could only hold around 194g of N2O, although the
density varies significantly over the expected temperature range. This represents an oxidizer
mass decrease of almost 50% from ideal.
With 194g of N2O, the system only needs to use 32g of fuel to operate at an ideal O/F of
6. Using these new mass figures, the corrected Δv estimate for a 3U CubeSat is 160 m/s. While
significantly lower than the initial estimate of over 300 m/s, 160 m/s still represents market
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competitive performance. When considering this estimate, it is noteworthy that these
calculations used the theoretical Isp achievable for the fuel/oxidizer mixture. There will be
additional inefficiencies in an actual motor where combustion is not complete. In addition, the
volume in the oxidizer tank not considered “usable” for a hot-fire still contains liquid/gaseous
N2O that will contribute additional gas phase oxidizer to the system, increasing the performance
over the estimate. For these reasons, the initial Δv performance calculations were considered an
estimate and not expected to perfectly match reality. Therefore, a Δv of 125 m/s was used for
subsequent performance/capability analysis.

2.2. Orbital Manuevering Capabilities
The Δv capabilities of the PUC would enable it to execute maneuvers and alter its orbit.
The ability of the PUC to execute some basic orbital maneuvers was calculated to demonstrate
its practical applications. The maneuvers studied utilize an impulsive assumption, meaning that
the change in velocity executed during the maneuver is assumed to be instantaneous. This
assumption is only valid when the burn duration is small compared to the period of the orbit,
which consequently implies that the thrust of the propulsion system must be relatively large.
McKnight designed the PUC to have burn durations in the tens of seconds range, far smaller than
the shortest orbital periods in LEO of around 90 minutes. Therefore, the impulsive assumption
was considered valid for PUC performance predictions. Basic orbital maneuvers were used in
subsequent analyses to study related performance [20].
2.2.1. In-Plane Maneuvering Capabilities
Calculations were performed for two different orbital scenarios: transitioning from a
lower circular orbit to a higher circular orbit using a Hohmann Transfer and transitioning from
an initial circular orbit to an elliptical orbit with a higher apoapsis. In the first scenario, the
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satellite requires two maneuvers. The first burn puts the satellite on what is known as a transfer
orbit, or an intermediate orbit between the initial and final orbit. The second burn occurs when
the satellite has traveled along the transfer orbit to the apogee and circularizes the transfer orbit
into the final orbit. When the initial and final maneuver occur 180 degrees apart, this transfer is
called a Hohmann Transfer. The two maneuver Hohmann Transfer requires that the initial and
final orbit are both circular, have the same focus, and are on the same plane. It was elegantly
shown by Prussing [30] that the Hohmann Transfer is the optimum two-maneuver transfer
between qualifying orbits. Figure 2-1 illustrates a Hohmann Transfer and the relative location of
the maneuvers performed.

Figure 2-1: An illustration of a Hohmann transfer showing the initial, final, and transfer orbits as well as the
maneuvers required

Since the Hohmann Transfer requires two maneuvers, the Δv required to perform the
transfer is the sum of the Δv required for each individual maneuver. Equation 2 shows the Δv
required in a Hohmann Transfer between two circular orbits, where r1 is the radius from the
center of the body to the initial orbit, r2 is the radius from the center of the body to the second
orbit, and μ is the standard gravitational parameter of the body. To illustrate the performance of
the PUC, take the case of a 3U CubeSat deployed from the ISS in an initial orbit of 400 km
above the Earth (r1 = 6778 km). Equation 2 cannot be solved explicitly for r2, but it can be
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solved for r2 iteratively with methods such as Newton-Raphson. A computer program written to
solve Equation 2 for r2 iteratively using a Newton-Raphson iteration scheme is shown in
APPENDIX A Program for Solving Equation 2. Using this convergence method and assuming
125 m/s of Δv, it was found that the PUC would enable a 3U CubeSat to raise its initial orbit
from 400 km to an orbit 625 km above the surface of the Earth (r2 = 6903 km).
𝜇
2𝑟2
𝜇
2𝑟1
Δv = √ (√
− 1) + √ (1 − √
)
𝑟1
𝑟1 + 𝑟2
𝑟2
𝑟1 + 𝑟2

(2)

The next performance example utilizes another common orbital maneuver, the apoapsis
raise. This maneuver is essentially equivalent to the first maneuver performed in the Hohmann
transfer that puts the satellite on the transfer orbit. An example of the applications of this
maneuver is if a satellite is initially in a low polar orbit to study the poles. Specifically, the
satellite requires higher resolution imaging of the North Pole for research into the Polar Bear
population while also requiring wider images to monitor the Antarctic ice sheets. By performing
an apogee-raising maneuver while over the North Pole, the satellite can raise its apogee over the
South Pole to widen its field of view of Antarctica while maintaining high resolution for Polar
Bear research. To calculate the apoapsis height achievable by certain Δv capability, the velocity
at the periapsis after the maneuver was first calculated using Equation 3, where rp is the radius of
the orbit at periapsis, which his equivalent to the initial orbital radius. Then, the specific energy
of the orbit was calculated by substituting the periapsis velocity into Equation 4. Finally, the
specific energy was used to find the apoapsis height using Equation 5. Assuming an initial
altitude of 400 km, the PUC would theoretically enable a 3U CubeSat to raise its apoapsis height
to around 900 km.
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𝑣𝑝 = √

𝜇
+ Δv
𝑟𝑝

(3)

𝑣𝑝 2 𝜇
𝜀=
−
2
𝑟𝑝

(4)

𝜇
𝑟𝑎 = − ( + 𝑟𝑝 )
𝜀

(5)

2.2.2. Plane Change Orbital Maneuvering Capabilities
In the aforementioned maneuvers, the initial and final orbits are always in the same
orbital plane. Another basic orbital maneuver is a plane change, in which the plane of the orbit is
physically shifted by a maneuver that has at least some out-of-plane component. Unlike the
Hohmann transfer, a plane change only requires one maneuver. The simplest plane change
maneuver is changing the inclination of the orbit, or the angle between the orbital plane and the
equatorial plane. For the maneuver to be a pure inclination change, the maneuver must take
place at one of the nodes that represent the intersection points of the initial and final (intended)
orbit. The inclination and the node point can be visualized in Figure 2-2.

Figure 2-2: An illustration of an inclined orbit (red), where the inclination is measured from equatorial (black)

The capability of the PUC to make inclination changes is a good metric for estimating its
ability to perform any plane change. Equation 6 can be used to calculate the inclination change
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attained with a given Δv and transverse velocity, vt. For a circular orbit, the transverse velocity
is equal to the orbital speed, and the two are interchangeable.
Δv
Δi = 2 sin−1 ( )
2𝑣𝑡

(6)

Using Equation 6 to estimate the inclination change enabled by the PUC for a 3U
CubeSat in a 400 km circular orbit yields an estimate of around 1 degree. While this may seem
like poor performance, inclination changes are expensive maneuvers, especially in LEO. In
higher orbits, or at apogee in an elliptical orbit, the transverse velocity is lower and the same Δv
capabilities will translate into a significantly higher plane change capability.

2.3. CubeSat Lifetime Implications
The last key to understanding the theoretical performance capabilities of the PUC is to
evaluate how maneuvers add mission value in practical applications. One of the primary reasons
propulsive capabilities for CubeSats is of interest is because of their ability to extend the lifetime
of CubeSats operating in LEO, where there is often significant residual atmospheric drag,
through either orbital maintenance or an initial orbital raise.
2.3.1. Lifetime Extension Capability
An STK (System Tools Kit) model was used to illustrate the lifetime extension
capabilities the PUC can enable for a 3U CubeSat given the maneuver capabilities calculated in
2.2 [31]. Primarily, this model was created to simulate orbital decay in a given orbit. The
atmospheric density model used in the simulation is the common Jacchia Roberts model, which
includes perturbations from the Moon, the major planets, and solar radiation pressure. By
running multiple simulations at circular orbits of varying altitudes, a rough relationship was be
developed for lifetime vs. initial orbital radius.
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CubeSat drag parameter estimation
STK incorporates many standard atmospheric and perturbation models with the stock
software. Before utilizing STK for orbital decay simulations, the drag parameters of a 3U
CubeSat were estimated. Orbital decay is highly dependent on the ratio between the apparent
area of the satellite to the satellite’s mass and the coefficient of drag of the satellite. The
apparent area is the projection of the satellites volume along the instantaneous direction vector.
Without restricting the orientation of the CubeSat, the area of all sides have to be weighed and
averaged to come up with an area estimate for the model. Instead, to estimate the apparent area
of a 3U CubeSat, it was assumed that the CubeSat’s z-axis (lengthwise) was maintained to be
collinear with the radial vector from the center of the Earth to the CubeSat due to gravitygradient torque. Additionally, the assumption was made that the satellite is rotating around the
z-axis at a constant rate. The orientation of the CubeSat described above is further illustrated in
Figure 2-3 [32].

Figure 2-3: An illustration of the assumed attitude for orbital decay estimation.
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These assumptions simplified the problem of estimating the average area of the CubeSat
by only requiring the weighted average between the area of one of the larger faces, Amin (10 x 34
cm), and the maximum apparent area, Amax. The maximum apparent area can be found by
simple geometry to be 𝐴𝑚𝑎𝑥 = √2𝐴𝑚𝑖𝑛 . Knowing Amax and Amin and using the constant rotation
rate assumption, it was shown that the average apparent area is 1.273 Amin, or 0.0433 m2 [32].
STK model calibration
Before using STK to derive meaningful results, the accuracy was tested to understand the
range of error. To accomplish this, the STK model was run to estimate the lifetimes of two
historic CubeSat missions, Perseus (1.5U) and PharmaSat (3U). The average apparent area
estimate for Perseus is one half the average for a 3U CubeSat. These two CubeSats were
selected to test the STK simulation at two drastically different initial orbital altitudes: Perseus at
300 km and PharmaSat at 450 km. The starting epoch in simulations was set to match the launch
date for each CubeSat. Figure 2-4 and Figure 2-5 show the STK estimate for Perseus and
PharmaSat altitude vs. time. The actual altitude data of the CubeSats was extracted from TwoLine Element (TLE) sets obtained from NORAD’s CelesTrak TLE Database [33].
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Figure 2-4: Perseus STK simulation and actual altitude vs time

Figure 2-5: PharmaSat STK simulation and actual altitude vs time

Figure 2-4 and Figure 2-5 show errors of around +-20%. The Perseus STK simulation
forecasted a lifetime of 24 days in contrast with the real lifetime of 21 days. The PharmaSat
STK simulation forecasted a lifetime of around 1000 days, shorter than the real lifetime of
almost 1200 days. These errors are significant, especially considering they diverge from their
observed lifetimes in the opposite direction. However, such high errors are expected when
considering the simplified assumptions used, drastic difference in altitude between the orbits, and
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the shortcomings of standard atmospheric density models in modeling real time density
fluctuations that results from weather conditions in space and on Earth. Therefore, subsequent
lifetime extension simulations were taken to be rough estimates and not precise decay models.
Estimating lifetime extension with STK
Equation 2 was solved iteratively for r2 to find the orbital altitude achievable from an
initial orbital altitude of 400 km for a range of Δv. These higher orbital altitudes were then used
as inputs in STK simulations to predict orbital lifetime. By compiling the data from these two
analyses, a relationship between Δv and orbital lifetime was developed. Figure 2-6 shows the
rough relationship for lifetime vs Δv.

Figure 2-6: Lifetime estimation vs Δv using STK model results

By inspection, the lifetime of a 3U CubeSat deployed from the ISS in a 400 km circular
orbit can be extended from around 6 months to around 25 years with the 125 m/s propulsive
capability estimate of the PUC. Even considering the high error associated with the STK model,
especially for simulations that occur over many years, the simulations still show that lifetime can
reasonably be expected to be extended by at least an order of magnitude. This represents
significant potential for CubeSats that require longer lifetime missions but lack the launch
opportunities to get to sufficiently high orbits.
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2.3.2. End of Life Capabilities
Space debris has become an increasingly concerning problem as the number of satellites
in LEO has exponentially increased over time. The IADC, an international collaboration
between space agencies, issues guidelines for responsible mission design to reduce the threat
from space debris. In general, the IADC recommends disposing of satellites at the end of their
lives by either intentional deorbit, sending the satellite into a high “graveyard” orbit far above
LEO (>2000 km above Earth), or putting the satellite in an orbit in which orbital decay will
deorbit the satellite within 25 years [34]. While most CubeSats are inserted in LEO where they
will deorbit within 25 years from launch, the PUC would enable CubeSats to perform missions at
higher altitudes and still enable disposal within IADC end of life requirements. Assuming that
reducing the periapsis below 400 km guarantees an orbital decay time less than 25 years for
higher LEO orbits, the PUC would enable CubeSats in circular orbits up to 870 km in altitude to
meet end of life requirements through a periapsis reduction maneuver.
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CHAPTER 3. Titanium PUC Design, Manufacturing , & Quality
Testing
Based on McKnight’s recommendation, the PUC was redesigned to be additively
manufactured from metal. While manufacturing the tank from metal is more expensive, metals
are far less reactive with N2O and pose little to no risk of serious material degradation after
prolonged exposure. The strength of metals also means that the tank could be designed to higher
strength standards while shrinking the volume consumed by the structure.

3.1. Titanium PUC Design Considerations
3.1.1. Third Party Standards and Recommendations
The metallic PUC was designed with a number of standards and recommendations in
mind. CDS revision 12 limited the pressure in pressure vessels aboard CubeSats to 1.2 atm,
although this was removed as a requirement in later revisions. This requirement had previously
prevented the use of most chemical propulsion on CubeSats, thus its removal meant propulsion
systems for CubeSats can be acceptable with proper design and testing. CDS revision 12 also
specified that all pressure vessels shall be designed to a FOS of 4. While this requirement was
also later eliminated from the text in favor of more open-ended regulations, it still represented a
reasonable and prudent design benchmark to attain, and thus a FOS of 4 was used as a
benchmark for the PUC development.
Another design standard referenced was the Range Safety User Manual (RSUM),
maintained by the Air Force to regulate all users of their launch locations. As there is no
generally accepted guide for payload development, the RSUM was used as an analog that
reflected the strict requirements the PUC would likely have to meet for most launch providers.
Section 12.2 of the RSUM thoroughly describes the testing that must be performed to validate a
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pressure vessel prior to flight. Generally, these tests require performing a pressure proof test of
the pressure vessel at 1.5x MEOP [35]. Therefore, demonstration of the PUC at 1.5x MEOP was
determined to be a necessary test. The RSUM also recommends extensive destructive testing,
such as fatigue and burst tests, for payload pressure vessels. However, these tests were
considered too time consuming and expensive to execute as only a single titanium tank was
manufactured. Therefore, fatigue tests were deemed unnecessary to prove the PUC at the current
stage of development.
3.1.2. Additive Manufacturing Design Implications
AM introduces unique design challenges due to the nature of the process. All AM
techniques involve building objects layer-by-layer from the base, or build plate, until the object
is completed. New layers are built on top of existing structure and support structure, an easily
removable webbing structure used to support free hanging objects and overhangs. The most
basic AM process is extrusion, in which strands of thermoplastics are melted and extruded
through a moving nozzle onto the build structure. In extrusion manufacturing, the object is
constructed in an open volume. However, extrusion manufacturing is generally not capable of
reaching the temperatures needed to melt metal.
Powder Bed Fusion (PBF) is an AM technique developed specifically for metals. This
technique involves depositing a thin layer of powder on a built plate and using a high-powered,
accurate laser to melt the powder in the locations where the structure will be. Once one layer is
fully melted, another layer is deposited and subsequently melted with the laser. An illustration
of the PBF process is shown in Figure 3-1 [36]. PBF is an accurate technique capable of
building parts with great strength and can be used both for metals as well as strong polymers,
such as the Windform XT 2.0 used in the original PUC design. The PBF process used for
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polymers is known as Selective Laser Sintering (SLS), while the PBF process for metals is
known as Direct Metal Laser Sintering (DMLS).

Figure 3-1: An illustration of the PBF process making a part. [36]

However, there are some notable design challenges in using PBF. The unused powder
remains inside and around the part until it can be cleared away when the print is removed from
the build plate. While the loose powder has the benefit of behaving like a basic support material,
its presence also means that there cannot by any cavities in the part without access for powder
removal. Another major challenge with PBF is the extreme temperature gradient between the
cooled structure and melted powder, which often results in part deformation from the thermal
stresses. The locations of these thermal stresses are hard to predict, so liberal use of support
structure is necessary to mitigate thermal warping issues. However, the support structure must
also be removed after the manufacturing process is complete, necessitating accessibility to
internal volumes that contain support structure. Since the ports into the PUC oxidizer tank are
not large enough to effectively break and remove the support structure, the internal volume of the
PUC tank must be designed in such a way as to eliminate the need for internal support structure.
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3.2. PUC Redesign Process
Ti-6Al-4V was selected as the PUC structural material because of its excellent strength
properties, relatively low density, material compatibility, and its availability for manufacturing in
PBF machines. While titanium is a relatively expensive metal, its specific strength means that
mass and volume can be conserved to maximize the payload envelope.
The polymer PUC was initially designed by starting with a solid 1U cube and cutting
necessary volumes away in a subtractive fashion. The initial polymer PUC model converted to
Ti-6Al-4V had a mass of over 1,330g. The titanium PUC redesign started with the final polymer
PUC design and made additional modifications to reduce the mass and volume consumed by the
structure. SolidWorks FEA tools were used to verify the structural integrity of the PUC after
major design changes were made. All FEA was performed using the SolidWorks cast Ti-6Al-4V
material properties listed in Table 3-1. These properties were used because Protolabs, the
manufacturer, specified that the yield strength of printed Ti-6Al-4V is >98% that of cast Ti-6Al4V [37]. Structural verification was performed by calculating the minimum FOS based on yield
in the PUC model.
Table 3-1: Material properties used to model the PUC in SolidWorks (assumed to be isotropic)

Elastic Modulus

Yield Strength

Ultimate Tensile Strength

104.8 GPa

827 MPa

1.050 GPa

The primary mass reductions resulted from drastically reducing the thickness of the N2O
tank walls, reconfiguring the ports to require less supporting material, and drastically reducing
the excess structure around the rail legs. The upper supporting legs were also moved to the outer
walls of the pressure vessel to reduce the excess structure required to build the legs at the top of
the tank. Port reconfiguration removed much of the structure connecting and supporting the
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ports. Thus, the new port supports were redesigned to be hexagonal in cross section to serve as a
counter torque point for tightening the SAE fittings. Additionally, the igniter ports were turned
from their original vertical orientation to a diagonal orientation. In the previous vertical
orientation, long internal channels were required to go from the igniter port to the combustion
chamber. As these channels are all going to be exposed to the chamber pressure of the PUC,
they were required to have fairly large wall thicknesses to withstand this pressure. Additionally,
the previous igniter port configuration required any igniters to be inserted through a 90-degree
elbow, a difficult task to achieve with the objective of locating the igniter as close to the top of
the fuel grain as possible. The new diagonal ports minimized the length of the port, therefore
saving structural material, and straightened the port to ease igniter insertion.
Originally, the PUC design featured round ceilings in the oxidizer tank. However, the
unsupported radius the PBF machine was capable of printing was smaller than required for the
ceilings. While leaving support structure in the tank may not have degraded the structure of the
PUC, the risk of pieces of support structure breaking off and entering the oxidizer lines was too
high to accept. Based on discussions with the manufacturer, Protolabs, the ceiling of the tank
was vaulted at a 45-degree angle to be self-supporting. This eliminated the need for internal
support structure for the arched upper ceiling, which would have been nearly impossible to
remove due to inaccessibility. The final PUC design maintained identical fuel grain and oxidizer
tank volumes of the polymer PUC because the insufficient oxidizer volume in the original design
had not yet been discovered. The tank mass estimate was reduced from an initial 1330g to 550g.
Figure 3-2 illustrates the transformation from an early PUC iteration to the final iteration, where
the image on the right is the PUC design that was manufactured. The final design, along with
callouts to major changes, is highlighted in Figure 3-3. Like the CFRP PUC designed by
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McKnight, the final titanium PUC featured a total of five ports: two ports into the oxidizer tank,
two that serve as igniter ports into the top of the combustion chamber, and one at the top of the
combustion chamber that served at the inlet for the oxidizer. In an operational setting, N2O
would be fed from the oxidizer tank up through the dip tube, through external piping, and into
the oxidizer inlet.

Figure 3-2: Design evolution of the titanium PUC [32]

Figure 3-3: An illustration of the final PUC design and its major changes. [32]

Final FEA results, illustrated in Figure 3-4, demonstrate that the PUC is forecasted to
meet a FOS of 4. The primary failure mode is expected to be around the outside waist of the
oxidizer tank. There are some other areas, such as the top of the oxidizer tank, where the FEA
results suggest stress concentrations may exist. However, these concentrations were very small
and generally lacked nearby features such as corners that explained the concentration. Similar
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relics observed by McKnight in the CFRP PUC were proven to be non-physical during a burst
test of the structure [20]. Therefore, these concentrations were assumed to be non-physical relics
of the mesh properties and were ignored.

Figure 3-4: FEA results for the most recent PUC design FOS based on yield [32]

The final design was manufactured and post-processed at Protolabs in North Carolina for
around $6,000 (FY2016), including post-processing. The post processing conducted by the
manufacturer included support material & powder removal, basic surface finishing, and heat
treatment (annealing) to relieve internal stresses built up in the tank from the manufacturing
process. The as-received tank is shown in Figure 3-5. Since the internal oxidizer tank was
designed to be self-supporting, there was no support material required inside the tank. However,
support material was used on the internal fuel grain volume and externally to support the top
legs. Despite the support material from the bottom legs to the top legs, there was still noticeable
warping on the bottom legs in the direction of the top legs from the cooling process. It is also
possible that the cooling support structure between the legs may have contributed to the warping.
This minor warping along the vertical (z) direction is visible in the front view of Figure 3-5: Asreceived titanium PUC from isometric (left) and front (right) perspectives (right) [32]. The
warping could likely be mitigated by filling the voids in the bottom feet and adding a spine that
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runs to the center mount of the PUC from each foot. Additionally, ribs inserted from the bottom
feet to the outside of the PUC body would add significant compressive support during the
cooling process. These simple additions would only add a few grams to the PUC while
mitigating any tolerancing problems experienced from warping. The mass of the printed PUC
was 98% that predicted by the SolidWorks model. Besides the minor warping on the feet, the
titanium PUC at first seemed to be free of defects and ready for further testing. However, it was
later observed that thermal cooling also resulted in the inner diameter (ID) of the PUC
combustion chamber being slightly smaller than designed— 1.45” instead of 1.50”.

Figure 3-5: As-received titanium PUC from isometric (left) and front (right) perspectives [32]

Additional post processing options available from the manufacturer, such as Hot Isostatic
Press (HIP) and sand blasting surface finishing, were waived because of their additional expense
and the desire to test the first PUC iteration with basic finishing. A HIP process is similar to
annealing but performed both at high temperatures and pressures. This process fills voids left
from the manufacturing process, increasing the density of the finished product. Sand blasting
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can drastically reduce surface roughness and help to remove particulate from the manufacturing
process in areas that are hard to reach with basic surface finishing techniques. While particulate
residue remaining from the manufacturing process is a concern because of its possible
implications on the reservoir in an oxidizer system, discussions with the manufacturer led to the
conclusion that sand blasting the inside of the tank would be ineffective because of the limited
access to the internal volume through the two small ports. Additional testing on the first printed
titanium PUC were conducted to determine if additional post processing options were necessary.
Post processing performed at Penn State included modifications to fix both anticipated
and unanticipated shortfalls in the AM process. The anticipated modifications included tapping
the five PUC ports to SAE J1926 ¼” standards for the pressure fittings. In the initial print, these
ports were left as straight ports to be tapped upon receipt because the resolution of the printer
does not allow threads/faces to be manufactured to the tolerances required. As discussed before,
the ID of the printed PUC combustion chamber was smaller than designed. While this shrinkage
is mostly the result of thermal cooling, the as-received PUC also included small ridges/valleys in
circular portions of the print as a consequence of the polygonal circle approximation utilized by
the printer based on its limited step size resolution. These ridges/valleys were significant enough
to require spot facing to create a sealing surface for the piston O-ring seal used in the nozzle
assembly. In addition, the Inconel nozzle housing for hot-fire testing was designed to the
original combustion chamber design diameter. Fitting the nozzle housing into the PUC required
modifications both to the PUC and nozzle housing. Therefore, a lathe was used to remove a
small amount of material from the bottom 1” of the combustion chamber to help the nozzle
housing fit and to create a clean face for the piston seal O-ring to seal against. The PUC
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SolidWorks was modified to reflect this change and showed no meaningful change in the stress
predictions of the PUC.

3.3. Hydrostatic Testing
Hydrostatic testing was performed to test the accuracy of the FEA, satisfying the testing
requirement specified in the Air Force RSUM [35], and to ultimately verify that the PUC would
not suffer a catastrophic failure during hot-fire testing. Per RSUM requirements, it was decided
that the PUC would be tested to a MEOP of 1.5. To verify the FEA, the stress on the primary
failure points was measured and compared with simulation results.
3.3.1. Hydrostatic Test Design
Testing the PUC to a MEOP of 1.5 involves pressurizing the internal tank to 1500 psig.
For safety, the tank was filled with water that was back pressurized with a small amount of
nitrogen gas. Water was used because its incompressibility minimizes the energy stored under
pressure, mitigating the explosive potential if the tank were to fail. The water was pumped into
the tank and pressurized through a ¼” Swagelok line into the dip tube port of the printed PUC.
A Setra 206 (0-3000) psig was mounted outside the PUC along the nitrogen line to monitor the
pressure of the tank. Two pairs of Omega SGD-3/350-LY11 linear strain gauges were mounted
at the primary failure point(s) —90° apart around the outer waist of the PUC oxidizer tank.
These strain gauges are on a 3mm grid, have a resistance of 350 ohms, and have a gauge factor
of 2.13. At each location, the two linear strain gauges were placed in a perpendicular fashion to
measure the axial (z-direction) and tangential (xy-direction) strain. Each signal from the four
strain gauges were wired into a separate quarter Wheatstone Bridge circuit to adequately read the
small changes in the resistance of the gauge. The data were collected through an Instrunet i100
Data Acquisition System (DAQ) wired to a Windows PC running Instrunet World. Collected
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strain measurements were then used to calculate the stress that the tank was experiencing at its
primary failure point(s) during the test. The hydrostatic test configuration and one of the
Wheatstone Bridge circuits used are shown in Figure 3-6.

Figure 3-6: Hydrostatic test configuration (left) and Wheatstone Bridge circuit used to resolve changes in strain
gauge resistance (right) [32]

3.3.2. Hydrostatic Test Results
The PUC was pressurized in increments of roughly 100 psig to 1500 psig (1.5xMEOP)
while recording the strain at each increment. No failure or permanent deformation was observed.
The initial strain measurements are shown in Figure 3-7.
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Figure 3-7: Axial and tangential strain at each location during the hydrostatic test [32]

The tangential strain components show agreement between the two locations. However,
there is a noticeable difference in the observed axial strain between the two locations. While this
difference may seem significant, notice the relative scale between the strains observed in the
axial and tangential directions. The axial strains are over an order of magnitude smaller than the
tangential strains. This matches closely with the minimal axial strains predicted through
SolidWorks FEA. However, the difference in the axial strain was not predicted in SolidWorks
FEA. It is likely that one of two measurement errors occurred:
1. Axial 2 strain gauge was placed slightly off-vertical and therefore gained a
relatively significant strain from its component in the tangential direction or
2. Axial 1 strain gauge was not mounted correctly and therefore did not match the
actual observed strain.
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Measurement error 2 is far less likely because the strain from Axial 1 still showed strong
linearity, a trait that would unlikely be observed if the mounting was not correct. The stress in
the PUC walls during the test was then calculated by multiplying the observed strain
measurements and the modulus of elasticity (104.8 GPa from SolidWorks to be consistent with
the FEA model). As the axial strain was so small compared to the tangential strain, the
tangential stress was used as an analog for the overall stress in the walls. The experimental
tangential stress at each location were averaged because of their close agreement to find an
average tangential experimental stress vs. pressure curve. A best fit line was used to extrapolate
these experimental results out to 4xMEOP (4000 psig). These results were then plotted with
simulated tangential stress results from SolidWorks FEA to compare the FEA model to the
experimental behavior of the tank. Figure 3-8 shows the comparison between the experimental
and simulated results.

Figure 3-8: Experimental and simulation tangential stress results extrapolated to 4xMEOP [32]
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It is clear from Figure 3-8 that the experimental tangential stress, and therefore the
overall stress, observed in the PUC is significantly lower than the FEA stress predictions by
around 20%. This difference can partially be explained by the conservative nature of
SolidWorks FEA. The extrapolated predictions for stress suggest that the PUC could have an
actual FOS of around 5. However, caution should be exercised in using extrapolated results to
estimate FOS, as the presence of defects or the difference in material strength between the model
and the actual printed PUC may mean that the actual FOS is much lower than extrapolation of
experimental results at 1.5xMEOP suggest. For full RSUM compliance and subsequent launch
approval on Air Force ranges, additional tests such as fatigue life and bursts tests would have to
be conducted. However, a burst test was not feasible for the PUC because the limited funding
only allowed for one tank to be printed.

3.4. Leak Testing
In a space environment, the PUC must hold pressure for an extended period of time. Any
leakage, in addition to its impact on mission performance, can be an extreme hazard to the
CubeSat and the launch vehicle. To test if the titanium PUC requires additional post processing
such as HIP treatment, a leak test was performed to see if any leakage was occurring and, if so,
to quantify the leak rate. The test itself involved a simple experimental setup in which one of the
PUC gas feed ports was capped and the PUC was pressurized via a N2 line with N2 at 1000 psig.
N2 was chosen as the pressurizing fluid because it was considered a reasonable analog for
gaseous N2O for leak detection/characterization. The hydrostatic test had demonstrated the
PUC’s strength past 1500 psig, so filling the PUC with N2 at 1000 psig and operating the test in a
remote test cell was considered relatively safe. A type T thermocouple probe was placed in the
room and a Setra 206 (0-3000psig) pressure transducer was included in the N2 line to monitor the
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ambient temperature and verify the pressure in the tank. The data were again collected with an
Instrunet i100 DAQ wired to a Windows PC running Instrunet World. The PUC leak test
configuration is shown in Figure 3-9. During a test, the other side of the ball valve was hooked
up to an N2 bottle, the PUC filled, and then the ball valve closed and the setup removed from the
N2 bottle.

Figure 3-9: Leak test configuration of the PUC (thermocouple bottom left corner, pressure transducer unplugged)

Multiple leak tests were performed for first hours and then days at a time. Instead of
monitoring pressure directly, the P/T ratio was monitored. If no leaks occur, the P/T should
remain constant according to the ideal gas law. To verify the PUC does not leak, the PUC and
its attached plumbing would have to demonstrate no P/T shift over the course of many days. The
lines were initially tested with a leak detector and the fittings tightened accordingly. Subsequent
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tests showed leaks on the time scale of hours, and the tests were stopped and the fittings
tightened further. At these small plumbing leak rates, leak detector fluid was unable to detect
any leaks. To further remove additional leakage, individual fittings in the plumbing were
replaced in a painstaking process of elimination. The leak rate slowly disappeared until a 100hour leak test conducted showed P/T variation of 0.390%. Since the ending P/T was 0.305%
higher than the starting P/T, the small variations in the P/T measurements are more likely due to
errors in the sensors and the non-idealities of the ideal gas assumption than any actual leak.
Based on the results of this 100-hour leak test, it was determined that the printed PUC
demonstrates no meaningful leaks at the pressure and time scale concerned about and, therefore,
no additional post processing such as HIP treatment is necessary.
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CHAPTER 4. Hot-Fire Test Design
Hydrostatic and leak testing successfully validated the construction of a pressure vessel
through additive manufacturing. To bring the PUC to TRL 4, the component must be tested in a
laboratory environment. Therefore, a series of laboratory hot-fire tests were performed to
validate the concept of the PUC. System characterization was performed through N2O cold-flow
tests. With the MFR information from the cold-flow tests, initial hot fires were performed with
N2O fed from an external run tank. This allowed the PUC combustion chamber to be validated
and characterized under more controlled conditions. After the external run tank tests were
performed, the PUC was hot-fire tested with N2O supplied from its own internal tank.

4.1. Initial Decisions
At the beginning of the test design, it was determined that the printed PUC would be
demonstrated in three stages: N2O cold-flow testing, hot-fire testing with oxidizer supplied from
an external run-tank, and hot-fire testing with oxidizer supplied from the internal oxidizer tank.
The reactivity of oxidizers introduces unique risks near potential heat sources. Even small
particulates impacting a wall in an oxidizer flow system can potentially produce enough heat to
cause a sustained reaction that could explosively propagate back to the oxidizer storage tank.
The proximity of the PUC oxidizer tank meant that the potential failure of the combustion
chamber walls would create a direction flow path from the oxidizer tank to the combustion
chamber, leading to an even more catastrophic failure. Performing the initial PUC hot-fires from
a small run tank reduced the explosive risks of initially testing the PUC combustion chamber
while surrounded by oxidizer. In addition, by limiting the amount of oxidizer held in the system
through the use of a small run tank instead of a full N2O bottle, the explosive potential of a flame
propagating up the oxidizer line to the oxidizer tank was also mitigated.
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To minimize the time needed for system set-up, it was decided to use a run tank built by
McKnight that was used for fuel grain characterization with N2O. Cold-flow testing was
determined to be necessary to calibrate the oxidizer flow through the control solenoid valve and
to determine the timing factors needed for the computer controlled hot-fire tests. The mass flow
data from the cold-flow tests could then be used to estimate the nozzle throat diameter necessary
for the hot-fire tests. Another early decision made was to build a single system that could
perform all three phases of the testing with minimal modification. This choice was made to
reduce the number of changing variables that could affect the system between tests series and to
minimize the time spent between test phases on system configuration.

4.2. Fuel Grain
Given the small fuel grain envelope of the PUC, using a fuel grain with high performance
was important. Specifically, using a fuel grain with a relatively high combustion efficiency with
N2O was a major driving factor in the decision. A relatively high regression rate fuel was
considered beneficial to maintain short burn durations. In addition, the ability to manufacture the
grains in affordable and simple ways was also deemed to be important. McKnight et al.
dedicated a significant amount of effort investigating the use of AM to create fuel grains with
complex geometries for the PUC. While grains with swirl ports showed promise, the induced
torque was a negative side effect that would be undesirable for most CubeSat applications.
McKnight showed that a paraffin fuel grain with a downstream diaphragm and mixing section
made of a lower regression rate material were excellent combinations for achieving acceptable
performance [26]. Paraffin/acrylic fuel grains studied in this configuration showed relatively
consistent regression rates and combustion efficiency. A cross section of the diaphragm/mixing
section fuel grains studied by McKnight are shown in Figure 4-1.
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Figure 4-1: Paraffin fuel grain with downstream acrylic diaphragm and mixing section studied by McKnight [26]

Paraffin, which experiences droplet entrainment, contributes a high regression rate at the
upstream side of the grain. Downstream, the diaphragm increases turbulent mixing in the fuel
grain and the mixing section provides a volume for the entrained paraffin droplets to combust
more completely before leaving through the nozzle. Given the favorable properties described by
McKnight et al., it was determined that a paraffin grain with a mixing section would be used for
the hot-fire demonstration of the PUC. Instead of the acrylic used by McKnight for the
diaphragm and mixing section, ABS was used due to its high combustion efficiency, increased
Isp, and commonplace use in additive manufacturing. While the eventual goal is to utilize
additively manufactured fuel grains for the PUC, fuel grains using traditional manufacturing
were used for the initial hot-fire demonstrations.
To manufacture these fuel grains, an ABS sleeve was first machined from black ABS
stock with a downstream mixing section and an upstream volume for paraffin. The outer
diameter of each sleeve is 1.25” and each sleeve is 2.50” long. The mixing section downstream
of the diaphragm is 1.00” long with a diameter of 0.68”. The upstream part of this sleeve was
then filled with paraffin and left to cool. The paraffin used in these fuel grains was supplied
from Sigma Aldrich (P/N 327212) and has a melting point of 58-62C. After cooling, the center
of the grain was tapped with a ¼” drill bit to create the main port and diaphragm. Each ABS
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grain was then inserted into an aluminum sleeve to adapt the OD of the ABS grain to the ID of
the PUC. For on-orbit operations, the ABS grain could be made to fit directly into the PUC.
However, for repeated hot-fire testing with the same PUC, the aluminum sleeve eliminated the
risk that the ABS would melt onto the walls of the PUC and get stuck. Room Temperature
Vulcanizing (RTV) rubber was used to cement together the grain and the aluminum sleeve and to
block any potential flow channels between them. During final insertion into the PUC,
halocarbon grease was used around the outside of the fuel grain to block any flow channels
around the exterior of the aluminum sleeve, which could damage the interior walls of the PUC
oxidizer tank. Additionally, halocarbon grease allowed for easy removal of the fuel grain after
tests. A prepared fuel grain is shown in Figure 4-2.

Figure 4-2: A paraffin/ABS fuel grain prepared for hot-fire demonstration testing.

4.3. Nozzle Assembly
The nozzle assembly was manufactured in two parts: a nozzle housing and a nozzle
insert. The nozzle housing was designed to hold the nozzle insert and to seal the bottom of the
PUC chamber during testing. Inconel was chosen as the material for the housing based on its
strength and high-temperature resistance. Additionally, Inconel is also able to be additively
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manufactured in the same PBF process used in PUC manufacturing. While the housings used in
the hot-fire testing were machined, future nozzle/housing hardware can be additively
manufactured from Inconel for mission applications. The housing also features smaller inner
pistons with O-ring glands to seal the bottom of the PUC combustion chamber. The nozzle
housing was designed and manufactured to the PUC design dimensions. After the shrinking ID
of the printed PUC was observed, the housings were modified to fit the new dimension. The
final piston glands were modified to use 217 Viton O-rings to seal the bottom of the combustion
chamber. A housing with the O-ring piston seal is shown in Figure 4-3.

Figure 4-3: Nozzle housing with O-ring piston seal

Despite Inconel’s heat resistant properties, the conditions at the throat of the nozzle are
still too extreme to use Inconel for the nozzle. Instead, nozzle inserts were machined from
graphite because of its excellent heat resistance properties. These inserts were designed to an
outer flange made to fit into a corresponding shelf in the nozzle housing. Each nozzle insert was
machined to have a conic converging/diverging section leading to the throat. The initial throat
diameter was based on conservative oxidizer mass flow rate (MFR) estimates early in the design
process. After cold-flow calibrations, the nozzles could be drilled out to the throat diameter
calculated using experimental oxidizer MFR data. RTV was used to secure the nozzle inserts
into the housings. Utilizing a two-piece nozzle assembly also enabled the nozzle to be replaced
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before each test without replacing the entire housing. A close up of the nozzle insert as well as a
fully prepared nozzle assembly are shown in Figure 4-4.

Figure 4-4: Close up of nozzle insert (left) and a prepared nozzle assembly (right)

The nozzle assembly will be retained on the back of the PUC with the mounting
assembly created for the hot-fire tests. This nozzle assembly was designed for reuse in a hot-fire
configuration. In an operational design, a lightweight mechanical or adhesive nozzle retention
solution would be used. An animation of how the current nozzle housing fits into the PUC is
shown in Figure 4-5.

Figure 4-5: Illustration of nozzle assembly inserted into PUC body
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4.4. Flow System
The flow system was designed to allow for all three test phases to be executed with
minimal modification. The entire system was built around two main components: the N2O run
tank and the PUC. The run tank holds the N2O necessary for both the cold-flow tests as well as
the initial hot fire tests. To simplify the system design and construction, the run tank built by
McKnight was used. This run tank can be seen in APPENDIX B Additional System
Documentation. Additionally, the flow system was attached to a piping system already
constructed to conduct hybrid fuel grain characterization called the Long-Grain CenterPerforated (LGCP) hybrid rocket motor. Using existing LGCP equipment minimized the piping
and control elements necessary to build the PUC test system.
The variable physical properties of N2O necessitated performing hot-fire tests from a run
tank to better characterize the system and to mitigate potential hazards associated with N2O
before proceeding with PUC tank hot-fire tests. N2O is a two-phase fluid with a high vapor
pressure at standard atmospheric conditions. Its saturation conditions and other thermodynamic
properties are shown in APPENDIX C Thermodynamic Properties of N2O. The high vapor
pressure of N2O enables its self-pressurizing behavior in sealed pressure vessels, one of the many
characteristics that make it a desirable oxidizer. However, due to the proximity to the critical
temperature of N2O of around 37 C, the vapor pressure of N2O is highly variable at ambient
atmospheric conditions [38].
Due to its dependence on the pressure differential across an orifice, the MFR of selfpressurized N2O can vary significantly based on the ambient temperature. In addition to ambient
temperature variation, when N2O in a tank vaporizes to fill the volume vacated by N2O leaving
the tank, its expansion absorbs heat from the liquid still in the tank, reducing its temperature &
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further changing its vapor pressure. To reduce the variability of N2O during initial testing, the
run tank included a helium (He) line to maintain the N2O at a desired pressure above the vapor
pressure. Pressurizing the N2O above its vapor pressure, a practice known as “supercharging”,
ensures that the pressure upstream of the orifice remains relatively level during the course of the
test. Supercharging also prevents the N2O from further vaporizing, keeping the N2O upstream of
the orifice at a constant temperature. Maintaining the upstream pressure and temperature at
relatively constant conditions by supercharging the N2O with He eliminated many of the
variables complicating system characterization.
The upstream side of the He pressurization line was connected to a preexisting He line
used for the LCGP and other test rigs. This preexisting hardware included a He flow valve,
which can be seen in the Piping & Instrumentation Diagram (P&ID) of the system is shown in
Figure 4-6. The run tank was suspended from a piezoelectric load cell to measure changes in
tank mass over time. To minimize external impacts on the run tank mass measurements, flexible
tubing was used on all inlets/outlets from the run tank. High pressure Nylon was used in the
upstream helium pressurization line and flex hose was used downstream for the N2O lines. A
vent line was attached to the cold gas port in the run tank to evacuate air while filling and to vent
the system when the test was over.
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Figure 4-6: P&ID of the PUC hot-fire test system

The PUC was secured in a horizontal configuration using a custom-made mount to a sled
used in the LGCP system. The custom mount consisted of two aluminum plates that held the
PUC on either side. These plates were secured together using four steel threaded rods and nuts.
To secure the mount to the sled, the downstream aluminum plate was secured to a flange bolted
to the sled using two half-inch steel bolts. The nozzle assembly with the piston seal was clamped
securely to the rear of the PUC with the downstream aluminum plate. The four threaded rods
holding the plates together were spaced such that they were also used as guides for the feet of the
PUC. The PUC was oriented in the mount such that the tank dip tube port was the bottommost
port. This was to ensure that the oxidizer leaving the PUC was liquid phase. A vent line was
attached to the cold gas port in the PUC oxidizer tank to evacuate air during PUC tank filling and
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to vent the system when the test is over. A Nitrous Express solenoid valve with a 0.031” orifice
(P/N 15098) was attached to this line in order to enable remote venting of the PUC tank [39].
A concern with storing N2O in pressure vessels in its liquid state is its highly variable
density and vapor pressure, which can be seen in APPENDIX C Thermodynamic Properties of
N2O. N2O can exert tremendous force on the internal walls of the pressure vessel if there is no
volume for the N2O to expand when heated. The PUC testing system was designed to mitigate
this risk in both pressure vessels. A dip tube in the run tank limits the height of the liquid N2O
and leaves sufficient volume for it to expand dramatically. Additionally, a burst disk was
included above the run tank in order to vent the N2O should the run tank experience significantly
higher pressure than anticipated. Having the PUC oriented horizontally limits the volume of
liquid N2O in the PUC oxidizer tank. However, due to its proximity to the combustion chamber,
the PUC oxidizer tank faces a much higher risk of significantly heating, adding a potentially
dangerous failure mode. To further mitigate the risk to the tank, a vent line was placed out the
cold gas port with a remote actuated solenoid valve. In addition to serving as a way to vent N2O
from the tank in an emergency, this valve allowed the PUC tank to be evacuated of any other
gasses during the filling process.
A flex hose was used to connect the run tank to a junction upstream of the oxidizer flow
control valve. Solid stainless-steel piping also connected the PUC oxidizer line to this junction.
Ball valves were included on both oxidizer feed lines in order to isolate flow to/from certain
parts of the system based on what test was being performed. Due to the length of the run tank
oxidizer line (~42” from the base of the tank to the oxidizer junction), two ball valves were
included: one at the base of the run tank, HV-3, and one immediately upstream of the oxidizer
junction, HV-1. As the section of tubing between HV-3 and HV-1 can potentially be closed with

61

liquid N2O in the line, an in-line burst disc was included in the line to vent the line if significant
over-pressurization occurs. A ball valve was also placed just upstream of the oxidizer junction in
the PUC tank N2O line to isolate the PUC oxidizer tank.
An N2O fill assembly was included to easily fill the run tank from an N2O bottle. This
fill assembly can be seen in APPENDIX B Additional System Documentation. The inlet of the
fill line was just downstream of HV-3 at the base of the run tank. The fill line also included a
flex hose to hook up the N2O fill bottle as well as a flex hose downstream to link the fill line
assembly to the fill line inlet. A vent line was also included on the other side of the fill line
assembly to vent N2O out of the fill line, as well as other N2O lines downstream if necessary. A
needle valve was also included between the fill line and the main N2O lines in the system to
allow for the fill rate to be controlled. The N2O fill bottle was always disconnected and removed
from the test cell before a test. This limited the risk if any fire were to propagate up the N2O
lines. Once the run tank was filled, the PUC tank could be filled from the run tank.
A Nitrous Express solenoid valve with a 0.031” orifice was placed just downstream of
the oxidizer junction as the primary flow control element for the N2O line. A check valve was
placed downstream of the flow control valve to stop backflow up the oxidizer line. A 0.025”
orifice that serves as both the primary flow constriction and the injector into the chamber was
placed just downstream of the check valve. Finally, a Nylon N2 purge line was added to the
system at a junction just upstream of the combustion chamber. A check valve was included just
upstream of the junction to ensure no flames or N2O spread into the N2 line. Like the He line,
the N2 line originated from existing piping for the LGCP system and had corresponding solenoid
control valves. Overall, the length from the solenoid valve to the top of the combustion chamber
was 13” and the length from the orifice to the top of the combustion chamber was 7”. The
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Nitrous Express valves used as the primary flow control element and the PUC vent were
identical. The valves require 18V to open but can be used with an open and hold control signal
to limit power consumption. The oxidizer flow system constructed for testing is much larger
than the necessary size of an operational system. This is mostly due to the emphasis on
including numerous sensors for characterization as well as the limited parts available for the
system. Smaller plumbing and components, as well as limiting the number of sensors to only
that required for regular operations, would drastically reduce the complexity, size, and mass of
the plumbing system. The system configuration downstream of the oxidizer junction used in the
run tank and PUC tank hot-fire tests is shown in Figure 4-7.

Figure 4-7: System hot-fire configuration downstream of the oxidizer junction

Like O2 systems, the fact that N2O is a strong oxidizer means that any N2O lines must be
thoroughly cleaned before use. Otherwise, any oils or small particulate in the lines could cause
the plumbing to catch fire, causing a catastrophic and dangerous failure. Therefore, careful
cleaning procedures were performed for any plumbing through which N2O could potentially
flow. These procedures are described in the cleaning section of APPENDIX D Test Standard
Operating Procedures. To mitigate the introduction of any additional particulate into the oxidizer
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system after assembly, 140-micron filters were included in the He pressurization and N2O fill
lines.
The only major divergence from the P&ID was during the cold-flow test phase, in which
the PUC & mounting assembly was removed from the system and replaced with a needle valve.
This needle valve was required in order to restrict flow downstream of the orifice to simulate
desired chamber pressure for oxidizer MFR calibration. This modification is shown in the
Figure 4-8. The frosting observed in Figure 4-8 was a side effect of the extreme cooling that
occurred during the cold-flow test from the vaporization of the N2O across the orifice.

Figure 4-8: Final cold-flow test configuration with the downstream needle valve

4.5. Sensors and Data Acquisition
Pressure transducers, thermocouples, and load cells were used throughout the system to
collect as much data as possible for characterization and troubleshooting. Setra 206 0.1-5.1V
pressure transducers and Omega Type E grounded thermocouples were used for all pressure and
temperature measurements. Five pairs of pressure transducers and thermocouples were placed at
key locations throughout the system. Measurement locations were: the ullage upstream of the
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run tank, upstream of the solenoid valve, downstream of the solenoid valve and orifice, in a line
from the cold gas port of the PUC tank, and in a line from the spare igniter port directly
connected to the combustion chamber. Of these measurement locations, conditions downstream
of the orifice and in the combustion chamber were vital for drawing meaningful conclusions
from the testing. During cold-flow testing, the pressure transducer downstream of the orifice
gathered the simulated chamber pressure while the thermocouple gathered data on the
temperature drop after vaporization. During the hot-fire tests, the pressure transducer
downstream of the orifice acted as a redundant measurement of the chamber pressure in the
PUC. The thermocouple and pressure transducer in the line connected to the spare igniter port
gathered the primary measurement of chamber conditions.
The operational ranges of the pressure transducers were selected so that they would
achieve a relatively high-resolution measurement of the expected conditions while maintaining a
high enough ceiling to capture higher pressures in the case of an anomaly. The chamber pressure
transducer was rated for 0-1000 psig to measure a desired chamber pressure of 200 psig. 0-3000
psig pressure transducers were used elsewhere in the system where the maximum expected
pressures were around 800 psig. In addition to thermocouples and pressure transducers, two load
cells were included. An existing load cell at the end of the sled the system to which the system
was mounted was meant to measure thrust. However, the load cell did not seem to be working
and attempts to troubleshoot the sensor were unsuccessful. The run tank was suspended from a
PCB 218C piezoelectric force sensor to measure the changes in the weight of the run tank.
While the signal in piezoelectric force sensors decay with time, their ability to measure small
changes in mass while already loaded made them the ideal choice for measuring the mass of the
run tank, which weighed many times oxidizer mass expected to be used during any of the tests.
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The PCB 218C was selected specifically because it was one of the few piezoelectric force
sensors rated to the tensile loads necessary to suspend the run tank. The PCB 218C builds up a
charge as a result of the force applied to the internal piezoelectric crystal. This charge signal was
then amplified and converted into a voltage signal with a charge amplifier. The charge amplifier
was placed a few feet away from the force sensor with a relatively short signal cord because of
the sensitivity to external noise of the charge signal. The charge amplifier was also used to
adjust the time constant, an exponential decay constant of the sensor, so that the rate of decay of
the force signal was negligible with respect to the length of time of the hot-fire tests.
The data were collected through two Instrunet i100 DAQ modules wired in series to a
Windows PC running Instrunet World. One of the modules was placed next to the system in the
test cell to minimize the necessary wire lengths from the thermocouples to the DAQ, another
potential source of noise. The igniter wire signal was also fed into the load cell DAQ in order to
monitor if and when the igniter signal was triggered. The other DAQ module was located next to
the DAQ computer in the control room and measured the signals from the pressure transducers
as well as the signals for the N2O, N2, and He control valves. Data were collected from each
sensor at 1000 Hz.

4.6. Control System
As discussed before, flow control valves for the N2 and He from the existing LGCP
system were included in the PUC system. These control valves were wired into an existing
control system in the control room. This control system included a relay board that actuated the
valves when the relay was triggered by computer control. This relay board also included the
signal to trigger the igniter. The N2O flow valve was wired into this control board but with a
dedicated external power supply to provide the 18V necessary to actuate the valve. The N2O
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PUC tank vent valve was attached to a separate variable power supply set to provide it 18V.
This valve was separated from the main control system and was actuated by turning on its power
supply. This was a backup emergency measure so that the PUC tank could be vented even if the
main control system failed.
The control computer used a custom LabVIEW program to control the test system. Tests
could be run using the control program by manually activating the valves at the correct times or
by inserting the timing parameters into the program and having the program run the test
automatically. Pressure data from the chamber and PUC tank were also fed into a receiver on the
control board for the program to monitor. The LabVIEW software was programmed to safely
end the test if the chamber or PUC tank pressure exceeded user defined thresholds.

67

CHAPTER 5. Hot-Fire Test Execution & Results
5.1. Cold Flow Testing
5.1.1. Cold Flow Test Execution
Over 30 cold-flow tests were performed to test the system, characterize MFR, and derive
timing parameters that would be used for subsequent hot-fire tests. These tests were performed
in the slightly modified configuration shown in Figure 4-8. The N2O run tank was filled and
pressurized with around 800 psig of He for Tests 1-30, sufficiently above the vapor pressure
expected for N2O in the temperature conditions the tests were performed in. Tests 31 & 32 were
performed with the N2O run tank at vapor pressure. Initial cold-flow testing started with the
downstream needle valve opened five turns. The number of turns the needle valve was opened
was used as a metric for the cold-flow testing, as a relationship between turns and equivalent
orifice size was not known for this needle valve. Tests were performed while following the coldflow test standard operating procedure (SOP) shown in APPENDIX D Test Standard Operating
Procedures. This SOP was modified between cold-flow tests as knowledge about the system’s
behavior was gained. After each test, the data was analyzed to determine the simulated chamber
pressure and the downstream needle valve adjusted accordingly for the next test. The goal was
to keep adjusting the downstream needle valve setting until the target simulated chamber
pressure was achieved so that the MFR for the desired chamber pressure could be measured.
However, much of the early testing experienced problems with the valves/orifices
freezing. The problem was thought to be moisture, and a process of elimination was used to
determine where moisture was residing in the system and where it might be introduced. The
moisture manifested itself in the simulated chamber pressure as a gradual pressure drop or spike.
A gradual pressure drop indicated freezing in the upstream orifice while a spike indicated that
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the needle valve itself was freezing shut. For many tests, the simulated chamber pressure
dropped to 0 psig or spiked to the upstream pressure, indicating complete freezing in the system.
After purging the entire system with dry N2 and heating the lines for multiple hours, the next
couple tests showed relatively good results. However, the same freezing problem returned later,
despite the needle valve being closed immediately after each test.
It was eventually deduced that the extremely cold lines downstream of the orifice after
each test, visible as the frosted portion of the line in Figure 4-8, would draw in air backwards
into the piping downstream of the orifice. The moisture in this air would condense into water
and remain in the piping. Specifically, water would gather in the open piping section
downstream of the needle valve. Upon preparing for the next cold-flow test, the needle valve
would be opened and the water would flow through the needle valve into the plumbing. This
was why moisture consistently permeated the system despite best efforts to keep the needle valve
and all other potential passages to the outside air closed between tests. The removal of this
downstream pipe length eliminated the majority of the moisture problem. In addition, the system
was purged with dry N2 and heated lines for 10-20 minutes before each test. While it was
evident from small upward slopes in the pressure data during some of the tests that there was
some residual moisture freezing in the downstream needle valve, the moisture problem never
caused complete freezing again and the minimal partial freezing observed in the downstream
needle valve actually made it easier to calibrate the MFR over a range of simulated chamber
pressures.
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5.1.2. Cold Flow Test Results
A number of subsequent tests performed resulted in good MFR data derived from the run
tank load cell data. The results from the cold-flow tests used for final MFR calibrations are
shown in Figure 5-1. The minor slopes observed in the pressure data of some of the cold-flow
tests probably represents residual moisture changing the orifice size on the downstream needle
valve. This limited freezing was not viewed as a major problem as the chamber in an actual hotfire would be hundreds of degrees Celsius and, therefore, freezing would not be a problem.
Despite using the simulated chamber pressure as a target during the testing, the pressure drop
across the orifice (ΔP) was the main variable affecting the MFR. The raw force sensor data was
extremely noisy, and this noise was amplified after numerical differentiation to find the MFR.
To reduce the noise in the calibration data, the raw mass data was smoothed through a third order
Savitzky-Golay filter over a time span of 0.5 seconds.

70

Figure 5-1: Pressure drop, simulated chamber pressure and corresponding MFR results the cold-flow tests

The fluctuations at the start of the MFR data are noise from the N2O starting to leave the
run tank the beginning of the test. Tests 26, 29, & 30 all showed starting simulated chamber
pressures of around 200 psig, but mild freezing in the downstream needle valve slowly drove up
the simulated chamber pressure in Tests 29 & 30. This increase in simulated chamber pressure
resulted in a corresponding decrease in ΔP. Consequently, the gradual freezing experienced
enabled MFR calibrations to be performed over a ΔP range of 500-600 psig. MFR data seemed
to be fairly constant for Tests 26, 29, & 30 at around 12 g/s. It is also important to notice that the
reasonable difference in the upstream N2O temperature of about 10°C did not seem to have a
noticeable effect on the N2O flow rate. Tests 31 & 32 were performed to estimate the oxidizer
MFR in ΔP ranges that would be expected during the self-pressurized PUC tank hot-fire tests.
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To more accurately simulate the self-pressurized N2O that would be used in the PUC tank tests,
the run tank was not supercharged for Tests 31 & 32. Results indicated that at a pressure drop of
around 400 psig corresponds with a MFR of around 6 g/s. The MFR results were only used as
input to estimate the necessary nozzle diameter for the run tank hot-fire tests, as Tests 31 & 32
were performed after the PUC tank tests. However, the MFR was used for all hot-fire tests to
calculate the combustion characteristics of the fuel grains after the hot-fire tests were over.
It is noteworthy to consider the MFR data from the cold-flow testing suggests that the
MFR plateaus at a certain ΔP. This behavior is clearly shown in the data from cold-flow data
from Tests 26, 29, & 30, over which the ΔP varied significantly while the N2O MFR remained
relatively constant. Attempts were made to model the two-phase behavior of N2O through an
orifice, but it was ultimately decided that the complexity of the modelling was outside the scope
of this work. Instead, the system was characterized at the operating conditions expected during
the hot-fire tests to obtain only the MFR information necessary to estimate MFR and perform
sufficient combustion analysis after the hot-fire tests.

5.2. Run Tank Hot-Fire Testing
5.2.1. Run Tank Hot-Fire Test Execution
Once the cold-flow testing was complete, the test system was reconfigured according to
the P&ID in Figure 4-6. Then, the nozzle throat size was estimated using the Algorithm
described in APPENDIX E Nozzle Size Estimation Algorithm. The algorithm used to estimate
the nozzle throat area makes the assumption that the entire fuel grain is paraffin with a straight
port. Since there is only paraffin along a limited length of the actual grain, the algorithmic
results were assumed to be conservative. That is, the resultant nozzle throat size calculated was
assumed to be larger than that required in order to meet the desired chamber pressure in reality.
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Therefore, initially the target chamber pressure was set at 250 psig despite the actual target
pressure being 200 psig. This was an attempt to compensate for the conservative nature of the
algorithm to get the closer to the actual desired 200 psig chamber pressure in the first test. The
algorithm estimated that to achieve a 250 psig target chamber pressure, a 0.154” was necessary.
As a result, the nozzle diameter for the first two tests were drilled out to 0.156” (5/32”).
The calculated nozzle throat diameter necessary was significantly larger than the
minimum estimate used to design the nozzle insert. As a consequence, the converging/diverging
sections of the nozzle inserts were almost completely removed during the drilling process. No
attempt was made to adjust the throat geometry for the first hot-fire test. However, the nozzle
insert for the second test was modified with a conic tool to add a 30-degree converging and a 15degree diverging section.
The run tank tests followed the SOP shown in APPENDIX D Test Standard Operating
Procedures. This SOP was refined with knowledge gained from the first two test attempts that
resulted in failed ignition. It was thought that the high temperature of the combustion chamber
would prevent the plumbing from getting extremely cold during the test and drawing in moisture
as was experienced with the cold-flow tests. However, after failed ignitions, there was no heat
source to keep the lines warm and moisture would be drawn back into the system through the
nozzle on the PUC. Therefore, the practice of purging the system of moisture with dry N2 and
heat was also performed before each hot-fire test. The PUC tank was filled with deionized water
to protect the PUC from overheating without N2O in the tank. A hand valve off of the PUC cold
gas port was left open to allow room for the water to expand when heated. Before each hot-fire
test, the run tank was supercharged with 800 psig of He to keep flow conditions as close as
possible to the cold-flow calibrations.
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5.2.2. Run Tank Hot-Fire Test Results
The igniters were dipped in pyrogen in order to aid in the ignition of the motor. The first
two attempts at ignition experienced failure, most likely due to the N2O pre-flow cooling the
pyrogen and breaking it off of the igniter. The igniter delay for Test 3, the first successful hotfire test, was reduced to 0.7 seconds. The burn duration for Test 3 was 5.5 seconds from igniter
actuation to burnout. The measured chamber pressure hovered very close to the 200 psig target,
meaning the initial nozzle sizing approximation with correction was very accurate. Plume
observations from video of Test 3 showed what appeared to be combustion instabilities in the
chamber. However, analysis of the chamber pressure data showed no significant oscillations.
Hitting the target chamber pressure during the first test based on the rough calculations and
compensations performed eliminated the need for iterative testing to refine the nozzle size
necessary. The same nozzle size would then be used for the next run tank hot fire test. In the
hope of mitigating apparent instabilities observed in the plume during the first test, the
converging and diverging sections were added to the nozzle insert. Test 7, the second successful
run tank test, behaved very similarly to Test 3, with relatively steady chamber pressure but
apparent combustion instabilities apparent in the plume from the video. The unfiltered chamber
pressure data from Tests 3 & 7 was analyzed using a Fast Fourier Transform (FFT) algorithm to
look for any frequency response not apparent from the analysis of the videos. The resulting
single sided frequency response plot for both tests are shown in APPENDIX F Chamber Pressure
FFT Results. The chamber pressure frequency response plot for Test 3 showed no significant
peaks. However, the frequency response plot for Test 7 showed minor peaks at 60 and 180 Hz.
As 60 and 180 Hz correspond with the first and third harmonic of the standard 60 Hz supplied by
the grid, these small peaks were likely a result of external signal interference and therefore did
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not represent actual frequency response in the pressure data. The burn duration for Test 7 was 4.5
seconds from ignition to burnout. The PUC and rear plume are pictured for both tests in Figure
5-2.

Figure 5-2: Test 3 (left) and Test 7 (right) taken from the same orientation

The pressure curves for both tests are shown in Figure 5-3. A third order Savitzky-Golay
filter was used to smooth the data over a time span of 0.05 seconds. Unfortunately, the DAQ
software was not set to the appropriate range to read the temperatures occurring in in the port off
of the top of the combustion chamber during the test. This error was not discovered until after
the second test when both temperature curves showed plateauing at a nearly identical
temperature.
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Figure 5-3: Chamber pressure data from the first two successful run tank hot-fire tests

Overall, the pressure data for both tests remained relatively steady around 200 psig. Test
3 experienced almost a second between ignition and reaching full chamber pressure. This is
most likely because the igniter for Test 3 was inserted further down the length of the grain,
forcing the flame to propagate upstream to the top of the grain. The planned 0.7 second delay
between N2O flow solenoid actuation and igniter trigger probably also contributed to the slower
ignition. The igniter delay for Test 7 was set to 0 seconds, as it was thought that the slow burn of
the pyrogen would preheat the paraffin before the N2O even reached the chamber. Eliminating
the igniter delay led to successful and immediate ignition during Test 7, as evidenced by the
immediate spike in the pressure data. Measurements of the nozzle inserts’ throat diameters after
the tests showed no significant erosion had occurred. The fuel grains from Tests 3 and 7 are
shown in Figure 5-4. In both tests, the diaphragm eroded significantly before the end of the
burn. The noticeable chamber pressure rise that occurred 3-4 seconds into the burn during both
tests is likely due to the rapid erosion of the diaphragm.
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Figure 5-4: Fuel grains from Test 3 (left) & Test 7 (right) after the burn

There was no paraffin remaining in the fuel grains after the run tank tests, despite the
second test being shortened in an attempt to have remaining paraffin for regression rate
calculations. The 5.5 second initial run time was based on an 8 second burn duration limit made
using estimated regression rates with paraffin/N2O. While the exact regression rate of the
paraffin cannot be determined due to uncertainty about when the paraffin burned out completely,
a lower limit was found using the time of the burn and knowing the outer diameter of the paraffin
section. Despite the complete loss of paraffin, the overall change in mass of the grain could be
used to derive the average c* & c* combustion efficiency of the grains. Additionally, a
measurement of ABS regression rate was taken in the ABS mixing section.
Calculating the ideal c* requires knowledge of the O/F ratio. Unfortunately, the
vibrations from the hot-fire tests introduced too much noise into the run tank force sensor,
rendering any oxidizer MFR data from the test invalid. Therefore, the MFR data from the coldflow calibrations were used in the c* analysis. The fuel MFR was calculated by taking the
change in the mass of the grain before and after the test and dividing it by the duration of the
burn. The experimental c* was calculated using Equation 7, where Pc is the chamber pressure
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and At is the throat area. NASA’s Chemical Equilibrium with Applications 2 code (CEA2) was
used to calculate the ideal c* of the reaction based on the O/F ratio [40]. For each test, the ideal
c* was calculated first by assuming all of the fuel consumed was paraffin, then ABS, and finally
performing a weighted average of those ideal c* estimates based on the approximate mass
fraction consumed by each fuel. This averaging method, while imperfect, was deemed to be
acceptable because the difference between the ideal c* for paraffin and ABS is less than 3%.
Any error introduced through this averaging technique is small compared to the uncertainty in
the oxidizer MFR based on the use of cold-flow calibration data. The c* efficiency, 𝜂𝑐 ∗ , was then
calculated as the ratio of the experimental to the ideal c* as shown in Equation 8. The analyzed
results for Tests 3 and 7 are shown in Table 5-1.
𝑃𝑐 𝐴𝑡
𝑚̇𝑜𝑥+𝑓

(7)

𝑐 ∗ 𝑒𝑥𝑝
= ∗
𝑐 𝑖𝑑𝑒𝑎𝑙

(8)

𝑐∗ =

𝜂𝑐 ∗

Table 5-1: Summary of combustion analysis for Tests 3 & 7

c*,
O/F exp.
(m/s)

c*,
ideal
(m/s)

𝜼𝒄∗

0.369

Avg.
Oxidizer
Flux
(kg/m2s)
25.99

2.65 1136

1422

0.799

0.463

30.31

2.73 1144

1425

0.802

Test

Lower Limit
Paraffin Regression
Rate (mm/s)

ABS
Regression
Rate (mm/s)

3

1.945

7

2.117

While regression rates of around 2 mm/s seem reasonable at first, comparing them with
paraffin/N2O data collected by McKnight shows that these regression rates are high for the
oxidizer flux experienced. McKnight observed paraffin regression rates of around 2 mm/s at
oxidizer fluxes of around 200 kg/m2s, even with the addition of a downstream diaphragm [20].
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The fact that regression rates of 2 mm/s were experienced at oxidizer fluxes of 25-30 kg/m2s
indicates that the paraffin used for the PUC testing varied significantly from the paraffin used by
McKnight. As the fuel grains used McKnight were additively manufactured, the paraffin likely
had a reasonably higher melting point. The lower melting point of the paraffin used in this study
likely corresponded with lower viscosity in the melt layer compared to McKnight’s paraffin,
leading to more entrainment and a higher regression rate. Another possible explanation of the
increased regression rate is additional flow channels around the paraffin grain, increasing the
exposed surface area and, subsequently, the mass flow rate of the fuel.
McKnight’s characterization of paraffin/acrylic fuel grains with a diaphragm and
downstream mixing section resulted in 𝜂𝑐 ∗ values of 0.67-0.72. The 𝜂𝑐 ∗ of around 0.80
calculated from Tests 3 & 7 suggests that using the lower melting point paraffin resulted in more
rapid gasification and more thorough mixing than the higher melting point paraffin likely used
by McKnight. However, it is also possible that the assumed O/F during the paraffin combustion
was overestimated as a result of the averaging that was necessary to estimate overall c* of the
depleted grain. While the 𝜂𝑐 ∗ values of around 0.80 are not as high as desired, they are still
considerably better than many other grain geometries in grains of the same length. The short
length of the port available in the PUC results in a shorter residence time in the fuel grain,
making it difficult to achieve a high 𝜂𝑐 ∗ . Straight port paraffin grains tested by McKnight
showed 𝜂𝑐 ∗ values of 0.45-0.60, significantly lower than the 𝜂𝑐 ∗ achieved with the diaphragm
and mixing section [20]. The interior of the PUC did not sustain any visible damage during the
run tank, indicating that the PUC was not subject to catastrophic failure of the combustion
chamber walls during hot-fire testing. Therefore, it was decided to proceed with PUC tank
testing to demonstrate that the PUC was capable of performing as a single integrated unit.
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5.3. PUC Tank Hot-Fire Testing
5.3.1. PUC Tank Hot-Fire Test Execution
After proving the PUC and mitigating potential hazards in the system with run tank hotfire testing, hot-fire tests from the internal PUC oxidizer tank were performed. PUC tank hotfires were executed with the system in the same configuration as the run tank test, but with the
hand valves adjusted accordingly to run N2O from the PUC. The oxidizer MFR was expected to
vary significantly compared to the run tank tests, as the PUC tank was not supercharged with He.
The lack of He back pressure meant that the N2O was self-pressurized at its vapor pressure
during the test. As cold-flow tests 31 & 32 were not yet completed at the time of the PUC tank
test, the oxidizer MFR used to approximate the nozzle size was estimated to be around 8 g/s.
This oxidizer MFR estimate was then used to calculate the nozzle throat diameter with the
algorithm described in APPENDIX E Nozzle Size Estimation Algorithm. In an attempt to
improve the accuracy of the estimate, the actual target chamber pressure of 200 psig was used in
the estimate and the c* adjusted to 0.80 to reflect the results of the run tank hot fire tests. The
nozzle throat diameter required was calculated to be 0.134”. The nozzle insert throat was drilled
out to 0.140” (9/64”) based on this estimate. As in Test 7, the converging and diverging sections
were then added to the nozzle to improve combustion behavior.
PUC tank hot-fire tests were performed by following the SOP shown in APPENDIX D
Test Standard Operating Procedures. Failed ignition attempts during run tank hot-fire testing
honed the necessary timing parameters. Based on the immediate ignition of Test 7, the igniter
delay was set to 0.05 seconds for the next attempt. This small delay was added because the
lower predicted oxidizer MFR was thought to slightly increase the length of time it would take
for the N2O to travel from the solenoid valve to the PUC chamber. Additionally, special
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attention was used to ensure that the igniter location was directly at the top of the port to ensure
that the flame would not need to propagate upstream in order to light the entire grain. Lastly, the
software setting limiting the temperature measured by the combustion chamber thermocouple
was changed so that the full range could be measured.
5.3.2. PUC Tank Hot-Fire Test Results
Taking the extra precautions with igniter placement and timing resulted in successful
ignition on the first PUC tank hot-fire attempt. The duration of the test was maintained at around
four seconds. Based on the lower oxidizer MFR expected, it was estimated that this burn
duration would leave residual paraffin for regression rate characterization. The chamber
temperature and pressure data are shown in Figure 5-5. A third order Savitzky-Golay filter was
used to smooth the data over a time span of 0.05 seconds. The chamber pressure hovered around
100 psig during the test. While the target chamber pressure was not achieved, the chamber
pressure did remain relatively constant during the course of the burn. An FFT analysis
performed on the unfiltered chamber pressure data showed no significant spikes over a range of
frequencies. The single sided magnitude plot generated by this FFT can be seen in APPENDIX
F Chamber Pressure FFT Results. The chamber temperature observed by the thermocouple from
the spare igniter port spiked to 500°C during the middle of the test and then started to slowly
decline. It is likely that the location of the pyrogen tipped igniter next to the thermocouple line
contributed to its peak temperature, which explains why the temperature started to decline during
the middle of the test. Despite the relatively constant chamber pressure, the plume still showed
some apparent high frequency instabilities. During this test, it was clear that these instabilities
became more frequent over the duration of the burn. Figure 5-6 shows what a nominal plume
(left) looked like compared with one of the spikes observed (right).
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Figure 5-5: Chamber pressure and approximate upstream temperature during Test 8, the PUC tank hot-fire test

Figure 5-6: Nominal plume (left) and spike during instability (right) observed during Test 8

Unlike Tests 3 & 7, the fuel grain in Test 8 had paraffin remaining, although the paraffin
seemed to have burned unevenly. On one side, it seemed like a flow path had partially opened
around the back of the paraffin, indicating that the paraffin was not sufficiently sealed to the
ABS sleeve. Where the flow path opened around the outside of the paraffin, the top of the
paraffin grain was missing, implying that the paraffin was regressing from both sides. The
introduction of additional surface areas exposed to the flow path likely was a major contributing
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factor to the high regression rate observed in the paraffin in Tests 3 & 7. In addition, the paraffin
grain began to break apart when the thickness of the walls became too thin to support the grain,
sending larger droplets of paraffin down the grain and through the throat. These drops of
paraffin are almost certainly what caused the apparent combustion (plume) instabilities in all
three tests. As the drops did not completely combust until exiting the combustion chamber, they
had no effect on the chamber pressure, which explains why the chamber pressure in all three
tests did not show any major signs of instability, yet the plumes showed significant fluctuations.
The fuel grain from Test 8 is pictured in Figure 5-7.

Figure 5-7: Test 8 fuel grain top view (left) and view of the flow path opening in the fuel grain (right)

The change in mass of the fuel grain and data from cold-flow tests 31 & 32 were used to
calculate fuel and oxidizer MFR information needed for the CEA2 calculations. The O/F
information calculated using the average MFR approximations was used in the CEA2 program to
estimate the ideal c* of the fuel grain. Regression rate analysis was performed on the fuel grain
to estimate the mass fraction contributed by the two fuel components to the fuel consumed
during the test. As there was paraffin remaining in the grain, a regression rate for the paraffin
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was estimated. However, the uneven burn of the paraffin grain makes this regression rate
estimate highly uncertain. Additionally, a measurement of ABS regression rate was taken in the
ABS mixing section. The ideal c* was calculated by weighting the results from two different c*
calculations, one assuming all of the fuel consumed was paraffin and the other assuming all of
the fuel consumed was ABS, and performing a weighted average of those results. Finally,
Equation 8 was used to determine 𝜂𝑐 ∗ , the c* combustion efficiency of the grain. The results
from this analysis are shown in Table 5-2.
Table 5-2: Combustion analysis results of the fuel grain from Test 8

Test
8

Paraffin
Regression Rate
(mm/s)
1.931

ABS
Regression
Rate (mm/s)

Avg. Oxidizer
Flux (kg/m2s)

0.116

12.197

c*,
O/F exp.
(m/s)
1.983 880

c*,
ideal
(m/s)
1422

𝜼𝒄∗
0.619

The calculated 𝜂𝑐 ∗ of 0.619 was significantly lower than the 𝜂𝑐 ∗ values of 0.67-0.72
experimentally determined by McKnight for the acrylic/paraffin fuel grains with diaphragm and
mixing sections, as well as the 𝜂𝑐 ∗ estimates of the fuel grains in Tests 3 & 7. The discrepancy
between the results in Tests 3 & 7 and Test 8 is likely a result of the high potential error in the
analysis of the fuel grains in the run tank tests from the lack of any paraffin at the end of the
tests. Most likely, the 𝜂𝑐 ∗ estimate was propped up by high combustion efficiency at the end of
Tests 3 & 7 after the paraffin had completely regressed. In addition to the lack of remaining
paraffin, the MFR estimates used for all three tests are also highly uncertain, due to the hot-fire
MFR being too noisy to use (due to test stand vibration). Based on the variables used in the
combustion analysis and their accuracies, the combustion efficiency of 0.619 in Test 8 is a likely
a better estimate of the performance of the fuel grain. However, additional testing is needed to
examine additional variables that may explain the change in 𝜂𝑐 ∗ , such as the varying O/F
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experienced. Regression rate results for the paraffin showed similar results to Tests 3 & 7 at just
under 2 mm/s. However, the ABS regression rate in the downstream mixing section was
significantly lower than in the previous tests. This discrepancy was likely caused by the
diaphragm. The diaphragms in the fuel grains from Tests 3 & 7 were completely burned out,
exposing the downstream mixing section to more oxidizer flow and higher velocity flames. The
shorter duration and lower oxidizer MFR in Test 8 prevented the complete regression of the
diaphragm, which can clearly be seen in Figure 5-7 (left).
One of the major risks of storing liquid N2O in a sealed pressure vessel is that heat will
expand the N2O, resulting in high pressures that could burst the vessel. Although this risk is only
a major concern when insufficient volume is left in the tank for the liquid to expand, a vent line
was still included from the cold gas port on the PUC should severe pressure spikes be observed.
The PUC tank is at a particularly high risk from this phenomenon due to its proximity to the
combustion chamber, a major heat source. Immediately after the hot-fire test was over, a MicroEpsilon thermoIMAGER TIM160 Infrared (IR) camera was used to observe the heat soak from
the combustion chamber into the tank. The heat soak was observed for eight minutes before the
PUC N2O tank was vented. Figure 5-8 shows two snapshots of the PUC: one 52 seconds and the
other five minutes after the hot-fire.

Figure 5-8: IR images of the PUC 52 seconds (left) and five minutes (right) after the test
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The PUC is enclosed by a white square and the approximate location on the N2O tank
wall used to monitor the temperature is shown with an arrow. The temperature in the N2O tank
after five minutes was 11.3°C, an increase of less than 2°C over its temperature 52 seconds after
the test. This IR data agreed with the internal PUC tank thermocouple, which observed no
appreciable change in temperature over the 90 seconds data were collected after the test.
Pressure data from the PUC tank also showed an initial pressure drop from 500 psig to 463 psig,
corresponding with a temperature drop of around 4°C. Over the course of the next 90 seconds,
the pressure started to rise, eventually reaching around 522 psig. The range of pressures
experiences in the N2O tank placed the upper bound on N2O temperature variability at around
5°C, with a temperature increase of around 1°C. This corresponds with the IR data observed. It
was likely the case that any heating of the oxidizer was almost entirely negated by the heat
absorbed by the vaporizing N2O in the tank during the test. This temperature data alleviates the
fear that temperature soak during a firing could cause catastrophic failure of the PUC, although
the thermal behavior of the most adverse condition, a longer firing to oxidizer depletion, still
needs to be verified.

86

CHAPTER 6. Conclusion & Future Work
6.1. Conclusion
Initial technical feasibility of the PUC was demonstrated through performance
predictions and modeling of maneuvering capabilities and lifetime. A titanium PUC was then
designed and constructed based on the CFRP PUC designed by McKnight. This PUC was put
through initial testing to verify its strength and impermeability. Finally, the PUC was
demonstrated in a series of hot-fire tests. The analysis performed showed that a hybrid PUC has
significant potential as a primary propulsion system for CubeSats. The simplicity and
performance enabled by the PUC gives it the potential to be the perfect propulsion system for
large and small organizations alike that desire propulsive capabilities in a cost effective and safe
way. While the potential of the PUC was effectively demonstrated, further improvements,
characterization, and extensive testing will be required to bring the PUC to market.
Developing a component for a novel platform such as a CubeSat requires constant
innovation and iteration. The peculiarities and defects in the PUC system uncovered during the
course of this research are already numerous enough to warrant the design and construction of
another PUC iteration. While addressing these peculiarities will certainly improve the PUC,
development of the PUC past TRL 4 will require significantly more resources and testing. Many
problems that were deemed extraneous for initial proof of concept demonstration will have to be
addressed, such as the effects of thermal cycling on the oxidizer tank, sloshing in the oxidizer
tank, and re-ignition capabilities. Developing the PUC and bringing it to market will require
significant improvements on the component level as well as consideration of subsystem
integration as a whole. All the while, new propulsive technologies will be advancing and
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maturing. The capabilities of a hybrid PUC must continue to be refined and compared to other
novel propulsion system in order to avoid obsolescence in a rapidly changing industry.

6.2. Future Work
A number of recommendations have been developed for how the concept and design of
the PUC and related systems can continue to be improved in the future. These suggestions range
from basic design improvements to fundamental questions that need to be answered in order to
bring the PUC system to an operational state.
6.2.1. Structural Changes
After the PUC was manufactured, a number of design changes were conceived to
improve the PUC. Some simple changes can lead to drastic improvements in the current model.
The mounting feet of the PUC are currently aligned with the ports of the PUC. This makes
mounting fittings to the ports difficult when the “rails” are in the way. Moving these feet 45
degrees around the PUC would eliminate this problem entirely. In addition to moving the feet,
small additional supports can be added to the bottom feet in order to reduce the warping
experienced during cooling. The mass of the PUC, at 550g, can also be further reduced. The
extremely high FOS areas around the PUC visible in Figure 3-4 demonstrate the excess material
still present in the structure. As the current PUC model was subtractively designed by starting
with a solid block and cutting material away, there is still spare material in areas around the PUC
that remain simply because they were too complicated to remove. The mass of the PUC can
likely be reduced by at least another 20-30% by starting from scratch and designing a PUC with
similar geometry but in an additive fashion.
There are a number of novel concepts that additive manufacturing could enable to further
improve the mass and integration of the system. Primarily, the solenoid flow control valve
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seems to be one of the more massive components that would be included in an operational flight
system. The concept of incorporating a valve body into the printed PUC body is one potential
path to save additional mass and vastly improve the integration of the propulsion subsystem. In
addition to the opportunities introduced by AM, its limitations must also be considered more
carefully in the next iteration of the PUC. Inner port dimensions of the printed PUC were about
4% smaller than designed. While AM technology is likely to continue improving in the future,
designing the PUC to easily adapt to dimension changes will lead to significant cost and time
savings. The other critical tank design flaw that must be addressed is the ratio of oxidizer tank
volume to combustion chamber volume. Currently, there is not enough volume in the oxidizer
tank to burn all of the paraffin in a straight port paraffin fuel grain at an ideal O/F. Additional
attention should be given to the relative volume of the oxidizer tank to the combustion chamber
based on both ideal and experimental O/F.
6.2.2. Nozzle Assembly Improvements
The nozzle assembly was designed with strength and reusability in mind. For additional
atmospheric hot-fire testing, a similar nozzle assembly would be advantageous with two key
changes: enlarging the nozzle insert to incorporate a wider range of nozzle sizes and including a
load point to easily remove the nozzle assembly after a test. In an operationally relevant
environment, the important nozzle design aspects change. Changing out the nozzle is not
possible, so durability over the expected lifetime is paramount. Additionally, in a vacuum
environment the ideal expansion ratio is infinite. Preliminary work was performed on creating a
lightweight Inconel bell nozzle that could be secured to the back of the PUC and used to expand
the exhaust plume to vacuum. Additional design work should be performed to optimize a nozzle
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design to maximize the area ratio while minimizing the mass used. Additionally, this nozzle
must be designed to fit into the extra “tuna can” volume available in a 3U+ configuration.
6.2.3. Structural Material Changes
While the materials for the PUC and nozzle assembly performed well, other materials
that may reduce cost/complexity should also be considered. For example, while Inconel
performed well serving as the nozzle housing, it is difficult to machine because of work
hardening. Other materials such as stainless steel may suffice for the service lifetime needed for
the PUC. Additionally, titanium is a very expensive material to use for the PUC body. While it
was chosen for its desirable strength properties, evaluating other common materials such as
aluminum for the PUC body should also be considered as a cost-cutting measure.
6.2.4. Grain Design Changes
The paraffin used for the PUC fuel grains had a melting point of 58-62 C, relatively low
for use as a hybrid fuel. This likely contributed to the extreme regression rate and drooping
experienced during the hot-fire tests. Future work should investigate the use of paraffin with
different melting points as well as additives to find a fuel with steadier combustion behavior. In
addition to investigating other paraffin options, a process to securely bond the paraffin to the
ABS sleeve must also be developed to prevent the emergence of any alternate flow paths.
Additionally, once a final optimal fuel grain geometry is selected, it should be thoroughly tested
and characterized. The testing performed during this research, while successfully demonstrating
the PUC, did not include enough tests to sufficiently characterize the grains and iteratively
improve upon them.
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6.2.5. N2O Characterization Through a Flow Control Element
N2O characterization performed during the demonstration phase focused on calibration of
the MFR through a specific orifice and under very controlled conditions. For future
advancement, it would be beneficial to develop an effective model that could predict the MFR of
the N2O through a flow restriction based on its two-phase properties. There is some literature on
modelling N2O through a restriction, but these models must be thoroughly tested and
demonstrated before being applied to a complex plumbing system [41]. Understanding the
behavior of N2O under various conditions with minimal cold-flow testing would drastically help
in valve actuation/deactivation timing critical to performing accurate maneuvers in an
operational environment.
6.2.6. System Integration Planning and Demonstration in a Relevant Environment
The current printed PUC was designed as a technology demonstrator. While basic
operational concerns were considered, some of the more complicated questions were left to be
answered later. These include the effects of thermal cycling on the tank, oxidizer sloshing, reignition capabilities, operational solenoid/flow control element design, and the use of excess
oxidizer as attitude control cold gas. In order to space rate the next iteration of the PUC,
extensive additional testing will be required. To advance the PUC to TRL 5 and TRL 6, the PUC
and the combustion subsystem as a whole must be tested in a relevant environment that includes
considerations of the aforementioned factors. Fatigue and burst testing must be performed to
show the PUC fails when expected and is not vulnerable to the thermal cycling experienced on
orbit.
Due to the extreme density fluctuations of N2O near its critical temperature, thermal
modelling and demonstration of the PUC in relevant environment is particularly crucial. In a
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zero-g environment, the oxidizer would also randomly slosh around the oxidizer tank, making
state determination of the oxidizer difficult. Small pulses of the attitude control thrusters could
be used to gather the liquid N2O at the rear of the tank, but this process would have to be
modeled and demonstrated. Additionally, the gaseous N2O in the tank could be used as an
attitude control gas. However, the plumbing system that connected to the PUC to the thrusters as
well as the control mechanisms would have to be investigated. As mass is the main constraint on
CubeSats, minimizing the plumbing and hardware necessary and miniaturizing what is left is
also vital. For example, the oxidizer flow control valve use in the testing had a mass of almost
200g. If the oxidizer flow control element could be incorporated into the body of the PUC, a
significant amount of mass could be saved.
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APPENDIX A Program for Solving Equation 2
% The purpose of this code is to find the radius of the second orbit capable
% of being reached by a given amount of delta v.
% Written by Evan Kerr for the Propulsion Unit for CubeSat project.
clc, clear;

Part 1: Set up symbolic equations for delta v. Then attempt to solve for r2
%Declare symbolic variables
syms r1 r2 mu deltaV sol real;
%Symbolically declare the equation
eqn = 'deltaV = sqrt(mu/r1)*(sqrt((2*r2)/(r1+r2))-1)+sqrt(mu/r2)*(1-sqrt((2*r1)/(r1+r2)))';
fprintf('\nAlgebraically acquired solution\n\n');
sol = solve(eqn, r2)
%As you can see, it failed to find an explicit solution for the
equation

Algebraically acquired solution
Warning: Support of character vectors that are not valid variable names or
define a number will be removed in a future release. To create symbolic
expressions, first create symbolic variables and then use operations on them.
Warning: Do not specify equations and variables as character vectors. Instead,
create symbolic variables with <a href="matlab:doc('syms')">syms</a>.
Warning: Unable to find explicit solution. For options, see <a
href="matlab:web(fullfile(docroot,
'symbolic/troubleshoot-equation-solutions-from-solve-function.html'))">help</a>.
sol =
Empty sym: 0-by-1

Part 2: Solve system iteratively using Newtons Method given a single deltaV
% Declare the F values used in Newtons method
syms F(r2) dF(r2) real
% Define variables used in Newton Raphson
F(r2) = 'sqrt(mu/r1)*(sqrt((2*r2)/(r1+r2))-1)+sqrt(mu/r2)*(1-sqrt((2*r1)/(r1+r2)))-deltaV';
dF(r2) = diff(F, r2);
deltaV = .250;
mu = 398600;
r1 = 400+6371;
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F = subs(F);
dF = subs(dF);
r2_old = 15000;
r2_new = r1;
tol = 1e-5;
while and(norm(r2_old-r2_new) > tol, norm((r2_old-r2_new)/r2_old) > tol)
r2_old = r2_new;
n_F = double(subs(F,'r2',r2_old));
n_dF = double(subs(dF,'r2',r2_old));
r2_new = r2_old- n_F/n_dF;
end
r2 = r2_new
fprintf('New Altitude: %f km\n',r2-6371);
fprintf('Altitude Difference: %f km\n',r2-r1)
deltaV1 = sqrt(mu/r1)*(sqrt((2*r2)/(r1+r2))-1);
deltaV2 = sqrt(mu/r2)*(1-sqrt((2*r1)/(r1+r2)));
deltaV1 = double(subs(deltaV1))
deltaV2 = double(subs(deltaV2))

Make a plot given multiple delta V's
clc, clear;
deltaVmat = .0:.01:.250;
r2mat = deltaVmat*0;
n = 1;
for n = 1:size(deltaVmat,2)
% Declare the F values used in Newtons method
syms F(r2) dF(r2) real
% Define variables used in Newton Raphson
F(r2) = 'sqrt(mu/r1)*(sqrt((2*r2)/(r1+r2))-1)+sqrt(mu/r2)*(1-sqrt((2*r1)/(r1+r2)))-deltaV';
dF(r2) = diff(F, r2);
deltaV = deltaVmat(1,n);
mu = 398600;
r1 = 400+6371;
F = subs(F);
dF = subs(dF);
r2_old = 15000;
r2_new = r1;
tol = 1e-5;
while and(norm(r2_old-r2_new) > tol, norm((r2_old-r2_new)/r2_old) > tol)
r2_old = r2_new;
n_F = double(subs(F,'r2',r2_old));
n_dF = double(subs(dF,'r2',r2_old));
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r2_new = r2_old- n_F/n_dF;
end
r2mat(1,n) = r2_new
n = n+1;
end
deltaVmat=deltaVmat*1000;
r2mat = r2mat - (r2mat./r2mat)*6371;
plot(deltaVmat, r2mat);
xlabel('Delta V (m/s)');
ylabel('Possible Altitude (km)');
title('Possible Altitude vs. Delta V for an orbit with initial r = 400 km');

Published with MATLAB® R2017a
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APPENDIX B Additional System Documentation
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Test Sled

APPENDIX C Thermodynamic Properties of N2O

Pressure-enthalpy plot for N2O with isothermal curves included
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Saturation properties of N2O within a range of temperatures

Isochoric (constant volume) properties table of N2O
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APPENDIX D Test Standard Operating Procedures
Introduction:
The PUC will be tested in a hot fire test in two different stages: a series of tests with a
N2O run tank and a series of tests with the N2O flowing from the internal PUC N2O tank. The
run tank test will be preceded by a cold-flow test to prove the piping system. The goal of the run
tank test is to proof the PUC in a safer and more controlled environment than the PUC run test,
as the N2O oxidizer in the PUC run test will surround the combustion chamber, which is
potentially dangerous. To ensure that the run tank test simulates the PUC run test as effectively
as possible, the toroidal oxidizer will be filled with water and pressurized to the MEOP with N2
gas. These procedures are based on the procedures described by McKnight. [2]

Nitrous Oxide Hazard
N2O has numerous properties that make it dangerous to handle. While non-toxic, it is an
asphyxiate in high concentrations. Also, being an oxidizer, N2O has the potential for combustion
in the presence of fuel and heat. Lastly, because N2O has a high vapor pressure, it releases heat
very quickly during vaporization, dramatically cooling the gas and liquid to dangerous levels.
The piping system and the SOP for the tests were designed with these safety concerns in mind in
order to mitigate the risks associated with the nitrous.
The combustion risk specifically means that the Nitrous piping should be prepared in a
way similar to Oxygen systems, which has similar combustion risks. Any small piece of debris
in the piping flowing at high velocities with the oxidizer could cause a spark while impacting an
interior piping surface. For this reason, the Nitrous piping preparation procedures will be
followed for Nitrous lines.
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Nitrous Component Cleaning Process:
□ Remove all tube sections and fittings used in the oxidizer flow line.
□ For sections that do not need cleaned, cover open ends with aluminum foil or seal with a clean
Swagelok plug. This keeps dust and contaminants from entering clean sections of the oxidizer
line.
□ Separate removed sections into individual tube pieces and fittings for cleaning.
□ Go to the Flammable Liquids cabinet and remove the EnSolv container. Bring it into the
chemical room.
□ Fill a container with enough EnSolv to submerge a number of fittings or short tube pieces at a
time.
□ Clean any visible oil, lubricant, grease etc with soapy water and a brush or another instrument
that can reach the crevices in the fitting/tubing.
□ Once the fitting has been caned of ay visible contaminants, rinse with water and dry in the
oven or with nitrogen.
□ Submerge small fittings and tube sections in the EnSolv cleaning solvent.
o If the fittings still seem dirty, start with used Ensolve before transitioning to clean
EnSolve.
□ If there are long tube sections, which are difficult to submerge in containers, plug one end of
the tube using a Swagelok plug. Then, fill the tube with EnSolv using a funnel or pipet and
close the open end using another Swagelok plug.
□ Keep the fittings and tubing in the EnSolv for a minimum of 15 minutes.
o If the container fits in the ultrasonic bath, then place the container in the ultrasonic
bath with a water level matching the level of EnSolv in the container.
□ After this time, remove submerged fittings and drain tube sections. Wear gloves to avoid
getting oils on parts that may be contacted by the oxidizer.
□ Thoroughly rinse clean fittings and tubing with distilled water.
□ Dry tubing and fittings with nitrogen gas, if possible.
□ Reassemble oxidizer flow line and use nitrogen to check for leaks and dry with a steady flow,
if possible. For pieces not being installed immediately, cover ends with aluminum foil or
place in a sealed plastic bag.

Nitrous Run Tank Fill Procedure:
□ Ensure that the operator is wearing all necessary safety equipment including a lab coat,
safety glasses, and cryo gloves.
□ Open the test cell bay door.
□ Turn on the overhead fan and place a box fan near the run tank. Turn the box fan on.
□ Bring the nitrous oxide fill bottle into the test cell and secure it above the center of
gravity to the wall or test stand using a chain.
□ Attach the N2O CGA fitting onto the N2O bottle and ensure it is tight.
□ Ensure that all manual valves in the system are closed.
□ Check the pressure of the run tank.
□ If the pressure in the N2O fill bottle (which should be the vapor pressure of N2O at
those conditions) is lower than the pressure in the run tank, then open HV-2
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□
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□
□

slightly to vent helium gas until the pressure in the run tank reaches the vapor
pressure of N2O. Then close HV-2.
□ If the pressure in the N2O fill bottle is higher than or equal to the pressure in the
run tank, then proceed to next step.
Slowly open the N2O fill bottle. This will fill the N2O fill line up to NV-2 with N2O.
Slowly open NV-2. This will fill the fill the main line with N2O up to HV-3.
Slowly open HV-3. The run tank should begin to fill if it was empty to start. If there was
already some nitrous oxide in the tank, only a small amount may transfer.
Place the vent bucket underneath HV-2. Slowly open HV-2. This will reduce the
pressure in the tank and cause it to fill completely. When liquid nitrous is seen escaping,
close HV-2.
□ Warning: Do not place any body parts near or on the gas, liquid, or frost. Nitrous
oxide gas, liquid, and frost is extremely cold.
Close HV-3. This will isolate the run tank from the fill line in anticipation of fill line
venting.
Close the nitrous oxide fill bottle.
Place the vent bucket under NV-1. Slowly open NV-1 to clear the line of nitrous oxide.
□ Observing the nitrous oxide escaping from the fill line can indicate if the nitrous
oxide fill tank is running low. If the nitrous in the line is gaseous, this is an
indicator that the fill tank is low or empty. If this is the case, a new nitrous bottle
will be necessary.
Once nitrous flow through the vent valve stops, close NV-1 & NV-2.
Wait 10 minutes before closing cell bay door and turning off box fan and overhead fan.
Remove the nitrous oxide fill bottle from the system, cap it, and take it out of the test cell
through proper gas cylinder handling.

PUC Nitrous Fill Procedure:
□ Ensure that the operator is wearing all necessary safety equipment including a lab coat,
safety glasses, and cryo gloves.
□ Open the test cell bay door.
□ Turn on the overhead fan and place a box fan near the run tank. Turn the box fan on.
□ Bring the nitrous oxide fill bottle into the test cell and secure it above the center of
gravity to the wall or test stand using a chain.
□ Ensure that all manual valves in the system are closed.
□ Slowly open the N2O fill bottle. This will fill the N2O fill line up to NV-2 with N2O.
□ Slowly open NV-2. This will fill the main line with N2O up to HV-1.
□ Slowly open HV-1. This will fill the main line with N2O up to HV-4 and the solenoid
valve.
□ Slowly open HV-4. The PUC tank should begin to fill if it was empty to start. If there
was already some nitrous oxide in the tank, only a small amount may transfer.
□ Slowly open HV-5. When liquid nitrous is seen escaping, close HV-5. This will allow
air to escape the tank while filling.
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□ Warning: Do not place any body parts near or on the gas, liquid, or frost. Nitrous
oxide gas, liquid, and frost is extremely cold.
Close HV-4. This will isolate the PUC tank from the fill line in anticipation of fill line
venting.
Close the nitrous oxide fill bottle.
Place the vent bucket under NV-1. Slowly open NV-1 to clear the line of nitrous oxide.
□ Observing the nitrous oxide escaping from the fill line can indicate if the nitrous
oxide fill tank is running low. If the nitrous in the line is gaseous, this is an
indicator that the fill tank is low or empty. If this is the case, a new nitrous bottle
will be necessary.
Once nitrous flow through the vent valve stops, close NV-1, NV-2, & HV-1.
Wait 10 minutes before closing cell bay door and turning off box fan and overhead fan.
Remove the nitrous oxide fill bottle from the system and take it out of the test cell.

Nitrous Run Tank Vent Procedures:
If you are not planning on running any more tests for two weeks or more, it is an
important safety precaution to vent the Nitrous from the run tank.
□
□
□
□
□
□
□
□

Turn on the overhead fan and place a box fan near the run tank. Turn the box fan on.
Open the test cell bay door.
Ensure the helium bottle is closed.
Slowly open HV-2.
Gaseous and possibly liquid nitrous oxide will start flowing through HV-2.
Keep HV-2 open until the flow completely stops. Then close HV-2.
Close the helium regulator.
Wait 5 minutes then close the bay door and turn the fan off.

Cold Flow Test:
□ Preliminary Checks
□ Ensure system is configured according to the P&ID diagram.
□ Ensure the regulators on all gas bottles are closed.
□ Slowly open the N2 and He bottles and verify that all have at least 1000 psig of
pressure
□ Ensure that the nitrous run tank is sufficiently full by weighing it on the scale.
 If it is not, go to and follow Nitrous Run Tank Fill Procedures.
□ Ensure the Burst Disc is not ruptured.
□ Ensure that all hand valves are closed.
□ Verify the shop air compressor is connected to all remotely operated valves, the
ball valves in the machine shop and room 127 controlling the air are open, and
the pressure is greater than 70 psig in room 127 (____________ psig).
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□ If this is the first test of the day, perform N2 system purge to clear system of any
moisture.
 Take N2 purge line off of the N2 inlet downstream of the solenoid and cap
the inlet fitting.
 Take the He pressurization line off of the He inlet and put the N2 purge
line in its place.
 Open the N2 bottle
 Open N2 regulator to around 50 psig
 Open DS needle valve 1 turn
 Open control program
 Turn on control board.
 Open N2 flow valve
 Open N2O flow valve. This should start purging the system.
 Wait 10 minutes, then close N2 flow regulator and let remaining line
contents empty. Then close N2O flow valve.
 Close DS needle valve
 Turn off control program
 Turn off control board
 Replace He and N2 lines to original position.
□ Test Setup Procedure
□ Turn on the overhead fan and place a box fan near the run tank. Turn the box fan
on.
□ Setup the GoPro to record the test.
□ Setup the IR camera(s) to monitor the test cell
□ Turn on the charge amp for the run tank load cell and set it to ground.
□ Ensure all signal cables are connected.
□ Verify that the Instrunet World setup for the cold-flow test is opened and all
necessary channels are displayed in the record tab.
□ Verify sampling rate is 1000 Hz.
□ Ensure all pressure transducers and thermocouples show appropriate baseline
values on the data acquisition system.
□ Ensure nitrogen purge line three-way hand ball valve is aligned with LGCP.
□ With control board off, open the program, “PUC Cold Flow Test”.
□ Start running the program.
□ Turn on the control board.
□ Test execution Procedure
□ Ensure all non-testing personnel are clear from the test cell and fenced in area.
□ Set the nitrogen regulator to amount specified on test data sheet (____________
psig).
□ Verify oxygen line hand valve and cluster hand valves with bottles are closed.
□ Plug in the digital readout for the helium pressure transducer and ensure the
display is on and working correctly.
□ Set the helium regulator below the vapor pressure initially, roughly 500 psig.
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□ Open the helium flow valve using the manual valve actuation on the control
program.
□ Slowly increase the helium pressure to the level specified on the test data sheet
(___________ psig).
□ Hit “record” on the GoPro.
□ Slowly open HV-3 then HV-1 so that nitrous can start to flow into line.
□ Crack the downstream needle valve to an initial orifice size. Based on the results
of each experiment, needle valve orifice size should be adjusted accordingly to
achieve the desired chamber pressure (downstream of solenoid).
□ Turn the charge amp for the run tank load cell to “operate”.
□ Ensure all personnel have cleared the room and then leave the room, closing all
doors.
□ Make an announcement for starting the cold-flow test: “We will be conducting a
cold-flow test in room 127. Please stand clear of the test cell and fenced-in area.”
□ Re-check all regulators.
□ Press “Record” on the IR camera control program.
□ Press record on the data acquisition system and name the folder to which the data
will be saved.
□ Use the control program to initiate the test.
************************Test Initiated**************************
□ Toggle the N2 flow valve to on. Run the test for 2 seconds. This clears any
downstream moisture from the lines that may have accumulated while the needle
valve was opened between tests.
□ Toggle the N2 flow valve to off.
□ Toggle the N2O flow valve to on. Run the test for 2 seconds. This ensures that
the N2O line is filled up to the solenoid.
□ Toggle the N2O flow valve to off.
□ Toggle the N2O flow valve to on. Run the test for _______ seconds (from test
data sheet, between 10 & 30 seconds).
 If temperatures spike or fire occurs, close the N2O valve immediately and
turn on the N2 purge valve.
□ Toggle the N2O flow valve to off.
□ Toggle the N2 purge valve to on. Wait ________ seconds (from test data sheet, at
least 15 seconds).
□ Toggle the N2 purge valve to off.
************************Test Concluded************************
□
□
□
□
□

Press “Stop” on the data acquisition systems.
Press “Stop” on the IR camera software.
Check that all solenoid valves are shut on the control program.
Save data.
Close downstream needle valve.
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□ Test Conclusion Procedures
□ If additional tests need to be run, go to start of test execution procedures.
□ Press “Stop” on the GoPro.
□ Announce “We will now be venting gases in room 127, all personal stay clear”.
□ If you wish to empty the nitrous run tank, follow the nitrous run tank vent
procedures.
 If you do not empty the run tank, make sure to leave a note on the run tank
saying that there is pressurized nitrous in the tank.
□ Close HV-3.
□ Place the N2O vent bucket below NV-1. Slowly open NV-2 & NV-1. Wait until
all liquid/gas escapes. Then close NV-1, NV-2 & HV-1.
□ Close the helium bottle.
 Warning: helium line will remain pressurized as long as the nitrous run
tank is not empty. To de-pressurize helium line, follow nitrous run tank
vent procedures.
□ Close the helium regulator.
□ Close the nitrogen bottle.
□ Vent the excess nitrogen gas to atmosphere.
 Manually toggle the nitrogen purge valve to on.
 Wait until venting stops and close the purge valve.
□ Close the nitrogen regulator.
□ Turn off the helium digital readout.
□ Quit the control program. This will cause any excess nitrogen to vent out the
system.
□ Turn off the control board.
□ Close shop air ball valves in the machine shop & room 127.
□ Announce “Test completed in room 127”.
□ Wait 10 minutes, then close bay door and turn off the fans in the bay.

Run Tank Hot Fire Test:
□ Preliminary Checks
□ Ensure system is configured according to the P&ID diagram.
□ Ensure the regulators on all gas bottles are closed.
□ Slowly open the N2 and He bottles and verify that all have at least 1000 psig of
pressure
□ Ensure that the nitrous run tank is sufficiently full by weighing it on the scale.
 If it is not, go to and follow Nitrous Run Tank Fill Procedures.
□ Ensure that all hand valves are closed.
□ Verify the shop air compressor is connected to all remotely operated valves, the
ball valves in the machine shop and room 127 controlling the air are open, and
the pressure is greater than 70 psig in room 127 (____________ psig).
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□ If this is the first test of the day, perform N2 system purge to clear system of any
moisture.
 The N2 purge line may have to be moved to ensure it clears all of the
moisture. If so, cap the N2 inlet after purge line removal and be
conscientious of any N2O that may still be in the run tank.
□ Test Setup Procedure
□ Fill PUC oxidizer tank with DI water, leaving at least 5% ullage for heating
expansion. Have an elbow that comes off of the PUC gas feed port and elbows
up. This can be used to control the level of water in the PUC.
□ Once the PUC is full, cap the line with an ox clean cap.
□ Clean out PUC chamber.
□ Insert a prepared fuel grain into the PUC with the paraffin fuel grain side facing
upstream.
 Put a ring of halocarbon grease around the top of the fuel grain before
insertion. This will block any flow paths around the outside of the grain,
protecting the titanium wall.
 Wipe off any excess grease after insertion and clean the O-ring sealing
surface.
□ Ensure a graphite nozzle is inserted into the nozzle housing with cured RTV.
Insert the nozzle housing into the PUC and press until it is tight.
□ Insert igniter into the fuel grain with the wires going out one of the diagonal
igniter ports.
□ Secure nozzle and housing onto the back of the PUC with the mounting assembly.
□ Setup the GoPro to record the test.
□ Setup the IR camera(s) to monitor the test cell
 Only do this after 2nd or 3rd successful hot fire test. The camera is very
expensive. Make sure the camera is NOT in the test cell during the first
couple hot fires.
□ Turn on the charge amp for the run tank load cell and set it to ground.
□ Verify that the Instrunet World setup for the Hot Fire Test is opened and all
necessary channels are displayed in the record tab.
□ Verify sampling rate is 1000 Hz.
□ Ensure all pressure transducers and thermocouples show appropriate baseline
values on the data acquisition system.
□ Ensure nitrogen purge line three-way hand ball valve is aligned with LGCP.
□ With control board off, open the program, “Run Tank Hot Fire Test”.
□ Start running the program.
□ Turn on the control board.
□ Test execution Procedure
□ Ensure all non-testing personnel are clear from the test cell and fenced in area.
□ Set the nitrogen regulator to amount specified on test data sheet (____________
psig).
□ Verify oxygen line hand valve and cluster hand valves with bottles are closed.
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□ Plug in the digital readout for the helium pressure transducer and ensure the
display is on and working correctly.
□ Set the helium regulator below the vapor pressure initially, roughly 500 psig.
□ Open the helium flow valve using the manual valve actuation on the control
program.
□ Slowly increase the helium pressure to the level specified on the test data sheet
(___________ psig).
□ Slowly open HV-3 then HV-1 so that nitrous can start to flow into line.
□ Remove thrust load cell block
□ Turn the run tank load cell to operate.
□ Make an announcement for starting the hot fire test: “We will be conducting a hot
fire test in room 127. Please stand clear of the test cell and fenced-in area.”
□ Check all timing parameters.
□ Wire e-match
 Check for continuity
□ Re-check all regulators.
□ Press “record” on the GoPro
□ Press “record” on the IR software, if applicable.
□ Press record on the data acquisition system.
□ Use the control program to initiate the test.
************************Test Initiated**************************
************************Test Concluded************************
□ Press “Stop” on the DAQ and IR control programs.
□ Check that all valves have shut.
□ Wait 1 minute before entering the test cell to turn off the GoPro.
□ Turn the run tank load cell to GND
□ Replace block for the sliding load cell.
□ Test Conclusion Procedures
□ If additional tests need to be run, go to start of test execution procedures.
□ Announce “We will now be venting gases in room 127, all personal stay clear”.
□ If you wish to empty the nitrous run tank, follow the nitrous run tank vent
procedures.
 If you do not empty the run tank, make sure to leave a note on the run tank
saying that there is pressurized nitrous in the tank.
□ Close HV-3.
□ Place the N2O vent bucket below NV-1. Slowly open NV-2 & NV-1. Wait until
all liquid/gas escapes. Then close NV-1, NV-2 & HV-1.
□ Close the helium bottle.
 Warning: helium line will remain pressurized as long as the nitrous run
tank is not empty. To de-pressurize helium line, follow nitrous run tank
vent procedures.
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□ Close the helium regulator.
□ Close the nitrogen bottle.
□ Vent the excess nitrogen gas to atmosphere.
 Manually toggle the nitrogen purge valve to on.
 Wait until venting stops and close the purge valve.
□ Close the nitrogen regulator.
□ Turn off the helium digital readout.
□ Quit the control program. This will cause any excess nitrogen to vent out the
system.
□ Turn off the control board.
□ Close shop air ball valves in the machine shop & room 127.
□ Announce “Test completed in room 127”.
□ Wait 10 minutes, then close bay door and turn off the fans in the bay.
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PUC Tank Hot Fire Test:
□ Preliminary Checks
□ Ensure system is configured according to the P&ID diagram.
□ Ensure the regulators on all gas bottles are closed.
□ Insert a prepared fuel grain into the PUC with the paraffin fuel grain side facing
upstream.
 Put a ring of halocarbon grease around the top of the fuel grain before
insertion. This will block any flow paths around the outside of the grain,
protecting the titanium wall.
 Wipe off any excess grease after insertion and clean the O-ring sealing
surface.
□ Ensure a graphite nozzle is inserted into the nozzle housing with cured RTV.
Insert the nozzle housing into the PUC and press until it is tight.
□ Slowly open the N2 bottle and verify that it has at least 1000 psig of pressure
□ Fill the PUC oxidizer tank.
 Fill the N2O run tank using run tank filling procedures.
 When complete, slowly open HV-3 then HV-1. This will fill the lines
with N2O up to HV-4.
 Ensure nobody is standing downstream of HV-5. Slowly open HV-5.
 Slowly open HV-4. This will allow N2O to start filling the PUC tank.
 When liquid is seen escaping downstream of HV-5, Close HV-5 and HV4 simultaneously.
 Close HV-3. This will isolate the N2O in the fill line from the Run Tank
and minimize leaking.
 Close HV-1.
 Vent out the N2O line upstream of HV-1.
□ Ensure that all hand valves are closed.
□ Verify the shop air compressor is connected to all remotely operated valves, the
ball valves in the machine shop and room 127 controlling the air are open, and
the pressure is greater than 70 psig in room 127 (____________ psig).
□ If this is the first test of the day, perform N2 system purge to clear system of any
moisture.
 The N2 purge line may have to be moved to ensure it clears all of the
moisture. If so, cap the N2 inlet after purge line removal and be
conscientious of any N2O that may still be in the run tank.
□ Test Setup Procedure
□ Insert igniter into the fuel grain with the wires going out one of the diagonal
igniter ports.
□ Setup the GoPro to record the test.
□ Setup the IR camera(s) to monitor the test cell
 Only do this after 2nd or 3rd successful hot fire test. The camera is very
expensive. Handle it with care.
□ Turn on the charge amp for the run tank load cell and set it to ground.
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□ Verify that the Instrunet World setup for the Hot Fire Test is opened and all
necessary channels are displayed in the record tab.
□ Verify sampling rate is 1000 Hz.
□ Ensure all pressure transducers and thermocouples show appropriate baseline
values on the data acquisition system.
□ Ensure nitrogen purge line three-way hand ball valve is aligned with LGCP.
□ With control board off, open the program, “PUC Tank Hot Fire Test”.
□ Start running the program.
□ Turn on the control board.
□ Test execution Procedure
□ Ensure all non-testing personnel are clear from the test cell and fenced in area.
□ Set the nitrogen regulator to amount specified on test data sheet (____________
psig).
□ Verify oxygen line hand valve and cluster hand valves with bottles are closed.
□ Slowly open HV-4. This will fill the oxidizer line with N2O up to the solenoid
valve so that nitrous can start to flow into line.
□ Make an announcement for starting the hot fire test: “We will be conducting a hot
fire test in room 127. Please stand clear of the test cell and fenced-in area.”
□ Check all timing parameters.
□ Wire e-match
 Check for continuity
□ Re-check all regulators.
□ Press “record” on the GoPro
□ Press “record” on the IR software, if applicable.
□ Press record on the data acquisition system.
□ Use the control program to initiate the test.
************************Test Initiated**************************
************************Test Concluded************************
□ Press “Stop” on the DAQ and IR control programs.
□ Check that all valves have shut.
□ Open HV-4
□ Wait 1 minute before entering the test cell to turn off the GoPro.
□ Replace block for the sliding load cell.
□ Test Conclusion Procedures
□ If additional tests need to be run, go to start of test execution procedures.
□ Announce “We will now be venting gases in room 127, all personal stay clear”.
□ If you wish to empty the nitrous run tank, follow the nitrous run tank vent
procedures.
 If you do not empty the run tank, make sure to leave a note on the run tank
saying that there is pressurized nitrous in the tank.
□ Close HV-3.
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□ Place the N2O vent bucket below NV-1. Slowly open NV-2 & NV-1. Wait until
all liquid/gas escapes. Then close NV-1, NV-2 & HV-1.
□ Close the helium bottle.
 Warning: helium line will remain pressurized as long as the nitrous run
tank is not empty. To de-pressurize helium line, follow nitrous run tank
vent procedures.
□ Close the nitrogen bottle.
□ Loosen PUC mount so that system venting can be used to blow the nozzle
assembly from the back of the PUC.
□ Vent the excess nitrogen gas to atmosphere.
 Manually toggle the nitrogen purge valve to on.
 Wait until venting stops and close the purge valve.
□ Close the nitrogen regulator.
□ Turn off the helium digital readout.
□ Quit the control program. This will cause any excess nitrogen to vent out the
system.
□ Turn off the control board.
□ Close shop air ball valves in the machine shop & room 127.
□ Announce “Test completed in room 127”.
□ Wait 10 minutes, then close bay door and turn off the fans in the bay.
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APPENDIX E Nozzle Size Estimation Algorithm
Variables given
𝑚̇𝑜𝑥 = 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒
𝐴𝑝 = 𝑝𝑜𝑟𝑡 𝑎𝑟𝑒𝑎
𝑆𝑓 = 𝑓𝑢𝑒𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝜌𝑓 = 𝑓𝑢𝑒𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝐴0 = 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 𝑁2 𝑂 𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
𝑛 = 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 𝑁2 𝑂 𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡
𝑐 ∗ = 𝑒𝑥ℎ𝑎𝑢𝑠𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝜂𝑐 ∗ = 𝑐 ∗ 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

Calculations
𝐺𝑜𝑥 =

𝑚̇𝑜𝑥
𝐴𝑝

𝑟̇ = 𝐴0 𝐺𝑜𝑥 𝑛
𝐺𝑓 =

𝑆𝑓 𝑟̇ 𝜌𝑓
𝐴𝑝

𝑚̇ 𝑇 =

𝐺𝑜𝑥 + 𝐺𝑓
𝐴𝑝

𝑐 ∗ 𝜂𝑐 ∗ 𝑚̇ 𝑇
𝐴𝑡 =
𝑃𝑐
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APPENDIX F Chamber Pressure FFT Results

Single-sided frequency response analysis of the chamber pressure of each test
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