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Abstract

Particle impact ignition is an important source of metal fires in the high-pressure oxygen
environments found in the turbines of oxygen-rich turbopumps. Understanding of particle impact
ignition has been hindered by experimental challenges in reproducing this phenomenon under
controlled laboratory conditions. This study addresses these challenges through the development
of a specialized particle impact rig that integrates laser-induced particle impact testing (LIPIT) into
an oxygen-compatible pressure vessel, thus enabling precise control over environmental
conditions (target temperature, oxygen pressure) as well as impact variables (particle size/shape,
impact velocity). This thesis describes the design of the oxygen-compatible pressure vessel,
emphasizing considerations such as stress analysis, materials selection, oxygen-compatibility, and
integration with the LIPIT system. The thesis concludes with pathfinding experiments successfully
demonstrating particle ignition in a prototype rig, providing in situ images of single particle
ignition events using application-relevant materials and particle sizes. Future work will use this
rig to characterize the effects of operating conditions and material choices on susceptibility to
particle impact ignition with a view toward developing more durable oxygen-compatible hardware
for next-generation staged combustion rocket engines.
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CHAPTER 1: Introduction

1.1 Background

The development of reusable rocket engines presents a set of challenges distinct from those
encountered in conventional expendable rocket engines [1]. These challenges arise from such
factors as rapid thermal transients, extreme thermal gradients, high heat fluxes, and high-pressure
oxygen environments, which push materials to their physical limits and give rise to potentially
catastrophic failure modes. The thrust chamber, turbopump, and nozzle are the three critical
components that limit the service life of a reusable rocket engine. Each component operates under
unique conditions, experiences different failure modes, and requires careful consideration of
materials selection. Oxygen-rich turbopumps, for instance, can fail via metal fires that result from
frictional ignition or particle impact ignition, necessitating the use of specialized oxygen-
compatible materials and coatings. Currently, high-strength superalloys are often used as rotors in
oxygen-rich turbopumps despite their flammability, underscoring the need for a deeper
understanding of the underlying ignition phenomena and the development of new ignition-resistant
materials [1].

In high-pressure oxygen-rich environments, foreign/domestic object debris (FOD/DOD)
impacting other components represents a concern in terms of ignition mechanisms. FOD/DOD
particles in oxygen-rich chambers are accelerated to flow path velocities. As the flow path changes
direction, these particles can impact surfaces, resulting in particle ignition due to the transfer of
kinetic energy. The ignition of the particle acts as kindling, and the ignition process propagates to
the impacted component. The oxidizer-rich preburner and turbine in oxygen-rich staged
combustion and full-flow staged combustion rocket engines operate under pressures of several ksi
of oxygen [1]. This high oxygen pressure increases the risk of metal ignition. To mitigate this risk
effectively, the characterization of particle impact ignition of metallic alloys under representative
operating conditions is needed to gain a deeper understanding of this ignition mechanism to ensure
the safety and reliability of rocket engines.

During development of the space shuttle main engine, NASA White Sands Test Facility (WSTF)
conducted experiments to rank and characterize the ignition behavior of metals in high-pressure
gaseous oxygen. WSTF tested multiple metals under fixed conditions and published the results [2]
providing the foundation for selecting materials suitable for oxygen-rich environments. However,
advancements in alloys, manufacturing techniques, and particle impact testing methods have been
made since then.

Particle impact ignition tests have historically involved directing a stream of gaseous oxygen,
carrying one or more particles, onto a test sample [2]. These tests can be conducted in either

supersonic or subsonic conditions, with experimental variables including oxygen pressure,
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temperature, velocity, and particle characteristics. In supersonic tests, the gas temperature can
reach 800°F, and particle velocity and pressure at the target increase gradually with the target
temperature. Subsonic tests, on the other hand, allow for variations in gas velocity by using
different orifice sizes. Temperature effects are influenced by factors such as particle size and ease
of oxidation, typically resulting in increased ignitability with higher temperatures, but oxidation at
elevated temperatures can reduce it.

The main objective of this thesis was to introduce a novel tool for investigating particle impact
ignition in a controlled, high-pressure oxygen-rich environment. The focus was on enabling the
observation of particle impact and ignition events in real time, ensuring safety while operating
within a wide range of pressures and particle velocities.

1.2 Laser-Induced Particle Impact Testing

Laser-Induced Particle Impact Testing (LIPIT) is a recently developed technique for launching
particles at targets under controlled conditions [1]. It is especially well-suited for studying particle
impact ignition as its capabilities align well with the combinations of particle size and speed
commonly encountered in applications (Figure 1.1). Another important advantage of LIPIT is it
can be fitted with in situ imaging capabilities which offer microscale spatial resolution and
nanosecond temporal resolution, potentially enabling direct observations of particle burning.
LIPIT has been successfully used to study particle adhesion for cold spray applications [2],
ballistics and erosion [3], as well as aerospace textiles development testing [4].
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Figure 1.1: Particle impact testing methods capability (Taken from [1])

LIPIT uses a high-power laser to ablate material on a launch pad to launch a particle with
controlled velocity towards a target (Figure 1.2). The particle location can be independently
controlled by the user to get the particle in the focus of the optics system, which ensures the
alignment of the laser to the particle. The target position may also be adjusted to manipulate the

point of impact on the target surface.

Launch Pad
Translation Boom (x, y, z)

Particle

Target Translation
Boom (x,y,z)

Impactor scale

‘/ Laser

Launch Pad

Target

Figure 1.2: Diagram of LIPIT apparatus
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A key component of LIPIT is the launch pad, which consists of a glass substrate, an ablation layer
(typically gold), and an elastomer layer with particles on the surface. The LIPIT Nd:Yag laser
system is to create a localized heat, which in turn ablates the gold creating a plasma. The plasma
the rapidly deforms the elastomer layer, accelerating the particle (Figure 1.3).

Laser pulse

Glass substrate )
/ Plasma expansion

- Ablation film

¥~ Elastomer

N

Plasma
generation Microparticle High-speed
particle g
(&) ®)

Figure 1.3: LIPIT launch pad (Taken from [1]). (a) shows the laser hitting just above a particle
and (b) is immediately after the laser is fired the plasma expansion launches the particle at high
speed.

The target specimen sits approximately 0.020 inches directly below the particle. High-speed
microscopy captures the particle and a multi-frame image is generated. Figure 1.4 shows time-
series images from a LIPIT experiment in which an Al particle impacts then adheres to a rigid

target.

Ons 200ns 400ns 600ns 800ns 1000ns 1200 ns 1400 ns

100 um

Figure 1.4: Example of LIPIT in situ images (Taken from [1])

LIPIT is an attractive approach for studying particle impact ignition in high-pressure oxygen
environments, as it eliminates the need for mechanical feedthroughs into the pressure vessel. The
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only requirement is that the laser and high-speed microscopy systems can optically access the
launch pad, which can be incorporated into the pressure vessel.

1.3 Oxygen Compatibility

Oxygen compatibility and resistance to metal fires are critical considerations in the design and safe
operation of a high-pressure oxygen system. The ignition temperature of a metal is influenced by
factors such as the test method, material configuration, and the presence of oxide layers. Typically,
the ignition temperature of a metal is equal to or higher than its melting point, and the flame
temperature is equal to or higher than the boiling point or decomposition temperature of the metal
oxide. While ceramics and glasses are not commonly used in oxygen systems, they are considered
inert [5].

Metal ignition is an extremely exothermic reaction, greatly increasing the probability of
surrounding materials within the pressure vessel test chamber coming into contact with burning
metal spatter. One strategy leveraged from high-pressure promoted metal ignition testing is the use
of protective and sacrificial components.

Lastly, rapid pressurization of the oxygen system requires prevents the use of long flexible, non-
metallic, hose and tubing. Rapid pressurization can cause adiabatic heating over the autoignition
point of commonly used flexible hose and tube materials such as Teflon and Vespel [5], The use
of distance volume pieces can be used to mitigate the risk of igniting such materials [6].

1.4 Thesis Outline

The main objectives of this thesis are the development and successful implementation of an
oxygen-rich pressure vessel compatible with the LIPIT system. The key design considerations
include operator safety, ease of use, oxygen compatibility, reusability, and compatibility with
LIPIT optics. A prototype pressure vessel is used in pathfinding high-pressure oxygen LIPIT
experiments to demonstrate particle ignition.

This thesis is organized as follows:
e Chapter 2 summarizes the design requirements and design features.

e Chapter 3 outlines the analysis method and results used in the design of the pressure vessel
including finite element analysis modeling.

16



Chapter 4 presents preliminary observations of particle impact ignition testing in high pressure
oxygen, collected using a prototype high-pressure oxygen LIPIT system.

Chapter 5 summarizes the key findings and future work associated with the outcomes in this
thesis.

17



CHAPTER 2: Overview of HiPO LIPIT

2.1 Design Requirements

The primary objective of the High-Pressure Oxygen Laser-Induced Particle Impact Test (HiPO
LIPIT) system is to collect data regarding particle impact ignition, such as burn time and impact
characteristics, for various particle/target combinations. This chapter describes the design of a test
chamber with a maximum working pressure of 2.5 ksi that is constructed with oxygen-compatible
materials, is consistent with industry-standard design criteria for safe pressure vessels (e.g., ASTM
Manual 36 [5], ASME Boiler and Pressure Vessel Code [7]), and integrates with a LIPIT system
at the MIT Institute for Soldier Nanotechnologies (ISN).

The LIPIT system incorporates optics and laser systems with specific focal distance requirements:

» The distance between the particle and the imaging objective lens must be less than 3.25
inches to image the micron-sized particles.

» The laser focal point must be less than 3 inches to ensure the appropriate laser spot size
at the launch pad.

* The windows must be sufficiently large to allow for the relative motion between the
laser and particle during the test.

2.2 Design Overview

The HiPO LIPIT Pressure Vessel design, developed through a series of iterations over the course
of this thesis, is shown in Figures 2.1 and 2.2. The rig consists of four sub-assemblies: the pressure
vessel, the gas pressurization control system, a 3-axis translational alignment system and the
specimen fixturing device. All materials were selected using ANSYS Granta EduPak software [8]
and ASTM Manual 36 [5] to optimize strength and oxygen compatibility. The test chamber volume
was intentionally kept small to minimize material usage and improve safety. The test specimens
are inserted into the fixturing device and then placed inside the test chamber. The pressure vessel
cap used to enclose the pressure also holds the test samples in place. Once the cap is secured in
place using the clamp, the vessel can be pressurized using a high-pressure oxygen gas cylinder and
pressure regulator. A network of tubing, gauges, and valves allows the user to pressurize and vent
the test chamber. The X, Y, and Z directional translational stages are used to align the particle with
the laser and execute the test.

18



Figure 2.1: Images of the HiPO LIPIT major sub-assemblies. The (a) pressure vessel, (b)
pressurization control system, and (c) 3-axis translational alignment system are individually
highlighted

3 1/16in.

Figure 2.2: Image of specimen fixture sub-assembly
2.2.1 Specimen Fixture Sub-Assembly

The specimen fixture sub-assembly is composed of copper and brass, selected for high ignition-
resistance [5]. It features a four-pedestal base to support the launch pad and four threaded-through
holes to mount the holder using two screws (Figure 2.3). The holder and base were intentionally
designed as two pieces to enable future modifications to support alternative launch pad and target
form factors.
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Ablative Disk

Holder

2X Holder Screws

4x Threaded
Through Holes

Figure 2.3: Exploded view of specimen fixture sub-assembly

2.2.2 Pressure Vessel Sub-Assembly

The pressure vessel sub-assembly comprises a main body with five window ports and a cap. The
V-band coupling fastens the cap to the pressure vessel, providing a secure high-strength seal. The
load-bearing windows are secured using mechanical retention via window retaining screws and O-
ring seals. The pressure vessel body includes four provisions for gas services, including a supply,
vent, exhaust, and a spare port for future use, shown in Figure 2.5. The pressure vessel has a
maximum working pressure (MWP) of 2.5 ksi and a proof pressure criterion of twice the MWP (5
ksi) to prevent permanent damage to the vessel due to inadvertent overpressure. A conservative
analysis considering the proof pressure is given in Chapter 3.
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Test Chamber

(a) (b)

Figure 2.4: Pressure vessel body features shown on the (a) right and (b) left sides

Figure 2.5 shows the components and layout of the pressure vessel sub-assembly. Both the
pressure vessel and cap are made from work-hardened Monel 400 due to its strength and ignition-
resistance [5]. The load-bearing windows are 1-inch diameter and 0.196-inches thick, and made of
sapphire (Al>O3). A second protective sapphire window 0.040 inches thick is used to protect the
load-bearing windows from ignition debris. Sapphire was chosen due to its high modulus of
rupture, as well as high transmission in the visible (0.4-0.7 pum) and near-infrared (0.8-2.5 pum)
spectra [9]. The window retention screws are made from AISI 304, "4 hard stainless steel for
strength [8]. The threads of the window retention screw are silver-coated to avoid galling and
improve lubricity during torquing. All O-ring seals are made from Viton for oxygen compatibility
[5] and seal glands sized in accordance with industry standards [10]. The chamber walls are lined
with a 0.125-inch-thick copper insert to protect the chamber from spatter from metal fires. The
clamps are made from A-286 superalloy steel for high strength, similar design to a typical
aerospace grade coupling [11].
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Outer Window
Seals
5x Protective Windows = 5x Load Bearing Windows
W
5x Window
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Vessel Ca / J\
P } Electrical Passthrough Connector *

Figure 2.5: Cross sectional view of pressure vessel sub-assembly
*The Electrical Passthrough Connector is not a design requirement but is used as a place
holder for future HiPO LIPIT system upgrade

2.2.3 Gas pressurization control system

The gas pressurization control system is shown in Figure 2.6 while the flow path is summarized
in Figure 2.7. The control system comprises 316 stainless steel and brass, selected for their
oxidation and ignition resistance [5]. Regulated oxygen pressure is supplied to the pressure valve
through supply tubing from a high-pressure gas cylinder [12]. The chamber pressure is controlled
manually using the slow opening pressure and exhaust valves to prevent rapid compression. To
prevent damage in case of accidental overpressure, a 3 ksi rupture disk is used to rapidly de-
pressurize the test chamber if it exceeds 120% of the MWP. Brass sinter filters are installed at all
gas ports to prevent any burning material from entering the pressurization system as a safety
precaution in case of rapid decompression.
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Figure 2.6: Gas pressurization control system

Amblent 4x B Sinter Filt
X Brass Sinter Filter
3ksi Burst Disk
Pressure
Regulating
Valve Pressure F
\ / Gauge
P P 3
Test )
F Chamber F Ambient
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Figure 2.7: Flow diagram of gas pressurization control system

The gas pressurization control system will mainly consist of off-the-shelf fittings, tubing, housings,
gauges, filters, and valves. All tubes and fittings are certified to withstand a MWP of 3 ksi which
exceeds the MWP of the pressure vessel.
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2.2.4 3-Acxis Translational Alignment System

The 3-axis translational alignment system is designed with an aluminum 80/20 extruded frame
section supported by gussets, an 8x8-inch breadboard, and a 3-axis transitional stage assembly,
along with attachment hardware seen in Figure 2.8. The system includes a raised platform, which
provides a convenient 6-in*> workspace centered underneath the pressure vessel sub-assembly for
loading and unloading of specimens. The frame sections are also equipped with mount locations
for the gas pressurization control system valves and tube clamps, ensuring optimal placement and
easy access.

Pressure Vessel
Support Structure
N

o = =

)
|
|
1
|
3-Axis Transitional __3»

Stages ;
@ (b)

Figure 2.8: 3-Axis translational alignment system shown on the (a) right and (b) left
sides
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CHAPTER 3: Stress, Safety, and Lifing Analysis

This chapter presents an analysis of stress-induced failure modes and assessments of pressure
vessel safety under realistic operating conditions. The analysis proceeds along two complementary
steps. The initial step is a first-order stress assessment, focusing on preliminary sizing
considerations such as the constraints on optical distance summarized in Section 2.1. This
assessment provides an initial understanding of the stress distribution and establishes a baseline
for further analysis. Following preliminary sizing, a more detailed finite element analysis (FEA)
is conducted, enabling identification of specific stress concentrations, interactions, and potential
failure points within the pressure vessel. The stress analysis ensures pressure vessel integrity,
considering fatigue of each component as well as adiabatic heating resulting from the rapid
compression of the oxygen supply system.

3.1 ASME BPVC Stress Analysis

Preliminary sizing of the pressure vessel thickness was accomplished using ASME BPVC [7], an
industry-standard methodology for pressure vessel design. The main outputs from these
calculations are the stress (S7) at the three key locations of the vessel identified in Figure 3.1;
locations of primary interest are the side mid-wall (A, D), intersection of wall and corner radius
(C, B), and the corner of the vessel. To satisfy the code and ensure safe operation [7], ST must
always be less than the room-temperature yield strength of Monel (16.7 ksi).

The vessel design has four-fold symmetry about the particle travel direction (Figure 3.1).
Therefore, the side mid-wall lengths (L) are equal , and the wall thickness (t) is uniform about the
radius. Total stress at the mid wall (A, D) is the sum of local membrane stress S,,, and bending
stress Sp:

Sta = Stp = Smap F Sbap- 1)
Similarly, total stress at the side wall adjacent to the corner (points B and C) is

Stp = St = Smpe T Sbpc )
For the corner sections (point B to C), the total stress is calculated using

STB—»C = SmB—>C + SbB—»C' (&)
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4—’.1 _><—L‘|—P-‘

N L

Figure 3.1: Diagram of pressure vessel with a rectangular cross section (Taken from [7])

The membrane stresses at wall locations are calculated using

P(L+R)
Sma = Smg = Sme = Smp = —— “
while the membrane stresses at the corner B to C are calculated using
P(2L +R)
mpac =T L )
Bending stresses at wall locations are calculated using
th 5
SbA:SbB:SbC:SbD:E(ZM-I_PL ), (6)
while the bending stresses at the corner are calculated using
t
bp-cmax = H (ZMb + ZPRLZ), (7)
and area monent of inertia I of a rectangular section is defined as
bt3
[=—. ®)
12

This bending stress calculation assumes a unit length (b=lin. for out of plane vessel width
moments) so that M has units of in-1b/in. The shape factor (K) for an unreinforced rectangular
vessel is given as 0.11 in? [7]. The bending unit moments M is

M = PK, )
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These expressions were used to establish the minimum required dimensions of thickness (0.385
inches), total wall length (0.2 inches), and corner radius (0.5 inches) which satisfy the stress
threshold of 16.7 ksi under a worst-case internal pressure of 5 ksi.

The final design dimensions of wall thickness (0.552 inches), total wall length (0.2 inches), and
corner radius (0.65 inches) resulted in the maximum stress location to be the corner bending
stress, Sy, of 12.2 ksi. This stress value represents a 27% margin of safety below the already
conversative stress threshold requirement. Peak stresses at the mid wall and side wall adjacent to
the corner locations were S¢, = Sy = 8.7 ksi and St, = S, = 9.2 ksi, respectively.

3.2. Stress Concentrations

Peterson's Stress Concentration Factors [13] are used to estimate the peak localized stress the top
and side of the pressure vessel portholes. The present assessment assumed the geometry of single
circular hole in an infinite thin element under biaxial stress, as shown in Figure 3.2. The stress
concentration factor for the top (location A) of the hole is

03
Kia = 30—1 - L (10)
The stress concentration factor for the side (location B) of the hole is defined by
03
Kt,B =3 - 0_—1 (11)

Y

Figure 3.2: An infinite thin element under biaxial tensile in plane loading (Taken from [13])

The multipliers were calculated to be K; 4 =3.21 and K; 5 =1.6 using the mid-wall stress as the
vertical stress (o7 = Sy, = S7,) and corner stresses as the horizontal stress (g, = Sz, ).

Applying these concentration factors to the to the respective locations around the porthole
resulted in 27.9 ksi at location A and 19.5 ksi at location B . This estimate for peak concentrated
stress is 27.6% of the 0.2% yield strength of the Monel material used.
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33 Window Retention Sizing and Stress

Crystran LTD [14] has published equations to size high-pressure windows based on geometry and
loading. Figure 3.3 graphically depicts the HiPO LIPIT window. The minimum allowable window
thickness for a clamped window is
P X SF XK
t=D |[——, 12
2, 12)

where the pressure load P differential, material rupture modulus My, safety factor SF, unsupported
diameter D, and clamp effect factor K = 0.75. The recommended minimum safety factor is 4 for
pressure differential greater than 1 atmosphere.

| ol

Figure 3.3: Diagram of circular window geometry and loading (Taken from [18])

A window retaining screw is used to support the window and to facilitate rapid assembly and
replacement. To determine the required value in which to torque the window screw, an
understanding of the loads that it must support needs to be calculated. The load the window screw
needs to support is determined by

Fon = Pproof X Awindow (13)

where the reaction load (F) is the product of the pressure (P) acting on the surface (4) of the
window. For threaded screw couples, the torque-to-clamp load of a threaded screw is not a 1:1
relationship primarily due to friction. Using [15] determines the torque (7)) of the window screw
for a given thread pitch diameter (D) and accounting for the material couple factor (K), and the
friction effect due to lubrication (L). Torque of the window is calculated using

T = Fxn X Dgerew X K X (1 - L); (14)

where K = 0.15 and L=40% [16], and the thread pitch diameter D of 1.25 inches.

The thread stress concentration factor of standard a v-thread is approximately 2.8 [13]. Combining
these concentration factor to the screw stress yields
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E
Othread = Kt Oscrew = Kt ch ) aas)
s

where A; is the total threaded contact area. This equation is used for estimating the peak stress in
the root of the v-thread.

A 1-inch diameter, 0.196-inch-thick sapphire window was selected to satisfy the constraints on
optical access. According to equation (12), this combination of window size and material gives a
safety factor of 5.8. The minimum required window retention screw torque is 34.75 ft-lbs, giving
a thread stress of 48.4 ksi using equations (14) and (15), respectively.

34 FEA Models

To ensure all possible load combinations and limiting stress locations were identified, four ANSY'S
Workbench™ finite element analysis (FEA) models were created. These models included: a full
3D pressure vessel model, a 3D pressure vessel wedge model, a 3D v-band clamp model, and a
2D axisymmetric window retention screw model. Isotropic material properties were imported from
ANSYS Granta EduPak software [8] and assigned to the relevant bodies in the FEA models.
Models that simulated sliding/friction contacts used average friction values [17] of specific
material couples to capture the shearing effects. SOLIDWORKS® CAD files were converted to
parasolid (.x_t extension) files and imported into Workbench™. All analyses use quadratic
nodes/elements, are linear-elastic, and assume room temperature.

3.4.1 3D Pressure Vessel Model

The 3D pressure vessel model is shown in Figure 3.4, which highlights the mesh quality, including
nodes/elements, element type, and material for each component. Figure 3.5 displays the boundary
conditions (loads and displacements) of the 3D pressure vessel model. This model prioritizes
efficiency and rapid iteration of designs, focusing on overall performance rather than modeling all
design details. By excluding small features, the analysis is more computationally efficient,
allowing for faster iterations. However, this approach did not capture all localized stress
concentrations. The model was sufficient for assessing bulk body stresses and understanding
global behavior.

29



Nodes/Elements: 33,559/19,298 Nodes/Elements: 1,610/265 Nodes/Elements: 1,564/266
Element Type: Tetrahedron Element Type: Quad Element Type: Quad
Material: Monel 400 Material: AISI 304 4 Hard Material: Sapphire

(a)

(b) (c)

Figure 3.4: 3D Pressure vessel model mesh details of the (a) pressure vessel body (b) window
retention screw, and (c¢) window

. Bonded Contact . Frictionless Support . Pressure Load 5 ksi

A No Radial
Displacement

Side View .

Section View A-A

Figure 3.5: View of 3D pressure vessel model boundary conditions

Stress and displacement results are summarized in Figure 3.6 which compare well with the
baseline calculations stresses. Pressure vessel side wall and corner stresses resulted in 9 ksi and 12
ksi, respectively, and were slightly less (0.2 ksi) than the stresses assessed in Section 3.1. The peak
stress of 24.7 ksi located in the bottom of the window was 3.2 ksi less than the predicted
concentrated stress assessment in Section 3.2 and is 25% of the yield strength of Monel.
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B: Copy of Wessel and Window
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: psi
Time: 2 s

25863 Max
23001
20140
17278
14417
11555
9693.9
58324
28708
109.41 Min

B: Copy of Yessel and Window
Maximurn Principal Stress

Type: Maximum Principal Stress
Unit: psi

Time: 2 5

24775 Max
21393
18011
14629
11248
7865.6
4483.6
1oz
-2280.3
-5662.2 Min

B: Copy of Vessel and Window
Total Deformation

Type: Total Deformation
Unit: in

Time: 2 5

0.0DD5D114 Max
0.00045447
0.0004078
0.00036113
0.00031446
0.00026779
0.00022113
0.00017446
0.00012779
B.1121e-5 Min

Figure 3.6: 3D pressure vessel model results, (a) and (b) show equivalent and 1 principal stress
with the max stresses of 25.8 and 24.7 ksi, respectively, located at bottom of the window. (c)
shows the max deflection (0.0005 inches) on the inside face of the windows
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3.4.2 3D Pressure Vessel Wedge Model

The 3D pressure vessel wedge model and boundary conditions are shown in Figures 3.7 and 3.8
respectively. This higher fidelity model focuses on quantifying displacements under load while
leveraging the benefits of symmetry. This model includes additional interfaces, such as the
pressure vessel cap and v-band clamp, and uses non-linear contacts (sliding and friction) to analyze
the behavior of the pressure vessel under specific loading conditions.

Nodes/Elements: 10,658/2,180 Nodes/Elements: 7,620/1,504  Nodes/Elements: 1,307/232
Element Type: Quad/Tri Element Type: Quad Element Type: Quad/Tri
Material: Sapphire Material: AISI 304 4 Hard Material: Sapphire

Nodes/Elements: 31,650/17,990
Element Type: Tetrahedron
Material: Monel 400

(b) () (d)
Nodes/Elements: 32,560/9,130

Element Type: Quad/Tri Nodes/Elements: 19,801/4,104  Nodes/Elements: 1,947/352
Material: Monel 400 Element Type: Quad/Tri Element Type: Quad/Tri
Material: A286 Material: AISI 304 4 Hard

(a) (e) ) (@)

Figure 3.7: 3D Pressure vessel model wedge mesh details of the (a) pressure vessel body (b) &
(d) windows, (¢) & (g) window retention screws, (e) pressure vessel cap, and (f) v-band clamp

M Bonded Contact B Frictionless Support Frictional Contact [Jl] Pressure Load 5 ksi ==§ Force

2,200 Ibf.

No Out of
Plane
Displacement

Only Radial
Displacement

2,200 Ibf.

Top View

Section View A-A

Figure 3.8: View of 3D pressure vessel wedge model boundary conditions
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Figure 3.9 shows the FEA results, revealing that the highest stress occurs in the clamp, while the
maximum displacement is observed at the cap. The peak displacement of the cap is at the
centerline. The cap utilizes an O-ring for chamber sealing, which relies on maintaining
compressive squeeze throughout operation. Deflections of the cap relative to the sealing surface
on the pressure vessel were quantified as 0.0019 inches. Accounting for manufacturing tolerances
[10], this leads to a 2.5% loss of squeeze when the chamber is subjected to proof pressures of 5
ksi. In summary, the o-ring is capable of sustaining a seal at twice the MWP.

C: Copy of Wedge

Equivalent Stress

Type: Equivalent (von-Mises) Stres
Unit: psi

Time: 15

44054 Max
39168
34282
29385
24509
19623
14736
9850
4963.6
77.249 Min

Inside View
Outside View Inside View of V-band

C: Copy of Wedge

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: psi

Time: 1 s

49816 Max
43254
36692
30129
23567
17005
10442
38802
-2682.1
-9244.4 Min

Inside View
Outside View Inside View of V-band

C: Copy of Wedge
Total Deformation
Type: Total Deformation
Unit: in

Time: 135

D.0026578 Max

' 0.002363
0.0020681
0.0017733

. 0.0014785
0.0011836

- 0.00088879
0.00059396
0.00029912
4.2792e-6 Min

(c)

Figure 3.9: 3D pressure vessel wedge model results, (a) and (b) show equivalent and 1%
principal stress with the max stresses of 44.1 and 49.8 ksi, respectively, located on the v-band
clamp. (c) shows the max deflection (0.0027 inches) at the cap centerline.
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3.4.3 3D Clamp Assembly Model

The 3D clamp assembly model and associated boundary conditions are shown in Figures 3.10 and
3.11, respectively. This higher fidelity sub model focuses on quantifying displacements under load
while leveraging the benefits of symmetry. This model includes the additional components
(bolt/nut spacer, links, and pin) to model the entire clamp half assembly. The model includes all
the interfaces, between these components as non-linear contacts (sliding and friction) to analyze
the behavior of clamp assembly under specific loading conditions.

Nodes/Elements: 6,841/1,344 Nodes/Elements: 11,497/2,383 Nodes/Elements: 3,911/2,085
Element Type: Tetrahedron Element Type: Quad/Tri Element Type: Quad/Tri
Material: Monel 400 Material: Monel 400 Material: Gr 8, Alloy Steel

(a) (b) (c)

Nodes/Elements: 77,338/44,886 Nodes/Elements: 5,201/2,520
Nodes/Elements: 2,443/420 Element Type: Tetrahedron

Element Type: Quad Element Type: Quad/Tri .
Material: A286 Matertal: 304 % Hard Material: A286
Nodes/Elements: 3,328/1,845
Element Type: Quad/Tri

Matenal A286

(d) (f) (¢)]
Figure 3.10: 3D clamp assembly model mesh details of the (a) pressure vessel body (b) the
pressure vessel cap, (¢) bolt & nut (d) v-band clamp half (e) spacer, (f) link and (g) pin

Bonded Contact Frictional Contact p = 0.2 B Fixed
Mlrressure Load 5ksi [l Frictionless Support == Force, 2,200 Ibf.

Side View Top View
Figure 3.11: View of 3D clamp assembly model boundary conditions
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FEA results, summarized in Figure 3.12, show that the peak stress is in the v-band clamp and the
maximum displacement is near the bolt/nut. The peak stress on the v-band clamp has doubled and
shifted away from the middle region toward the end compared to the wedge model (sub-section
3.4.2), and is 8% of the yield strength of A286. The stress increase is due to two factors: stiffness
and edge of contact stresses (EOC). Reduced self-supporting capability at the clamp ends
decreases stiffness, resulting in higher local bending stress. EOC stress arises from frictional elastic
contacts where the loaded body's edge opposes motion, causing increased shear at that
location[17].

A: 0,75 thk clmap A: D.75 thk clmap
Equivalent Stress 2 Maximum Principal Stress 3
Type: Equivalent {von-Mises) Stress Type: Maximum Principal Stress

Unit: psi
Time: 2 s

57916 Max
E 87041
76167

65292
54417
43543
32668
21794
10919
44.275 Min

Unit: psi
Time: 2 s

1.004e5 Max

E 81505
73612
55720
37827
19934
| 2041.8
-15851
-33743

-51636 Min

(a) (b)

A: 0.75 thk clmap
Total Deformation 6
Type: Total Deformation
Unit: in

Time: 2 5

0.01B205 Max
E 0.016715
0015225
— 0.013735
0012245
0.010734
0.0092642
- 0.0077741
0.0062839
00047937 Min

(c)

Figure 3.12: 3D clamp assembly model results, (a) and (b) show equivalent and 1st principal
stress with the max stresses of 97.9and 109 ksi, respectively, located on the inside v-band clamp.
(c) shows the max deflection (0.018 inches) at the bolt/nut.

3.44 The 2D Axisymmetric Window Retention Screw Model
The 2D Axisymmetric Window Retention Screw Model with boundary conditions is shown in

Figure 3.13 has been specifically developed to investigate the stress distribution and key behavior
of areas surrounding the portholes and window retention threads.
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(a) (b)
Nodes/Elements: 7,620/1,504 Nodes/Elements: 31,650/17,990
Element Type: Quad Element Type: Tetrahedron
Material: AISI 304 ¥4 Hard Material: Monel 400

(d)
Nodes/Elements: 587/182
Element Type: Quad
Material: Fluoro-elastomer
(FKM)

(c)
Nodes/Elements: 1,307/232
Element Type: Quad
Material: Sapphire

- — =

Figure 3.13: 2D Axisymmetric window retention screw model mesh details of the (a) window
retention screw (b) the pressure vessel, (¢c) window, and (d) O-Rings

. Bonded Contact Frictional Contact p=0.2 . Frictionless Support
M Pressure Load <@l Frictionless Contact w/offset

G o e

Figure 3.14: Boundary conditions of 2D axisymmetric window retention screw model

Figures 3.15 through 3.18 show the stress and displacement results for each key component,
revealing important insights into the system behavior. Critically, the O-ring seal separation is
negligible. The stress distribution in the bolt threads differs from the typical pattern where the lead
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thread carries the highest load. In this case, the middle thread experiences the highest load due to
the masking of the load path by the O-ring gland.

M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym “pffsets"
Equivalent Stress 9
Type: Equivalent {von-Mises) Stress

M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym "nffsets”
Equivalent Stress &
Type: Equivalent {von-Mises) Stress

Unit: psi Unit: psi
Tirme: 2 5 Time: 2 5
50786 Max B3B38 Max
45155 74588
30524 63320
33893 56089
28262 46840 3
22631 37590
17000 28340
11369 19081
5738.3 98413
107.31 Min (a) 591.75 Min (b)

M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym "offsets"
Equivalent Stress 12

Type: Equivalent {von-Mises) Stress
Unit: psi

Time: 2 5

Custom

32435 Max
28833
25231
21629
18027
14425
10823

7221
3618.9
16.529 Min

Figure 3.15: Equivalent stress results of 2D axisymmetric window retention screw model
showing the (a) pressure vessel body max stress location is the 3™ thread root (b) window
retaining screw max stress location is the gland corner and, (c) window max stress location at the
contact region with the screw
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M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym "pffsets"

Maximurm Principal Stress 9
Type: Maximum Principal Stress
Unit: psi

Time: 2 s

37578 Max
50647
43716
36785
29854
22922
13991
9059.9
21287
-4802.6 Min

Figure 3.16: 1*' principal stress results of 2D axisymmetric window retention screw model
showing the (a) pressure vessel body max stress location is the 3rd thread root (b) window
retaining screw max stress location is the 3rd thread root and, (¢) window max stress location is

centered on the outside face

Unit: psi
Tirme: 2 s

27712 Max
22763
17814
12865
79154
2966.3

-1982.9
-6932
-11881
-16B3D Min

M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym

Maximurn Principal Stress 4
Type: Maximum Principal Stress

(b)

M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym “nffsets"”

Maxirura Principal Stress 12
Type: Maximum Principal Stress
Unit: psi

Time: 2 5

12328 Max
8636.9
4946.2
1255.6
-2435.1
-6125.8

-9816.4
-13507
-17198

-20888 Min (c)
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M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym “offsets”
Total Deformation 9
Type: Total Deformation

Unit: in
Time: 2 s

0.0DD2B727
0.00025536
0.00022346
0.00018155
0.00015964
000012773
9,5826e-5
6.3918e-5
3.201e-5

Max

1.0263e-7 Min

M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym “offsets”
Total Deformation %
Type: Total Deformation
Unit: in

Tire: 2 5

D.DDDBY455 Max
0.00063833
0.00058212
0.00052591
0.00046363
0.00041348
0.00035726
0.00030105

a 0.00024484 b
( ) D.DDD1BB62 Min ( )

M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym “offsets”
Total Deformation 12
Type: Totsl Deformation
Unit: in

Tire: 2 5

7.4242-5 Max
6.6006e-5
5.7772e-3
4.9537e-3
4.1303e-5
3.3068e-5
24834e-5
1.66e-5
8.3652¢-6
1.3076e-7 Min

Figure 3.17: Total deformation results of 2D axisymmetric window retention screw model
showing the (a) pressure vessel body max deflection location is the last thread (b) window
retaining screw deflection location is window contact face and, (c) window max deflection

location is centered on the inside face.

M: Copy of Copy of Copy of Copy of Copy of 2D Window Axi-Sym "pffsets"

Gap

Type:

Gap

Unit: in

Tirne:

D.BDDDDe Max

25

-3.02613e-

-6.05226e-
-0,07840e -
-1.21045e
-1.51307e-
-1.81568e-
-2.1182%9-
-242091e
-2.72352e-5 Min

Figure 3.18: Contact separation results of 2D axisymmetric window retention screw model

6
6
=
b
3
5

6

5

m

showing a gap opening of 27pinch.

3.5 Strength and Fatigue Assessments

Table 3-1 compares the results of the FEA analysis with the strength of the materials used in each
component, showing the margin to both yield and tensile strength for each component. The
majority of the components have >40% margin to yield strength. The two components with the
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lowest strength margins are the clamp and bolt/nut and were assessed for potential fatigue life and
durability of the system under a zero-max-zero load cycle. The results of the life analysis show
that all the components have essentially infinite life, with at least 10° cycles to failure under worst
case operating conditions.

Table 3-1: Component strength results

Yield Strength (0.2%) Peak
Tensile St th St
Component Material er;:}l:im;:;g N;:;s Margin
At room temp Principal
Pressure MONEL™ 101.0 ksi 57 6 ksi 43.4 ksi (43%)
Vessel 400, hard 110.1 ksi ' 52.5 ksi (48%)
MONEL™ 101.0 kst . 56.9 ksi (57%)
Vessel Cap 400, hard 110.1 ksi MLkt 6 0 ksi (60%)
. Sapphire 85 ksi* . .
Wind 12.23k 72.8 ksi (86%
mdow (99.9%) *Modulus of rupture . s1(86%)
Clamp Assy | A-286 Solution 115.01 ksi 109.4 ksi 5.6 ksi (4.9%)
Half treated & aged 140.0 ksi TS 30,6 ksi (22%)
Clamp Bolt Alloy Steel 38.0 ksi 9.8 ksi 8.2 ksi (22%)
and Nut Gr9 72.0 ksi ' 42.2 ksi (59%)
AISI 304 SS 75.0 ksi . 45.3 ksi (60%)
S . 29.7 k .
pacet Vi- Hardened 125.0 ksi U1 95.3 ksi (76%)
Wind . .
Re;:m‘i’:); AISI 304 SS 75.0 ksi 7| 473 ks (63%)
Screw Ya- Hardened 125.0 ksi ' 97.3 ksi (78%)

3.6  Rapid Adiabatic Compression

The rapid pressurization of gaseous oxygen presents a potential safety hazard due to the heat
generated through adiabatic compression. Design guidance leveraged from [5] and [6], including
strategies for designing high-pressure oxygen systems using distance volume pieces (DVPs) is
shown in Figure 3.19.
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Gas Flow

Vi Vi Vovp

Figure 3.19: Diagram of distance volume piece arrangement (Adapted from [6])

v

To determine the minimum DVP volume (Vpyp) required for given upstream volume (V,), hose

. . (P . .
volume (V},), final/initial pressure ratio (P—f) and safety factor (SF) parameters, the isentropic

i

equation of state is

WtV
Vpyp = SF u1—h'
PV _ op (16)
(E) -

where y = 1.4 and minimum SF=1.2 [5]. The initial pressure (P;) used is standard day sea-level
pressure of 14.7 psia at a room temperature of 70°F. The final pressure (Pf) used is the maximum
pressure from a gas bottle, 2655 psia [12]. All tube segments and fittings were assumed to be
standard No4 size which results in a volume per unit length of 0.0296 in?. Hose inner diameters
segments were assumed to be standard % inches which results in a volume per unit length 0 0.0491
in?. The upstream volume (V) includes all valves, tubing segments, and fittings up to the flex hose
section (V},) start, assumed to be 16 ft. in length. The volume hose segment V}, is assumed to be
18 inches.

To estimate the adiabatic temperature of the rapidly compressed slug of oxygen certain geometric

and pressure conditions needs to be understood. The volume of the hot slug is
-1

Pe\1-y
V.=V, <—) , a7
f l P;
and is then needed for the calculation of the theoretical maximum temperature
v\
T, =T (=] , 18
e <Vf> @

of the compressed slug. The results of the adiabatic compression analysis determined the
minimum volume of the DVP to be 0.1984 in?®. The as designed volume of the DVP is 0.258 in?
which increases the safety factor 29% to 1.55. The max temperature is 1878°F which assumes a
16ft section from the tank to the pressure supply valve. Rapid pressurization is defined as an
increase in pressure that occurs in less than 50 m/s. To ensure the user safety, the HiPO
pressurization and vent system uses multi-turn valves (slow opening valves and regulators) to
prevent rapid pressurization to mitigate this effect.
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CHAPTER 4: Observations of Particle Impact Ignition

4.1 Prototyping

A prototype of the HiPO LIPIT, shown in Figures 4.1 and 4.2, was fabricated and used to establish
optimal optical alignment and end-user understanding. The prototype HiPO pressure vessel is a
metal-coated, 3D-printed plastic vessel, engineered to withstand pressures up to 50 psi.

&

Figure 4.1: HiPO LIPIT prototype at the ISN
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Figure 4.2: Test chamber view of the prototype HiPO LIPIT

4.2 Pathfinding Particle Ignition Experiments

To validate the design, a series of pathfinding particle impact experiments were performed using
the prototype pressure vessel. Aluminum alloy (Al6061) and titanium alloy (Ti-6Al1-4V) particles,
with sizes ranging from 25 to 30 microns, were launched at a sapphire target. The pure O>
atmosphere was established by purging the vessel with a continuous flow of oxygen gas at
approximately 5 psi for a duration of one minute. Subsequently, the vent valve was sealed, and the
oxygen pressure was increased to 25 psi.

A series of initial shots were executed with varying laser power settings to confirm precise laser
focus, align the optics, and calibrate the relationship between laser power and particle velocity.
Figure 4.3 shows Al6061 and Ti-6Al-4V particles with impact velocities of 340 m/s and 120 m/s,
respectively. The launch pad is on the left of the frame; the target is towards the right. The particles
move from left to right during the experiment. Laser power within the range of 5-20 mW resulted
in particle velocities in the ranges 100-700 m/s for A16061 and 85-400 m/s for Ti-6Al-4V. These
velocity ranges are sufficient to drive particle ignition, based on findings from past particle ignition
experiments [5].
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Figure 4.3: Trial LIPIT shot images using the HiPO LIPIT prototype with a 13 n/s exposure
time using an Al6064 particle (a) traveling at 340 m/s and a Ti-6Al-4V particle (b) at 120 m/s

To capture particle ignition, we turned off the light source, increased the gain on the high-speed
camera, and increased the camera exposure time such that any visible light emitted from particle
ignition and burn would be detected by the camera. One frame from a reference shot with this dark
configuration is shown in Figure 4.4. Note that in this reference shot, there is no particle launch.
On the left of the frame, we see plasma left over from the laser ablation of the launchpad.

Figure 4.4: Reference shot in dark configuration showing ablative plasma and a 400 n/s
exposure time

Employing the dark configuration, we made notable observations regarding Al6061 and Ti-6Al-
4V particle ignition. Al6061 particles exhibited ignition at velocities of approximately 550 m/s
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and 400 m/s. It is important to note that in this configuration, direct particle velocity tracking was
not possible. Therefore, we estimated particle velocity using the previously recorded laser power-
particle velocity relationship established during the setup process. Images of the particle ignition
events shown in Figure 4.5. To establish that the emitted light originated from particle combustion,
we superimposed the target surface demonstrating that the light emission occurred precisely at the
target surface upon impact. In both cases, the ignition was visible within a single frame, lasting
between 400 ns and 500 ns. The fact that the emission was solely observed at the target surface
and the short duration of the light emission suggest that the intense straining and adiabatic heating
were adequate for igniting A16061 particles. However, at room temperature and under low oxygen
pressure, the ignition of Al6061 particles was swiftly extinguished, and sustained burning did not
occur. It is important to mention that among numerous shots, these were the only two instances of
Al6061 particle ignition observed.

Pelay:99.994900ms

Light

1an Light
Emission

Emission

Target
Surface
with
particle
debris

panmi‘
debris
300 um

300 um

Figure 4.5: The images show Al6061 particle ignition with approx. velocities of (a) 550 m/s and
(b) 400 m/s. The top image captured in the dark configuration and the lower image taken with a
light source to highlight the target surface location within the frame.
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In contrast, Ti-6Al-4V particles ignited much more readily than Al6061 and exhibited sustained
burning. An illustrative example of Ti-6Al-4V ignition and continuous burning, with a particle
impact velocity of approximately 250 m/s, is depicted in the image sequence presented in Figure
4.6. The ignition occurs upon impact with the sapphire target, and the particle continues to burn
for approximately 3.2 ps. It is worth noting that in this sequence, the particle has rebounded from
the target and is moving towards the left, while the reflected image of the target surface is visible
on the right side of the frame.

Rebounding
Reflection

f

Light
Diminishing

Figure 4.6: Ti-6Al-4V particle impact ignition, rebounding, and light emission from burning
with target surface overlaid

Among the observed ignition events, particle fragmentation upon impact and sustained burning of
the fragments were frequently noted, as shown in Figure 4.7. The fragments exhibited rapid
velocities, possibly due to jetting upon impact. In several other cases, the emitted light from the
particle gradually diminished, as illustrated in Figure 4.8. Several explanations could account for
the cessation of light emission: the particle may have been nearly fully consumed during burning,
the particle burn may have been close to extinguishment, or, most likely, the particle rebounded
out of the plane of focus. Nevertheless, Ti-6Al-4V particle burn was observed for several
microseconds, indicating that adiabatic strain heating and resulting oxidation reactions were
sufficient to ignite the particles and sustain combustion at room temperature under low oxygen
pressure.
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Figure 4.8: Ti-6Al-4V particle impact showing diminishing light emission after impact & target
surface overlaid

Given that Ti-6Al-4V particles ignited and burned readily, we gauged the probability of ignition
as a function of particle velocity range, as shown in Table 4-1 below. For a given laser power, we
determined the average particle velocity by measuring particle velocity over 10 shots. We then
performed several shots with the dark configuration and recorded the frequency of particle ignition
events at that given laser power. With this brief analysis, we determine that in these test conditions,
the critical velocity for Ti-6Al-4V particle ignition is in the range 200-225 m/s.
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Table 4-1: Summary of Ti-6Al-4V particle ignition events

Laser Power (mW) Average Velocity (m/s) Ignition Events
16 253.8+47 13/15
15.3 250.2£52 3/6
12.9 172.4+45 3/22
10.1 148+43 0/10
7.6 141423 0/10
5.1 115432 0/6
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CHAPTER 5: Conclusions

This thesis is a comprehensive evaluation of the HiPO LIPIT system and provides insights into its
structural integrity and operational capabilities. The results obtained from various analyses,
including sizing assessments, stress calculations, FEA modeling, rapid adiabatic compression
analysis, and strength/fatigue assessment, contribute to a thorough understanding of the system
performance and response under different load cases and worst-case scenarios. To validate the
design, HiPO LIPIT experiments were successfully conducted using a prototype pressure vessel.
These pathfinding experiments successfully demonstrated in situ imaging of ignition of Al6061
and Ti-6Al-4V particles.

5.1 HiPO LIPIT Key Results

The analyses outlined in Chapter 3 show that the HiPO LIPIT system was designed with high
level of safety and conservative assessment. Table 5-1 summarizes design compliance.

Table 5-1: Summary of requirement compliance

Component Requirement Results Status
(Source)
HiPO LIPIT MWP of 2.50 ksi
Syst ble of Sksi | E d
System (Section 2.1) ystem capable o si xceeds
. ) . All materials
HiPO LIPIT 0, compatible materials
Svstem (Section 2.1) recommended by ASTM Meets
Y ron = Manual 36 [5]
HiPO LIPIT Integrates with LIPIT Testing with Prototype Meets
System (Section 2.1) has been successful
HiPO LIPIT Foll Industry Standard
! otiows l,ls ty Standarcs Described below -
System (Section 2.1)
All st <16.7 ksi
Pressure Vessel S ress[e7s] . Max stress of 12.5 ksi Exceeds
. Min Seal squeeze 19% Limiting O-ring (cap) at
- E
O-rings [10] 19.5% at MWP xeeeds
. Min. SF=4 As Designed Safety
Wind E d
meow [14] Factor 5.81 reeed
Min. SF=1.2 As Designed Safety
DVP E d
[6] Factor 1.55 xeeeas

The experimental tests conducted on the prototype pressure vessel validated the HiPO design and
compatibility with the LIPIT system. Particle impact experiments were carried out using A16061
and Ti-6Al-4V particles in a controlled environment of 25 psi O,. Al6061 particles exhibited
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ignition at velocities of approximately ~400 and 550 m/s. The intense straining and adiabatic
heating induced by the impact were sufficient to ignite the particles; however, the ignition was
rapidly extinguished at room temperature and relatively low oxygen pressure. Ti-6A1-4V particles,
on the other hand, ignited more readily and showed sustained burning. An example sequence
showed ignition and continuous burning for approximately 3.2 us at a particle impact velocity of
250 m/s.

Fragmentation upon impact and sustained burning of the fragments were frequently observed
during the ignition events. Additionally, the emitted light from the particles sometimes diminished,
possibly due to particle consumption, near-extinguishment, or particle rebounding out of the plane
of focus. The analysis of the probability of Ti-6A1-4V particle ignition revealed that the critical
velocity fell within the range of 200-225 m/s under the given test conditions.

5.2 Future Work

The successful design allows for ongoing HiPO LIPIT experiments on the prototype vessel.
Although currently limited to a chamber pressure of 50 psi, it can serve as a valuable tool for
conducting particle impact and ignition testing for an extended period. Once the manufacturing
of the Monel vessel is finished, HiPO LIPIT pressures can be increased to up to 2.5 ksi. This will
enable researchers to investigate the effects of operating conditions and material choices on
susceptibility to particle impact ignition with the ultimate goal to develop more durable oxygen-
compatible hardware for next-generation staged combustion rocket engines.
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