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1. Introduction

1.1 2024-2025 Team
Rockets Leads:

Michael Sheehan
Valentina Marini Fichera
Skylar Bogdanowitsch

Propulsion—-Fluids Leads:

Aadam Awad
Vayu Singhal

Propulsion—-Combustion Chamber Leads:

Chris Acosta
Tingmeng Wang
Raisa Effress

Electronics Leads:

Alex Chen
Ania Roza Krzyzanska
Tieqiong Zhang

Structures, Test, Integration, and Launch Operations Leads:

Alec Gonzalez
Julian Conigliaro

1.2 Ownership

Propulsion—Fluids will be responsible for designing, manufacturing, procuring, assembling,
inspecting, and testing all liquid oxygen and nitrogen pressurant hardware. They will serve as
the local experts for any cryogenic handling, oxygen safety, or other oxidizer-related questions.
They will manage and coordinate the delivery and handling of consumables, including the
liquid oxygen dewar, during testing and launch. They will also exclusively operate any
pressurized or cryogenic equipment during filling operations.



Propulsion—-Combustion Chamber will build the hybrid rocket motor thrust chamber. They are
responsible for ensuring oxygen compatibility in the injector manifold and designing the thrust
chamber for combustion of liquid oxygen.

Electronics will build the ground station and flight computer. They are responsible for ensuring
constant communication of valves and sensors on-vehicle and in GSE with the team on the
ground.

Test stand, launch operations, and structures are responsible for the structural integrity of the
test stand and overall test/launch operations.

1.3 Overview

For the 2024-2025 school year, the Columbia Space Initiative (CSI) Rocketry Team is aiming to
develop a liquid oxygen (LOX) and Paraffin wax hybrid rocket motor. Historically, our hybrid
rocket program has used Nitrous Oxide (N,O) as the oxidizer for a Paraffin wax fuel grain. This
was advantageous because Nitrous is readily available, self-pressurizing, and has more relaxed
compatibility requirements due to the lower oxygen density.

1.4 Performance Benefits

To continue improving on our propulsion technologies, we now aim to build a hybrid rocket
motor with LOX as the oxidizer. This offers several benefits:

e Higher specific impulse: LOX has a higher thermochemical combustion efficiency,
enabling our hybrid to approach modern liquid rocket engines in performance while
maintaining the safety and reliability of hybrid rocket propulsion systems.

e Lower OF Ratio: Because the number of oxygen atoms per molecule is higher, we require
less oxidizer mass to produce the same amount of impulse.

e Higher density: Stored as a cryogenic fluid, LOX has a 50% higher density than
autogenously pressurized Nitrous Oxide.

Based on chemical equilibrium analysis at a 400 psia chamber pressure, nitrous/paraffin has a
max theoretical vacuum ISP of 269s, while LOX/paraffin has a max theoretical vacuum ISP of
313s. This is a 16% boost in performance without considering the additional benefits of mass
savings from lower mass and volumetric flow rates for overall vehicle performance.



1.5 Additional Risks

LOXis the standard for all modern launch vehicles and non-storable in-space applications as
the highest performance non-toxic oxidizer. There is extensive documentation on how to safely
store and transfer LOX for aerospace, medical, and industrial applications. Subsequently, there
are several new challenges introduced by using LOX:

e Cryogenic storage: LOX is a liquid from -183°C to -219°C at atmospheric pressure, and is
supercritical at -119°C. This imposes strict sealing and low-temperature materials
requirements. We propose redesigning all seals to use exclusively Teflon (PTFE), as this
is well-documented as a cryogenic seal material.

e Oxidizer safety: As an oxidizer, LOX is highly susceptible to foreign object debris (FOD),
any trace hydrocarbon oils, and some metals depending on flow conditions. We propose
pivoting to constructing valves from ox-compatible 300 series stainless steels, namely
304 and 316 alloys, and outsourcing Type III hard anodization for all wetted 6061-T6
pressure vessels.

e Ullage pressurization: LOX requires an ullage pressurant to create a positive injector
pressure. We propose using gaseous Nitrogen, which is commonly used as a LOX
pressurant.

1.6 Risk Acceptance Rationale

Despite these engineering challenges, there are several reasons we believe that we can
successfully implement LOX for the upcoming rocket development cycle:

e Inherent hybrid safety: Hybrid rockets are considered the safest form of rocket
propulsion technology because the fuel and oxidizer exist in different phases, therefore
the fuel can only combust at its local regression rate (the rate at which fuel combusts
with oxidizer).!

e Non-frangible pressure vessels: Our pressure vessels are constructed exclusively of
6061-T6 aluminum, which is a non-frangible material. This means that even in the event
of a thrust chamber burn-through the pressure vessel will deform plastically and not
release any high-velocity shrapnel, as it would with a ferritic pressure vessel,
maintaining range safety. We sustained two burn-throughs during the 2023-24 iterative
development cycle that validated this principle.

! Story, George Large Scale Hybrld Motor Testmg NASA Technical Reports Server, 12 Apr. 2006,
) D ad pdf. Page 3



https://ntrs.nasa.gov/api/citations/20060047689/downloads/20060047689.pdf
https://ntrs.nasa.gov/api/citations/20060047689/downloads/20060047689.pdf

e Testing experience: We’ve performed over a dozen static fires of Valkyrie Mk. 1 and
Valkyrie Mk. 2, the engines for the 2022-23 and 2023-24 engine development cycles.
Incorporating these lessons into a higher performance LOX-Paraffin system will
maximize our chance success.

e Flight heritage: After 4+ years of testing and 2 years of launching Nitrous-Paraffin
hybrids, we’ve developed and proven several key technologies, including 1” diameter
valves with nitrous-compatible seals, nitrous-compatible pressure vessels, and reliable
remotely-operated GSE.

e Competition coordination: At our most recent launch at FAR, a combination of a lack of
integrated vehicle testing (a wet dress rehearsal) due to campus closures and
communication lapses between ourselves, the competition leads, and launch site
administrators, led to an unnecessary, additional safety valve that ended up leaking,
limiting our performance. Importantly, this did not lead to the introduction of any
additional risk. We’ve since taken action to create open communication channels with
the FAR-OUT competition to prevent this.

e Safety record: CSI Rockets has never sustained any member injuries, due to
well-designed systems and contingencies, proper material selection to minimize risk in
an off-nominal event, remote operation during testing, hydrostatic proof testing of all
pressure vessels, and a safety-first culture. We have every intention of continuing to be
prudent in this regard, and paying full attention to all safety precautions we have in
place.

The purpose of this document is to outline what the risks of LOX are, how CSI Rockets will
mitigate those risks through design, material selection, assembly, testing, and operations, and
what precautions we propose to prevent injury during LOX handling and engine testing.



2. Proposed System

2.1 Piping and Instrumentation Diagram
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2.2 Pressure Vessel Testing

To verify all pressure vessels are safe for high pressure operation, we employ hydrostatic proof
testing to 1.5x MEOP for 2x the expected fill-to-fire duration. All pressure vessels are designed
for a minimum burst factor of 2x MEOP, but we do not perform burst tests.

This method has been successfully employed for all legacy pressure vessels. A new
requirement we will implement is imposing strict requirements on the hydrostatic test fluid
composition to ensure it does not add any additional FOD to the system. Our hydrostatic testing
plan is as follows:

Fill pressure vessel with Type II dionized water filtered to 10 microns.

Test personnel put on safety glasses.

Water is pumped from the distilled water supply into the pressure vessel through a filter.
The drain valve is closed once a steady stream of water has begun flowing from the top
of the tank.

Hydrostatic pump is operated, raising the tank pressure in 250 psi increments.

=N =

o o

At each increment, test personnel observe the pressure gauge for at least a minute to
ensure there is not a noticeable pressure drop.

7. If a pressure drop is observed, the test is aborted and leaks are identified.

Once the tank has reached 1.5x MEOP, a timer is started.

9. After 2x fill-to-fire has passed, the tank is depressurized and considered proof tested.

*

Hydrostatic testing is low risk because water is an incompressible fluid. This means that as
pressure is applied, the stored energy inside the tank remains the same. In addition, our
pressure vessels are constructed of non-frangible 6061-T6 aluminum alloy.

A key risk in the hydrostatic testing procedure is the presence of any trapped air during the fill
process. To mitigate this risk, the tank will be manipulated to liberate any air bubbles in crevices
or instrumentation ports.

Currently we do not have a fixed site for hydrostatic testing — we have previously performed
testing at Columbia Nevis Labs, Carleton Laboratories, and Fairway Parking Lot with support
from staff in Mechanical Engineering and the Makerspace.

2.3 Cryogenic Testing

After a pressure vessel has been successfully proof tested in a hydrostatic pressure test, we will
then perform cryogenic cold flow testing with liquid nitrogen. Liquid nitrogen was selected
because it operates at a slightly lower temperature than liquid oxygen, is completely inert, and
is readily available.

2 ASTM G93 X9.6.1



The proposed LN2 cryogenic testing plan consists of the following:

Oxygen-clean system is fixtured on the CSI vertical test stand at Nevis Laboratories.
All personnel except critical testing personnel evacuate the test site to a safe location.
Pressure cart is configured for a pressure test and the GN2 bottle is opened.

The regulator is set to 850 psi. Propulsion-Fluids personnel confirm visually on gauges.

SAN IR

The pressurant bottle is then closed. This is to ensure accidental pressurization does not

pose a risk to the test team.

6. Two Propulsion—Fluids personnel don cryogenic PPE and transport the dewar to the
vertical test stand.

7. They connect the Nitrogen dewar to the oxidizer system while wearing all PPE specified
in Section 2.6.

8. Electronics continuously monitor vertical test stand load cells during fill.

9. GN2 is vented through the system as components reach cryogenic temperatures.

10. LN2 can begin flowing, Electronics will provide regular fill information to the
Propulsion-Fluids team via walkie-talkies.

11. At the completion of LN2 fill, the Propulsion-Fluids team closes the fill valve. They then
disconnect the fill line and retreat with the dewar.

12. The last test team member reopens the GN2 bottle. All personnel should clear the site.

13. After all personnel are clear of the test site, Electronics actuates the pressurant fill
solenoid.

14. Tank pressures are monitored remotely via redundant cryogenic pressure transducers.

15. The pressurant fill solenoid is closed and the system is monitored for 30 minutes.

16. GN2 is then vented via ox vent solenoid.

17. When pressures are recorded as low, the site is considered safe and test personnel may
approach to shut the GN2 bottle and reattach the dewar for LN, dumping.

18. Any cryogenic hardware may still be extremely cold and should not be handled without

the appropriate PPE.

Only superficial external inspections will be performed after the test to preclude the risk of
introducing contaminants or FOD into the system. If the system is confirmed to be leak proof
after the duration of the cryogenic pressure test, we will also conduct a cryogenic main valve
actuation test. Notable differences for the cryogenic main valve actuation test:

e Pressurant will be provided from an onboard COPV
e Valve actuation will be triggered by the flow of pressurant into the oxidizer tank
e LN, plume will be directed downwards, into the ground.

No cold flow tests will be performed with liquid oxygen due to ignition risks of dumping
extremely high concentrations of oxygen into the ambient environment.



2.4 Material Compatibility
We propose exclusively employing the following materials in LOX or GOX wetted systems:

e Pressure vessel: Type III anodized 6061-T6 aluminum alloy
e Valves: 304 stainless steel, 316 stainless steel, brass
e Seals: Polytetrafluoroethylene (PTFE), or Teflon

Type Il anodized 6061-T6 is proposed as the tank material due to its superior
strength-to-weight ratio, machinability, and non-frangible deformation cases.

Aluminum can act as a fuel in oxygen-rich environments, but this risk is accepted for the
following reasons:

e Flow velocities in pressure vessels are low
e Type III anodization in accordance with MIL-STD-8625 develops a 2mm layer of
aluminum oxide on the surface.
o Particle impact tests up to 561K had no ignition in pure oxygen on 6061-T6
aluminum with a Type III hardcoat, 1.97mm thickness.’
o Verification of anodization thickness can be done non-destructively in accordance
with ASTM B244-09. This is pending coordination with a local anodization firm
that may have in-house NDT capabilities.

Stainless steel also had extensive literature regarding oxygen compatibility. Based on particle
impact tests in pure oxygen environments, a maximum designed feedline velocity of 30 m/s is
recommended to minimize risk of ignition.*

PTFE is recommended as the primary seal material due to its exceptional performance at low
temperatures. Elastomers, including Buna-N, Fluorosilicone, and Viton, cannot be used at
cryogenic temperatures because the low temperatures induce embrittlement and a subsequent
failure to seal.

3 Forsyth, E, & Stoltzfus, J. "Ignition Resistance of Hard (Type Ill) Anodized Aluminum to Particle Impact."
Flammability and Sensitivity of Materials in Oxygen-Enriched Atmospheres: Eighth Volume. Ed. Chou, T,
Royals, W, & Steinberg, T. 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959:
ASTM International, 1997.

4 Vasanth C. Shunmugasamy, Gwenael J.A. Chiffoleau, Elliot Forsyth, Nicholas J. Laycock, Alfred Kruijer,
Bilal Mansoor,On the metals compatibility assessment for oxygen service,

Journal of Loss Prevention in the Process Industries,Volume 74,2022,104670,ISSN 0950-4230,

https://doi.org/10.1016/}.jlp.2021.104670.
(https://www.sciencedirect.com/science/article/pii/S095042302100276X)
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2.5 Valve Safety

Cryogenic valve design poses a challenge for several reasons. First, valves are typically the
smallest restriction in their constituent systems and thus have the highest flow velocities. This
poses a risk of FOD damage and subsequent autoignition of the valve material.

The second risk, particularly with ball valves in a shut state, is the isochoric expansion of
cryogenic fluids into the gas phase at room temperature, creating pressures in excess of 20,000

psi.

As an economical solution for the amateur rocketry scale, it is common to modify standard
3-piece ball valve designs for cryogenic compatibility. 3-piece Teflon-sealed 316 Stainless Steel
ball valves are available from reputable manufacturers such as Swagelok. We propose
purchasing these valves, disassembling them, drilling a 1/16” venting hole in the ball valve
such that it seals in a zero back pressure case, cleaning them according to the procedure outlined
in Section 3.2 of this document, and reassembling for cryogenic use.

If this is not considered an acceptable solution, we may also explore the purchase of commercial
valves designed for use in cryogenic conditions, though this is not preferred due to the high
cost.

2.6 Lubrication

Any lubrication used must be oxygen-compatible. This excludes all hydrocarbon-based
lubricants, and typically favors synthetic silicone lubricants such as Krytox. The team has
previously used Krytox GPL-206 as an oxygen-safe lubricant for room-temperature nitrous
oxide storage, but this is now precluded to due the temperature requirements.

We propose suspending the use of lubricants for seal installation and maintenance for all wetted
cryogenic components. This is due to the slippery nature of Teflon (PTFE) as a material and its
exclusive use in all components as a sealant.

2.7 Cryogenic PPE
Personal protective equipment (PPE) is the last line of defense for cryogenic safety. After we
have taken the above measures, we will also equip team member(s) operating the cryogenic

dewar, fill line, and valves with the appropriate PPE to ensure safe transfer and fill operations.

The following PPE will be purchased and used for cryogenic use, based on Columbia EH&S
guidelines”:

5 https://research.columbia.edu/sites/default/files/content/EHS/Brochures/CryogenicsBrochure.pdf
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e TFace shield
e Elbow-length gloves (58”)
e Apron

The operator must also be wearing pants, closed-toe shoes, and long sleeves during operation.
We propose purchasing the Gerf cryo safety kit for operation of valves during cryogenic
transfer. Two personnel will be equipped with cryo safety gear who are members of the

Propulsion-Fluids team and have been trained in cryogenic safety, at least one of which is a lead
with comprehensive system knowledge.

2.8 Cryogenic Insulation

To prevent excessive boil-off from heat flowing into the oxidizer tank from the ambient
environment, we propose installing Aerogel Cryogel Z insulation. This is a thin, lightweight
material with a heat flux of 14 mW/m K.

T, - Ty

— —k
1 L

Assuming an ambient temperature of T; = 100°F (38°C) in the Mojave desert, and a LOX
temperature of T, = —170°C, the net heat flux through the wall is 184 W/m>.

We have not completed engine sizing yet, but a notional tank length based on our previous
vehicles is 36” length with a 6” outer diameter. This is a total surface area of 678.6 in”2, or 0.438
m”2. Taking the product with the heat flux, we should expect a total of 80.55 W during fill.

The enthalpy of vaporization of LOX to GOX is 6.82 k] /mol. Applying the heat flux calculated
for Cryogel Z, the expected boil-off rate is 84.6 s/mol vaporized, or 0.0118 mol/s. This
represents a mass flow rate of 0.33 g/s, or 19.86 g/min.

Applying the ideal gas law to calculate the pressure rise with a designed 10% ullage volume at
max fill, we find a 93.48 in”3 = 0.00153 m”3 volume would require 11.43 moles to boil off before
the rupture disk would burst. At the proposed heat flux, that would take around 16 minutes,
which is ample time for all personnel to clear LOX fill in the event of an unresponsive valve.

2.9 Static Fire Procedures

As stated in Section 2.3, this proposal does not currently include LOX cold flow testing due to
the ignition risk posed by dumping LOX onto the ground in our vertical test stand
configuration. Thus, LOX should only be released after being combusted with fuel in the
combustion chamber. However, in the event of an ignition failure, we will coordinate with the

launch operations to design a contingency around LOX release.

LOX fill will proceed analogous to LN, fill for static fire and launch operations.

12
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3. Proposed Oxygen Cleaning Program

3.1 Standards Applied

The primary oxygen cleanliness guideline used to develop this proposal are ASTM
G93/G93M-19. Ultrasonic cleaning guidelines are specified by ASTM G131-96, and solvent
guidelines are specified by ASTM G127-15.

All components are to be cleaned in their disassembled states, or procured in a clean state. For
example, for a valve build the individual components would be cleaned and inspected, then the
component would be assembled. Components should not be cleaned in their assembled state
due to risks associated with incomplete cleaning and entrapment of solvents in mating surfaces.

Many vendors offer components cleaned to oxygen standards. We propose these components
not be subject to additional cleaning, but nonetheless that care is taken to maintain their oxygen
cleanliness.

3.2 Proposed Cleaning Procedure

The proposed cleaning procedure was developed from the ASTM G93 framework. Based on the
literature, advice from rocketry experts in the community, and past experience cleaning
hardware, we propose:

1. Vacuuming and blowing: Use compressed air to remove loose dirt, slag, or chips.®
Ultrasonic cleaning: Immerse component in ultrasonic bath with the appropriate
cleaning solvent. Operate the ultrasonic cleaner for a specified duration based on the
part geometry and overall size.

3. Rinse: Wash all parts with Type II DI water to remove any trace solvents.

4. Dry: Blow with warm nitrogen gas or warm air from an oil-free compressor to dry off
remaining water.

5. Bag: Place the part in a sealed bag for storage until assembly.

3.3 Ultrasonic Cleaning

Components machined in-house by CSI Rockets Prop-Fluids and Prop-CC in contact with
gaseous or liquid oxygen will be cleaned via ultrasonic means. This is primarily to remove any
oils, including coolant, and FOD on the surface of the finished part. The specifications for
ultrasonic cleaning are provided by ASTM G93 Section 6.1. The current ultrasonic cleaning
capabilities in the Makerspace are as follows:

e 20-80° C temperature control

® ASTM G93 8.2.5
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e 24 W/L ultrasonic power output
e 40 kHz ultrasonic frequency

This meets the specifications outlined in ASTM G93 Section 6.1. The solvent proposed for this
application is the following:

Extreme Simple Green® Aircraft & Precision Cleaner

It will be diluted 13:1 with Type II DI water in the ultrasonic bath before parts are cleaned for a
suitable period. All water used in the cleaning process is of Type II specification in accordance
with ASTM D1193-06.

3.4 Post-Cleaning Inspection

A post-cleaning inspection plan was developed from the recommendations in ASTM G93.
Inspections are key for maintaining quality control and verifying that the cleaning procedure
was executed appropriately.

1. Visual inspection: Ensure no clear evidence of dirt, grime, or metal chips on the part.”
Ultraviolet inspection: UV light reveals many hydrocarbon oils that fluoresce.®

3. Wipe test: Use a clean white lint-free paper or cloth to gently wipe the surface and
inspect the cloth to ensure that no residue is visible.”

4. Environmental Health and Safety Q&A

4.1 Material Compatibility

What is your system made of? Are all materials in the system compatible with
oxygen?

The system is constructed primarily of three materials: anodized 6061-T6 aluminum, 300
series stainless steel (primarily 304 and 316 alloys), and Teflon (PTFE) seals for cryogenic
compatibility. All materials were selected for material compatibility with oxygen in their
respective roles in the system. Specifically, care is taken to ensure that the ‘fire triangle’
never has all three components:

e Fuel
e Oxygen
e Heat

"ASTM G93 11.4.1.1
8 ASTM G93 11.4.1.2
® ASTM G93 11.4.1.3
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In this case, any metal can serve as a fuel at sufficiently high temperatures, and the
environment clearly has an abundance of oxygen. Therefore, care is taken to ensure there
are no sources of heat outside the combustion chamber. This is accomplished through
three means:

e Low-velocity flow: Oxygen flow in components is parameterized based on flow
type (LOX or GOX), material, and operating pressure. All tubing and valves are
thus sized such that under operating conditions flow does not exceed this
velocity.

e FOD Prevention: Any debris in a high velocity line with sufficient momentum
can create a spark. We set a maximum allowable particle size and size the flow
velocity such that FOD of that size or smaller does not pose a fire risk.

e Oxygen Cleanliness: Similar to FOD prevention, cleaning all components to an ox
clean standard eliminates contimants that could autoignite in the presence of
GOX or LOX.

4.2 Oxygen Quality
Do you plan to use pure oxygen?

Yes, we plan to source industrial-grade liquid oxygen. It will be pressurized with ultra
high purity gaseous nitrogen, which is an inert gas and poses no fire risk. GN, is widely
used in the rocketry community and launch industry as a LOX pressurant.

The specifications for ultra-high-purity GN, is 99.999% N,, with 1 ppm of O,, H,O, THC,
CO, and CO,respectively.

4.3 System Pressure
What pressure to you intend to maintain in the system?

The system has a maximum expected operating pressure (MEOP) of 850 psig, and has a
commercial rupture disk with a set pressure of 1000 psig and tolerance of +6%/-3% of
the specified burst pressure, with an additional +- 5% burst tolerance per unit. Based on
the batch delivered to us by the manufacturer, this translates to a burst pressure band of
921.5 — 1113 psi. The tank pressure will never exceed this value, establishing a maximum
allowable working pressure (MAWP) of 1113 psig. The rupture disk has an effective
diameter of 0.25 inches, and is mounted in a 316SS body. The outlet of the rupture disk
will be directed outside the launch vehicle into the ambient air, and oriented in a safe
direction during testing and launch operations.

15



For safety reasons, and for compliance with the FAR-OUT competition, we hydrostatic
test all pressure vessels to 1.5x MEOP for double the fill-to-fire duration. For the liquid
oxygen tank, this is a proof pressure of 1275 psi, and for the pressurant COPV this
translates to a 6750 psi proof pressure. See Section 2.2 for more information.

The tank has a designed-for burst pressure of at least 2x MEOP, however it will not be
burst tested. We have successfully designed, proof tested, and flown oxidizer tanks in
the past with this hierarchy of tests.

4.4 Oxygen Fire Mitigations

Fires with oxygen can start suddenly and can burn very quickly. What are you doing
to ensure only the LOX burns?

Upstream of the combustion chamber, there should not be the conditions present for
combustion of LOX or GOX. This will be accomplished by implementing and executing
industry-standard oxygen safety procedures as specified in ASTM G93 and discussed in
Section 3.

Within the combustion chamber, materials and components are selected for oxygen
compatibility. Some materials, like phenolic ablative, are designed to burn at a controlled
rate to thermally insulate the pressure-bearing aluminum walls. Because we are
developing a novel hybrid rocket engine there is a risk of the combustion chamber
“burning-through.” This does not pose a risk to the wider system because (a) of the
infrangible aluminum walls and (b) constant pressure gradient between the ox feed tank
and combustion chamber that prevents backflow.

What are you doing to prevent other things from being oxidized?

All materials are selected based on compatibility with either LOX or GOX in their
respective environments. This is limited to anodized 6061-T6 aluminum for pressure
vessels and 304/316 stainless steel for valves.

See Section 3 for a discussion of proposed oxygen cleanliness procedures.

What will ensure no sparks are being produced, creating a greater risk for a
fire/explosion?

Oxygen fire mitigation is performed through FOD minimization, oxygen cleanliness of

all wetted components, material compatibility, and system design to prevent
high-velocity GOX in the ullage and venting systems.

16



How are you ensuring the reaction is occurring in a unilateral direction? Will you
have some sort of flashback or spark arrestor included in the system?

We will not have a spark arrestor in the system. The oxidizer feed tank will operate at
300-500 psi higher than the combustion chamber pressure (400 psi MEOP), ensuring
unilateral flow into the combustion chamber. In the event the oxidizer tank pressure
drops due to a malfunction, the engine will also shut down due to a lack of oxidizer
mass flow.

4.5 Pressure Vessel Relief Design
Is the reaction happening in a closed container?

Yes, both oxidizer storage and combustion take place in pressure vessels. The
combustion chamber has a nozzle which chokes the flow and produces thrust, while the
oxidizer tank has both control valves and pressure relief devices, active and passive.

Can any part of the system over pressurize? If the system over pressurizes, what will
happen?

The oxidizer tank cannot exceed our tested proof pressure due to the integral rupture
disk. However, in the event that it still exceeds proof pressure in either the oxidizer tank
or combustion chamber, we intentionally construct all pressure vessels from 6061-T6
aluminum.

6061-T6 aluminum is distinguished from stainless steel in that it deforms elastically,
rather than frangibly, even at cryogenic temperatures.” In the event of an overpressure
event, the tank would yield without releasing high-energy shrapnel that is characteristic
of frangible pressure vessels.

Some components in the system, such as valves and tubing, will be constructed from
stainless steel to derisk particle impacts at high flow velocities. To eliminate high-energy
failure modes they will be designed for 2.5x burst pressure and tested to 2x MEOP, as
opposed to 1.5x with the 6061-T6 aluminum pressure vessel. Flow velocities for various
materials are specified in Section 2.4.

1% Jin, Minsoo & Lee, Byungju & Yoo, Jisung & Jo, Yonghee & Lee, Seunggun. (2024). Cryogenic
Deformation Behaviour of Aluminium Alloy 6061-T6. Metals and Materials International. 30.
10.1007/s12540-023-01594-5.
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How do you know the LOX won't change state and create an over pressurized system
when it becomes gaseous 02?

Our proposed system design includes active and passive relief devices. In a nominal
case, our ground electronics will vent off GOX such that system pressures do not exceed
225 psi (0.25x MEOP) during manual fill. If the ground electronics fail, LOX boil-off rates
are expected to be approximately 20 grams per minute.

In this case, ground personnel will have 15 minutes before LOX pressures exceed tank
MAWP.

4.6 Flow Rates and FOD

What is controlling the release of LOX into the system? What is the lowest threshold
volume of LOX that could cause the system to over pressurize?

LOX fill is controlled by the liquid valve on the dewar. During a static fire, a run valve is
used to permit the flow of LOX into the combustion chamber. An igniter triggers the
fuel-oxygen mixture to combust, generating thrust.

How will you control the flow rate to ensure the reaction does not happen to quickly,
creating an unintended increase in pressure or temperature?

The flow rate is controlled by the injector. It is precision machined with a given flow area
designed to ensure the oxidizer mass flow rate is at the designed value. If the injector is
over or under sized it will not cause overpressurization of the combustion chamber
because the combustion reaction will be either fuel or oxidizer rich, which will lead to a
decrease in performance and lower chamber pressure.

How will you ensure there are no blockages in the gas line that could over pressurize
the system or start a fire?

All oxygen transfer lines will be cleaned in accordance with ASTM G93. The main LOX
valve will include an integral filter that rejects particles larger than 50 microns. We’ve
also specified maximum flow rates in Section 2.4 that have supporting literature for
ignition points of the constituent metals in an oxygen-rich environment.
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4.7 System Maintenance and Inspection

What maintenance checks will be performed between launches to ensure the system
is maintained in working order? How will you clean the system?

After the completion of a static fire or recovery of the motor after a launch, we will
disassemble the injector manifold to inspect for any backflow. If we see evidence of

backflow, it will warrant full system disassembly and cleaning using the specifications
detailed in Section 3.

5. Definitions

MEOP: Maximum Expected Operating Pressure

Highest system pressure within nominal operating parameters.
MAWP: Maximum Allowable Working Pressure

Highest system pressure before relief device engagement.
FOD: Foreign Object Debris

Small particles or contaminants trapped in a system.
COPV: Composite Overwrapped Pressure Vessel

Lightweight high-pressure tank typically made of a metallic liner and wrapped
with composite fibers, used to store high pressure GN2.

GSE: Ground Support Equipment
All electronics, valves, consumables, and tanks used to support testing and
launch operations. This includes the ground station, LOX dewar, GN2 pressurant
bottle, instrumentation panel, and other equipment.

WDR: Wet Dress Rehearsal
Nomenclature for a simulated launch, where all propellant and pressurant tanks

are filled to flight-like conditions without performing an engine ignition or
launch. Designed to validate valves, electronics, and procedures.
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LOX: Liquid Oxygen

Proposed hybrid rocket oxidizer
GOX: Gaseous Oxygen

Low pressure gaseous oxygen exists in equilibrium with LOX.
LN2: Liquid Nitrogen

Inert cryogenic fluid used for low-temperature proof testing.
GN2: Gaseous Nitrogen

Pressurant gas regulated from a COPV.
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