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Abstract

The hybrid autophage engine concept, or self-eating rocket, is an emerging rocket
engine technology which aims to greatly reduce launch vehicle dry mass over conventional
propulsion systems and allow for the miniaturization of launch vehicles for small satellite
payloads. This is achieved by replacing the fuselage of a conventional bi-propellant launch
vehicle with a polymer material. By using the heat from the combustion chamber, the fuselage
may be vaporized and combined with liquid fuel and oxidiser drawn from the diminishing
propellant tanks such that the structural mass of the rocket decreases throughout the launch
and contributes toward the total propellant mass flow rate. This greatly increases the efficiency
of the rocket allowing for smaller launch vehicles to deliver a payload to low earth orbit.

This study was an investigation in the design and test of a novel hybrid autophage engine
system to evaluate the feasibility of the concept, identify key parameters that influence
autophage engine performance, and form a performance baseline to anchor computational
models for future development. The project consisted of three engines (Ouroboros-1, 2, 3)
which were iteratively designed and tested in various configurations.

Ouroboros-1 and Ouroboros-2 were operated as bi-propellant engines which served as
prototyping platforms and performance baselines for the Ouroboros-3 autophage engine. All
bi-propellant tests were conducted in a steady state operating mode; while autophage tests
were conducted in both steady state and pulsed operating modes. Additionally, both the
bi-propellant and autophage tests were operated across a range of mixture ratios and engine
inlet conditions to characterise engine performance over a wide operating box.

A performance analysis was conducted on the resulting experimental data to compare to
theoretical performance of a chemical equilibrium model. Further analysis of the engines
evaluated the influence of combustion chamber temperature, throttle setting and mixture ratio
on the autophage contribution to both total fuel mass flow rate and total propellant mass flow
rate. Additionally, frequency analyses investigated the influence of the autophage engine
design on the formation of combustion instabilities.

When compared to bi-propellant operation, the fuselage was recorded as contributing
between 5.1% to 15.7% of the total propellant mass during steady state operation and 0% to
18.6% when operating in pulsed mode. These results envelope typical values for the structural
mass fraction of conventional launch vehicles and support the feasibility of autophage engines

for larger scale development.
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Chapter 1

Introduction

1.1 Overview

Over the last decade there has been a significant increase in the number of small satellites,
nanosatellites, and CubeSats launched to low earth orbit. Furthermore, these small satellite
systems have become a common platform for much of the aerospace industry due to their
relative low-cost and high return on investment and it is predicted that the use of small satellite
systems will continue to increase over the next decade [1]. However, current launch methods
are unlikely to adequately satisfy the demand for delivering these satellites to low-earth orbit.
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Fig. 1.1 Predicted forecast of nanosat launches made by the Nanosat Database in 2022 [1].

Ideal launch opportunities for these small satellites are already difficult to find and often
the only way for small satellites to get to orbit is on a ride-share with a larger payload or with
multiple other small satellites. While providing a cost-effective solution, ride-shares are not
ideal for some small satellites which may be looking for a particular orbit insertion, rapid
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development, or for satellites that may be carrying hardware such as propulsion systems that
may not be approved to fly on larger manifests. Thus, there is a business need for miniaturized
launch systems capable of launching a payload of up to a few kilograms into low earth orbit.

However, the cost per kilogram to launch a payload into LEO tends to increase as the size
of the launcher decreases, as illustrated in Fig. 1.2. One of the smallest operational small
launch vehicles is the OneSpace: OS-M capable of launching 100kg to LEO at a price of over
$40,000/kg [2] compared to the SpaceX Falcon 9 capability to deliver 22,800 kg to orbit at
$2,720/kg [3]. In many cases, the operational advantages of launching a small satellite on a
dedicated single payload platform are insufficient to justify the cost when ride-share options

at a much lower cost are available, despite the immediacy loss.
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Fig. 1.2 Cost per Kilogram for LEO launch versus payload capability of small launchers [2].

Reducing the cost per kilogram to LEO is vital in achieving viability of small launchers
for commercial operation. However, the market opportunity and business needs of small
launch vehicles are the result of a larger technological challenge in rocket design. Currently,
it is not feasible to miniaturize conventional rockets to an affordable price point for individual
small satellite launches due to the scalability of the structural mass fraction. As the launch
vehicle becomes smaller, the structural mass fraction becomes larger which in turn reduces
the available payload mass and increases the cost per kg of a payload reaching orbit; this is a

result of the interaction between the square-cube law [4] and the Tsiolkovsky rocket equation

[5].

1.1.1 Effect of the Square-Cube Law on Launch Vehicle Sizing

The square-cube law states that as a three dimensional shape grows in size, its volume grows
faster than its surface area. This is represented mathematically by Eq. (1.1) and Eq. (1.2).
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L\
A2:A1(—> (1.1)

L\
Vs =V, (—) (1.2)

The result of the square-cube law has significant implications when a physical object is
scaled up but maintains the same density. Its volume and mass are increased by the cube of
the multiplier while its surface area increases only by the square of the same multiplier. In
terms of launch vehicles the available propellant is a function of its internal volume and the
structural mass is a function of the surface area. As the design of a launch vehicle decreases
in size, the available propellant decreases at a higher rate than the structural mass, this shifts
the ratio of structural mass and propellant mass.

Moreover, the square-cube law method of scaling makes the assumption that the entirety of
the structural mass is capable of being scaled. This is a best-case assumption for conventional
launch vehicles and in actuality a portion of the structural mass is referred to as inert mass
and is not capable of being scaled. The inert mass of a launch vehicle includes a range of
components such as guidance systems, computers, turbomachinery, attitude control, and
propulsion systems; which may have static masses or minimum sizes that do not follow the
square-cube law scaling in the same way that the launch vehicle fuselage and propellant tanks
do [6]. This effectively means that the structural mass of launch vehicles decreases at an even

lower rate than the best-case, square-cube law scaling.

1.1.2 Review of Launch Vehicle Mass Ratios

Mass ratios rather than absolute mass values are typically used when discussing the various
contributions to the total mass of a launch vehicle. These include the propellant mass fraction,

structural coefficient, and payload ratio.

m; = mp + mg +my (1.3)
(=22 (1.4)
m;
e—_ "M __ " (1.5)
mg +mp m; —my
A= _ _Md (1.6)

mg +myp m; — my

The ratio of initial to final mass is typically referred to as the launch vehicle mass ratio, Mg.

mi_l—l—l_ 1
T a7
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When the square-cubed law is applied to the mass fractions, we find that the propellant
mass fraction decreases as a result of the propellant mass decreasing at a faster rate than the
structural mass. Consequently the structural coefficient increases and, if the payload ratio
remains constant (this assumes the payload mass scales linearly with vehicle mass), the launch
vehicle mass ratio also decreases. This has a significant impact in the achievable change in

velocity of a launch vehicle per the Tsiolkovsky equation.

1.1.3 Review of the Tsiolkovsky Idealized Rocket Equation

The Tsiolkovsky rocket equation is an idealised mathematical equation that governs the basic
principles of rocket flight due to the conservation of momentum. It states that the maximum
change of velocity of a launch vehicle is a function of its effective exhaust/exit velocity and

mass ratio.

Av =v,In(Mg) (1.8)

Where the exhaust velocity can be written in terms of gravity constant and specific impulse.

Ve =gl (1.9)

Thus, a decrease in launch vehicle mass ratio will significantly decrease the maximum
change in velocity of a launch vehicle. This directly impacts the feasibility of launch vehicle
miniaturisation by limiting what parameters can be changed to maintain the minimum Av
required for orbit insertion without even considering losses due to gravity, air resistance,

thrust vectoring and off-nominal nozzle expansion [7].

1.1.4 Methods for Scaling Conventional Launch Vehicles

When considering the Tsiolkovsky rocket equation, there are only four variables that are able
to change the total Av of a launch vehicle: v,, €, A, and number of stagesl. The exhaust
velocity is a function of propulsion system design and the molecular weight of propellants.
Practically, there is a limit to the maximum achievable exhaust velocity of all propulsion
systems. In chemical propulsion systems, this maximum is due to both the available chemical
energy of the propellants, combustion inefficiencies, and material constraints. Propulsion
systems operating on liquid oxygen and liquid hydrogen (LOX/LH) have some of the highest
theoretical exhaust velocities of up to 4,500 m/s [8]. Thus, changing the exhaust velocity of a
scaled launch vehicle is not feasible when using chemical propulsion systems. The structural
coefficient, € is also unable to be changed in conventional launch vehicles because it is a
result of the scaling.

Historically, when launch vehicles have been scaled to smaller designs the payload ratio,
A, and the number of stages are typically what is changed in order to achieve the required

Av to reach orbit. As A is reduced, the launch vehicle mass ratio will increase; however, the

IThere are some other launch methods that influence Av of a launch vehicle such as horizontal launch
capabilities; however, these are not considered since they change the required Av rather than the actual capabilities
of the launch vehicle design
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increase in Av does not scale linearly with a decrease in A as shown when combining Eq. (1.7)
and Eq. (1.8). When taking into account that the total mass of the launcher must stay constant
(due to the scaling), a reduction in A also corresponds to a decrease in total propellant mass,
nmgy.

This is the fundamental reason why the cost per kilogram to reach LEO is significantly
higher for small launchers than for larger launchers. In order to achieve their desired Av, small
launchers will typically be designed with a lower payload ratio which will also significantly
reduce their maximum payload capacity. Additionally, there is a physical limit to how much a
conventional system is able to be scaled using this method because a reduction in payload
mass to zero can still result in miniaturised designs having insufficient Av.

The alternative method to increasing the total Av of a scaled conventional launch vehicle
is by adding launcher stages [9]. This is done by a summation of the Av contribution of each
stage per Eq. (1.10) whereby the payload mass of each stage equals the total mass of each
subsequent stage per Eq. (1.11).

n
Avp =Y Av=Avi+Av+Avs+ ... (1.10)
1

mq1 = Mg = My +mg +mg (1.11)

While there have been many feasibility studies and proposed designs for single-stage-to-
orbit vehicles (SSO); at this time, there has never been a launch vehicle developed capable of
reaching orbit on a single stage [10, 11]. This is due to material limitations in reducing the
structural coefficient to a favorable mass ratio capable of reaching orbit [12]. Therefore, it is
almost guaranteed that conventional launch vehicles will have at minimum 2 stages.

Fundamentally, staging operates by discarding empty tankage or "dead mass" during
launch vehicle ascent as the propellant is burned. This can be accomplished through the use
of boosters and parallel staging or through serial (tandem) staging. Each additional stage
further increases the total Av; however, it also adds complexity, potential failure modes,and
inert mass in the form of couplers, separation systems and propulsion systems. Therefore, the

majority of multi-stage launch vehicles operate between 2-4 stages [13].

1.1.5 Consideration of an Infinitely Staged Launch Vehicle

Nevertheless, if we consider the idealized staging solution the result is an infinitely staged
launch vehicle. For every discrete unit of propellant burned, a corresponding unit of structural
mass would also be ejected. This would be a system that continuously eliminates the non-
inert component of the structural mass thereby never carrying empty tankage or structural
components that are not actively contributing to the launch.

Thus, the non-inert structural mass of an infinitely staged vehicle can be treated as a
propellant mass with zero exhaust velocity. This resolves the minimum size limitations of
conventional launch vehicle scaling by only needing to consider the inert mass when calcu-

lating the structural coefficient and total mass ratio. In this way, the idealized infinite staged
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rocket solution resolves into a single-stage-to-orbit with a minimised structural coefficient
and a maximised mass ratio [14].
The Tsiolkovksy equation can be applied to the infinitely staged rocket concept to compute

the ideal Av by deriving the rocket equation from the basic momentum equation.

dv dm
f— =, 1.12
Mg T ar ( )

Where the change in total vehicle mass is given by:
dm:dmi_dms (1.13)

dt dr di
Introducing a new parameter, K which equals the ratio of inert structural mass to propellant

mass for an infinitely staged vehicle
K=— (1.14)

and substituting for ‘Z—’? and v, the equation becomes:

dm,,

o (o (1.15)

Equation (1.15) can then be integrated across the initial and final limits which results in
Eq. (1.8) for single-stage vehicles, as expected, and Eq. (1.16) for infinitely staged vehicles
[15].

gISp 1
= ln
14K 1—(1+K)C

This is the basic operating principle behind the autophage engine concept which seeks

Av (1.16)

to maximise the launch vehicle mass ratio by using sections of the fuselage as a source of
fuel. Overall, an autophage system would allow for further miniaturisation of launch vehicles
beyond current capabilities. This is advantageous for maintaining a competitive cost per
kilogram for small satellite payloads to LEO but also in delivering constrained mass payloads

on smaller launch platforms with applications in the missile and missile defense sector.

1.2 Propulsion Theory

This section presents the fundamentals of propulsion including the conservation of momentum,
supersonic flow, principles of a nozzle, and the derivation of the engine thrust equation. It
further introduces characteristic velocity, thrust coefficient, and specific impulse which are
key concepts in describing rocket engine performance. These concepts are then applied to an

autophage vehicle architecture to demonstrate its theoretical feasibility.

1.2.1 Thrust

There are two components to the thrust equation: the momentum contribution and the pressure

contribution. The momentum contribution is a function of the propellant mass flow rate

6
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and the exit velocity; and provides the largest contribution by far in chemical propulsion
systems. The pressure contribution is a function of nozzle exit area and the difference between
the nozzle exit pressure and the ambient atmospheric pressure. The combination of these
two contributions to the thrust equation results in a force which propels the rocket forward.
Fundamentally, this is what allows rockets to operate in a vacuum with the nozzle conducting
work on the exhaust gases to facilitate a transfer of momentum.

The thrust equation is derived by taking the integral of all pressures with a projection onto
the thrust axis as shown in Fig. 1.3. Any decomposed forces acting radially do not contribute
towards the thrust due to symmetry of the combustion chamber and nozzle.

Atmosphere (3) Converging nozzle section
t f T f p} T { f p i Divlerging nozzle section

Chamber —— mange- U *

p1, A1, T

Fig. 1.3 Forces acting on a classical rocket engine combustion chamber and nozzle [13].

Integrating the pressures acting on the rocket nozzle results in Eq. (1.17).

FT:/PdA:mve+(Pe—Po)Ae (1.17)

Thus the engine thrust is a function of the propellant mass flow rate, 7z, multiplied by the
exhaust velocity, v,, plus the pressure contribution. The pressure contribution is defined as
the difference between the nozzle exit pressure, P,, and the ambient pressure, Fy, multiplied

by the exit area, A,.

1.2.2 Specific Impulse

The specific impulse, Iy, represents the thrust generated per unit of propellant mass. Itis a
key component in evaluating propulsion systems since a higher specific impulse is indicative
of better performance. If the total propellant mass flow rate is given as 7 and the gravitational

constant as go, the Iy, can be written as:

. fé Frdt

— : (1.18)
80 fémdt

I,
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For a constant propellant mass flow rate and constant thrust Eq. (1.18) can be re-written as
Eq. (1.19).

gom

The resulting I, is given in units of "seconds" and is a time-averaged value.

I, (1.19)

1.2.3 Characteristic Velocity

The characteristic velocity, c*, of a rocket engine is a useful term for comparing the relative
performance of different chemical rocket propulsion system designs and propellants. It is
independant of nozzle characteristics and can be determined directly from measurements
of propellant mass flow rate, combustion chamber pressure, and throat area as given by
Eq. (1.20).

P.A
Cck =

(1.20)

m

1.2.4 Supersonic Flow and Fundamentals of a de Laval
(Converging-Diverging) Nozzle

In order to generate the high exhaust velocities necessary for effective rocket propulsion
systems, exhaust gases are accelerated to supersonic velocities. This is often done through the
use of a de Laval (converging-diverging) nozzle. In a converging-diverging nozzle the hot
gases from the combustion chamber are converged down to a minimum area, or nozzle throat.
As the gases travel through the throat they are accelerated to the sonic velocity where the
flow is choked by the nozzle throat, restricting the mass flow rate. Downstream of the throat,
the flow is isentropically expanded to a supersonic Mach number which decreases the static
pressure and temperature. The exit temperature determines the exit speed of sound and thus
the exit velocity. To understand how the converging-diverging nozzle is able to accelerate

flows to supersonic velocities we start with the conservation of mass equation:

m= pvA = constant (1.21)
Differentiating yields Eq. (1.22).
d dv dA
a v aa g (1.22)
P v A

Consider the conservation of momentum,

pvdv=—dp (1.23)

isentropic flow relation, where 7 is the ratio of specific heats,

dp— Yp

- (1.24)
pdp
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and equation of state, where R is the gas constant and 7 is the temperature.

P _Rr (1.25)

)
Combining equations (1.24) and (1.25) yields

dp=17YRTp (1.26)

This can be simplified by applying the equation for the speed of sound given by (1.27):
a=+/YRT (1.27)

dp =a*dp (1.28)

Combining this result with the change in pressure within Eq. (1.23) yields the following:

pvdv=—(a®)dp (1.29)
v dp
;dv = (1.30)
—(¥)24
—G)Sdv _dp (131)
v P

Using the definition of Mach number given by

m=" (1.32)
a

and combining the result with the conservation of mass flow equation, Eq. (1.22) results in:

1-M? dA

=M, __
v A

This result is critical to understanding supersonic flow since it describes how the velocity

(1.33)

of the flow changes when area changes. This is dependent on the Mach number of the flow.
When Mach number is less than 1 (subsonic), constricting the the flow results in an increase
in velocity. However, when the Mach number is greater than 1 (supersonic) expanding the
area increases the flow velocity. Thus, a converging-diverging nozzle is able to accelerate
subsonic flows by constricting the area up to the nozzle throat such that the flow is choked
and reaches M = 1.0. The flow is then expanded and accelerated to generate the high exhaust

velocities necessary for rocket propulsion systems.

1.2.5 Application to an Autophage Engine

In a solid-propellant autophage rocket proposed by many early patents [16, 17], the combustion
chamber pressure, and by approximation the momentum contribution of the thrust, acts mostly
on the fuselage rather than the injector face of the combustion chamber. This architecture will

effectively eject the fuselage out of the engine. To illustrate this, consider Fig. 1.4 which is a
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simplification of early proposed autophage rockets. This figure assumes a cross-section of
a rectangular autophage engine, in a vacuum, and subsonic/incompressible flow through an
orifice at the nozzle.

Fig. 1.4 Simplified solid-propellant autophage engine with direct fuselage insertion into the
combustion chamber.

As in a conventional system, the pressures within the combustion chamber act uniformly
and perpendicular to the combustion chamber surfaces. However, at the front of the combus-
tion chamber, there are two surfaces which the pressures act on: the combustion chamber
area, A, and the fuselage area Ay. The integration of all the pressures yields a simplified net
thrust equivalent to (1.34).

Fr =P.A; (1.34)

The net thrust is distributed uniformly across surfaces Ay and A, and can be decomposed into
two forces, F. and Fy which act on the combustion chamber and fuselage respectively.

Ac
—F 1.35
c TAf+Ac ( )
Fr—Fp (1.36)
f= TAf+AC .

From the Fig. 1.4, when Ay is greater than A;, the force F; will act in the opposite
direction of Fy and thus push the combustion chamber and fuselage apart. However, consider
an autophage engine design where A is significantly smaller than A, (Fig. 1.5) and the mass
of the fuselage is significantly greater than the mass of the combustion chamber.

In this case, a small Fy acts on a large-mass fuselage, while a greater F, acts on the
small-mass combustion chamber in the same direction. The forces and masses can be used
to calculate the acceleration of each component. The relationship between the fuselage and

combustion chamber accelerations can then be written as an autophage acceleration ratio, o.

ER

7 (1.37)

My
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Fig. 1.5 Simplified solid-propellant autophage engine with a small fuselage area.

Substituting in (1.34), (1.35), and (1.36) yields

AcM;
o =
ArM,

(1.38)

Under this simplified calculation (which does not include the effects of friction), when o
is greater than 1.0, the pressure within the combustion chamber will impart an acceleration
onto the engine that is greater than the acceleration of the fuselage. This difference in relative
acceleration will cause the fuselage to be inserted into the engine. However, this autophage
rocket design is impractical since the diameter of the engine far exceeds the diameter of the
fuselage. Additionally, as the fuselage is consumed as propellant during the flight trajectory, o
will continuously decrease as the total mass of the fuselage decreases. These are major issues
that affect the feasibility of a self-sustaining autophage rocket since the proposed advantage
of this architecture is to use the rocket structure as a source of propellant to reduce the overall
total mass of a launch vehicle.

One solution is to use a tubular solid propellant with space on the inside of the fuselage
for a mechanical system that can exert the required force and drive the fuselage into the
combustion chamber (Fig. 1.6).

Fig. 1.6 Simplified solid-propellant autophage engine with a small, tubular fuselage area.

11



1.3 Historical Review On Autophage Propulsion Systems

1.3 Historical Review On Autophage Propulsion Systems

The concept of an autophage (self-eating) rocket has existed effectively as long as the infinite
staged rocket architecture and by extension launch vehicle staging itself. Autophage systems
operate specifically as infinite staged rockets by consuming unproductive structural mass
continuously throughout the launch. For a solid rocket, this unproductive structural mass
consists of the spent motor casing and for a liquid rocket it can consist of both the fuselage
and empty tankage.

Various patents and design concepts for autophage system can be dated to the 1930s with
sporadic development through to the 1980s. While autophage concepts had been theorized
for almost a century, the technology had never been physically designed and tested until an
autophage end-burning solid-propellant prototype engine was tested by Dnipro University in
2015 [18].

1.3.1 Early Development and Patents

The first recorded autophage concept dates back to a patent in 1938 for a self-propelling
projectile [16]. This concept was designed to operate as an end-burning solid rocket motor
whereby the motor casing was burned alongside the propellant resulting in the length of the
projectile decreasing over the course of the burn.

A subsequent patent in 1966 expanded on the autophage end-burning solid rocket design
by introducing a thrust chamber that would travel across the length of the motor [17]. As
propellant is burned inside the thrust chamber, the fuselage is continuously fed into the
chamber at a constant rate.

y. /3 /2 Va4

>

R

Fig. 1.7 Drawing of an early autophage end-burning solid-propellant rocket concept[17] with
the rocket body being fed into the thrust chamber.

The patent also calculates that the inertia of the launch vehicle and engine thrust contribute
towards a net force that will feed the fuselage into the combustion chamber. However, this
calculation is incomplete, makes an incorrect assumption regarding how the combustion
chamber pressure acts on the cross-sectional area of the fuselage, and it does not account for
the momentum contribution of the thrust equation.

This concept of a tubular propellant can also be extended out to hybrid and liquid propul-

sion systems. This architecture first appeared in a patent from 1987 which proposed bi-
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propellant tanks to be made from a kevlar-epoxy material which could be burned on ascent
alongside liquid propellants [19].

Overall, the theoretical performance benefits of an infinitely staged autophage launch
vehicle over conventional multi-stage systems have been well understood since before even
the world’s first multistage rocket (the WAC Corporal) was launched in 1948. Interest in the
infinitely staged rocket has continued, with the US Air Force Rocket Propulsion Laboratory
identifying it as an advanced propulsion concept in 1972 while the Apollo program was still

landing men on the Moon. However, in their words:

"Infinite staging is an illusive concept that has not been accomplished by any
technique that really delivers a significant payoff in flight performance. There are
various schemes for eliminating system inerts, but in general they are not true

infinite staging concepts." [15]

This addresses the crux of the difficulties in the development of a functional autophage
rocket; which is that the proposed concepts and designs in practice did not exceed the
performance of conventional systems used to deliver very large payloads to orbit. Since
that evaluation however, technology has advanced and the average small satellite mass has
significantly decreased over the past 50 years. Improvements to electronics, propulsion
system design, and materials science have progressed to a point that it is feasible to once again

consider how current technology can be applied to an infinitely-staged, autophage rocket.

1.3.2 Development and Test of an Autophage Proof-of-Concept

While autophage concepts had been theorized and proposed for almost a century, the tech-
nology had never been rigorously studied nor physically designed and tested to verify the
actual performance until a proof-of-concept demonstration in 2015 by Yemets, et al. at Dnipro
National University [18]. Additionally, early development had been made by the team into
the theoretical flight trajectory of an autophage launch vehicle to reach LEO which eventually
led to multiple laboratory tests of a proof-of-concept autophage engine.

The work by the Dnipro team was the first to seriously consider the flight trajectory of an
autophage rocket beyond the simplified lens of the Tsiolkovsky equation. The researchers
considered a solid-propellant autophage platform which, much like previous designs, fed
the rocket fuselage into a thrust chamber where the propellants would react. The goal of
the trajectory analysis was to determine the feasibility of using a polymer as the fuselage
material which would provide the structural support of the launch vehicle. The key parameters
considered were the temperature of the contracting rocket airframe surface during ascent and
the resulting G-loading on the airframe.

As any projectile travels through the atmosphere it experiences a range of atmospheric
flow conditions that are dependant on both projectile velocity, altitude, and Mach number.
In particular, high velocity flight at low altitudes is an area where launch vehicles can
have significant losses due to excessive drag. Though, the Dnipro researchers found that
autophage engines have an additional challenge of airframe skin temperature during those
flight conditions. This is because proposed autophage designs typically use a polymer as the
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fuselage material with most having a maximum melting temperature at approximately 200°C
[20].

Using an axisymmetric Navier-Stokes solver to calculate the thermal loads, the Dnipro
team found that the airframe skin temperature of their proposed autophage launcher reached
peak temperatures of up to 1400K at 14 seconds into the burn. This far exceeds the melting
point of the launch vehicle structure and thus, necessitates either using a protective shell or
coating on the fuselage skin, altering the flight trajectory in a way to lower the maximum
skin temperature, or a combination thereof. One of the potential solutions for changing the
flight trajectory involved introducing a pause in engine operation via an engine shutdown and
restart midflight.

When evaluating the G-loading for such a trajectory, it was determined that the fuselage
would have sufficient structural strength for a majority of the ascent. However, the maximum
G-load would be exceeded in some instances requiring a capability to throttle the engine in
addition to the aforementioned shutdown and restart capabilities. This however is not feasible
with typical solid-propellant systems and necessitates the development of a throttleable
solid-propellant engine. This resulted in the design, development and test of the first proof-
of-concept autophage engine at Dnipro National University to meet the requirements of
autophage flight.

The design featured a "gasification chamber" at the fuselage and thrust chamber interface.
There the heat from the combustion chamber would cause the solid-propellants to sublimate
and the resulting gases would be injected into the thrust chamber to perpetuate the combustion
process. As the rocket burns, the fuselage is inserted into the combustion chamber and the
launch vehicle length decreases throughout the duration of the trajectory.

The propellant used was a mixture of powdered ammonium perchlorate (AP) and ammo-
nium nitrate (AN) as the oxidiser; encased by the fuel which was polypropylene based. Two
of the major challenges in this design were engine ignition and maintaining steady state heat
transfer to the propellants. In order to address the first challenge, the design used a pilot gas to
start the engine and to heat the chamber to a high enough temperature such that vaporization
of the propellants could begin. This was sufficient to achieve ignition and demonstrate the
first in the world test of a proof-of-concept autophage engine. The results showed a maximum
feed rate of 3.0 mm/s of the fuselage into the thrust chamber and data on the feed force and
chamber pressure. However, the test rig was not configured in a way that made measuring
thrust possible.

While the design had a successful test it also had a recurring problem of detonations
inside the engine causing destruction of the test rig. This was due to sensitivity to priming
the engine and the solid-propellant igniting inside the gasification chamber instead of the
thrust chamber (Fig. 1.8). Overall though, the research was very successful at overcoming the
nontrivial challenge of actually building and testing an autophage engine concept after almost
a century of only being theorized. Additionally, the conclusions of that first test campaign
would shape the development of autophage engines to the present day and of the research

contained herein by identifying key areas for development. These were: development of a

14



1.4 Motivation of Current Studies

throttleable autophage engine, maximisation of fuselage feed rate, and an investigation into

the effect of pulsed mode operation on feed rate.

Fig. 1.8 First known proof-of-concept autophage engine tests [18]. The final image shows an
engine failure caused by pre-ignition in the gasification chamber.

Continued development of this system led to design improvements by the Dnipro team and
a new set of hot-fire tests in 2018 [21]. A depiction of the improved Dnipro solid-propellant
autophage concept is shown in Fig. 1.9. The major change over the previous design was in
the gasification chamber which was now covered by a heat transfer surface in an effort to
improve the feed rate.

The results of the second test campaign were also an improvement and yielded an extended
firing duration of 60 seconds in steady state, autophage operation. However, much like the
previous test firings, the test rig was unable to measure engine thrust and the engine failed
due to a detonation in the chamber. It was hypothesized that the detonations could be due to
combustion instabilities; however, the sampling rate of the combustion chamber pressures was
only 5 Hz which is insufficient to measure low frequency instabilities such as chug (100-300
Hz) let alone high frequency combustion instabilities such as screech (2-5 kHz). Therefore,
while these proof-of-concept tests have demonstrated the feasibility of building and testing
an autophage engine they lack comprehensive data acquisition to accurately characterise the

engine performance and operating conditions.

1.4 Motivation of Current Studies

With the rise in small satellite development over the past decade, dedicated nanolauncher
platforms capable of delivering payloads of up to 100 kg to LEO have become increasingly
desirable. An affordable nanolauncher would give small satellite teams an opportunity for
rapid-deployment, targeted orbit insertion, as well as launch location and payload flexibility
that are not achievable through most ride share programs. However, miniaturisation of
conventional launch system designs is difficult due to the square-cube law which increases
the structural coefficient and by extension the cost per kilogram to reach LEO.
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Fig. 1.9 Testbed of the Dnipro autophage solid-propellant engine concept [21].

Current examples of dedicated small launch vehicles reach a very high cost per kilogram
to LEO and are not affordable for most payloads. Fundamentally, the only ways to increase
the capabilities of nanolaunchers and reduce the cost per launch is either in a breakthrough
in the performance of propulsion systems or in the minimisation of the structural coefficient.
Research in propulsion system breakthroughs include the use of aerospikes, rotating detonation
engines, and high energy density propellants; all of which may be able to provide small
increases in engine performance but often at the expense of higher structural mass which can
offset any theoretical gains in engine performance.

On the other hand, reducing the structural coefficient addresses the root cause behind the
launch vehicle scaling problem and could even be used in conjunction with breakthroughs in
propulsion system designs to act as a force multiplier of launch vehicle capabilities. Recent
advances in carbon fibre composites and additive manufacturing have been able to slightly
reduce the structural coefficient of launch vehicles but not enough to significantly lower the
cost per kilogram of small satellite payloads to reach LEO. However, the concept behind an
infinitely staged rocket could provide the breakthrough needed to make the use case of small
launch vehicle platforms feasible.

The infinitely staged launch vehicle has been theorised since the 1930s in the form of
various patents, designs, and studies. It operates by leveraging the concept of continuously
jettisoning all vehicle mass that is not actively functioning; for a solid-propellant system this
means eliminating the motor casing as it is used while for a liquid-propellant system it is both
eliminating the fuselage and empty tankage during ascent. If the system uses the "dead mass"

as propellant it is known as an autophage, or self-eating rocket.
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Even though an infinitely-staged, autophage rocket could provide a significant increase
to launch vehicle capabilities, the concept is still an emerging technology and until recently
it had never been physically built and tested. And while the first solid-propellant autophage
engines developed by Dnipro National University demonstrated the system as a proof-of-
concept and elevated the technology readiness level to 2, the operating conditions and the
resulting performance data of those tests were limited in scope. Thus, research in this field
required a more robust experimental campaign that would test a wider operating box, engine
throttleability and pulsed mode operation to further advance the technology readiness level of
autophage propulsion systems.

1.5 Research Objectives

The research contained herein was conducted with the purpose of expanding the knowledge
of autophage and infinitely staged launch vehicles through the development and experimental
test of a novel hybrid autophage propulsion system. The experimental results form a compre-
hensive dataset that can be used in the development of autophage launch vehicle trajectory
simulations, engine performance models, and in the refining and scaling of autophage engine
designs. The following sections detail the specific objectives of the research in order to elevate

the TRL of autophage systems from 2 to 4.

1.5.1 Liquid Bi-Propellant Architecture as an Autophage System

One of the key changes in the current studies versus those conducted at Dnipro was to switch
the architecture from a solid-propellant to a liquid bi-propellant autophage engine. This was
decided in-part based on a study done by the University of Glasgow regarding the sizing
of autophage engines for cubesat-scale nanolaunchers [22]. Based on the Dnipro test data,
the analysis found that even when scaled to larger engine sizes the solid-propellant platform
would still likely need an external feed force to drive the fuselage into the thrust chamber
and may not be self-sustaining under its own thrust. However, liquid bi-propellant could be a
more successful architecture for a multitude of reasons.

First, it is able to be operated in both a bi-propellant configuration and an autophage
configuration. This allows verification of the engine design as a bi-propellant system which
can isolate problems and failure modes during engine development. The capability to operate
as either a bi-propellant engine or an autophage engine also allows us to identify the impact
that autophage operation has on engine performance. Additionally, the engine no longer
needs to be primed to operating temperature using a pilot gas since it can reach steady state
operation immediately under its bi-propellants.

The second reason a bi-propellant architecture is advantageous is due to having direct
control over the engine inlet conditions. By using a combination of valves and pressure
regulators, the mass flow rate and inlet pressures can be regulated such that both the mixture
ratio and throttle setting of the engine can be fine-tuned to adjust the feed rate and engine
performance. This functionality allows for a wider margin in developing a suitable flight
trajectory for a launch vehicle due to the precise throttling that liquid bi-propellant systems
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provide. Additionally, precise valve control can also operate the engine in a pulsed mode
which adds an additional variable for operators to control engine performance.

Finally, a bi-propellant architecture will require a lower feed force to drive the fuselage
into the thrust chamber. This is due to the lower cross-sectional area of the fuselage when
compared to a solid-propellant system. A lower A, will result in a lower required feed force;
making the design of a launch vehicle capable of reaching the required feed force under its
own thrust more feasible. Overall, a hybrid autophage rocket propulsion system that is able
to operate as both a liquid bi-propellant and also burn a polymer as a supplementary fuel
provides many operational advantages over the previously tested solid-propellant concepts.
It also expands the breadth of research in infinitely staged launch vehicles and advances the

technology readiness level as a whole.

1.5.2 Iteratively Designed Systems

In order to maximise the output of these studies, three different engines were iteratively
designed with the intent to reach a final, functioning hybrid autophage engine design. Each of
the engines would be designed to operate with the same standard inlet conditions. However,
the first two engines, Ouroboros-1 and 2, would be designed to be operated and tested
as bi-propellant systems in order to verify nominal engine operation before including an
autophage component. Thus, they would be used as the control when evaluating the autophage

performance of Ouroboros-3.

1.5.3 Performance Characterisation of the Autophage Operating Box

A key motivation of this research is an expansion of the operating box and resulting per-
formance of autophage propulsion systems. Of particular interest is the effect that mixture
ratio and throttle setting have on the autophage feed rate. Having an understanding of how
the inlet conditions affect the feed rate is critical in the dynamic modeling of an autophage
launch vehicle flight trajectory in which both the vehicle mass and geometry are changing.
Furthermore, having experimental performance data allows for the anchoring of such models

to provide more precise simulations used in the development of launch vehicles.

1.5.4 Comprehensive Data Acquisition

Additionally, a more robust data acquisition system is needed to collect data on the perfor-
mance of autophage engines; specifically, a method of measuring engine thrust. This requires
a unique test stand that is able to both administer and measure a feed force as well as resulting
engine thrust. Additional parameters that will be measured include:

¢ Thrust
e Feed Force

e Combustion Chamber Pressure
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* Combustion Chamber Temperature
* Fuel Inlet Pressure

e Oxidizer Inlet Pressure

Fuel Mass Flow Rate
e Oxidizer Mass Flow Rate

* Fuselage Feed Rate

Furthermore, existing autophage engine performance data has been collected at sampling
frequencies far below the threshold needed to detect combustion instabilities. Both low
(100-300Hz) and high (2-5kHz) frequency combustion instabilities can impact performance
and lead to catastrophic engine failures. By sampling at higher frequencies, instabilities can
be detected for specific designs and operating conditions which can then be used to drive

future autophage engine designs.

1.5.5 Investigation of Autophage Throttleability

As identified by the Dnipro team [18], throttleability of an autophage launch vehicle is critical
in order to stay below both the thermal limit of the airframe skin as well as the G-load limit
of the structure. Thus, a method of accurately controlling the throttle setting of an autophage
engine is necessary. A hybrid autophage engine that uses liquid bi-propellants is an ideal
candidate to experimentally verify its throttleability since conventional bi-propellant systems
are well known to have throttle capabilities. Therefore, the dedicated hot-fire test campaigns
of the Ouroboros engines would operate across a range of throttle settings in order to verify
throttle capabilities.

1.5.6 Study of Pulsed Operating Modes on Autophage Performance

The final research objective was a study of the effect of pulsed operating modes on autophage
performance, specifically on the feed force and feed rate. Pulsed operating modes could
theoretically lower the required feed force by reducing P, to equal Py during off-times. This
could be advantageous for low altitude flight where air density is high and the resulting face
drag of the launch vehicle could in turn be sufficient to drive the fuselage into the thrust

chamber during pulsed mode off-times.
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1.6 Contributions to the Research Field

1.6.1 Conference Publications

Investigation of the Operating Parameters and Performance of an Autophage, Hybrid
Rocket Propulsion System [23]

This paper was the first public release of images and data from the successful testing of a hybrid
autophage engine and was presented at the 2024 AIAA SciTech Forum in Orlando, Florida.
The paper not only demonstrated the first evidence of long duration testing of an autophage
engine in both steady state and pulsed mode but it proved a correlation between engine throttle,
propellant mixture ratio, and pulsed mode duty cycle on the autophage propellant contribution.

This work was recognized by Scottish Parliament via motion S6M-11911.

Development and Roadmap of the Ouroboros Programme Hybrid Autophage
Propulsion System for Rapid Low-Earth Orbit Access [24]

This paper was written and presented at the 9th Annual Space Propulsion Conference in
Glasgow, UK. It presented the current state-of-the-art of autophage propulsion systems and
identified key technologies that are required to further advance the technology readiness level
of autophage launch vehicles. The current key challenges are in thrust scaling, heat transfer
optimisation, and the flight dynamics modeling of an autophage rocket. Future challenges that
should also be considered are autophage fuselage feed mechanisms, collapsible propellant

tanks, inertial loading on the fuselage, fuselage thermal management, and materials.

Introduction of Topology Optimisation in Regenerative Cooling Channel Design within
Liquid Rocket Engines [25]

This paper was written for and presented at the 9th Annual Space Propulsion Conference in
Glasgow, UK. It covered the use of topology optimisation algorithms to determine optimal
geometries for regenerative cooling channels in liquid rocket engines to minimise pressure
losses while maintaining favorable heat transfer characteristics in the nozzle and combustion
chamber. Optimising regenerative cooling channel designs and heat transfer characteristics is

a vital component of increasing the viability of autophage rocket systems.

Autophage Engines for cubesat-scale nanolaunchers [22]

This paper was written for and presented at the 7th Annual Reinventing Space Conference
in Belfast, UK. It presented a summary of the current known advancements in autophage
propulsion systems and proposed the use of a hybrid rocket architecture rather than a solid
propellant architecture for an autophage rocket. The hybrid autophage architecture could
greatly reduce the required feed force to drive the fuselage into a combustion chamber and

increase the feasibility of autophage launchers.
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1.6.2 Journal Publications

Steady State and Pulsed Performance Results of a Tri-Propellant Autophage Engine
Architecture

This journal paper has been submitted to the AIAA Journal of Propulsion and Power and
is currently in review. It presents the performance results of the Ouroboros-3 tri-propellant
autophage engine for both steady state and pulsed operating modes. The paper evaluates the
effect of mixture ratio, chamber pressure, and pulsed mode duty cycle on their effect of the

autophage fuel contribution to the total propellant mass flow rate.

1.6.3 Other Contributions

MachLab Propulsion Test Facility

The MachLab Propulsion Test Facility was a collaboration that facilitated between the Uni-
versity of Glasgow and Machrihanish Airbase Community Company that was funded by the
UK Space Agency. After initial successful testing of the Ouroboros autophage engines at the
test site, a substantial grant was awarded through the LaunchUK funding scheme to design
and build a cryogenic propellant feed system and test stand for rocket engine testing up to
10 kN of thrust. The facility also included a host of operating procedures for hot-fire testing,
leak testing and pressure testing. MachLab is scheduled to be completed and fully operational
by 2025 and will be the first propulsion test facility in Scotland and an asset to the UK space

sector.

1.7 Summary of Remaining Chapters

1.7.1 Chapter 2: Theoretical Performance and Impact of an Autophage
Rocket Architecture

An evaluation of the performance of three conventional rocket architectures (missile system,
sounding rocket, and small satellite launch vehicle) is performed. A literature review is
conducted to determine an approximate mass distribution for three characteristic systems to
determine the available fuselage mass that could be used as fuel for an autophage rocket of
the same architecture. An analysis is then performed to determine the impact an autophage
system would have on system performance. Other sources for increasing performance are
then considered to determine a maximum achievable performance increase for an autophage

launch vehicle to determine the overall viability of an autophage architecture.

1.7.2 Chapter 3: Hybrid Autophage Engine Design Methodology

The design of the Ouroboros-1, 2 and 3 autophage engines and key design considerations are
presented. Two main designs are considered: the depolymerisation chamber architecture and
the direct fuselage insertion architecture. The depolymerisation chamber architecture utilises
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regenerative cooling to extract thermal energy to melt the autophage fuel before injecting it
into the combustion chamber. The direct fuselage insertion architecture deploys the autophage
fuel directly into the combustion chamber where it is combusted, similar to a hybrid rocket

motor.

1.7.3 Chapter 4: Test Apparatus and Experimental Setup

A test apparatus was designed and built to support the empirical testing of the Ouroboros
autophage engines. The experimental setup covers the: test location, test stand, propellant
feed system, instrumentation, data acquisition, and control systems. Also presented is the

hot-fire test plan which contains the operating conditions for the Ouroboros engine tests.

1.7.4 Chapter 5: Depolymerisation Chamber Architecture,
Bi-Propellant Test Results

The results of the first test campaigns conducted on Ouroboros-1 are presented. Ouroboros-1
was designed using the depolymerisation chamber architecture. The first test was conducted
with the engine in a bi-propellant configuration without using an autophage fuel. This
was done to set a performance baseline. The engine operated in steady state mode for
approximately 52 seconds, during that time the engine experienced a burn-through of the
combustion chamber and no further tests were conducted on this architecture.

1.7.5 Chapter 6: Direct Fuselage Insertion Architecture, Bi-Propellant
Test Results

The direct fuselage insertion architecture performance using the Ouroboros-2 autophage
engine is evaluated. As done previously, the Ouroboros-2 engine was tested solely in a
bi-propellant configuration to set a performance baseline. Multiple successful tests were
conducted, providing a range of throttled and standard inlet condition results. A frequency
analysis was conducted on the engine pressures to evaluate the presence of any combustion
instabilities. Combustion instabilities were detected, improvements to the Ouroboros-2
injector design were considered to be implemented for Ouroboros-3 which would use the

direct fuselage insertion architecture in a full, autophage configuration.

1.7.6 Chapter 7: Direct Fuselage Insertion Architecture, Autophage
Test Results

The results of the Ouroboros-3, tri-propellant autophage engine are presented. A total of 5
tests were successfully conducted on the Ouroboros-3 engine in the autophage configuration.
The autophage fuel was successfully inserted into the engine combustion chamber and burned
as a secondary source of fuel. The engine was operated across a range of inlet conditions and
the performance was compared to the Ouroboros-2 baseline. The Ouroboros-3 engine was

also operated in steady state and pulsed mode. The parameters of throttling, mixture ratio,
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and pulsed mode were evaluated to determine their effect on the autophage fuel mass flow
rate contribution. A frequency analysis was conducted on the engine pressures to evaluate the

presence of any combustion instabilities.

1.7.7 Chapter 8: Conclusions

The conclusions of the autophage engine tests are presented. It was found that the autophage
fuel contributed between 5.1%-15.7% of the total propellant mass flow rate and was influenced
significantly by engine throttling and pulsed mode duty cycles, while mixture ratio had a
moderate correlation to the autophage contribution. Overall, the research successfully operated
an autophage engine design for durations of over 60 seconds and established parameters that
can be used to control the autophage contribution.
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Chapter 2

Theoretical Performance and Impact of
an Autophage Rocket Architecture

As discussed in Section 1.1.5 an idealised infinitely staged vehicle will provide an overall
performance increase to the rocket. However, a physical autophage rocket design must
consider the additional mass of the engine and mechanisms that may be required for autophage
flight. The reduction in structural mass (fuselage consumed as fuel) must then be evaluated
against the increase in engine mass to determine under what conditions does the autophage
architecture provide a net increase to the total AV of the rocket. Since no autophage rockets
have ever been flight tested, the total mass of a hypothetical autophage engine must be
estimated. The following sections compare three conventional launch vehicle architectures
of various sizes to a hypothetical autophage rocket, of similar capabilities, to determine the
inflection point at which an autophage architecture may be advantageous over a conventional

rocket.

2.1 Conventional Launch Vehicle Performance

A modern conventional launch vehicle which has had success in delivering small satellites to
orbit is the Rocket Lab Electron. The Electron is a two-stage small-lift launch vehicle capable
of delivering a payload of up to 200 kg to low-Earth orbit using a cluster of 9 Rutherford
engines on the core stage [26]. While Rocket Lab does not publish the propellant mass fraction
of the Electron core stage (CS) it can be estimated. First, consider the payload mass, upper
stage fuel mass, and an estimated propellant mass fraction of 0.9. The estimated propellant
mass fraction aligns with other upper stages operating with LOX/RP-1 bi-propellant engines
[27]. Using EQ. (1.4), the total Electron second stage mass was calculated at 2,542 kg (This
includes the payload, fairing, and kick stages masses). Considering an estimated structural
coefficient of 0.10 for the core stage, the reported lift-off mass, and the calculated total second
stage mass; the dry mass of the core stage was estimated to be 1046 kg. The Av of the launcher
was then calculated from the specific impulse and mass values of the rocket using EQs. (1.7),
(1.8), and (1.9).
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2.1 Conventional Launch Vehicle Performance

This process was repeated based on data gathered from two other launch systems. The
second architecture considered is the single-stage configuration of the Black Brant VC sound-
ing rocket [28]. The third architecture is an air-to-air missile system using publicly available
data on the AIM-54 Phoenix with an Aerojet Mk 60 motor [29-33]. The payload mass of the
AIM-54 constitutes the warhead mass. The resulting baseline vehicle characteristics of all

three architectures were calculated and shown in Table 2.1.

Table 2.1 Calculated mass and performance characteristics of conventional rockets.

Mass, kg Mass Ratio
Vehicle m; mp my my 4 € A Iy, s Av,m/s
Electron CS 13,000 9,412 1,046 2,542 0.72 0.10 0.24 311 3,884

Black Brant VC 1,544 1,017 301 226  0.66 0.23 0.17 223 2,349
AIM-54 Phoenix 464 163 240 61 035 0.60 0.15 262 1,107

The structural mass of these launch systems can be further decomposed into constituent
parts such as engine/motor mass, fuselage structure, propellant tanks, cryogenic insulation,
power and electronics, and thrust vectoring/control surfaces; with the specific mass breakdown
dependant on the vehicle platform. For both the Black Brant VC and AIM-54 Phoenix, the
motor insulation is included as part of the motor mass. A structural mass breakdown of the
previously introduced vehicle platforms is shown in Table 2.2. Where possible, the structural
mass constituent categories were pulled from publicly available data. However, only the
engine mass was available for both the Electron and Black Brant VC rockets. All the data for
the AIM-54 Phoenix missile was publicly available.

To estimate the mass of each category, the relative percentage of each category versus
the total structural mass was calculated using data from a proposed single task orbit transfer
vehicle [34, 35]. For Electron, the mass of the propellant storage tanks was further reduced
by 40% to align with their claims of mass savings due to composite construction [26].
Additionally, the cryogenic insulation was sized according to a relative percentage based on
the earth departure stage of the Ares V rocket which has data specifically on cryogenic tank
insulation [27]. The fuselage mass was then the final variable which was adjusted such that

the sum of the components equaled the total structural mass of each launch platform.

Table 2.2 Calculated structural mass distribution across subsystems in conventional rockets.

Mass Category, kg Electron Core Stage Black Brant VC AIM-54 Phoenix
My 1,046 301 240
Engine/Motor Casing 315 118 44
Fuselage 456 135 55
Propellant Storage 90 0 0
Cryogenic Insulation 20 0 0
Avionics and Electrical 115 33 136
Control Systems 50 15 5
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Fig. 2.1 Autophage architecture impact on Av using nominal engine mass.

2.2 Autophage Launch Vehicle Performance

To evaluate the feasibility of autophage launch vehicles, the data from Tables 2.1 and 2.2
was used as a performance baseline for a hypothetical autophage replacement sized for each
of the three architectures. The objective of this analysis was to determine the change in Ay
as a function of percentage of fuselage mass used as propellant. The total rocket mass and
payload mass were held constant according to each architecture. With the exception of the
fuselage mass, all other structural mass categories were also held constant. This analysis
considered that the engine mass of each autophage architecture remained unchanged from
the corresponding conventional engine masses as a best-case scenario. The resulting Av, as
well as a normalised Av, were plotted in Fig. 2.1. The term I" is used to describe the ratio of
fuselage mass used as propellant over the initial fuselage mass, this is the autophage mass
ratio.

Atal of 100%, the average increase in Av across all three architectures was calculated
as 528 m/s. This increase in Av is of the same magnitude as the contribution from the
Earth’s rotation when launching from an equatorial launch site, 465 m/s [9]; and when using
air-assisted launch, 400-800 m/s [36].

However, the normalised change in Av shows a significant difference between the three
architectures. When compared to the AIM-54 Phoenix, an autophage missile of the same size
could contribute up to a 46% increase in velocity. This translates to significantly longer range
and the higher velocity correlates with a lower likelihood of interception by missile defense
systems. An autophage rocket with the same total mass as the Black Brant VC may contribute
up to a 27% increase in Av. When sized for the Electron launch vehicle, an autophage system
may increase the Av by up to 10%. As the total launch vehicle mass increases, an autophage
architecture has less of an effect on the normalised increase in Av. This is expected due to the
effects of the square-cubed law described in Section 1.1.1.

This analysis assumed a scenario where the engine mass and Iy, remain at the same values
as that of each conventional architecture. However, an autophage engine is likely to have a
higher mass than conventional systems due to the complexity and additional mechanisms used
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2.2 Autophage Launch Vehicle Performance

to control the feed rate. An additional analysis was conducted to evaluate how an increase in
engine mass would effect the Av and normalised change in Av for each architecture. As in
the previous analysis, the total launch vehicle mass, payload mass, and engine I, were held
constant. The effect on Ay, due to the increase in engine mass, was charted for autophage
systems with a I' of 30%, 60%, and 90% (Fig. 2.2). All other structural mass categories were

held constant.
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Fig. 2.2 Effect of engine mass increase on autophage performance at various I

When considering an autophage system with a I' of 0.3, a normalised increase in engine
mass of over 40% resulted in a net decrease of Av across all three architectures. This is
undesirable as the complexity of the system is increased with no benefits to performance.
However, as I is increased to 0.6, the autophage architecture yields a net performance increase
to Av even when accounting for an increase in engine mass. At an engine mass increase of
40%, the autophage AIM-54 Phoenix yielded an increase in Av of 12%. Further, when I is
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2.3 External Sources of Autophage Performance Increase

set to 0.9, the normalised change in Av of the same system is increased up to 23% compared
to the conventional architecture.

While the lower mass of the AIM-54 Phoenix architecture receives the largest potential
increase in performance, it is noted that an increase in engine mass reduces the normalised
change in Av at a higher rate. This is a result of the autophage architecture having a greater
effect on { of lower mass vehicles. Based on this analysis, autophage architectures will
provide the largest performance benefit to missiles and sounding rockets, with marginal
increases to the performance of launch vehicles with a gross lift-off mass greater than 13,000
kg. However, using synergistic existing and emerging technologies in conjunction with
an autophage architecture may result in a net performance multiplier that could extend the

viability of autophage rockets.

2.3 External Sources of Autophage Performance Increase

The autophage rocket architecture is most viable when the total mass of the launch vehicle
is relatively low. The largest performance increases correlate with missile and sounding
rocket architectures; however, the application of other technologies that are synergistic with
an autophage rocket may result in a net performance multiplier that extends the viability to
small satellite launch vehicle platforms. The following sections identify key technologies and
their potential impact on the theoretical autophage launch vehicle performance discussed in
Section 2.2.

2.3.1 Altitude Adaptive Nozzles

As discussed in Section 1.2.4, converging-diverging nozzles are used to accelerate exhaust
gases to supersonic conditions to maximise the momentum transfer and thrust of a rocket
engine. The most widely used is the parabolic bell-shaped nozzle due to its simplicity and
improved performance versus a conical nozzle. For nozzles with a throat Reynolds number
range of 2 x 10* to 4 x 10*, depending on the atmospheric pressure, the bell-shaped nozzle
can improve the specific impulse of a rocket by 5% at 500 kPa, 6% at 370 kPa, and 12% at
225 kPa when compared to a conical nozzle [37].

However, both conical and bell-shaped nozzles are optimised to operate at a set altitude
and corresponding atmospheric pressure. Operating outside of the design altitude will result
in overexpanded exhaust gases at lower altitudes, which will reduce specific impulse and
can cause flow separation and significant forces on the nozzle sidewall [38]. Conversely,
underexpanded exhaust gases at higher altitudes also reduce performance and can cause plume
impingement on critical structures [39]. Figure 2.3 presents data on how significantly the
specific impulse of an engine can vary depending on its operating altitude.

Using the data from the Vulcain 2 engine, used on the Ariane-5 core stage, the specific
impulse is 310 s at sea level and 432 s at vacuum, resulting in an average specific impulse of
approximately 370-390 s dependant on the flight trajectory [41]. Advanced nozzle designs
such as the dual-bell nozzle, expansion-deflection nozzle, and plug (aerospike) nozzle seek to
reduce the losses of conventional conical and parabolic bell nozzles [42, 43].
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Fig. 2.3 Specific impulse as a result of altitude for three conventional bell-shaped nozzles and
a dual-bell nozzle [40].

Dual-bell nozzles utilise a two-part nozzle (Fig. 2.4) that provides two-different operating
modes for low and high altitude operation [40]. As shown previously in Fig. 2.3, at low
altitudes, using a dual-bell nozzle can increase the specific impulse of a launch vehicle. This
correlates to a reduction in fuel consumption of up to 25-30% [44]. However, dual-bell

nozzles are larger in size and can increase the mass of the engine on the order of 20-30% [45].

Base Nozzle

Low Altitude
Operation

M A
Shocks _
R

@ation

Shocks

# Expansion

waves

High Altitude
Operation

Contour Inflection
Extension Nozzle

Fig. 2.4 Sketch of a dual-bell nozzle in low and high altitude operation [46].

Expanding-deflection (E-D) nozzles use a pintle architecture (Fig. 2.5), first proposed by
Rao [47], to dynamically change the area ratio of the nozzle throughout the flight trajectory.
A major benefit of the E-D nozzle is that it can reduce the overall nozzle length and reduce
the structural mass of the engine. A study and numerical analysis done on the Ariane 5
upper stage found that shortening the nozzle increased the payload mass by 180 kg and the
vacuum specific impulse by 2 s [48]. A recent experimental study, conducted by researchers
at Chungnam National University, investigated the performance of two E-D nozzle designs,
one designed to the same length as an 80% bell nozzle and the other with a 30% reduction to
the nozzle extension length [49]. In an experiment setup at a 16 km altitude, the researchers

found the performance of the engine with reduced nozzle length was within 1.0% of the
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2.3 External Sources of Autophage Performance Increase

full-size nozzle. Therefore, E-D nozzles could offer an overall increase to performance while
also reducing the total mass of the engine.

However, the E-D nozzle does have a significant weakness since there are a variety of
parameters that must be selected in the design change based on assumptions. This can result
in great variability between designs [50]. One experimental investigation, conducted by
researchers at NASA Glenn Research Center, found that efficiencies of the E-D nozzle used
in their tests were found to be 92.3% at sea level and 97.6% at the design point [51]. This was
a net decrease in performance when compared to a conical converging-diverging nozzle used
as a control which yielded nozzle efficiencies of 92.6% at sea level and 97.8% at the design
point.

Fig. 2.5 Sketch of an expansion-deflection (E-D) nozzle [52].

The plug nozzle, also known as the aerospike, is the most promising in terms of theoretical
performance increase. This is due to the aerospike architecture which uses an internal plug
such that the exhaust plume is open to the atmosphere [53]. This allows the nozzle to
dynamically adjust to an optimum expansion at all altitudes. A sketch of an aerospike nozzle
and the resulting shock structure of the plume is shown in Fig. 2.6.

Cowl

Shear Layer Shock Wave | Shock Cell |

Fig. 2.6 Sketch of an aerospike nozzle and its shock structure [54].

Much like other altitude adaptive nozzles, aerospike nozzles have been found to increase
average engine performance when operated across the full flight trajectory. According to one
study, when compared to a bell nozzle in a hybrid rocket motor, aerospike nozzles yielded

an increase in [y, between 8.9%-23.4% [55]. Another study conducted by researchers at
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2.3 External Sources of Autophage Performance Increase

the Beijing University of Aeronautics and Astronautics found that at sea level conditions,
the thrust efficiency of an aerospike nozzle was 27% higher than a conventional bell nozzle
[56]. Additionally, aerospike nozzles can be designed to be dramatically smaller than their
conventional counterparts [57] with a numerical study finding that a truncation of 40% of
the maximum length of an aerospike actually results in an increase in thrust due to the effect
of recirculation zones in the plume [58]. Therefore, aecrospike nozzles provide a significant
benefit towards autophage propulsion systems because they not only offer an overall increase
to Iy, but also minimally increase nozzle mass. Figure 2.7 considers the potential increase
in launch vehicle performance when an aerospike nozzle is used in conjunction with an

autophage architecture for the previously discussed example launch systems.
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Fig. 2.7 Effect of a combined aerospike nozzle and autophage architecture on launch vehicle
performance at various I'.
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2.3.2 Rotating Detonation Engines

Rotating detonation engines (RDEs) are an innovative class of propulsion systems that
utilise continuous detonation waves in the combustion chamber rather than conventional,
deflagration-based combustion. RDE performance has been empirically validated to show
a 6-8% increase in specific impulse compared to deflagration combustors but increases of
up to 10-15% are theoretically possible [59]. This specific impulse increase comes from the
propellants being detonated instead of deflagrated, where the detonation shockwave increases
the pressure and temperature at which combustion occurs. Figure 2.8 shows the cross-section
of a typical RDE while Fig 2.9 shows a 3D model of the detonation wave propagation in an
RDE combustion chamber.
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Fig. 2.8 Cross-section of a typical rotating detonation engine [60].

Products

Fig. 2.9 Detonation wave propagation in an RDE combustion chamber [61].

While RDEs show potential to increase engine performance, the engines that have been

experimentally validated thus far have been relatively small with insufficient thrust for
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2.3 External Sources of Autophage Performance Increase

practical applications [62]. Some of the largest RDEs that have been successfully tested have
been able to produce up to 6 kN of thrust while maintaing an outer chamber diameter of only
406 mm [63]. While not suitable for large-scale space launch vehicles, that thrust class of
engine is in-line with many missile systems while being up to 50% smaller diameter than
conventional rocket engines [62]. Therefore, it may be feasible to integrate rotating detonation
engines (RDEs) into an autophage rocket for architectures similar to either the previously
discussed AIM-54 Phoenix or Black Brant VC systems.
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Fig. 2.10 Effect of a combined aerospike nozzle, rotating detonation engine, and autophage
architecture on launch vehicle performance at various I'.

However, given that RDEs have generally avoided the use of solid propellants, integrating
an RDE into an autophage rocket engine will require a redesign of the combustion chamber.
Thus, autophage combustion may need to occur either before the RDE as a gas generator

[64], after the RDE in a two-stage combustion setup, or directly into the RDE as part of the
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detonation combustion. The two-stage combustion cycle with a primary liquid bi-propellant
RDE stage followed by a secondary autophage and RDE-products deflagration stage requires
the least amount of modifications to current autophage engine designs and could prove to be
the most effective.

Due to the center body in many RDE designs, the RDE also lends itself to be used in con-
junction with aerospike nozzles [65]. This allows both technologies to be used synergistically
on an autophage rocket to further improve performance over conventional propulsion systems.
Figure 2.10 considers a further 10% improvement to autophage engine I, for the AIM-54
Phoenix and Black Brant VC architectures previously presented in Fig. 2.7.

2.3.3 Gel Monopropellants

Another emerging propulsion technology that can impact autophage rocket developments
is the use of gel propellants. Smaller rocket architectures, like the AIM-54 Phoenix and
Black Brant VC, primarily use solid propellants due to long-term storability requirements.
While solid propellants have a high energy density, their I, is notoriously lower than liquid
bi-propellant propulsion systems as can be seen in Table 2.1 when the AIM-54 Phoenix and
Black Brant VC are compared to the Electron CS.

Gel propellants are able to combine the storability of solid propellants and the performance
of liquid bi-propellants. They often operate by using a traditional propellant and a gellant. The
gellant increases the viscosity which can be used to suspend energetic particles or additives
that can enhance performance [66]. This produces a stable, yet high-energy density propellant
which is also referred to as a slurry propellant. Slurry propellants have been investigated
by NACA since the 1950s where researchers considered the idea of suspending boron and
magnesium powders in JP fuel for enhancing the thrust and range of ramjets and turbofan
engine afterburners with aluminum octoate as the gelling agent [67—69].

These types of gel propellants have the advantage of delivering higher specific impulse
and energy density [70, 71] while also demonstrating long-term storability. Many gelled
propellants are able to be stored for upwards of 10 years without settling or separation [72,
73]. Gel propellants also offer mission flexibility by their throttleability characteristics which
allow for flight trajectory optimisation which is particularly valuable for maximising range
when used in tactical missile applications [74].

Gel monopropellants are a subcategory that operate by using a single monopropellant.
Historically, monopropellants, such as hydrazine, have advantages in storability and simplic-
ity when compared to other propulsion systems. However, they have the disadvantage of
lower performance [13] which has made them undesireable for launch applications. Recent
advances in gel monopropellants have shown significant increases in performance through
new formulations that aim to replace the use of hydrazine; these hydrazine replacements
are known as green propellants [75, 76]. In particular, a new gel monopropellant has been
developed at the US Air Force Research Lab known as AF-M315E which can provide an [, of
257 s, 50% higher energy density than hydrazine, and low-toxicity for safe handling [77, 78].
While the Iy, of AF-M315E is not significantly different than the I, of the AIM-54 Phoenix

missile, it does provide the architecture required to make an autophage rocket possible which
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can provide throttelability and mission flexibility that would improve upon the conventional
architectures. The increase in Iy, does however have a significant impact on the performance
of the Black Brant VC architecture. This effect is calculated and shown in Fig. 2.11 which
takes into account the Black Brant VC using an autophage acrhitecture designed with an RDE,
aerospike nozzle, and using the base [y, of AF-M315E.
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Fig. 2.11 Effect of a combined aerospike nozzle, rotating detonation engine, gel monopropel-
lant and autophage architecture on launch vehicle performance at various I'.

2.3.4 Air-Assisted Launch

Air-assisted launch configurations have been previously successful in increasing the total
AV of rocket systems and delivering payloads to orbit on overall smaller launch vehicles.
This architecture was best demonstrated by Pegasus, a launch vehicle developed by Northrup
Grumman to deliver a payload of up to 443 kg to low-Earth orbit [79, 80]. The Pegasus
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conducted 45 successful missions in delivering satellites to orbit. The design of it, and other
air-assisted launch systems, seek to both reduce the gravitational and drag losses from ground
launched rockets while also providing additional AV derived from the velocity of the carrier
vehicle [81].

When accounting for the reduction in losses, as well as the addition of the velocity of the
carrier vehicle, researchers at the University of California [82] calculated that the additional
AV of an air-assisted launch system can reach between 400-1,200 m/s with a carrier velocity
of only 340 m/s. For supersonic carriers, like fighter jets, which may be deploying air-to-air
missiles, the additional AV reached up to 1,200-2,000 m/s when the carrier velocity was
1021 m/s. This represents a significant portion of the total AV of the AIM-54 Phoenix and
Black Brant VC architectures which can extend the range of missile systems and altitude of
sounding rockets. Autophage rockets can also be designed for air-assisted launch so long
as the total mass of the system can be fastened to the carrier vehicle. For the architectures
considered in this analysis, the AIM-54 Phoenix is in fact intended for air-launch and the

Black Brant is well-suited to be launched using a subsonic carrier.

2.3.5 Theoretical Net Performance Increase from Combined Sources

Figure 2.12 considers the theoretical autophage performance of conventional launch vehicle
architectures and applies all of the discussed sources of potential performance increases to the
analysis. This provides a best case scenario of what an autophage system can achieve when
used for a missile system, sounding rocket, and small satellite launch vehicle.

The net performance increase considers the use of aerospike nozzles for all architectures,
as well as RDEs, gel monopropellants, and air-assisted launch for the AIM-54 Phoenix
and Black Brant VC architectures. The analysis makes the following assumptions for the

performance increase derived from each source:

1. Base Iy, of 257 s based on using AF-M315E propellant.
2. 15% increase to Iy, from the use of an aerospike nozzle.
3. 10% increase to I, from the use of an RDE.

4. AV increase of 400 m/s from air-assisted launch.

The results of the analysis show that if the theoretical performance increases from each of
these technologies can be applied to an autophage architecture it can result in a substantial
increase in overall performance. The analysis also shows that smaller launch vehicle architec-
tures such as that of missiles and sounding rockets can leverage an autophage design for the
highest performance increase. Even when accounting for an inert engine mass increase of
100% the total AV was calculated to increase by over 55% with an autophage ratio, I, of 0.6.
Thus, combining an autophage launch vehicle architecture with other emerging technologies
could provide a viable solution for significantly increasing the range and altitude of small

launch vehicles for both civilian and military applications.
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Fig. 2.12 Effect of a combined aerospike nozzle, rotating detonation engine, gel monopropel-
lant, air-assisted launch, and autophage architecture on launch vehicle performance at various

I.
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Chapter 3

Hybrid Autophage Engine Design
Methodology

3.1 Iterative Development of the Hybrid Autophage

Ouroboros Engine

The development of the Ouroboros hybrid autophage engine programme was conducted under
an iterative design philosophy in order to continue to improve the technology and achieve a
TRL advancement through a series of validation tests over the duration of the programme. A
total of three different engines were designed and tested; designated as Ouroboros-1, 2 and
3 with each improving upon lessons learned from the previous design. This approach was
advantageous in order to rapidly evaluate multiple design features selected from the various
historical records on autophage engine designs and improve upon them.

All three of the Ouroboros engines were designed to operate at the same standard inlet
conditions (SIC) to provide a baseline comparison of the experimental results. Ouroboros-1
and 2 used two different architectures and were designed to be tested exclusively as bi-
propellant engines with a plug in place of the polymer fuselage. This was done to reduce
the number of experimental variables and to provide a control for the following autophage
tests. The proposed initial designs of Ouroboros-1 and 2 were to investigate the feasibility of
using a fuselage depolymerisation (or gasification) chamber versus a direct fuselage insertion
method. The Ouroboros-2 design would then be improved upon; resulting in Ouroboros-3
which would be operated in the autophage configuration.

The specific hardware details used in the design and manufacture of the Ouroboros hybrid
autophage engines is described in the following sections. The propellants chosen for these
studies were gaseous oxygen (0;), liquid propane (C3Hg) and high density polyethylene
(HDPE). The engine contour and standard inlet conditions were selected based on the results
of a 1D chemical equilibrium analysis for the engines to achieve a target thrust of 100 N and
chamber pressure of 5 bar. The chemical equilibrium analysis was conducted using Rocket
Propulsion Analysis Software [83] with results verified using NASA Chemical Equilibrium
Analysis (CEA) software [84].
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3.2 Depolymerisation Chamber Autophage Engine Based on Regenerative Cooled
Bi-Propellant Systems

The engines were mainly constructed out of 316 stainless steel with some initial Ouroboros-
1 components being manufactured from Inconel 625. Stainless steel was used as the main
material for manufacturing due to the relative low cost and high strength when compared to
more exotic materials and alloys. The design of each of the components was based on the
basic design guidance found in Rocket Propulsion Elements by G. Sutton and O. Biblarz [13]
and Modern Engineering for Design of Liquid-Propellant Rocket Engines by D. Huzel and D.

Huang [85] with additional references used for more complex components as required.

3.2 Depolymerisation Chamber Autophage Engine Based

on Regenerative Cooled Bi-Propellant Systems

The first engine design was based in part on the published documentation from the Dnipro test
campaigns as well as inspired by the well-studied concept of regenerative cooling in liquid
bi-propellant engines. Regenerative cooling is a method of running propellants (usually fuel)
through channels along the exterior of the engine in order to cool the nozzle and combustion
chamber walls via convective heat transfer. An example of regenerative cooling can be seen
in Fig. 3.1. This both reduces chamber wall temperature and increases the enthalpy of the

propellant resulting in an increase in engine Iy, [85-87].
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Fig. 3.1 Cross-section view of a regeneratively cooled liquid bi-propellant engine [88].

Fundamentally, autophage systems can be designed to operate on the same principles
as regenerative cooling because they are both extracting thermal energy from the engine
and into a propellant which is then injected into the engine. For a regeneratively cooled
liquid bi-propellant engine the heat transfer is directed into a liquid propellant whereas
for an autophage engine it would be directed into a solid polymer, the fuselage, which
subsequently goes through a solid-liquid and liquid-gas phase change. This is similar in
how the Dnipro engine used what was referred to as a "gasification chamber" where the heat
from the combustion process sublimated the solid propellant which was then injected into the
combustion chamber [18, 21, 89].
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Ouroboros-1 was designed to evaluate the feasibility of this architecture for a bi-propellant
autophage launch vehicle. The engine was built with a depolymerisation chamber as an outer
shell that surrounded the combustion chamber. There the fuselage could be inserted along
with liquid fuel in order to facilitate convective heat transfer from the combustion chamber to
the fuselage followed by the fuel mixture then being injected into the combustion chamber.

The final design for the Ouroboros-1 engine is shown below in Fig. 3.2. It consisted of 4
major structural components: the combustion chamber, depolymerisation chamber, nozzle
assembly and the injector assembly. The fuel tube plug (not pictured) was inserted into the gap
at the depolymerisation chamber and was sealed using piston seals at the combustion chamber
interface and rod seals at the outer shell interface; this allowed the engine to be operated
solely as a bi-propellant system. The liquid propane fuel was fed into the depolymerisation
chamber through a fuel inlet port on the side of the engine and the oxidiser was fed into a
propellant manifold at the injector face. The fuel was injected via sidewall injector orifices
that formed an impinging doublet with a corresponding oxidiser injector orifice. An additional
self-impinging oxidiser triplet was used which intersected directly over the igniter. An electric
spark igniter was used to ignite the propellants at engine start.

The combustion chamber and injector were built from Inconel 625 with the outer shell
and nozzle bulkhead made from 316 stainless steel. The nozzle was built from graphite for
its very high melting point and thermal conductivity which constitutes a heat sink engine
architecture. The injector was fastened using Grade A2 M4 stainless steel cap screws and
the chamber assembly with Grade 12.9 M6 bolts. The engine interfaces were sealed using a
combination of silicon, PTFE encapsulated and FKM o-rings.

Fuel Inlet

Oxidiser Inlet Depolymerisation Chamber

Igniter

Combustion Chamber

Sidewall Fuel Injector Orifice

Fig. 3.2 Ouroboros-1 engine assembly cross-section view.

While the engine design was based on existing practices and technology, using it in a
novel autophage configuration proved difficult and it was not selected as the architecture for
the Ouroboros-3 design and tests. However, the lessons learned from the bi-propellant tests of
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this architecture can still be used to eventually lead to a successful autophage engine design
using this platform. The components and assembly of the Ouroboros-1 engine can be seen
below in Fig. 3.3 and Fig. 3.4.

Fig. 3.4 Ouroboros-1 assembly fit-check.
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3.2.1 Combustion Chamber

The purpose of the combustion chamber is to contain the combustion gases and facilitate
the heat transfer from the combustion process to the HDPE fuel; a cross section of the
Ouroboros-1 combustion chamber is shown in Fig. 3.5. For this reason, the Ouroboros-1
combustion chamber was designed to be constructed from Inconel 625 due to its strength at
high temperatures. Combustion gases are capable of reaching temperatures of up to 2,500 K
(far above the melting point of Inconel 625 at 1,600 K) which necessitates engine cooling in

order to operate for long duration burns.

Piston Seal Grooves Fuel Inlet P. Sensor

N

Fig. 3.5 Ouroboros-1 combustion chamber cross-section view.

The Ouroboros-1 architecture provides engine cooling through the previously discussed
regenerative cooling mechanism where both the liquid fuel and HDPE fuselage are exposed to
the outer combustion chamber wall. Therefore, the chamber wall must be sufficiently thin in
order to maintain a high heat flux into the fuel to both effectively cool the engine and melt the
HDPE fuselage. However, this requirement is juxtaposed by the need to have a thick chamber
wall in order to provide structural strength to the combustion chamber.

Typical regeneratively cooled engines use channels rather than a shell to route the fuel
around the engine. This allows for relatively thin chamber walls which make regenerative
cooling very effective by optimising the heat flux into the propellant. The required minimum
thickness will be determined by the hoop stress of the chamber walls, 6. The hoop stress is
a function of the combustion chamber pressure, P. multiplied by the mean diameter, D,,, and
divided by half the chamber wall thickness d as shown in Eq. (3.1).

FeDp,
28

However, the Ouroboros-1 autophage design was unable to use such channeling due

Cp = 3.1

to the inherent nature of the HDPE fuselage needing to fully encompass the combustion
chamber. Additionally, the depolymerisation chamber is pressurised to a minimum of 1.2x the
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combustion chamber pressure in order to inject and atomise the fuel. This creates an external
pressure that drives the thickness of the combustion chamber via the hoop stress buckling

load equation, Eq. (3.2).

2E (8’
Pfuel —FP. = T (B) (32)

Using the nominal combustion chamber pressure of 5 bar, the thickness was designed to be
2 mm which corresponds to a maximum fuel inlet pressure of 21 bar. This results in a factor of
safety of 3.5 bar over the nominal fuel inlet pressure of 6 bar. Of course, elevated temperatures
would reduce the strength of the combustion chamber making it more susceptible to a hoop
stress buckling failure while operating in steady state for an extended duration. Inconel 625 is
able to maintain its yield strength relatively well for temperatures up to 1,000 K; however, as
shown in Fig. 3.6, the yield and ultimate strength sharply drop off over 1,075 K [90].
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Fig. 3.6 Yield strength, ultimate strength and elongation of Inconel 625 at elevated tempera-
tures [90].

Therefore, a thermal analysis was conducted on the combustion chamber to determine
the steady state operating temperature of the chamber walls and verify that even at elevated
temperatures the wall thickness would be sufficient to prevent hoop stress buckling failure.
The thermal analysis also considered the convective cooling of the propane fuel as it traveled
through the depolymerisation chamber to the sidewall injector orifices. The analysis was
conducted using the thermal and cooling suite of the 1D chemical equilibrium software:
Rocket Propulsion Analysis [83]. This would also verify that the fuel in the depolymerisation
chamber would reach a sufficiently high temperature to also melt the HDPE fuselage. The
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thermal analysis of the engine contour was conducted for both the combustion chamber and
the nozzle. A section of the combustion chamber is regeneratively cooled and the remainder

of the engine is cooled via conductive heat transfer; results shown in Fig. 3.7.

Temperature distribution at chamber throttle level R=1
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Fig. 3.7 Equilibrium thermal profile of the Ouroboros-1 autophage engine.
The thermal analysis conducted by Rocket Propulsion Analysis uses the Bartz equation

derived by D.R. Bartz [91]. It is a semi-empirically derived formula that predicts the heat-

transfer coefficient in jet engine turbines and rocket engines. The equation is generally

0.026 [ u2c P\ 74\
he = —57 (H oé’) <_i> (i) o (3.3)
d[ ' Prc : C A

Where d; is the diameter of the throat, u is viscosity, C, is the specific heat at constant

expressed as:

pressure, Pr is Prandtl number, P is the chamber pressure, C* is characteristic velocity, A; is
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area at the throat, and A is the area at the selected axial location. o is a correction factor that

accounts for property change across the boundary layer and is given by Eq. 3.4.

o= ! (3.4

Tye 7—1 0.68 | o1
S—== 14+ —=—M2+0. 1+ ——M?
o5 (14 e vos) | 147

Where Ty is the stagnation temperature of the combustion gas, and M is the local Mach
number.

This process shows the non-constant nature of the heat flux of a rocket engine, reaching a
maximum value in the vicinity of the throat. To perform a heat transfer analysis, the non-linear
behaviour is discretised into ‘stations’ which can be individually analysed. The Bartz equation
is generally regarded as a conservative approximation [92] and is used throughout industry for
first order analyses [93, 94]. The Bartz equation makes several assumptions to simplify the
complexity of heat transfer calculations in practical applications: steady state flow, constant
properties, fully developed turbulent flow, circular cross-section, and homogeneity of the
fluid.

Due to the complexity of rocket combustion, empirical data is necessary to validate more
accurate models for specific propellants and propulsion systems [95]. The tri-propellant,
autophage engine architecture is novel and does not have any available empirical data;
therefore, the Bartz equation and thermal analysis conducted by Rocket Propulsion Analysis
was determined to be a sufficient approximation for the purposes of this research which aims
to supply the first sets of empirical data for autophage engine performance.

In this thermal analysis the Rocket Propulsion Analysis software has discritised the system
into 200 stations and used the Bartz equation to estimate the heat transfer throughout the
combustion chamber. One shortfall of this analysis is that the software does not consider
axial heat transfer between engine components, this results in a piecewise thermal profile at
the interface of the combustion chamber and graphite nozzle. Empirically, this would be a
continuous curve; however, this result is the conservative approximation.

As can be seen in Fig. 3.7, the fuel temperature increases past 473 K (200°C) which
is higher than the melting point of HDPE [20]. This indicates that the fuselage should
contribute to the total fuel mass flow rate during steady state engine operation. However,
the combustion chamber wall temperatures in the regenerative cooling section reach up
to 1,300 K (1,027°C). While below the melting point, the reduction in yield strength of
Inconel 625 is significant at those temperatures according to Fig. 3.6. The results indicate
that the engine is likely to fail due to hoop stress buckling as it approaches the equilibrium
operating temperature. Nevertheless, when running the thermal analysis for various chamber
wall thicknesses, an increase in chamber wall thickness both increased the chamber wall
temperature and reduced the fuel temperature below the melting point of HDPE. On the
other hand, decreases in chamber wall thickness corresponded to a reduction in chamber wall
temperature and increased the effectiveness of the regenerative cooling; however, the factor of
safety for the hoop stress buckling was reduced.

Due to this analysis, it was hypothesised that the engine design was likely to fail due

to hoop stress buckling unless chamber wall temperature was reduced by using different
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materials or another cooling method. Using copper or another material with high thermal
conductivity could reduce chamber wall temperature; however, the yield strength of the
chamber wall would be significantly reduced and susceptible to hoop stress buckling due
to the lower young’s modulus of copper. Further cooling of the engine wall via film or
transpiration cooling [96] could be effective but it would also reduce the heat flux into the
fuselage making autophage operation unfeasible.

To verify these conclusions experimentally, the Ouroboros-1 engine and combustion cham-
ber were built as specified with the intention of monitoring engine performance, combustion
chamber temperature and depolymerisation chamber temperature during steady state opera-
tion at standard inlet conditions. The engine would still operate nominally, for a time, from
ignition until reaching the hoop stress buckling failure mode as chamber wall temperature
approached equilibrium. This would validate the analysis methods used in the design of the
regeneratively cooled autophage combustion chamber and confirm the likely failure mode for
this architecture. Thus, future development could build on these results and target research

into regenerative cooled combustion chamber designs for autophage engines.

3.2.2 Depolymerisation Chamber

The depolymerisation chamber consisted of an outer shell which created the seal at the outer
wall of the engine fuselage. A cross section of the depolymerisation chamber shell is shown
in Fig. 3.8. It was constructed of 316 stainless steel due to the fact that it was not designed to
be directly exposed to any combustion gases and it was the main structure that fastened the
engine to the test stand. Stainless steel also offered sufficient corrosion resistance to propane
fuel and melted HDPE.

The chamber also had four inlets for fuel and sensors. The first was a fuel inlet to provide
propane fuel for Ouroboros-1 and the second was a fuel outlet for engine purge in the event
of over-pressurisation of the depolymerisation chamber. The outlet was outfitted with both
a pressure relief valve and a manual purge valve to allow for both automatic and manual
venting. This was implemented due to the risk of the sidewall injectors becoming blocked
and over-pressurisation in the depolymerisation chamber, which would cause a larger external
pressure on the combustion chamber walls and risk a hoop stress buckling failure as described
in the previous section. The sensor inlets were for both a pressure and temperature sensor
to measure the fuel inlet/depolymerisation chamber conditions. All inlets and outlets going
to the depolymerisation chamber were interfaced with a lip machined into the combustion
chamber (visible in Fig. 3.5) to prevent the outlets from being covered by the HDPE fuel.

The seals on both the combustion chamber and depolymerisation chamber were unidirec-
tional FKM piston and rod seals which reduced the friction to drive the HDPE fuselage into
the depolymerisation chamber while still sealing the interface between the engine and the

fuselage.
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Rod Seal Grooves

Fuel/Sensor Inlets

Fig. 3.8 Cross-section view of the depolymerisation chamber outer shell.

3.2.3 Injector and Propellant Manifolding

Propellant injection is a vital component of successful engine design in order to maximise the
combustion efficiency and performance of the propulsion system. The injector and propellant
manifolding of the Ouroboros-1 engine consisted of multiple components: the combustion
chamber and the depolymerisation chamber which facilitated the fuel injection, while the
oxidiser injection was conducted using a dedicated injector face which was fastened to the
combustion chamber.

The depolymerisation chamber acts as the fuel inlet manifold which injects the fuel mixture
into the combustion chamber. The injection is performed via the sidewall injector orifices
located on the combustion chamber walls per Fig. 3.2. There are three 1mm injector orifices
located on the combustion chamber walls spaced 120 degrees apart around the firing axis.
These injector orifices are perpendicular to the firing axis which also intersect perpendicularly
with the oxidiser injector orifices; the two-stream fuel and oxidiser intersection classifies these
as doublet injectors.

As shown in Fig. 3.9, the oxidiser injector has a total of 6 orifices that are 2mm in diameter.
Due to gaseous oxidizer being used rather than liquid oxidizer, more orifices are needed to
maintain nominal oxidizer mass flow rate at standard inlet conditions. The flow from three of
these orifices intersects with the flow from the sidewall fuel injector to facilitate mixing. The
remaining three orifices are angled at 30°in order for the flow to converge directly above the
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igniter; this is referred to as a self-impinging triplet and creates an oxygen rich environment
which encourages ignition from the spark igniter at engine start. This oxidiser injector was
manufactured from Inconel 625 using the same rationale as the combustion chamber due to
being exposed directly to the combustion gases. The oxidiser manifold is also an important
part in the design of injectors as it even distributes the oxidiser across all of the orifices such

that each orifice has the same mass flow rate.

Oxidiser Manifold

Impinging Doublet Self-Impinging Triplet

PTFE O-Ring Seals

Fig. 3.9 Ouroboros-1 oxidiser injector and propellant manifolding

The main function of the injector assembly is to atomise propellants and facilitate mix-
ing between the oxidiser and fuel. This maximises the contact area between the propellant
molecules and the combustion efficiency of the engine. For gas injection, propellant atomi-
sation is not a concern. And the gaseous oxidiser injector orifices of the engine are able to
be designed using a single phase incompressible (SPI) model [97] given by Eq. (3.5). A
discharge coefficient of 0.6 is used as it corresponds with an approximation for a short tube

injector with sharp corners.

msp; = CgA +/ 2pAP 3.5

However for liquid propellants, there are multiple factors that will impact atomisation
and droplet size (I.e. surface tension forces, inertial forces, and viscous forces). This leads
to two-phase, non-homogeneous flow which creates difficulty in accurately modeling and
designing liquid injector orifices [98]. However, experimental validation has identified five
main spray structures for propellants as they are injected through an orifice; these spray
structures are depicted in Fig. 3.10.

The preferred structure is complete atomisation which minimizes droplet diameter and
is a function of pressure differential, orifice sizing and fluid properties. In order to achieve
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Fig. 3.10 Spray structure for different atomisation regimes [99].

this, the fuel orifices were sized using a homogeneous equilibrium model (HEM) and the
two-phase Dyer model (DYER) per Eq. (3.6) and Eq. (3.7) respectively.

tpey = CqApa/2(h — hy) (3.6)
ipvir = A [ —— rirgpy + —— i 3.7)
rhpygr = A\ T spL T MHEM .

The homogeneous equilibrium model is commonly used to predict two-phase critical flow
rate through an injector orifice and assumes thermal equilibrium between the liquid and vapor
phases, no velocity difference between the liquid and vapor phases and isentropic flow across
the injector. This provides a maximum critical mass flow rate in terms of entropy based on
the first law of thermodynamics. However, the HEM is only a limiting case for the critical
mass flow rate and it often under predicts the mass flow rate for short tube injectors. The
Dyer model provides a correction to the HEM by relating it to the single-phase flow model
and includes non-equilibrium effects which are primarily driven by two mechanisms: the
super-heating of the liquid during expansion and finite vapor bubble growth rates [100]. These
are represented by a relationship between the bubble growth time and the liquid residence

time k, a non-equilibrium parameter defined by Eq. (3.8).

k:,/Pl_P2 (3.8)
P—P

Using the Dyer model, a mass flow rate per injector orifice is determined based on a set

orifice diameter. In this case, a Imm diameter orifice is used for the sidewall fuel injectors
since an orifice diameter below 0.8mm risks blockages and larger orifices will result in lower
injection velocities which can affect fuel atomisation. In order to determine whether the
orifice design is sufficient to atomise the fuel the Reynolds number (Eq. (3.9)) and Weber
number (Eq. (3.10)) are calculated.

Re— P! (3.9)

u
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(3.10)

The Weber and Reynolds numbers are then used to calculate the Ohnesorge number which
relates the inertial, viscous and surface tension forces in a fluid and is the main metric for

determining the spray structure of a flow.

VWe

Re
When related to the Reynolds number the Ohnesorge number shows a logarithmic cor-

Oh =

(3.11)

relation which describes the atomisation level of flow as it passes through an orifice. These
regions have been experimentally validated and provide a non-dimensional metric for deter-
mining a flows atomisation through an injector orifice [101]. The resulting Ouroboros-1 fuel

injector orifice conditions are included in Fig. 3.11 and complete atomisation of the fuel was

predicted.
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Fig. 3.11 Ouroboros-1 fuel orifice atomisation analysis.

Assembly of the injector to the combustion chamber used PTFE encapsulated o-rings and
various silicone and FKM o-rings at the manifold and oxidiser inlets. These were selected due

to material compatibility with the propellants as well as high temperature operating ranges.

3.2.4 Nozzle and Nozzle Block

The Ouroboros-1 nozzle consists of two components: a graphite nozzle insert and a 316
stainless steel nozzle block shown in Fig. 3.12. This allowed for interchangeability across all
Ouroboros engine designs, meaning that the same nozzle block section could be reused. Also,
if the same engine was to be tested at differing inlet conditions, only a new graphite nozzle

insert would have to be manufactured, rather than an entire engine.
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Nozzle Block
Graphite Nozzle Insert

Combustion Chamber ——

Nozzle Throat

Fig. 3.12 Ouroboros-1 nozzle and nozzle block cross-section view.

The nozzle converts pressure into thrust by compressing the combustion gases and accel-
erating the flow to Mach 1 at the throat; this exposes the nozzle to very high temperatures.
Therefore, special consideration for the nozzle material was taken and a graphite insert was
selected due to its very high working temperatures (up to 3,000 K). Additionally, graphite has
heritage as being used for nozzles in rocket engine design [102, 103] and referencing Fig. 3.7
shows that the expected throat temperature will be approximately 2,400 K which is within
typical ranges for a graphite nozzle.

Like the combustion chamber, the optimum geometry of the nozzle was designed using the
Rocket Propulsion Analysis software package. The nozzle is a converging-diverging conical
nozzle design. The diverging section was selected to be conical due to the minimal effect a
bell nozzle would have on engine performance. This is due to the relatively small change in
exit area of the nozzle when compared to the throat since combustion chamber pressure for
standard inlet conditions was quite low at only 5 bar. The characteristics of the nozzle are
shown in Table 3.1.

The nozzle block was designed to keep the nozzle secured in place whereby the nozzle
fits within the combustion chamber collar and the nozzle block collar. It is then fastened
to the depolymerisation chamber via eight M6x140mm bolts that are fastened through the
M6 clearance holes. This supplies a compressive force across the depolymerisation chamber,
combustion chamber, nozzle and nozzle block which keep all components fastened and
compress all crushing seals at the interfaces.

Overall, the nozzle block was expected to experience moderate temperatures as heat is
transferred via conduction from the nozzle. Additionally, due to slight exposure of combustion

gases at the interface with the combustion chamber, 316 stainless steel was selected as the
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Table 3.1 Nozzle characteristics of the Ouroboros autophage engine design.

Parameter Value
Throat diameter 16.00 mm
Exit diameter 19.39 mm
Combustion chamber diameter 80.00 mm
Contraction area ratio 25.00
Expansion area ratio 1.47
Contraction angle, degrees 30.0°
Conical nozzle half angle 25.0°
Combustion chamber pressure 5.0 bar
Exit pressure 1.013 bar
Mach number 1.736
Exhaust velocity 1932 m/s

material for the nozzle block. For the Ouroboros-1 design, silicone and PTFE encapsulated
seals were used to seal the nozzle; these were later replaced with copper gaskets for Ouroboros-
2 and 3.

3.2.5 Igniter

The auto-ignition temperature of propane is 723 K and thus requires an igniter to provide
the required energy to initiate the combustion process [104]. The initial energy to begin
ignition was provided via a high voltage electric spark from a Denso RUO1-34 spark plug as
shown in Fig. 3.13. This plug has been selected due to its low profile and high temperature
compatibility.

The igniter is a cold-type spark plug with a high rating of 34
on the Denso thermal scale. This corresponds to a very high oper- ey ([{

.
ating temperature of over 1,000°C which aligns with the nominal @G‘/

operating temperature of the injector plate where the igniter is fas-

tened. The electrode is also an iridium surface gap design which Fig. 3.13 Image of the
RUO1-34 igniter used

contributes to the very high operational temperature and is not ex- =
for engine ignition.

pected to show significant wear throughout the total cumulative
lifetime of the engine

The electric spark igniter itself is operated through a circuit that has been designed to
deliver a high voltage spark of up to 30,000 V. The schematic and manufactured PCB are
shown in Fig. 3.14 and 3.15 respectively.

52



3.2 Depolymerisation Chamber Autophage Engine Based on Regenerative Cooled
Bi-Propellant Systems

IGNITION
CQIL
12 VOLTS ¢ ™
620 56
CE Bat. SG":,:"
DRIVE 4 g -
"/ 100K 7 ©2007

Case

3
1N4143JZ 1_6 555

az2K 2

1N4148

A1 (01 TO 1uF)

1

- oo ono0

2.0 98

2001000
A0000NNDC

Fig. 3.15 Electric spark igniter circuit PCB.

The ignition circuit is thus able to deliver a high voltage spark using a 12 VDC input in
order to start the engine. The cable used to deliver the high voltage current to the igniter
was an EMI suppressed cable to reduce any potential interference caused by the ignition
cable with engine instrumentation. Tests of the ignition circuit and igniter showed success in
ignition tests and no significant additional noise for sensors. Figure 3.16 shows the igniter
integrated and operating on the injector face. Once ignition begins, the combustion chamber

temperatures exceeds the autoignition temperature and combustion process is self-sustaining.
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Fig. 3.16 Integrated igniter and injector test.

3.3 Direct Fuselage Insertion Based On Hybrid Propulsion

Systems

The second engine, Ouroboros-2, was designed to use a direct fuselage insertion method in-
stead. In this architecture, rather than using a separate depolymerisation chamber, the fuselage
is inserted directly into the combustion chamber and is burned similar to a traditional hybrid
propulsion system design. A classic hybrid propulsion system consists of two components: a
liquid oxidiser and a solid fuel grain. The fuel grain is bored and inserted into a combustion
chamber. There, liquid oxidiser is injected and the combustion process propagates radially
outward along the fuel grain at a designed regression rate. An example of a hybrid propulsion

system is shown in Fig. 3.17.

Ignit
Valve / gniter Nozzle

~ Injector

Fuel Grain

Fig. 3.17 Cross-section view of a typical hybrid rocket motor [105].

The direct fuselage insertion autophage engine operates similarly by exposing the fuselage
directly to the combustion gases. This causes the solid fuel to be directly burned rather than
first being depolymerised and mixed with liquid bi-propellant fuel before injection into the
engine as a fuel mixture. However, unlike a classic hybrid motor where the diameter of the
inner fuel grain increases, the hybrid autophage motor has a thin fuel grain that remains the
same diameter as it is continuously inserted into the thrust chamber as shown in Fig. 3.18.

Ouroboros-2 was built based on this architecture and used a slotted inner combustion

chamber to expose the fuselage to the combustion gases while still securing the injector to
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Fig. 3.18 Cross-section view of a hybrid autophage motor.

the combustion chamber and nozzle. To contain the combustion gases, an external steel shell
was used as the outer chamber wall surrounding the fuselage at the engine interface. The
injector itself injected both liquid fuel and oxidiser through the forward end of the combustion
chamber allowing for liquid bi-propellant ignition. In the autophage configuration, this would
shift to a tri-propellant burn as the fuselage would begin to contribute to the total fuel mass
flow rate.

A cross-section view of the Ouroboros-2 and 3 engine can be seen in Fig. 3.19. Using the
direct fuselage insertion method, the HDPE fuel tube was inserted directly into the combustion
chamber and eliminated the need for a separate depolymerisation chamber. However, the
outer chamber shell was still necessary to form the structural wall of the engine. Similarly
to the Ouroboros-1 design, the HDPE fuselage was sealed between the combustion chamber
and the outer shell using a combination of piston and rod seals. Due to the direct fuselage
injection, the liquid propane fuel was routed through the HDPE fuselage and injected through
the face at the end of the combustion chamber alongside the oxidiser.

P. Sensor

Oxidiser Inlet HDPE Fuselage

T. Sensor

Pintle Injector
Fuel Inlet

Combustion Chamber

Fig. 3.19 Ouroboros-2 and 3 engine assembly cross-section view.

The diameter of the engine was driven by the required mass flow rate of the propellants
as well as the limited injector face area for accommodating all propellant lines, sensors

and the igniter. Due to the limited volume, a pintle injector was selected as the preferred

55



3.3 Direct Fuselage Insertion Based On Hybrid Propulsion Systems

injection method. Propellant manifolding was also required to evenly distribute the propellant
around the pintle. As in the previous design, an electric spark igniter was used to ignite
the propellants. As the engine temperature rapidly increased after ignition, it would melt
and vaporise the exposed HDPE fuel. In order to manufacture multiple engines for repeated
tests, the combustion chamber and injector manifold were manufactured from 316 stainless
steel. All other seals, with the exception of propellant manifolding were replaced with copper
gaskets due to lessons learned form the Ouroboros-1 tests.

From the Ouroboros-2 test results, the direct fuselage insertion architecture operated
successfully in the bi-propellant configuration and showed promise to be used as the design
architecture for the Ouroboros-3 autophage tests with some minor improvements. The
lessons learned were based mainly around the pintle injector design which caused combustion
instabilities and elevated engine operating temperatures during the Ouroboros-2 bi-propellant
tests; the injector was modified to add channels on the oxidiser which reduced combustion
instabilities and added film cooling to the internal combustion chamber walls. Thus, the final
Ouroboros-3 autophage tests used a direct fuselage insertion architecture. The sub-assemblies
of the Ouroboros-2 injector and inner combustion chamber can be seen in Fig. 3.20 and Fig.

3.21. Table 3.2 defines the major dimensions of the Ouroboros-2 and 3 combustion chambers.

Table 3.2 Dimensions of the Ouroboros autophage engine design.

Parameter Value

Combustion chamber inner diameter 80.00 mm
HDPE fuel inner diameter 90.00 mm
Combustion chamber outer diameter 96.00 mm
Outer engine diameter 110.0 mm
Combustion chamber length 165.0 mm
Combustion chamber support length  80.00 mm
Characteristic length 1.0m
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Fig. 3.20 Ouroboros-2 integrated injector and inner combustion chamber.
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Outer Combustion Chamber

Fig. 3.21 Ouroboros-2 integrated inner and outer combustion chamber assemblies.

3.3.1 Inner Combustion Chamber

The direct fuselage insertion architecture required a different combustion chamber design in
order to facilitate both the HDPE fuselage being burned in the chamber as well as allowing
bi-propellant injection at the injector face. In order to meet these requirements, a slotted
combustion chamber was proposed which would create the structural support for injector
fastening while providing an exposed area for the fuselage to melt and burn; the cross section
of the Ouroboros-2 and 3 combustion chamber is shown in Fig. 3.22. As the combustion
process occurred along the chamber slots, the melted HDPE would also contributed to engine
cooling since it would create a film boundary layer around the inner combustion chamber
structural components.

Building on the results of Ouroboros-1, film cooling was introduced in order to reduce the
chamber wall temperature and reduce the risk of engine failure. As a whole, film cooling is
a very effective method for reducing engine wall temperature and it operates by creating a
thin boundary layer at the chamber wall. Heat flux from the combustion process enters this
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boundary layer and causes the fuel to evaporate; therefore, the maximum temperature that
the chamber wall is exposed to is limited to the boiling point of the fuel at the combustion
chamber pressure [96] so long as the film covers the chamber wall. In the autophage engine
architecture, the HDPE film cooling is self regulating: as engine temperature increases, the
HDPE fuselage will melt faster and provide a higher mass flow rate which should further
cool the engine. Therefore, the direct fuselage insertion combustion chamber design could
provide a dynamic method for regulating engine temperature even if it is operated outside
of its nominal inlet conditions. In an effort to characterise this, the combustion chamber
temperature sensor was placed directly downstream of the chamber slots to investigate the
effectiveness of the dynamic autophage film cooling.

T. Sensor

Oxidiser Manifold Structural Supports

Piston Seal Grooves

Fig. 3.22 Ouroboros-2 and 3 combustion chamber cross-section view.

Unlike the previous design, the Ouroboros-2 and 3 combustion chambers also included
the oxidiser manifold and injector face as a single machined part. This allowed for the number
of required seals and fasteners to be reduced. However, due to the increased manufacturing
complexity, the combustion chambers were built from 316 stainless steel instead of Inconel
625 which allowed for multiple combustion chambers to be tested. Nevertheless, stainless
steel has a reduced yield strength at elevated temperatures when compared to Inconel 625 and
the yield strength significantly decreases at temperatures above 975 K [106]. Therefore, the
stainless steel chambers have a lower threshold for reaching engine failures due to excessive
chamber wall temperature. The most likely failure mode for this design was identified to be
the midpoints of the structural supports where there might not be sufficient HDPE film to fully
coat the chamber. For this reason the Ouroboros-3 injector was designed to also contribute
liquid propane as a film coolant on the combustion chamber structure.

As in the previous design, the HDPE fuselage was the same diameter and sealed using
FKM piston and rod seals. However, all other combustion chamber seals were switched to
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copper gaskets for a wider operating temperature range. The combustion chamber was also
designed to interface with the same depolymerisation chamber, nozzle and nozzle block as

Ouroboros-1 in order to reduce the cost and manufacturing schedule.

3.3.2 Outer Combustion Chamber

The outer combustion chamber used in the direct fuselage insertion architecture was the same
component as the outer shell of the Ouroboros-1 depolymerisation chamber described in
Section 3.2.2. The only difference was that both the fuel inlet and outlet were plugged in the
Ouroboros-2 and 3 tests and copper gaskets were used at the combustion chamber interface.
The partial engine assembly of Ouroboros-2 is shown in Fig. 3.23.

-

Fig. 3.23 Ouroboros-2 engine integration to the test stand.
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3.3.3 Pintle Injector and Propellant Manifolding

Significant changes were made to the propellant injection method between the autophage
engine depolymerisation chamber architecture and the direct fuselage insertion architecture.
In the first instance, rather than the fuel being injected through sidewall injectors, the direct
fuselage insertion architecture necessitated that both the oxidiser and fuel be injected through
the injector face. This would require complex machining and manifolding such that the two
fluids remained isolated within the form factor until being symmetrically injected into the
combustion chamber.

It was determined that an injector design using impinging doublets and triplets was not
possible to be machined within budget and time constraints; thus, a different injector design
was needed. The proposed change was to use a single variable area (pintle) injector with the
igniter placed inside the pintle; an example of a pintle injector is shown in Fig. 3.24. This
would offer radially symmetric injection as well as significant face cooling at the injector.
Additionally, a pintle injector can offer control over the mass flow rate and mixture ratio of
the propellants by moving the pintle element [107, 108]. This can be a particularly valuable
tool for autophage engines where adjusting inlet conditions and engine performance can allow

for engine throttling [109] and influence the feed rate of the fuselage.
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Fig. 3.24 Example of a pintle injector using gaseous and liquid propellants [107].

The pintle injector of the Ouroboros-2 engine was designed using a set pintle diameter
and adjusting the pintle and annular gaps in order to provide the required mass flow rates of
the propellants. The area of the pintle and annular gaps was determined using the previously
mentioned Dyer model (Eq. (3.7)) for the fuel and the single-phase incompressible model
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(Eq. (3.5)) for the oxidiser [108] using a discharge coefficient of 0.65 which is consistent with
other pintle injectors [110]. It was determined that the fuel would be injected through the
pintle gap and the oxidiser through the annular gap as shown in Fig. 3.25. This is considered
a fuel-centered pintle injector.

Oxidiser Manifold  Annulus Pintle Gap

Fuel Manifold

Fuel Manifold Pres-
sure Sensor Inlet

Pintle

Igniter

Oxidiser Manifold
Pressure Sensor Inlet

Fig. 3.25 Ouroboros-2 pintle injector assembly CAD model.

This configuration provides multiple benefits to the engine design. First, it results in more
complete atomisation of the liquid fuel. By injecting the fuel radially, the pintle creates a thin
liquid sheet that collides with the annular gas flow which effectively breaks apart the droplets
and atomises the fuel as shown in Fig. 3.26 [111].
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Fig. 3.26 Atomisation process of a pintle injector with a radially injected liquid propellant
and a gaseous annular flow [111].
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Additionally, in the Ouroboros-2 injector design, the pintle deflects the fuel at a 90 degree
angle. Such a sharp angle induces turbulence into the flow which facilitates mixing. The
radially injected liquid fuel also contributes to a favorable total momentum ratio (TMR) of

the propellants given by Eq. (3.12).

(l’i’l V)radial
(l’i’t V)annular

TMR is a critical parameter of pintle injector performance as it directly influences the

TMR = (3.12)

spray angle as well as the Sauter mean diameter (SMD) which is a measure of droplet size
[112]. A lower TMR correlates with a narrow spray angle and a smaller SMD [111]. For
the Ouroboros-2 injector, the TMR was calculated using the propellant mass flow rates and
velocities at standard inlet conditions. As can be seen in Table 3.3, the TMR with the fuel at

the pintle is significantly lower than if the propellants were reversed.

Table 3.3 Ouroboros-2 pintle injector T MR comparison at standard inlet conditions

Injector path  Propellant MR Fe  Pinier Ainjecior 1 Y TMR 8
bar  bar m? g/s  mfs

Pintle Fuel 500 6.00 4.0e> 37.65 240 o

Annulus Oxidiser 1.00 500 6.00 5.1e> 37.65 923 0026 9.24

Pintle Oxidiser 500 6.00 40e> 37.65 923 o

Annulus Fuel 100 500 6.00 5.1e> 37.65 240 385 ~90

The TMR and SMD are used as the indicator of the quality of atomisation in pintle injectors
[113] rather than the Ohnesorge number which is used in orifice injectors. Atomisation and
spray angle of pintle injectors are typically either numerically or experimentally derived for
specific geometries, inlet conditions, and propellants; however, some generalised models
have been developed including the Boettcher model for gas-gas pintle injection [114], the
experimentally validated liquid-liquid model derived by Peng et al. [113] as well as the
Heister model [115]. For this analysis, the Heister model was used given by Eq. (3.13).

180 05

0 =-—TMR (3.13)
T

The result predicts a small angle of 9.24 degrees for the fuel-centered injector while the
oxidiser-centered injector approaches a 90 degree angle; near perpendicular to the center axis
of the engine. Thus, the fuel-centered design is preferred from an atomisation standpoint and
is consistent with other small thrust engines as noted in the Handbook of Atomization and
Sprays [115].

Additionally, a small spray angle is preferred from a thermal management perspective in
order for the bulk of the combustion process to occur in the middle of the combustion chamber.
In general, pintle injectors in rocket engines facilitate the creation of two recirculation zones
shown in Fig. 3.27. The mantle recirculation zone is typically made up of the propellant
injected through the annulus while the core recirculation zone consists mainly of the pintle

propellant. The size and composition of these two zones can influence the cooling of both the
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injector face and the pintle and is primarily dependant on the spray angle. Additionally, the
size of the mantle and core recirculation zones have an inverse relationship such that when
the size of one increases the other decreases.

Mantle Recirculation
Core Recirculation

N

Fig. 3.27 Typical pintle injector engine recirculation zones [116].

Numerical modeling conducted by Min et al. [117] has shown that a large spray angle
will create a very small mantle recirculation zone and consequently a large core recirculation
zone. Furthermore, such a large spray angle directs the injection streamlines directly at
the combustion chamber walls leading to a critically high wall heat load that could lead
to an engine burn-through. On the other hand, a small spray angle will expand the mantle
recirculation zone and shrink the core recirculation zone. Examples of the streamlines and
thermal gradient across three cases of spray angle for a fuel-centered methane pintle injector
are shown in Fig. 3.28.

Fig. 3.28 Model of spray angle influence on variation in streamlines and temperature contour
of pintle injector combustion chamber flow [117].
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No computational fluid dynamics or other first-order modeling was conducted on the
Ouroboros pintle injector design due to time constraints to manufacture the engine for
experimental testing. The 1-dimensional analysis conducted using the Heister model to
determine spray angle was considered to be a sufficient approximation for the pintle injector
performance due to its heritage as an empirically validated model [115].

While a small spray angle is preferable for maintaining a favorable chamber wall tem-
perature, it can cause the pintle tip to be prone to overheating due to the core recirculation
zone [118]. Additionally, it results in a shorter combustion chamber residence time of the
gases which can reduce the combustion efficiency of the engine. Thus, the spray angle can
be optimised in a way to maximise the combustion chamber efficiency while maintaining
chamber wall temperature below a set constraint; however, doing so was outside the scope of
this research and minimising the chamber wall temperature was a priority in order to extend
the operating time of the engine. Therefore, a very small spray angle was preferred and
selected for the Ouroboros-2 and 3 injector design.

In order to address the risk of the pintle tip overheating, it was made to be as flush as
possible with the injector face to limit its exposure to the combustion gases (visible in Fig.
3.25). It was also hypothesized that the relatively large diameter of the pintle compared
to the chamber diameter (driven by the igniter diameter) could contribute to a larger core
recirculation zone thereby resulting in lower gas temperature at the pintle tip.

Another consideration was the effect that the melting HDPE fuselage would have on the
mantle recirculation zone since no previous research into pintle injectors had considered an
autophage architecture. Based on the design of the inner combustion chamber detailed in
Section 3.3.1, the majority of the HDPE fuel would melt and vaporise downstream of the
structural supports and prior to the graphite nozzle insert. Due to the small spray angle, this
section of the combustion chamber would be in the mantle recirculation zone meaning that
the vaporised HDPE fuel would be traveling upstream along the mantle zone streamlines
in Fig. 3.27. This could change the shape of the streamlines as well as the temperature
contour since the HDPE mass flux would theoretically contribute to combustion within the
mantle recirculation zone; corresponding to an increase in wall temperature at the combustion
chamber structural supports. This hypothesis was the leading rationale in the design of the
Ouroboros-3 pintle injector which was a modified design from Ouroboros-2.

The only difference in the new injector design was the introduction of channeling into
the annulus which would block off the flow of oxidiser corresponding to the locations of the
inner combustion chamber structural supports as shown in Fig. 3.29.

In typical fuel-centered pintle injectors, it is often the pintle tip that is channeled rather
than the annulus, this allows for the TMR of the fuel to be increased such that it can penetrate
the axial oxidiser annulus sheet and impact the wall in order to provide film cooling [115].
As discussed in Section 3.3.1, film cooling is a mechanism for providing a boundary layer
(film) along the chamber wall in order to limit the exposure of the chamber to the combustion
gases. Even minor increases in the percentage of film coolant used can significantly reduce the
maximum chamber wall temperature while only slightly reducing the characteristic velocity

of pintle injector engines [119].
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Fig. 3.29 Ouroboros-3 pintle injector assembly model.

However, for the Ouroboros-3 injector design, the fuel injection velocity is unable to
reach sufficient values to increase the TMR enough to penetrate the oxidiser sheet. Thus,
the oxidiser annulus has been blocked using a blocking factor of 0.5 in order to permit fuel
penetration and film cooling along the combustion chamber structural supports. The resulting

TMR and spray angle are given in Table 3.4.

Table 3.4 Ouroboros-3 pintle injector TMR and 6 at standard inlet conditions

P Piter  Ain Jector 1 1%

Injector path Propellant MR TMR 0
bar  bar m? g/s m/s

Pintle Fuel 500 6.00 4.0e> 37.65 240 o

Annulus Oxidiser 1.00 500 6.00 255 37.65 184.6 0.013 6.4

In order to ensure uniform flow through all orifices for both injector designs, propellant
manifolds were used. Propellant manifolding is a standard practice for most injector designs
as it allows for even distribution of the propellants across the injector [110]. The propellant
manifolds can be seen in Fig. 3.25. The interfaces between these manifolds were sealed using
annealed copper gaskets. Additionally, both the oxidiser and fuel manifold used pressure

sensors to monitor and record the propellant inlet pressures.

3.3.4 Nozzle and Nozzle Block

There was no change to the nozzle contour or the nozzle block design used in Section 3.2.4
except for the removal of the seal grooves on the exterior of the graphite nozzle insert. Seals
between the nozzle block and combustion chamber were replaced with copper gaskets due to

the higher temperature range of copper; these gaskets were annealed prior to installation.
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3.3.5 Igniter

There was no major changes to the design of the igniter and ignition system from Section
3.2.5. However, the ignition circuit reliability was improved by using a printed PCB as shown

in Fig. 3.31; the circuit schematic remained the same.

+12V
L8] 52
2 ®| Battery Connector
+12V .
"5 GND
56R +12vV
o 1
—J
L8] o
IMER1 2 ®| Spark Plug Connector
LM555CN_NGPB
4]
bl 5= o 7
RST DIS DIS D3
3296W-104LF 5 =] 3‘ \V
VR1 THR out 1NLOOS
100k Trim Pot 2] 1Ric a Rectifier Diode (THT)
rim e 31 coNT Z R3
100R
c3 ) =
=i 1 () at D4
+ o I IRF610 1NL0O5
e entetum » " Rectifier Diede (THT)
[] 6.8kR
D1 IN4148
iN#ihEZS SZ D2
Switching Diodes _
GND GND GND GND
H1
MountingHole_Pad
4 C2
T 0.1uF H2
. MountingHole_Pad
Between 0.01-1ufF depending an frequency
* H3
é MountingHole_Pad
GND e

MountingHole_Pad

GND

Fig. 3.30 Ignition circuit PCB schematic
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Fig. 3.31 Printed PCB of the ignition circuit.
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Chapter 4

Test Apparatus and Experimental Setup

The unique conditions required for autophage engine operation necessitated the development
of a custom test stand that could support both a linear feed force to drive the HDPE fuselage
into the engine while still being able to measure resulting engine thrust. No such test facilities
or capabilities previously existed in the UK and so the test apparatus was developed as part of
this research programme. The following sections detail the test facilities, Khepri test stand,
propellant feed system, instrumentation, and data acquisition system which were designed
and developed for the express purpose of testing the Ouroboros autophage engines.
Additionally, the Ouroboros autophage engines were tested across a range of general
test conditions and specialised conditions which were used to characterise the performance
within a wide operating box. These test conditions and the rationale behind selecting them

are detailed herein.

4.1 Test Facilities

All experimental test campaigns were conducted at Machrihanish Airbase facilitated by
Discover Space UK Ltd. and Machrihanish Airbase Community Company. The research
programme consisted of three separate test campaigns which operated the Ouroboros-1, 2,

and 3 engines at a range of test conditions. The test campaigns were as follows:

1. June 6 to 9, 2022 (Ouroboros-1)
2. February 13 to 17, 2023 (Ouroboros-2 and Ouroboros-3)

3. July 10 to 14, 2023 (Ouroboros-3)

Machrihanish Airbase was selected as an ideal testing location due to being an ex-Royal
Air Force military base with a substantial amount of suitable and empty infrastructure in a
remote location. The first test campaign was conducted in a temporary test facility while
later test campaigns were moved to the MachlLLab Propulsion Test Facility which consisted
of modified infrastructure to accommodate experimental propulsion system testing on a

permanent basis at the airbase.
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4.1.1 Temporary Test Facility

The first test campaign (conducted from June 6 to 9, 2022) operated the regeneratively cooled
Ouroboros-1 engine in the bi-propellant configuration. These tests were conducted at the 076
Refueling Vehicle Shelter (RVS) shown in Fig. 4.1.

Fig. 4.1 076 Refueling Vehicle Shelter (RVS) used as a temporary propulsion test facility.

The engine was assembled and tested outside the shelter with a safe distance of well over
100 m from any occupied buildings. All personnel, as well as the data acquisition and control
systems, were located inside the shelter. This allowed for a minimum length of data cables and
propellant feed system tubing to be used. This was a temporary test facility which required
all equipment to be assembled on-site at the start of the test campaign and disassembled at
its conclusion. For this reason, the test stand, data acquisition, and control systems, were

developed to be mobile as well as to fulfill their performance requirements.

4.1.2 MachLab Propulsion Test Facility

The subsequent test campaigns were conducted at the newly built MachLab Propulsion Test
Facility shown in Fig. 4.2 which was developed jointly by the University of Glasgow and
Discover Space UK Ltd. under a UK Space Agency grant in order to create a permanent
location for experimental propulsion system testing. Similar to the temporary facility, all test
equipment was still assembled and disassembled during the course of each test campaign;
however, using a facility with a fixed layout allowed for quicker assembly and the dedicated
test chamber reduced the risk of testing being impacted by weather conditions.

The facility consisted of a test chamber where the test stand, propellant feed system, and
engine were mounted and a separate control room where the control systems and the test
operators were located (Fig. 4.3). The propellant run tanks were located in the test chamber
annexe (outside of the main test chamber). This provided another layer of separation from the
engine and test operators. All data transfer from the test instruments was conducted using
hardwired connections from the test chamber to the control room. Downstream of the test
chamber, the area was covered with gravel and included a berm in order to reduce the risk of
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Fig. 4.2 MachLab propulsion test facility with test chamber and control room building.

debris, fire and noise. Additionally, the entire area was secured behind a locked security fence
to prevent unauthorised personnel from accessing the area.

Fig. 4.3 Inside view of the MachLab propulsion test facility control room.

The new facility coupled with the multiple layers of reinforced concrete between the test
chamber and control room offered a safe environment to test the experimental autophage
engines at both nominal and off-nominal conditions. This allowed the later tests of the
Ouroboros-3 engine to intentionally test the system to destruction in order to push the
operating limits leading to a better understanding of the performance and parameters of

successful autophage engine design.
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4.2 Test Stand

Due to the unique architecture of operating an autophage engine, a dedicated test stand was
required to be built. This was done in order to have a method of exerting a large force on the
engine while isolating and maintaining a method for measuring the resulting engine thrust.
This was done by separating the test stand into two sections: the engine mounting platform
and the frame structure. The engine mounting platform was designed as a rigid body where
both the engine and a linear actuator could be mounted with enough length to accommodate a
1 m long HDPE fuselage. Thus, the linear actuator would be capable of exerting a force on the
engine fuselage while the entire mounted assembly remained stationary; feeding the HDPE
fuselage into the engine. This force was controlled by specifying the current provided to the
linear actuator from the data acquisition and control systems. The engine platform could then
be mounted to the main structure using linear bearings with a load cell at the interface. Thus,
allowing engine thrust to be measured. The specifics of the test stand were designed, built,
and acceptance tested as part of an associated Masters in Engineering project by Jack Tufft
[120]. The final CAD model and integrated assembly of the test stand is shown in Fig. 4.4.

(a) (b)
Fig. 4.4 Test stand (a) CAD model and (b) integrated assembly.

4.2.1 Frame Structure

The test stand frame was constructed from Matara 45x45 aluminium extrusion [121] to
provide a lightweight but stiff structure. It was comprised of a cuboid structure of beams,
reinforced at intervals along its length of 2 meters. This length was selected to provide an
adequate distance to both mount the engine, linear actuator and provide sufficient HDPE
fuselage feed to reach a minimum test time of 60 seconds. The frame was mounted on wheels
to provide mobility at the test facility; during hot-fire tests, brakes were applied to prevent
the test stand frame from moving (no movement was observed throughout the campaigns).
Linear bearing rails were fastened to the frame to provide a frictionless interface between the
frame and the engine mounting platform.
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4.2.2 Engine Mounting Platform

The engine mounting platform has been designed as a rigid body allowing both the engine
and linear actuator to be fastened to it. This allows the linear actuator to exert a feed force
on the engine fuselage without influencing thrust measurement. The platform is constructed
from Matara 45x45 aluminium extrusion to provide a stiff frame structure topped with a 3
mm thick sheet of S275 low carbon steel; providing a flat platform for fastening equipment.
Linear bearings are secured to the bottom of the platform to interface with the rails on the test

stand frame.

4.2.3 Linear Actuator Driven Fuselage Feed

The engine fuselage feed force was provided by a Heason 207-08831 ball guided, screw
driven linear actuator that was powered by a servo motor and controlled by a Kollmorgen
PCMM controller. The linear actuator assembly was selected due to its capability of providing
up to 2 kN of force with a capability of reaching a linear speed of up to 0.1 m/s. This was
sufficient margin to provide both the maximum feed force and feed rate. This system was
used to provide the required feed force for the Ouroboros-1, 2, and 3 engine designs for all
test campaigns.

4.3 Propellant Feed System

The propellant feed system was designed to be a self-pressurised gaseous oxygen and pres-
sure regulated liquid propane blowdown system. The overall objective was to provide the
propellants across a range of inlet pressures and mass flow rates in order to test the autophage
engines at various operating conditions. Additionally, the feed system was designed to hold
enough propellant to continuously operate for up to 120 seconds with precise control over
rapid-response control valves in order to have the capability of testing the engines in a pulsed
operating mode as well as in continuous steady state. The design requirements and resulting

system capabilities are listed in Table 4.1.
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Table 4.1 Earth-storable propellant feed system capabilities.

Capability Value
Operational thrust range 0-500N
Available oxidizers Gaseous Oxygen
Available fuels Liquid Propane
Operating temperature range -10°C to 40°C
Maximum oxidizer delivery pressure 30 bar
Maximum fuel delivery pressure 30 bar
Maximum oxidizer delivery flow rate 150 g/s
Maximum fuel delivery flow rate 75 gls

Oxidizer pressurization method

Fuel pressurization method

Maximum oxidiser storage mass
Maximum fuel storage mass (propane)
Maximum run time

Pressure regulation

Mass flow rate regulation

Valve control

Self pressurized oxygen tanks

Dry nitrogen pressurization blowdown
20kg

10kg

120 seconds

Manual spring-loaded pressure regulators
Manual needle valves

Solenoid actuated

In addition to the oxidiser and fuel propellant lines there is also a nitrogen pressurisation

line in order to provide the blowdown pressure to deliver the liquid fuel at high pressure. A

separate inert nitrogen line is also used to provide purge gas to both the oxidiser and fuel

lines; this is a safety feature in order to be able to both flush the engine with inert nitrogen

prior to testing and to also purge the lines of all propellants at the end of the test (or in the

event of an emergency stop).

The final piping and instrumentation diagram of the propellant feed system is shown in

Fig. 4.5; the oxidiser line is shown in blue, fuel line in red, and inert nitrogen lines in gray.

Each of the lines was outfitted with standard components detailed in the following sections.
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Fig. 4.5 Propellant feed system piping and instrumentation diagram
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4.3 Propellant Feed System

Gas Panels

Both the pressure regulators and needle valves (used for mass flow rate regulation) were
mounted on a gas panel in order to provide a central location for the operator to set the engine
inlet conditions from. The gas panels are shown in Fig. 4.6. Also visible in the figure are some
of the other feed system components including the solenoid control valves and flow meters.
Each of the lines connects to the test stand using flexible hoses to reduce thrust measurement
error due to spring, inherent in standard tubing.

Gas Panel | Flexible Hose

Fig. 4.6 Propellant feed system gas panels.

Pressure Regulation

The feed system utilizes in-line spring loaded pressure regulators to monitor and regulate
propellant pressure directly. These are preset to the desired pressure using the analog pressure
gauges by the operator prior to test start.

As mentioned, the gaseous oxygen propellant tank was self-pressurised and the propellant
line was pressure regulated upstream of the engine inlet. This allowed for manual setting of
the desired engine inlet pressure in order to deliver the oxidiser at a constant pressure. On
the other hand, the liquid propane fuel used a blowdown system whereby the run tank was
pressurised using inert gaseous nitrogen and liquid propane was extracted from the run tank
at high pressure using a dip tube.

A potential challenge with such blowdown systems is that the liquid fuel can drain from
the run tank at a higher mass flow rate than the pressurising gas can fill the volume while
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maintaining a steady pressure. Therefore for this system design, the propane run tank was
designed to be pressurised up to 50 bar using pressure regulated gaseous nitrogen flow and
the fuel output was again pressure regulated upstream of the fuel engine inlet. This allowed
for the fuel inlet pressure to be maintained throughout the required run time duration of 120
seconds.

Mass Flow Rate Regulation

In order to vary the oxidiser to fuel mixture ratio of the engines, the propellant feed system
required a method for controlling the mass flow rate in addition to the inlet pressures. This
was done using manual needle valves located downstream of the pressure regulators. Of
course, using a needle valve to adjust the orifice area in a propellant line will cause a pressure
drop and change the engine inlet pressure if the pressure regulator setting remains constant.
Since both the pressure regulators and needle valves needed to be manually set prior to
test start this introduced a source of error in achieving the desired engine inlet conditions.
Therefore the inlet conditions describe in Section 4.5 were considered targets rather than
requirements to be met. However, the inlet pressures and mass flow rates were heavily varied
during the Ouroboros-2 tests in order to provide an accurate estimation of the gas panel

settings to deliver the propellants at the desired inlet conditions.

Control Valves

The propellant feed system used solenoid controlled ball valves in order to provide rapid
response time control of the engine. These were controlled via the data acquisition and control
system detailed in Section 4.4. The solenoid valves and the control system allowed for both
manual control over the valves and ignition circuit as well as pre-programmed operation; this
capability correlated with the ability to both operate the engines in continuous steady state as

well as pulsed operating modes at a desired frequency and duty cycle.

Check Valves

The feed system was outfitted with check valves at key locations on the propellant lines in
order to prevent any backflow of the propellants or gases. This would reduce the risk of an

engine failure propagating upstream through the propellant feed system.

Isolation Valves

Each propellant line utilised a manual ball valve as an isolation valve which was used as a
safety measure to prevent accidental propellant delivery to the engine until the operators were
ready for test start at which point the isolation valves were opened.

Pressure Relief, Vent, and Bleed Valves

To both prevent over-pressurisation of the propellant lines, and create a way to vent the

propellant lines, pressure relief and vent valves were implemented on each line. An additional
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pressure relief and vent valve were also located at the depolymerisation chamber for the
Ouroboros-1 engine design to prevent over-pressurisation of the fuel inlet. Bleed valves were
used immediately before the solenoid actuated control valves in order to fill the propellant
lines with propellant and allow any residual purge gases to escape from the lines prior to
engine start. This would reduce the engine start transient by minimising the line length

required for the propellants to travel before reaching the engine.

Piping, Hoses, Filters and Fittings

The feed system was constructed using 316 stainless steel tubing in order to meet material
compatibility of both propellants and used a combination of standard twin-ferrule compression,
NPT, and BSPP fittings at each component interface. Delivery of the propellants to the test
stand platform and engine was performed using stainless steel braided flexible hoses to
effectively eliminate the effect of spring constant in the propellant lines when measuring
engine thrust. Filters were fitted at the outlet of each propellant tank in order to remove any

debris which could cause blockages or damage to any of the feed system components.

4.4 Instrumentation and Data Acquisition and Control
System (DACS)

The instrumentation and data acquisition and control system, or DACS, was specifically
developed to meet the needs of the autophage engine hot-fire tests. This included the capability
to remotely control the engine operation and measure certain performance parameters. In
order to precisely characterise the engine performance a minimum number of parameters
were required to be measured including: thrust, inlet pressures, combustion chamber wall
temperature, combustion chamber pressure and fuselage feed rate.

Over the course of the three test campaigns, additional instrumentation was added and the
capabilities of the DACS were improved due to lessons learned. The following sections detail

the evolution of the DACS throughout the course of the research.

4.4.1 Baseline Test Campaign (Ouroboros-1)

The baseline DACS (Fig. 4.7) was designed to interface with both the propellant feed system
control valves, ignition, and instrumentation. Control of the solenoid valves and ignition
circuit was performed through a Raspberry Pi controller which operated a relay switch,
providing power to the systems when required. The control system was designed such that
the propellant control valves would fail closed and purge valves would fail open in the event

of a control system failure to be able to safely shut off the engine.
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Fig. 4.7 First iteration of the data acquisition and control system.

To power the instrumentation and ignition circuit, VDC power converters were used to
supply both 12 and 24 VDC where required. The various instruments used to measure engine
performance had a variety of outputs including charge, 0-10V, and 4-20mA outputs. The
charge outputs were converted to 0-10V output using charge amplifiers and the 4-20mA
outputs were converted to 2-10V via a current signal to voltage output conversion board. This
standardised the instrument output to be compatible with 0-10V data collection and used
an OM-USB-1608G hub connected to the control room. With this setup, a maximum of 8
differential channels of up to 250,000 combined samples per second with a live remote data
display were able to be operated during the tests. Data recording and display was performed
using DAQami data acquisition companion software.

The only instrumentation that did not use the USB hub were the engine thermocouples.
These were connected to thermocouple junctions that interfaced with the Raspberry Pi con-
troller for the Ouroboros-1 tests and a dedicated USB thermocouple converter that connected

directly to the control room for subsequent tests.

Control System Graphic User Interface

In order to control the engine valves and ignition a program was written using LabVIEW [122]
which was uploaded to the Raspberry Pi mounted on the DACS. This allowed the system to
be both manually controlled or with a pre-programmed frequency and duty cycle for pulsed
mode operation. The graphic user interface of the program is shown in Fig. 4.8. This was
done to minimise the complexity of the system during active hot-fire testing to reduce the
likelihood of operator errors occurring that could otherwise damage the engine or influence
the data.
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Fig. 4.8 Data acquisition and control system user interface in LabVIEW.

Linear Actuator Control and Feed Force Measurement

The linear actuator, which delivered the fuselage feed force, was controlled using a separate
controller that interfaced with Kollmorgen Workbench software [123] and allowed the operator
to control the amount of current supplied to the actuator servo motor. This supplied current
range was calibrated to correlate with the desired feed force that the actuator would exert on
the fuselage. This system was connected to the control room using RJ45 connections and
a CAT6 network cable. The feed force measurement was done using a Burster 8477 force
transducer located at the linear actuator and engine fuselage interface.

Pressure Measurement

Pressure measurement of both the propellant inlets and the combustion chamber are some of
the most useful parameters to evaluate propulsion system performance. Oxidiser inlet pressure
was measured using an Omega PX119-300AI resistive pressure sensor due to compatibility
with oxygen and no requirement for high temperature use. The depolymerisation chamber
pressure was measured using a Kistler 4260A piezoresistive sensor due to likely exposure
to a higher temperature range. Finally, a Kistler 601CAA piezoelectric sensor was used to
measure combustion chamber pressures. This sensor was selected due to its high operational
temperature range of up to 350°C and the capability of recording data at sampling rates
of up to 20 kHz. The pressure transducer was fixed to the engine using 1/8-inch stainless
steel instrument tubing for a total standoff distance of 150 mm to reduce the temperature at
the pressure transducer interface to below 350°C. This method of incorporating a standoff
distance to reduce the temperature experienced by the pressure transducer is standard practice;
however, this strategy does have the disadvantage of delays in pressure propagation [124].
The high sampling rate of the selected Kistler 601CAA sensor was critical in detecting high

frequency combustion instabilities.
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Temperature Measurement

Two K-type thermocouples were used for the Ouroboros-1 engine with one located at the
depolymerisation chamber wall and one at the combustion chamber wall. Each thermocouple
was an Omega TJ1-CAXL capable of operating up to 1335°C. The thermocouple locations
were selected to verify the temperature in the depolymerisation chamber being sufficiently
high to melt the HDPE fuselage and to compare the experimental combustion chamber wall
temperature to the predicted temperature based on the thermal model in Fig. 3.7.

Thrust Measurement

The engine thrust was measured using a piezoelectric HBM U9C force transducer. This
load cell was mounted at the interface between the engine mounting platform and the frame
structure as shown in Fig. 4.9. Treating the engine mounting platform as a rigid body, the
resulting engine thrust would drive the platform into the test stand frame allowing thrust
measurement while the linear actuator was also being capable of exerting a feed force on the

engine.

Thrust Load Cell Engine Mounting Platform

Frame Structure Linear Bearings

Fig. 4.9 View of the thrust load cell mounting location on the test stand.

A minor issue observed with this setup was that a linear oscillation of the platform was
observed at engine ignition which dampened out within 1 second. For continuous steady state
tests this did not impact the measurement of engine performance; however, it did impact the
thrust measurement in later pulsed operating mode tests. The analysis of the pulsed mode
operation includes filtering out this harmonic since it is a result of the method of which the
thrust cell was attached to the test stand structure and engine mounting platform. Future tests,
should include a method of reducing or dampening this oscillation.
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Sampling Frequency

Temperature data was taken at a sampling frequency of 1 Hz due to not being susceptible to
high frequency oscillations. All other data was taken at a sampling frequency of 1 kHz; this
encompassed the frequency range needed to detect low-frequency combustion instabilities
such as chug which could be an indicator of coupling or issues between the engine and

propellant feed system [125].

4.4.2 Second Test Campaign Modifications (Ouroboros-2 and 3)

Following the Ouroboros-1 test campaign multiple modifications were made to the DACS
assembly in order to facilitate a faster setup time. A control box was designed and built which
offered IEC connector plugs for power distribution, M12 connectors for sensor connections,
and data output connectors. The resulting DACS control box is shown in Fig. 4.10. In
addition to reducing setup time, these quality of life changes to the DACS reduced the risk
of operator error connecting the sensors incorrectly. These changes were a direct result of
the lessons learned from the Ouroboros-1 test campaign whereby the combustion chamber
pressure sensor failed and resulted in a skewed result for other sensors.

Besides the quality of life changes to the DACS control box, the thermocouples from the
depolymerisation chamber was removed and mass flow rate meters were added in order to
measure flow rate data of the propellants. An optical camera was also used in order to provide
a method of measuring the HDPE fuselage feed rate for the Ouroboros-3 tests. All other

instrumentation and settings remained consistent with the previous test campaign.

Fig. 4.10 Second iteration of the DACS control box.
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Temperature Measurement

The thermocouple located at the depolymerisation chamber was removed for the direct
fuselage insertion Ouroboros-2 and 3 engine test campaigns. This was done because in this
architecture, there is no separate depolymerisation chamber/regenerative cooling channels;
just the combustion chamber wall temperature was needed to evaluate the effectiveness of the

HDPE film cooling and pintle injector film cooling.

Mass Flow Rate Measurement

In order to better evaluate engine performance and verify the mixture ratio during testing,
flow meters were implemented on both the gaseous oxygen and liquid propane propellant
lines. Both the oxidiser and fuel lines each used a Swagelok variable area VAF-M4 meter
calibrated for each medium. Unfortunately, the oxidiser flow meter was improperly sized and

was not used during the test campaign.

HDPE Fuselage Feed Rate Measurement

To measure the HDPE fuselage feed rate, an optical camera was mounted for a side view of
the test stand and marks were placed at 1 cm intervals along the linear actuator. Thus, as
the linear actuator inserted the fuselage into the engine the recorded video could be used to
provide the feed rate (and by extension the HDPE mass flow rate) during data analysis after

the test. This side view is shown in Fig. 4.11.

-

el TR
| A " T

Fig. 4.11 Side view of the Ouroboros-3 engine showing 1 cm markings on the linear actuator
used to measure HDPE fuselage feed rate.
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4.4.3 Third Test Campaign Modifications (Ouroboros-3)

No major modifications were made to the DACS control box leading up to the third test
campaign; however, additional instruments were implemented. A thermal camera was added
to measure external engine wall temperature and a vortex flow meter was used to replace
the previous non-functional variable area flow meter on the gaseous oxygen propellant line.
Additionally, the sampling frequency of all instruments (excluding the thermocouples and
cameras) was changed to 10 kHz.

Thermal Camera

In addition to the optical cameras, a FLIR A50 thermal camera was used to gather data on
external engine temperature but mainly to detect any gas leaks at the combustion chamber
and HDPE fuselage interface during hot-fire testing. The camera was set to measure object
temperature from -20 to 175°C in order to detect hot spots and the development of the thermal
gradient as the engine reached thermal equilibrium. While not a sufficient temperature range
to measure plume temperature, the thermal camera can still detect variations in the plume

which can be useful in evaluating qualitative engine performance.

Mass Flow Rate Measurement

The oxidiser variable area flow meter was replaced with a VFM60 vortex flow meter (shown
in Fig. 4.6) which could measure a much higher range of flow rates and included both pressure

and temperature compensation for more accurate measurements of the flow rate.

Sampling Frequency

Following the previous test campaigns, the sampling frequency was increased to 10 kHz
in order to have the capability of detecting high frequency combustion instabilities such as
screech [126].

4.5 Test Operating Conditions

4.5.1 Bi-Propellant Tests (Ouroboros-1 and 2)

While both the regeneratively cooled depolymerisation chamber engine (Ouroboros-1) and
the direct fuselage injection engine (Ouroboros-2) were designed to use three propellants
as an autophage engine, they were first operated as bi-propellant engines. This was done to
reduce the complexity of the engine tests and to first set a performance baseline such that the
Ouroboros-3 autophage engine performance could be directly compared to the equivalent
bi-propellant engine.

Therefore, these bi-propellant engines replaced the HDPE fuselage with a stainless steel
(SS 316) plug that was machined to the dimensions of the fuselage. This plug was inserted

into the engine and secured in place using the linear actuator. Thus, during hot-fire testing

83



4.5 Test Operating Conditions

there was no HDPE contribution to the fuel mass flow rate and no feed rate. This reduced the
number of variables to better evaluate the designs and performance before proceeding to fully
integrate autophage tests.

The bi-propellant hot-fire test campaigns for Ouroboros-1 and Ouroboros-2 were designed
to first test the engines at standard inlet conditions (SIC) with additional off-nominal tests
prepared if the SIC tests were successful. The target standard inlet conditions were defined by
Fig. 4.2.

Table 4.2 Ouroboros engine hot-fire test campaign target standard inlet conditions.

Parameter Value
Throttle Setting, % 100
Thrust, N 100.4
MR 2.00
P., bar 5.00
Pfuela bar 6.00
P, bar 6.00
M fyel> &S 19.63
Mgy, &/S 39.25
Ve, M/S 1705
Ly, s 197
T,K 2928

The Ouroboros-1 engine was only operated at standard inlet conditions before engine
failure; however the Ouroboros-2 engine was operated for two tests at standard inlet conditions,
two tests at a slightly higher fuel inlet pressure (lower mixture ratio), and one test at both
high oxidiser and fuel inlet pressures (high throttle setting). All tests were conducted at a
continuous steady state operating mode, but in each case, the engines were also intentionally
shutdown and restarted mid-burn. This was done to verify that the propellant feed system
and ignition system would be able to operate the engine in a pulsed mode during the later

Ouroboros-3 tests.

4.5.2 Autophage Tests (Ouroboros-3)

While the Ouroboros-1 and 2 designs were operated as exclusively as bi-propellant engines,
the Ouroboros-3 engine was operated in the autophage configuration. However, due to both
the Ouroboros-1 and Ouroboros-2 bi-propellant engines experiencing overheating leading
to combustion chamber failures. The Ouroboros-3 autophage engine was first operated at a
lower, fuel-rich mixture ratio (which corresponds with a lower engine temperature) before
being tested at SIC. This would verify the autophage engine architecture before conducting
hot-fire tests that could overheat the engine and increase the likelihood of achieving multiple
successful tests.

The target inlet conditions are listed in Fig. 4.3. The test plan for the Ouroboros-3
engine was designed to determine the effect of throttle setting and mixture ratio on engine

performance and fuel tube feed rate.
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Table 4.3 Ouroboros-3 engine hot-fire test campaign target inlet conditions.

Test No.

Parameter

1 2 3 4 5 (SIC)
Operating Mode' SS SS SS  SS/PM  SS/PM
Throttle Setting, % 100 50 50 75 100
Thrust, N 100.4 49.38 50.84 75.89 101.7
MR 1.00 075 1.00 2.00 2.00
P., bar 500 3.00 3.00 4.00 5.00
Pfyel, bar 6.00 3.60 3.60 4.80 6.00
P,., bar 6.00 3.60 3.60 4.80 6.00
M fuel> &S 37.65 20.62 2276 30.23 37.73
Filpxg/ls 37.65 27.59 2276 15.11 18.87
Ve, M/S 1457 1148 1213 1805 1932
Lp, s 149 99 124 184 197
T., K 1233 1102 1205 2913 2928

! Operating modes can be either steady state (SS), pulsed mode
(PM), or both (SS/PM).

While the previous bi-propellant engines were only tested in continuous steady state
operating modes, they both demonstrated successful engine shutdowns and restarts. Tests
2 and 3 of the Ouroboros-3 engine were also designed to do the same shutdown and restart
procedure to verify that the autophage engine was capable of being restarted after a period
of time; during which the HDPE fuel was still being fed into the combustion chamber. In
addition to these steady state tests, a set of pulsed mode tests were also designed to evaluate
the engine performance across a range of frequencies and duty cycles.

These pulsed operating modes were added at the end of the final two steady state tests
to evaluate how pulsed mode influenced both the engine performance, fuselage feed force,
and fuselage feed rate when compared to the same steady state operating conditions. It was
theorised that pulsed mode could reduce the required feed force during engine off-time when
combustion chamber pressure was low, due to the fuel tube being inserted directly into the
combustion chamber. Additionally, pulsed operating modes are known to have an affect on
engine operating temperature and could provide a method for controlling the fuel tube feed
rate without changing the bi-propellant inlet conditions. Instead, the combustion chamber
wall temperature could be changed by operating the engine at various frequencies and duty
cycles.

The resulting test plan is shown in Fig. 4.4. With a minimum number of tests we can
demonstrate how throttle settings, mixture ratios, frequencies and duty cycles can affect both

engine performance and fuel tube feed rate.
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Table 4.4 Ouroboros-3 hot-fire test plan target chamber pressure, mixture ratio, and operating
frequencies.

Testno. Throttle, % MR Burn Time, s Operating Mode f, Hz Duty cycle, %

1 100 1.00 25 SS - -
2 50 1.00 45 SS - -
3 50 1.00 45 SS - -
4 75 2.00 30 SS - -
4.a 15 PM 0.5 50
4.b 15 PM 1.0 50
4.c 15 PM 1.0 75
5 100 2.00 30 SS - -
S.a 15 PM 1.0 50
5.b 15 PM 1.0 75
S.c 15 PM 0.5 75
5d 15 PM 2.0 75
Se 15 PM 2.0 50
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Chapter 5

Depolymerisation Chamber Architecture,
Bi-Propellant Test Results

5.1 Ouroboros-1 Operational Modes and Test Campaign

Overview

As detailed in Section 3.2 the first iteration of the Ouroboros-1 engine was designed using
a depolymerisation chamber architecture where the HDPE fuselage was melted and mixed
with the propane fuel before being injected into the engine as a fuel mixture. This engine
was tested on June 8th, 2022 in its bi-propellant configuration at steady state, standard inlet
conditions for approximately 51 seconds. It achieved a maximum sustained steady state thrust
of approximately 90.39 N, slightly below the target thrust of 100 N.

While additional tests where planned across a wider operating box, the test campaign was
terminated after the first hot-fire due to damage of the combustion chamber which underwent
a burn-through of the chamber wall. This burn-through was determined to be caused by
a buckling hoop stress on the chamber wall due to the both the higher pressure within the
depolymerisation chamber and high combustion temperatures which weakened the chamber
wall strength.

While the engine experienced a failure, results showed that components of the autophage
design are feasible. Mainly: the fuel tube seals are effective, fuel tubes are capable of being
inserted into the engine, autophage engine performance can be effectively modeled as a
bi-propellant fuel mixture, and depolymerisation chamber temperatures are sufficient to melt
the fuel tube. The tests also characterised potential failure modes of autophage engines such
as the buckling hoop stress failure and cavitation within the depolymerisation chamber which
may have restricted the fuel mass flow rate, reduced the effectiveness of cooling within the
depolymerisation chamber, and contributed to the engine burn through.

Overall, the results of this test campaign showed that the regeneratively cooled, depoly-
merisation chamber architecture was not feasible for engines of this scale; but it does not
exclude the possibility of using this architecture for larger scale engines. In order for this
architecture to be viable it was determined that the combustion chamber should be manufac-
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tured from a material with high thermal conductivity and the topology of the depolymerisation
chamber would need to be optimised in order to maximise the heat transfer from the com-
bustion chamber to the fuselage. Additionally, turbomachinery or electric pumps should
also be employed downstream of the depolymerisation chamber prior to fuel injection; this
would reduce the depolymerisation chamber pressure and prevent the compressive buckling
failure mode of the combustion chamber. Implementing these design considerations could
be viable for engine thrust classes of 1 kN or higher and can be considered for future work.
Nevertheless, the lessons learned from testing this system were used in driving the design of
the direct fuselage insertion architecture for Ouroboros-2 and 3 which proved to be a more

effective architecture for operating an autophage engine at the 100 N thrust class.

5.1.1 Test Data

The following describes the key events of the Ouroboros-1 hot-fire test which are reflected in

the performance data shown in Fig. 5.1.

Timeline of the hot-fire test

T - 05s Engine countdown begins.
T - 00s Control valves open, oxidizer reaches nominal pressure, engine ignition.

T + 02s Fuel inlet reaches nominal pressure. Long rise time suggests either gaseous or

two-phase fuel flow.

T + 08s Engine reaches steady state with a thrust of approximately 40N. Lower thrust
than expected, suggests fuel mass flow rate is constrained which could be due to gaseous

rather than liquid fuel injection.

T + 19s Engine experiences a sudden 1.4 bar drop in fuel pressure and 30N increase in
thrust. This may indicate a transition from gaseous fuel injection to liquid fuel injection

through one or more fuel injector orifices.

T + 24s Engine experiences a second sudden drop in fuel inlet pressure to 5 bar
(combustion chamber design pressure) and an increase in thrust to 90N. A large flame
burst is seen in the plume and a major oscillation is shown in the thrust data. Fuel inlet
pressure roughness increases. These factors are indicative of an engine burn-through
as the depolymerisation chamber (fuel inlet) pressure is now effectively gathering

combustion chamber pressure.

T + 38s An emergency stop is initiated. Nitrogen purge valves open, propellant feed

system control valves fail to close.

T + 43s After a 5 second engine purge, the nitrogen purge valves close and the engine

restarts and resumes steady state operation.
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T + 48s A second emergency stop is initiated. Nitrogen purge valves open, propellant

feed system valves fail to close again.

T + 51s Propellant feed system valves are manually shut off.
T + 54s Nitrogen purge completes.

T + 58s A final nitrogen purge is initiated.

T + 63s Nitrogen purge complete. Engine is shut down.
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Fig. 5.1 Ouroboros-1 full run performance data

5.2 Performance Analysis

When analyzing the performance data in Fig. 5.1 we can separate the hot-fire test into 3 key

phases of interest:
1. Phase 1: First instance of steady state operation from T+08s to T+19s.

2. Phase 2: Second instance of steady state operation from T+19s to T+24s; after the
slight drop in fuel inlet pressure and rise in thrust.
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3. Phase 3: Third instance of steady state operation from T+24s to T+38s; following the

large drop in fuel inlet pressure to the design combustion chamber pressure (5 bar).

Each phase corresponds with a different mode of operation which was determined via analysis

of the available data. There were seven sensors on the engine as show in Table 5.1.

Table 5.1 Ouroboros-1 sensors and sampling frequencies.

Location Type Units Frequency, f;
Actuator, Fr feed force load cell N 1 kHz
Test stand, Fr thrust load cell N 1 kHz
Depolymerisation Chamber, Py pressure transducer  Bar 1 kHz
Oxidizer Inlet, P, pressure transducer  Bar 1 kHz
Combustion Chamber, P. pressure transducer  Bar 1 kHz
Depolymerisation Chamber, Tp¢ thermocouple K 1 Hz
Combustion Chamber, Tr¢ thermocouple K 1 Hz

During the course of the run it was discovered that there was a software error which failed
to turn on the combustion chamber pressure transducer. Therefore, the combustion chamber

pressure data has been omitted from the analysis.

5.2.1 Phase 1: Steady State Operation With Constrained Fuel Injection

Phase 1 encompasses the first steady state mode initially after engine startup. Prior to the start
of the test, the propellant lines were flushed with gaseous nitrogen. This was done to remove
as much atmospheric air as possible from the system prior to connecting the propellants. Thus,
when the propane fuel tank valve was opened there was a mixture of both liquid propane,
gaseous propane and gaseous nitrogen in the fuel lines. Similarly, there was also a mixture of
gaseous oxygen and nitrogen in the oxidiser lines.

When the propellant feed system control valves were opened, a liquid fuel and gaseous
nitrogen mixture was delivered to the depolymerisation chamber and the fuel injected into
the combustion chamber was likely a mixture of two-phase flow. The horizontal test bed
would have caused the liquid propane to settle at the bottom of the depolymerisation chamber
which may have resulted in liquid injection through some of the fuel orifices and gaseous
injection through the top orifices. This can be observed in Fig. 5.1 with the slow rise time
of fuel inlet pressure as the fuel is filling the depolymerisation chamber. Additionally, the
fuel injectors were designed for liquid injection and if there was gaseous injection it would
create a significant flow restriction which would greatly reduce the fuel mass flow rate and in
turn engine thrust. This is the case with the visibly low engine thrust of approximately 40N
and the grossly over-expanded plume seen in Fig. 5.2 which shows a contracting plume with
visible shock diamonds; indicative of over-expansion [127, 128].
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Fig. 5.2 Ouroboros-1 over-expanded plume during initial steady state operation.

The temperature data also supports the hypothesis of gaseous or two-phase fuel in the
depolymerisation chamber. As the fuel mixture entered the depolymerisation chamber the
liquid would have initially expanded into the larger chamber volume and vaporised, reducing
chamber temperature. This is reflected in the thermal data from T+00s to T+12s where the
rate of change of the depolymerisation chamber temperature is only 1.4 K/s compared to the
time interval of T+12s to T+19s where the rate of change climbs to 23.1 K/s. This delay in
depolymerisation chamber temperature rise time can be both attributed to vaporisation of the
liquid fuel near the thermocouple as well as the low thermal conductivity of the chamber
wall material (Inconel 625). At that point the temperature at the depolymerisation chamber
thermocouple exceeds the boiling point of propane at 10 bar indicating the presence of gaseous
propane at the top of the chamber (where the thermocouple is located) this however does not
exclude the presence of liquid propane at the bottom of the chamber leading to partial liquid
injection occurring in Phase 2. This is confirmed by inspection of the combustion chamber
wall following the hot-fire test.

Taking a closer look at the data in Fig. 5.3, we can see both the thrust roughness and the
inlet pressure roughness. It is important to note that there are some clear outliers in the data,
particularly for thrust which appears to have a beat and oscillation. A frequency analysis was
run in Section 5.3 which found repeating frequencies across all sensors which were connected
to the 4-20mA to 0-10V sensor conversion board; it was concluded that the outliers and

frequencies were artificially induced due to the electronics.
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Fig. 5.3 Ouroboros-1 performance data during phase 1 steady state operation.

Excluding those outliers data roughness was found and detailed in Table 5.2. The data

shows generally steady state behavior; however, average thrust was observed to decrease by

approximately 12%. This can again be attributed to a changing fuel mass flow rate due to the

vaporisation of propane within the depolymerisation chamber.

Table 5.2 Ouroboros-1 phase 1 steady state operation data roughness.

Data Mean Roughness Units
Depolymerisation chamber pressure, Py 10.48 +/-0.87%  Bar
Oxidiser inlet pressure, P, 9.04 +/-0.44%  Bar
Thrust, Fr 4242 +/- 1.70% N
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5.2.2 Phase 2: Steady State Operation With Liquid Fuel Injection

Phase 2 is considered to be the point at which the engine operated with at least partial liquid
fuel injection. The start of the phase is marked with an increase in engine thrust and a slight
decrease in fuel inlet pressure; seen at T+19s in Fig. 5.1. The thrust rise time is calculated to
be 0.32 seconds and there is no indication of an overshoot and subsequent roughness in the
data. Thus, it is unlikely that any engine damage or burn-through occurred at that time, rather
it is indicative of a sudden increase in propellant mass flow rate within the constraints of the
nominal design which is best explained by a transition of at least one of the fuel injection
orifices from injecting gaseous propane to liquid propane.

Analysis of the thrust and pressure roughness during phase 2 (Fig. 5.3) supports this
hypothesis as it does not significantly vary from the data roughness of phase 1. In fact, the
thrust roughness decreased to below 1% of full scale thrust which indicates stable combustion,

good atomisation, and effective mixing of the propellants.

Table 5.3 Ouroboros-1 phase 2 steady state operation data roughness.

Data Mean Roughness Units
Depolymerisation chamber pressure, Py 9.09  +/-0.79%  Bar
Oxidiser inlet pressure, P, 9.13 +/-0.59%  Bar
Thrust, Fr 69.30 +/- 0.99% N

Additionally, the plume in Fig. 5.4 appeared to still be slightly over-expanded likely due
to a low combustion chamber pressure leading to the lower than expected thrust. A closer
look at the plume shock structure in Fig. 5.5 showed a mach disc immediately after the nozzle
exit this is indicative of an over-expanded flow rather than an under-expanded flow which
would instead have expansion waves at that location [129]. However, the plume was not as
over-expanded as the phase 1 plume which indicated a higher combustion chamber pressure
during phase 2 operation and supports the hypothesis of more liquid fuel being injected and
an overall higher propellant mass flow rate.

Fig. 5.4 Ouroboros-1 over-expanded plume during phase 2 steady state operation.
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Fig. 5.5 Ouroboros-1 plume shock structure during phase 2 steady state operation.
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Fig. 5.6 Ouroboros-1 performance data during phase 2 steady state operation.
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Nevertheless the engine was still not operating at the design point of 100 N; as can be
seen in Figure 5.6, the full scale thrust output was approximately 70 N which is 70% of the
designed thrust for standard inlet conditions. Since the inlet pressures for both the oxidiser
and fuel were nominal, the only reasonable explanation for the off-nominal thrust would be
due to a fuel mass flow restriction caused by one of the orifices injecting gaseous propane
rather than liquid propane.

As observed in phase 1, the depolymerisation chamber temperature exceeded the boiling
point of liquid propane indicating that the top of the depolymerisation chamber was still filled
with gaseous fuel rather than liquid fuel. This corroborates that there was still at least one
fuel orifice conducting gaseous injection during phase 2.

Considering the thermal profile of the engine, when compared to the predicted thermal
analysis for steady state (Figure 3.7) the combustion chamber wall temperature at the sensor
location, 116mm, was approximately 400 K lower than the predicted value of 1,600 K.
However, as discussed in Section 3.2.1, the analytically calculated thermal profile of the
engine did not take into account the thermal gradient between the regenerative cooled section
of the engine and the nozzle which skewed the predicted temperature to a higher value.
Additionally, the engine had not yet reached a thermal equilibrium.

Of note, however, is the discrepancy between the predicted temperature of the regenerative
coolant (propane) and the measured depolymerisation chamber temperature. As mentioned
previously, the measured depolymerisation chamber temperature exceeded the boiling point of
propane at 10 bar of pressure causing gaseous propane to be present in the depolymerisation
chamber. Moreover, the fuel injection orifices were designed to inject liquid fuel and the
presence of a gas in the depolymerisation chamber would have caused gaseous injection,
choked flow and a fuel mass flow rate constriction. Exceeding the boiling point of the propane
fuel in the depolymerisation chamber was a design oversight which resulted in gaseous
fuel injection through orifices designed for liquid fuel, constrained fuel mass flow rate, and
off-nominal engine performance.

Overall, in phase 2, the Ouroboros-1 engine was operated near its standard inlet conditions
and its design point but failed to meet nominal performance targets due to a fuel mass flow
rate constraint. This is further verified when the Ouroboros-1 engine enters phase 3 steady
state operation following an engine burn-through where the combustion chamber wall is

compromised.

5.2.3 Phase 3: Steady State Operation With Unconstrained Liquid Fuel
Injection Following Combustion Chamber Burn-Through

The steady state operation of the Ouroboros-1 engine during phase 2 was cut short with a sharp
and significant drop in fuel inlet pressure as well as an increase in thrust which marked the
start of phase 3. This event was determined to be the burn-through of the combustion chamber
wall with post hot-fire inspection of the combustion chamber verifying the burn-through
shown in Fig. 5.11.

The most significant indication that the burn-through occurred at this point was a visible

burst in the plume (Fig. 5.7) followed by an increase, overshoot and oscillation of the thrust.
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This indicated a detonation within the engine likely caused by a sudden increase in fuel mass
entering the combustion chamber at that time.

Following the initial burst, the engine entered a steady state operating mode generating
approximately 90N of thrust; slightly below the engine design point and standard inlet
conditions. Figure 5.7 shows the plume burst and subsequent steady state plume. The plume
still had some visible shock diamonds; however, it appeared closer to nominal expansion

when compared to phase 1 and phase 2 exhaust plumes.

-

Fig. 5.7 Ouroboros-1 burst (top image) and plume during Phase 3 (bottom image).

Taking a closer look at the performance data in Fig. 5.8, the depolymerisation chamber
pressure was noted as sharply decreasing and remaining steady at approximately 5.04 bar.

This was the target combustion chamber pressure in order to operate at a nominal 100 N
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of thrust. Due to the burn-through of the combustion chamber wall it was deduced that the
depolymerisation chamber pressure sensor was effectively measuring combustion chamber
pressure throughout phase 3 steady state. The burn-through hole was found to be near the
propane fuel inlet; thus, fuel mass flow rate would be unrestricted through the perforation and
effectively bypass the depolymerisation chamber and fuel injection orifices.
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Fig. 5.8 Ouroboros-1 performance data during phase 3 steady state operation.

Additionally, seen in the performance data was a significant increase in thrust and de-
polymerisation chamber pressure sensor roughness while oxidizer pressure sensor roughness
remained similar to the previous phases shown in Fig. 5.4. This is an indicator of unsteadiness
and potential combustion instabilities likely caused by the burn-through and unrestricted flow
of fuel through the combustion chamber hole.

Taking into account the change in data roughness for the thrust and depolymerisation
chamber pressure, a frequency analysis was conducted in Section 5.3 to determine if any
combustion instabilities were detected. Further analysis of the temperature data also showed a
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Table 5.4 Ouroboros-1 phase 3 steady state operation data roughness.

Data Mean Roughness Units
Depolymerisation chamber pressure, P 5.04  +/-5.60%  Bar
Oxidiser inlet pressure, P, 977 +/-035%  Bar
Thrust, Fr 90.39  +/-2.59% N

decrease in both combustion chamber temperature and depolymerisation chamber temperature
immediately following the engine burn-through. This further supports that the engine did
indeed suffer a burn-through at that moment since unrestricted fuel flow would result in a fuel
rich mixture ratio which typically decreases engine operating temperatures [130].

While the burn-through demonstrated a failure of the engine it did supplement the
Ouroboros-1 performance with combustion chamber pressure data due to the fact that the
depolymerisation chamber pressure sensor was effectively logging combustion chamber pres-
sure during phase 3 steady state operation. Using that data we are able to determine that
the engine was operating near the design point of 100 N of thrust at a chamber pressure of
approximately 5.0 bar.

Furthermore, this supports the previous hypothesis of a flow restriction of the fuel mass
flow rate causing a lower combustion chamber pressure during phases 1 and 2 since the
burn-through allowed the fuel to bypass the injectors; resulting in performance closer to the
design point. While still a lower thrust than the design point, this can be explained by a high
likelihood of incomplete combustion of the fuel and a low combustion efficiency.

First, following the burn-through event, propane fuel would have had a tendency to travel
through the burn-through hole into the combustion chamber with no atomisation of the liquid
fuel. This would cause inadequate mixing and lower the combustion efficiency of the engine.
Furthermore, the burn-through hole occurred halfway down the length of the combustion
chamber, thereby, any fuel entering the chamber through the hole would have its residence
time significantly reduced. This reduction in residence time would significantly reduce the

combustion efficiency of the engine [131] reflected by a reduction in measured engine thrust.

5.3 Frequency Analysis

A frequency analysis was done on the available data to determine if there were any low
frequency instabilities during the hot-fire test of Ouroboros-1. Low frequency combustion
instabilities in liquid propellant engines are typically within the range of 0-500 Hz and are
typically caused due to a coupling between the combustion process and the propellant feed
system. When data roughness is less than +/-5% we can typically consider the combustion as
"smooth" while roughness in excess of +/-10% can be an indicator of the manifestation of an
instability [132].

Thus, prior to running the frequency analysis for the full test duration it was determined
that instabilities during steady state phases 1 and 2 were unlikely because of the relatively
smooth data. However, due to the depolymerisation chamber pressure exceeding a roughness

of +/-5% during phase 3 steady state operation (and the evident engine burn-through) it was
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determined that an instability may be present. All pressure and load sensors were operated
at 1 kHz, thus the frequency analysis was conducted between 0-500 Hz. This range is only
capable of detecting low-frequency combustion instabilities with high-frequency instabilities
being capable of reaching up to 5,000 Hz.

The frequency analysis can be seen in both the spectrograms and persistence diagrams
of the pressure and force transducers in the below figures. One thing of note for the thrust,
depolymerisation chamber, and oxidiser inlet pressure sensors is a repeating oscillation at
approximately 23 Hz intervals. This was been determined to be interference due to the 4-20
mA to 0-10 V sensor conversion board which interfaces with those three sensors but not the
feed force load cell. That information was used to remove outliers from the performance data.

The spectrograms are time dependant and show that there were no major frequencies
present across the sensors for most of the duration of the test. The exceptions are the fuel inlet
pressure sensor during both phases 2 and 3 as well as the thrust load cell during phase 3.

There is a slight frequency peak at 125 Hz in the depolymerisation chamber pressure that
appears during phase 2 which was the period of partial liquid injection into the engine. This
peak is not present in the thrust sensor which supports that the engine was operating with
partial liquid fuel injection and that the frequency could be a result of boiling of the propane
within the depolymerisation chamber causing fluctuations.

During phase 3, the thrust sensor also developed a frequency peak from 80-120 Hz which
corresponded to the same frequency range of the depolymerisation chamber pressure sensor.
This is expected as the burn-through is hypothesized to have occurred at the start of phase 3
which would cause the fuel to enter the engine asymmetrically. This frequency is not present
on the oxidizer inlet though which indicates there is no coupling of the instability with the

oxidiser inlet.
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Fig. 5.9 Ouroboros-1 spectrogram of pressure and force sensors analyzed across the duration
of the burn from 0-500 Hz. Repeating frequencies can be seen across both thrust, depolymeri-
sation chamber, and oxidizer inlet pressure sensors but not the feed force; these frequencies
are induced by the 4-20 mA to 0-10 V sensor conversion board on the DAQ. There is a slight
frequency at 125 Hz for both the depolymerisation chamber pressure sensor and the thrust
sensor during phase 3 operation; this corroborates the hypothesis that burn-through occurred
at the start of phase 3.
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Thrust Persistence Diagram
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Fig. 5.10 Ouroboros-1 persistence diagram analyzed from 0-500 Hz. The alternating frequency
in some of the graphs corresponds to electrical interference from the DAQ. The power
spectrum of the thrust and depolymerisation chamber pressure sensor indicate a very low
power and distributed frequency which correlate to the asymmetric fuel injection caused by
the burn-through rather than an inherent combustion instability of the engine.

5.4 Post-Firing Inspection and Analysis

Following the hot-fire test, the engine was disassembled and inspected. Major damage was
found on both the combustion chamber and the injector. The combustion chamber showed
signs of hoop stress buckling, a 16 mm diameter burn-through hole, as well as evidence of
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cavitation on the outer wall and micro-perforations. Meanwhile, the injector was heavily
damaged at the igniter fastening point located directly above the self-impinging triplet.

The interior of the combustion chamber and the graphite nozzle were coated in shards of
molten steel. While there were shards of steel stuck to surfaces on the inside of the combustion
chamber there were no blockages present at the nozzle throat which could have restricted the
flow and reduced engine performance. A measurement of the throat diameter after testing
yielded a diameter of 16.0 mm which was consistent with the initial throat diameter. The
injector, nozzle and combustion chamber seals were damaged and burnt; however the fuel tube
seals were undamaged. Other engine components including the depolymerisation chamber,

nozzle bulkhead, oxidizer inlet and fuel tube plug were also undamaged.

5.4.1 Combustion Chamber

The combustion chamber sustained the worst damage and the chamber walls failed during the
hot-fire test. This is evident by the buckling of the chamber walls and the burn-through hole.
The combustion chamber walls were designed with a 4x hoop stress factor of safety based on
heritage design of regenerative cooling channels. However, this proved to be insufficient as
the high temperature likely weakened the chamber walls which succumbed to the higher fuel
inlet pressure leading to crushing the chamber walls.

This failure was likely to have been compounded by the fact that combustion chamber
pressure may have been lower than expected as determined in the performance analysis. A
lower combustion chamber pressure would have increased the difference in pressure between
the fuel inlet and the combustion pressure significantly increasing the hoop stress on the

chamber walls.

Injector ~ Combustion Chamber

Nozzle/Nozzle Bulkheaid

Fig. 5.11 A 360°view of the Ouroboros-1 combustion chamber post hot-fire. The leftmost
figure shows the bottom of the engine which would have filled with liquid propane first due to
gravity, keeping it cooler; it shows the least amount of thermal damage. The middle photo
figure shows the top of the engine near the fuel inlet and shows the flow-path of the fuel.
There are visible signs of melting of the chamber walls. The rightmost photo shows the side
of the engine where the burn through occurred.
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The crushing of the chamber walls would have resulted in the formation of a crack which
exposed the fuel within the depolymerisation chamber directly to the combustion chamber.
This is likely how the hole in the combustion chamber wall propagated as the thin wall was
exposed directly to the hot combustion chamber gases as shown in Fig. 5.12.

The molten steel is thought to then have coated the interior walls of the combustion
chamber and nozzle as it was burned. The steel shards seen in Fig. 5.13 include both steel
from the injector and the combustion chamber. There also does not appear to be any evidence
of the beading on the interior walls as there was on the exterior walls which is believed to be
caused by cavitation and boiling of the liquid propane. Further investigation and consultation
with materials experts yielded that the engine failure could have been a result of cavitation

erosion.

Fig. 5.12 Ouroboros-1 combustion chamber burn-through hole. Diameter of the hole is
measured at 16 mm at the widest point. The metal surrounding the hole shows visible signs
of melting and re-solidifying as well as splatter; this is indicative of a hot-spot on the engine
which caused the chamber wall to melt.

Fig. 5.13 Interior view of the Ouroboros-1 combustion chamber post-hot fire. Splatter of
molten Inconel can be seen along the combustion chamber interior as well as the nozzle. The
splatter appears to be a combination of both the injector as well as the combustion chamber.
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With the combustion chamber wall breached, combustion gases entered the depolymeri-
sation chamber. This was characterised by a decrease in fuel inlet pressure. Furthermore,
soot on the exterior of the combustion chamber walls indicates pyrolysis of the propane and
combustion within the depolymerisation chamber. Also of note is the presence of cavitation
on the surface of the exterior wall and upon closer inspection there are perforations within
those areas. These traits suggest cavitation occurring within the depolymerisation chamber as
the liquid propane is rapidly vaporized.

Cavitation erosion is a physical process of rapid bubble formation, expansion, and collapse
in the liquid field with pressure fluctuation. The rapid formation and collapse of bubbles can
result in localised temperatures of up to 5,000 K, pressures of up to 100 MPa inside the bubble,
and shockwaves in the liquid field [133, 134]. The results of cavitation erosion can lead to
melting of materials with relatively low melting points, high-temperature creep, and even
fracture [135]. Typically, cavitation erosion is a result of a region of localised low-pressure
in a liquid caused by motion of a body through the liquid such as a propeller or impellar.
However, it is possible that in the Ouroboros-1 engine rapid vaporisation of the propane
fuel occurred due to the heat transfer from the combustion chamber to the fuel. This would
have raised the vapor pressure of the propane fuel and caused it to rapidly boil within the
depolymerisation chamber. The result of which is the pitting and fracture shown in Fig. 5.14.

Fig. 5.14 Evidence of propane boiling/cavitation and flow-path within the Ouroboros-1
depolymerisation chamber. The sections with visible cavitation indicate hot-spots on the
engine which failed to be effectively cooled by the liquid propane. The route of the liquid
fuel flow can be mapped via the cooled sections. The chamber walls are also marked as being
porous in the areas of cavitation indicating chamber walls were molten and re-solidified.

The cavitation also mapped out the hot spots along the combustion chamber walls. There
is a clear path leading from the fuel inlet of the right image of Figure 5.14 which indicates
the route and mixing of liquid propane fuel. It is evident that the fuel flowed quickly to the
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injectors causing hot spots to form with limited cooling. This is typically not a failure mode
for regeneratively cooled engines as the channels are designed to evenly cool the surface and
add strength to the chamber walls rather than an open chamber like Ouroboros-1 which failed
to do so.

The location of the hole does not show those same cavitation; the surface is however
melted so it is likely that the majority of the present cavitation occurred after the burn-through.
Once compromised, the hole would see in influx of fuel which would cool the surface around
the hole; however, the other hot spots would experience a sudden drop in fuel pressure
resulting in the rapid boiling of the liquid propane. This rapid boiling may have caused an
increase in localised pressure which could have contributed to the crushing of the chamber

walls at the other locations as well as deforming the weakened chamber walls.

5.4.2 Injector

The injector suffered a different failure which was due to its design. In particular, the self-
impinging triplet was identified as the root cause of the oxidiser injector overheating. The
injector was designed such that three streams of oxygen intersected directly above the igniter
which would facilitate mixing and rapid ignition. However, an unexpected result was that
during combustion the self-impinging triplet created a recirculation zone which consisted of
a high concentration of oxygen directly above the igniter. This recirculation zone and the
highly reactive nature of oxygen likely melted and burned the Inconel of the injector face

around the igniter resulting in the crater visible in Fig. 5.15.

Fig. 5.15 View of injector post hot-fire. The center of the injector, where the igniter is located,
shows an approximately 15mm crater where the injector face was melted and burned. This
crater is likely due to a concentrated area of oxygen reacting with the Inconel injector face
caused by the self-impinging triplet oxidizer injector design.
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5.5 OQOuroboros-1 Conclusions and Lessons Learned

While the Ouroboros-1 engine did not perform as expected, the tests were still useful in terms
of lessons learned to be applied to Ouroboros-2 and 3. Additionally, the Ouroboros-1 tests
proved to be vital in verifying the nominal operation of the propellant feed system, test stand,
linear actuator feed, and data acquisition system. Most importantly, these tests identified that
the depolymerisation chamber architecture for autophage engines at the 100 N thrust class is
not feasible.

This architecture adds significant complexity that makes the engines prone to failure even
when operating in a bi-propellant configuration. In order for this architecture to be feasible, it
would require increasing the thrust class of the engine by multiple orders of magnitude in order
to utilise turbomachinery or electric pumps. This would allow for the fuselage to be inserted
into the depolymerisation chamber at pressures below the combustion chamber pressure and
the melted fuel then having its pressure increased by the pumps prior to injection, this would
both reduce the required feed force and eliminate the risk of compressive hoop stress failure of
the combustion chamber walls. However, this type of design would also require research into
topology optimised cooling channels in order to both maximise and control steady melting of
the fuselage. This design should also consider the use of hydrocarbon fuels with high boiling
points such as RP-1 or Jet-A.

Overall, the direct fuselage insertion architecture was considered to be a more likely
candidate for a successful autophage burn than the Ouroboros-1 design. Thus, research
regarding the depolymerisation chamber architecture was concluded after this test campaign.
Nevertheless, the lessons learned were implemented into the design and test procedures of the
subsequent Ouroboros-2 and 3 engines.

Mainly the addition of flow meters to the propellant lines in order to calculate mixture
ratio, the addition of bleed valves to reduce gases in the fuel line, a verification procedure
of combustion chamber pressure sensor operation prior to testing, spare engines to allow for

multiple tests, and the replacement of the impinging jet injectors with a pintle injector.
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Chapter 6

Direct Fuselage Insertion Architecture,
Bi-Propellant Test Results

6.1 Ouroboros-2 Operational Modes and Test Campaign

Overview

The Ouroboros-2 engine was designed according to the proposed direct fuselage insertion
architecture detailed in Section 3.3. It was operated solely as a bi-propellant system and
used a stainless steel (SS316) plug as a substitute for the HDPE fuselage. By operating
the engine in a bi-propellant configuration rather than in autophage, a performance baseline
could be set prior to the Ouroboros-3 autophage tests which used the same direct fuselage
insertion architecture. Thus, Ouroboros-2 functioned as a control group leading up to the later
autophage test campaigns and data analysis comparing the two configurations was used to
identify the impact of introducing a third propellant in the form of an HDPE rocket fuselage.

A total of 5 steady state tests were run at 3 target inlet conditions shown in Table 6.1.
The Ouroboros-2 tests were to be operated in short bursts based on the lessons learned from
Ouroboros-1 to reduce combustion chamber wall temperature and extend the life of the engine.
The first two tests were designed to operate the engine at fuel rich inlet conditions for 10
seconds followed by a 2 second off-time and then an engine restart for an additional 10
seconds of steady state operation. The decision was made to test the engine in fuel rich
conditions because it would decrease the combustion chamber temperature and again extend
the life of the engine. This test was done to both set a performance baseline at those inlet
conditions and demonstrate that the engine was capable of an engine restart. The engine
restart would verify that the engine both had a sufficient chamber pressure rise time and decay
time such that the Ouroboros-3 could be operated in a pulsed operating mode for later tests.

Tests 2a & 2b each operated the engine for a burn time of approximately of 5 seconds
with slightly adjusted inlet conditions based on the results from tests 1a & 1b (the target inlet
conditioned remained the same, however, the feed system pressure regulators and needle
valves were adjusted such that the inlet conditions were closer to the targets). There would
also be a long dwell time of approximately 40 seconds between firings. This would not only
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6.1 Ouroboros-2 Operational Modes and Test Campaign Overview

Table 6.1 Ouroboros-2 steady state target inlet conditions.

Pressure, bar Mass Flow Rate, g/s
Testno. t,,s FKE,N P, Pox  Pruer MR ity 1M fyel
la&b 10.0 101.2 5.00 6.00 6.00 1.25 40.52 32.41
2a&b 50 101.2 5.00 6.00 6.00 1.25 40.52 32.41
3 10.0 1545 7.00 840 840 1.25 56.51 45.20

drive engine operation closer to the desired inlet conditions but also provide a performance
baseline for an engine restart after a long dwell time between firings. This was particularly
important as a control group which could be compared to future Ouroboros-3 autophage tests
with long dwell times between engine restarts (allowing the fuselage to melt and settle inside
the combustion chamber).

The final Ouroboros-2 test operated the engine at a high throttle setting to set the upper
limit of the operating box. This was also done to verify that the engine and engine seals would
operate nominally at higher combustion chamber pressures and temperatures; it was consid-
ered a possibility that the additional HDPE fuel in the subsequent Ouroboros-3 autophage
tests could require a longer burn time for the engine to reach a nominal engine temperature
that could melt the HDPE fuel. Thus, this test was intended to test the engine to destruction
and use the results to set an upper limit of the engine operating box.

In summary, the Ouroboros-2 autophage tests were very successful in verifying the
direct fuselage insertion architecture. They demonstrated both nominal propellant injection
through the pintle injector, nominal engine thrust at standard inlet conditions, engine restart
capabilities with low chamber pressure rise and decay times, engine throttling, and set
performance baselines that the Ouroboros-3 autophage engines could be evaluated against.

The Ouroboros-2 engine was operated using the same propellant feed system as the
previous Ouroboros-1 tests; however, it included modifications that allowed mass flow rate
control and measurement for both the oxidiser and fuel propellant lines. A table of all the
Ouroboros-2 sensors can be seen in table 6.2. Unfortunately, the oxidiser mass flow rate was
unable to be calculated due to an error with flow meter installation so it has been omitted
from the sensor list and performance analysis. However, due to all of the other performance
data gathered, both the approximate oxidiser flow rate and mixture ratio can be calculated
using a chemical equilibrium analysis at the measured chamber pressure and fuel mass flow
rate for each test. The combustion chamber thermocouple was also omitted due to an error

with the cold-junction compensation.

Table 6.2 Ouroboros-2 sensors and sampling frequencies.

Location Type Unit Frequency, f
Actuator, Fr feed force load cell N 1 kHz
Test stand, Fr thrust load cell N 1 kHz
Fuel Inlet, Py pressure transducer Bar 1 kHz
Oxidizer Inlet, P, pressure transducer Bar 1 kHz
Combustion Chamber, P. pressure transducer Bar 1 kHz
Fuel Mass Flow Rate, 717, flow meter g/s 1 kHz
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6.2 Tests 1a & 1b: Fuel Rich Inlet Conditions with Engine

Restart

6.2.1 Test Data

The first test of the Ouroboros-2 engine was programmed to operate in steady state for 10

seconds, followed by a 2 second shutdown, restart, and another 10 seconds of steady state

operation. Each ignition event was designated as its own sub-test (Tests 1a & 1b). This

particular sequence was chosen to ensure the engine reached steady state and to verify engine

restart capabilities. The test timeline and resulting performance data are shown below in Fig.

6.1.
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Fig. 6.1 Ouroboros-2 10 second steady state bi-prop test performance chart at fuel rich inlet
conditions. Engine performance appears to be nominal. Steady state thrust is approximately
95.54 N with a combustion chamber pressure of 4.65 bar.
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6.2 Tests 1a & 1b: Fuel Rich Inlet Conditions with Engine Restart

Test Timeline
T - 05.0 s Engine countdown begins.
T - 00.0 s Control valves open, oxidizer reaches nominal pressure, engine ignition.
T + 00.8 s Combustion chamber pressure reaches 90% of full scale output.
T + 01.0 s Engine reaches steady state combustion with an average thrust of 95.54 N.
T + 05.0 s Fuel mass flow rate reaches steady state.
T + 10.2 s Propellant control valves are closed, initiating engine shutdown.
T + 10.4 s Combustion chamber pressure decays to ambient pressure.

T + 12.0 s Control valves are opened for the second time, the engine ignites and is
successfully restarted.

T + 12.6 s Combustion chamber pressure reaches 90% of full scale output.
T + 13.0 s Engine reaches steady state combustion with an average thrust of 96.58 N.

T + 21.5 s Propellant control valves are closed for the second time, initiating engine
shutdown.

T + 21.7 s Combustion chamber pressure decays to ambient pressure.

6.2.2 Performance Analysis

Experimental Results

The data provided in Table 6.3 shows the mean engine performance compared to the target inlet
conditions of tests 1a & 1b. Both the inlet conditions and resulting thrust were slightly below
the target; however, the engine performance was generally nominal and within measurement
error. It was noted that the calculated mixture ratio had the largest discrepancy compared to
the target, this result would drive the decision of starting Ouroboros-3 autophage tests at a

mixture ratio of 1.00 to correlate with the bi-propellant test conditions.

Table 6.3 Ouroboros-2 tests la & 1b mean performance data.

Pressure, bar Mass Flow Rate, g/s
Testno. f,,8 F,N P Py Pro MR! ity 1 fyel
Target 10.0 101.2 5.00 6.00 6.00 1.25 40.52 32.41
la 102 9554 4.65 5.07 538 1.07 37.53 35.24
1b 95 9658 449 5.07 534 101 3535 35.41
CEA - 90.97 4.65 - - 1.07 37.53 35.24

I As discussed in Section 6.1, an issue with the installation of the oxidiser mass flow meter prevented the
recording of oxidiser mass flow rate and experimental mixture ratio. However, using a chemical equilibrium
analysis with the recorded combustion chamber pressures and fuel mass flow rates as inputs yielded a calculated
oxidiser mass flow rate and mixture ratio which have been included in the table.
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6.2 Tests 1a & 1b: Fuel Rich Inlet Conditions with Engine Restart

There was minimal variation between the inlet conditions of tests 1a & 1b and the resulting
chamber pressure and thrust were similar. The higher thrust of test 1b can be attributed to
a warm engine start whereas test 1a was conducted as a cold start. Albeit, the measured
mean combustion chamber pressure of test 1b was lower than 1a which contradicts the thrust
measurement; however, the combustion chamber pressure was also observed to decrease
below atmospheric pressure at the conclusion of test 1b which could be an indicator of
possible sensor drift or a partial blockage of the combustion chamber pressure sensor port.
Thus, it is reasonable to conclude that the actual combustion chamber pressure of test 1b was
higher than the measured 4.49 bar. A chemical equilibrium model was also conducted at the
operating conditions and resulted in a theoretical thrust of 90.97 N; thus, the actual engine

thrust is within a +/-5% margin of error.

Specific Impulse Calculation

The specific impulse of the engine was calculated using the recorded engine thrust, mean fuel

mass flow rate and the calculated mean oxidiser mass flow rate with Eq. (6.1).

Fr
Hlox + mfuel) 80

Ly =17 6.1)

This resulted in a live estimation of the specific impulse shown in Figure 6.2 and an
average I, of 135 s across the entire operating time. This aligned closely to the theoretical
sea level expansion Iy, of 130 s when the same mixture ratio and engine thrust are put into
the chemical equilibrium analysis model. This is within a margin of error for variations in
atmospheric pressure, temperature, and density as well as the uncertainty in the actual oxidiser

mass flow rate.
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Fig. 6.2 Ouroboros-2 specific impulse from test 1 performance data.
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6.2 Tests 1a & 1b: Fuel Rich Inlet Conditions with Engine Restart

Engine Restart and Chamber Pressure Rise/Decay Time

One of the other major results from this test was a demonstration of a successful engine
shutdown and restart to prove the feasibility of testing the subsequent Ouroboros-3 autophage
engine in a pulsed operating mode. Pulsed mode was considered as a possible method for
operating autophage engines due to the off-time reducing the combustion chamber pressure
which could theoretically reduce the required feed force to drive the fuselage into the engine.
Therefore, determining the combustion chamber pressure rise and decay times would charac-
terise a range of potential frequencies and duty cycles to test at which could control the feed
rate of the autophage fuel.

The chamber pressure rise time, t,, was defined as the time it takes in milliseconds for
chamber pressure to reach 90% of full scale output; decay time, #; was defined as the time in
milliseconds for the chamber pressure to reach 10% of full scale output from valve shutoff.
Figure 6.3 compares the rise and decay times of tests 1a & 1b respectively with both 10% and
90% of combustion chamber pressure full scale output shown in red and the calculated results

are shown in Table 6.4.
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Fig. 6.3 Comparison of the Ouroboros-2 combustion chamber pressure rise and decay times
between a cold and warm engine start for tests 1a & 1b.

The observed rise time is noticeably longer for the cold start of the engine while there is no

significant difference between the decay times. This behavior is as expected since a warmer
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6.2 Tests 1a & 1b: Fuel Rich Inlet Conditions with Engine Restart

Table 6.4 Ouroboros-2 tests la & 1b chamber pressure rise and decay times.

Testno. F,,N P. MR t,ms t;, ms
la 9554 465 1.07 750 125
1b 96.58 449 1.01 600 150

engine will correlate with faster propellant ignition. In any case, the engine demonstrated
an effective ability to reignite and reach nominal operating pressures faster than the initial
ignition. This verifies that pulsed mode operation may be feasible.

Considering both the maximum rise time of 750 ms and the decay time of 150 ms at these
inlet conditions, we can make an approximation that to successfully operate in pulsed mode
the engine should have a minimum on-time of 750 ms and a minimum off-time of 150 ms.
This would allow the engine to both reach performance targets while gaining the benefits
of a lower chamber pressure for fuselage insertion during the off-time. Ideally, the off-time
should be longer than the minimum in order to increase the duration when the fuselage can be
inserted at low chamber pressures.

This analysis of the chamber pressure rise and decay times was used to set the minimum
feasible frequency and duty cycle of pulsed mode operation. Using a 750 ms on-time and a
250 ms off-time (including a 100 ms delay for fuselage insertion) correlates with an operating
frequency of 1 Hz at a 75% duty cycle. This operating mode was thus identified as the feasible
limit for standard inlet conditions and all other pulsed modes detailed in Section 4.5.2 and

Table 4.4 were derived from this analysis.

Observed Combustion Instability (Chug)

Analysis of the test footage (Fig. 6.4) showed a low-frequency oscillation both visually in
the plume and over audio throughout the steady state burn of both Test 1a and 1b. No shock
diamonds were visible in the plume suggesting close to nominal expansion; however, there
was clearly a combustion instability present.

Referencing the performance data in Figure 6.1 we saw the resulting thrust and com-
bustion chamber pressure were in line with the theoretical performance for standard inlet
conditions. The engine was nominally generating 95.45 N of thrust with a chamber pressure
of approximately 4.65 bar. However, the oscillation seen in the test footage can also be seen
in the performance data; particularly in the combustion chamber and fuel inlet pressure. An
instability that shows a coupling between the combustion chamber pressure and propellant
feed system is typically an indication of chug [125]. Chug is a low frequency combustion
instability occurring below 500 Hz that is described as having pulsed-combustion. It can be
caused by low throttle settings and low pressure-drop injectors [136]. The presence of this
combustion instability is confirmed by the frequency analysis in Section 6.2.3.

The chug instability is likely to have manifested due to the design of the pintle injector
whereby the oxidiser was injected at high pressure through the annulus with the oxidiser
streamlines covering the pintle gap. This may have created an area of higher pressure at the
pintle gap preventing the injection of the fuel into the combustion chamber. Increasing the

inlet pressures was determined to be a possible solution that could eliminate the chug. This
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6.2 Tests 1a & 1b: Fuel Rich Inlet Conditions with Engine Restart

was a secondary driver for slightly increasing the propellant feed system settings of tests 2a
& 2b; the main driver being to reach the target combustion chamber pressure of 5.00 bar.
However, the chug was a significant driver in increasing inlet conditions for test 3 to see if the

instability would dissipate at higher throttle settings.

Fig. 6.4 Ouroboros-2 10 second steady state bi-prop test photo. A large plume can be seen
coming from the engine due to a low-frequency combustion instability in the engine (chug)
caused by the coupling of the propellant feed system and the combustion processes.

6.2.3 Frequency Analysis

A frequency analysis was conducted to verify the oscillation and identify what frequency
range the engine is operating in. The results are shown in Figures 6.5 and 6.6. The data
was collected at a sampling frequency of 1 kHz resulting in a maximum frequency analysis
range of 500 Hz for the bi-propellant tests. This was sufficient in detecting low-frequency
instabilities; however, the sampling frequency was insufficient to detect any high-frequency
instabilities which occur at over 1 kHz [137, 138]. Additionally, the frequency analysis was
only conducted on the thrust, combustion chamber pressure, fuel inlet pressure and oxidiser
inlet pressure; the fuel mass flow rate was not considered since the sensor used was a variable
area flowmeter which does not have the required sensitivity to detect instabilities.

The results of the spectrogram clearly indicate a combustion instability at approximately
200 Hz. This pattern is indicative of the previously discussed engine chug. However, the inlet
pressure sensors did not detect any instabilities which suggests that the chug is likely coupling
with the pintle injector rather than the feed system upstream of the injector manifolds which is
where both inlet pressure sensors are located. Overall, the engine chug is likely due to the low
inlet pressures and results in the unstable engine plume seen in the videos; eliminating the
combustion instability could likely be achieved by increasing the inlet pressures or operating

at off-nominal inlet conditions.
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Fig. 6.5 Ouroboros-2 test 1 spectrogram. A low frequency combustion instability is seen at
approximately 200 Hz in the combustion chamber pressure. This confirms previous indications
of a combustion instability known as engine chug and is likely due to low inlet pressures.

The persistence diagram also confirmed chug occurring at 200 Hz. While chug is generally
non-destructive to engine components due to its low power, it can also induce or be an indicator
of higher frequency combustion instabilities. High frequency instabilities such as screech
can lead to rapid engine failure and disintegration. The Ouroboros-2 tests did not consider
high-frequency combustion instabilities; however, after detecting chug, it was determined to
increase the sampling frequency range for the later autophage Ouroboros-3 tests to allow for
the detection of high-frequency instabilities up to 5 kHz.

Additionally, of note for all subsequent frequency analyses is the lack of a repeating
oscillation such as what was observed in the Ouroboros-1 frequency analysis in Section 5.3.
That oscillation was verified to be an issue caused by a grounding loop in the 4-20 mA to
0-10 V sensor conversion board and was corrected for this test campaign.
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Fig. 6.6 Ouroboros-2 tests 1a & 1b persistence diagram. The sensor sampling frequency was
set to 1 kHz so only low-frequency combustion instabilities were capable of being detected.
The combustion chamber pressure sensor showed a clear peak at 200 Hz corroborating that
the engine was experiencing chug at these inlet conditions. While the other sensors showed
general roughness in the spectrogram, the persistence diagram did not indicate any clear
power spectrum peaks in the data.

6.3 Tests 2a & 2b: Adjusted Inlet Conditions with Long

Dwell Time Engine Restart

6.3.1 Test Data

The second set of tests of the Ouroboros-2 engine were designed to operate the engine in
steady state for two, 5 second firings with a long dwell time of at minimum 40 seconds
between ignitions; these were designated as sub-tests 2a & 2b. The upstream propellant feed

system pressure regulators and needle valves were slightly adjusted from the previous tests
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6.3 Tests 2a & 2b: Adjusted Inlet Conditions with Long Dwell Time Engine Restart

in an effort to dial into the target inlet conditions (which were the same for tests 1 and 2).
Performance results can be seen in Figure 6.7 below.

This particular sequence was chosen to again verify engine restart capabilities and the
chamber pressure rise and decay times; but the long dwell time was implemented in order to
set a performance baseline which could then be compared to an autophage engine test with a
long dwell-time during which the HDPE fuselage could melt and fill the combustion chamber.
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Fig. 6.7 Ouroboros-2 tests 2a & 2b performance chart at adjusted fuel rich inlet conditions
with a long dwell time.

Test Timeline

T - 05.0 s Engine countdown begins.
T - 00.0 s Control valves open, oxidizer reaches nominal pressure, engine ignition.
T + 00.6 s Combustion chamber pressure reaches 90% of full scale output.

T + 01.0 s Engine reaches steady state combustion with an average thrust of 92.25 N.
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T + 05.1 s Propellant control valves are closed, initiating engine shutdown.
T + 05.3 s Combustion chamber pressure decays to ambient pressure.
T + 26.0 s Purge valves are opened for a 5.0 second duration.

T + 48.6 s Control valves are opened for the second time, the engine ignites and is

successfully restarted.
T + 49.2 s Combustion chamber pressure reaches 90% of full scale output.
T + 49.5 s Engine reaches steady state combustion with an average thrust of 94.94 N.

T + 53.7 s Propellant control valves are closed for the second time, initiating engine

shutdown.

T + 53.9 s Combustion chamber pressure decays to ambient pressure.

6.3.2 Performance Analysis

Experimental Results

The data provided in Table 6.5 shows the mean engine performance compared to the target inlet
conditions of tests 2a & 2b. While the upstream propellant feed system controls were adjusted
slightly to increase the inlet pressures, the adjustments were insufficient to significantly
change the engine performance from tests 1a & 1b. Both the inlet conditions and resulting
thrust were slightly below the target, and the mean measured engine thrusts were actually
lower than tests 1a & 1b even though the combustion chamber pressures were approximately
equal.

This could be a result of the engine operating at a lower mass flow rate than what was
calculated due to skewed results. Previous tests showed that the fuel mass flow rate reached
steady state after approximately 5 seconds post engine ignition (which would correlate with
the total burn time of these tests). Additionally, the flow rate still showed a slight positive
slope at engine shutdown indicating that the true fuel mass flow rate was not recorded. Rather
than taking the mean fuel mass flow rate of the last 100 ms of the burn if we instead integrate
the area under the curve we can calculate the total fuel mass to pass through the flow meter.
However, it is important to consider that this is an approximation and that the flow meter
data has a delayed response since it is upstream of the engine, a minimum measurement limit
of 4.00 g/s, and this calculation method will overestimate the total propellant used due to
including losses in filling the propellant lines from the control valves to the engine.

Nevertheless, the total fuel mass used during test 2a was calculated to be 186.2 g. When
divided by the total burn time the fuel mass flow rate was calculated at 36.50 g/s. This same
process was used to estimate the total fuel mass used across both tests 1a & 1b and then
divided by the cumulative engine burn time which yielded a total fuel mass of 710.4 g and a
mean fuel mass flow rate of 36.06 g/s.

Compared to the measured mean fuel mass flow rate of tests la & 1b, this calculation
method yielded a 2% overestimation; thus, a correction factor for this calculation method
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can be defined as Cy(,;) = 0.98. Applying this correction factor to the calculated fuel mass
flow rate of test 2a yielded a corrected fuel mass flow rate of 35.77 g/s which was noticeably
higher than that of tests 1a & 1b. Using the corrected value resulted in a lower mixture ratio
which supports the hypothesis that the lower thrust was a result of higher fuel mass flow rates.
However, the thrust was still lower than the previous tests even with this correction.

Another factor which may have impacted the recorded test 2 thrust under-performance
could be ablation of the graphite nozzle causing a slight increase in the nozzle throat area
which would reduce engine thrust. However, after the tests were concluded, the nozzle throat
diameter was measured to be 16.0 mm, matching the pre-test throat diameter, and showed
no ablation or significant change in geometry that would have affected performance. Other
sources of error could include a slight shift in the alignment of the test stand or thrust load
cell resulting in off-axis thrust measurement. When compared to the results of a chemical
equilibrium analysis at the operating conditions though, the thrust is within +/-2% of the
theoretical thrust. Thus we can conclude that the results are within a small margin of error
such that engine performance during these tests was considered nominal.

Nevertheless, the slight adjustments to the upstream propellant feed system were inade-
quate to significantly change the engine inlet conditions. This resulted in lessons learned that
would be applied to test 3 in order to experimentally determine the pressure drop across the
propellant feed system such that we would have greater control and likelihood of achieving the
desired inlet conditions for the Ouroboros-3 autophage tests. As mentioned in Section 6.2.2,
since all of these tests operated the engine at a mixture ratio near 1.00 it was decided to start
the Ouroboros-3 autophage tests at a mixture ratio of 1.00 to correlate with the bi-propellant

test conditions.

Table 6.5 Ouroboros-2 tests 2a & 2b mean performance data.

Pressure, bar Mass Flow Rate, g/s
Testno. tp,s F,N P Py Ppa MR? ity 1 fyel
Mean Fuel Mass Flow Rates
Target 50 101.2 5.00 6.00 6.00 125 40.52 32.41
2a 51 9225 466 5.10 5.69 1.08 37.78 34.95
2b 51 9494 473 5.16 5.69 1.11 38.55 34.92
Corrected Fuel Mass Flow Rates
Target 50 101.2 5.00 6.00 6.00 1.25 40.52 32.41

2a 5.1 9225 466 5.10 5.69 1.05 37.46 35.77
2b 5.1 9494 473 516 5.69 1.07 3571 35.77
CEA - 9303 473 - - 1.07 35.71 35.77

Specific Impulse Calculation

As covered in Section 6.2.2, the specific impulse of the test was calculated and a live estimation
is shown in Figure 6.8; for the calculation, the corrected fuel mass flow rates were used. The
engine demonstrated an average Iy, of 130 s across the entire operating time which closely

matched a theoretical sea level expansion Iy, of 127 s calculated via the chemical equilibrium

2See footnote 1 from Table 6.3.
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analysis model. Additionally, Iy, was slightly lower than that of tests 1a & 1b which can be

explained by the lower mixture ratio.
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Fig. 6.8 Ouroboros-2 specific impulse from test 2 performance data.

Long Dwell Time Engine Restart and Chamber Pressure Rise/Decay Time

For the start of test 2, the Ouroboros-2 engine had already been warmed up since there was
only a 10 minute delay from the previous tests. Therefore it was expected that the chamber
pressure rise and decay times should closely match that of test 1b. Analysis of the data shown
in Fig. 6.9 and Table 6.6 confirmed this and showed no major variations between tests 1b, 2a,
& 2b.

However, an interesting feature was discovered across these charts. During tests 2a & 2b
there was an oscillation from approximately 400-600 ms after engine start. This oscillation
was present in test la with a longer duration from 400-800 ms but it was not observed
during test 1b. Thus, this result was classified as an indicator of a potential combustion
instability occurring at startup whereby the flame propagated from the igniter to the rest of the
combustion chamber before reaching steady state and the instability being dampened out. This
could be an area of concern for future engine designs and tests because even short duration
combustion instabilities (specifically the transverse instability mode) can result in rapid engine
failure as was seen in the development of the F-1 engine for the Saturn V launch vehicle [132].
These results served as additional justification to increase the sampling frequency to 10 kHz
for the Ouroboros-3 autophage tests in an effort to characterise any instabilities during the
ignition transient.

Overall, the long dwell time between tests had no significant impact on engine perfor-
mance. This was expected but nonetheless verified in order to set a performance baseline for

Ouroboros-3 tests to be compared against.
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Fig. 6.9 Comparison of the Ouroboros-2 combustion chamber pressure rise and decay times
for tests 2a & 2b.

Table 6.6 Ouroboros-2 tests 2a & 2b chamber pressure rise and decay times.

Testno. F,,N P. MR ¢,ms t;,ms
2a 9225 466 1.05 600 150
2b 9494 449 1.07 600 150

Plume Analysis and Combustion Instability (Chug)

The plume of these tests was noticeably different from that of the previous tests. There
was very little visible plume which suggests complete combustion within the chamber and
a high combustion efficiency; however, sets of sparks were also emitted from the nozzle
intermittently. These were indications of some sort of ablation occurring within the engine;
either steel within the combustion chamber melting or an ablation of the graphite nozzle
resulting in debris being expelled from the engine.

The engine also did not exhibit the characteristic plume flashing and sound of chug that
was observed during tests 1a & 1b. The lack of these observations does not however exclude
the existence of chug which can manifest differently even under the same test conditions.

Moreover, the frequency analysis in Section 6.3.3 later confirmed that chug was still present.
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Fig. 6.10 Ouroboros-2 5 second steady state bi-prop test photo. No plume is visible; however,
sparks were intermittently emitted from the nozzle suggesting ablation of either the combus-
tion chamber or nozzle.

6.3.3 Frequency Analysis

As for previous tests, a frequency analysis was conducted on the data to detect and verify
the presence of any combustion instabilities. Due to the similarity between the performance
results of tests 2a & 2b, the spectrogram was a close up of only test 2a in order to provide a
shorter duration and see the potential combustion instability at engine ignition discussed in
Section 6.3.2.

The first thing of note regarding the spectrogram was the presence of an instability at 200
Hz which again confirmed the presence of chug at these inlet conditions. However, the power
density of the instability was characteristically lower than it was for tests 1a & 1b which
correlated with the lack of visual and audio indicators as described in Section 6.3.2. Thus,
we can conclude that the instability had a lower intensity at these inlet conditions whereby
the fuel and oxidiser inlet pressures were slightly higher. Nevertheless, chug is known to
reduce engine performance by up to 8% [136], and since these tests had lower recorded thrust
than tests 1a & 1b (even at similar inlet conditions) this difference in manifestation of the
instability could also be a factor in the performance variation.

In addition to engine chug, the spectrogram also clearly indicates unstable behavior of
both the thrust and combustion chamber pressure approximately 400-600 ms after the test start.
This was identified as an area of interest in Section 6.3.2 where an oscillation was observed in
the chamber pressure which could be due to unstable propogation of the flame throughout the
combustion chamber at ignition. The spectrogram confirmed this as a combustion instability
by the tell-tale increase in power within the 400-600 ms range. The instability appeared to
mainly be between 0-200 Hz and it did quickly dampen out which suggests that it is unlikely
to lead to catastrophic engine failure. However, a higher sampling frequency was implemented

for the subsequent Ouroboros-3 tests.
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Fig. 6.11 Ouroboros-2 test 2a spectrogram. A low frequency combustion instability is seen at
approximately 200 Hz in the combustion chamber pressure. This confirms the presence of
chug, albeit at a lower power than it was observed in tests 1a & 1b. Another instability can be
seen between 400-600 ms after engine ignition which is likely the flame propagating through
the combustion chamber.

While the spectrogram analysis was only conducted on one of the tests, the persistence
diagram covers the full duration of tests 2a & 2b including the long dwell time. Of note are
frequency peaks at 300, 400 and 500 Hz for the chamber pressure sensor data. The peaks have
a very high density which means that they occurred throughout the data recording (including
the aforementioned dwell time). Moreover, the power spectrum of these peaks is relatively low
as well. These conditions indicate that those frequencies are not related to engine combustion
and could be a result of electrical interference.
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Fig. 6.12 Ouroboros-2 tests 2a & 2b persistence diagram.

6.4 Test 3: High Pressure Inlet Conditions

6.4.1 Test Data

The final test conducted with the Ouroboros-2 engine was a target 10 second burn at high
pressure inlet conditions to demonstrate throttleability and expand the operating box. Addi-
tionally, the higher throttle setting could eliminate the low-frequency combustion instability
known as chug which was observed during the previous tests. However, the test was only
operated for 7.4 seconds before an emergency shutdown was initiated due to a rapid change
in thrust data at approximately 5.6 seconds into the burn. An inspection of the system after
the test determined that it was an engine mount failure at the test stand interface rather than a

failure of the engine.
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Fig. 6.13 Ouroboros-2 test 3 high inlet pressure performance chart. Steady state thrust is
approximately 143.5 N with a combustion chamber pressure of 6.76 bar. Approximately 5.6
seconds into the test an engine mount failure occurs and is marked by the sudden change in
feed force and thrust.

Test Timeline

T - 05.0 s Engine countdown begins.

T - 00.0 s Control valves open, oxidizer reaches nominal pressure, engine ignition.

T + 00.4 s Combustion chamber pressure reaches 90% of full scale output.

T + 00.5 s Engine reaches steady state combustion with an average thrust of 143.5 N.
T + 05.0 s Fuel mass flow rate reaches steady state.

T + 05.6 s Sudden step increase and large oscillation observed in the thrust and feed

force load cells. Later identified as an engine mount failure.
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T + 07.4 s Propellant control valves are closed, emergency stop initiated.

T + 07.6 s Combustion chamber pressure decays to ambient pressure.

6.4.2 Performance Analysis

Experimental Results

The experimental engine performance was once again within a small margin of error from the
target shown in Table 6.7. In this test, the calculated mixture ratio was the closest to the target
out of all previous tests. All other performance data was slightly below the nominal targets;
however, the resulting engine thrust was within +/-3% of the expected thrust according to the

chemical equilibrium analysis model.

Table 6.7 Ouroboros-2 test 3 mean performance data.

Pressure, bar Mass Flow Rate, g/s
Testno. f,,s F,N P Py Pre MR ity 1 fyel
Target 10.0 1545 7.00 840 840 1.25 56.51 45.20
3 7.4 1435 6.76 7.38 7777 133 53.63 40.26
CEA - 1473 6.76 - - 1.33 53.63 40.26

Moreover, the engine successfully demonstrated throttleability to significantly higher
combustion chamber pressures than originally designed. In general, the data roughness also
appeared to decrease which was considered an indicator that there might no longer be a low-
frequency combustion instability present. Although this was later disproved in the frequency
analysis (Section 6.4.3) where chug was still detected.

Much like tests 2a & 2b, the plume was not visible and behaved similarly with a steady
stream of sparks that exited through the nozzle. This was again an indication of ablation of
either the combustion chamber walls or the graphite nozzle.

Another outcome of this test was the observed oscillation of the thrust at engine ignition.
This oscillation was not present in the combustion chamber pressure and from analysis of
the video it appeared to be a harmonic of the test stand itself whereby the momentum of the
engine platform and the thrust load cell interface caused the structure to oscillate. While not
a significant issue for steady state operation, the time it took to dampen the oscillation was
noted as approximately 750 ms which could prevent accurate thrust measurement at certain
pulsed operating mode frequencies and duty cycles unless the frequency was filtered from the
data.

Overall, the performance results of test 3 showed good correlation with expected values
and set a performance baseline for high inlet pressure operation. Furthermore, the variation in
propellant feed system settings allowed for an interpolation of the feed system pressure drop
which could be used for dialing in on the required settings for the Ouroboros-3 autophage
tests to be closer to their target inlet conditions. This proved to be useful and resulted in a
wider operating box that the Ouroboros-3 engine was able to be tested across, including tests

with higher mixture ratios.

3See footnote 1 from Table 6.3.
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Specific Impulse Calculation

As covered in Section 6.2.2, the specific impulse of the test was calculated and a live estimation
is shown in Figure 6.8. The average I, across the steady state operating time was found to
be 156 s this is higher than the previous tests due to the higher mixture ratio which is closer
to the ideal mixture ratio for maximum specific impulse. The results also align closely to
the theoretical sea level expansion I, of 160 s using a chemical equilibrium analysis at the
operating conditions. Like the previous Ouroboros-2 tests, this is within a small margin of
error which could be a result of variations in atmospheric pressure, temperature, and density

as well as the uncertainty in the actual oxidiser mass flow rate.
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Fig. 6.14 Ouroboros-2 specific impulse from test 3 performance data.

High Inlet Conditions Chamber Pressure Rise/Decay Time

When compared to the previous tests, the results of the combustion chamber pressure rise and
decay time showed a significant difference shown in Fig. 6.15 and Table 6.8 below. First,
the rise time was recorded as being only 350 ms, nearly half the time it took the previously
warmed engines to reach 90% of the full scale chamber pressure and less than half the time

for the cold engine start.

Table 6.8 Ouroboros-2 test 3 chamber pressure rise and decay time at high inlet pressures.

Testno. F,N P. MR ¢,ms {7, ms
3 1435 6.76 1.33 350 225

There are multiple factors which could have contributed towards this faster rise time.
For instance, a higher pressure drop across the fuel injector would have resulted in better
atomisation of the propellant which would correlate with a faster ignition. The increase

in mixture ratio would also aid in accelerating the ignition by introducing relatively more
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oxidiser. Finally, the higher throttle setting may have eliminated the instability present during
the previous engine ignitions which may have contributed to a steadier propagation of the
flame throughout the combustion chamber. In fact, unlike the previous tests, there is not a
significant oscillation visible in the combustion chamber pressure data during the transient
ignition period. In either case, the combination of these factors resulted in a significantly
faster rise time which could be leveraged to operate the engine in a wider range of pulsed
mode frequencies and duty cycles.

The decay time on the other hand was observed to actually be 50% longer than previous
tests. This was likely due to the inherently higher combustion chamber pressure such that
once the flow through the nozzle was subsonic, it took slightly longer for the gases within the

chamber to exit at the end of the test.
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Fig. 6.15 Comparison of the Ouroboros-2 combustion chamber pressure rise and decay times
at high inlet pressures.

6.4.3 Frequency Analysis

The frequency analysis was repeated for test 3 in order to verify the elimination of the 200
Hz chug instability and the combustion instability at engine ignition for previous tests. Even
though the test 3 performance data showed decreased roughness and there were no visual nor
audio indicators of chug, it was nonetheless still detected in both the spectrogram (Fig. 6.16)
and persistence diagram (Fig. 6.17) of the combustion chamber pressure data.

The persistence of this combustion instability was highly unusual. First, because it
typically only manifests at lower throttle settings [136] and this test was operated at a very
high throttle. And second, because pintle injectors are known to be highly resistant to
combustion instabilities [139]. While there are some identified instability modes for pintle
injectors, low-frequency modes such as the one observed for these tests are noted to occur at
high TMR values [140]; whereas the design of the Ouroboros-2 injector had a notably low
TMR (Table 3.3) using a fuel-centered pintle design.

However, the continued presence of this instability prompted an analysis to determine
what could be causing it. The leading theory was that the pressure drop across the oxidiser
inlet was too low. In fact, the typical recommendation for injector design is to design for
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Fig. 6.16 Ouroboros-2 test 3 spectrogram. The power and energy of the 200 Hz chug instability
is still present even at high throttle settings. This is highly unusual due to the resilience of
pintle injectors to combustion instabilities.

a 15-20% pressure ratio between the inlet and combustion chamber [141]. In the case of
Ouroboros-2, the fuel injector ratios across all the tests were approximately 15-20% whereas
the oxidiser injector ratios ranged from 9-12% (Table 6.9). Therefore, increasing the oxidiser
injector ratio could eliminate the low frequency instability.

Fortunately, the Ouroboros-3 injector design used a blockage to restrict the oxidiser flow
through the annulus (Fig. 3.29). This design was originally intended as a method that would
allow the fuel to penetrate the oxidiser flow and introduce film cooling at the combustion
chamber supports. A bi-product of the annulus blockage was that the pressure drop across the
oxidiser injector would also increase since the diameters of all the injector components, as
well as the pintle and annular gaps, remained constant for both designs. The results of the
Ouroboros-3 tests using the annulus blocked injector are further discussed in Section 7.6.4.

Nevertheless, the combustion instability identified to have been occurring at engine
ignition for the previous Ouroboros-2 tests was not observed during test 3. There is still

uncertainty whether the instability was causing the longer rise times described in Section
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Fig. 6.17 Ouroboros-2 test 3 persistence diagram. The power and energy of the 200 Hz chug
instability is functionally identical to the previous tests indicating that the high throttle setting
did not have the expected effect of eliminating the instability.

6.4.2 or whether the rise times were causing the instability. In either case, the two conditions
are likely correlated but additional testing and analysis should be done prior to assigning
causation to the relationship.

As mentioned in previous frequency analyses, a higher sampling frequency was used for
the subsequent Ouroboros-3 tests in order to include a method for detecting high frequency
instabilities up to 5 kHz.

6.5 Post Hot-Fire Test Inspection and Analysis

At the conclusion of the test campaign the Ouroboros-2 engine was disassembled and in-
spected. Photographs showed that the stainless steel plug (which was put in place of the
HDPE fuselage) had been welded to the inner combustion chamber under the high combustion

temperatures and unable to be separated. However, the combustion chamber outer shell
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Table 6.9 Ouroboros-2 test 3 chamber pressure rise and decay time at high inlet pressures.

Pressure, bar Ratio, %
Testno. P, P, Pfuel AP, APfuel 0, (C3Hg
la 465 5.07 538 042 0.73 9.03 157
1b 449 5.07 534 058 085 129 189
2a 466 5.10 5.69 044 1.03 944 22.1
2b 473 5.16 569 043 1.01 9.09 203
3 6.76 738 7.77 0.62 1.01 9.17 149

showed no damage and was able to be separated, cleaned, and used again on Ouroboros-3. As
for the inner combustion chamber, the supports were melted all the way through and had the
engine operated for any longer it was likely to have resulted in a catastrophic failure with the
injector face being ejected through the top of the engine. The injector itself showed no major
damage though which was a significant improvement over the Ouroboros-1 injector.

6.5.1 Combustion Chamber

When the engine was first removed from the test stand, the stainless steel plug (which was
used in place of the HDPE fuselage to operate the engine solely as a bi-propellant system)
was unable to be separated from the inner combustion chamber. The outer combustion
chamber shell, injector, and graphite nozzle were all easily removed, leaving behind the inner
combustion chamber and fuel plug assembly shown in Fig. 6.18.

Fuel Plug
Injector

Combustion Chamber

L

Nozzle location /Q//

Fig. 6.18 Exterior view of the Ouroboros-2 combustion chamber and fuselage plug post
hot-fire testing.
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The pattern visible on the exterior of the plug corresponds with the alignment of the
combustion chamber structural supports. This pattern also acts as a heat map, showing
evidence of the angle of the main combustion streamline which traveled from the injector.
The fuel plug acted as a barrier between the high temperature combustion gases and the outer
combustion chamber shell. This resulted in the outer shell remaining intact and undamaged
after the test campaign.

However, the inner combustion chamber of the Ouroboros-2 engine was significantly
damaged. Figure 6.19 shows the extent of the damage, which was significant. The combustion
chamber supports were fully melted through which caused the injector to effectively no longer
be fastened to the engine; any additional tests would have resulted in the injector face being
ejected through the top of the engine. This had already been considered the most likely failure
mode for this engine due to the overall lack of cooling mechanisms at the chamber supports
and these tests confirmed the assumption. We can also rightfully conclude that the sparks that
were ejected through the nozzle during tests 2a, 2b, & 3 were in fact molten steel.

Fig. 6.19 Interior view of the Ouroboros-2 combustion chamber post hot-fire testing.

This complete melting of the inner combustion chamber also only occurred at approxi-
mately 37.3 seconds of cumulative burn time. Therefore, this was considered the minimum
achievable test duration that Ouroboros-3 could be tested at those inlet conditions before
being at risk of a failure. Furthermore, these tests drove the decision to start the autophage test
campaign at low mixture ratios and low pressures in order to extend the test duration and life of
the engine since low throttle settings correlate with lower engine temperatures. Nevertheless,

the Ouroboros-3 engine was also expected to have a generally longer cumulative lifetime due
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to both the propane film cooling which would target the combustion chamber supports, and
also the HDPE film which would cool the nozzle side of the combustion chamber.

6.5.2 Injector

The injector, on the other hand, performed well and had no signs of any damage. Upon
disassembling the injector though, a significant amount of soot was detected within the pintle
channel as shown in Fig. 6.20. At first, there was a concern that some combustion processes
may have occurred within the channel during the hot-fire testing. However, this was deemed
unlikely since the propellant lines were first purged with gaseous nitrogen, filled with propane
and then any excess gas bled from the lines up to the test stand; there was still a potential that
some air could have been present within the propellant lines or injector manifold but it would

have been rapidly cleared from the injector manifold at engine start.

Fig. 6.20 Soot deposition on the Ouroboros-2 pintle injector.

Further investigations concluded that the soot could be a result of pyrolysis of the propane
fuel at temperatures over 970 K which would result in soot formation within a fuel rich
environment and without an oxidiser present [142]. Even though the injector showed no signs
of thermal damage, it would have been capable of reaching those temperatures and pyrolyzing
the propane after each hot-fire test due to thermal soak-back. Typically, the injector face is the
coolest part of the combustion chamber during steady state operation due to the constant influx
of cold propellants. However, after engine shutdown, the system will experience thermal
soak-back whereby there is a heat flux that will flow from the nozzle and combustion chamber
to the rest of the engine [143].

The Ouroboros engines also used control valves with approximately 1.25 meters of
propellant line between the valves and the engine inlet. Thus, even at engine shutdown there
would still be a brief period of propellant mass flow that would have continued to combust
(and with no upstream inlet pressure this could have resulted in some soot deposition within
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the injector). According to this analysis, the soot deposition would be even more likely due to
the multiple tests and engine restarts of the engine. Moreover, propane in general has a high
incidence of soot deposition [144]. Therefore, it was determined that the soot deposition was
most likely nominal under the specific conditions and not a sign of poor engine performance
or combustion within the injector.

Another interesting, but not unexpected result, was that the chamber supports were melted
very close to the injector side rather than the nozzle side of the engine. This indicated that the
mantle recirculation zone was quite small. By measuring the remaining lengths of the melted
combustion chamber supports and applying them to the Ouroboros-2 drawings, we were also
able to estimate the angle of the main combustion reaction streamline originating from the

injector (Fig. 6.21) as being approximately 30°from the center axis of the engine.

Fig. 6.21 Estimated angle of the Ouroboros-2 main combustion streamline based on post
hot-fire testing analysis.

6.6 Conclusions and Lessons Learned

Overall, both the Ouroboros-2 design and test campaign were very successful. The direct
fuselage insertion proved to be operationally far more effective than the depolymerisation
chamber architecture. It also met performance targets within a very small margin of error
when compared to the theoretical performance estimates based on a chemical equilibrium
analysis (CEA) which can be seen in Fig. 6.10. The only outlier in the data was test 1b where
the combustion chamber pressure sensor exhibited either drift or a blockage and resulted in
off-nominal data, otherwise the engine performance was within +/-5% of theoretical values.

Table 6.10 Ouroboros-2 thrust data vs. theoretical performance.

Actual CEA
Testno. F,N P.,bar MR F,N P, bar MR Thrust Error, %
la 9554 465 1.07 9097 465 1.07 +4.8
1b 96.58 449 1.01 8642 449 1.01 +10.5
2a 9225 466 1.05 91.07 466 1.05 +1.3
2b 9494 473 1.07 93.03 473 1.07 +2.0
3 1435 6.76 133 1473 6.76 133 -2.6

These results set a clear performance baseline that were used as a control for the autophage
Ouroboros-3 tests to be compared to which would identify any impacts on performance that
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the introduction of a third propellant (the HDPE fuselage) may have caused. The high inlet
pressure test (test 3) also verified throttleability of the engine and substantially expanded
the operating box by varying both inlet pressures and mixture ratio. Additionally, the tests
operated the engine for a cumulative burn time of 37.3 seconds setting a minimum duration
for which the Ouroboros-3 engines should be confidently operated for without a catastrophic
failure of the combustion chamber.

The engine also exhibited no issue with multiple engine shutdowns and restarts with
minimal variation in performance for both short and long duration dwell times. Combustion
chamber pressure rise and decay times were also consistent across tests la, 1b, 2a, & 2b
(which all shared approximately the same inlet conditions); however, a significantly faster rise
time and longer decay time was recorded for test 3 at the high throttle setting. A comparison
of all the chamber pressure rise and decay time is shown in Fig. 6.11. The longer rise time for

test 1a was also attributed to it being the first and only cold start of the engine.

Table 6.11 Ouroboros-2 chamber pressure rise and decay times across all test conditions.

Testno. F,,N P. MR t,ms t;, ms

la 95.54 4.65 1.07 750 125
1b 96.58 449 1.01 600 150
2a 9225 4.66 1.05 600 150
2b 9494 449 1.07 600 150
3 1435 6.76 133 350 225

These rise and decay times were used to approximate the minimum feasible conditions to
operate the Ouroboros-3 autophage engine in pulsed modes. Effectively, the engine should
have an off-time of at minimum 250 ms in order to allow for complete decay of the combustion
chamber pressure and an on-time of 750 ms to reach nominal performance. This correlates to
operating at a frequency of 1 Hz at a 75% duty cycle which was the baseline used to create
the target operating modes of the hot-fire test plan (Fig. 4.4). The test plan varied both the
frequencies and duty cycles around this baseline in order to evaluate the effect of pulsed mode
on the feed rate of the HDPE fuselage.

Frequency analyses of all performance data also detected the presence of a low-frequency
combustion instability of approximately 200 Hz across all test conditions. This instability was
identified as chug due to the characteristic pulsed combustion which was visible during tests
la & 1b as well as the sound of the engine during the tests. The instability persisted and was
detected within the combustion chamber pressure data throughout each test including the high
throttle settings of test 3 which was particularly unexpected since low-frequency instabilities
will usually only occur at low throttle settings. After analysis, it was concluded that this
instability was likely a result of an insufficient pressure drop across the oxidiser injector.

Injectors are typically designed to have an inlet pressure 15-20% higher than combustion
chamber pressures in order to facilitate both atomisation and prevent instabilities. However,
the oxidiser inlet pressure for all Ouroboros-2 tests was found to only be approximately 10%
higher than the combustion chamber pressures (fig. 6.9). This instability would be addressed
by using a modified pintle injector design which used blockages in the annulus to block
oxidiser flow correlating with the combustion chamber support structures. Replacing the
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injector with this modification would not only raise oxidiser inlet pressures and eliminate the
instability but also provide film cooling to the support structures and significantly increase
the maximum achievable test duration of the direct fuselage insertion architecture. This was
the only change made to the design between the Ouroboros-2 and 3 engines, other than the
introduction of the HDPE fuselage, and was deemed to not be significant enough to warrant
retesting the engine in the bi-propellant configuration. The injector modification should not
effect the performance baseline since the engine design was already operating within a small
margin of error of its theoretical performance and it should only influence the stability and
thermal management of the inner combustion chamber walls.

In addition to the conclusions regarding engine performance, a number of other outcomes
also resulted from this test campaign. One of these outcomes was an experimentally validated
approximation of the propellant feed system pressure drop; this would allow for better control
over delivery pressures in order to meet the target inlet conditions for each test. The tests also
identified a need for a suitable oxidiser flowmeter in order to verify mixture ratio as well as
a procedure for ensuring thermocouple data was correctly recorded and stored. Additional
optical and thermal cameras were also implemented in the Ouroboros-3 tests for additional
monitoring and data recording.

To summarise, the Ouroboros-2 test campaign provided a valuable set of data to effectively
characterise the direct fuselage insertion architecture across multiple metrics. The results
verified that the design was ready to progress to autophage tests and introduce the HDPE
fuselage as a third propellant.
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Chapter 7

Direct Fuselage Insertion Architecture,
Autophage Test Results

7.1 Ouroboros-3 Operational Modes and Test Campaign

Overview

Building on the lessons learned and successful bi-propellant tests of the direct fuselage
insertion architecture ultimately resulted in the design and test of the Ouroboros-3 autophage
engine. This engine was designed to start operations as a bi-propellant system, and as engine
temperature increased, it would then transition into operating as a tri-propellant hybrid engine
whereby the HDPE fuselage was inserted and burned as a supplementary fuel. The feed force
across all tests was set at a constant 2 kN of force.

The Ouroboros-3 autophage tests were conducted over the course of two separate test
campaigns for a cumulative total of 5 hot fire tests. The first three tests were conducted during
the same period as the previous Ouroboros-2 tests and attempted to operate the engine at
the same inlet conditions. Unfortunately, during the Ouroboros-2 test campaign there was
a failure of a burst disc in the oxygen tank pressure regulator which led to a limited supply
of high pressure oxygen. The remaining supply was used efficiently in order to conclude
the Ouroboros-2 tests and the first Ouroboros-3 test; however, tank pressure dropped below
nominal operating conditions leading to the reduction in engine performance during test 1,
this can be seen in Fig. 7.1 where all of the sensors show a gradual decline in performance.
For tests 2 and 3 a different oxygen pressure regulator was sourced at the test site that could
supply the gas at lower pressures so that the engine could at least be tested at low throttle
settings. Thus, tests 2 and 3 were conducted at fuel rich and low throttle inlet conditions. It
is also important to note that all three of these tests were conducted using the same engine
assembly.

While tests 1-3 were successful and demonstrated engine operation, they were unable
to maintain the engine at standard inlet conditions and only operated the engine in a steady

state operating mode. Thus, another test campaign was scheduled which continued to test the
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7.1 Ouroboros-3 Operational Modes and Test Campaign Overview

Ouroboros-3 engine at higher mixture ratios and standard inlet conditions, the complete set of
steady state target inlet conditions is shown in Table 7.1.

Table 7.1 Ouroboros-3 steady state target inlet conditions.

Pressure, bar Mass Flow Rate, g/s
Testno. t,,s FK,N P, Pox  Pruer MR ity 1M fyel
30.0 1004 5.00 6.00 6.00 1.00 37.65 37.65
30.0 50.84 3.00 3.60 3.60 1.00 22.76 22.76
30.0 50.84 3.00 3.60 3.60 1.00 22.76 22.76
30.0 75.89 4.00 4.80 4.80 2.00 30.23 15.11
30.0 101.7 5.00 6.00 6.00 2.00 37.73 18.87

N B~ W N =

The two additional tests (tests 4 and 5) also included steady state and pulsed operating
modes which were very effective at characterising the autophage engine performance. The
second test campaign also introduced the use of a vortex flowmeter on the oxidiser propellant
line which was able to confirm oxidiser flow rate and propellant mixture ratios; a K-type
thermocouple (located at the inner combustion chamber wall) was also incorporated to monitor
engine wall temperature for all tests. The rationale for this was to verify the threshold for
which engine temperature could promote the melting of the HDPE fuselage, validate the
presence of film cooling provided by the HDPE, and characterise the effect of the different
operating modes on wall temperature.

The data acquisition system was also set to collect data at a sampling frequency of 10
kHz for the autophage tests which would allow the detection of high frequency combustion
instabilities up to 5 kHz. However, this setting was only useful to the pressure sensors and
load cells since the flow meters did not have the required sensitivity nor minimum hysteresis to
operate within that sampling frequency. Table 7.2 shows the sensors and sampling frequencies
used during the Ouroboros-3 tests.

Table 7.2 Ouroboros-3 sensors and sampling frequencies.

Location Type Unit Frequency, f
Actuator, Fr feed force load cell N 10 kHz
Test stand, Fr thrust load cell N 10 kHz
Fuel Inlet, Py pressure transducer Bar 10 kHz
Oxidizer Inlet, P, pressure transducer Bar 10 kHz
Combustion Chamber, P. pressure transducer Bar 10 kHz
Combustion Chamber, 7 Thermocouple K 1 Hz
Fuel Mass Flow Rate, i, flow meter g/s 1 kHz
Oxidiser Mass Flow Rate, 71, flow meter g/s 1 kHz

Contrary to tests 1-3, a fresh combustion chamber and nozzle were used for each addi-
tional test which proved to be an effective method of testing the engines both to, and past,
their operational limits. This resulted in each Ouroboros-3 combustion chamber having a

cumulative life of over 90 seconds, nearly 3x the cumulative life of the sole Ouroboros-2

! The oxidiser flow rate data was only collected during tests 4 and 5 using a vortex flowmeter. No mass
flow rate data was collected during tests 1-3 due to not having a suitable oxidiser flow meter during that test
campaign.
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7.2 Test 1: Benchmark Test at Ouroboros-2 Baseline, Fuel Rich, Inlet Conditions

engine. Moreover, the injector showed even greater resilience one of which was used for
tests 1-4. Table 7.3 shows the distribution and cumulative life of each major Ouroboros-3
component. Impressively, both the combustion chamber outer shell and nozzle bulkhead
remained unchanged and were used for each test, from the first Ouroboros-1 test until the
conclusion of the Ouroboros-3 campaign.

Table 7.3 Ouroboros-3 component list and cumulative life.

Cumulative Life, s
Ouroboros-3 Tests

Component Heritage Tests 1 2 3 4 5 Total
Combustion Chamber 1 - 23.6 53.0 50.0 - - 126.6
Combustion Chamber 2 - - - - 61.25 - 61.25
Combustion Chamber 3 - - - - - 7225 72.25
Nozzle 1 - 23.6 53.0 50.0 - - 126.6
Nozzle 2 - - - - 61.25 - 61.25
Nozzle 3 - - - - - 7225 72.25
Injector 1 - 23.6 53.0 50.0 - 7225 198.9
Injector 2 - - - - 61.25 - 61.25
Chamber Shell 88.3 23.6 53.0 500 61.25 72.25 3484
Nozzle Bulkhead 88.3 23.6 53.0 50.0 61.25 72.25 3484

The wide range of operating conditions were also developed in such a way as to evaluate
the effect of both throttle setting, mixture ratio and pulsed modes on both fuselage feed
rate and performance within a small number of total tests. All in all, these were identified
as key metrics for characterising the potential contribution of the autophage fuel to engine
performance and in determining methods of controlling the autophage burn. As a whole, these
tests were very successful in not only demonstrating a novel, autophage propulsion system
but also the first instance in effectively measuring and characterising the performance of a
tri-propellant autophage engine. The following sections evaluate the steady state performance
of the engine during each test, compare the results to the bi-propellant performance where
applicable, define the influence of multiple different variables on the autophage feed rate and
explore the use of pulsed operating modes with an autophage engine.

7.2 Test 1: Benchmark Test at Ouroboros-2 Baseline, Fuel
Rich, Inlet Conditions

The initial Ouroboros-3 test was designed to target the same mixture ratio and throttle setting
as the results from the baseline Ouroboros-2 tests. These results would then be compared to
evaluate the influence of introducing a third propellant, HDPE, into the system. The intent was
to operate the engine for a total duration of 30 seconds in steady state mode or until oxidiser
tank pressure dropped below sustainable levels. This maximum test duration was based on
the results of the cumulative life of the Ouroboros-2 engine to ensure the autophage engine
was not operated past its estimated maximum life. In fact, due to the previously discussed
issues with the availability of high pressure oxygen, the test duration was limited to 23.6 s.
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7.2 Test 1: Benchmark Test at Ouroboros-2 Baseline, Fuel Rich, Inlet Conditions

Nevertheless, this was an exceptionally successful test as a demonstration of the first-of-
its-kind hybrid autophage propulsion system operating on three different propellants. Figure
7.2 shows the first successful firing of the Ouroboros-3 engine and Fig. 7.1 shows the resulting

performance data.
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Fig. 7.1 Ouroboros-3 autophage test 1 performance results at fuel rich inlet conditions.

Test Timeline

T - 05.0 s Engine countdown begins.

T - 00.0 s Control valves open, oxidizer reaches nominal pressure, engine ignition.

T + 00.3 s Combustion chamber pressure reaches 90% of full scale output.

T + 00.5 s Engine reaches steady state combustion with an average thrust of 96.54 N.

T + 05.0 s Fuel mass flow rate reaches steady state.
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7.2 Test 1: Benchmark Test at Ouroboros-2 Baseline, Fuel Rich, Inlet Conditions

T + 10.0 s A low-frequency oscillation is observed in both inlet pressure data, chamber

pressure data and thrust.
T + 14.0 s The low-frequency oscillation is dampened out from all sensors.

T + 17.0 s A steady decline in inlet pressures and engine performance is observed,
indicating reduction in oxidiser tank pressure below nominal values.

T + 23.6 s Propellant control valves are closed, initiating engine shutdown. The HDPE
fuel tube is observed to begin moving into the engine.

T + 23.8 s Combustion chamber pressure decays to ambient pressure.

T + 24.6 s Purge valves are activated to rapidly cool the engine with gaseous nitrogen

to prevent excess HDPE fuel from being melted in the engine chamber.

T + 37.0 s The HDPE fuel is observed to stop moving and the actuator feed force is
released. A total of 6 cm of HDPE was observed as inserted into the engine during this

period.

Fig. 7.2 Ouroboros-3 test 1 with the engine operating in the autophage mode.

7.2.1 Experimental Results

As with the Ouroboros-2 tests, there was no suitable oxidiser flowmeter in order to measure
oxidiser flow rate. Therefore, the estimated flow rate and mixture ratio were determined using
a chemical equilibrium analysis. However, unlike the Ouroboros-2 tests, the HDPE fuselage
now contributed to the total fuel mass flow rate. This flow rate was originally to be determined
by recording the linear rate of displacement of the end of the fuselage as it was inserted into
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7.2 Test 1: Benchmark Test at Ouroboros-2 Baseline, Fuel Rich, Inlet Conditions

the engine during steady state operation. Using the dimensions and density of the fuselage we
could then determine the HDPE fuel mass flow rate. However, for test 1, the engine was shut
down right as the HDPE fuselage began to move and so a steady state feed rate was unable to
be determined.

While we were unable to record real time measurement of the fuselage feed rate due
to the short test duration, the fuselage was observed to have been inserted 6 cm into the
chamber during engine cooldown. Considering the dimensions and density of the fuselage,
this corresponded to a total HDPE fuel mass of 50 g; and when applied over the burn time
yielded an estimated HDPE mass flow rate of 2.10 g/s. This was considered an upper limit of
the HDPE contribution to the total fuel mass flow rate and was used to calculate the corrected
fuel mass flow rates shown in Table 7.4. Overall, the true HDPE fuel mass flow rate falls

within these performance bounds.

Table 7.4 Ouroboros-3 autophage test 1 mean performance data.

Pressure, bar Mass Flow Rate, g/s
Testno. t,,s Fr,N P. P, Pfuel MR? Hox — Mifyel Mfp 1l
Mean Fuel Mass Flow Rates
Target 30.0 1004 5.00 6.00 6.00 1.00 37.65 37.65 37.65 -

1 23.6 96.54 504 524 554 1.10 4099 37.39 37.39 -

CEA - 101.4 5.04 - - 1.10 4099 37.39 37.39 -
Corrected Fuel Mass Flow Rates

1 23.6 96.54 504 524 554 101 3999 3949 37.39 2.10

CEA - 100.6 5.04 - - 1.01 39.99 3949 37.39 2.10

The performance results considering both no HDPE contribution and the maximum HDPE
contribution were within 5% of the theoretical performance based on the chemical equilibrium
analysis and within an even smaller margin from the target performance. Of note though is the
comparison of the autophage tests to the Ouroboros-2 bi-propellant tests. Table 7.5 shows the
performance results of this test compared to that of Ouroboros-2 test 2b which was the closest
in terms of inlet conditions and combustion chamber pressure. While the Ouroboros-2 test
thrust exceeded the theoretical thrust, the autophage test instead failed to meet the theoretical
thrust by a small margin.

Table 7.5 Ouroboros-3 autophage test 1 mean performance data.

Pressure, bar Mass Flow Rate, g/s
Testno. t,,s Fr,N P. Pox  Pryel MR iy Mifyel Mifp  Mif
Ouroboros-2 Bi-Propellant Performance

2b 51 9494 473 516 5.69 1.07 3571 3577 -

CEA - 9303 473 - - 1.07 3571 35.77 -
Ouroboros-3 Autophage Performance

1 23.6 9654 5.04 524 554 1.01 3999 3949 37.39 2.10

CEA - 100.6 504 - - 1.01 39.99 3949 3739 2.10

In each case, the margin of error was less than +/-5%; this could be attributed to a slight
misalignment of the thrust load cell between tests, a tilt in the test stand or evidence of

2See footnote 1 from Table 6.3.
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7.3 Tests 2 &3: Fuel Rich and Low Throttle Inlet Conditions with a Long Dwell Time
Engine Restart

autophage operation causing a slight reduction in engine performance. However, one data
point is not conclusive enough to deduce whether autophage operation actually caused a
reduction in engine performance.

Meanwhile, the combustion chamber wall temperature reached a maximum of 403°C
immediately after engine shutdown, right as the HDPE fuselage began feeding into the engine.
This was determined to likely be an indicator of the minimum engine wall temperature

required for the fuselage feed to begin.

7.3 Tests 2 &3: Fuel Rich and Low Throttle Inlet

Conditions with a Long Dwell Time Engine Restart

The following set of tests was conducted at a very low throttle setting as well as fuel rich
inlet conditions. This was a direct result of needing to use a low pressure and low flow rate
oxygen pressure regulator due to an exhausted supply of usable high pressure oxygen tanks.
A bi-product of the fuel-rich conditions was cooler engine temperatures which allowed the
engine to operate for those extended durations with no damage to the combustion chamber
nor the injector. Thus, even at extreme throttle settings, the Ouroboros-3 autophage engine
was able to demonstrate fuselage feed for long duration burns as well as a successful engine
shutdown and restart after a long dwell time. No specific dwell time was set prior to the test;
however, the engine restart was to be initiated immediately after detecting that the combustion
chamber wall temperature fell below 400°C which was the previously determined minimum
temperature to achieve fuselage feed.

The complete test sequence is shown below in Fig. 7.3. Of note was the unusual transient
at engine startup whereby the inlet conditions were unexpectedly higher than the later steady
state conditions. This was a result of the procedure by which the previous high pressure
oxygen tank and regulator (that was used for test 1) were replaced with the lower pressure tank
and regulator. During the replacement procedure only the propellant lines near the tank were
depressurised, everything downstream of the pressure regulator had not been depressurised
and the feed system check valves maintained the line pressure during the tank replacement.
Thus, at engine start, the initial feed pressures were higher than expected and resulted in the
higher performance. This was a procedural oversight and the propellant lines should have
been purged prior to the test start. However, for the purposes of the performance analysis,

only the steady state portion of test 2 (from 20-53 seconds) is considered.
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Engine Restart
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Fig. 7.3 Ouroboros-3 autophage tests 2 & 3 performance results at low throttle, fuel rich inlet
conditions.
Test Timeline

T - 05.0 s Engine countdown begins.

T - 00.0 s Control valves open, oxidizer reaches nominal pressure, engine ignition.

T + 00.3 s Combustion chamber pressure reaches 90% of full scale output.

T + 00.5 s Engine thrust peaks at approximately 50 N before steadily declining.

T + 05.0 s Fuel mass flow rate reaches steady state.

T + 20.0 s The HDPE fuselage is observed to begin moving into the engine. From this
point onward, steady state thrust is observed at 31.93 N.

T + 53.0 s Propellant control valves are closed, initiating engine shutdown. Long dwell
time begins, the HDPE fuel rod continues to be inserted into the engine for a total
insertion of 8 cm, or 70 g of HDPE. Purge valves are activated in three short bursts
during the dwell time.
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7.3 Tests 2 &3: Fuel Rich and Low Throttle Inlet Conditions with a Long Dwell Time
Engine Restart

T + 81.0 s Control valves are opened and the engine is restarted immediately after

chamber wall temperature reaches below 400°C.
T + 81.5 s Steady state is reached with an average thrust of 34.35 N.

T + 131 s Control valves are closed and Purge valves are activated to rapidly cool the
engine with gaseous nitrogen to prevent excess HDPE fuel from being melted in the

engine chamber.

7.3.1 Experimental Results

As a whole, the Ouroboros-3 engine performed exceptionally well at these inlet conditions
and verified the capability to operate for long durations under a continuous steady state feed
rate of the fuselage (Fig. 7.4). Evaluating the mean performance of the Ouroboros-3 engine at
these steady state inlet conditions yielded the results detailed in Table 7.6.

Fig. 7.4 Steady state operation of the Ouroboros-3 autophage propulsion system at a) ignition
and b) shutdown.

Table 7.6 Ouroboros-3 autophage test 2 and 3 mean performance data.

Pressure, bar Mass Flow Rate, g/s
Testno. t,,s Fr,N P. Pox  Pruei MR3 Hox — Mifyel  Mypp  Higy
Test 2 cold start
Target 30.0 50.84 3.00 3.60 3.60 1.00 22.76 2276 2276 -

2 23.6 3198 2.18 251 261 035 1069 3240 3020 2.2
CEA - 2713 218 - - 0.35 10.69 3240 30.20 2.2
Test 3 following a 28 second dwell time
3 23.6 3435 243 267 282 035 1228 35.11 3051 4.6
CEA - 3277 243 - - 0.35 1228 35.11 30.51 4.6

As with the previous tests, the oxidiser mass flow rate and mixture ratio were determined
through a chemical equilibrium analysis model using the known combustion chamber pressure
and fuel mass flow rates. In both tests, the HDPE fuel mass flow rate, 71, was calculated by
recording the average linear displacement rate and using the dimensions and density of the
fuel tube.

3See footnote 1 from Table 6.3.
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7.3 Tests 2 &3: Fuel Rich and Low Throttle Inlet Conditions with a Long Dwell Time
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However, the fuel mass flow rate calculation of test 3 also needed to consider the additional
fuel that was melted into the combustion chamber during the dwell time. A total fuselage
displacement of 8 cm was observed corresponding to 70 g of additional fuel that had melted
into the combustion chamber. Considering that the HDPE fuselage feed rate immediately
resumed at test 3 engine startup (at a flow rate corresponding to 3.2 g/s) the combined
calculated iy, equaled 4.6 g/s with a total rirg,,e; of 35.11 g/s. Corrected data is shown in red.

Using the calculated value for ri1,,; as well as the combustion chamber pressure of test
3 resulted in a slightly higher engine thrust than test 2. Compared to the Ouroboros-2 long
dwell time test in Section 6.3 the results are quite similar (Table 7.7) with the autophage

engine having a slightly higher relative thrust increase.

Table 7.7 Comparison of bi-propellant and autophage engine performance increase after a
long dwell time.

Initial Restart
Engine Fr,N P. Dwelltime,s Fr,N P. PercentIncrease, %
Ouroboros-2  92.25 4.66 43.5 94.94 4.73 2.9
Ouroboros-3 3198 2.18 28.0 3435 243 7.4

As previously discussed, a slight performance increase after the dwell time is expected
due to thermal soakback which will increase the overall engine temperature and enthalpy
of the propellants in the combustion chamber. However, the autophage engine may have
benefited more from the thermal soakback as it could have allowed the HDPE to absorb much
of that heat, phase transition to a liquid, and coat the inside of the combustion chamber. Then,
as the engine restarted and in addition to the bi-propellant inlet conditions, the melted HDPE
fuel could have began to depolymerise into ethylene gas when directly exposed to the high
temperature combustion thereby increasing the combustion chamber pressure, which was
reflected in the data. Additionally, the ratio of HDPE to propane fuel changed during test 3 of
the Ouroboros-3 engine which would have introduced a slightly higher carbon content and
influenced the engine thrust. Overall, more tests would need to be run in order to verify this

relationship between dwell time and autophage performance.

7.3.2 Post Hot-Fire Inspection and Analysis

At the conclusion of tests 1, 2 and 3; the Ouroboros-3 engine was disassembled and inspected.
Surprisingly, it was found that even with the long burn durations and total cumulative life on
the engine, both the combustion chamber and injector remained fully intact, undamaged, and
with minimal wear (Fig. 7.5 and Fig. 7.6). This was in stark contrast to the bi-propellant
Ouroboros-2 tests which resulted in the combustion chamber being melted to failure. The
longevity of this engine can be attributed to the fuel-rich and low-throttle inlet conditions
which operated the engine at relatively low temperatures with the combustion chamber wall

temperature never exceeding 600°C; well below the melting point of stainless steel.
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Fig. 7.5 Exterior view of the Ouroboros-3 combustion chamber after test 3.

Additionally, both the implementation of film cooling at the injector and the HDPE
contribution to film cooling the downstream section of the combustion chamber likely also
played a role in extending the life of the engine. In both images, the HDPE can be seen
flowing around the inner chamber supports. This flow would have coated the inside of the
chamber walls creating a boundary layer of film that would restrict wall temperature to a
maximum corresponding to the boiling point of the fuel (further detail on film cooling is
found in Section 3.3.1).

The modified injector design with the blocked oxidiser annulus also proved to be an
effective contributor to film cooling the combustion chamber supports. Referencing Fig. 7.6,
soot deposits were seen on the injector face which corresponded to the unblocked sections of
the oxidiser annulus. This suggests that the combustion process was occurring along those
streamlines. Meanwhile, with the exception of the bottom left of the injector face, the sections
where the oxidiser was blocked show minimal soot deposits indicating that combustion was
not occurring along those streamlines and the propane fuel was successfully being applied as
film coolant to the chamber supports. The structural integrity of the chamber supports after
the test further supports that the engine was sufficiently cooled during the test.

147
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Fig. 7.6 Interior view of the Ouroboros-3 combustion chamber and injector after test 3.

7.4 Test 4: Throttled Inlet Conditions at High Mixture
Ratio

Following the initial success of the Ouroboros-3 engine autophage tests, a second test cam-
paign was conducted in July, 2023. For these tests, a vortex flowmeter was procured and
installed to measure oxidiser mass flow rate. Thus, the following performance data does not
utilise a chemical equilibrium analysis to approximate oxidiser mass flow rate as was done for
previous tests. However, potential two-phase flow may have skewed the fuel mass flow rate
data and therefore a chemical equilibrium analysis was still used for analysis and to provide a
corrected propane fuel mass flow rate.

Building on the success of the first three low-throttle and fuel-rich tests, test 4 used
a new combustion chamber and injector. The test was intended to target a 75% throttle
setting with a standard mixture ratio of 2.00. Unfortunately, the target mixture ratio was
significantly exceeded but nonetheless provided valuable data and expanded the operating
box of Ouroboros-3. This test would also operate the engine at steady state conditions before
switching to pulsed operating modes. The intent was to evaluate how the throttle setting
would influence the fuselage feed rate into the engine and compare the results to the earlier
low-throttle setting tests as well as test 5 which would operate at 100% throttle settings and
standard inlet conditions. The results of test 4 steady state operation are shown in Fig. 7.7

and pulsed operation in Fig. 7.8.
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Fig. 7.7 Ouroboros-3 autophage test 4 steady state performance results at throttled, high
mixture ratio inlet conditions.

The pulsed data was observed to a high amplitude, low-frequency oscillation in the thrust
at the start of each pulse which coincided with a visual oscillation of the test platform for
each engine start. This was determined to be a frequency of the test stand since the oscillation
does not align with any pressure oscillation in the combustion chamber. Therefore, an infinite
impulse response (IIR) filter was applied from 3-10 Hz in order to remove this frequency
from the data. The unfiltered thrust data can be found in Appendix A.
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Fig. 7.8 Ouroboros-3 autophage test 4 pulsed mode performance results at throttled, high
mixture ratio inlet conditions. Thrust data has been filtered to removed test platform oscillation
from results.

Test Timeline
T - 05.0 s Engine countdown begins.
T + 00.0 s Control valves open, oxidizer reaches nominal pressure, engine ignition.

T + 00.4 s Combustion chamber pressure reaches a steady state threshold of approx-
imately 3.50 bar. The plume is recorded to appear pale blue, an indicator that only
propane fuel is burning.

T + 00.8 s Combustion chamber pressure begins increasing again.

T + 01.2 s Combustion chamber pressure reaches 90% of full scale output. The plume
is recorded as appearing orange/yellow, an indicator that HDPE is contributing to the

total fuel mass flow rate.

150



7.4 Test 4: Throttled Inlet Conditions at High Mixture Ratio

T + 05.5 s Propane fuel mass flow rate begins to increase.

T + 06.0 s Propane fuel mass flow rate reaches steady state.

T + 15.0 s Oxidiser mass flow rate reaches steady state.

T + 21.0 s The HDPE fuselage is observed to begin moving into the engine.
T + 23.5 s Propane fuel mass flow rate drops off.

T + 25.0 s Thrust roughness significantly increases.

T + 36.0 s Propane fuel mass flow rate increases back to steady state.

T + 40.0 s Steady state fuselage feed rate is measured at 5.7 mm/s.

T + 42.0 s Control valves are closed and a purge valves are opened for a 1 second purge

before pulsed operation begins.
T + 45.5 s Pulsed operating mode begins at 0.5 Hz and 50% duty cycle.
T + 62.5 s The engine is shut down and purged for 5 seconds.

T + 73.5 s The engine is reignited and pulsed operating mode begins again at 1.0 Hz
and 50% duty cycle.

T + 83.0 s The engine is shut down and purged for 5 seconds.

T + 89.5 s The engine is reignited and pulsed operating mode begins at 1.0 Hz and 75%
duty cycle.

T + 101.5 s The engine is fully shut down and purged, cumulative on-time of the engine
is calculated at 61.25 s.

7.4.1 Experimental Results

While test 4 used the most instrumentation out of all previous tests, there was a minor issue
with the propane fuel flowmeter. As can be seen from the data, the fuel mass flow rate not only
has a very long hysteresis before even moving, but it also drops off part way through the test.
Because of this behavior, there is a likelihood that there was either two phase flow through the
flowmeter or a bubble which could have caused the measurement to drop out. However, since
variable area flowmeters have a minimum flow that they can detect and this flowmeter was
designed for liquid measurement, a high velocity gas flow could theoretically still provide the
same mass flow rate to the engine by condensing downstream of the flowmeter.

Under this assumption, the steady state fuel mass flow rate measurement was used to
evaluate engine performance and assumed to be constant throughout the test in order to
provide an upper bound on the data. Additionally, the averaged fuel mass flow rate was
calculated according to the procedure in Section 6.3.2 in order to provide a lower bound to

the data. The resulting performance data is shown in Table 7.8.
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Table 7.8 Ouroboros-3 steady state hot-fire test mean performance results compared to fixed
mass flow rate chemical equilibrium analysis.

Pressure, bar Mass Flow Rate, g/s

Type F,N P Pox Py MR 1ty Mpyel  Mifp 1 fy FR, mm/s
Upper bounded performance data

Target 75.89 4.00 4.80 4.80 2.00 30.23 15.11 - - -

Data 84.34 429 498 458 3.10 3791 1221 741 438 5.7

CEA 7691 4.10 - - 3.10 37.89 1222 729 47 5.6
Lower bounded performance data

Data 84.34 429 498 458 330 3791 1143 6.63 438 5.7

CEA 7297 395 - - 330 37.63 1140 6.60 4.8 5.7

Considering both the upper and lower bounded performance data results, both performed
better than the theoretical chemical equilibrium analysis with the lower bounded performance
(according to the time-averaged fuel mass flow rate) over-performing by 15.6% while the
upper bounded performance only over-performed by 9.7%. Thus, we can deduce that the fuel
mass flow meter was likely skewed and under-reporting the actual fuel mass flow rate.

Furthermore, if combustion chamber pressure and mixture ratio are set constant another
chemical equilibrium analysis can be calculated (shown in Table 7.9). This analysis instead
solved for the required propellant mass flow rates to meet the measured combustion chamber
pressure and mixture ratio. In this case, the analysis yielded the lowest variance between the
thrust data and the theoretical thrust at only +3.2%, which was within the margin of error of
the previous bi-propellant tests. Additionally, the analysis showed that both the oxidiser and
fuel mass flow rate measurements were slightly skewed with oxidiser mass flow rate error at

-4.8% and total fuel mass flow rate error at -5.0%.

Table 7.9 Ouroboros-3 steady state hot-fire test mean performance results compared to a fixed
chamber pressure chemical equilibrium analysis.

Pressure, bar Mass Flow Rate, g/s
Type FE,N P, Pox  Pr MR ringy my mep 1 fr FR, mm/s
Target 75.89 4.00 4.80 4.80 2.00 30.23 15.11 - - -
Data 84.34 429 498 458 3.10 3791 1221 741 4.8 5.7
CEA 81.76 429 - - 3.10 39.83 12.85 805 4.8 5.7

Overall, the chemical equilibrium analysis yielded the lowest error compared to the
sensor data when the combustion chamber pressure was the anchored variable. Thus, this
was determined to be the best model by which the engine data could be evaluated against.
Anchoring the model using combustion chamber pressure is also consistent with all previous
experimental results which also used the combustion chamber pressure as the anchor variable

in the corresponding chemical equilibrium analyses.

7.4.2 Post Hot-Fire Inspection and Analysis

Following a long nitrogen purge to cool the system, the engine was disassembled and inspected.

Since the engine operated nominally throughout the test with no signs of a failure, combustion
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chamber wall temperature did not exceed 600°C, and only had a cumulative life of 61.25
s of operation, it was expected that there would be minimal or no signs of damage as with
the previous engine. And while this was true for the injector, there were some indications of
impending failure of the combustion chamber supports.

The interior of the engine is shown in Fig. 7.9. There, we can see a faint pintle spray
pattern on the injector face which matches the designed propane film cooling of the chamber
supports. We can also see pooling of the HDPE at the bottom of the engine after shutdown;
along the top of the engine though, the chamber supports appear to have slightly melted. This
shows the effect of gravity on engine cooling since only the top two supports showed signs
of melting. As the HDPE fuselage was melted, the molten plastic would have been pulled
along the sides of the engine to pool at the bottom. Thus, testing the engine in a horizontal
configuration likely created a very effective boundary layer on the bottom of the engine but
left the supports at the top exposed to the combustion gases.

However, the damage is very localised to only the top chamber supports indicating that
both cooling mechanisms were very effective when this engine’s cumulative life is compared
to that of the bi-propellant Ouroboros-2 engine that used no cooling. An improvement to
future designs would be to use materials with high thermal conductivity such as copper alloys.
Unlike stainless steel, copper alloys would efficiently transfer the heat away from the hot
spots and could significantly prolong the life of the engine.

Fig. 7.9 Interior view of the Ouroboros-3 combustion chamber and injector after test 4.

A convenient bi-product of the melted chamber supports though is that the spray angle of
the injector can be determined and compared to the unmodified pintle injector spray angle
from Section 6.5.2. In this case, the chamber supports are melted at the nozzle end of the inner
chamber. Using the CAD model of the engine, that angle was found to be 12.5°; approximately
half of the previous Ouroboros-2 spray angle. This correlated with the modifications to the
Ouroboros-3 injector that blocked sections of the annulus. The modifications would have

increased oxidiser injection velocity and TMR as was discussed in Section 3.3.3.

153



7.4 Test 4: Throttled Inlet Conditions at High Mixture Ratio

While the experimental spray angles are approximately double the theoretical values
according to the design, they do follow the same trend. This variation could also be explained
by the HDPE influencing the size and shape of the recirculation zones which could change
the shape of the streamline where the bulk of the combustion is occurring. However, in
order to understand the impact of the HDPE on the flow within the combustion chamber,
additional research would need to be conducted on the specifics of the relationship between

pintle injector spray angle and autophage combustion.

Fig. 7.10 Estimated angle of the Ouroboros-3 main combustion streamline based on post
hot-fire testing analysis.

Nevertheless, the injector performed exceptionally well and showed no signs of damage.
Some soot deposition was observed in both the annulus and pintle gap up with most deposits
occurring up to a maximum of 5 mm from the outlet, but some outliers were up to 2 cm from
the outlet. This soot deposition was most likely a result of the pulsed operating mode and was

determined to be nominal since there was less overall soot than in the Ouroboros-2 injector.

Fig. 7.11 Exterior view of the Ouroboros-3, annulus-blocked injector after test 4.
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7.5 'Test 5: Standard Inlet Conditions in Steady State and
Pulsed Mode

The final test campaign was the culmination of all previous tests and was designed to operate
the engine at its designed standard inlet conditions, mixture ratio of 2.00, and a 100% throttle
setting. Being the last test of the research, it would operate the Ouroboros-3 engine in both
steady state and pulsed mode with the expectation of testing the engine past its operating limits
and to failure. Steady state performance is shown in Fig. 7.12 and pulsed mode performance
in Fig. 7.13. As done previously for test 4, a filter was applied to the pulsed mode data in
order to eliminate the test platform low-frequency oscillation.
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Fig. 7.12 Ouroboros-3 autophage test 5 performance results at standard inlet conditions.

The intent was to fully validate the autophage operation of the engine at its steady state
design point which could be used to determine the effect of engine throttling and mixture
ratio on the fuselage feed rate. The results could then be analysed to determine the percent

contribution of the HDPE fuselage to both the fuel mas flow rate and total propellant mass
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flow rate at the various inlet conditions. Additionally, the range of pulsed operating modes
would serve to further verify the effect of off-time on fuselage mass flow rate contribution
and overall autophage performance. As predicted, most of the pulsed modes were observed to
permit the fuselage to be inserted during engine off-time.

The final pulsed modes were also designed to use an off-time of less than the theorised
minimum off-time requirement (determined in Section 6.3.2) to validate the hypothesis. A
new combustion chamber was used for this test;but, the first Ouroboros-3 injector was used
once again which resulted in a cumulative test time of nearly 200 s with no signs of damage
to the pintle injector.

Overall, the engine was successfully tested to failure which occurred immediately after the
high frequency, high duty cycle pulsed mode at 2 Hz and 75% duty cycle. This corresponded
to an off-time of only 125 ms which, as anticipated, was insufficient to allow the fuselage
to be advanced into the engine. This eliminated the film cooling effect of the HDPE on the
chamber walls and caused the chamber supports to melt due to the high temperature.
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Test Timeline

T - 05.0 s Engine countdown begins.
T + 00.0 s Control valves open, oxidizer reaches nominal pressure, engine ignition.

T + 00.4 s Combustion chamber pressure reaches a steady state threshold of approx-
imately 3.50 bar. The plume is recorded to appear pale blue, an indicator that only

propane fuel is burning.
T + 00.8 s Combustion chamber pressure begins increasing again.

T + 01.6 s Combustion chamber pressure reaches 90% of full scale output. The plume
is recorded as appearing orange/yellow, an indicator that HDPE is contributing to the

total fuel mass flow rate.

T + 05.0 s Oxidiser mass flow rate reaches steady state.

T + 05.5 s Propane fuel mass flow rate begins to increase.
T + 06.0 s Propane fuel mass flow rate reaches steady state.
T + 16.0 s Propane fuel mass flow rate drops off.

T + 17.0 s The HDPE fuselage is observed to begin moving into the engine. At the

same time both inlet pressures, chamber pressure and thrust are observed to increase.
T + 25.0 s Steady state chamber wall temperature reaches a peak of 650°C.
T + 30.0 s Steady state fuselage feed rate is measured at 10.0 mm/s.

T + 31.0 s Steady state mode is turned off and pulsed mode is turned on. The pulsed
mode is operated at 1 Hz and 50% duty cycle.

T + 46.0 s Pulsed operating mode is switched to 1.0 Hz and 75% duty cycle.
T + 54.0 s Combustion chamber wall temperature is observed to begin increasing.
T + 61.0 s Pulsed operating mode is switched to 0.5 Hz and 75% duty cycle.

T + 77.0 s Pulsed operating mode is switched to 2.0 Hz and 75% duty cycle. Peak

combustion chamber wall temperature reaches 1140°C.

T + 90.0 s Pulsed operating mode is switched to 2.0 Hz and 50% duty cycle. The engine
immediately experiences a failure with the injector being ejected up the fuselage.

T + 92.0 s The engine is fully shut down and purged, cumulative on-time of the engine
is calculated at 72.25 s.
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7.5.1 Experimental Results

Test 5 of the Ouroboros-3 engine was a successful demonstration of autophage operation at its
design point and standard inlet conditions. It was able to operate the engine for a long duration
both in steady state and across multiple different pulsed modes. Ultimately, it resulted in an
intentional engine failure (Fig. 7.14) which also provided confirmation of the most likely

failure mode of a direct fuselage insertion architecture.

Fig. 7.14 Ouroboros-3 engine test 5 operation at a) steady state and b) failure.

The resulting mean performance data for steady state operation is detailed in Fig. 7.10.
As with previous tests, this data was compared to a combustion chamber pressure anchored
chemical equilibrium analysis (CEA) model to provide the theoretical performance of the
engine. In general, the engine performed within a small margin of error of the theoretical
performance with just a +2.0% error in thrust measurement.

Table 7.10 Ouroboros-3 steady state hot-fire test mean performance results.

Pressure, bar Mass Flow Rate, g/s
Type FE,N P Py P; MR 1 1y 1y, iy FR,mm/s
Target 101.7 5.00 6.00 6.00 2.00 37.73 18.87 - - -
Data 105.1 5.05 6.22 550 2.17 37.05 16.68 838 8.3 10.0
CEA 103.0 5.05 - - 217 3892 1794 9.04 89 10.7

One unusual behavior was that of the fuel inlet pressure, Py, which exhibited significantly
more roughness at engine start. This was considered to be a start-up transient that dissipated
as the engine transitioned from bi-propellant to autophage operation. Additionally, during the
final pulsed mode operation, the combustion chamber pressure was observed to drift; likely
due to fuel-oxidiser reaction products (FORP) causing a blockage in the sensor tube from the
aggressive pulsing. Nevertheless, test 5 exhibited the least amount of roughness across all
sensors indicating smooth and steady combustion characteristics which was to be expected
since the engine was oeprating at its design point.

7.5.2 Post Hot-Fire Inspection and Analysis

After the engine failure, the engine was inspected and photographed. It was then disassembled
and each of the subsequent components was inspected to determine any other failure modes.
Different viewpoints of the effects of the failure are shown in Appendix B and a view of the
final engine assembly is shown below in Fig. 7.15.
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One of the key things seen during the failure was the outline of the injector face and the
chamber supports as the injector was ejected into the HDPE fuselage. Looking closely, the
chamber supports themselves were different lengths with the shortest ones located at the top
of the engine. This correlates with the previous hypothesis of gravity acting on the melted
HDPE fuel causing it to pool at the bottom of the combustion chamber due to the horizontal
hot firing. During the test, the top supports were significantly more melted indicating a longer

exposure to the hot gases than the bottom supports; this is clearly seen in Fig. 7.16.

Combustion Chamber
Nozzle Injector

(b)

Fig. 7.15 Ouroboros-3 engine photos after the conclusion of testing.

Combustion Chamber Supports

HDPE Fuel

Pintle Injector

Propellant Inlets

Fig. 7.16 Ouroboros-3 combustion chamber after test 5.

The length of the melted combustion chamber supports also correlates with the previous
analysis in Section 7.4.2 which estimated the injector spray angle at approximately 12.5°.
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Considering the pintle injector itself in Fig. 7.17, no damage was noted even though this
particular injector had a cumulative life of nearly 200 seconds of on-time. Furthermore
there was a significant amount of soot deposition on the injector face so the effects of film
cooling were not visible; this deposition was due to the HDPE burning around the combustion
chamber after the failure.

Overall though, the injector was very successful and did not succumb to overheating which
is a common failure mode of pintle injectors [118]. In addition to operating in autophage,
these tests demonstrated that a pintle injector which uses an annular blockage could be a
viable design and could benefit from future research.

Fig. 7.17 Ouroboros-3 injector after test 5 and 198.9 s of cumulative on-time.

While the nozzle bulkhead and graphite nozzle showed no visible damage, as they were
removed from the engine assembly, a thin sheet of steel was recorded as having molded to the

shape of the nozzle. This is shown in Fig. 7.18.

Fig. 7.18 Molten steel molded to the nozzle shape during hot-fire testing.
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Overall, the root cause behind this engine failure was due to thermal runaway during
pulsed mode operation. During all steady state tests, the engine showed no difficulty in main-
taining chamber wall temperature below 600°C which correlates with the depolymerisation
temperature and boiling point of HDPE [20]. However, the final pulsed modes of test 5 did
not allow for the HDPE to be advanced and melted in the engine which was likely the root
cause of the failure. Moreover, pulsed operating modes are known to cause engines to operate
at higher temperatures [145] and while some pulsed modes proved advantageous to yield a
faster HDPE feed rate the high frequency, high duty cycle modes ultimately led to the engine
failure and complete meltdown of the inner combustion chamber, the remains of which can

be seen inside the chamber shell in Fig. 7.19.

Fig. 7.19 Melted remnants of the Ouroboros-3 combustion chamber inside the chamber shell.

7.6 Autophage Steady State Performance Analysis and
Operating Box

The initial three steady state tests of the Ouroboros-3 autophage engine successful validated
the operation of an autophage engine concept using a direct fuselage insertion architecture.
The tests demonstrated nominal engine operation at fuel-rich inlet conditions, engine throttling,
as well as engine cut-off and a commanded engine restart after a long dwell time. Overall, the
high-density polyethylene fuel tube was successfully inserted and used as fuel in conjunction
with its bi-propellants. This resulted in performance data that showed nominal predicted
thrust, combustion chamber pressures, and I;),.

The subsequent tests 4 and 5 were able to operate the engine at steady state using a higher
throttle setting and higher mixture ratios to further expand the operating box. Experimental
results again showed nominal engine performance across the full range of tests when compared
to theoretical values. The full range of tests provided sufficient results in order to evaluate the
effect of throttle setting, mixture ratio, and chamber temperature on autophage feed rate. The
results of this analysis forms the foundation of future autophage research into both scaling the

concept and optimising the designs which could eventually lead to use on flight hardware.
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7.6.1 Comparison of Experimental vs. Theoretical Performance

Table 7.11 details the performance results of each autophage hot-fire test compared to the
theoretical performance according to a chemical equilibrium analysis model. The models
were anchored using the measured combustion chamber pressures and mixture ratios in order
to calculate the expected engine performance and can be referenced in the previous sections.
The autophage performance was then compared the previous bi-propellant tests in order to
identify any potential variation between the two configurations.

Table 7.11 Comparison of steady state autophage performance to bi-propellant performance.

Actual Performance CEA Performance Percent Error

Test P.,bar MR F;, N Ly, s F,N Ly, s F I,
Autophage Results

1 5.04 1.10 96.54 125 100.6 132 -4.0%  -5.3%

2 2.18 035 31.98 38 27.04 64 +18.3% -40.8%

3 243 035 3435 42 32.77 69 +4.8% -39.7%

4 429 3.10 84.34 165 81.76 158 +32% +4.4%

5 5.05 217 105.1 189 103.0 185 +2.0% +2.2%

Bi-Propellant Results
la 465 1.07 9554 135 90.97 130 +5.0% +3.8%
1b 449 1.01 96.58 132 90.97 130 +6.2% +1.5%

2a 243  1.05 9225 130 93.03 127 -08%  +2.4%
2b 429 1.07 94.94 130 93.03 127 +2.1% +2.4%
5 6.76 133 1435 156 147.3 160 2.6%  -2.5%

The variance between the autophage and bi-propellant tests was very minimal for mixture
ratios above 1.00; however, the low mixture ratio autophage tests showed significant variance
in the /;,. However, a lower [, should be expected when operating as an autophage system
since HDPE has a higher molecular weight than propane fuel*. This should result in lower
specific impulse and was indeed shown in the data of autophage tests 2 and 3. The inherent
cooling provided by the HDPE, which is beneficial at higher mixture ratios, would have also
have a negative effect on the Iy, due to the melting and vaporisation process necessary for it
to be used as a combustion reactant. This would lower the overall enthalpy of the combustion
gases resulting in low [;,. While the low mixture ratio tests showed effective throttling of
the engine, future autophage operation should focus on operating at higher mixture ratios
which can leverage the film cooling provided by the HDPE for improved performance such as
demonstrated by autophage test 4.

“The high density polyethylene molecule consists of (CoHj), while the chemical formula for propane is
C3Hg. The slightly higher amount of carbon in HDPE as well as the thermal energy required to depolymerise it
should correlate with a reduction in engine Iy, when compared to a bi-propellant engine which only operates on
propane.
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7.6.2 Evaluation of the Autophage Contribution to Total Fuel Mass
Flow Rate and Total Propellant Mass Flow Rate

Using the performance data and measured HDPE mass flow rate, the contribution of the
autophage fuselage to the overall performance of the engine was able to be calculated. Table
7.12 shows the HDPE feed rate which was calculated as a time-averaged linear displacement
of the fuselage during steady state operation for all the tests with the exception of test 1 (due
to the short test duration and not reaching a steady state feed rate this test was excluded from
analysis). The feed rate was then converted to HDPE mass flow rate, rif;, according to the
dimensions and density of the fuselage; the test 3 mass flow rate was corrected to account for
the mass of the fuselage that was inserted during the long dwell time. The resulting 717, was
then compared to the total fuel mass flow rate and total propellant mass flow rate of each test

to determine to percent contribution of autophage operation to the performance.

Table 7.12 Ouroboros-3 steady state hot-fire test mean performance results.

Mass Flow Rate, g/s FR, 1y 1y
Test F,N P.,bar MR 1,y tige Myf, Hypy mm/s  Mper  Moxtpel
1 96.54 504 1.10 3999 37.39 3739 - - - -
2 3198 218 035 1069 3240 3020 22 26 6.8% 5.1%
3 3435 243 035 1228 35.11 3051 46 32 13.1% 9.7%
4
5

8434 429 3.10 3791 1221 741 48 57 393% 9.6%
105.1 5.05 217 3622 16.68 838 83 100 49.8% 15.7%

Based on the results for steady state operation, the throttle setting (chamber pressure)
of the engine had the greatest effect on the feed rate and the total propellant mass flow rate
contribution. A clear positive correlation was seen between tests 2-5 that as throttle setting
increased so did both the total propellant mass contribution and fuel mass contribution. This
was an expected result since higher throttle settings result in higher engine temperatures which
should more readily melt the HDPE fuselage inside the chamber.

Mixture ratio was also observed to have a slight positive correlation with both the total
propellant mass contribution and total fuel mass contribution but the relationship had a weaker
correlation than the throttle setting. Figures 7.20 and 7.21 show general trends of the data;
however, it is important to note that since both chamber pressure and mixture ratio were varied
across the tests, the charts only demonstrate a general trend rather than a true independent to
dependant variable relationship.
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Fig. 7.20 Ouroboros-3 autophage combustion chamber pressure vs. total propellant mass flow
rate contribution.
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Fig. 7.21 Ouroboros-3 autophage combustion chamber pressure vs. total fuel mass flow rate
contribution.

When the temperature data is considered over the full run, we can better see the effects of
mixture ratio on engine performance. Figure 7.22 shows the resulting thermal data across
the burn time for all autophage tests but the ones of interest are test 1 and test 5. Both of
those tests had similar initial engine performance however test 1 had a much lower mixture
ratio. The thermal data shows test 5 engine temperature increased at a much faster rate than
test 1 which resulted in the engine transitioning to a steady state autophage feed rate quicker
(autophage transition is indicated by the markers). Therefore, we can conclude that mixture
ratio does indeed have an indirect effect on autophage performance by raising combustion

chamber wall temperature, but throttle setting has a more significant effect.
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Fig. 7.22 Comparison of chamber wall temperatures over full run duration.

More tests would be needed to be conducted to independently isolate both the effect
of chamber pressure and mixture ratio. Nevertheless, these tests do validate that these two
parameters have an effect on autophage engine performance and that engine inlet conditions
can be used as a method for controlling the feed rate of an autophage launch vehicle in
order to optimise the thrust profile and flight trajectory. Additionally, across all of the tests,
the autophage total propellant mass contribution aligned with the range of typical structural
efficiencies of conventional launch vehicles [146]. Therefore, a full-scale autophage engine
could feasibly operate within that range with the fuselage accounting for a reasonable portion
of the total propellant mass.

7.6.3 Effects of the Transition to Autophage Operation
Engine Ignition

An interesting result of the Ouroboros-3 autophage tests was the transition from engine start
to autophage start. This was identified as a period of steady state operation whereby the
engine was only burning propane fuel before transitioning to a mixture of propane and HDPE.
Videos taken during the tests show this transition as an over-expanded pale blue plume that

quickly changes to nominal expansion with a yellow/orange plume as shown in Fig. 7.23.
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Fig. 7.23 Transition from bi-propellant to autophage operation.

Evaluating the combustion chamber pressure rise time during the autophage engine
ignition showed a range of results detailed in Table 7.13 (all rise and decay time charts can
be found in A). First, test 1 had a similar rise time profile to the bi-propellant tests which
was expected since the mixture ratio and throttle settings were similar. However, tests 2 and
3 were conducted when the engine was warm and showed extremely fast rise times as well
as caused the chamber pressure to overshoot steady state. The autophage HDPE could have
caused this fast rise time by off-gassing within the chamber and causing rapid ignition when

the control valves were opened and oxidiser entered the chamber.

Table 7.13 Ouroboros-2 tests 2a & 2b chamber pressure rise and decay times.

Testno. F,,N P. MR t,ms t;, ms
96.54 5.04 1.10 300 100
3198 2.18 0.35 50 100
3435 243 0.35 50 300
84.34 429 3.10 1100 100
105.1 5.05 2.17 1600 100

| N O R S

The final two tests, 4 and 5, showed a different behavior though. Both of these tests
demonstrated the aforementioned transition from bi-propellant ignition to autophage ignition.
The rise time of test 5, Fig. 7.24, best demonstrates this transition. Here we can see a very fast
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initial increase in chamber pressure which then steadied at approximately 0.4 seconds until
0.8 seconds where it again began to rise, now with an increased chamber pressure roughness.
This correlated exactly with the plume color change seen in the test video and in Fig. 7.23

and is certainly indicative of the transition from bi-propellant to autophage. The thrust decay

time though was mostly nominal with similar values to the bi-propellant tests.
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Fig. 7.24 Comparison of the Ouroboros-3 combustion chamber pressure rise and decay times

Autophage Feed

Besides the engine ignition transient, the second transition to autophage operation was the
start of fuselage feed into the engine. This was hypothesised to be correlated with combustion
chamber wall temperature since a high heat flux should result in theory result in more melting
of the HDPE and a quicker transition to a steady state feed rate. Figure 7.25 shows the burn
time versus combustion chamber wall temperature data for all cold start tests (test 1, 2, 4 and
5) with markers indicating the point at which fuselage movement was observed.

All the low-throttle setting tests resulted in approximately the same temperature slope and
autophage start time. Test 5 on the other hand (which was operated at the highest throttle
setting), showed a steeper slope and began the transition to autophage feed sooner. The
combustion chamber wall temperature recorded at that point was 445°C; much higher than
the melting point of HDPE.

Once the transition to steady state feed rate began, test 4 showed an increase in thrust
roughness while test 5 showed a slight increase in both inlet conditions and performance.
Both the thrust roughness and performance increase could be a result of the vaporisation of

HDPE causing a shift in the combustion chamber recirculation zones or the flow streamlines
However, if the results of test 5 can be replicated or modeled it could be an indicator
that autophage operation could actually increase engine performance in addition to being
a secondary fuel source. This could be considered a topic for future research in order to

determine why test 5 saw a performance increase during the autophage transition.
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Fig. 7.25 Effect of combustion chamber wall temperature on transition to autophage feed.

7.6.4 Frequency Analysis

The collection of spectrograms and persistence diagrams across all of the Ouroboros-3 tests
can located in Appendix B. Two sets of spectrograms were created, one to consider low-
frequency instabilities from 0-500 Hz and the other for high frequency instabilities from 0-5
kHz.

Evaluating the frequency showed a few key items. First, across all tests except for test 3,
the low-frequency chug instability that was observed during the Ouroboros-2 bi-propellant
tests at 200 Hz was present even with the modified injector. However, the pressure drop across
both P, and Py, were noted to still be low than expected for all the tests which could have
caused the instability to persist. Another consideration is that the instability could be a result
of the combustion chamber design rather than the injector. To validate this would required
both the injector and combustion chamber to be further tested. However, we can conclude
that autophage operation did not cause this particular instability to become worse.

Another frequency that was noted was in the thrust data at approximately 1.1 kHz for all
tests. This frequency was not observed on any other sensors which suggests that it could be a
natural frequency of the test platform itself. Additionally, there was some unsteadiness to that
frequency which could be explained by the movement of the actuator. The movement of the
actuator would shift the center of gravity of the test platform such that it might slightly adjust
the natural frequency of the platform throughout the test. In either case, this frequency did
not occur in the combustion chamber pressure sensor which confirms it is not a combustion
instability.

There were however, two high frequencies that where detected by P, data for tests 4 and 5
at 2.3 kHz and 3.3 kHz. These frequencies were not detected during test 1-3 though which
could indicate the beginnings of a high frequency combustion instability that could manifest

at higher throttle settings. However, the power spectrum of both those points was quite low
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according to the persistence diagrams. Since both engines operated for over 30 second steady
state durations without issues we concluded that the observed frequencies did not manifest

into catastrophic high frequency instabilities which could have led to engine failure.

7.7 Autophage Pulsed Mode Performance Analysis and
Operating Box

In addition to being operated in steady state mode, the Ouroboros-3 engine was also operated
in multiple pulsed modes during tests 4 and 5. Pulsed mode was chosen to evaluate the effect
of the variable on-off-time on both the feed rate and feed force of the HDPE fuel tube. By
pulsing the engine, it was theorised that the fuel tube could be fed at a lower feed force at
certain operating frequencies and duty cycles since it was directly inserted into the combustion
chamber.

The tested frequencies and duty cycles are listed in Table 4.4 and were operated sequen-
tially during tests 4 and 5. The selected frequencies and duty cycles were a result of the
analysis conducted on the Ouroboros-2 rise and decay times which presumed that the engine
required a minimum on-time of 750 ms to reach steady state and a minimum off-time of 250
ms to drive the fuselage into the engine.

The pulsed mode performance results for test 5.b are shown in Fig. 7.26 with the remainder
of the pulsed mode data located in Appendix A.4. The data showed that there was in fact a
reduction in required feed force for most of the frequencies and duty cycles during engine
off-time. Review of the test videos also showed that the fuselage was inserted during the
off-time and feed rate stopped during the on-time as was theorised. However, as expected the
engine was unable to utilise the short off-time window during test 5.d to insert the fuselage
and so feed rate stopped during that test.

Table 7.14 contains both the maximum and minimum feed force for both the on-time and
off-time of each test. The only test that did not see a decrease in engine feed force was test 5.d
which was as previously mention, no feed rate was observed. The results showed that this was
an insufficient amount of time for the inlet conditions to decay and the engine performance
data showed near steady state behavior. Test 5.e did not have data gathered due the engine
failure at the start of the test.

Based on the feed force data, engine off-time correlated with a reduction in Fr which is
best see in tests 4.a-c. However, Fr was also observed to actually increase over the steady
state Fr during engine on-time. This was a bi-product of the linear actuator programming
which was set to operate the linear actuator at a constant current. In steady state operation
this correlated with a constant feed force. However, this could have caused the feed force
load cell to measure a higher load than expected during each engine pulse due to the sudden
increase in chamber pressure acting on the fuselage cross-sectional area at engine ignition.

In addition to the effect on feed force, the frequency and duty cycle were also observed to
have a significant correlation on the autophage contribution to both the total fuel mass and
total propellant mass flow rates. The HDPE mass flow rate was derived from the average linear

displacement of the fuselage during each 15 second pulsed mode duration and calculated for
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Fig. 7.26 Ouroboros-3 autophage test 5.b pulsed mode performance results at 1.0 Hz and 75%
duty cycle.

both g/s and g/pulse. Then, assuming the same 17, and 71, (from the corresponding steady
state tests), but adjusted for the on-time, the mass flow rate data was used to determine the
autophage contribution to both the total fuel and total propellant mass flow rates. This was
then compared to the steady state data given by tests 4.ss and 5.ss.

When compared to the previous steady state values, pulsed mode was able to both increase
and decrease the autophage contribution to the total fuel and propellant mass flow rates
depending on both the frequency and duty cycle.

The first finding is best shown in tests 4.a-c which demonstrated a clear trend between an
increase in off-time having a positive correlation with an increase in autophage contribution. It
was also noted that test 4.c had a lower autophage contribution when compared to steady state
operation. Considering the results of tests 5.a-5.c, we can also see the effect of duty cycle on
the autophage contribution. Even though test 5.c had an off-time of 500 ms which should have
been plenty of time for fuselage insertion, the autophage contribution was actually less than
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Table 7.14 Ouroboros-3 pulsed mode resulting feed force and feed rate

Fr, N 1 £y

: mft mfi
Test f,Hz DC, % Off-t, ms Max Min g/s g/pulse Tituel  Toxt rue
4.s8 - - - 1836 1836 4.80 - 39.3% 9.6%
4.a 0.5 50 1000 2062 1730 442 884 54.4% 16.3%
4.b 1.0 50 500 2106 1674 3.77 377 50.4% 14.3%
4.c 1.0 75 250 2273 1296 226 226 28.9% 6.2%
5.s8 - - - 1828 1828 8.30 - 49.8% 15.7%
5.a 1.0 50 500 2040 1618 5.10 5.10 54.9% 18.6%
5b 1.0 75 250 2206 1363 296 296 32.0% 8.1%
5.¢c 0.5 75 500 1995 1707 447 894 41.6% 11.8%
5d 2.0 75 125 1940 1862 O 0 0 0
5.e 2.0 50 250 - - - - - -

the steady state baseline (5.ss). In fact, all the tests that operated at a 75% baseline showed
a reduction in autophage contribution to both the total fuel and propellant mass flow rates
whereas each test conducted at 50% duty cycle showed an increase. Directly comparing tests
5.a and 5.c demonstrates this best since the off-time was the same but the lower duty cycle
had a higher autophage contribution. Thus we can conclude that both off-time and duty cycle
have a direct affect on the HDPE mass flow rate and can effectively control the autophage
contribution.

An added benefit of the longer off-time tests was that the fuel tube was melted while the
engine was off which allowed the HDPE to coat the combustion chamber walls promoting
the previously discussed film cooling. Referencing the temperature data in Fig. 7.22, the
engine was able to maintain a steady 7, for tests 4.a and 4.b between 400-600°C which were
operated at 50% duty cycle; 7. was also noted to begin increasing during test 4.c when the
engine switched to a 75% duty cycle.

Additionally, for test 5.a, pulsed mode also had this effect on chamber wall temperature;
this was best shown when 7;. decreased when the engine changed from steady state operation
to 1.0 Hz 50% duty cycle and again started to increase once the engine began operating at
75% duty cycles. In general, both the frequency and pulse duty cycles are known to have
an effect on engine operating temperatures [145] which are typically higher when engines
are pulsed. However, the results of these tests showed that in the case of a direct fuselage
insertion autophage engine, combustion chamber wall temperature can be both increased or
decreased depending on the duty cycle. In conclusion, pulsed mode offers both a method of
controlling the autophage contribution but also combustion chamber wall temperatures; this
offers another set of variables which could be used to optimise the autophage engine design
for a flight trajectory.

Furthermore, the rise in chamber wall temperature from pulsed mode operation actually
resulted in the chamber supports of the inner combustion chamber melting through (discussed
in Section 7.5.2) which led to the engine failure shown in Fig. 7.27. The specific pulsed mode
for test 5.d was identified as the most likely root cause of the failure since that particular

frequency and duty cycle significantly increased wall temperature by preventing the HDPE
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Fig. 7.27 Ouroboros-3 engine failure during test 5.e. The inner combustion chamber structure
failed due to elevated wall temperatures causing the injector assembly to be ejected into the
HDPE fuselage.

from being inserted into the engine thereby eliminating the necessary HDPE film cooling of
the chamber supports.

In conclusion, pulsed mode offers both a method of controlling the autophage contribution
but also combustion chamber wall temperatures. Operating at a 50% duty cycle yielded
an increase in autophage contribution to the total fuel and propellant mass flow rates when
compared to steady state at the same inlet conditions. Additionally, the pulsed operating
modes were able to influence 7.: at 50% duty cycles this resulted in cooling the engine and
reducing 7; while at 75% duty cycles T. increased and eventually resulted in the engine failure.
Overall, the results of these tests present another set of variables which could be used to
optimise the autophage engine design for a flight trajectory.
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Chapter 8

Conclusions

8.1 Conclusions

This study was undertaken with two key objectives: to develop a feasible architecture for an
autophage propulsion system and to investigate the key parameters and operating box of that
architecture. As a whole, this research met both objectives. First, it evaluated two different
engine architectures for autophage operation: the depolymerisation chamber architecture and
the direct fuselage insertion architecture. Both of these architectures considered the autophage
element to be a supplementary fuel source to a main bi-propellant combustion process. This
would allow the autophage component of a full-scale launch vehicle to theoretically consist
of a fuselage that could be burned throughout the course of the launch vehicle’s trajectory;
resulting in an infinitely-staged vehicle.

The results of the depolymerisation chamber architecture test (Ouroboros-1) showed that
this architecture is not currently feasible on small thrust class engines. This was due to the
difficulty in effectively transferring combustion chamber temperature to the high-density
polyethylene (HDPE) fuselage without resulting in a compressive hoop-stress engine failure.
However, larger thrust class engines could still benefit from this architecture by using both
topology optimised cooling channels and turbomachinery. Thus, a larger engine could benefit
from the optimised heat transfer from the cooling channels and a lower depolymerisation
chamber pressure that could significantly reduce the required fuselage feed force and prevent
the compressive hoop-stress failure mode.

Building on the lessons learned from Ouroboros-1, the direct fuselage insertion architec-
ture showed far more promising results and ultimately resulted in actual autophage operations.
The initial bi-propellant tests conducted on Ouroboros-2 demonstrated a performance base-
line that would later be used as a control to which the autophage tests could be compared.
They also evaluated the chamber pressure rise and decay times in order to determine the
baseline pulsed modes for autophage operation. The overall success of that architecture as a
bi-propellant engine led to using it in the autophage configuration (Ouroboros-3) over a total
of 5 tests.

Overall, the demonstration of the Ouroboros-3 engine marked the completion of the second

objective of this study. The extensive testing demonstrated that at steady state conditions, the
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autophage fuel can account for between 6.8-49.8% of the total fuel mass and 5.1-15.7% of the
total propellant mass. Considering that the structural mass of conventional launch vehicles
is typically between 5-12%, we can conclude that an autophage engine could in fact burn a
launch vehicles structure at a rate that could result in an infinitely staged vehicle.

Moreover, the Ouroboros-3 tests showed a positive correlation with both throttle setting
and mixture ratio on the fuselage feed rate and resulting autophage contributions to total
mass flow rates. Furthermore, when operated in pulsed modes, the total engine off-time and
duty cycle was also found to have a strong correlation on the autophage contribution to total
fuel and total propellant mass flow rates. For tests with at 50% duty cycle, the autophage
contribution increased over steady state while for tests at 75% it decreased. Additionally
pulsed modes with a longer off-time (while at the same duty cycle) also showed a significant
increase in the autophage contribution.

In conclusion, these tests not only showed that autophage engines could successfully
operate with a nominal contribution to the total propellant mass but also identified key
parameters that can be used to control the feed rate and the percent contribution of autophage
operation to the total propellant mass. The results of these tests, both as video and data and
their analysis, will establish an anchor for models that can be used in the future development
of hybrid autophage engines.

8.2 Future Work

The results of the Ouroboros-3 engine were widely successful in elevating the concept of au-
tophage propulsion systems to a technology readiness level (TRL) of 4 and have demonstrated
a functional design in a laboratory environment. To further advance the field of autophage
propulsion a number of steps need to occur. First, research efforts should focus on increasing
the scale of autophage engines to higher thrust classes. While this study demonstrated the
feasibility of autophage at a small scale, in order to be feasible on a launch vehicle the scale
and thrust must increase significantly which can introduce additional challenges.

Second, research should be done into topology optimisation of regenerative cooling
channels. Used in conjunction with engine scaling and turbomachinery, this could increase the
feasibility of the autophage depolymerisation chamber architecture which could significantly
reduce the required feed force of the fuselage. Additionally, a study should be conducted
on feed force and engine performance optimisation to determine an optimal thrust class of
engine. The study should evaluate engine sizes that could generate sufficient thrust in order to
exceed the minimum feed force of the fuselage without buckling or compressive failure; this
would allow for feeding the engine through inertial loading. This work should also consider
optimising the potential trade-off of using more autophage propellant to reduce structural
mass and whether it would be worth the potential reduction in I, that would result from using
a higher ratio of solid to liquid fuel.

Successfully achieving the aforementioned objectives should result in a high enough
technology readiness level such that a sub-orbital flight demonstrator could be considered.

This flight demonstrator would able to operate by feeding the fuselage into the engine through
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inertial loading. Various polymers should also be considered for the fuselage material and
could even include carbon fibre doped or graphite doped polymers that generally increase the
strength of the fuselage structure. The flight dynamics and trajectory of a changing mass and
geometry launcher should also be studied prior to a flight test. Further studies would need
to consider propellant storage as well, either in collapsible tanks or autophage tanks. While
there is still significant work to be done in the field of autophage propulsion, the research

within this body of work has shown that it is feasible and worth considering.
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Appendix A

Ouroboros-3 Additional Data Charts

A.1 Specific Impulse

200 . . .

150 - '
w
a 100 - l
w

50
0 | | | | 1
0 5 10 15 20 25 30 35 40
Time, s

Fig. A.1 Ouroboros-3 specific impulse from test 1 performance data.
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A.1 Specific Impulse
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Fig. A.2 Ouroboros-3 specific impulse from test 2 performance data.
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Fig. A.3 Ouroboros-3 specific impulse from test 3 performance data.
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A.1 Specific Impulse
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Fig. A.4 Ouroboros-3 specific impulse from test 4 performance data.
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Fig. A.5 Ouroboros-3 specific impulse from test 5 performance data.
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A.2 Combustion Chamber Pressure Rise and Decay

A.2 Combustion Chamber Pressure Rise and Decay
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Fig. A.6 Ouroboros-3 test 1 combustion chamber pressure rise and decay time.
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Fig. A.7 Ouroboros-3 test 2 combustion chamber pressure rise and decay time.
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A.2 Combustion Chamber Pressure Rise and Decay
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Fig. A.8 Ouroboros-3 test 3 combustion chamber pressure rise and decay time.
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Fig. A.9 Ouroboros-3 test 4 combustion chamber pressure rise and decay time.
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Fig. A.10 Ouroboros-3 test 5 combustion chamber pressure rise and decay time.

189



A.3 Pulsed Mode with Unfiltered Thrust

A.3 Pulsed Mode with Unfiltered Thrust
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Fig. A.11 Ouroboros-3 autophage test 4 pulsed mode performance results at throttled, high
mixture ratio inlet conditions.
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A.3 Pulsed Mode with Unfiltered Thrust
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Fig. A.12 Ouroboros-3 autophage test 5 pulsed mode performance results at standard inlet

conditions.
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A.4 Pulsed Mode With Feed Force

A.4 Pulsed Mode With Feed Force

A.4.1 Autophage Test 4 Pulsed Modes
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Fig. A.13 Ouroboros-3 autophage test 4.a pulsed mode performance results at 0.5 Hz and
50% duty cycle.
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A.4 Pulsed Mode With Feed Force
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Fig. A.14 Ouroboros-3 autophage test 4.b pulsed mode performance results at 1.0 Hz and
50% duty cycle.
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A.4 Pulsed Mode With Feed Force
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Fig. A.15 Ouroboros-3 autophage test 4.c pulsed mode performance results at 1.0 Hz and
75% duty cycle.

194



A.4 Pulsed Mode With Feed Force

A.4.2 Autophage Test 5 Pulsed Modes
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Fig. A.16 Ouroboros-3 autophage test 5.a pulsed mode performance results at 1.0 Hz and
50% duty cycle.
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A.4 Pulsed Mode With Feed Force
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Fig. A.17 Ouroboros-3 autophage test 5.b pulsed mode performance results at 1.0 Hz and
75% duty cycle.
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A.4 Pulsed Mode With Feed Force
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Fig. A.18 Ouroboros-3 autophage test 5.c pulsed mode performance results at 0.5 Hz and

75% duty cycle.
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A.4 Pulsed Mode With Feed Force
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Fig. A.19 Ouroboros-3 autophage test 5.d pulsed mode performance results at 2.0 Hz and

75% duty cycle.
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Appendix B

Ouroboros-3 Frequency Analysis Charts

B.1 Spectrograms

B.1.1 0-500 Hz Frequency Charts
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Fig. B.1 Ouroboros-3 autophage test 1 steady state low frequency spectrogram.
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B.1 Spectrograms
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Fig. B.2 Ouroboros-3 autophage tests 2 and 3 steady state low frequency spectrogram.
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B.1 Spectrograms
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Fig. B.3 Ouroboros-3 autophage test 4 steady state low frequency spectrogram.
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B.1 Spectrograms
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Fig. B.4 Ouroboros-3 autophage test 5 steady state low frequency spectrogram.
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B.1 Spectrograms

B.1.2 0-5 kHz Frequency Charts
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Fig. B.5 Ouroboros-3 autophage test 1 steady state high frequency spectrogram.
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B.1 Spectrograms

20 %
o)
0 3
o
20
60 70 100 110 120
4 0 =
o 20T
N 2 %
E 40 O
a'; 0 -60
% 0 10 20 30 40 50 60 70 80 90 100 110 120
=
o 4 ° &
- @ 20
A2 3
40 o
0 -60
0 10 20 30 40 50 60 70 80 90 100 110 120
0 _—
[n1]
=
-20§
40 &
-60

0O 10 20 30 40 50 60 70 80 90 100 110 120
Time, s

Fig. B.6 Ouroboros-3 autophage tests 2 and 3 steady state high frequency spectrogram.
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B.1 Spectrograms
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Fig. B.7 Ouroboros-3 autophage test 4 steady state high frequency spectrogram.
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B.1 Spectrograms
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Fig. B.8 Ouroboros-3 autophage test 5 steady state high frequency spectrogram.
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B.2 Persistence Diagrams

B.2 Persistence Diagrams
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Fig. B.9 Ouroboros-3 autophage test 1 steady state persistence diagram.
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B.2 Persistence Diagrams
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Fig. B.10 Ouroboros-3 autophage tests 2 and 3 steady state persistence diagram.
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B.2 Persistence Diagrams
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Fig. B.11 Ouroboros-3 autophage test 4 steady state persistence diagram.
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B.2 Persistence Diagrams

Power Spectrum, dB

Density(%}

20 §
oM 3
20 § s
S 40 c
-60 [a]
-80
20§
_ of 2
220 § £
N ok 5
B (a]
3
2
2
o)
(m]

0 1 2 3 4 5
Frequency, kHz

Fig. B.12 Ouroboros-3 autophage test 5 steady state persistence diagram.
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