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ABSTRACT

Hallum, William Zach PhD, Purdue University, August 2018. Investigation of the
Effects of Oxidizer Temperature on the Stability of a Gas-Centered Swirl Coaxial
Injector . Major Professor: William E. Anderson.

Rocket engines achieve extraordinary high energy densities within the chamber in
the form of high pressure turbulent combustion. Successful design of these engines
requires sustained, stable operation of a combustor exposed to extreme thermal loads.
Slight deviations in operating conditions can then incur consequences ranging from
reduced performance up to catastrophic failure in the face of excess heat loading.
Sustained periodic oscillations, termed combustion instabilities, are often encountered
during development, as fluctuations produced by combustion noise couple with heat
release modes by way of modulation of the feed system, injector hydrodynamics,
chemical kinetics, and mixing and atomization process. Successful development of
reliable, high performance rocket engines can be achieved either through a thorough
understanding of both injector and combustor dynamics to mitigate these instabilities
or through the laborious design/test iteration process.

This document describes a two-fold work by the author. The first objective con-
siders the acquisition of high-fidelity data sets of a single gas-centered swirl coaxial
injector for use in the validation of computational models. Secondly, the stability of
this injector was studied at two oxidizer inlet temperatures. Combustion stability
was assessed through variation of the combustor geometry. Previous research shows
that varying this geometry can either drive or dampen pressure oscillations. Testing
was conducted on an experimental test bed equipped with modular sections to ac-
commodate changing oxidizer post and chamber lengths. A single gas-centered swirl
coaxial injector was used, with operating parameters based on the RD-180 injector

element, such as equivalence and momentum flux ratios. Two oxidizer inlet temper-
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atures were chosen. The first was oxygen combusted with gaseous hydrogen at lean
conditions in a preburner to produce hot oxidizer near 700 K. The second was pure
oxygen delivered at room temperature.

Results from the test campaign revealed the system to be classically stable across
all configurations and inlet conditions tested, with pressure perturbations less than
10% of the mean chamber pressure. Discriminating behavior was observed between
the two oxidizer inlet temperatures. At elevated temperatures, peak-to-peak pressure
oscillations observed throughout the system were small at less than 4% of the mean
chamber pressure. There was no observed dependency of the amplitude on geome-
try. At ambient temperatures, the pressure oscillations ranged from 4% up to 7%.
The increase in amplitudes were similar to that of the acoustic reflection coefficient
between the oxidizer and chamber gas, based on their acoustic specific impedance.
An increase in the acoustic transmission coefficient was also observed, going from hot
to ambient oxidizer. The increase in these two values would not necessarily lead to
enhanced coupling between the chamber and resonance behavior in the post, but is
expected to amplify pressure oscillations.

At the ambient condition, clear variation in amplitudes were generated through
manipulation of the geometry. The general trend matched previous experiments but
was not followed by all tested configurations. It was determined that a methodology
solely based on the effective resonator wavelength was not sufficient to predict the
amplitude of pressure oscillations. Instead, a better predictor of amplitude was found
based on the alignment of the system with postulated vortex generation from the
injector face and impingement on the chamber walls. The time between local pressure
oscillations and final impingement of the resulting vortices fell between one and two
cycles of the fundamental longitudinal chamber mode, increasing linearly in strength

as phase lag increased.



1. INTRODUCTION

Modern technological advances and the innate pioneering spirit have brought human-
ity to the edge of space. Over the past half century, mankind has gone from its first
forays into lofty reaches of space with beeping metal canisters, to a blistering number
of achievements: contact with the majority of celestial bodies within the solar sys-
tem, a sustained human presence in an orbiting station, a burgeoning space tourism
industry, and plans to establish a permanent base on Mars. Increased access to earth
orbit and beyond requires the transportation of thousands of kilograms of cargo from
the surface to space. To support this initiative, a new generation of rocket engines
are being developed to boost payloads up and out of the gravity well of Earth. These
engines are designed towards the goal of higher performance, reduced cost, and an
extremely high degree of reliability.

The Atlas family of rockets, starting with Atlas III, have relied on the Russian
designed and built RD-180 engine as part of the first stage. The current geopolitical
climate has led to a cooling of relations between the United States and Russia. As
a result, there has been concern over the reliance of American military resources on
the manufacturing and provision of technology that cannot currently be replicated
or replaced domestically. This places at risk the strategic and tactical advantages
of space access, jeopardizing national defense. To counter this, the United States is
working towards creating an RD-180 replacement.

Private corporations appear to be migrating towards liquid methane as a fuel for
the sake of reusability, as kerosene leads to coking. Such methane-based options in-
clude the BE-4 engine from Blue Origin [1]|, and the Raptor engine from SpaceX [2].
Each of these engines relies on staged combustion to achieve the higher chamber

pressures to reach increased power levels. The AR1 engine, in development by Aero-



jet Rocketdyne [3], continues to use liquid kerosene for its proven track record in
reliability and performance.

No matter the choice of propellant or injector design, the development of a first
stage engine is very difficult. Rocket engines operate at extreme operating conditions,
managing high thermal loads and pressures for up to several minutes. Stable operation
is imperative, as deviations from design conditions can have consequences that run the
gamut from decreased operating efficiency up to catastrophic destruction of hardware.
Confined reacting flow is subject to the acoustic modes that are a natural product
of the geometry of the containment device. As combustion noise is generated, it
can resonate with the acoustic modes to drive periodic fluctuations. These pressure
oscillations can result in variations in system parameters, such as propellant mass flow
rate, and can influence or alter the mixing schemes of the injector. At sufficient levels
or in the right conditions the response to pressure perturbations can cause oscillations
in the heat release rate, which in turn can cause a pressure response. Coupling
between the acoustic and heat release field can initiate a positive feedback loop,
where synchronization between the two drives strong oscillations. This phenomenon
of thermoacoustic coupling is referred to as combustion instability.

The requirement for unstable behavior was postulated simply by Lord Rayleigh in
1878, stating that “If heat be given to the air at the moment of greatest condensation,
or be taken from it at the moment of greatest rarefaction, the vibration is encour-
aged. On the other hand, if heat be given at the moment of greatest rarefaction, or
abstracted at the moment of greatest condensation, the vibration is discouraged [4].”

This statement was rewritten into mathematical notation by Putnam and Dennis
in 1953, then later refined by Zinn [5] who added spatial dependency. This mathe-
matical form permits calculation of Rayleigh indices for a defined integration volume,
based on the mean and fluctuation components of pressure, p, and heat release, ¢, as
shown in Equation (1.1). This equation is integrated over a given volume, dz, and

the initial and final times, ¢, and ¢;.
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The sign of the indices reflectk whether instabilities are expected to be driven or
damped. A positive value occurs when the pressure and heat release are in phase,
the two are considered to be coupled and actively drive instabilities. Conversely, the
values is negative when the pressure and heat release are out of phase. This would
lead to a damping of instabilities.

While it is simple enough to summarize the requirements for driving a thermoa-
coustic instability, prediction of which conditions satisfy the requirements is much
more challenging. The injection process is highly complex; perturbations in a single
flow property can easily affect a wide range of injection parameters. An understand-
ing of the complete process and possible interactions is not fully realized. This can
lead to the generation of spontaneous instabilities late in an engine development cycle,
where modification to mitigate or eradicate the instability could require significant
resources.

Achieving an a priori understanding of the intricacies of rocket combustion is
currently being pursued through a parallel effort relying on experimental testing and
computational modeling. Experimental testing provides reliable, realistic data but
requires the cost and effort of designing, fabricating, assembly and testing of the
hardware. Testing of subsystem or subscale models alleviates the costs by reducing
the problem size. However, the physics do not all scale proportionally, so the subscale
model might not adequately represent the final product.

The types of data that can be collected may also be limited. Quantitative measure-
ments of some parameters, such as temperature or heat release within the combustion
field, may be possible but can be prohibitively difficult to capture.

Non-intrusive measurement techniques are required in order to obtain represen-
tative data. This often leads to reliance on simple but highly localized measure-

ments, such as pressure measurements. Spatially resolved diagnostics are also possi-



ble, often using transparent windows for optical accessibility with high speed imag-
ing. At its simplest, line-of-sight measurements, such as chemiluminescence [6-11] or
schlieren [12-17]|, are captured. While these measurements suffer from information
loss by reducing a three-dimensional field into two dimensions, they continue to serve
as useful data sets for characterizing combustion. More complex diagnostics tech-
niques can better preserve the data, either by capturing tomographic data [18], or
along a plane via a laser sheet, such as planar laser induced fluorescence and particle
image velocimetry [19-21]. However, at the high pressure and temperature conditions
found within a rocket combustor, these techniques begin to falter [22].

Computational fluid dynamics (CFD) complements the experimental approach.
Whereas experiments yield accurate but limited data, CFD models provide spatially
and temporally resolved solutions to a set of governing physical rules. These predic-
tions are only as good as the underlying physical models. Assuming a solid physical
foundation, CFD simulations can be used to predict a number of parameters, from
velocity components to heat release rate to vorticity, throughout the full domain of
the model.

Determining whether a model is accurate or suitable requires validation. This
typically involves designing a benchmark test case for measurement and simulation.
The results are then compared to determine whether the model realistically captures
the specific physics. But comparing the two data sets is itself an exercise. Determining
useful and viable comparative approaches is an ongoing research topic [23|. The
effort laid out in this document aims to assist in this endeavor by acquiring valuable
experimental data sets that can be used to test and improve the capability of existing
computational models. This is achieved through the development and subsequent
testing of a model rocket engine with a single injector element at realistic conditions.

The injector in this study is a gas-centered swirl coaxial (GCSC) injector which has
a demonstrated history of providing efficient mixing and atomization of a liquid/gas

propellant combination. This element design surrounds a central gaseous propellant
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Figure 1.1.: An example of a GCSC injector. Gaseous propellant is injected along
central post. Liquid propellant is injected tangentially into shielded annulus before

entering injection cup where mixing and atomization begins [24].

with a liquid propellant given circumferential momentum through tangential injection.
The two fluids mix at the shear layer before entering the combustion chamber.

The GCSC injector was invented by the Russians [25], who successfully integrated
it into a number of their engines, such as the Kuznetzov NK-33 and the NPO Ener-
gomash RD-170 family [26]. The RD-170 and its derivatives - the single axis RD-171,
the dual-chamber RD-180, and the single chamber RD-191 - were not only capa-
ble of producing great power but were quite stable [27-29]. The impressive results
caught American interest, who then began to study the injector for the past few
decades [25,30-32].

The staged combustion cycle has the highest performance of any single-mode
rocket engine cycle [33|, where the use of preburners allows for higher main chamber
pressures and further expansion of the exhaust. This engine cycle is typically split
into three subgroups: fuel-rich, oxidizer-rich, and full-low staged combustion. The
GCSC supports oxidizer rich staged-combustion engine cycles (ORSC), where the
oxidizer is combusted and serves as the central fluid in the injector, surrounded by a

liquid hydrocarbon fuel. This injector complements the staged combustion cycle as



it suffers low atomization efficiency at lower operating pressures, but its performance
scales with increased pressure [34].

Research into the physics of GCSC injectors on ORSC engines is ongoing as a
means of extracting its proven performance capabilities and apply it to high-output
domestic engines. Achieving this goal requires a systematic approach to studying
the problem from a number of vantage points, ranging from full-scale engines near
mission operating conditions, down to benchmark tests of a single injector at reduced
scales.

The work presented in this document has two main objectives. The primary
objective is to acquire direct and quantitative data of ORSC main chamber stability
for use in the validation of computational models. To achieve this, an experiment
was designed to be easily modelable with well-established boundary conditions and
heavily instrumented to accurately collect quantitative data at a high resolution. The
experiment was also designed to be modular to allow for the generation of a diverse
suite of validation data. Both standard and high frequency pressure transducers were
installed throughout the chamber and manifolds to reconstruct the system acoustic
fields, while thermocouples embedded within the walls of the combustor allowed for
the calculation of heat lost to the environment as a means of estimating the deviation
of the experiment from an adiabatic assumption.

Validation data was acquired for a number of configurations. These configurations
varied based on changes made to independent variables, such as the geometry in the
form of oxidizer post or chamber length or changes to oxidizer post inlet type.

The second objective is to examine the impact of oxidizer temperature on the
stability of a GCSC injector. The GCSC injector is considered to be one of the more
inherently stable injector designs. It is theorized that by changing the inlet oxidizer
temperature, the stability of the combustion field can be changed. This is based on
an increase in energy requirement to achieve combustion with a cooler oxidizer, along
with any other potential slowing of chemical kinetics that would lead to an increased

time required to achieve ignition.



Two oxidizer temperatures were studied. The cooler temperature was chosen to
be room temperature, while the elevated temperature of 685 K was achieved through
lean combustion in a preburner. Assessment of the combustion field was conducted
by varying the geometry of the oxidizer post and chamber, in particular the lengths.
Based on previous work, the effective length of the post varies the resonant behavior
of the system, allowing for effective tuning and de-tuning of the post.

Choice of oxidizer temperature had a clear impact on the amplitude of pres-
sure oscillations exhibited system wide. At the hot oxidizer configuration, very low
amplitude oscillations were achieved throughout the post and chamber, with few or-
ganizing structures observed either temporally and in the frequency domain of the
acoustic field. The reduced oxidizer inlet temperature promoted stronger amplitudes
throughout the post and chamber. These stronger amplitudes were further mod-
ulated depending on geometry. A general trend appeared that mostly agreed with
previous results, suggesting a 3/8-wave resonator configuration for the post generated
the strongest fluctuations. However, this was not consistent as tests with differing
geometries but with the same acoustic profile of the system exhibited dissimilar am-
plitudes. It is postulated that specific timing is required to drive stronger oscillations.
While the same acoustic mode shapes can be found in different geometries with the
identical acoustic profiles, heat release events may shift timing in a way that is not
accounted for with a purely acoustic approach. It is also theorized that acoustic
impedance of the propellants and combustion gases drive the capability of the system
to preserve acoustic energy, as higher reflection and transmission coefficients coincided
with higher pressure fluctuations.

A break down of the elements of this report is provided. First, a relevant back-
ground information is presented in Chapter 2. This chapter starts with a quick primer
on combustion instability. A description of the gas-centered swirl coaxial injector is
then discussed, focusing on the critical aspects and parameters of the design. This is

followed by summaries of trans- and supercritical effects, relevant work and instability



mechanisms. Finally, diagnostics and analysis techniques that are used in this work
are presented.

The experimental approach is presented in Chapter 3. Here, a description of
the chamber and its various components is provided, along with a discussion on the
merits and impacts of the design parameters. The linearized Euler equations are
also presented alongside their use in determining the acoustic mode shapes of the
system. Next are the design and testing requirements for the initial validation data
collection campaign, along with configurations and conditions where these data sets
were collected. This is followed by a description of the instrumentation and facility.

The results are presented in Chapter 4. This section examines the impact that
the oxidizer temperature has on the acoustic field and how it is further augmented
by the geometry of the system. The findings of this work are then summarized in

Chapter 5, presented along with recommendations for future work.



2. BACKGROUND

This chapter is broken down into several sections. The first section provides a brief
description of combustion instability. The second section provides background on the
gas-centered swirl coaxial (GCSC) injector. A description of the injector components
and a break-down of the controlling geometries and physics of the injector are dis-
cussed, along with a discussion on trans- and supercritical fluids. This is followed by
a description of related work. Two previous combustion stability experiments are pre-
sented and discussed in the context of the work described in this document. Following
this is a description of mechanisms that initiate and sustain unstable combustion that
have been identified in the discussed works. Diagnostics and instrumentation used
in this work are then discussed. Finally, the various analysis techniques employed in
understanding the dynamics of combustion are presented, providing background to

assist in interpreting the results presented in Chapter 4.

2.1 Combustion Instability

P

As Culick writes, the term ‘combustion instability’ “is usefully descriptive but
slightly misleading” [35]. He states that uncontrolled explosions or other intrinsic
instabilities are not the source for what is commonly considered and defined as a
combustion instability. Instead, these instabilities are due to coupling between per-
turbations in the acoustic or velocity fields and energy released through combustion -
all of which alone can be stable processes. Of primary concern is the coupling between
the release of thermal energy and fluctuations in the acoustic field. When oscillations
in the two fields are in phase, coupling can take place that leads to a feedback loop
promoting stronger oscillations, further strengthening the coupling. This would result

in operation at off-nominal conditions. This oscillatory behavior can become periodic,
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leading to a limit cycle that drives unsteady motions in a positive feedback loop that
can increase thermal loading, force flame blow out, or create uncontrolled pulsations
that at high amplitudes can cause hardware fatigue and degradation and even sud-
den catastrophic failure. Such consequences can greatly prolong engine development,
requiring large amounts of both time and money to eradicate instabilities.

This work sets out to provide insight into the GCSC injector by examining the
impact of oxidizer inlet temperature on the stability of the system. This work aims
to build upon the legacy and knowledge gained from previous similar experiments to
study this injector design in a setting more representative of ox-rich staged combustion
through use of a preburner. By gaining further understanding of the dynamics and
coupling between the injector and heat release modes, more accurate predictions can

be made to inform future development.

2.2 Injector Description

The injector element controls the performance of a rocket engine as it essentially
governs the mixing and combustion process. The mixing and subsequent combustion
of propellants should maintain steady, even burning that is best distributed across
a wide range of temporal and spatial scales to reduce the risk of organization and
forcing. Detailed knowledge of the processes and physical mechanisms present in the
injector is required to achieve efficient, stable combustion across a range of operating
conditions. Often, that understanding comes from relying on sub-scale single-element
experiments or simulations. In this work, a gas-centered swirl coaxial injector design
is studied at two different oxidizer temperature conditions to examine its impact
on combustion stability. The various components and features that drive injector

dynamics are discussed here.
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2.2.1 Gas-Centered Swirl Coaxial Injector

The GCSC injector has demonstrated excellent capabilities of atomizing liquid
fuels to achieve high levels of performance [27,32,36-38|, especially at conditions
typical of oxidizer rich staged combustion [39]. This is made possible through a
number of mechanisms that contribute to the break down of the injected liquid sheet
and subsequent mixing of fuel droplets with the central gas core [40-42|. It has also
been shown to have improved engine performance over shear coaxial injectors [43-45].

Impinging jets are highly susceptible to manufacturing defects, which can have a
deleterious effect on the mixing trajectories of the jets, resulting in reduced efficiency.
The jets are also susceptible to high frequency pressure oscillations, according to
Takahashi et al. [46], which would impact feed rate and subsequently the spray and
atomization properties of the injectors. Swirl injectors, which do not rely on precise
placement of jets, are much less sensitive to manufacturing defects [38]. The fuel
injectors are also fairly insensitive to chamber pressure pulsations by stabilization of
the liquid on the wall due to the imposed swirling motion. The injector is also further
insensitive to any pulsations occurring in the liquid flow due to the simultaneous
atomization of liquid portions that were injected at different times and having different
flow rates [30,47-49|. The central gas flow benefits from the large injection area in
the form of a reduced pressure drop, but with the cost of increased sensitivity to
chamber pressure fluctuations, leading to variation in the O/F ratio [34]. However,
this non-uniformity in composition is ultimately spread spatiotemporally, ultimately
decreasing the effect of the variation. Thus, the GCSC injector is considered to have
a linear dampening and surpressing effect on liquid flow pulsations, but also serve as
a non-linear servo-stabilizer of the injection process [50].

The injector design found within the RD-170 and RD-180 is lauded for its relia-
bility while remaining stable across a wide range of operating conditions, including
the ability to throttle down to 47% of nominal thrust levels [51]. As a result, much

attention has been focused on the intricate physics within this particular injector in
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order to understand, replicate and improve it. A diagram of the main and baffle
GCSC RD-170 injectors are shown in Figure 2.1. The main injector, featured on the
left, consists of a post that feeds hot oxidizer from the preburner to the chamber, a
fuel manifold that injects heated liquid fuel into a shielded annulus with a swirling
motion, and an injection recess where the two propellants interact before delivery to
the chamber. A bevel sits as an intermediary geometry between the injector and the
chamber, allowing for the fuel film to spread and interact with adjacent elements.
The baffled injector, on the right, differs in the downstream end. Instead of direct
injection into a discrete mixing section, the fuel is kept in a manifold that has been
extended and swirled. This section protrudes into the chamber and the fuel acts
to cool the injector. The extended injector acts as a physical barrier to transverse
modes. The fuel is then dumped directly into the oxidizer jet at the far end of the
post.

The injector in the DVRC holds similar to the design of the main RD-170 injec-
tor. A cutaway of the injector is shown in Figure 2.2 with components labeled. An
oxidizer post, marked in blue, connects the chamber to the oxidizer manifold. The
fuel manifold, in red, injects the fuel tangentially into the annulus. The fuel swirls
around, filling the annulus as it flows into the injector cup, highlighted in yellow. At-
omization of the fuel, primarily through shearing between the fast traveling oxidizer
jet and the liquid fuel, takes place within region and continues into the chamber.
Unlike the RD-170, the DVRC does not have a bevel, instead having a backwards
facing step that opens up into the chamber.

The oxidizer post serves as a tube that conditions the incoming oxidizer jet. At
the upstream end sits an inlet that sets the pressure drop driving the flow. The
inlet strives to achieve a balance to provide a small pressure drop to serve the overall
pressure budget, but large enough to prevent oscillations within the post from reaching
and initiating fluctuations within the manifold. The inlet will also act as an acoustic
boundary condition, where depending on inlet type, and the associated the pressure

drop, the inlet can behave akin to an open or closed acoustic boundary, or something
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Figure 2.1.: Diagram of the (a) main and (b) baffle injectors for the RD-170. The
main injector supposedly uses a baffle to promote cooling and surpasses longitudinal

pressure waves while the baffle injector breaks up transverse pressure waves [26].
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Figure 2.2.: Diagram of the DVRC GCSC injector with labeled components. Blue
highlights the oxidizer post, red highlights the fuel injector, and yellow the injection

recess.
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in between. The post also acts as a resonator to the chamber. Depending on its
length and conditions of the oxidizer flow, the post can drive or dampen acoustic
fluctuations generated within the combustor.

The fuel injector comprises the fuel manifold, several tangential fuel inlets and the
fuel annulus. A pressure drop across the fuel inlets drives the supply of fuel into the
fuel annulus. The tangential design of the inlets provides circumferential momentum,
giving the fuel within the annulus its swirl. A collar sits between the oxidizer post
and the fuel annulus, shielding the fuel and giving it time to develop.

At the termination of the collar is the injection recess, where the fuel film is
exposed to the oxidizer jet. Shearing and atomization of the fuel by the jet takes
place, while still leaving enough fuel for cooling purposes. The volume within the
recess also acts as a shelter for combustion to be initiated and sustained away from the

chamber, protecting the heat release rate from chamber acoustic perturbations [52].

2.2.2 Swirler Design

An important parameter in designing a swirl injector is the geometrical charac-
teristic constant, A. It can be thought of as an indicator of the swirl intensity of
the flow [53|. This constant is a ratio of the product of the tangential velocity and
normalized momentum arm, and the axial velocity. Equation (2.1) mathematically

defines the ratio, further reducing it into geometric parameters [54].

(Q/nﬂRQ,in)(Rm/st) . Ry Ry
(Q/Wng) a nR?,zn

The volumetric flow rate of the injector is represented by (). The radius of the

A:

(2.1)

swirl cup is represented by R,,, while the radius to the center of the fuel inlets is
represented by R;,. The number and radius of the fuel inlets are defined as n, and
Ry .in, respectively.

Figure 2.3 demonstrates the effect the geometrical constant has on the spray char-

acteristics for a constant pressure drop. As the geometric constant increases, the spray
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Figure 2.3.: Representative images of spray features at a pressure drop of 0.3 MPa
(43.5 psi) for geometrical characteristic constants of (a) 5.8, (b) 9.6, (c) 12.3, (d) 13.5
and (e) 20 [55].

becomes smoother and more well-developed. This is expected, as an increase in A
can be viewed as an increase in centripetal acceleration, which acts as a stabilizing
force [39].

The geometric constant is also defined as a function of the coefficient of filling, ¢.
This coefficient is a ratio of the cross-sectional area of the flow to that of the nozzle.

Calculation of ¢ from the geometric constant follows Equation (2.2).

(1-¢)v2
N

Once the coefficient of filling is known, it is possible to calculate the discharge

A= (2.2)

coefficient. Flow through the injector suffers from low discharge coefficients, due to
the development of the gas core along the axis, reducing the effective cross-sectional
flow area. The discharge coefficient can be expressed in terms of the coefficient of

filling via Equation (2.3).

= Wq‘ﬁ/\/i ¢ (2.3)
The combination of discharge coefficient and geometric constant can then be used

to determine the ratio of the inner gas core diameter to the diameter of the exit

orifice, S, following Bayvel and Orzechowski [54].



17

e A

At this point, estimates of the‘flow area for both the inner das core and the outer
liquid film have been made. Velocities for the fluids can be calculated. The velocity
of the gas core is considered to be purely axial. Any radial or tangential component
is neglected. The gas velocity is then based on conservation of mass, where m,, is the
mass flow rate of the gas, p, is the density of the gas, and A, the cross-sectional area
of the gas flow.

mg

Viyar = 2.5
9, p Ag ( )

g

The axial and tangential velocities of the liquid are based on the total velocity of
the fluid, which can be derived from Equation (2.6) using the density of the liquid,

p1, and the change in pressure across the fuel inlets, AP,

Vz,tot = ZAPZ (26)

Then, axial and tangential liquid velocities are derived using the already obtained

geometric parameters.

412 A2
Viee = _— 2.7
b (1+9)2 (27)
2uA
== 2.
‘/l,tan 1 +S‘/Z,t0t ( 8)

In the absence of other influencing factors, the spray angle can then be defined
as the inverse tangent of the ratio tangential and axial velocities, as shown in Equa-

tion (2.9).

\V)

@ yant (“’/) ( (2.9)

The spray angle, «, is the full cone angle. Often, it is easier to use the spreading

angle, /2, to discuss the spray of the liquid from the centerline.
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2.2.3 Film Profile

The film of liquid fuel plays multiple roles in the GCSC injector. First, it acts
as a coolant, preventing excess heat loads on the injector walls. Reduced hardware
temperatures decreases the complexity of the engine design, allowing for thinner ge-
ometries or alternate material [56]. This can also lead to improved performance,
as potentially higher chamber temperatures can be reached. Second, it is a driver
in the atomization and mixing process as it interacts with the central high-velocity
gaseous oxidizer core. Generally, a thinner film better promotes atomization. Con-
versely, complete or even near-complete burning of the film exposes the recess to the
full brunt of the combustion, jeopardizing the hardware. An ideal GCSC injector
promotes steady, uniform atomization of the liquid fuel, while preserving enough to
achieve proper cooling.

As was made evident in the previous subsection, the film is highly dependent on
the geometric parameters of the injector. Changes in the film, such as velocity profile
or thickness, will augment the mixing process. For example, Lefebvre [57] writes that
the Sauter mean diameter (SMD) is proportional to film thickness. An increase in
swirl number would lead to a thinner film and therefore smaller, finer droplets.

Rizk and Lefebvre [58] used experimental data to derive an empirical formula for
calculating film thickness based on geometry, properties of the fuel and the pressure

drop,

h = 3.66/Fryriugm/ pu AP, (2.10)

where 7, is the radius of the swirl chamber, 17, the mass flow rate, 14 and p,, the
viscosity and density of the liquid, respectively, and AP the pressure drop across the
injector.

Suyari and Lefebvre update the correlation based on measurements made using

the conductance method [59], as shown in Equation (2.12).
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h=2.7/3ryriugm/ puAP (2.11)

Recent work has begun using a similar correlation proposed by Fu et al. [31], also

relying on the same parameters but with a different scaling factor,

h=3.14/3ryriugm/ puAP (2.12)

Since its proposal, much work conducted on open-end swirl injectors have opted
to use this method of estimating film thickness [24,60-62].

The influence of chamber backpressure on film thickness was the focus of work
conducted by Kenny et al. [63]. Chamber backpressure was varied between atmo-
spheric conditions and 4.81 MPa for a fixed mass flow rate of 0.09 kg/s. Average film
thickness increased alongside chamber pressure. The increase in film thickness led to
higher discharge coefficients and lower spray angles. It was also noted that while the
average film thickness increased with chamber backpressure, the thickness at the exit
of the injection recess nearly converged at all pressures to a single value close to what
was predicted by Bazarov [64].

Fu et al. [31] studied the effect of unsteady pressure profiles on film thickness. A
pulsing flow generator upstream of an injector was used to provided a controlled means
of driving unsteady behavior. As demonstrated in Figure 2.4, at low frequencies, such
as 20 Hz and 100 Hz, both the pressure fluctuations and film thickness share similar
modulations, albeit with some phase shift dependent on the frequency. At higher
frequencies, the film thickness continues to vary, but the trends begin to diverge.
This is due to the fact that the liquid film cannot respond fast enough to more
frequent oscillations. By the time the film starts to respond to a given perturbation,
it has already begun to recede. This is most evident in Figure 2.4d, where although
the film thickness continues to modulate, it is unable to do so as consistently as it
has at lower frequencies.

Generally, the properties of the film, such as thickness and distribution of velocity

across the axial and tangential components, are driven by the injector geometry and
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Figure 2.4.: The effect of unsteady pressure oscillations on the film thickness for

forcing frequencies of (a) 20 Hz, (b) 100 Hz, (c¢) 200 Hz, and (d) 300 Hz [31].



21

inlet conditions. Atomization and mixing are then a function of characteristic injector

parameters, such as the momentum flux ratio.

2.2.4 Atomization

While mixing and atomization considers a multitude of physics and interactions,
it is predicated on two well-understood cornerstones: geometry and thermophysical
properties of the fluids [57]. In the context of liquid rocket engines, the term atom-
ization refers to the physical mechanisms that break down a continuous liquid stream
and produces droplets fit for mixing and combustion. However, while the involved
mechanisms eventually produce droplets, they are often preceded by disturbances in
the liquid film which are an equally important part of the process. Summaries of
various disturbance breakdown can be found in Reference [65]. Three mechanisms
considered to be dominant in GCSC injectors will be described here: liquid turbu-
lence, wave stripping, and gas-phase vortex shearing. These three mechanisms have
been observed independently, and operate at different temporal and spatial scales.
There is no indication they are exclusive, however, and it is expected that multi-
ple mechanisms can be at play at a given time [41]|. The liquid turbulence and wave
stripping mechanisms have long been documented [66-68|, while the gas-phase vortex
mechanism has only recently been identified [42].

Injection at high Reynolds numbers creates turbulent eddies as the liquid inter-
acts with the wall. The eddies roughen the liquid surface, producing ligaments then
subsequently forming droplets via Plateau-Rayleigh breakup. The mechanism was
observed in both planar [68] and annular jets [49] into a quiscent environment. Dia
et al. [68] provided several non-dimensional parameters that can be used to estimate
length to atomization onset.

In the absence of dominating aerodynamic forces, the instability of the liquid
surface becomes dependent on flow turbulence, assuming the film satisfies the criteria

to allow for turbulent boundary layer growth. As aerodynamic forces come into play,
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Figure 2.5.: Time steps from axisymmetric simulation showing effects of liquid tur-
bulence mechanism. Turbulent eddies roughen the film, creating undulations that

eventually grow large enough to break into droplets [41].

the environment becomes more resistive. Fewer ligaments are formed, with fewer
droplets breaking off those ligaments.

Azimuthal pulsations in the liquid film are expected to occur, caused by pulsations
in the tangential inlets. A consequence of the film thickness being on the same order
as the diameter of the holes [64].

Work performed by Sarpkaya and Merrill [66] also demonstrated the inherent
relationship of ligament and droplet production on the wall surface condition.

Application of aerodynamic forces to the liquid film prompts hydrodynamic insta-
bilities. Instabilities due to differences in physical properties, such as Rayleigh-Taylor
or Kelvin-Helmholtz, deform the gas/liquid interface. The resulting waves along the
interface can isolate pockets of the liquid. Work conducted by Woodmansee and
Hanratty [67] investigated the process of parallel air flow amplifying these waves and
separating the mass at the peak. They determined a critical Weber number, for a
given film thickness, that prompted onset of atomization, as well as governing param-
eters of the process. Figure 2.6 provides an example of wave stripping in action from
an axisymmetric simulation.

The third and final atomization mechanism described here considers the space
behind the backwards facing step, such as the region behind the collar in the GCSC

injector. In this case, a vortex is shed from the high velocity oxidizer and falls behind
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Figure 2.6.: Time steps from axisymmetric simulation showing effects of wave strip-
ping mechanism. Differences in physical properties at the gas-liquid interface generate
waves that can ultimately be stripped by the aerodynamic stresses imposed by the

oxidizer jet [41].
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Figure 2.7.: Time steps from axisymmetric simulation showing effects of proposed
vortex shearing mechanism. A gas-phase vortex behind the collar shears the liquid

film, pulling a portion of it into the oxidizer jet and separating it [41].

the collar. As the liquid passes by this rotating vortex, it experiences shearing and
tearing. This leads to a distorted film appearance. It is not until the vortex pushes
some of the film past the collar where it protrudes directly into the oxidizer does the
liquid break into droples. Figure 2.7 demonstrates this phenomenon in action. The
first step in this sequence follows a gas vortex that moves behind the collar. The
vortex approaches the liquid film, shearing it and pushing it back up against the
collar. The kicked-up sliver of film is then caught up in the expanding oxidizer jet,
where aerodynamic forces break it apart. This mechanism requires a sufficiently high
kinetic energy ratio (or momentum flux ratio), lest the vortex be displaced by the
liquid fuel.

The discussed atomization mechanisms are believed to be controlled predomi-
nantly by the Reynolds numbers of the two fluids, Weber number, and also the
momentum flux ratio. It is believed that liquid turbulence first occurs when there
is minimal aerodynamic forces. This is replaced or augmented by wave stripping as
the velocity of the oxidizer jet increases. Increasing the aerodynamic forces further

transitions the atomization process into gas-phase structure dominance.
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2.2.5 Spray Angle

The spray angle of the propellant at the dump plane is a qualitative measure of
mixedness of the propellants.

In the absence of the central oxidizer jet, the spray angle would simply be a ratio
of the tangential and axial velocities, a la Equation (2.9). In this case, spray angle
in only a function of tangential to axial momentum, a product of geometry and fuel
mass flow rate.

With the inclusion of the oxidizer jet, the spray angle is influenced by momentum
transfer at the gas-phase liquid interface and the pressure differentials in the space
between jet and liquid stream. The former is a product of the recess ratio, while the
momentum flux ratio controls the latter. For this reason, the recess and momentum
flux ratios are considered to be key parameters in defining the mixing and spray
characteristics of a GCSC injector, with further implications both ignition and steady-
state operation, and chamber wall heat load [32,69]. These two parameters are

discussed further below.

2.2.6 Recess Ratio

The recess ratio is defined as the ratio between the length of the injection re-
cess and the diameter of the oxidizer post before entering the recess. Following the

nomenclature of Figure 2.3, it can be defined as shown in Equation (2.13).

LS'LU

RR = oR..

(2.13)

As the injection recess serves as a primary location for mixing, it follows that a
longer recess would lead to increased exposure time between the oxidizer jet and the
liquid fuel, and therefore enhanced mixing. However, this also serves to reduce the
spray angle, limiting the distribution of fuel in the chamber. The optimal injector

must then balance these two factors.
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Figure 2.8.: Dependency of recess ratio on spray quality at various injector swirl
numbers. Increasing recess ratio leads to the removal of streaks in the spray. No

central gas jet is present [62].

Spray uniformity increases with longer recess ratio [62]. Figure 2.8 compares the
effect of recess ratio on the spray profile for two recess ratios, 0.5 and 1.5, at low,
medium and high swirl constants. Streaks are evident for all swirl levels at the shorter
recess ratio, and vanish at the longer ratio.

Without the presence of the recess, minimal mixing occurs, having detrimental
effects on the mixing efficiency and flame stability, as noted by Mayer et al. [70] in
shear coaxial LOX/GH2 injector.

There is also a connection between combustion performance and recess ratio,
specifically concerning the ratio between film residence time and break-up time of the
fuel film. Strakey et al. [71] reworked a correlation first proposed by Mayer [72] to

optimize the film residence time, shown in Equation (2.14).

(2.14)

44 1/3
t, _CGiL [A? fupr 1 m;}}
tb T f g
Here, ¢, and ¢, are the residence and break-up times, respectively. C' is an arbi-

trary constant designed to set t,/t, = 1 when c¢* efficiency is 100%. L is the length of
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Figure 2.9.: Prediction of ¢* efficiency for butane, RP-1 and JP-10 versus measured

c* efficiency [71].

the injection recess, 7 the thickness of the film, 14 the liquid viscosity, o; the liquid
surface tension, and p, and p; the densities of the gas and liquid, respectively.

The hypothesis behind this correlation is that maximum efficiency is achieved
when the residence time of the fuel is equal to or greater than the break-up time.
Decreasing residence time such that the left hand side of Equation (2.14) falls below
unity leads to decreased ¢* performance.

The correlation was tested for a trio of fuels: butane, RP-1 and JP-10. Based on
the fluid properties (viscosity, density, surface tension), and fixed geometry and inlet
conditions, ¢* efficiency predictions were calculated. Predictions for these propellants,
and the measured efficiencies are shown in Figure 2.9.

As mentioned previously, a larger recess reduces spray angle as increased mixing
time further lowers tangential momentum. In a study of both recess and momentum
flux ratio effects, Kim et al. [69] provides visual evidence in the form of backlit images

of the reduction of spray angle in a cold flow test of a GCSC injector.
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Figure 2.10.: Dependency of spray angle on recess ratio for a range of injection

pressures [62].

The reduction in spray angle with an increase in recess ratio was also shown by
Anand et al. [62]|. Recess ratio, along with injection pressure, were varied for a given
injector and resulting spray angle was measured. Results are shown in Figure 2.10.
Spray angle increased slightly with raised injection pressure, but dropped drastically
as the recess ratio grew. The empirical correlation they derived, shown in Equa-
tion (2.15), relates the half spray angle to the geometrical constant, A, and the recess
ratio, RR. This correlation is consistent with correlations reported elsewhere in lit-
erature [31,32,42,57|. Influence of the central oxidizer jet, and resulting interaction,

is not considered in this correlation.

tan(a/2) = 0.01AM*RR~0212 (2.15)

Given more time to mix, injectors with longer recess ratios tend to produce finer
droplets. Radial profiles of the Sauter Mean Diameter (SMD) were obtained for a
variety of recess ratios [32]. At lower ratios, inner most region of the liquid-dominant
zone produced droplets 40% larger than at higher recess ratios, an indication of more

effective atomization.
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Park et al. [60] observed that measured film thickness decreased as a function
of recess ratio. This was more significant at low Reynolds numbers. Sarpkaya and
Merrill [66] showed that increased loss of momentum to the wall increased the film

thickness, and this effect increased as the surface of the wall become rougher.

2.2.7 Momentum Flux Ratio

The momentum flux ratio is a simple ratio between the momentum of the central
oxidizer jet and the outer liquid fuel. Wrapped up in this parameter is a measure
of aerodynamic force applied onto the fuel by the oxidizer. At low values, the liquid
fuel is more resistive to the gas jet, resulting in a wider spray angle. At high values,
the oxidizer overpowers the liquid fuel and better strips the film, resulting in smaller
droplets and better atomization.

There have been conflicting definitions for momentum flux ratio in GCSC injectors
found in the literature, differing in the inclusion of the tangential component of the
fuel. Recent work from AFRL suggests that the total velocity of the fuel provides
the best fit in defining the relationship between momentum flux ratio and normalized
liquid film thickness [39]. In a number of injectors studied, variables such as number
of fuel inlets, swirl levels, geometry and flow conditions. Average liquid film thickness,
normalized by initial film thickness, collapsed to a single fit for the tested variations
of each injector. However, the range of ratios tested in this work greatly exceed the
typical range of momentum flux ratios commonly used in industry.

Most typically, it is the axial velocities used to define the momentum flux ratio.
The reasons for relying solely on axial velocity, and not a combination of tangential
and axial velocities, are rarely provided. However, Jeon et al. [24] do provide one
explanation, in that an empirical relationship between the ratio of breakup length
and thickness of the liquid and momentum flux ratio implies that it is the axial
energy that competes with the central gas jet during the atomization process. It is

also likely that the reliance on axial velocity is due to ease of calculating and accurate
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value for axial velocity for the liquid fuel based solely on continuity, compared to
deriving an estimate of the tangential velocity imparted by the swirl while taking
into account the equations discussed in earlier in Section 2.2.2.

For this work, the axial velocity of the fuel will be used when discussing the
momentum flux ratio due to its prevalence in literature and to allow for comparison
to published work.

As touched upon earlier, the central oxidizer jet will interact with the liquid film,
altering the spray angle. The deviation of spray angle due to the high velocity gas
has been studied, with empirical fits for the spray contraction determined.

Im et al. [32] revealed that two regimes exist in the relationship between mo-
mentum flux ratio and spray angle in GCSC injectors. At low ratios, an increase in
momentum flux ratio led to a decrease in spray angle for a variety of liquid Reynolds
numbers and recess ratios. At some critical value the trend reversed, where increasing
the ratio beyond a certain value led to a widening of the spray. Where one regime
ended and transitioned to the other appeared to be dependent on recess ratio, and
independent of liquid Reynolds number. The correlations for spray angle contraction
are shown in Equations (2.16) and (2.17) for the low and high momentum flux ratio

range, respectively.

CK/CYO — 0.61R60.086—0.0657J (216)
a/ap = 0.33Re%03 0518 R 033 (2.17)

The results are non-dimensionalized by dividing by the spray angle in the absence
of the central oxidizer jet. The former equation has a weak dependency on liquid
Reynolds number and a stronger, although inverse dependency on momentum flux
ratio. The latter equation has the same dependency on liquid Reynolds number, and
a positive dependency on momentum flux ratio, along with a moderate dependency
on recess ratio added.

The authors suggest that two physical processes sensitive to momentum flux ratio

are present. At lower momentum flux ratios, the space between the liquid fuel sheet
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and the oxidizer jet becomes entrained into the jet, resulting in a lower pressure in the
space. The higher pressure outside the fuel then pushes the spray inwards. Beyond
a certain point, the increased momentum of the oxidizer jet leads to an increase in
the interspace. A possible explanation for this is that the momentum flux ratio is
typically raised through an increase in the gaseous mass flow rate, which would cause
a higher interspace pressure, redirecting the spray outwards.

Kim et al. [69] also studied the relationship between momentum flux ratio and
spray angle contraction at four different recess ratios. Here, the spray angle contrac-

tion was reduced to a single parameter, £, defined in Equation (2.18).

g _ anogas - CVgas (218)

Qnogas

The « variable refers to the full spray angle, with the subscript denoting whether
the spray angle represents liquid only flow ("no gas"), or liquid and central gas jet
("gas"). Similar trends were captured at the four different recess ratios. In each
case, increasing momentum flux ratio directly led to an increase in & until it reached
an asymptote at around £ = 0.9. The value at which the spray angle no longer
changes (or reverses trends, according to Reference [62]) is defined as the critical
momentum flux ratio. This ratio is often considered to be the value at which optimum
mixing occurs. The authors of Reference [62] suggest that operating at or above the
critical momentum flux ratio carries with it good gas-liquid interaction and increased
combustion efficiency and stability. The critical ratio tends to decrease with recess
ratio. The findings of Park et al. [60] agree with this trend, with larger recess ratios
more strongly influenced by momentum flux ratio.

Anand et al. [62] studied a selection of 11 injectors, investigating effect of momen-
tum flux ratio, swirl level (through the geometrical constant), and recess ratio. Like
References [31,32,69], spray angle was also found to decrease with increased momen-
tum flux ratio until the critical value is reached. This critical value is also subject

to the swirl number, where higher swirl number injectors had lower critical ratios.
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Likewise, generally increasing the recess ratio also lowered the critical momentum
flux ratio, similar to Reference [69].

The authors of Reference 62| further explored the effect of momentum flux ratio
on SMD at atmospheric pressures. For all injectors tested, increasing momentum flux
ratio led to an increase in percentage of smaller particle diameters. Recorded mo-
mentum flux ratios where SMD is 90 microns or less were slightly higher than critical
values determined by spray angle for the same injector. Injectors with swirl numbers
below 10 required momentum flux ratios above 5 to achieve proper atomization. This
number drops the suggested ratio for good atomization down to 3.5 At high swirl
numbers, such as A > 19, good atomization does occur, with the production of very
fine droplets near the core of the jet at critical ratios between 2.5 and 3. At the outer
periphery, the atomization becomes quite poor and subject to unstable mixing and
combustion. Based on the results of their study, the authors advise to avoid too low
or too high of a swirl number. In the case of the former, the fuel film thickness be-
comes larger, inherently leading to droplets with larger SMD and poorer atomization.
In the latter, discharge coefficients become very low, and the region in which high
atomization occurs shrinks. An injector with a swirl number between 13 and 15 is

thought to find the right balance between flow capability and atomization.

2.2.8 Collar

The collar is a small piece of hardware that can have a major impact in the
injection process. First, it serves as a means of redirecting the injected fuel, providing
the axial momentum driving the liquid forward, Second, it shelters the fuel within
the annulus as it develops. During this time, the fuel, which was injected at discrete
locations, begins to spread out circumferentially. Third, the termination of the collar
at the start of the injection recess forms a recirculation zone. The central gas expands

into the shadow of the collar, stripping some of the fuel and entraining it in the
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recirculation. Having a stationary, pre-mixed zone allows for the flame to anchor
itself behind the collar.

Flame is stabilized by recirculation flow downstream of LOX post for shear coaxial
injector with cryogenic propellants [73,74]. It has been shown that the recirculating
flow provides an energy pool to ignite the incoming propellants |75, 76].

Singla et al. [77] studied high pressure cryogenic flames with LOx and both gaseous
hydrogen and methane. Flame boundary was visualized through planar laser induced
fluorescence of OH. It was shown that the flame was stabilized behind the injector lip
for both fuels. The anchor point was found to be closer to the lip for the hydrogen case
compared to the methane. Also, variation of the anchor location was higher in the
methane case. This was attributed to a dimensionless parameter which is the ratio of
the lip thickness to flame edge thickness, ® = h,/d;. Flame stabilization is expected
when the flame edge is thinner than the lip, or when ® is equal or greater than unity.
This was the case with the hydrogen. The methane case produced a value of ® less
than one, resulting in a flame edge thickness that protruded out of the shielded region
provided by the lip, making it more sensitive to the high speed methane stream.
Nevertheless, the flame remains anchored, resulting in global stabilization but the
shear layer is subject to pressure fluctuations. The flame is considered anchored, and
stabilization achieved, when the anchoring distance is on the order of the lip thickness,
or O(hs/L.) 1, where hy is the lip thickness and L. the anchoring distance.

This follows similar work by Nicoli et al. [78] which showed that an increase in lip
thickness favored flame stabilization. They found the lip thickness to have a stronger
effect on the flame stability compared to the velocity of the gas jet in a coaxial
injector. While this work considered a gas/gas injector, the role of the lip thickness
in stabilizing the flame in a liquid/gas injector was demonstrated by Juniper and
Candel [79].

Yang et al. [80] investigated cryogenic combustion to discern whether shear coaxial
injector design methods with gaseous hydrogen were scaleable to gaseous methane.

The two propellant combinations exhibited different behaviors when operated across
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the same range of momentum flux ratios and Weber numbers. Their work described
the extreme propensity for LOX/H2 flames to anchor to the injector rim across the
operating range. The LOX/CH4 flame was easily lifted in the vicinity of the conditions
tested. While the difference in fuel lead to altered mixing and atomization levels, the
slower chemical kinetics of the methane compared to the hydrogen are considered the
driving factor in lifting the flame.

In the study of a LOX/LH2 engine, Nunome et al. [81] observed transitions be-
tween stable and unstable behavior they attributed to flame anchoring. During ex-
perimental testing of a single coaxial injector, moderately sized pressure amplitudes
were observed for the first half of the test. Near the halfway point, the oscillations
disappeared and the combustion became stable. High-frequency pressure measure-
ments also show a sharp decrease in frequency content at the same time. The authors
believe that the at start up, the flame is lifted away from the oxidizer post lip. When
the combustion becomes stable, they reason, the flame has anchored itself to the lip
and remains fixed.

Kang et al. [82] used Large Eddy Simulation (LES) in conjunction with a flamelet
progress variable method to study the mixing layer of a kerosene surrogate, JP-10,
and heated oxidizer. The mechanism of flame anchoring found in this study is shown
in Figure 2.11. Four instantaneous snapshots are shown, each corresponding to a
different part of the mechanism cycle. First, a vortex on the oxygen side provides
fresh oxidizer to flame kernel. Simultaneously, a portion of the incoming fuel stream
is separated by a small clockwise vortex which is directed towards the kernel. At the
next time step, in Figure 2.11b, the kernel has moved downstream. Fuel continues to
be supplied by a small vortex. By Figure 2.11c, a new vortex is created on the oxidizer
side. The fuel side vortex has moved downstream and the kernel is no longer receiving
a constant stream of fuel. Instead it begins to pool in a small region. In the last time
step, the original kernel is extinguished, but gives rise to a newly generated flame on
the oxidizer side, which restarts the cycle. Meanwhile, the pooled fuel continues to

translate downstream and ignites.
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Figure 2.11.: Instantaneous snapshots from a cycle of the flame anchoring mechanism

in a kerosene/GOX injector [82].
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The collar can also be a source of oscillations in the distribution of propellants.
Canino et al. 25| simulated gas flow over a splitter plate and determined that shedding
due to the collar step could create vortices that can impinge on the chamber walls,
presenting a possible mechanism for unsteady heat release and combustion instability.
These vortices were also identified in work performed by Bedard [83] in a configuration
similar to that of the DVRC. In a configuration where the injectors opens into the
chamber with a bevel, a high frequency mode attributed to this behavior was identified
and appeared to propagate downstream while weakening and reducing in frequency.
It was postulated that this was due to vortex pairing and breakup. This behavior

was not observed in a flat-faced configuration, tying it to a hydrodynamic event.

2.3 Transcritical and Supercritical Effects

Liquid rocket engines can easily operate at conditions where propellants are ei-
ther injected at or into supercritical conditions. At these elevated temperatures and
pressures, thermophysical properties are easily affected by small changes in operating
conditions, greatly altering diffusivity, mixing, atomization and even chemical kinet-
ics, all of which have a profound connection to the overall stability of the combustion
dynamics.

The critical points of various working fluids are presented in Table 2.1. Many of the
gaseous fuels, such as hydrogen and methane, have critical temperatures well below
atmospheric conditions. The alkane group exhibits an increase in critical temperature
but a decrease in critical pressure as the number of atoms increases, starting with the
critical pressure and temperature of methane (CH4) 4.60 MPa and 190 K, respectively,
while for dodecane (C12H26) the critical values are 1.80 MPa and 658 K.

An illustration of the effects of trans- and supercriticality on density, specific
heat, viscosity and thermal conductivity of aviation kerosene are presented in Fig-
ure 2.12 [86]. Discontinuities can be found in density, viscosity and thermal conduc-

tivity within the transcritical region, where small changes to a single thermophysical
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Table 2.1.: Critical properties of various propellants and simulants [84,85].

N2 He 02 H2 CH4 C12H26 RP-1

Critical Pressure [MPa]  3.40 0.23 5.04 1.28 4.60 1.80 2.17
Critical Temperature [K] 126 5 154 32 190 658 662

property can have large swings in others. At the right conditions, this could lead
to two-phase flow where the thermophysical properties of the fluid can change by
an order of magnitude across a very small distance. Beyond the critical point, the
gradient of the properties becomes much more smooth where the fluid is considered
to exhibit both liquid- and gas-like behavior.

A substantial amount of work on transcritical and supercritical effects has been
published Chehroudi [87], covering a variety of fluids and injector types. His inves-
tigations examine easily modelable fluids such as gaseous and liquid nitrogen and
liquid oxygen into supercritical conditions in non-reactive flows. Parameters such as
jet spreading angle, core length, and break up were studied for single, coaxial and
impinging injectors, as well as the effect of momentum flux and velocity ratios in
coaxial injectors. The effects of acoustic excitation were also discussed, with the the-
ory put forward that the interactive surface area between a supercritical fluid and an
adjacent fluid is reduced, leading to reduced intrinsic sensitivity of the injector as well
as promoting mixing. Davis and Chehroudi [88] examined the behavior of an LN2
jet shrouded within a coaxial GN2 jet, with the LN2 jet injected at sub-, near-, and
supercritical conditions. The effects of acoustic forcing on the jets were compared.
The results are shown in Figure 2.13. At subcritical conditions, the liquid nitrogen
jet extends deep into the chamber. When a transverse acoustic wave is directed into
flowfield, the jet quickly changes shape with the dark liquid core being sharply re-
duced in length. As the pressure is brought near to the critical point of nitrogen, the
dark core length has been greatly reduced and the jet takes on a fuzzy appearance

consistent with the diffusive properties of a supercritical fluid. Forcing effects are still
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Figure 2.12.: The effects of transcriticality and supercriticality on (a) density, (b)
specific heat, (c) viscosity, and (d) thermal conductivity of aviation kerosene for

several isobars [86].
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Figure 2.13.: Acoustic forcing effects on a sub-, near-, and supercritical nitrogen
jet. Effects of acoustic forcing are most pronounced for at subcritical conditions,

weakening as reduced pressure increases [88].

visible when an external modulator is engaged. There are few changes between the
near- and supercritical conditions. The dark core length has been reduced yet further,
and weak sinusoidal modulation appears when external forcing is applied. In the con-
text of combustion instability, the authors hypothesize that the reduced variations
observed in the dark core length in the near- and supercritical cases compared to the
subcritical case could weaken a key feedback mechanism in self-excited combustion

instability.
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Locke et al. [89] conducted tests of reacting hot fires and cold flows at both sub-
and supercritical conditions. In the hot fire tests, liquid oxygen was injected into
gaseous hydrogen, while the non-reacting tests injected liquid oxygen into gaseous
oxygen. High speed imaging using shadowgraphy was collected to visualize supercrit-
ical injection parameters such as core length and break up in both hot fire and cold
flow cases, demonstrating that the classical atomization and break up model is not
adequate for supercritical fluids.

Across the studies reviewed, all of them focused on a singular or central jet that
was injected at or into supercritical conditions. In coaxial injectors, this results in
a denser fluid core within a gaseous sheath. The effective length and spread angle
of this denser core was a primary indicator for the effective mixing rate and level
of injector sensitivity. However, measurements of these parameters, along with their
interpretations, would drastically change for an injector where the supercritical fluid
is the outer propellant, such as kerosene in the RD-170.

Aviation kerosene has been studied at supercritical conditions, both numerically
and experimentally, and the thermophysical properties are published. However there
is limited published work on the effects of supercritical kerosene, primarily RP-2, in
reactive flows. Kim et al. [90] performed cold flows and hot fires of liquid oxygen
and kerosene in a bi-swirl coaxial injector at transcritical injection conditions for the
fuel. They found the oxidizer post recess length had a significant impact on mixing,
indicated by distributions from a mechanical patternator for cold flows and an increase
in chamber pressure and characteristic velocity in hot fire tests.

Recent work by Wang [91] studied a bi-swirl liquid oxygen /kerosene injector at
supercritical pressures and subcritical temperatures through large-eddy simulation
combined with a unified treatment of real-fluid thermodynamics. They found the
flame to be stabilized by the counter-rotating vortex injection design. The flame
became relatively unstable once the flame thickness became larger than the liquid

oxygen post thickness.
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There is a lack of both knowledge and understanding of how kerosene in the tran-
scritical and supercritical states impacts combustion stability, in terms of injector
hydrodynamics as well as acoustically. The work presented in this document pro-
vides benchmark data of transcritical kerosene in a GCSC injector at a variety of

configurations for use in the validation of computational models.

2.4 Related Work

A review of relevant work is provided here. Experiments similar to the DVRC
are first discussed. These experiments examined the effect of geometry on behavior
of confined high-pressure combustion. In particular, the oxidizer post can behave
as a resonator for chamber, such that particular combinations of lengths can drive
or dampen unstable behavior. Background on these two experiments is provided,

detailing operating conditions, configurations and results.

2.4.1 Uni-Element Combustor

Previous research into combustion stability at Purdue University focused on a
single element experiment with variable chamber length. This combustor, referred
to in this document as the Uni-Element Combustor (UEC), exhibited discriminating
behavior based on the length of the chamber. This effort spawned further research
into combustion instability at Purdue, including the new research presented in this
document.

The theory driving the UEC was rooted in the coupling of acoustic pressure modes
and heat release. Considering the oxidizer post a resonator for the chamber, the
geometry of the post could be tuned to promote acoustic reflections that raise the local
pressure in time with a heat release event. Likewise, de-tuning the post desynchronizes
the timing between local pressure and heat release oscillations. This dependency

on the phase relationship follows Rayleigh’s Criterion, which states that in-phase
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fluctuations in acoustic and heat release modes will drive instabilities, while out-of-
phase fluctuations will instead dampen any instabilities.

With this framework in mind, the UEC was designed to promote unstable combus-
tion through geometrical means by maximizing constructive interference of pressure
waves in the chamber along with their reflections in the oxidizer post [92|. First order
acoustic analysis was used to determine frequencies for a given geometries, based on
an assumption of a homogeneous mixture distributed through the oxidizer post or
chamber. By matching (or avoiding matching) the frequencies in the chamber and
the oxidizer post, it was presumed that the system was primed to go unstable (or

remain stable).

Experiment Description

The Uni-Element Combustor studied a single injector in a simulated oxidizer rich
staged combustion cycle. A diagram of the test article is shown in Figure 2.14. A
photograph of the installed test article at a chamber length of 88.9 cm in shown
in Figure 2.15. A catalyst bed decomposed 90% hydrogen peroxide (by weight),
which then entered an oxidizer manifold. The oxidizer was introduced radially to
the midpoint of the post through ten inlet holes. The injection point was chosen
because the midpoint sits at a pressure node for the odd numbered acoustic modes.
The full length of the oxidizer post was 17.1 cm, with a diameter of 2.1 cm. Liquid
JP-8 was injected into the fuel annulus from the fuel manifold through either four or
eight tangential holes, depending on the fuel injector used. Mixing then begins in the
swirl cup, where the fuel is first exposed to the oxidizer jet. A backwards facing step
opened into the combustor chamber, which had a diameter of 4.7 cm. The chamber
comprised several section to allow for discrete changes to the overall chamber length.
Several chamber lengths were possible: 25.4; 38.1, 50.8, 63.5 and 88.9 cm. The first
chamber section is made of copper to serve as a thermal heat sink, pulling heat away

from the high frequency instrumentation installed at the head end. This also has the
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Figure 2.14.: Cut-away diagram of the Uni-Element Combustor, with high frequency
pressure transducer locations marked. Baseline configuration with a chamber length
of 63.5 cm is shown, although chamber lengths of 25.4, 38.1, 50.8, and 88.9 cm were
also tested [92].

unfortunate side effect of drawing heat out from the combustion gas, lowering the
combustion efficiency. A short nozzle terminates the chamber, choking the exiting
combustion gases and encouraging reflection of acoustic waves [93].

Acoustic analysis was used to define a priori conditions that would drive or
dampen instabilities, based on a method outlined by Kinsler et al. [94]. In the view
that the oxidizer post acts as a resonator for the chamber, it can be sized for de-
structive interference as a means of system stabilization, or tuned to time pressure
oscillations to synchronize it with heat release. To achieve maximum damping of a
specific chamber mode, the oxidizer post required a length, L, that was one quarter
of the equivalent post wavelength, A. In this configuration, a pressure wave gener-
ated at the dump plane will travel both upstream along the post and downstream
through the chamber. The maximally damping configuration acts as a quarter-wave
resonator, see Equation (2.19), such that a pressure pulse traverses upstream through
the post, reflects off the far upstream boundary and returns to the dump plane, does
so when the chamber pressure pulse reaches the throat. In this scenario, the oxidizer

post achieves maximum pressure oscillations at the dump plane while the chamber is
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Figure 2.15.: Photograph of UEC located in the Rocket Cell of the High Pressure

Lab of Zucrow Laboratories at Purdue University [92].
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at a pressure minimum, leading to destructive interference of the acoustic waves as a
stabilizing effect.
L 1

r_2 (2.19)

The post wavelength is defined by the sound speed in the post, ¢, and the frequency

of interest in the chamber, f,, as shown in Equation (2.20).

_°
 fa

Conversely, constructive interference is expected when the post length is half the

A (2.20)

equivalent post wavelength, or when the post is a half-wave resonator, as shown in

Equation (2.21).

(2.21)

In this configuration, a pulse generated at the dump plane will travel the length of
both the oxidizer post and the chamber at the same time, with both pressure waves
returning to the dump plane at the same time.

For the UEC, the post is considered to be filled with a uniform distribution of
decomposed 90% peroxide, or 42% oxygen and 58% water vapor. The decomposition
process can cause the products to reach up to 1000 K, with sound speeds around 670
m/s. The oxidizer post had a fixed length of 0.171 m. From this information it is
possible to estimate the natural frequency of the post.

Assuming an acoustically closed/closed system (pressure anti-nodes at the up-
stream and downstream ends of the oxidizer post), and also a homogenous mixture
of combustion gases in the chamber and decomposed peroxide in the post, estimation
of the natural longitudinal frequency and its harmonics for a domain is produced by
Equation (2.22).

ne

f=57 (2.22)
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Here, c is the sound speed, and L is the length of the post, where n is an integer
to denote the harmonic. Using the upper bounds based on adiabatic conditions, a
predicted 1L frequency of the oxidizer post is around 1960 Hz.

This same method is applied to the chamber. Using results calculated from CEA,
combustion of the propellants at the nominal flow rate yields chamber temperatures
of 2534 K, with sound speeds of 1084 m/s.

Based on the acoustic theory described above, configurations with equivalent wave-
lengths around 1/2 are expected to minimally dampen pressure oscillations, permit-
ting instabilities. Likewise, equivalent wavelengths around 1/4 are expected to stabi-
lize oscillations. The baseline configuration of the UEC with a chamber length of 63.5
cm is designed to dampen the first longitudinal chamber mode, where the post has
an equivalent wavelength of 0.24, and drive the second longitudinal chamber mode,
where the post has an equivalent wavelength of 0.49. Of the five chamber lengths
tested, all save the 25.4 cm length were unstable.

The frequencies for the first three longitudinal modes in the chamber for the
lengths tested are provided in Table 2.2. Also provided in the table are equivalent
wavelengths, based on a 25% reduction in oxidizer temperature.

Sisco |95] describes the proposed mechanism in detail, which is discussed later
in Section 2.5. Briefly, velocity gradients at the dump plane induce vortices, which
entrain unburnt fuel products and oxidizer. The vortices, which do not initially
combust due to lack of ignition source right at the location of inception, are essentially
premixed pockets of propellant. The location and timing of vortex impingement on
the wall is determined by the height of the back step. By reducing the step height,
impingement can occur sooner and in a location closer to the dump plane. A version
of the UEC where the most upstream section of the chamber was made narrower was
used to study this phenomenon. Initially the 25.4 cm chamber section was selected
for study, as it was the only chamber length that demonstrated stable behavior with
the baseline chamber diameter. The chamber diameter was reduced from 2.25 cm

to 1.91 cm, with a resulting reduction of the step height from 1.10 to 0.76 cm. This



Table 2.2.: Uni-Element Combustor Acoustic Mode Frequencies

Chamber Length Acoustic Mode Frequency [Hz| L/A

1L 2134 0.55
254 cm 2L 4268 1.09
3L 6402 1.64
1L 1423 0.36
38.1 cm 2L 2845 0.73
3L 4268 1.09
1L 1067 0.27
50.8 cm 2L 2134 0.55
3L 3201 0.82
1L 854 0.22
63.5 cm 2L 1707 0.44
3L 2561 0.65
1L 610 0.16
88.9 cm 2L 1219 0.31

3L 1829 0.47
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change theoretically would change impingement time of shed vortices without altering
operating conditions. Unstable operation was achieved through this modification,
with amplitudes increasing from around 2% of the mean chamber pressure to between
29% and 49%.

Tests were also conducted at the 50.8 cm configuration. As this chamber was twice
the length of the 25.4 cm chamber, and the 2L and 4L modes of the former matched
the 1L and 2L modes of the latter, similar results were expected. Both nominal
and narrow chamber configurations were unstable, with an increase from mid-to-high
20s%, up to low-to-mid 30s%. This increase is much less than the one observed for

the shorter chamber.

Results

For a set of given oxidizer post and chamber conditions, along with a fixed post
length, it is possible to predict the acoustic modes of both the chamber, post, and
system modes using linearized acoustic analysis. A map can then be created based
on the results of this analysis, where chamber and system modes are predicted as a
function of chamber length. One such map is presented in Figure 2.16. It can also
be seen that this figure incorporates the predicted chamber modes listed above in
Table 2.2. Chamber modes (dashed lines) are calculated simply from the chamber
domain. System modes (solid lines) consider both the oxidizer post and chamber.
The chamber length often dominates system modes, illustrated by the ranges where
a system and chamber mode overlap. The oxidizer post 1L frequency is presented
as a green region. Later experiments showed that extensive heat loss to the oxidizer
injection system was possible, with temperatures measured in the post 30% lower than
the expected temperature. The solid black horizontal line in the figure represents the
oxidizer post 1L frequency.

Superimposed on Figure 2.16 are the frequencies of strongest amplitudes for each

chamber length, denoted by the red circles. Magnitude of amplitudes are repre-
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Figure 2.16.: Frequency map for chamber (dashed lines) and system modes (solid
lines). Chamber and oxidizer conditions, as well as oxidizer post length, are fixed.
Red circles indicate frequency of strongest amplitude, with size of circle a marker of
pressure oscillation level. Solid horizontal black line represents the oxidizer post 1L
mode. Chamber lengths tested are indicated by tick marks on the x-axis. Adapted
from [92]
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sented by the size of the circle, with increased amplitudes having larger markers.
Through solely varying the chamber length, different levels of pressure oscillations
were achieved during hot fire. The strongest oscillations were observed for a chamber
length of 63.5 cm, reaching peak-to-peak amplitudes at 1709 Hz around 15% of the
mean chamber pressure. This is followed by the 38.1 cm chamber, with amplitudes
13% of mean chamber pressure at 1502 Hz. The 88.9 cm chamber demonstrates two
stability levels during a single test, with pressure amplitudes of 11% at 1721 Hz be-
fore shifting to 7% at a lower frequency of 1233 Hz. Tests conducted at a chamber
length of 50.8 cm exhibited oscillations around 7% of mean chamber pressure. At
the shortest chamber length of 25.4 ¢cm, combustion was stable with no discernible
frequency content.

The strongest amplitudes appear to be at frequencies closest to the predicted
oxidizer post 1L frequency. This is expected, as the post acts as a resonator for
the chamber. Tests conducted at 38.1, 63.5, and 88.9 c¢cm exhibited the strongest
pressure amplitudes at frequencies within approximately 300 Hz of the oxidizer post
frequency. Moderately unstable oscillation were observed for a chamber length of 50.8
cm, where there is approximately a 500 Hz difference between the oxidizer post 1L
and the closest chamber and system acoustic modes. Likewise, the test conducted at
88.9 cm shifted to a lower dominant frequency. This frequency shift led to a larger gap
between oxidizer post 1L frequency and most excited frequency, along with a drop
in pressure oscillation amplitudes. There was no dominant frequency content in the
test conducted with a chamber length of 25.4 cm. According the the frequency map,
the oxidizer post 1L frequency should either match or be somewhat lower than the
chamber 1L or system 2C mode. However, the results from testing at other chamber
lengths suggests a preference of choosing lower modes to excite as opposed to higher
ones, such as in the example of the 50.8 cm chamber. It is possible that the chamber
and system frequencies for the 25.4 cm chamber are too far from the oxidizer post

frequency to successfully couple, resulting in stable operation.
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Computational work performed by Smith et al. [96] simulated this combustor at
the tested configurations. It was shown that the the full nonlinear Euler equation
framework used to model the experiment correctly captured the instability charac-
teristics of the experiment. Experimental data taken from the dominant modes for
the unstable tests were compared to mode shapes produced by the computational
model. This is shown in Figure 2.17. The simulation was also able to reproduce the
steepening of the pressure signal due to the non-linear forcing at high amplitudes.

Work by Xia et al. [98] continued to study the UEC computationally, upgrading
the model to use multistep reduced chemical kinetics as opposed to the single step
method of the previous work, as well as doubled grid spacing for finer spatial resolu-
tion. The improvement to grid spacing appeared to better match the acoustic mode
frequencies of the computation to that of the experiment. This was countered by the
change in frequency associated with the multistep reduced chemical kinetics, since
the reaction region covers a larger volume and extends further downstream than the
single step reaction.

One thing of interest to the work presented in this document is a shift in flame
anchor positioning between the single step and the multiple step reactions. As shown
in Figure 2.18, the temperature distribution at the injector is modified by the reaction
model used. The single step reaction temperature distribution suggests that the
flame is anchored to the collar, as temperatures of 1400 and 1600 K are reached
in that location. In the multiple step reaction, the temperature near the collar has
been reduced to 1000 K, matching the temperature of the incoming oxidizer jet and
indicating combustion is no longer fixed to this point.

Also demonstrated is stratification of the temperature distribution. The hot oxi-
dizer core extends along the central axis throughout the visible region. There is no
evidence of combustion occurring at the center line in either case. Moving radially
from the center line the temperatures increases with steeper gradients at further axial

locations, indicating an expanding reaction zone.
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Figure 2.17.: Comparisons of computationally acquired mode shapes and experimen-

tal data of the dominant modes from various configurations of the UEC [97].
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Reaction

Multiple Step g
React

Figure 2.18.: Comparisons of the temperature field predicted for the UEC when using
single step reaction (top) and multiple step reaction (bottom). Shift in temperature
distribution near the injector collar indicates flame anchoring has moved away from

the collar in the multiple step reaction [98].

In the single step reaction case, combustion occurs immediately near the intro-
duction of the fuel behind the collar. This flame anchoring has been shown to have
a stabilizing effect, as discussed in Section 2.2.8. This is not seen in the multistep
case, as the injection recess remains cool throughout. Instead, the combustion zone
has migrated downstream to the head end of the combustor at a pressure anti-node.
The combined impact of the unanchored flame and positioning of the reaction zone
to a region of increased pressure fluctuations would explain the stronger pressure
amplitudes observed in the mutlistep case.

In the narrow chamber experiment designed to study the impact of vortex shedding
and impingement, a clear difference in behavior was observed. The short chamber
configuration was chosen, as it was initially stable with amplitudes at the dominant
frequency roughly 27 kPa, or around 1% of the total mean chamber pressure. The

pressure oscillations increased in amplitude dramatically with the narrow face, with
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Table 2.3.: Dynamic pressure summary comparing effect of step height of the 25.4

cm UEC experiment. Results from Reference [95] unless otherwise noted.

Test Designation Dominant Frequency/Amplitude (Peak-to-Peak/Pc)

10D1 [92] 26.3 kPa @ 1905 Hz (1.11%)
10HI01 29.0 kPa @ 2070 Hz (1.21%)
10HI02 27.2 kPa @ 1930 Hz (1.11%)
10NF01 343 kPa @ 2060 Hz (14.36%)
10NF02 562 kPa @ 2045 Hz (24.30%)
10NF03 662 kPa @ 2015 Hz (28.56%)

levels between 14% and 29% of the mean chamber pressure. The dominant mode
appears to be the 2L chamber mode, where the oxidizer post is a half-wave resonator
of the chamber.

The results from tests conducted at the short chamber length are presented in
Table 2.3. The first two numbers in test designation are chamber length in inches.
The following letters indicate whether the configuration was the original design, 'D’,
conducted with a highly instrumented head end section, "HI’, or used the narrow face
configuration, 'NF’. Numbers following the configuration designation indicate test
number in series.

A comparison of the spectrograms and PSDs from the highly instrumented and
narrow face tests are shown in Figure 2.19. The PSDs are taken from a 200 ms time
slice in the middle of hot fire. Ignition begins around 4.7 seconds and shut down
occurs around 5.5 seconds. The 1L mode, which coincides with the oxidizer post 1L,
is visibly excited in the narrow face configuration, along with the second and third
harmonics. The nominal chamber diameter configuration is clearly stable, with no

distinctive peaks. Note that this oxidizer post frequency is also excited early on in
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Figure 2.19.: Spectrogram and PSD taken from a 200 ms during hot fire tests with
the 25.4 cm (10 in) chamber for the (a) highly instrumented baseline diameter case,
10HI02, and (b) the narrow face chamber, 10NF02. Ignition begins around 4.75
seconds and hot fire ends at 5.5 seconds. Adapted from [95].

the test, as early as the monoprop portion of the test, indicating it is tied to the
oxidizer injection system.

The tests were repeated at a longer chamber length of 50.8 cm. Since this chamber
length is twice that of the 25.4 cm chamber, the 21 and 410 modes match the 1L and
2L modes of the latter. Because the oxidizer post exists as a resonator for the chamber
at a comparable wavelength, results similar to the shorter chamber were expected.
At the baseline diameter, the 1L mode was excited around a frequency of 1175 Hz,
with amplitudes approximately 19% of the mean chamber pressure. At the narrow
face, the frequency shifted upwards to 1230 Hz, with increased amplitudes around

25-28%. The second harmonic, however, did not change nearly as drastically.
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Table 2.4.: Dynamic pressure summary comparing effect of step height of the 50.8

cm UEC experiment. Results from Reference [95] unless otherwise noted.

Test Designation Dominant Frequency/Amplitude

20D1r [92] 448 kPa @ 1180 Hz (19.59%)
20HI01 452 kPa @ 1165 Hz (18.90%)
20NF01 655 kPa @ 1230 Hz (28.05%)
20NF02 593 kPa @ 1235 Hz (25.35%)

Test Designation Secondary Frequency/Amplitude

20D1r [92] 27 kPa @ 2035 Hz (1.19%)
20HI01 15 kPa @ 2105 Hz (0.61%)
20NF01 46 kPa @ 1975 Hz (1.98%)
20NF02 69 kPa @ 1965 Hz (2.94%)

There was also an increase in the strength at the oxidizer post 1L frequency. The
baseline configuration resulted in amplitudes around 1%, which increased to 2-3% at
the narrow face chamber. While this pales in comparison to the 1L frequency, it is a
clear change, as seen in Figure 2.20.

The UEC experiment is important to the DVRC for two reasons. First, the
UEC showed it was possible to trigger self-excited instabilities in a single-element
combustor simulating oxidizer-rich staged combustion with a liquid fuel by modifying
only the geometry while keeping flow conditions constant. However, it will be shown
that achieving high amplitude, self-excited instabilities requires more than proper
tuning of the geometry. This is demonstrated on the experiment that is the subject
of this thesis, where the main difference between the DVRC and the UEC is the use
of heated oxygen in the former instead of decomposed hydrogen peroxide. Second,

the experiment demonstrated an interaction between oxidizer post and chamber. The
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Figure 2.20.: Spectrogram and PSD taken from a 200 ms during hot fire tests with
the 50.8 cm (20 in) chamber for the (a) highly instrumented baseline diameter case,
20HI02, and (b) the narrow face chamber, 20NF02. Ignition begins around 4.75
seconds and hot fire ends at 5.5 seconds. Adapted from [95].
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oxidizer post acts as a resonator, amplifying acoustic perturbations and leading to
modulation of the combustion field. It appears that there is a window of frequencies
the acoustic frequencies need to be within, such that tuning the system can allow
for the post and chamber to couple. Tuning the system, such that the oxidizer post
and chamber frequencies more closely match, also appeared to increase the amplitude
of the pressure oscillations. Further discussion on the mechanisms that initiate and

maintain instabilities is presented later in Section 2.5.

2.4.2 Continuously Variable Resonance Combustor

The Continuously Variable Resonance Combustor (CVRC) was a follow up to the
UEC experiment. The CVRC exchanged the idea of varying the chamber length for
modifying oxidizer post length instead. This change permitted a design of a con-
tinuously varying oxidizer post through the use of an adjustable upstream boundary
condition. Similar to the UEC, this configuration allowed for study of chamber res-
onance in the oxidizer post, with much improved frequency resolution compared to
the original experiment.

The CVRC was also designed as a test bed for collecting validation data for
simulations. To assist in this endeavor, other changes were made to simplify the

experiment for modeling.

Experiment Description

While the UEC featured a single gas-centered swirl coaxial injector for combusting
90% decomposed hydrogen peroxide and liquid JP-8, the CVRC relies on a shear
coaxial injector for combusting decomposed peroxide with gaseous methane. A cross-
section of the experiment is shown in Figure 2.21. The chamber remains a dump
combustor with a fixed length of 38.1 cm. A short nozzle terminates the downstream

end of the chamber, promoting acoustic reflections.
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Instead of radially injecting decomposed peroxide into the midpoint of the oxi-
dizer post akin to the UEC, a more traditional axial injection method was chosen.
Decomposed peroxide exhaust exits the catalyst bed and fills the oxidizer manifold.
A choking orifice sits inside the oxidizer post, both metering the flow and provid-
ing an acoustically closed boundary to reflect pressure waves. The choking orifice is
attached to the arm of a translating shaft. The translating shaft is connected to a
programmable actuator. Both forward and backwards translation is possible, with
translating speeds between 1.27 to 5.08 cm/s tested. The system is designed to handle
testing between 8.89 and 19.05 cm.

The fuel injector is similar to that of the UEC, save for the removal of swirl velocity
and the replacement of a liquid with a more modelable gas propellant, methane. The
fuel manifold is supplied by a pair of inlets, injecting the fuel through 36 radial holes.
A collar shields the fuel in the fuel annulus, redirecting the flow from radial motion
to axial. An injection recess provides time for the fuel and oxidizer to mix before it
enters the combustor.

Following the method laid out in References [29,92,99|, the oxidizer post was de-
signed to be operated at lengths that would serve to maximize acoustic damping at
one length, and minimally dampen at another. A selection of achievable oxidizer post
lengths and their respective equivalent wavelengths are listed in Table 2.5. Equivalent
wavelengths are based on expected combustor sound speeds of 980 m/s determined
by CEA, and expected oxidizer post sound speeds of 581 m/s determined by REF-
PROP [100] and experimental temperature measurements.

Figure 2.22 is included to illustrate the effect of equivalent wavelength in terms of
acoustic timing. For a given cycle, based on the first longitudinal chamber acoustic
mode, six time steps are shown noting where a pressure pulse emitted at the dump
plane at time ¢ = 0 would be. The 8.9 cm oxidizer post configuration most closely
models a 1/4-wave resonator. As such, the pulse is able to travel upstream through
the oxidizer post and back down to the dump plane in the time the pulse in the

chamber reaches the throat.
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Table 2.5.: CVRC Oxidizer Post Equivalent Wavelengths

Oxidizer Post Length [cm| | Equivalent Wavelength

8.9 0.20
11.4 0.26
14.0 0.31
16.5 0.37

19.1 0.43
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Cross-section of the Continuously Variable Resonance Combustor
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Likewise, the 19.1 cm oxidizer post configuration most closely resembles the 1/2-
wave resonator. The pulses travel the length of the post and the chamber in approxi-
mately the same time, reaching the dump plane almost simultaneously. The 14.0 cm
post length sits in the middle of the other two, such that the pulse in the oxidizer
makes it back to the dump plane and begins a second trip towards the upstream
choked boundary when the chamber pulse arrives at the dump plane.

Similar to the map for the UEC presented in Figure 2.16, a frequency map of the
CVRC is presented in Figure 2.23. Acoustic frequencies determined by the linearized
Euler equation are presented for varying oxidizer post length, as opposed to chamber
length. Dashed lines represent chamber modes, while solid lines are system modes,
including both oxidizer post and chamber. On top of this map are markers indicating
the amplitude of frequencies measured in a translating test. Weak fluctuations, less
than 1 psi (6.89 kPa), are denoted by the black asterisks, while fluctuations between 1
and 10 psi (6.89 to 68.95 kPa) are marked with blue squares. Green circles are reserved
for amplitudes greater than 10 psi (68.95 kPa) and are limited to the first longitudinal
chamber mode. Measurements are similar to predictions, although it appears that
predictions for the fundamental mode are slightly higher than the actual frequency,
causing the separation between experimental and LEE results at higher harmonics to
drift further apart. Nonetheless, it is clear that the strongest oscillations are tied to

the chamber modes.

Results

Testing was conducted at selected fixed oxidizer lengths, as well as tests where
the oxidizer length was increased (or decreased), demonstrating changes in stability
midtest [102-104].

Figure 2.24 provides a look at the effect of the oxidizer post on stability. This
figure presents a visual representation of the amplitude of the frequency spectrum

between 0 and 8000 Hz (background, left y-axis) as a function of the current oxidizer
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Figure 2.22.: Visualization of the traversal of pressure pulses for the (a) 8.9, (b) 14.0

and (c) 19.1 cm posts. Six time steps from a single cycle are shown, based off the first

longitudinal mode of the chamber. Vertical bar indicates the location of a pressure

pulse after a given amount of time since being generated at the dump plane, with

green indicating within the oxidizer post and red in the chamber [101].
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Figure 2.23.: Frequency map for the CVRC with acoustic frequencies of both the
chamber (dashed lines) and system modes (solid lines). Overlaid on top of this map
are frequencies measured from experiments during a translating test at a location
6.4 cm downstream of the dump plane. Black asterisks indicate recorded pressures
fluctuations of less than 1 psi (6.89 kPa), blue squares represent pressure fluctuations
between 1 psi and 10 psi (6.89 to 68.95 kPa), while fluctuations greater than 10
psi (68.95 kPa) are marked by green circles and are limited to the first chamber
mode [102].
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post length (blue line, right y-axis). A discontinuity appears in the oxidizer post
line midtest. This is due to a voltage spike in the signal that reads the position of
the actuator arm, and not an actual jump in oxidizer post length. Amplitudes are
based on color, with red meaning high amplitudes, blue meaning low amplitudes, with
greens and yellow in the middle. At the start of the test, there is visible, albeit weak,
excitation of the first two longitudinal modes around 1300 and 2600 Hz. At around
9.5 seconds, the oxidizer post begins to translate forwards, reducing oxidizer post
length. There is a noticeable increase in amplitude for the first two acoustics modes.
At 10 seconds, with the oxidizer post length around 16.26 cm, the amplitude increases
again, becoming very well defined. Multiple harmonics are present, with up to the 6L
and beyond present. Unstable operation continues until around 11.35 seconds when
the oxidizer tube length reaches the minimum value of 8.89 cm. Only the fundamental
mode and the first harmonic are present, and at a diminished amplitude compared
to the intermediate post lengths.

Another view of the resonance effect of the oxidizer post length is shown in Fig-
ure 2.25. This figure captures the stability window of the combustor. For the forward
translating tests, there is a clear, repeatable sudden increase in pressure amplitude
between 10 and 11.5 cm. The amplitudes continue to increase slightly up to 13.8 cm,
where afterwards they decrease until 15.3 cm. At this point the amplitude plateaus
until about 16.6 cm, except for test FWD1, which drops off sooner around 15.8 cm.
The amplitude immediately drops for all longer post lengths.

The backwards translating tests follow the same general trend, but suffer hysteresis
effects. The rise in amplitude at short post lengths happens at even shorter lengths,
compared to the forward translating tests. Then the amplitude plateaus until 15.3 cm,
where the values dip, identical to the forward tests. A secondary plateau continues to
exist for the backwards cases, starting at the same post length. However, the raised
amplitudes persist until 18 ¢m, where the amplitudes quickly fall at longer lengths.

The existence of two different unstable regions is interesting, prompting the ques-

tion on whether the two distinct regions are evidence for a shift in the instability
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Figure 2.24.: An overlay of the oxidizer post length (blue line) atop the spectrogram
taken from a measurement of the pressure at the dump plane for a translating post
test. There is a clear transition between stability modes throughout the test, start-
ing in a stable mode until translation begins, where the first two modes increase in
amplitude. Stronger, more defined appear, with multiple harmonics, at intermediate
oxidizer post lengths, then drop off near the end of translation when the combustor
returns to a stable operation mode. Discontinuity in oxidizer post length attributed

to noise in the voltage signal used to determine actuator arm position [102].
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translated forward from 19.05 to 8.89 cm, while red lines ranged across the same
lengths but in reverse. Green circles indicate amplitudes measured from tests where

the post length remained fixed.



67

mechanism at work, or a transition from one mechanism to another. Subsequent
computational investigation of this combustor determined that two unique instabil-
ity mechanisms can be activated in the CVRC [101]. At short to intermediate post
lengths, pulses in the oxidizer post became strong enough to modulate fuel flow. This
modulation led to coupling of bursts of heat release at the dump plane due to the
modulated fuel flow, to returning pressure pulses in the chamber. At higher post
lengths, a vortex shedding/impingement based mechanism, similar to the one ob-
served in the UEC, sustains unstable behavior. Further discussion of these instability
mechanisms is presented in Section 2.5

To gain better insight into spatio-temporal evolution of the combustion field and
the interaction between heat release and presure, the CVRC was modeled and simu-
lated at three oxidizer post lengths: 8.89, 13.97 and 19.05 cm. Harvazinski et al. [101]
implemented hybrid RANS/LES to study the CVRC, which correctly captured the
stable behavior at the 8.89 cm post length, and the unstable behavior at the 13.97 cm
post length. At the 19.05 cm post length, the simulation captured unstable behavior,
whereas the experiment observed bifurcated stability behavior.

At the shortest and longest post lengths, the simulation predicted the flame to be
anchored at the back step, instead of the fuel collar. And at the most unstable post
length of 13.97 cm, pressure oscillation reached amplitudes that prevent any sort of
anchoring, containing the combustion field in the chamber.

This agrees with research performed by Garby et al [105]. In simulation of the
CVRC at the 12 cm post length, it was noted that the chemical kinetics for this
propellant mixture are too slow, preventing it from combusting fast enough to anchor
to the collar. Instead, the flame is anchored to the back step by hot burnt gases in
the recirculation region.

Simulations reported by Srinivasan et al. [106] showed similar results. They noted
that the CVRC was unique among 3D LES and Discrete Event Simulation (DES)
studies in that a high strain-rate in the mixing layer prevented the diffusion flame

from being sustained at the injector post tip. The combustion mode became more
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complex in that anchoring of the flame at the injector face led to mixing of unburnt
products and incoming oxidizer. Further complexity in the flame holding occurred
due to the premixing induced by the collar, causing the flame to occasionally lift off
from the injector face and propagate upstream.

The effects of chemical kinetics were studied in computational models of the CVRC
through varying the reaction mechanisms used during combustion [107]. Four chem-
ical kinetics mechanisms were implemented and are listed in order of increased com-
plexity. The first is a single-step mechanism where fuel and oxidizer react to form
water and carbon dioxide. The second mechanism, a two-step mechanisms, builds off
of the first and adds carbon monoxide as an intermediate step in the hydrocarbon
oxidation. The third mechanism is based off work from the Gas Research Institute
and is referred to as GRI-1.2. This mechanism comprises 177 reactions, involving 32
species. The final mechanism, GRI-3.0, accounts for nitrogen compounds, increasing
the number of involved species to 53 and reactions to 325. Ignition delay, maximum
temperature, and heat release rate were compared between the different mechanisms
at three different oxidizer post lengths.

Of the three parameters studied, the ignition delay is most pertinent to this work.
The ignition delay for the mechanisms at different equivalence ratios are provided in
Figure 2.26 as a function of local equivalence ratio. These comparisons are presented
at two different oxidizer inlet temperatures, 1000 K and 1400 K. The one-step and
two-step mechanisms have very short ignition delays regardless of inlet temperature
or equivalent ratio. As the pathways become more complicated, the ignition delay
increases. For an inlet temperature of 1000 K, more time is required for the GRI-1.2
pathway, and still further more for GRI-3.0. At an elevated inlet temperature, the
clear discrepancy between global and GRI-based mechanisms is still present. No-
tably, the GRI-3.0 mechanism has a shorter ignition delay than the less complicated
mechanism at this temperature. More importantly, though, is the overall change
in ignition delay between the two oxidizer temperatures. The two GRI mechanisms

range between 30 and 50 microseconds at 1000 K. This delay drops to between 1 and
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Figure 2.26.: Comparison of ignition delay for varying chemical kinetic mechanisms

for a range of equivalence ratios for two oxidizier inlet temperatures [107].

6 microseconds at 1400 K, roughly an order of magnitude faster. Clearly, temperature

has a significant effect on chemical kinetics.

2.5 Instability Mechanisms

Instabilities arise from the coupling of fluctuations in flowfield: pressure, hydro-
dynamics, and heat release. Often a trigger is present, such as a pressure pulse that
may occur at random or due to a disturbance in the flow. This initial fluctuation
can then be amplified by an acoustic mode, the product of the combustor and feed
system geometry.

High-energy production in a constrained environment naturally generates small
fluctuations, such as combustion noise in a rocket engine. Acoustic modes, defined
by the geometry and operating conditions, allow pressure oscillations to settle into
a natural frequency and resonate. This periodic behavior is capable of amplifying
natural hydrodynamics and modulating the heat release modes of the system. The
temporal and spatial relationship between these oscillations then determines whether

the feedback loop serves to amplify or dampen the instability. This relationship is
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described in the Rayleigh Criterion, where instabilities are predicted to be driven
when the oscillations are in phase, and damped when they are out of phase [4].

Oscillations in the flow lead to localized changes in burning rate and therefore
heat release, that alone is typically not enough to capture the two in a positive feed-
back loop. Instead, the oscillating parameters are but steps in a chain of events that
lead to sustained and amplified instabilities, involving a large array of fluid dynamic
interactions. The processes that connect pressure and heat release fluctuations, gen-
erating positive feedback loops, are considered instability mechanisms. Identification
of these mechanisms that instigate and sustain combustion instabilities is crucial to
minimizing the risk of having instabilities manifest in late-phase engine testing. A pri-
ort knowledge of these mechanisms would allow for the development of injectors that
reduce and perhaps even dampen pressure fluctuations, as well as define operating
conditions envelopes that avoid unstable regimes.

High frequency instabilities, with frequencies in the kilohertz range and higher,
are generally considered to be the most destructive. Instabilities in this range can
be classified into two categories as defined by Crocco [108|, injection-coupled and
intrinsic. Injection-coupled instabilities occur when the feed supply is modulated
by downstream events. For example, a sudden excess of fuel burning near the dump
plane can create a local increase in pressure. The pressure drop across the fuel injector
decreases, as does the injection rate. The chamber pressure relaxes to mean values,
and continues to decrease due to reduction in fuel flow rate. This in turn can lead
back to a surplus of fuel, restarting the cycle. However, if the variation in fuel couples
with a chamber acoustic mode, the feedback loop is strengthened and the instability
can grow. This class of instabilities maintains a temporal relationship between feed
oscillations and chamber pressure oscillations, but not a spatial one.

Intrinsic instabilities do not rely on modulation of incoming propellants. Instead,
this class of instabilities features coupling between chamber acoustic modes and the
mixing and combustion processes. These processes are diverse, including mixing (at-

omization and droplet breakup, vaporization) and hydrodynamics (vortex roll up,
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shedding, flapping, recirculation, baroclinic torque), as well as chemical reaction (ki-
netics, burn rate, ignition delay [80,107,109]). These processes are complex and are
not yet understood enough to make predictions of how they interact, either with other
processes or with the natural acoustic modes of the combustor. To supplement our
current understanding, experimental and computational studies generate data sets
that are then used to identify the instability mechanisms.

Three instability mechanisms are presented here, each being relevant to the work
discussed in this document. The first two rely on vorticity to entrain fuel (or unburnt
fuel products) and oxidizer, creating partially-mixed pockets of propellants primed
for ignition. The second considers high pressure pulses that are capable of cutting off
the fuel supply, modulating the heat release profile. These mechanisms are described
in greater detail below.

This first mechanism considers the shedding of vortices off the back step. The
oxidizer post can be tuned to provide an acoustic mode shape that places pressure or
velocity nodes (or anti-nodes) in specific locations. A vortex is shed at the step in the
presence of a velocity gradient [110-112]|. A large velocity gradient at the dump plane
can then be produced to generate strong vortices. The shed vortex enhances mixing
of the fuel and oxidizer as it convects downstream. The expansion into the chamber
directs the vortex away from the chamber axis and towards the wall. If the vortex
remains coherent at the time of impingement on the wall, it can ignite and generate
sudden and localized heat release. As the vortex breaks down, the heat release is
spread out both spatially and temporally [96].

This mechanism is considered to be responsible for the instigating of instabil-
ities at the short chamber length of 25.4 cm of the UEC. As described briefly in
Section 2.4.1, changing the step height of the injector face resulted in a previously
stable configuration becoming highly unstable, with the modification made based on
the theory of vortex shedding and wall impingement. Simulation of the baseline and
narrow injector face by Smith et al. [96] captured the mechanism in action. The

underlying theory predicts that a vortex is shed when the velocity gradient is at its



73

greatest. According to acoustic theory, and the work of Poinsot et al. [111], this co-
incides when the pressure fluctuation is zero, or 90° after maximum pressure in the
cycle. The vortex rolls out beyond the injector face towards the chamber wall. Lit-
erature disagrees where the ultimate impinging point of a vortex should be, varying
between 2.5 [111] and around 5 step heights [113]. The value obtained from simula-
tion of the UEC is around 4.5 step heights [96] and agrees with the work of Smith
and Zukoski [110]. Entrapment of the fuel occurs as the shear layer is folded over,
mixing fuel and oxidizer. As the vortex moves outwards, it begins to break apart.
This is seen in Figure 2.28. At the first time step in the baseline case, the vortex
remains intact shortly after it is shed. In the following two time steps, the outermost
braid is severed. The downstream portion is convected further downstream, while the
upstream portion is stretched. By the time it impinges on the wall, it is no longer
coherent. Compare this to the narrow diameter configuration, where after the vortex
is shed in time step one, it impinges on the wall within 0.1 ms. At this early in its
life, the vortex is intact, such that the majority of it ignites, triggering sudden heat
release. Alongside the heat release is a pressure pulse. This pressure pulse travels
upstream through the post, where shortly after the pressure is at a maximum near
the dump plane, another vortex is shed, closing the cycle.

The vortex-based mechanism which causes the CVRC to have bifurcated stability
at the long oxidizer post length relies on pressure-induced baroclinic torque in the
injection recess. This mechanism was studied through simulation by Harvazinski
et al. [101], and a breakdown of the pressure and heat release for a cycle is shown
in Figure 2.29. Compression at the head end generates pressure pulses that travels
away from the dump plane in both directions. The axial gradient in pressure, coupled
with the radial gradient in density at within the injection recess, generates vortices.
These vortices roll up incoming fuel along with oxidizer, seen in Figure 2.29¢. This
creates premixed pockets that are convected downstream, Figure 2.29¢ and e. At
this point the returning pressure pulse in the chamber has nearly reached the dump

plane. By Time 5, the pressure pulse has reached the furthest downstream pockets,
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Figure 2.28.: Comparison of vortex shedding in the (a) baseline and (b) narrow
diameter configurations of the UEC at a chamber length of 25.4 cm with a subsonic
oxidizer post inlet. Snapshots are taken 0.1 ms intervals. One time step for each

diameter includes instantaneous streamlines [96].
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Figure 2.29.: Static press, methane mass fraction and heat release taken from six
time steps within a single limit cycle from the CVRC at the 19.05 cm oxidizer post
length [101]

igniting them, as made evident in Figure 2.29i and j. The majority of the fuel rapidly
consumed, leading to another pressure pulse at the head end to close the loop.

At the middle oxidizer post length for the CVRC at 14 cm, a different mechanism
drives the instability. This configuration generates pressure oscillations that are high
enough to temporarily cut off fuel flow into the injection recess. While the initial
mechanism that generated the pressure pulses strong enough to suppress fuel flow are

still unknown, the transition to high amplitude, nonlinear oscillations are observed.
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Figure 2.30.: Static press, methane mass fraction and heat release taken from six

time steps within a single limit cycle from the CVRC at the 13.97 cm oxidizer post

length [101]

A cycle of this mechanism in action is shown in Figure 2.30, comparing pressure and

heat release.

The first step in the cycle shows a pressure pulse at the head end that travels

upstream along the oxidizer post and downstream through the chamber. As it travels

through the injection recess, it disrupts the fuel flow, seen in Figure 2.30a. At Time

2, expansion occurs at the head end and the blocked fuel now openly flows into
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the chamber and begins to pool. At this time, the amount of heat release at the
head end has dropped due to the temporary starvation of the fuel. At Time 3, the
pressure pulse in the oxidizer post has returned to the injection recess. As it moves
downstream, it pushes the fuel ahead of it, into the chamber, where, at Time 5, it
ignites as it is hit by the returning chamber wave. The sudden increase in pressure
and heat release drives another pressure pulse to restart the cycle. It is interesting to
note that this condition results in one-dimensional pressure pulses at the dump plane.
The pressure wave is distributed across the entire radius at a given axial location,
unlike the mechanism driving the instability at the longest post length, where the
pressure pulses are concentrated at the centerline.

These mechanisms are presented as instability drivers present in model combustors
that led up to the DVRC experiment. As such, they were kept in mind during design
and testing proven methods of achieving unstable combustion. Despite testing at
similar acoustic timing profiles and geometries, the DVRC was unable to rely on these
mechanisms to operate in an unstable mode. However, there are several differences
between this combustor and the experiment that that can contribute to the difficulty
in reaching self-excited instabilities in the DVRC. This includes the higher operating
pressures of the DVRC by nearly a factor of three, the use of liquid fuel injected
at transcritical conditions, and reliance on heated oxidizer instead of decomposed

hydrogen peroxide.

2.6 Diagnostics
2.6.1 Low Frequency Pressure Measurements

Instrumentation is included in order to assess the conditions of the incoming fluids,
the state of the testing hardware, as well as determining mean and fluctuating pressure
levels. Installed measuring devices are split into two categories by their sampling
rates. Low-frequency instrumentation, sampled at rates around 1000 Hz and lower,

include thermocouples and static pressure transducers. System monitoring, as well as
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mean or steady state conditions are determined through this class of instrumentation.
The high-frequency instrumentation classification is reserved for sampling rates in
the tens and hundreds of kHz and above. This class includes high-frequency pressure
transducers

System pressures, such as manifold and chamber pressures, are used to monitor
system health and ensure expected performance is met. Likewise, temperatures in
these same locations can aid in identifying unexpected behaviors, such as unexpected
vaporization in a liquid oxygen feed line.

Determining flow rates through venturis requires fluid measurements just up-
stream of the venturi. Under the assumption the venturi is choked, mass flow rate,
m can be determined using the continuity equation, along with isentropic relations.
Considerations for discharge coefficients, C'p, and in the case of gases, compressibility,
3, are also included. This is expressed in terms of a sonic venturi in Equation (2.23),

and cavitating venturi in Equation (2.24).

P 1 Y41
i = AT (AL Gy (2.23)

@@ 2
T = CdA\/iAPp (2.24)

Another low sampling speed instrumentation set, thermocouples monitor the tem-

2.6.2 Thermocouples

perature at metering locations, as well as measuring flow temperature at inlets and
manifolds. Thermocouples embedded in the hardware can be used to measure heat
loss to the environment, with multiple locations allowing for calculation of heat flux,
such as into the chamber walls. The response time for a thermocouple increases as
the size decreases, as the amount of probe volume needed to be heated is reduced.
Likewise, junctions that are exposed directly to the probe field respond faster than

those that are shielded.
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2.6.3 High Frequency Pressure Measurements

High frequency instrumentation samples at speeds capable of resolving the rapidly
evolving physics involved in turbulent combustion. There are a variety of instruments
and measurement techniques available at this high sampling rate, from accelerometers,
to thrust and force sensors, to ion probes that detect local ionization amounts. Two
sensors are often used in the measurement and response of combustion fields. The
first is the high frequency pressure transducers as they can directly measure the
local dynamic acoustic pressure. The other are photomultiplier tubes, can capture
variations and amplitudes of the light emitted from the combustion field. In this
work, high frequency pressure transducers are installed throughout the chamber and
oxidizer post to back out acoustic mode shapes. Related work on a similar injector
utilized an array of photomultiplier tubes to study the combustion field near the

injector [83].

2.7 Analysis Techniques

Acoustic measurements taken from confined, turbulent combustion contains pres-
sure fluctuations that can be attributed to a number of sources. Various analysis
techniques are applied to these signals to extract characteristic combustion behavior
in order to study and understand it. The techniques used in this work are presented
here, providing background information along with examples to illustrate usage of
the techniques.

Prior to applying the techniques, the signal is conditioned by passing it through
a high pass filter. This is done in order to remove the static, or DC component, of
the signal. This reduces the signal to the dynamic component.

Filtering of the signal is conducted through Matlab. A high-pass Butterworth
filter is created with a cut-off frequency of 75 Hz. This frequency was chosen to block
out any noise associated with facility electrical interference and effects around 60 Hz,

yet leave the signal otherwise intact. The high-pass filtered is then applied to signal
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twice, first in the forward then the reverse direction to prevent phase distortion. The
resulting signal can then be treated as quais-stationary with a mean of zero. The

signal is then ready for processing through the various techniques described below.

2.7.1 Statistics

Direct interpretation of the raw, or even high-pass filtered, data remains difficult;
multiple frequencies of constantly varying magnitudes overlaid on turbulent combus-
tion noise. A statistics-based analytical approach provides quantitative means of not
only understanding the data, but also metrics for comparison to other sets of data.
This could be for data obtained from the same combustor at different conditions, or
even simulated compared to experimentally acquired data. In this work, a handful of
metrics are used to characterize the stability of the combustor. Comparisons between
the results of different oxidizer temperatures, as well as acoustic profiles, are studied.

The range of dynamic pressure measured during combustion is useful for assess-
ing the roughness of combustion, especially when normalized by the mean chamber
pressure. The extreme 1% of the highest and lowest values are filtered out to re-
move outliers. Then, for a stationary signal, a wider range corresponds to stronger
amplitude fluctuations occurring within the time trace. Likewise, a narrow range of
fluctuations is indicative of steady, stable combustion.

The second statistical measurement derived from the pressure signals is the root
mean square (RMS). The RMS provides a simple metric to compare signals between
tests and locations. This is especially useful in the context of rapidly fluctuating
signals with minimal forcing. A signal with a high RMS presents values with large
deviations from the mean. This would likely represent an unstable behavior through
large oscillations. A reduction in RMS would generally be considered a trend towards

more stable and consistent condition.
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2.7.2 Power Spectral Density

Identification of modal behavior in pressure signals is paramount in this work. This
task is not always simple, as the presence of multiple frequencies can lead to complex
waveforms. Estimation of the power across the frequency spectrum can be accom-
plished through the power spectral density (PSD). By knowing which frequencies are
present in a signal, along with their magnitude, characterization of thermoacoustic
instabilities is possible.

This analytical method first requires conversion of the signal into the frequency

domain via Fourier transformation,

flw) = / F(#)e2mtegy (2.25)
Equation (2.25) is only applicable to continuous data. For discrete data, the

discrete Fourier transform is use instead, shown in Equation (2.26) for a general

array of equally spaced measurements.
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The time between samples is represented by At, while the measurement time, T =
nAt, where n is the total number of samples. This estimate is referred to as a
periodogram, and approaches the statistical true answer as the measurement time,
T, approaches infinity.

The built in Matlab function, periodogram, was used to estimate the PSDs in
this work. Proper use of the function requires the inclusion of a window to view the
data. This suggests that the PSD estimate yielded through the periodogram can be

biased, or is at least subject to external modification. That is, a good PSD estimate



82

is dependent on the proper usage of the applied window. A comprehensive look at the

effects of windowing in the discrete Fourier transform can be found in Reference [114].

2.7.3 Cross-Correlation

The cross-correlation is a useful mathematical technique that describes the similar-
ity of two signals. In the time domain, the cross-correlation is akin to the convolution.
Conceptually, the cross-correlation essentially places one signal on top of the other.
The first signal is then shifted through time, where the shared area under the curve
is calculated. Generally, the higher the result of cross-correlation, the more similar
the signals at a given moment in time.

In this work, cross-correlation is used to identify shared structures in acoustic
signals. Unstable behavior in the form of acoustic forcing would present as coherent,
periodic behavior throughout the chamber and into the injector at stronger ampli-
tudes. This large scale behavior can be identified through cross-correlation. Phase
information is also collected by the inherent time lag calculation.

The mathematical formulation for cross-correlation is written in Equation (2.28).

(f*g)( / f g(t+ 7)dt (2.28)

The cross-correlation of two signals, f and g, is the convolution of the complex con-
jugate of f, f , with g. This approach only applies to continuous functions, and for
discretized data, a similarly discrete form of cross-correlation is required, in the form

found in Equation (2.29).
(f *g)(r Z flmlglm + n (2.29)

In the case of stationary signals of stochastic processes, the cross-correlation can be
represented as a normalized measure of the cross-covariance. The covariance between
two random variables, X and Y, is considered the expected product of the deviations

of those variables from their respective expected values,

cov(X,Y) = (X — px)(Y — py)) = (XY) — pxpy, (2.30)
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where px and py are the mean values of X and Y, respectively. Equation (2.30) can

then be written out as

N
cov(X,Y) =o0xy = Z

i=1

(zi — px)(yi — py)
N

(2.31)

Correlation then requires a nonzero covariance. A positive convariance implies
that variables X and Y tend to increase together. Negative covariance implies that
as once increases, the other tends to decrease.

In the special case where Y = X, the covariance reduces to the variance of X, or
cov(X,Y) = %, or the square of the standard deviation of X, ox.

The cross-correlation can be written out based on the standard deviation,

COV(X, Y) oxXy
cor(X,Y) = = 2.32
( ) 0x0y VOXX0yy ( )

This correlation is normalized, as can be seen through the autocorrelation. Taking

again the special case of where Y = X, the autocorrelation is written out as below.

COV()(Z‘7 Xl)
2

0;

cor(X;, X;) = =1 (2.33)

The cross-correlation can then be used to analyze the similarity of structures
between two signals, or to itself at different times.

Coherence is a similar metric, representing the correlation of two signals, but on a
frequency basis. For stationary signals, it can be taken as an estimate of the causality
between the input and output at some frequency. Values are normalized between 0
and 1. A coherence of zero indicates the two signals are completely unrelated, while
a coherence of unity indicates a linear dependency between input and output.

The coherence between two signals is written out below,

| Py (w)?]

O = B 1) Pyl

(2.34)

The coherence is also referred to as the magnitude-squared coherence due to the
squared term in the numerator. It can be seen that the coherence is simply the

ratio of the square of the cross power spectral density to the product of the power
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spectra of the two signals. The results of coherence can then inform interpretation
of the cross-correlation results, providing a measure of confidence as a function of

frequency.

2.7.4 Continuous Wavelet Transform

Many of the above analysis methods rely on the assumption that the pressure
signals are stationary, with stable statistical properties. This assumption does not
always hold in high pressure turbulent combustion, prompting the use of alternative
methods of analysis. Wavelet analysis is one such method [115]. The continuous
wavelet transform (CWT) is used in this work.

The CWT of a signal z(t) € L*R the projection of the signal onto a map of scaled

and translated wavelet functions, v (t)

W(r,s) /( t_T a<(t)dt (2.35)

Or, more in line with Fourier transformation, the CW'T is presented as,

W(r,s) —/( U*(sw) X (w)e™ dw. (2.36)

Here, W is the Fourier transform of the wavelet, [*°_¢(t)e™*!dt, and X (w) the Fourier

transform of the signal, x(¢). The coefficient 1/s is a normalization factor, often
substituted by 1/4/s. The format presented is more convenient when working with
oscillatory signals [116].

The wavelet function family is the result of scaling and translating the mother
wavelet, ). The mother wavelet can be chosen from a number of functions that
satisfy the following conditions. First, it must have a mean of zero. Second, it must

satisfy the admissibility condition [117],

@R,

This, however, is considered to be only a weak requirement. Third, to be considered

analytic, ¥(w) = 0 for w < 0.
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Having analyticity is an important trait for a wavelet. It has been shown by Olhede
and Walden [118] that when a wavelet is not precisely analytic, it can demonstrate
leakage to negative frequencies, resulting in spurious variation of the transform phase.
This issue can scale with time resolution, having little to no effect at one scale, but
causing drastic, erroneous changes at another scale.

The properties of the transform are dictated by the wavelet family choice. The
estimate of instantaneous amplitude, phase and frequency of the transformation is
modulated by the choice of wavelet function. The built-in continuous wavelet trans-
formation Matlab function, cwt, provides three family options. A primer on those
three, Morlet, Morse and Bump is provided here.

The first option is the Morlet wavelet [117],

ww(t) = awei%t2 [eth - eiéoﬁ} (238)

The normalization coefficient, a,,, is often defined as,

1y = 2%(3%(%“0)2. (2.39)

Here wy,, is the peak frequency where the first derivative of the wavelet vanishes. This
wavelet has four interesting properties that have launched it into being the most used
wavelet [115|. First, this wavelet is analytic. Second, the peak frequency, wf;wO, the
energy frequency, wfwo, and central instantaneous frequency, win, are equal, which
streamlines the conversion from scales to frequencies. Third, the wavelet optimizes
the joint time-frequency localization operator. The CWT requires a trade-off of time
and frequency resolution, akin to the Heisenberg uncertainty principle, demonstrated
in Figure 2.31. At Time 1, the time is well resolved but with a wide frequency window,
and vice versa at Time 2. Transformation via this wavelet minimizes the uncertainty,
Otipy = Owipuy = 1 /2. And fourth, the time radius and frequency radius are equal,
representing the best compromise between time and frequency resolution.

The form presented in Equation (2.38) is not precisely analytic. The wavelet be-
comes unsuitable for use when wy becomes sufficiently large [119]. In these situations,

another wavelet should be selected.
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L

Figure 2.31.: Demonstration of the trade-off relationship between temporal and fre-
quency resolution for the CWT, similar to the Heisenberg uncertainty principle. At
Time 1, the time is well-resolved, but spread across a wide frequency range, and vice

versa for Time 2 [115].
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The generalized Morse wavelet fulfills the requirement of being precisely analytic

for all frequencies. This wavelet is defined, in the frequency domain, as,
W () = Koy Hw)w e ™", (2.40)

where Kpg, is the normalizing coefficient and H(w) the Heaviside unit step function.
The parameters § and v must be both real and positive for the Morse wavelet to be
analytic. The wide acceptable range of values permits the wavelet to be versatile.
However, it is not possible to directly convert scales to frequencies like it is for the
Morlet wavelet.

The final wavelet family mentioned here is the bump wavelet. This wavelet places

an emphasis on frequency resolution, as illustrated below,
-
\IJ(UJ) —e 1-(5FH)? X[u—oputo] (241)

where 7 is the indicator function of the set I. This wavelet permits the peak fre-
quency, wy = p, greatly increasing frequency resolution.

The CWT analysis presented in this work uses the bump wavelet. All three
wavelets discussed here have sufficient temporal resolution, so the increased frequency
resolution afforded by the bump wavelet makes it a more attractive option. When
the oxidizer post length is near that of a half-wave resonator, the natural frequencies
of the post and chamber converge. A wavelet that prioritizes frequency resolution

would better enable identification of near-by acoustic modes.
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3. EXPERIMENTAL APPROACH

There were two objectives set for this work. The first was to build a suite of valida-
tion data at a variety of configurations in the use of testing computational models.
The second was to further understand the dynamics of a gas-centered swirl coaxial
(GCSC) injector as it relates to the condition of the oxidizer as it enters the injector.
Assessment of the stability of the combustor relies on previously utilized methods of
varying geometry to augment the acoustic field.

To achieve these goals, experiments were conducted on a model rocket combus-
tor known as the Discretely Variable Resonance Combustor (DVRC) at the Zucrow
Laboratories at Purdue University. This combustor served as a test bed to study an
RD-170 injector design, emulating oxidizer-rich staged combustion on a single GCSC
injector with liquid hydrocarbon fuel. A modular design allowed for a parametric
investigation of the response of the injector to various acoustic profiles, as well as
different oxidizer and fuel inlet conditions. Furthermore, easily modelable boundary
conditions were implemented to collect data for validation of simulations.

In this document, the term acoustic profile is coined to represent the equivalent
wavelength of the oxidizer post in relation to the fundamental chamber longitudinal
mode. For a set chamber length, increasing the oxidizer post length will increase the
acoustic profile. The same acoustic profile can be produced through different oxidizer
post and combustor lengths, as well as changing conditions of domains. For example,
a reduction in oxidizer temperature lowers the local sound speed. This in turn reduces
the acoustic profile, as the natural resonant frequency decreases, effectively shortening
the post. A shared acoustic profile between two configurations means that although
the fundamental frequencies are different, the spatial distribution of the mode shapes

are the same between the two. A post acting as a 1/2-wave resonator for the chamber
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will always have an anti-node at the inlet and dump plane for the first chamber mode,
and by definition share the same frequency.

This chapter outlines the design methodology of the DVRC through descriptions
and discussions of the integral components and their effects. A discussion on acous-
tics, specifically acoustic impedance and the linearized Euler equation, is presented.
The former is used to define the expected level of reflection and transmission of
acoustic energy between media at an interface, as this value is expected to influence
post/chamber coupling. The latter assists in determining the acoustic profile of the
system and was employed to select particular geometry configurations. Following this
is a discussion of the design and testing requirements of the initial validation effort
and conditions/configurations of the collected data sets, and a description of the test
facility, including descriptions and usage of installed instrumentation and an outline

of the test procedure.

3.1 Chamber Design
3.1.1 Overview

The DVRC is a single-element liquid fueled model rocket engine designed to test
the capability and accuracy of high-fidelity simulations at predicting self-excited insta-
bilities. To that order, the combustor is designed to allow for changing of independent
test variables, such as oxidizer post length or inlet type. The experiment is highly
instrumented so that statistically meaningful data representing different stability be-
havior can be obtained. A cutaway of the experiment is shown in Figure 3.1, and a
cutaway of the injector element in Figure 3.2.

Oxygen is combusted with hydrogen in a preburner at high O/F ratios to gener-
ate warm oxidizer, simulating the oxidizer-rich staged combustion cycle relied upon in
many high-power first stage engines, such as the proven RD family of Russian made
engines, or currently in development domestic designs like the AR1 by Aerojet Rock-

etdyne or the BE-4 from Blue Origin. The warm oxygen from the preburner enters the
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Figure 3.1.: Cutaway diagram of the baseline configuration of the DVRC, featuring
original preburner design, subsonic oxidizer inlet, 3/8-wave resonator post configura-

tion (5.27 cm long), and 34.10 cm chamber length.

o

Figure 3.2.: Cutaway diagram of the baseline injector of the DVRC at 5.27 cm long

with a subsonic inlet.
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plenum, where a distribution plate chokes the flow as it enters the oxidizer manifold.
The oxidizer then enters the oxidizer post, through either a subsonic or a choked inlet.
A coaxial fuel annulus surrounds the downstream end of the oxidizer post. Liquid
fuel is injected from the manifold into the annulus tangentially, providing circumfer-
ential velocity to stabilize the liquid. A collar separates the fuel annulus and oxidizer
post. Mixing begins in the swirl cup, where the collar terminates, exposing the liquid
fuel to the high-velocity oxidizer gas. At the end of the swirl cup is a backwards
facing step that opens up to the chamber. The main chamber igniter is installed near
the head end of the chamber. The chamber is a cylinder with a constant diameter,
terminated at the downstream end by a shortened nozzle with a sharp contraction
profile that promotes reflection of acoustic waves. Expansion of the throat in a small
nozzle reduces the exit pressure. Dimensions of various sections of the experiment
are contained in Table 3.1. Ranges for the oxidizer post length and chamber length

are also provided.

3.1.2 Boundary Conditions

Matching of boundary conditions is required to best reach parity between experi-
mental and simulation results. Two boundary conditions were considered critical: 1)
oxidizer inflow conditions, and 2) heat transfer in combustion chamber. These, and
other boundary conditions are discussed here.

As discussed earlier in this document, the Continuously Variable Resonance Com-
bustor (CVRC) was a test bed for capturing validation data of a shear coaxial injector
featuring decomposed hydrogen peroxide and gaseous methane. Comparison of the
experiment and simulation results showed a discrepancy between the frequencies of
the acoustics modes, consistent in both stable and unstable operation [23,120]. This
can be seen in the frequency spectrum of the pressure signal taken from the chamber,

shown in Figure 3.3. In both cases, the experiment shows the 1L acoustic mode to be



Table 3.1.: Nominal dimensions for various DVRC geometries.

Geometry Dimension
Oxidizer Plenum Diameter 7.62 cm
Oxidizer Plenum Length 5.08 cm
Oxidizer Manifold Diameter 7.62 cm
Oxidizer Manifold Length 10.16 cm
Oxidizer Post Diameter 0.95 cm
Oxidizer Post Length 5.27 - 14.36 cm
Swirl Cup Diameter 1.15 cm
Swirl Cup Length 0.89 cm
Collar Thickness 0.06 cm
Chamber Diameter 3.39 cm
Chamber Length 20.46 - 38.47 cm
Throat Diameter 1.33 cm

92
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Figure 3.3.: Comparison of frequency spectrum of pressure signals taken from aft end
of chamber during (a) stable operation and (b) unstable operation between experiment

and simulation results [23].

around 1375 Hz, while the simulation predicts it to be around 1567 Hz. That shift is
amplified in the harmonics.

Garby, et al studied the effects of chamber wall heat loss on an LES of the CVRC
experiment [121]. In this work, it was shown that heat loss through the walls had a
stabilizing effect by cooling the burnt gases trapped in the recirculation zone. While

the experiment cannot perfectly match a simulated adiabatic boundary condition,
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heat loss can be minimized through the use of material with a low heat transfer
coefficient lining the inside diameter of the chamber.

Harvazinski et al. [122] also studied the impact of chamber wall temperature.
Two-dimensional axisymmetric simulations of the CVRC with fixed wall temperatures
representing heat loss were conducted at the most unstable geometric configuration
with an oxidizer post length of 13.97 cm. Different levels of pressure fluctuations
as well as mean conditions were exhibited. The baseline configuration, utilizing an
adiabatic boundary condition at the walls, reached pressure oscillations of 135.19
kPa, or 9% of the mean chamber pressure. When the wall temperature was fixed at
a reduced temperature of 1200 K, the oscillations dropped to a peak-to-peak level
of 40.04 kPa, or 3%. Further reduction of wall temperature to 900 K resulted in
oscillations at 27.34 kPa, 2%.

Yttria-stabilized zirconia is the current industry standard thermal barrier coating
(TBC), with a proven experience and thermal conductivity values between 2 and
4 X (0.35 and 0.70%), as shown in Figure 3.5. A 0.38 mm thick layer of
TBC was applied to the inner diameter of the chamber, as well as oxidizer manifold
and plenum. The sections with TBC application were made of oxygen-free copper
alloy C11000, which served as a heat sink for what heat was lost through the walls.
Remaining components were made of Inconel 600, which is oxygen compatible and

W

has a relatively low thermal conductivity value around 2.78 15.8-2= (

B
e tu ) .

ft2/°F/hr

To estimate heat loss through the walls, several pairs of thermocouples were in-
stalled at various axial locations along the chamber. The thermocouple pairings
were embedded at different depths, with one 0.32 cm and the other 0.73 cm away
from the inner diameter (including TBC). Together, temperature readings from each
pairing, alongside knowledge of the gases in combustion chamber and properties of
the materials, would provide estimates of the wall heat flux and temperature at the
wall. Examples of embedded wall temperatures throughout a test sequence are shown
in Figure 3.6, comparing results from shallow and deep embedded thermocouples

through the test, as well as an axial distribution at the end of hotfire.
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Figure 3.5.: Comparison of thermal conductivity of various thermal barrier coatings

across a range of temperatures [123].
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Modeling of discrete injection points requires more computational resources than
a uniform inlet. However, achieving such a uniform distribution of flow in an exper-
imental setting is unlikely, especially at a large cross-sectional area like the oxidizer
manifold. A suitable compromise is to use a distribution plate in the experiment.
Numerous small holes inject the oxidizer at various radial and azimuthal locations,
where a large pressure drop ensures even flow distribution across those holes. This
replicates the uniform inflow boundary condition of the simulation, while also acous-
tically closing the oxidizer manifold. In configurations where the oxidizer post inlet
is choked, the oxidizer manifold is fully decoupled from the downstream components
with the choking orifice playing the role of the inflow in the simulation.

Modeling of the fuel inlets differs from the experiment. In the experiment, the fuel
manifold feeds the fuel annulus via several discrete tangential holes. The tangential
orientation provides the azimuthal momentum needed to swirl the liquid fuel. In a
three-dimensional simulation, it is possible to capture this geometry, but not directly
in two-dimensions. In 2D simulations, the fuel manifold and tangential inlets are not
modeled. Instead, the fuel is introduced directly into the fuel annulus, where the
bulk mass flow rate and geometry of the annulus define the axial velocity, while an
independent azimuthal velocity component is superimposed [124].

A short nozzle is used to converge from the chamber diameter to the throat.
This is done to better approximate an acoustically closed boundary used in linear
models. It was shown that mean flow effects causes the short nozzle to deviate from
a fully-reflecting boundary [93,103]. Instrumentation located near the nozzle should
be included to assess the applicability of treating the nozzle as a boundary with zero

admittance.

3.1.3 Preburner

To best simulate the ORSC cycle used in next generation engines, heated oxidizer

was generated through lean combustion of gaseous oxygen and hydrogen in a pre-
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Figure 3.7.: A cutaway of the preburner for the DVRC. Labels of the various compo-

nents are provided.

burner. Varying the O/F ratio by adjusting the mass flow of the hydrogen allows for
control across a wide range of oxidizer temperatures. The preburner design permitted
operation of O/F ratios from 120 to 340 for a preburner chamber temperature range
from 650 to 1200 K.

A cutaway of the preburner is shown in Figure 3.7, with labels of the various
components. Oxygen is injected into a manifold before entering axially into a post.
Gaseous hydrogen is then introduced radially through four inlets directly into the
oxygen jet. An igniter is installed within the preburner chamber, serving as the
source of ignition. From the chamber, the hot oxidizer enters the oxidizer plenum,
which then expands to meet the distribution plate that conditions the flow as it enters

the oxidizer manifold of the main chamber.

3.1.4 Oxidizer

The oxidizer temperature is a central parameter in this work, as varying it had

a direct impact on the amplitude of pressure fluctuations in the system. This small
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adjustment has a drastic impact on a number of injection parameters. First, changing
the temperature inherently changes other thermophysical properties, such as density
and sound speed. This then affects injection parameters, such as the velocity and
Mach number in the oxidizer post, and subsequently the momentum flux ratio.

Two oxidizer temperatures are targeted in this work. The higher temperature,
reached through combustion of oxygen and hydrogen at high O/F ratios in the pre-
burner, is around 690 K. The lower temperature is the temperature of the gaseous
oxygen as it is stored in the gas cylinders, kept at ambient conditions.

The temperature effects on the thermophysical properties and injection parameters
is illustrated in Figures 3.8 and 3.9. The change in density is quite dramatic, jumping
from 22.2 kg/m? at hot oxidizer conditions up to 55.6 kg/m? with the ambient oxidizer.
This is a 250% increase. The rise in specific heat ratio is also considerable, increasing
from 1.347 at 686 K to 1.485 at 285 K, corresponding to a 10% increase. The sound
speed, post velocity and Mach number for the oxidizer trends in the other direction,
increasing with temperature. The sound speed shifts from 495 to 322 m/s between
the hot and ambient oxidizer conditions, resulting in a mean flow velocity of 159 and
63 m/s, respectively. The Mach number is then found to change from 0.32 and 0.20
at these two conditions.

Thee effects of these parameters on the injection process is discussed below in
Section 3.1.6. It is more difficult to quantify the effect the change in temperature will
have on the ignition process, such as ignition delay. A reduction in temperature will
leader to a lower reaction rate for a given volume of fuel. A heated pre-mixed packet
of propellants would be expected to ignite before the same packet initially at a cooler
temperature. It is not only initial temperature that will affect the reaction rate.
Physical state of the propellant, local mixture ratio, and vaporization/atomization
rates are among the factors that can influence the process of converting non-premixed
propellants into combustion.

The effect of water vapor addition on chemical kinetics and ignition delay was

studied by Le Cong and Dagaut [125]. A methane/oxygen/argon mixture, along
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with a hydrogen/air mixture were both examined. For the methane/oxygen/argon
mixture, the addition of 17% water led to an increase in ignition delay of two to three
times that without water content, along with a reduction in reaction rate. For the
hydrogen/air mixture, the difference in ignition delay between 0% and 25% water
vapor content was often an order of magnitude.

Umphrey et al. [126] studied a kerosene-fueled GCSC injector with heated oxi-
dizer. In this work, the injector was tested at low and high power configurations,
with a short and long swirl cup. The low power with shortened swirl cup configura-
tion is fairly representative of the DVRC operating at reduced oxidizer temperatures.
In this simulation, a secondary recirculation is identified near the dump plane. With
a longer cup, the resulting enhanced mixing causes this recirculation zone to deteri-
orate. Increasing combustor power level, which also increases oxidizer temperature,
further eradicates the recirculation zone. The increased presence of the secondary
recirculation zone is noted to coincide with a decrease in combustion stability. Fol-
lowing this work, a similar change may be expected to occur in the DVRC with a

decrease in oxidizer temperature.

3.1.5 Fuel

Based on the requirements for acquiring the validation sets, the initial liquid
fuel was RP-2. RP-2 is a hydrocarbon mixture containing 28 major constituents,
comprising linear and branched paraffins, one- and two-ring cyclic paraffins of 11-
16 carbon atoms, and does contain significant aromatic or olefin content [127]. n-
Dodecane, a liquid linear alkane hydrocarbon with the chemical formula C12H26,
and one of many constituents that comprise RP-2. A comparison of fuel properties
is shown in Table 3.2.

Later, while examining the effects of oxidizer temperature, the RP-2 was replaced
with dodecane. Dodecane is often used as a surrogate for RP-2 in simulations in-

volving liquid hydrocarbon fuels [124,126], which can be modeled computationally



103

Table 3.2.: Comparison of Thermophysical Properties for RP-2 and dodecane. RP-
2 properties come from References [100, 128], dodecane properties from [100], and

t[129].

Property RP-2 Dodecane
Molecular Formula CiizaHozao  CiaHog
Molecular Mass |kg/kmol] 164.6 170.3
Density [kg/m?] 806 751
Critical Temperature [K] 678 658
Critical Pressure [MPa) 2.204 1.82
Kinematic Viscosity [cSt] 2.27 1.99
Thermal Conductivity [W/mK] 0.111¢% 0.137F
Specific Heat |kJ/kg K] 2.09 2.21
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following a fourteen-step mechanism using nine species [130]. As is evident in Ta-
ble 3.2, the two fluids have similar thermophysical properties. The most glaring
discrepancy is in density, where there is approximately a 7% difference. This would
suggest that, as long as chemical effects are similar, substituting dodecane for RP-2
should preserve injector characteristics, such as velocity or momentum flux ratio, and
therefore the bulk hydrodynamics.

Another benefit of dodecane over RP-2 is the removal of aromatic components.
While RP-2 already has a reduced amount of aromatics compared to its counterpart,
RP-1, it still contains a very small percentage. Dodecane, on the other hand, is not a
mixture but a single chemical formula, C'H3(C Hy)10C Hs. As such, it does not contain
aromatics like benzene, which could contribute to sooting [131]. A minimization of
soot was desired for optical tests in order to achieve improved optical accessibility of
the combustion.

Accurate modeling of dodecane combustion requires numerous element reactions
and several dozen chemical species, representing only a fraction of the actual reactions
and species involved [132,133]. In the more complicated models, the heat release field
is shown to be much wider than that of one generated with fewer chemical reactions
and intermediate species [107]. Following the Rayleigh Criterion, it would be expected
that a less detailed reaction, yielding a narrower heat release field due to the artificial
rapidity of the reaction, could generate higher levels of instabilities, provided the
heat release field is located near and in sync with pressure oscillations. The full
chemical pathway of the liquid fuel, then, provides a number of routes producing
varying amounts of heat release. This would lead to a broader distribution of the heat
release of kerosene combustion, compared to other fuels with less complex chemical
pathways such as gaseous hydrogen or methane. This broader distribution would act
to dampen instabilities by resisting the sharp organizing effects of a thermoacoustic
coupling through the presence of low-scale de-tuning of increased heat release at the
edges of the distribution. It was shown with several variations of kerosene that there

can be an appreciable amount of time between initial to final point of combustion for
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a single droplet. In the study of GTL kerosene, Exxsol D80 and Jet A-1, Burkert and
Paa measured the initial and total ignition delay of droplets [134]. Initial ignition
varied between 200 ms and 1200 ms, depending on fuel variant and temperature.
Total ignition time then required between 400 ms to 1200 ms. Higher temperatures
yielded lower delay times, both initial and total. In the context of the DVRC with
dodecane injected at room temperature, a sizeable window between initial and total
ignition time would be expected.

Similar results were found with China No. 3 aviation kerosene. Liang et al. [135]
showed that there was a logarithmic relationship between temperature and ignition

delay, where increasing the temperature exponentially decreased the delay.

3.1.6 Injector Design

The methodology of swirler design discussed in Section 2.2.2 will be applied to the
DVRC as a means of characterizing it. Relevant geometrical parameters are listed in

Table 3.3. These dimensions are shown in Figure 3.10

Table 3.3.: DVRC Injector Geometry Parameters

Parameter | Dimension [cm]
Tp 0.48
Tsw 0.57
Tin 0.53
rfin 0.05
h 0.06
8
Ly 0.89
RR 0.94
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Figure 3.10.: Dimensions of the DVRC injector, as listed in Table 3.3.
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Table 3.4.: DVRC Nominal Operating Conditions

Parameter Variable Value

Fuel Mass Flow Rate s 0.098 kg/s
Oxidizer Mass Flow Rate | 1., 0.249 kg/s
Fuel Density Py 765 kg/m?

Oxidizer Density (285 K) | pozams | 62.84 kg/m?
Oxidizer Density (686 K) | pox hot 24.07 kg/m?

First, the geometric characterization constant, A, a ratio of the tangential velocity

and normalized momentum arm to the axial velocity, is calculated,

TinTir  (0.525 ¢cm)(0.574 cm)

A= —
nri 8(.050 cm)?

= 15.34 (3.1)

This value falls in the moderately high swirl range [62]. Values of A around
this region are expected to have well-developed liquid sheets, where the centripetal
acceleration forces the liquid against the outer wall, smoothing it [39]. The increased
swirl associated with this geometric constant means a reduction in effective filling area.
This is seen in both the calculation of the coefficient of filling, via Equation (2.2),
and the discharge coefficient, Equation (2.3). The coefficient of filling, ¢, can be

calculated from the geometric constant,

_ray_ =0V
A=153= (3.2)

where solving yields ¢ = 0.179. The discharge coefficient is then calculated.

Ve 01790179
= a—6 V2—0179

This value falls within the expected range of discharge coefficients at this high of

= 0.056 (3.3)

a geometric constant. Further increasing the geometric constant, and thereby forcing
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the fuel closer to the wall, would increase the gap between the fuel and the inner gas
core, effectively reducing the effective cross-sectional area and lowering the discharge
coefficient. Conversely, a lower geometric constant would ultimately lead to a higher
discharge coefficient.

The termination of the collar provides a void where both the liquid and gas could
expand to fill in. As mentioned above, the fuel is likely pressed tightly against the
wall, allowing the gas core to expand into both the step behind the collar, as well as
into the gap that existed in the fuel annulus between the collar and inner radius of
the fuel. This ratio of the gas core diameter to the injection recess diameter, S, is
calculated using Equation (2.4). Plugging in values for the discharge coefficient and
geometric constant, S can be solved for. For the DVRC, the gas core diameter to
injection recess diameter ratio is S = 0.963. For a injection recess diameter of 1.148
cm, the gas core diameter is 1.106 cm with a film thickness of 0.021 cm.

Estimates of the tangential and axial velocities of the liquid fuel based on the geo-
metrical parameters. First, the total velocity needs to be calculated via the Bernoulli
equation. Experimental results determined the pressure drop across the fuel inlets
to be around 0.965 MPa. Density of the fuel, dodecane, is calculated through REF-

PROP, using pressure and temperature measurements from the fuel manifold.

Vftot = ,/% \/76 50.965 MPa = 50.23 m/s (3.4)

Axial and tangential velocities are then derived using the following equations,

respectively.
4412 A2 4(0.056)2(15.34)2
ar — 1— o 50.23 =24.02 3.5
v T+ 52 et = \/< 1+0963) m/s m/s (3:5)
2A 2(0.056)(15.34
Vftan = J_—Svﬁmt _2A = 3F963 )50.23 m /s — 43.84 m s (3.6)

With velocities and densities known, momentum flux ratio can be calculated.

Momentum flux ratios are calculated based on both axial and total liquid velocities.


https://2(0.056)(15.34

Table 3.5.: DVRC Injection Parameters

Parameter Value
ur 0.098 kg/s
Moy 0.249 kg/s
pr 765 kg/m?
Poz,amb 62.8 kg/m?
Pox,hot 24.1 kg/mg
Vs tot 50.23 m/s
Vf.az 24.02 m/s
Ut tan 43.84 m/s
Vow,amb 63.23 m/s
Vo hot 158.5 m/s
Aoz amb 322.4 m/s
Aoz hot 495.4 m/s
Mo amt 0.20
Moz o 0.32
Jaz amb 0.51
s ot 1.27
Jtot,amb 0.12
Jtot hot 0.29
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DVRC injection parameters are listed in Table 3.5. Oxidizer values are calculated for
both heated temperatures of 685 K and cooler temperatures at ambient.

It can be seen that the change in the oxidizer temperature brings with it numerous
other changes related to changing the thermophysical state. Cooling the oxidizer

increases the density by nearly a factor of three while reducing the velocity by more
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Figure 3.11.: Effect of momentum flux ratio on spray angle in a gas-centered swirl

coaxial injector. Adapted from [24]

than half. The momentum flux ratio is reduced from 0.29 to 0.12 for the total velocity
definition as a result, or from 1.27 to 0.51 with the axial velocity definition.

A momentum flux ratio on the order of 1 places the parameter in a region where
the liquid momentum dominates. Based on the injector geometry and conditions for
the DVRC listed above, a liquid-only spray (half) angle of 1.070 radians (61.3°) is
expected. Correlations by Anand et al. [62| suggest the spray angle will open up with
the inclusion of the gas core. Predictions of 1.287 radians (73.4°) with the hot oxidizer
and 1.347 radians (77.2°) with the cold oxidizer are made based on their work. The
work of Im et al. [32] predicts narrower spray angles, of 1.079 radians (61.9°) with the
hot oxidizer and 1.135 radians (65.0°) with the cold oxidizer. This agrees with the
results of Park et al. [60], who predict spray angles around 1.082 radians (62°) and
1.117 radians (64°) for the hot and cold oxidizer, respectively. In all three instances,
the expected change in spray angle between the hot and cold oxidizer is around 5%,
suggesting similar mixing profiles for both the hot and cold oxidizer cases.

According to Reference [60], the momentum of the liquid continues to dominate
such that the spray angle does not begin to appreciably change until a momentum
flux ratio around 1.62 is reached.

Figure 3.11 is a comparison of liquid sheets across a range of momentum flux ratios.
It can be seen that at the lower values, the liquid sheet remains intact, minimally
affected by gas core. Empirical correlations produced by Fu et al. [31], based on

the work of References [53,136] and modified to include injector geometry, present
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a dimensionless breakup length as the breakup length divided the diameter of the

injection recess, Ly, /2r;r.

Ly /2rir = 3935 A7 0% Re_ 0405 (3.7)
where Re, represents the Reynolds number in the fuel inlets,
2y

- TN/ Nrpi
Following Equation (3.7), a breakup length of 7.54 cm is predicted. This length

Re, (3.8)

corresponds to the spreading arm, and the axial breakup length can be calculated
using the spreading angle. Using the angle based on the liquid only velocity ratio,
the axial breakup length is 3.62 cm.

Reference [62] provides some insight into what the droplet distribution of the
DVRC injector. The droplet size and size distribution were obtained using laser
diffraction based on Mie scattering on an injector with a recess ratio and swirl number
nearly identical to the injector of the DVRC and are shown in Figure While the
droplet distribution presented by Reference [62| will not exactly match that of the
DVRQC, it does offer a glimpse of what can be expected, as well as general trends.

Figure 3.12 shows a pair of still images of the injector operating with momentum
flux ratios of 5.0 and 3.5. It is clear that increasing momentum flux ratio increases
mixing, as the gas core is much more intact at the lower value. The effect is also visi-
ble on the spray particle diameter distribution, shown in Figure 3.13 for four different
ratios: MFR = 2, 3, 4 and 5. Note that the right y-axis is halved for Figure 3.13d.
There are two distinct spray regions, one yielding a large percentage of larger diameter
droplets (100 - 1000 pm), and another comprising a much smaller percentage produc-
ing very fine drops (10 - 100 gm). The shear layer produces the finest particles, where
the oxidizer jet interacts most heavily with the fuel spray. Increasing momentum flux
ratio naturally leads to increased atomization at the shear layer, made evident by
the increase in particle distribution at the smaller diameters as the momentum ratio

increases. On the periphery exists the outer edge of the spray which is not disrupted



112

MFR=5.0 MFR=3.5

Figure 3.12.: Visual comparison of spray structures at momentum flux ratios of 5.0

and 3.5 for the same injector [62].
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Figure 3.13.: Distribution of particle diameters as a function of momentum flux ratios.

Increased momentum flux ratio leads to more, finer particles. Adapted from [62].

by the inner oxidizer jet. With no dominant atomization mechanism at work, droplets
remain large in the hundreds of microns. With momentum flux ratios of 0.51 and
1.27 for the DVRC in the cold and hot oxidizer cases, an even greater distribution of
particles at larger diameters would be expected.

This analysis suggests that the DVRC injector does not create a well-distributed,

uniform spray. Instead, it is expected to find a heavily stratified distribution of
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Figure 3.14.: Predictions of temperature, oxidizer and fuel mass fraction and pressure
taken from a single time step from simulation of the DVRC. Configuration modeled

has a 0.205 m long chamber and 0.144 m long oxidizer post with a choked inlet [124].

propellants, with oxidizer in the center, a a well-mixed region along the shear layer,
and fuel along the outer edge.

Simulations of the DVRC predict this radial distribution. Lietz et al. [124] modeled
the DVRC configured with a short chamber length of 0.205 m and an oxidizer post
length of 0.144 m with a choked inlet.

Coinciding with this radial distribution is the prediction of incomplete combustion.
This would be a product of poor mixing by the injector. As a result, impingement of
the unburnt fuel on the hot nozzle promotes intermittent spikes in the pressure.

For comparison, the injector geometries and injection parameters for the UEC and

the RD-170 are provided in Table 3.6.
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Table 3.6.: Comparison of geometries and parameters for DVRC, UEC [99] and RD-
170 [137] GCSC injectors.

Lpost dpost Lcup dcup Mg m fuel Vox U fuelae Joz

lem] | [em] | [em] | [em] | [kg/s] | [kg/s| | [m/s] | [m/s] | []
DVRCpo | 5.3-14.4 1 0.95 | 0.89 | 1.15 | 0.249 | 0.098 | 158.5 | 24.02 | 0.51
DVRCump | 5.3-14.4 |1 095 | 0.89 | 1.15 | 0.249 | 0.098 | 63.23 | 24.02 | 1.27
UEC 17.1 2.05 | 0.51 | 2.31 | 0.462 | 0.073 | 219.5 4.0 25.58
RD-170 9.3 1.12 | 1.05 | 1.27 | 1.33 | 0.477 | 186.69 | 49.06 | 0.38

3.2 Acoustics
3.2.1 Acoustic Impedance

At the injector, the two propellants are mixed and combusted. This leads to dis-
crete distributions of the propellants, generating a landscape of varying temperatures,
densities, composition and sound and fluid speeds. Those parameters have a direct
influence on local acoustics, such as mean-flow effects or acoustic impedance.

Acoustic waves traveling between two media will undergo both transmission through,
as well as reflection from, the interface. This is governed by the acoustic impedance
ratio between the two media. The impedance, Z, is the product of density, p and

local sonic velocity, ¢,

Z = pc. (3.9)

The reflection, R, or transmission, T, of a given acoustic wave then depends on

the impedance of the media,

Zy — 74
R = ,
Zy+ 72y

(3.10)
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27
r-_%%_
Zo + 74

(3.11)

where the subscript 1 represents the medium the acoustic wave originates in, and
the subscript 2 the medium the acoustic wave is entering. It can be seen that for
two fluids of identical impedance, Z; = Z,, the the acoustic pulse is fully transmitted
with no reflection. For a pulse moving from a fluid of low impedance to high, the
reflection coefficient approaches unity, and the transmission value approaches a value
of two. This value of the reflection coefficient implies that the wave is mostly reflected
at the interface. A transmission greater than one indicates some portion of the pulse
is transmitted to the second medium, with an increase of amplitude nearly double
the incident wave. While it appears that the wave is effectively doubled, or perhaps
nearly tripled, power is conserved between the incident wave and the reflected and
transmitted waves. For pressure amplitudes of the same magnitude, the intensity of
the acoustic wave will be greater in a medium of lower impedance.

In the opposite case, where an acoustic wave enters a medium of lower impedance,
the reflection coefficient decreases, approaching a value of -1 at the most extreme case.
This value is simply the negative of the reflection coefficient for a wave traveling in
the opposite direction. The transmission value also decreases, approaching zero. The
summation of the transmission values in both directions equals two.

With the variation in oxidizer temperature, the impedance within the oxidizer post
of the DVRC varies, altering the transmission and reflection rates of acoustic waves.
The impedance of the oxidizer, fuel and combustion gas are provided in Table 3.7,
with the reflection and transmission coefficients between the three media detailed in
Table 3.8.

The dodecane has the highest impedance of the group, having a much higher
density to compensate for the low velocity. The oxidizer is on the same order of
magnitude for the two temperatures, but differ by almost a factor of two, with the
cooler oxidizer having the higher impedance. The combustion gas, with both low

density and low velocity is an order of magnitude lower than the oxidizer.



Table 3.7.: Impedance of propellants and combustion gas in DVRC.

Fluid Impedance |£%2]
Hot Oxidizer (685 K) 1.144 - 10*
Gaseous Oxygen (285 K) 1.944 - 104
Dodecane 4.277 - 103
Combustion Gas (2860 K) 1.014 - 10°

116
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Table 3.8.: Reflection and transmission coefficients between media in DVRC.

Fluid 1 Fluid 2 R T
Combustion Gas  Hot Oxidizer 0.46 1.46
Combustion Gas Gaseous Oxygen | 0.64 1.64
Combustion Gas Dodecane 0.99 1.99

Hot Oxidizer Dodecane 0.98 1.98

Gaseous Oxygen Dodecane 0.96 1.96

When comparing the impedance between media and calculating the reflection
and transmission coefficients, it can be seen that the largest differences appear at the
interface between oxidizer and the combustion gas. The reflection is close to unity
between dodecane and any other fluid. Between the combustion gas and the hot
oxidizer, the reflection coefficient is 0.46. This value increases to 0.64 with the cooler
oxidizer, about a 40% rise. The transmission coefficient also increases by the same
amount, from 1.46 to 1.64, or about a 12% jump.

The dodecane, being a very dense fluid, has a high specific impedance and as a
results has reflection coefficients near unity for all other fluids in the system, as well
as transmission coefficients around 2. Very little changes at the interface between
oxidizer and fuel as the temperature is reduced.

Based on the these predicted coefficients, it is expected that the cooler oxidizer
will better promote resonant behavior as it permits both reflections and transmissions
at stronger amplitudes. The ambient oxidizer presents a more favorable scenario to
promote coupling between the oxidizer post and chamber. Although the transmis-
sion back from the post into the chamber is attenuated, allowing for the increased
transmission into the post gives acoustic pulses generated in the chamber a better
opportunity to resonate. This is compared to the situation presented with the hot ox-

idizer, where chamber-generated pulses are weaker entering the post. Pulses coming
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from the oxidizer post are transmitted better, but are generally weaker than those
from the combustion field.

Acoustic impedance was used to describe part of the discrepancy between pressure
amplitudes in a multi-element transverse combustor where injection of fuel into select

elements created an asymmetric combustion field [138].

3.2.2 Linearized Euler Equation Analysis of Acoustics

Linearized Euler Equations (LEE) provides numerical solutions of the acoustics
of a system. Acoustic analysis through the wave equation, shown in Equation (3.12)
as derived by Lighthill [139], is limited as it can only be applied to a homogeneous
medium within a simple geometry without mean flow.
52 puw

52pc ‘
6 O dxdy (3.12)

A one-dimensional approach through LEE can provide numerical solutions of

acoustics modes, while also accounting for mean flow effects, compressiblity, heat
addition, as well as changes in geometry or flow conditions [140-142]. A full descrip-
tion of the underlying LEE model used in this work can be found in Reference [103].

The system and chamber modes in this work were calculated by LEE. As the
acoustic profile of the system, based on oxidizer post and chamber length, was a
studied variable in this work, LEE was used to generate frequency maps to assist in
choosing the geometries to study at given injection conditions. These maps have been
calculated for previous experiments (see Figure 2.16 for the UEC and Figure 2.23 for
the CVRC). The steps to using LEE to examine the acoustic modes of the system
are provided below.

First, a selection of geometries at a given set of conditions is chosen. For this ex-
ample, the oxidizer post length is fixed at 5.27 cm at the ambient oxidizer condition
while the chamber length is varied between 20.32 and 40.64 cm. Baseline operating
conditions, as listed in Section 3.1.6, are used. Second, the NASA Chemical Equi-
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librium with Applications (CEA) code is run to make predictions of the combustion
field, including temperature, composition and sound speed. Third, the CEA code is
rerun with a fixed reduced temperature to simulate a reduction in c¢* efficiency. Full
combustion efficiency is impossible to achieve, and a reduction in efficiency would
naturally lead to a change in thermophysical properties of the combustion field. A
non-ideal combustion efficiency can be predicted using previous work. In this exam-
ple, combustion efficiency from preliminary tests on the DVRC was used.

The combustion efficiency for each test was calculated by taking the ratio between
the calculated c* based on test measurements and the theoretical ¢*. The actual c*
efficiency is calculated as the ratio between the product of the chamber pressure and
throat area, and the mass flow rate. The theoretical c* efficiency is calculated from

the output of CEA, using Equation (3.13).

+1G9) RT
C*theo = \/£7 9 MW (313)

The c¢* efficiency was found to be around 88 to 91% for the ambient oxidizer and 93

to 95% for the hot oxidizer.

The adiabatic temperature is then multiplied by the square of the ¢* effiency to
obtain the reduced temperature for use in the rerun of the CEA code. The updated
CEA output, along with geometry and the oxidizer and fuel properties determined
through manifold measurements and REFPROP, are then put into LEE, where the
acoustic modes are generated.

The effect of c* efficiency on the LEE results is shown in Figure 3.15. Horizontal
trends are calculated system modes that are dominated by the oxidizer post, as they
do not change with the chamber length. Chamber modes are represented by the
sloping lines, as the longitudinal frequencies are proportional to chamber length.
Vertical lines are provided to indicate geometries tested at these conditions, with
asterisks denoting persistent frequencies measured in the pressure signals. There
is no change between the post-dominated system modes between the two maps, as

the flow conditions in the post are unchanged. There is a noticeable reduction in
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Figure 3.15.: Comparison of the frequency maps produced by LEE at (a) adiabatic
chamber temperature and (b) reduced chamber temperature based on non-ideal c*
efficiency. This example is based on a fixed oxidizer post length of 5.27 cm and with

the ambient oxidizer temperature, sweeping across chamber lengths.

the chamber frequencies with the heat loss, which is amplified at higher harmonics.
It can be seen that the frequency markers are much more closely aligned with the
predicted frequencies at the reduced temperature than the adiabatic temperature.
This is evident for both system and chamber modes.

The available geometry limits the potential acoustic profiles that can be tested.
Presented in Tables 3.9 and 3.10 are the possible acoustic profiles based on the avail-
able oxidizer post and chamber lengths, referring to the hot and ambient oxidizer
cases, respectively.

Four tests are discussed in Chapter 4. These four tests are in pairs, with two using
the hot oxidizer and two with the ambient oxidizer. The tests are also paired such
that a hot and ambient oxidizer test is conducted near one acoustic profile, while the
other pair of tests conducted near a different acoustic profile to examine the effect of
geometry. The acoustic profiles were chosen based on the results from LEE taken at
those geometries.

The calculated pressure mode shapes for the longitudinal modes for those four

tests are provided in Figure 3.16. The axis starts at the oxidizer post inlet and ex-
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Table 3.9.: Acoustic profiles based on available geometry with hot oxidizer. Back-

ground color relates to magnitude, with increased values having darker colors.

L/A

Chamber Length [cm]
20.46 24.83 2728 31.65 34.10 38.47

Post Length [cm]

5.27
7.18
12.44
14.36

028 023 021 018 017 0.15
031 029 025 023 0.20
0.35

Table 3.10.: Acoustic profiles based on available geometry with ambient oxidizer.

Background color relates to magnitude, with increased values having darker colors.

L/

Chamber Length [cm]
20.46 24.83 27.28 31.65 34.10 38.47

Post Length [cm]

5.27
7.18
12.44
14.36

042 036 032 028 026 0.23
044 038 035 0.31
0.54
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tends to the end of the chamber. The dump plane can typically be identified by a
jump in the profile, due to the change in conditions and geometry between the oxidizer
post and chamber. The modes exist as standing waves, which are the superposition
of a pair of traveling waves. Nodes exist for each mode where the amplitudes drop
to zero. These points represent phase shifts in the signal. Anti-nodes are where the
pressure oscillations reach a maximum. The spatial distribution of the nodes and
anti-nodes are important to combustion stability based on the fundamental of ther-
moacoustic instabilities predicated on the Rayleigh Criterion. If pressure oscillations
are generated, in phase, in the same location where heat release occurs, an insta-
bility is driven. By tailoring flow conditions or geometry, specific acoustic profiles
can be used to drive or dampen thermoacoustic instabilities in certain regions of the

combustor.
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Figure 3.16.: A compilation of the pressure mode shapes for the longitudinal modes calculated by LEE for the tests analyzed in the
Results chapter. Includes (a) Test 363 (hot oxidizer) at L/ = 0.20, (b) Test 359 (hot oxidizer) at L/A = 0.36, (c) Test 360 (ambient
oxidizer) at L/A = 0.23, and (d) Test 366 (ambient oxidizer) at L/A = 0.38.
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There are different levels of acoustic pressure ratios, which are the ratios of cal-
culated maximum p’ of the chamber to that of the post, and based on the acoustic
profile. The oxidizer post-dominated system modes are easy to spot, as they have
pressure ratios close to zero. These modes are expected to be heavily damped based
on acoustic theory. Other modes are expected to be more prone to excitation, such as
the chamber 2L, modes seen in Figure 3.16(a) and (c), where a high acoustic pressure
ratio is achieved.

As mentioned above, tests near two acoustic profiles were chosen, with a hot and
ambient oxidizer test picked for each profile. The similarities can be seen in the mode
shapes, such as comparing Figure 3.16(a) and (c), or Figure 3.16(b) and (d), which
feature different geometries and oxidizer temperatures, but similar acoustic profiles.
Other tests were run, filling in the L/\ spectrum between 0.2 and 0.5, or roughly
between quarter-wave and half-wave resonators. This range was covered in the CVRC,
although chamber length was kept constant. Likewise, the UEC experiment also
covered this range of acoustic profiles, although based the calculations on the chamber

2L mode.

3.3 Testing and Facility

3.3.1 Design and Testing Requirements

As stated before, the primary focus of this work is the collection of data sets for
validating computational models. Design and testing requirements were implemented

to facilitate the modeling of the experiment. These requirements are listed below:

1. Propellants

e Warm (1100 R [611 K]) Oy at the main injector manifold

e RP-2

2. Main Chamber Injector
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e Gas-centered swirl coaxial injector
e Momentum flux ration within 1/2 order of magnitude of selected injector

e Oxidizer post Mach No. of 0.3 - 0.5

e Subsonic oxidizer post inlet
3. Configurations

e Test configurations shall present discriminating stability behavior

e Self-excited pressure oscillations shall present amplitudes of p’/ppean <

0.05 and p’/pimean > 0.10 at acoustic (axial) mode frequency
4. Main Chamber

e Mean pressure of 600 psia [4.14 MPa)
e Resonant frequency of 1500 - 2000 Hz
. Instrumentation
e High frequency pressure measurements to provide ox post and chamber
modal information up to third longitudinal mode
e Pressure amplitude measurement accuracy better than 1%
e Propellant temperatures measured to within +10 R [5.6 K]

e Flow rates and mean pressure measurement accuracy within 5%
6. Design for modeling

e Fluid inlets are understood

e Heat loss shall be measured with sufficient spatial resolution in active com-

bustion areas and integrated in throat

e Geometries and size of domain shall be reasonable

7. Test duration
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e Test duration shall be sufficient to obtain steady flow and limit cycle am-

plitudes

3.3.2 Validation Data Set Acquisition

The DVRC was prepared for testing following the design and testing requirements
discussed in the previous section. Two configurations were initially chosen, but ulti-
mately 14 configurations were tested. The 14 configurations are listed in Table 3.11
The first two configurations were sized from the results of the CVRC, with one having
a post close to a half-wave resonator length, and the other close to a 3/8-wave. Based
on operation of the CVRC at these conditions, the former was expected to be stable
and the latter unstable. Both demonstrated to be very stable. More configurations
were added and tested to find an unstable test point. Changes towards this goal in-
clude a reduction in the pressure drop across the subsonic inlet, a switch to a choked
inlet, sweeps through a range of O/F ratios, testing at lower chamber pressure and

varying post and chamber length.

3.3.3 Instrumentation

Low frequency pressure transducers were used to monitor pressure levels at meter-
ing and inlet locations, as well as to measure the static pressure signal from manifolds
and main chamber. Unik 5000 transducers from GE were used, with ranges span-
ning between 1000 psi and 5000 psi (6.89 MPa and 34.47 MPa), depending on the
expected pressure levels for the installed system. These transducers were chosen for
their accuracy, which are reported to be 0.04% of the full scale signal, based on a
best fit line. This is in comparison to the 0.1% of Honeywell TJE transducers, or the
0.25% of Druck PMP 1260 transducers. In locations that required a high accurate
measurement, such as the chamber and inlet locations like the manifolds, the Unik
5000 was chosen. For other locations and scenarios, like system diagnostics, the PMP

1260 was installed.
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Table 3.11.: Configurations tested to gather validation data. * denotes that the first

chamber section was replaced with a section of smaller ID. { represents tests where

highest amplitudes were localized to only the head end. I indicates tests ran at lower

chamber pressure (2.76 MPa [400 psi]).

*
*

was moved one section downstream to isolate potential effects.

represents tests where the igniter section

Config.  Lyos L. L/A Inlet O/F P’/Pc
o] fem] (AP [%Pc])

1 7.18 34.10 0.55 Subsonic (20) 2.60 1%
2 5.27 34.10 0.40 Subsonic (20) 2.61 1%
3 5.27 20.46 0.67 Subsonic (20) 2.63 2%
4% 7.18 32.36 0.58 Subsonic (20) 2.29-2.76 2%
5 7.8 3236 0.58 Subsonic (12) 2.32-2.86 2%
6 7.18 34.10 0.55 Subsonic (12) 2.40-2.79 2%f
7 5.27 34.10 0.40 Subsonic (12) 2.36-2.82 4%
8% 7.18 34.10 0.55 Subsonic (12) 2.35-2.77 4%
9 7.18 34.10 0.55 Choked (-) 2.29-2.76 3%
10 527 3410 040 Choked (1) 2.32-286 2%
11 718 2046 091 Subsonic (12)  2.48 5%t
12 14.36  20.46 0.91  Choked (-) 2.47 4%t
13 1436 2554 0.73  Choked (-) 2.57 5%
145 14.36  20.46 0.91  Choked (-) 2.67 8%t
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Thermocouples from OMEGA were installed throughout the system to measure
fluid and chamber wall temperatures. Type K thermocouples were chosen, as they
had the highest operating range, up to 1523 K. Small diameter probes, at 1/16" (1.59
mm), were used for increased response time, as were exposed junction ends. Model
KQXL-116E-12 provided the necessary parameters. Measurements have an accuracy
of 2.2 K, or 0.75%. Quick disconnect interfaces allow for simple installation, a benefit
for when making hardware changes.

One Type E thermocouple, with a narrower range but more accurate measurement
than a Type K, was used to measure the temperature of liquid nitrogen in a dewer to
serve as a reference temperature. This Type E thermocouple, and the thermocouples
in the oxidizer and fuel manifolds, were installed into the flowfield, where disruption
of the local flowfield was unimportant, for more accurate measurements

Both the low frequency pressure transducers and thermocouples were sampled at
1 kHz.

High frequency pressure transducers were installed for measuring dynamic changes
in the pressure field. Measurements were taken with sampling speeds of 250 kHz, far
above the frequencies of the behavior being studied. Kulite WCT-312M piezoelectric
transducers, shown in Figure 3.17 were installed in manifolds, the oxidizer post and
throughout the chamber. Transducers are water cooled to permit operation where
high thermal loads are expected. Accuracy within 0.5% of full scale output is achieved
with these sensors.

Porting for the high frequency pressure transducers considered the axial location
within the chamber to target placement of the sensors near either pressure nodes or
anti-nodes. In order to resolve the individual effects of the first three longitudinal
modes, multiple sensors were required. These sensors would be installed at the head
end of the combustor, which would serve as a pressure anti-node for all chamber
acoustic modes, as well as the quarter-, third- and half-length axial locations, which
would permit isolation of any of the first three longitudinal modes. An example of

all of the instrumentation locations can be seen in Figure 3.18.
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Figure 3.17.: Diagram of the WCT-312M kulite high frequency pressure transducer.

Dimensions are in english units with metric units in parantheses [143|.

Figure 3.18.: Tllustration of the instrumentation locations for the baseline configura-

tion of the DVRC.



130

Also shown here are pairs of thermocouples within the chamber wall. These
thermocouples were embedded into the walls with each pair having two depths. The
first was 0.318 cm [0.125 in| away from the inner diameter of the chamber, and the
second 0.732 cm [0.288 in| away from the inner diameter. Together, these pairs would
allow for back calculation of the local heat flux. Through these 11 pairs, the heat loss
to chamber walls would have spatial resolution.

The instrument selections as well as installation locations were considered suffi-

cient to meet the stated requirements.

3.3.4 Test Facility and Procedures

The DVRC was installed on Stand B of the Rocket Cell in the High Pressure Lab
(HPL) at Zucrow Laboratories, part of the Purdue University campus. The facility
is equipped with 14.2 m? of gaseous nitrogen at 41.5 MPa, used for purging and
pressurization of propellants, such as the liquid fuel. The test stand is plumbed to
flow liquid fuel at 0.390 kg/s at pressures up to 12.41 MPa. Gaseous oxygen flow
rates up to 1.013 kg/s are possible, at pressures up to 17.24 MPa. The test stand is
also equipped with gaseous hydrogen to fuel the preburner and igniters.

The test stand itself, shown in a Figure 3.19, utilizes a hydraulic jack to com-
press the test article with a compressive force up to 68.9 MPa. Rapid compres-
sion/decompression supports quick modifications of the hardware, such as adding,
removing or swapping oxidizer post or chamber sections to affect geometry.

An example of a system pressure profile is shown for Test 359 in Figure 3.20 for
a hot oxidizer test. The autosequence begins with inert nitrogen purge through both
oxidizer and fuel systems. Then the preburner system is brought on line, starting
with the preburner igniter. Failure to light the preburner igniter triggers an abort
(minimum igniter chamber pressure not met). The spark igniter induces noise in the
signals, which is apparent around 1.2 seconds in the figure. Once the igniter is lit,

the preburner propellant run valves open. Red lines check the preburner chamber



131

Figure 3.19.: Model of the original DVRC configuration on the test stand.
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Figure 3.20.: Example pressure profiles from Test 359. Preburner manifold and cham-
ber pressures reach between 11.03 and 12.41 MPa during steady state, with a pressure
drop to around 8.27 MPa in the oxidizer manifold. Fuel manifold pressure nears 4.83
MPa while chamber pressure is around 3.79 MPa. Noise in signals is triggered when

spark igniters are active (around 1.1 and 3.2 seconds).

pressure to ensure it is lit by comparing it to an acceptable minimum value. Another
red line checks the preburner chamber for overpressurization.

Once the preburner reaches steady state, the main chamber igniter is brought
online. Noise is again induced in the pressure signals by the spark igniter, seen
around 3.2 seconds. Red line monitoring then checks the igniter chamber pressure
to ensure it has lit. If it has, the main propellant run valves open. Similar to the
preburner, red lines check for ignition and will abort if the chamber pressure is to
low. Overpressurization will also lead to an abort.

Hot fire lasts for one second, and defined as the time the main fuel run valve is
open. Steady state is often achieved within the first quarter second. An example of
the chamber pressure during hot fire taken from high frequency pressure trandsucers
is shown in Figure 3.21. In this example, a low frequency mode emerges shortly after

ignition and persists for the first two thirds of the test before dying off. The end
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Figure 3.21.: Example HF pressure profiles from Test 359. A bulk mode is present in

the system, evident in chamber and fuel manifold signals.

of the test is marked by the drop in pressures, as fuel is no longer being supplied.
Shortly after the main fuel run valve closes, the preburner is shut down.

Tests conducted with the ambient oxidizer do not use the preburner. In these
tests, the preburner igniter and the preburner fuel are not activated. Otherwise,

timing is the same between hot and ambient oxidizer tests.
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4. RESULTS

The primary goal of this work was to capture validation data. This was done at a
number of configurations, listed in the previous section in Table 3.11. Throughout
testing, all configurations were observed to be stable, with pressure oscillations below
10% of the mean chamber pressure. Preliminary comparisons of the experimental
results to computational models were reported by Reference [124].

The lack of unstable operating points prompted the secondary objective of this
work, which was to reduce the oxidizer temperature as a method of achieving higher
pressure oscillation amplitudes. Two temperatures of oxidizer were tested. The first
relied on hot oxidizer, where oxygen was burned with hydrogen in the preburner before
entering the oxidizer manifold. Tests were conducted with an oxidizer temperature
measured around 685 K, as measured in the oxidizer manifold. Note that as combus-
tion products are formed, the oxidizer is no longer purely oxygen, but approximately
95% diatomic oxygen and 5% water vapor, by weight. For cooler temperatures, oxy-
gen from compressed gas cylinders was used. The temperature of the pure oxygen
remains near room temperature, measured around 285 K in the oxidizer manifold.

Different geometries were studied at both oxidizer temperatures. Oxidizer post
resonance with the chamber can instigate combustion instabilities. It was expected
that modifying the geometries to attain certain acoustic profiles would generate pres-
sure oscillations strong enough to drive instabilities. While consistent, high amplitude
unstable behavior was not observed, there were some geometry effects noticed.

This section discusses the results obtained through testing. First, low frequency
measurements are presented, providing a background of the test conditions and typ-
ical testing profiles. Following this are high frequency pressure transducer results.
High-pass filtered results are first presented and compared These results represent

the mean-subtracted dynamic pressure signal (p’). Included in the analysis of this
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grouping of signals are comparisons of waveforms, and cross-correlations between dif-
ferent locations and provide phase relationships. The phase between measurements
can be used to gauge timing and levels of acoustic interactions. Following this, time-
independent statistics based on the distribution of the pressure signal are discussed.
These include the root mean square (RMS) and standard deviation of the signals,
as well as the skewness and kurtosis, which are the third and fourth standardized
moments. As all tested configurations remained stable, with little sustained acoustic
forcing, a statistical approach provides a quantitative base in which to compare the
different data sets. Frequency analysis of the signals is presented and discussed, first
using power spectral densities and spectrograms, then by using the continuous wavelet
transform. These methods capture the dominant frequencies within the signals, along
with determining amplitude and variability of the frequency content through time.
Application of this suite of analytical techniques to the pressure signals obtained
in this work provided insight into the state of the thermoacoustic field as a function
of the oxidizer inlet temperature. The pressure field was considerably more stable
with the higher inlet temperature. Pressure fluctuations increased in amplitude with
the cooler inlet temperature proportional to the increase in the acoustic reflection
and transmission coefficients, a product of the changing specific impedance of the
oxidizer in relation to the combustion gas. Similar frequency content was found in
both settings, borne from the acoustic modes of the system, primarily the chamber.
Organization was observed to increase with the cooler temperature, where acoustic
energy was distributed to narrower bandwidths at the acoustic modes with sharper
peaks in the frequency domain. Further augmentation of pressure oscillation am-
plitudes was achieved through geometry changes, but only observed in the ambient
oxidizer cases. The relationship between amplitude and acoustic profile matched that
of previous similar experiments, in general. Deviation was observed with two different
geometries at very similar acoustic profiles, where one configuration promoted strong

amplitudes, and the other much weaker amplitudes. A more fitting trend was found
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Table 4.1.: Geometry and operating parameters for representative tests of the DVRC.

Test ID  Lpow Lo L/A 1w tjus Tow Tpua OJF
jem]  [em) kg/s [ke/s] K] [K]

363 718 38.47 0.20 0.255 0.096 691 1 2.66

359 12.44 38.47 0.36 0.254 0.098 675 1 2.58

360 5.27 38.47 0.23 0.253 0.096 283 1 2.64

366 718 31.65 0.38 0.251 0.098 285 1 2.57

based on the timing between expected vortex generation and impingement, and the

subsequent arrival of a traveling pressure wave in the chamber.

4.1 General Performance

The general performance of a handful of representative tests are will first be pre-
sented. Four tests have been chosen, with two system geometries for each oxidizer
temperature. Geometry and operating parameters for these four tests are listed in
Table 4.1. A summary of results are provided in Table 4.2. The first pair of tests
listed, Tests 363 and 359, were run with hot oxidizer and oxidizer posts acting as
resonators with equivalent wavelengths of 0.20 and 0.36. The second pair of tests,
Tests 360 and 366, were run with ambient oxidizer, hitting similar equivalent wave-
lengths of 0.23 and 0.38. The equivalent wavelengths were chosen to compare effects
of the equivalent wavelength at the same temperature, as well as to compare similar
wavelengths at different conditions. It should also be noted that twice a new fuel
collar was installed prior to testing, once before operation heated oxidizer conditions
and again before ambient. The collar was then examined and showed discoloration
at the tip in both heated and cooler conditions, an indication of flame anchoring at

the tip.
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Table 4.2.: Summary of general results from representative tests of the DVRC.

Test ID  Pc Overall P'/Pc  c* efficiency  Jiotar  Jawial
[MPa| |peak-to-peak %] | %]

363 3.800 3.90 93.8 049 211

359 3.827 3.88 93.2 043 1.83

360 3.565 6.25 91.0 0.17 0.74

366 3.468 8.25 87.4 0.21 091
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Figure 4.1.: Raw high frequency profiles from (a) Test 359 using hot oxidizer and (b)

Test 366 using ambient oxidizer.

4.2 High Frequency Pressure Results

Raw high frequency pressure traces from Tests 359 and 366 are shown in Figure 4.1,
with the former being a good representation of hot oxidizer tests, and the latter
of ambient oxidizer tests, respectively. A low frequency bulk mode around 25 Hz
appeared, with different presentations depending on oxidizer temperature. At higher
temperatures, such as in Figure 4.1a, the bulk mode is dominant throughout most of
the test. At lower temperatures, such as in Figure 4.1b, the bulk mode is weaker and
heavily modulated by what appears to be higher frequency content.

Interpretation of the differences in the results is not immediately apparent. A
number of methods and techniques were applied to the high frequency pressure signals
to extract relevant, useful information on how the oxidizer temperature impacts the

thermoacoustics, and therefore the stability of the system.

4.2.1 High-Pass Filtered Results

The raw pressure traces obtained by the high frequency pressure transducers are

high-pass filtered, removing the static component to leave the dynamic or fluctuating
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component. A 5 millisecond window of the signals shown in Figure 4.1 was high-pass
filtered. The results are broken into four groupings for comparison, based on both
location and appearance of waveforms. The first grouping contains all signals, while
the second grouping contains only measurements taken in the injector. The third
grouping is limited to only measurements near the dump plane, and the last grouping
the remaining chamber measurements.

Presented first are signals from Test 359 with hot oxidizer, shown in Figure 4.2.
It is apparent that a diverse range of waveforms are present. Within the injector, two
main waveforms can be seen. The upstream oxidizer post signal shows little obvious
organization but strong, rapid high frequency modulation. Further downstream, at
the downstream oxidizer post and fuel manifold locations, the signals do not show
the high amplitude, high frequency modulation. Instead, it is replaced with weaker,
lower frequency behavior. These two signals lack coherence, as they switch between
being in and out of phase.

The chamber signals were split into two waveform types, with one waveform at the
dump plane and another elsewhere. These two measurements are taken from the same
axial location, 1.27 cm downstream of the injector face, but are installed at different
circumferential angles. One is installed at the same angle as the high frequency
instrumentation array, placing it 0.785 radians (45 °) from a twelve-o-clock position.
The second, denoted as "clocked", is placed at nine-o-clock when facing upstream,
4.712 radians (270 °). Both of these signals exhibit relatively strong amplitudes and
a periodic structure. A slight phase shift between the two signals is also evident,
despite the measurements coming from the same axial location. For a longitudinal
acoustic mode, it is expected that signals from the same axial location would have the
same phase, despite whether the wave is traveling or standing. This suggests some
other acoustic or hydrodynamic mode is present at the chamber head end.

In comparison, the downstream chamber measurements have much smaller ampli-
tudes and no dominant frequency present. The signal from the most central measure-

ment, located at 17.02 cm, is the weakest of the group. This is consistent with a nodes
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Figure 4.2.: Waveform comparison for Test 359 for a 0.005 second window. Signals are
divided into like groups: all high frequency measurements (top-left), injector measure-
ments (bottom-left), upstream chamber measurements (top-right), and downstream

chamber measurements (bottom-right).
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for odd-numbered acoustic modes. Further supporting weak acoustic organization is
the phase shift of the signals. The further upstream locations, at 5.59 and 8.64 cm,
along with the 17.02 cm, are occasionally out of phase with the nozzle location at
37.13 cm, which is consistent with the first longitudinal mode. However amplitudes
remain small, suggesting acoustic forcing is limited.

High-pass filtered measurements from Test 366 are presented in Figure 4.3. Again,
the signals fall into the same three groupings, although amplitudes are stronger glob-
ally.

The injector measurements are similar to those of Test 359 with the hot oxidizer.
The upstream oxidizer post signal is the strongest of the grouping. It does not appear
to be embedded with higher frequency content than the rest of the injector, but still
differs from the downstream oxidizer post and fuel manifold locations, which remain
similar to each other. These two measurements shift in and out of phase, despite
their strong similarity.

The strongest oscillations are seen at the head end of the chamber, as shown in
Figure 4.3c, with peak-to-peak amplitudes ranging from 140 kPa to 410 kPa. The
two measurements at 1.27 cm are similar to each other, although the clocked position
waveform maintains a more sinusoidal shape. The peaks are smooth, while the non-
clocked position appears more broken. There is an apparent phase shift between the
two signals, similar to the hot oxidizer case.

Downstream chamber measurements are much weaker and broken compared to
the upstream signals. The phase shifts between these signals serve as evidence of
weak standing wave behavior of the first longitudinal mode, more so than the hot
oxidizer test. The two measurements in the upstream half, at 5.59 and 8.64 cm, are
completely out of phase with the nozzle measurement at 30.31 cm. This behavior is
intermittent, however, as the waveforms collapse into noise before organizing again.
This suggests that either the acoustic perturbations are unable to couple with a heat

release or hydrodynamic mode, or are actively damped.
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Figure 4.3.: Waveform comparison for Test 366 for a 0.005 second window. Signals are
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chamber measurements (bottom-right).
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The configuration tested in Test 366 did not have a mid-chamber measurement
location to examine the pressure signal near the center acoustic node. However, the
companion ambient oxidizer test, Test 360, does have a central measurement which
does show a much weaker acoustic response than the locations further away from the

node of the first longitudinal acoustic mode.

4.2.2 Cross-Correlation

High-pass filtered results were cross-correlated to assess signal similarity and iden-
tify phase relationships. For the four representative tests, three reference transducers
were chosen which the various transducer signals are cross-correlated against. The
three reference locations are the oxidizer post inlet, the 1.27 cm location, and the
nozzle. The reference locations are based off of their nodal locations, each being at a
global anti-node. This is designed to prevent inaccurate measurements arising from
attenuated signals.

The two representative hot oxidizer tests, Test 363 and 359, are discussed first.
The results are shown in Figure 4.4, broken up into reference location. Dashed lines
indicate oxidizer post signals, dotted lines for the fuel manifold, and solid lines for
the chamber locations. The first results discussed are cross-correlations with the
upstream oxidizer post inlet location, Figure 4.4a for Test 363 and Figure 4.4d for
Test 359. The only strong correlation appears for the oxidizer post inlet to itself,
or the autocorrelation. It has a sharp drop off on either side, indicating that the
self-similarity is not preserved through time. Two small, jagged peaks appear on
either side of the central peak, suggesting the potential for very weak periodicity
that gets lost past the first period, as no more peaks appear. The only other notable
correlation is with the two 1.27 cm locations, which show a shallow peak that lags the
oxidizer post inlet signal, as indicated by it appearing on the positive side of the axis
of ordinates. For Test 363, the peaks are around 0.15 ms, while for Test 359 the time

lag is around 0.31 ms. This would suggest an acoustic pulse emitting from near the
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dump plane that travels upstream through the post, perturbing the flowfield near the
choked inlet. Test 363 uses a shorter post length of 7.18 cm compared to the 12.44
cm length of Test 359, resulting in a shorter travel time. The time lags are similar to
what would be expected for a pulse traveling along this length against the mean flow,
where a simple calculation postulates an acoustic travel time of 0.21 and 0.37 ms for
Tests 363 and 359, respectively. The lack of a paired peak on the negative side of the
auto-correlation peak indicates that this pulse either is not reflected or is attenuated
by the time it returns to the dump plane. No other significant peaks appear for this
cross-correlation pairing.

Stronger correlation appears with the 1.27 cm reference location for both hot ox-
idizer tests. The two 1.27 cm locations have the strongest correlations by a wide
margin, primarily around a time lag of zero, but also subsequent peaks in both di-
rections, indicating periodic behavior. The time lag is around 0.36 ms for both tests.
This matches the period of a single cycle for the first chamber longitudinal mode,
as both tests share the same chamber length. A weaker correlation with the up-
stream oxidizer post location is visible, matching the results where that measurement
was used as the reference location. No other significant peaks are apparent, with
maximum correlations below 0.4 for the remaining signals.

The cross-correlation relationships with the nozzle location as the reference are
shown in Figure 4.4c and Figure 4.4f for Test 363 and 359, respectively. Overall the
level of correlation increases, but not as an indication of periodicity in the form of
singular, repeated peaks. The highest correlations are from auto-correlation with the
nozzle signal, and also with the upstream oxidizer post signal. The auto-correlation
naturally reaches a peak around zero. For Test 363, the oxidizer post inlet peaks at
0.02 ms and -0.65 ms, while for Test 359 it peaks at -0.14 and -0.74 ms. Test 363
has a downstream post measurement, which shows similar time lags as the upstream
location, with peaks at 0.02 and -0.65 ms. For each test, the spacing between the two
oxidizer post inlet peaks and the next strongest correlation, the 1.27 cm locations,

is consistent. For Test 363, the spacing is 0.24 ms between post inlet and 1.27 cm
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Figure 4.4.: Cross-correlation of signals from hot oxidizer tests. Test 363, with L/\ =
0.20, makes up the left column and Test 359, with L /A = 0.36, makes up the right.
Reference signals are the oxidizer post inlet for (a) and (d), 1.27 cm location for (b)

and (e), and nozzle location for (c) and (f).
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location peaks, while it is around 0.45 ms for Test 359. These values are consistent
with an acoustic pulse traveling upstream through the oxidizer post.

While they do not have strong, well-defined peaks, the chamber measurements
capture interesting behavior. As Figure 4.5 illustrates, between the central peak for
the nozzle location auto-correlation and the outer dump plane peaks rests weak but
present peaks for the remaining chamber measurements. There is not a single, sharp
peak for these signals, instead the peaks are quite broad and remain a high degree of
correlation across a wide range of time lags. However, the maxima do follow a trend
with the peaks occurring in order of axial location. This would serve as an indication
of an acoustic wave emanating from the dump plane, losing coherence along the way
through the chamber, reaching the nozzle where its interaction creates a stronger
pulse that is reflected and travels back upstream to the dump plane where it leads
to the generation of another pressure pulse. The time lags match for a pressure wave
traveling downstream, sped up by mean flow with a Mach number of 0.1. Likewise,
the time lags fit a return pulse, slowed by mean flow at a Mach number of 0.1. The
return pulse also appears to slow down as it approaches the head end, reducing in
speed from approximately 990 m/s to 762 m/s at the 5.59 cm location, then 330 m/s
at the dump plane.

For each reference location, the fuel manifold consistently had very weak correla-
tion.

The same analysis is conducted on the two ambient oxidizer tests, Tests 360 and
366. The results are visualized in Figure 4.6. The same three reference signals are used
as the hot oxidizer cases, with the upstream oxidizer post measurement for Figure 4.6a
and Figure 4.6d, the dump plane at 1.27 cm for Figure 4.6b and Figure 4.6e, and the
nozzle for Figure 4.6¢ and Figure 4.6f.

The cross-correlation results with respect to the oxidizer post inlet vary differently
between the hot and ambient oxidizer tests. Whereas the hot oxidizer test had weak
correlations with the inlet signal, apart from auto-correlation, the ambient oxidizer

tests show substantially stronger correlations, along with evidence of periodicity. The
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Figure 4.5.: Cross-correlation of chamber signals with the nozzle signal as the ref-
erence for hot oxidizer Test 363. Time shift of peaks between locations indicates

traveling wave emanating from the nozzle and reflecting back at the dump plane.
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Figure 4.6.: Cross-correlation of signals from ambient oxidizer tests. Test 360, with
L/X\ = 0.23, makes up the left column and Test 366, with L./A = 0.38, makes up the
right. Reference signals are the oxidizer post inlet for (a) and (d), 1.27 cm location

for (b) and (e), and nozzle location for (¢) and (f).
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auto-correlation again produces the strongest correlations, peaking not only around
zero but also with secondary peaks, either leading or lagging the central peak by 0.73
ms for Test 360, and 0.63 ms for Test 366. This matches the expected timing for the
fundamental longitudinal chamber mode, for a pulse to travel from the dump plane
to the nozzle and back.

The chamber cross-correlation results capture dynamics similar to what was seen
in the hot oxidizer nozzle results, where a pulse traveling along the chamber is visible.
Unlike the hot oxidizer tests, the pulse can only be seen traveling upstream instead of
both up and downstream. For Test 360, the peaks at the various chamber locations
moves in sequence, starting at the nozzle at 0.61 ms, moving up to 0.39 ms at 17.02
cm, 0.26 ms at 8.64 cm, 0.22 ms at 5.59 cm, then reaching the dump plane 0.15
ms before the post inlet. This translates to a pulse that is decelerating as it travels
upstream, starting around the expected sound speed at 975 m/s, then slowing to
around 620 m/s at the head end.

In Test 366, the upstream traveling chamber pulse is also evident. The nozzle
location leads the post by 0.636 ms, the 8.64 cm location by 0.34 ms, 5.59 cm by 0.31
ms, and 1.27 cm by 0.27 ms. The 17.02 cm location in the middle of the chamber shows
a very weak correlation with the inlet reference location. The remaining time shifts
capture a traveling pulse emanating from the nozzle, traveling around 780 m/s in the
downstream half and accelerating to 1000 m/s in the upstream half. In comparison
to Test 360, the cross-correlation results for Test 366 appear to capture a complete
standing wave system mode shape. Besides the chamber itself displaying a much
more uniform pulse speed throughout, the oxidizer post also shows a 1L standing
wave profile, with the inlet and dump plane out of phase. It appears that stronger
organization is achieved when the geometry better accommodates a full acoustic mode
through the system. Despite this, both the fuel manifold and the downstream oxidizer
post measurements are not strongly correlated with the upstream post signal.

Relying on the post inlet and dump plane signals, an estimate of the upstream

velocity inside the post was made based on time lag and distance between the sensors.
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For Test 360, the estimate is around 380 m/s, while the estimate for Test 366 is lower,
around 280 m/s. The estimate of 380 m/s is much higher than the predicted mean
flow-adjusted velocity of 260 m/s, while the estimate for Test 366 is much closer to
the expected value.

The results from cross-correlation with the 1.27 cm reference location are very
similar to those with the inlet post reference, achieving time lags consistent with a
pulse traveling around 1000 m/s for Test 360 and around 1200 m/s for Test 366. The
1000 m/s value is close to the expected chamber sound speed of 1081 m/s, while the
1200 m/s result is slightly higher than expected.

There is an unusual bifurcation visible near a time lag of 0.045 ms for the 8.6
cm measurement in Test 360 and 0.024 ms for Test 366. The appearance it takes on
suggests it could be the result of reflection of the upstream traveling pulse. Relying
on the timing between the non-clocked dump plane location and both the midpoint
sensor and nozzle sensor shows the timing to be consistent with a downstream pulse
traveling at a mean velocity of 1150 m/s for Test 360 and 1130 m/s for Test 366, close
to the mean flow-adjusted velocity of around 1190 m/s.

A difference that is highlighted with the dump plane location is the time shift
between the two 1.27 cm locations. As these two measurements are taken from
the same location, it is expected that a longitudinal chamber pulse would result in
the same phase shift between these and any other location. For Test 360, the shift
is 0.064 ms, while it is 0.032 ms for Test 366. The combination of acoustics and
energy production at the head end, and perhaps the swirling nature or the fuel,
could be suitable for weak excitation of the first or second tangential mode. The
fundamental tangential mode is predicted to be around 16010 Hz, having a period
of 0.063 ms. Taking the cross power spectral density it is possible to determine the
shared frequency content between two signals. For Test 360, there is a clear rise in
magnitude for frequencies in this range for the two dump plane sensors, as shown

in Figure 4.7. A similar rise is not found in the cross power spectral density of the
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Figure 4.7.: The cross power spectral density for the two sensors installed at 1.27
cm at different circumferential locations. Shared frequency content near the first

tangential mode around 16 kHz is evident.

dump plane sensors for Test 366, at either the fundamental or first harmonic of hte
tangential mode.

The results from the nozzle reference match those from the oxidizer post inlet
reference results. In Test 360, a pulse is seen traveling upstream through the chamber,
starting around 930 m/s then slowing to 840 m/s as it nears the dump plane. In the
oxidizer post the pulse slows with the lower fluid temperature, to around 350 m/s.
This is higher than the expected mean flow-adjusted sound speed of 260 m/s, but is
very similar to the value calculated from the post inlet reference. The nozzle reference
results for Test 366 also match those with the post inlet reference, as the upstream
pulse is calculated to have a velocity around 1000 m/s throughout the chamber. It

then slows to a value of 290 m /s inside the oxidizer post, more closely resembling the
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expected speed. The bifurcation seen when the dump plane reference was used is not
visible here.

The timing discerned from the cross-correlation results was compared to expected
travel times for acoustic pulses within the chamber. It was thought that when the
acoustics of the system more closely matched expected acoustic speeds, it would
become easier to resonate with the natural modes of the chamber. The timing backed
out of the peaks in the cross-correlation demonstrated that the chamber had a strong
propensity for upstream traveling acoustic pulses emanating from the nozzle, where
as time moved forward, the various locations peaked in order from the downstream
sensors up towards the dump plane, and even to the oxidizer post inlet. The evidence
for a returning wave is seen in a few ambient oxidizer tests, but not all. However, the
timing between the dump plane peak, when the pulse is considered to be at the far
upstream end, and the next nozzle peak were compared to the theoretical mean-flow
adjusted sound speed. Generally, as the difference in timing decreased, the RMS
amplitude of the pressure signals increased, and vice versa. For tests with the same
acoustic profile, the timing should be the same, when normalized by the fundamental
chamber frequency. The discrepancy between the two tests around L/A = 0.32 but
different geometry shows that acoustic profile alone does not fully account for the
acoustics within the chamber.

A possible explanation is that vortices are being generated at the head end of
the chamber by the backstep. These vortices were shown in simulations of the UEC,
formed when a favorable pressure gradient appears at the dump plane, rolling up
oxidizer and fuel and shooting the vortices outwards towards the wall. With the
UEC, it was demonstrated that by tailoring the step height of the backstep, and
thereby altering the travel time of the vortex, the system could be tuned to have
the vortex impinge on the hot wall and combust at the same time an acoustic pulse
traveling through the chamber - after being produced by the same initial pulse that
generated the vortex - reaches it. This led to a configuration that was originally stable

become unstable with a small geometry change.
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In the DVRC, the results are much less severe, as RMS amplitudes range between
10 and 60 kPa. Using a method akin to that of the UEC, the time between local
pressure pulse at the dump plane and final vortex impingement on the wall was
calculated and compared to the travel time of that pulse down the chamber and
back. This was then normalized by the fundamental longitudinal chamber mode, as

shown in Equation (4.1).

(4.1)

Here, t, represents a stretch of time starting from a localized pressure pulse at
the dump plane, through the subsequent expansion that then provides the pressure
gradient that generates a vortex, up to the impingement of the vortex on the nearby
wall. The time from that initial pressure pulse, through the traveling down to the end
of the chamber, reflected, and up to traveling back to the dump plane is captured in
t,. T is the period of the fundamental longitudinal chamber mode. As the chamber
length increases, so does both ¢, and T'. Increasing oxidizer post length increases t,.
In this way, two geometries with similar acoustic profiles would have different timings
between vortex impingement and chamber pulse return.

Comparisons of the value ® and the measured RMS pressure amplitudes for each
ambient oxidizer geometry are shown in Figure 4.8. There is a clear trend observed.
The amplitude increases linearly with the value of ®, rising from one up to nearly
two. There is a lone outlier around 1.55 that comes from the single test at L/ A greater
than 0.5. Both hot and ambient oxidizer tests exhibited a sharp change in behavior
at values beyond 0.5, and this is further evidence of that.

The timing between vortex generation to impingement compared to the chamber
pulse travel time is out of phase by more than a full chamber cycle. That is, a
full cycle within the chamber occurs before the initial driving pulse at the injector
face produces a vortex which propagates to the wall. At a phase lag around one,
the amplitudes are at the weakest. They continue to grow to the most extreme

® tested around a full two cycles. The fact that more than a single cycle passes
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between vortex impingement and localized compression in the chamber carries with
it interesting ramifications. This would make it difficult to couple the acoustics with
the localized heat release, as any pressure fluctuations generated by the release of heat
will not have an impact on the next cycle or two of vortices. This delay would act as
a buffer, stabilizing the combustion field. It is possible that the assumption of vortex
impingement at an axial length of 4.5 times that of the step height is not correct,
nor the assumption the vortex travels at approximately two-thirds the velocity of
the oxidizer jet. While those assumptions fit the results of the UEC, the difference
in oxidizer temperature and composition, as well as injector dynamics such as O/F
and momentum flux ratio, could lead to different vortex speeds and impingement
locations. But based on previous results and those shown here, it does appear that
proper tuning of the system can utilize vortices generated of the backstep to induce
pressure fluctuations that can ultimately lead to thermoacoustic coupling.

Comparison of the results from cross-correlation between pressure signals identify
differences between the tests run with hot and ambient oxidizer. Strength of corre-
lation is the key identifier. Tests run with hot oxidizer produced cross-correlation
values that were either very weak, or would show high degrees of correlation for a
short period of time. No signals correlated strongly with the oxidizer post inlet ref-
erence apart from itself but only without any time lag. Correlation increased with
the dump plane reference signal, although only the dump plane measurements them-
selves maintained correlations above 0.5 for time lags indicative of multiple cycles.
With the nozzle reference signal, stronger correlations were obtained but captured
very wide peaks instead of narrow ones, a possible indication of transient behavior.
Estimates of pressure pulse traveling speeds were calculated using time lag and dis-
tance between signals which captured pressure fluctuations that appeared to emanate
near the nozzle and propagate upstream at a velocity close to that of the fluid sound
speed, adjusted for mean flow velocity.

For the ambient oxidizer tests, the cross-correlation results generated stronger,

sharper peaks for a greater number of signals. Correlation was relatively consis-
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tent regardless of reference signal. Each reference signal captured upstream traveling
pulses at velocities near the expected mean flow-adjusted sound speed. For Test 360,
the pulse was near the expected value at the downstream end of the chamber and
slower near the head end. Oxidizer post speeds were also higher than expected. For
Test 366, the pulse maintained a consistent speed throughout the chamber matching
the expected value. This also held true in the oxidizer post. Test 366, with an acous-
tic profile of L/A of 0.38 captured stronger correlations compared to those from Test
360, with an acoustic profile of L/A of 0.23. The time lag between signals for Test
366 showed that the system better accommodated a full wavelength than Test 360,
where the post and chamber both individually exhibited half-wave mode shapes.

A constant through both tests was the weak presence of both the downstream
oxidizer post and the fuel manifold signals, which correlated the weakest with the
reference signals, although the correlations were higher for the ambient oxidizer tests.
The lack of strong peaks suggests that these two locations do not directly capture the

effect of pressure perturbations.

4.2.3 Statistics-Based Analysis

Statistical methods were applied to pressure data for all tests, both hot and am-
bient oxidizer. These statistics provide a foundation on which to compare not only
the tests, but also the various sensor locations. Two metrics are examined. First is
the range of the pressure fluctuations, the extent to which amplitudes were exhibited,
sans any outliers. To achieve this, the lowest and highest 1% of the amplitudes were
removed, leaving the central 98%. Second is the root mean square of the signals.
Both metrics aim to provide a quantitative measure for comparison. With both the
hot and ambient oxidizer temperatures, limited organization was present. Fluctua-
tions varied in amplitude with each pulse. The RMS was considered to be a sufficient

measurement of amplitude.
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on range of pressure fluctuations amplitude,

comparing hot and ambient oxidizer tests.
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The first comparison, shown in Figure 4.9, contrasts the range of the dynamic
pressure signals. On the left hand side are the results with the ambient oxidizer, while
on the right are the results from hot oxidizer tests. The acoustic profile, represented
by L/J, is featured along the x-axis. Two groupings are presented on each plot,
capturing the upper and lower limits of the dynamic range with the extreme 1% of
the values removed. The signals are high-pass filtered, so the results are roughly
centered around zero.

The hot oxidizer tests exhibit very little variation at values of L/A below 0.5.
The oxidizer post inlet and throat locations remain constant, while the dump plane
locations fluctuate some around 0.3. More variation exists between the different
locations at the same L/ value. The throat exhibits the narrowest range, which
then expands for the dump plane measurements. The oxidizer post inlet has the
greatest dynamic range, at around +40 kPa. While at the same axial position, the
1.27 cm locations have different ranges. The clocked position experiences a greater
amplitude range, with amplitudes pushing 40 kPa and the non-clocked sensor around
30 kPa.

The single test with an L/\ value beyond 0.5 shows a drastic change in amplitude
range for the post inlet and dump plane locations. The post inlet range drops from
40 kPa to 30 kPa while the dump plane locations make the reverse change, with both
1.27 cm signals converging to the same value. The throat signal appears unchanged.

Results with the ambient oxidizer exhibit a stronger response compared to the hot
oxidizer. The oxidizer post inlet has the largest range, followed by the dump plane
locations, then throat, similar to the hot oxidizer. In this case, the difference between
the two 1.27 cm locations is greater, with the clocked position nearly converging to
the range seen at the post inlet. Unlike with the hot oxidizer, the lower bound is not
quite symmetric across the x-axis with the upper bound. The magnitude of the lower
is reduced, and the 1.27 cm clocked location exceeding that of the post inlet.

The effect L/A has on the range is also greater with the cooler oxidizer inlet

temperature. In the range between 0.2 and 0.5, the bounds generally take on a
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parabolic form, reaching a maximum 0.32. Another geometry was tested near this
same acoustic profile, but with much more subdued amplitudes. This was consistent
across all sensor locations, and seen in each test for this configuration. Similar to
the hot oxidizer case, tests at configurations where the acoustic profile exceeded 0.5
showed a drastic change. Beyond L/\ = 0.5, the range narrowed for all measurement
locations, appearing to converge towards a shared value.

The RMS of the pressure signals trends very similar to the 1%/99% distribution
for both hot and ambient oxidizer, shown in Figure 4.10. With the hot oxidizer,
there is minimal change in RMS amplitude with change in geometry. The oxidizer
post continues to exhibit the strongest amplitudes, followed by the clocked, then non-
clocked 1.27 cm locations, and finally the throat, matching the order of the previous
section. The sudden change in behavior with the jump to L/ greater than 0.5 is also
seen in the RMS data.

Likewise, the ambient oxidizer test RMS amplitudes capture the same general
parabolic relationship between RMS and L/, including the drop in amplitudes
around 0.32. The order of greatest to least amplitude again matches between RMS
and the 1%/99% measurements. One observed change between the two is a noticeable
increase for the clocked 1.27 cm signal at the dump plane. This is not matched by
the other 1.27 cm location. Apart from that, the trends are maintained between the
RMS and distribution of the pressure signals.

Similar results were obtained through reducing the data through the two statistical
methods. Generally, the hot oxidizer had a weak to no observable dependency on the
acoustic profile at L/\ values. At values below 0.5, both the dynamic range and RMS
of the signals are flat, although different magnitudes are obtained depending on sensor
location. The strongest amplitudes are observed at the oxidizer post inlet, followed
by the dump plane locations, although the two exhibit different amplitudes despite
being located at the same axial position. The sensor near the throat was noticeably

weaker than the others.
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The behavior changed for the single test case beyond L/X of 0.5, where the am-
plitudes of the post inlet and the two dump plane locations switched. There was
minimal impact on the throat signal. It is not possible to gauge the effects at these
higher values from a single test point, and instead this work examines only tests with
the behavior changed below 0.5

A drastic change is observed with the ambient oxidizer, as a clear dependency
between L/\ and amplitude manifests. For all cooler tests, the magnitudes of the
RMS and dynamic range are greater than those from the same sensors in hot oxidizer.
In general, a parabolic trend is observed, where at the extreme L/ values tested the
amplitudes decreased. In between these values, the amplitudes rose to a maximum
near L/\ = 0.32. This is not consistent with all tests, as a test at L/\ = 0.31
demonstrated weaker amplitudes. The same stratification between sensor locations
observed with the hot oxidizer is present here, with the same order. The two dump
plane locations have disparate values, with the clocked location stronger and more
closely attached to the post inlet signal rather than the non-clocked pairing.

Like the hot oxidizer, a change occurs at higher L /X values, with all values drop-
ping and converging to a similar value.

As mentioned in the previous section, and shown in Figure 4.8, the change in oxi-
dizer temperature also augmented the specific impedance of the fluid, and thereby the
acoustic reflection and transmission coefficients between the oxidizer and combustion
gases. This increase, from hot to ambient oxidizer inlet temperature, is around 40%
for both reflection and transmission, which matches with the increase in the dynamic
range and RMS at the lowest amplitudes of the ambient oxidizer cases. This does not

explain the further modulation of the magnitudes with variation in L/A.

4.2.4 Power Spectral Density and Spectrogram

The power spectral density (PSD) of a signal breaks it down into the frequency

components. Identifying frequency responses within the pressure measurements is key
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to understanding the system, from oscillations from the feed supply to thermoacous-
tic instabilities. Analysis of the PSD provides a window into the system behavior.
Comparison of the PSD of multiple signals can provide further useful, albeit limited,
spatial information.

A sample PSD is shown in Figure 4.12a. The example is taken from hot oxidizer
Test 359 from the non-clocked 1.27 cm signal. The parent figure is created from a time
slice of 0.30 seconds of continuous hot fire. Several peaks can be observed, although
none are particularly strong or narrow. Instead, they are somewhat broad, with
the peaks acting more like plateaus. Despite the wide and smeared appearance of the
peaks, they still approach the expected frequencies for acoustic modes. The solid black
lines are the frequencies of predicted chamber modes, based on measured equivalence
ratio. The dashed red lines are the frequencies of predicted oxidizer post modes,
assuming an closed-open configuration, based on oxidizer manifold temperature. The
predicted chamber modes appear to be close to reality. The first mode appears to
coincide with the first major peak, and the second appears to be in the midst of a
plateau. The third mode, however, is caught between two peaks. The oxidizer post
modes appear to overpredict what is observed in experiment. Evidence for this is the
shift between the higher prediction for the first post mode and the lower small peak
around 850 Hz. The second mode is caught between two small peaks, while the third
one falls on a single peak between two others. If the first mode is adjusted to a lower
frequency, coinciding with the first peak, that would also shift the second mode onto
the larger of the two nearby peaks, and the third mode to the isolated peak around
4300 Hz.

This signal was broken into six sequential slices, then the frequency response
presented via PSD, shown in Figure 4.12b-g. The PSDs generated for the six time
slices are not consistent. The most pronounced peak, seen around 3000 Hz, rises and
falls between 0.1 and 1. Similarly, the wide peak observed around 1500 Hz undergoes
dramatic changes throughout the 0.3 second window. Between 0.90 and 0.95 seconds,

this peak is fairly narrow and near its strongest. As it moves into the 0.95 - 1.00
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Figure 4.11.: Variation in power spectral density through time for Test 359 with hot

oxidizer with /A = 0.36. Main figure shows frequency content from a window of 0.30

seconds. Subfigures capture the frequency content from 0.05 second windows within

the parent time frame.
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s window, then the 1.00 - 1.05 s window, the peak widens. At 1.05 - 1.10 s the
excited frequency range drops in amplitude, followed by an increase in frequency
content around 1700 Hz. It is this rapid change in both the frequency range of a
given response and the amplitude that causes the smeared presentation in the parent
figure.

The same analysis was applied to the clocked dump plane signal from Test 363
with hot oxidizer. This test has a smaller L/\ at 0.20, acting more like a quarter-wave
resonator. Compared to Test 359, Test 363 has a less smeared appearance. Although
there are not any strong, narrow peaks typical of thermoacoustic instabilities, there
is clear presence of organized content. The first two chamber modes appear to be
predicted fairly well. The predicted frequency of the first mode falls nearly on top of
the first major peak, while the second prediction is shifted slightly higher than the
observed harmonic. The third mode does not appear to be excited, as no peaks are
nearby. The oxidizer post modes are also near that of the predictions. While the first
post mode is a little lower than the expected frequency, the second mode falls right
on a peak near 5100 Hz.

While the predicted and observed modes are similar, there is still moment-to-
moment variation in the frequency content, as captured by the children plots. For
example, the first major peak around 1460 Hz undergoes significant changes. Between
the first two subplots the single peak split apart into two adjacent peaks. It then
rises again in the next snapshot, surrounded by two other peaks. The central peak
appears to shift frequencies throughout. The larger peak around 2743 Hz exhibits
similar transient behavior, shifting between 2600 and 2750 Hz through the 0.3 second
time trace, the two rising and falling in amplitude together.

Operating with ambient oxidizer resulted in a sharpening of peaks at a small
number of frequencies at the fundamental mode. Higher modes remained weaker
and smeared. Test 366 provides an example of this at L./A of 0.38. The first two
chamber modes compare well between prediction and simulation. There is a slight

shift between the strongest peak and the first chamber mode prediction, with the
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Figure 4.12.: Variation in power spectral density through time for Test 363 with hot

oxidizer with /A = 0.20. Main figure shows frequency content from a window of 0.30

seconds. Subfigures capture the frequency content from 0.05 second windows within

the parent time frame.
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Figure 4.13.: Variation in power spectral density through time for Test 366 with
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windows within the parent time frame.

prediction slightly overshooting. The expected frequency of the second mode does
not fall directly on a peak, but is very close to one. The third prediction is not
quite near a peak, with the only significant peak higher than the prediction, which
is opposite of the expected shift. This suggests that harmonics beyond the second
mode are not excited, similar to the hot oxidizer cases.

There is a grouping of peaks surrounding the predicted fundamental oxidizer post
mode. The mode is predicted at 1110 Hz, while there are nearby peaks at 1400, 1160
and 950 Hz, and even another at 673 Hz. The 1160 Hz mode most closely matches
the predicted mode, and also lines up with a peak around the second mode around
3280 Hz. The third expected post mode also falls on a peak, but not the strongest one
in the vicinity. The strongest peak falls directly between the expected third chamber
and post modes.

Of the grouping of peaks at low frequencies, only two are likely to be directly

attributable to the fundamental chamber and post modes. This is unlikely to be a
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beating effect, as the beating of two similar frequencies in this range would result in
third frequency in the hundreds of Hertz. It is also unlikely that these adjacent peaks
are artificial, due to the behavior of the frequency spectrum through time and the
lack of synchronized organization between them. In each time slice, the largest peak,
attributed to the chamber mode, is present. In all but one slice, the adjacent peak
around 1450 Hz is present. The one odd time slice does not have a peak, between
1.10 and 1.15 seconds, instead has two broad shoulders. An artifact would likely have
a uniform effect, either across a wide frequency band, or synchronized in time.

The 1160 Hz peak appears to be independent of the others, not trending with
either the higher frequency pairing, nor the two at 950 and 673 Hz. If this mode is
related to the oxidizer post and the post and chamber modes do not trend together,
then that would suggest a failing of the post and chamber to couple. The lower
frequency pairing generally trend together. They are typically present at the same
time, although sometimes one changes amplitude more than the other. They do not
immediately show a connection to the higher frequency pairing. There is no clear
indication as to what drives these peaks.

Test 360, where the acoustic profile featured an L/ X of 0.20, provides a similar PSD
profile to that of Test 366. A grouping of sharp peaks exists at low frequencies around
that of the fundamental modes for both the chamber and post, while the harmonics
exhibit weak, less defined peaks. The predicted frequency for the first chamber mode
falls right on top of the experimentally defined one. The expected harmonics, pure
multiples of the fundamental, overpredict the actual harmonics, which are not exactly
multiples.

The predicted fundamental frequency for the post falls between the sharp, central
peak and a higher secondary shoulder peak. The next harmonic appears around 4500
Hz, falling at a frequency somewhat less than the nearest peak that looks to be most
likely the fourth chamber mode. Back near the first predicted post mode are four
obvious, well-defined peaks. Besides the most central one at 1400 Hz attributed to
the chamber mode, three others are found at 1040, 1232 and 1575 Hz. As stated
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Figure 4.14.: Variation in power spectral density through time for Test 360 with

ambient oxidizer with L/A = 0.23. Main figure shows frequency content from a

window of 0.30 seconds. Subfigures capture the frequency content from 0.05 second

windows within the parent time frame.
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above, the highest frequency peak at 1575 Hz is closest to the predicted frequency.
The lower pair do not match any expected frequencies, like with Test 366.

A sense of the persistence of these peaks can be gleaned from sequence of PSDs
constructed from slice of the original 0.30 seconds. In each child plot, the fundamental
chamber mode around 1400 HZ is prominent, being the strongest response in each
time interval. The next strong response is around 1230 Hz and is more variable than
the 1400 Hz peak. At times its power in on par with the fundamental chamber mode,
such as between 1.00 and 1.05 seconds, while other times it barely registers, such as
between 0.95 and 1.00 seconds, or 1.15 and 1.20 seconds. The 1040 Hz peak shows
itself to be more ephemeral, appearing only in a few of the time slices. Similarly,
the higher frequency peak that matches the predicted fundamental post mode varies
greatly, where it appears only in some time slices. Although this mode is weaker than
the 1230 Hz response, the two appear to trend together somewhat in their amplitude
variation.

In the parent figure, it appears that only two peaks are in the vicinity of the
expected second chamber mode, one a broadened and blurry peak and another right
at the expected 2L frequency as a obviously distinct peak. Based on the time slices,
the broadened peak may in fact be a combination of different response. The main
response falls around 2450 Hz, featured in most of the time slices. Occasionally the
response in this mode falls in amplitude, revealing a response around 2650 Hz, such as
in the 0.90 to 0.95 seconds or 1.15 to 1.20 seconds slices, or a lower frequency around
2300 Hz, seen in the 1.05 to 1.10 and 1.15 to 1.20 seconds slices. The variation
between the three responses are not obviously connected. The peak sitting at the
expected chamber 2L mode around 2700 Hz remains distinct from this collection of
responses.

Analyzing the frequency content of pressure signals via the power spectral density
provides a window into identifying system behavior. Excitation of the acoustic modes
of both the chamber and the oxidizer post can be observed through the organization

of frequency content into peaks at the resonant frequencies. Strength of the acoustic
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resonance is measured by the amplitude of the peak, and level of organization of by
width of the peak.

With both oxidizer temperatures, the fundamental chamber mode was easily iden-
tifiable and usually the strongest response. The first two harmonics were also iden-
tifiable for the ambient oxidizer, yet only the first harmonic for the hot oxidizer. In
both, the harmonics were not simply integer multiples of the fundamental mode, with
the actual frequencies being less than the predicted values. This is most visible in
the second harmonic for the ambient oxidizer cases.

The effect of the post modes is more subtle than that of the chamber modes.
In some instances peaks can be found at expected frequencies, such as the second
and third post modes in hot oxidizer Tests 363 and 359, respectively. This is also
evident in ambient oxidizer Tests 360 and 366. In the former, the predicted first
post mode is just shy of the peak associated with it, while the second post mode is
shifted even further lower than the experimental result. In the latter, the predicted
first post mode is also near a local peak, although a bit underestimated, while the
second predicted mode slightly overpredicting a weak peak. The third predicted
mode is caught between a very close weak peak and a further stronger peak, causing
difficulties in determining which it belongs to.

Observation of the peaks reveals that the associated amplitudes appear to vary
greatly. Typically for chamber modes, the fundamental frequency exhibits the great-
est excitation, which weakens with subsequent harmonics. For the post modes, this is
not the case. Instead, the results bolster the underlying theory of tuning the post to
passively dampen chamber modes. In Test 363, where L/A = 0.20, the first chamber
harmonic shows the strongest response. This mode is separated from post modes by
a fair margin. Compare this to Test 359 where L/\ = 0.36, where the first chamber
harmonic frequency is very close to the first post harmonic. Treating the post as
an open-close system with a choked inlet, post resonance would put a pressure node
at the dump plane, while the chamber mode, a close-close system, would place an

anti-node there. This would discourage coupling and actively dampen any behavior
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at that frequency. It is only at higher frequencies that the post mode is seen to be
separate from the chamber mode, weakening any potential interference between the
two. A weak but obvious peak is found right at the expected post mode.

Similar results are found with the ambient oxidizer tests. In Test 360, where the
post is effectively a quarter-wave resonator, the fundamental post and chamber modes
are nearly at the same frequency. The fundamental chamber mode for Test 360 has
an amplitude nearly an order of magnitude less than of Test 366, where the post
is closer to a 3/8-wave resonator and the spacing between fundamental frequencies
much greater.

The behaviors described above are transient, as the children plots illustrate, In
neither the hot or ambient oxidizer cases is there a feedback loop fully closed, lead-
ing to a sustained thermoacoustic instability. Instead, various levels of interaction
between chamber and oxidizer post acoustics are observed.

The above analysis considered a single signal from near the dump plane. This
analysis is expanded to all of the signals for the representative tests. Doing so assists
in identifying acoustic modes, as spatial effects can be visualized, such as frequency
response attenuation at acoustic nodes. The following section examines the difference
in frequency content in signals from different locations within the system. Pressure
signals from a time slice of 0.15 seconds are taken from each location and compared
within groups of similar measurement locations: the oxidizer post, the dump plane,
and the remaining chamber locations.

The PSDs of the various signals for Test 363 with hot oxidizer is shown in Fig-
ure 4.15, alongside the predicted acoustic chamber and post modes. The first group-
ing, Figure 4.15a, contains the upstream and downstream oxidizer post and fuel
manifold locations. The profiles of the frequency spectra are similar in energy distri-
bution. The sole peak around the fundamental chamber mode is clearly visible in all
three locations. Harmonics may be identified in the upstream post location, but with
difficulty as the amplitudes are so low. The most apparent difference is the broadband

increase in power for the upstream post location, indicated by the higher noise floor.
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Figure 4.15.: Power spectral density from Test 363 with hot oxidizer from a window

of 0.15 seconds. Signals are grouped by location.

This is not unexpected, as the transducer is located near the choked orifice marking
the inlet. This would instigate a high level of turbulence within the far upstream
section of the post flowfield.

Stronger responses are observed at the upstream chamber locations, as shown in
Figure 4.15b. Similar to Test 359, the two 1.27 cm locations are nearly identical for
the majority of the spectrum. The fundamental chamber mode is clearly identified
in both signals, as is the third post mode. It is between 2700 and 3600 Hz that
the profiles for the two signals diverge. The non-clocked signal peaks around the
predicted second chamber more frequency, which matches the upstream results in
Figure 4.15a. The frequency content amplitude drops, then rises again at what may
be the third chamber mode shifted to a lower frequency. The spectrum then drops
in amplitude beyond this point. The clocked dump plane signal follows along with
the second chamber mode peak, but continues to rise to a peak around 3080 Hz. The
amplitude then decreases to where it converges with the other transducer at the same
axial location. The peak for this clocked measurement falls next to the second post
mode. This is a peak that was not registered in the post and manifold signals.

Remaining chamber measurements capture weak acoustic behavior, with general
similarities found between the four locations. The most prominent mode shared
between the locations is the fundamental chamber mode. The 17.02 cm location near

the chamber midpoint is unlike the others, featuring a sharp drop in amplitude which
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is consistent with a 1L chamber mode shape. The second chamber mode is weak
across all four transducers, most significantly with the 8.64 cm signal which is near
a 2L acoustic node. At the higher frequency of 3840 Hz is the third chamber mode,
as indicated by the weakened 17.02 cm signal near the modal node. Typically, the
amplitude drops with each subsequent harmonic. Here, it appears as if the second
harmonic is nearly skipped over. Following the discussion presented in the previous
test case above, it is likely that the proximity to the second post mode, acting as a
quarter-wave resonator, is dampening the second chamber mode.

The two dump plane locations at 1.27 cm are captured in the second grouping,
Figure 4.15b. Both signals capture nearly identical response to the fundamental
chamber mode seen in the upstream locations. The dump plane, however, responds
differently at the first chamber and post harmonics. While a very weak peak was
observed at the post inlet for the first chamber harmonic, the response at the dump
plane is the strongest observed response. However, the two signals at the 1.27 cm
location capture slightly different spectra. The non-clocked location captures a single
peak around 2665 Hz, just short of the expected 2810 Hz. The clocked position
captures a plateau-like rise, starting at 2665 Hz and stretching to 3000 Hz. Beyond
that, the two spectra begin to converge to the same amplitudes, matching around
3500 Hz. Of note is the similarity in the small-scale profile of the two signals. This
would suggest that the two signals are not dissimilar in their composition, but observe
markedly difference change in amplitude across a narrow range of frequencies for
the same, or at least similar, behavior. The first post harmonic, beyond the point
of convergence for the frequency spectra, are captured around 5150 Hz. Here, the
clocked signal appears to be slightly weaker than its counterpart.

The last grouping contains the remaining chamber locations: 5.59 c¢m, 8.64 cm,
17.02 ¢cm and near the nozzle. Comparison of this grouping of signals assists in
identifying the peaks as chamber acoustic modes. The 17.02 cm location, near the
chamber midpoint, captures limited content at the fundamental chamber mode as

is expected near the nodal point. This also occurs for the third chamber mode for
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of 0.15 seconds. Signals are grouped by location.

the same reason. Likewise, the 8.64 cm location sits very close to a node for the
second chamber mode and accordingly observes no content at this frequency. The
second post mode is strongest for the 5.59 cm location, while the remaining chamber
locations register similar but weaker responses. This appears to be less due to the
nodal location of the transducer and more of a proximity effect, as the 5.59 cm location
is the signal closest to the post in this grouping.

Comparisons of frequency spectra from hot oxidizer Test 359 with L./A = 0.36 are
shown in Figure 4.16. Also included are predicted frequencies of chamber and post
modes, in solid black and dotted red lines, respectively. These results are similar to
that of Test 363.

The three signals presented in Figure 4.16 share similar spectra. The two post
locations and fuel manifold are relatively quiet. A weak peak falls at the first pre-
dicted chamber mode. The second predicted chamber mode slightly overpredicts the
second major peak in the PSD. Several peaks are in the vicinity of the predicted
third chamber mode. Narrower peaks also appear around the predicted post modes.
These modes are marginally weaker than the chamber modes. The noise floor for
the upstream post location again exceeds that of the downstream location and fuel
manifold by a large margin.

At the dump plane, the two transducers produce signals that are nearly identical.

Several peaks are present. The fundamental and first harmonic of the chamber mode
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falls near the predicted frequencies, The second harmonic, is close to the predicted
peak, but is overpredicted. Around this prediction is another small peak which is not
immediately clear what it is associated with.

Oxidizer post modes make a weak appearance. The first predicted post mode falls
in a low amplitude frequency band, with a single sharp peak in the vicinity that may
be associated with the mode. The second predicted mode is very close to the second
chamber mode and falls in the frequency band where the two signals diverge greatly.
While the frequency spectra of these two dump planes signals are virtually identical,
even when examining the profiles across an extremely narrow bandwidth, the 1.27
cm clocked position continues to increase in amplitude with increased frequency from
the predicted second chamber mode, around 2700 Hz. The magnitude increases,
becoming the strongest peak by a wide margin at 3080 Hz, where it then decreases
and converges directly with the non-clocked 1.27 cm measurement. This peak seen
only in the clocked location is very near to the second post mode. There is also
the third post mode in the upper frequency range, in Figure 4.16b. This weak but
conspicuous peak lines up with the predicted value. There is also an adjacent peak of
nearly equal value, which would fall near a fourth chamber mode when compensating
for the increased shift between predicted and experimentally-determined frequencies
for higher harmonics.

The modes observed at the dump plane are also present in the remaining chamber
signals, save for the peak near the second post mode that was limited to only the
clocked measurement. As Figure 4.16¢ shows, these modes are much weaker further
into the chamber, and in the case of the second chamber mode, almost non-existant.
The 17.02 cm signal, being located near a node for odd-numbered chamber modes,
identifies the first and third chamber modes via a reduction in amplitude. Likewise,
the 8.64 cm near the 2L node experiences weakened amplitudes for the same mode.
As for the post modes, the first two predictions are not accompanied by an obvious

response at those frequencies. These two predictions fall near chamber modes. As
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Figure 4.17.: Power spectral density from Test 360 with ambient oxidizer from a

window of 0.15 seconds. Signals are grouped by location.

these modes feature a closed-open mode shape in the post, and closed-closed in the
chamber, the two would act to dampen each other out.

An event not observed in Test 363 but present here is the sharp rise in amplitude
at 4890 Hz, right on a predicted third post mode. While present in all four signals,
it is the 5.59 cm location where it is most prominent, matching the amplitude of the
first chamber mode. If this is indeed a post mode, it is not surprising it would be
stronger near the head end. However, this level of response was not observed at the
dump plane.

Tests with ambient oxidizer capture increased amplitudes throughout the post,
fuel manifold and chamber. Presented first, in Figure 4.17, are PSDs of signals taken
from Test 360 with a L/A = 0.23. Following the trends observed in the hot oxidizer
cases, the post and fuel manifold signals exhibit similar profiles with the post inlet
spectra amplitude nearly an order of magnitude higher than the downstream post and
fuel manifold signals. Fitting the acoustic profile of the configuration, the predicted
fundamental chamber and post modes are nearly the same. The expected and actual
first chamber mode fall at the same frequency of 1400 Hz. Multiple peaks surround
the fundamental chamber mode. One peak falls at the higher frequency of 1575 Hz,
slightly higher than the predicted first post mode. At lower frequencies are the peaks
at 1230 and 1040 Hz. These are not obviously tied to any particular mode.
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The second chamber mode is predicted around 2775 Hz. Both the post inlet and
fuel manifold capture a nearby peak around 2450 Hz. The downstream post does
not capture this behavior, likely due to the proximity of the sensor to a node for this
mode. The actual and predicted third chamber modes have drifted further apart,
following the example of the second mode. Similar to the second mode, this mode
is further weakened at the downstream post location. There is no peak near the
predicted second post mode.

The signals recorded from the dump plane measurements capture peaks at the
same frequency as the post and fuel manifold locations. Several peaks are visible
around the fundamental post and chamber modes, with the strongest peak falling right
at the first chamber mode frequency and the first post mode near a side peak. Two
other pronounced peaks are observed at frequencies lower than either fundamental
mode. Amplitudes for these locations are nearly identical up to around the first
chamber mode.

The frequency range around the second chamber mode captures a small deviation
to the spectra measured upstream. There is still a strong peak somewhat lower than
the predicted second chamber mode, but there is a clear change in amplitude between
the two 1.27 cm locations with the clocked version being the strongest of the two. This
changes around 3000 Hz where the overall amplitude of the clocked signal falls and
stays below the amplitude of the non-clocked signal. There is a small but prominent
peak in both signals right at the predicted second chamber mode frequency that, while
not very powerful, is quite narrow compared to the other observed modes. The third
chamber mode does not match the predicted frequency, with the expected frequency
overpredicting by around 500 Hz, placing the prediction between two peaks. The
higher frequency peak is close to the expected second post mode.

Further downstream, the remaining chamber locations for Test 360 in Figure 4.17¢
capture similar frequency profiles to the dump plane signals but at an overall lower
amplitude. The first grouping of peaks near the predicted fundamental chamber

mode show a sharp drop in amplitude at the 17.02 ¢cm location compared to the other
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locations. While this points to general acoustic mode shape behavior, it does not
directly explain the several adjacent prominent sharp peaks at all four locations in
this plot. The first post mode is also predicted around this frequency, which would
make it likely that the post is driving some of this behavior. The second chamber
mode is identified by the drop in amplitude near the node at the chamber midpoint, as
measured by the 8.64 cm signal. No measurable response to the second chamber mode
is registered at this sensor while the three others clearly capture periodic behavior at
this around the predicted frequency. The third chamber mode, like the first, is clearly
present by the drop in amplitude for the 17.02 ¢m sensor in comparison to the other
signals. This is despite the approximately 500 Hz shift between predicted and actual
3L frequency.

Another organization of frequency content occurs around 4800 Hz. This is near
the predicted second post, but also a fourth chamber mode, based on the shifts seen
between predicted and actual chamber modes. There is not a clear acoustic mode
shape to the response around this frequency. The amplitude is higher for the further
upstream measurements, 5.59 and 8.64 cm, then drops for the 17.02 cm and nozzle
locations as opposed to a single reduction in amplitude at the expected node location
around 8.64 cm. Like the peaks around the fundamental chamber mode, this could
be an indication of post driven physics.

Presented next, in Figure 4.18, are the PSDs of the signals from Test 366 at L/\ =
0.38. The spectra closely resembles the other ambient oxidizer test, having stronger
responses than the hot oxidizer tests. This test also demonstrates a stronger response
than near the quarter-wave resonator case. As in the previous cases discussed, the
sensor near the post inlet observes the highest amplitudes and generally has a higher
broadband noise floor. The other two locations have roughly similar amplitudes
except between 2600 and 5100 Hz, where the downstream post signal exceeds that of
the fuel manifold.

There are a number of individual peaks around the predicted fundamental chamber

mode. The strongest peak is near the predicted fundamental chamber frequency, with
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Figure 4.18.: Power spectral density from Test 366 with hot oxidizer from a window

of 0.15 seconds. Signals are grouped by location.
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three adjacent peaks at lower frequencies. The center of these three is close to the
expected fundamental post mode frequency. The response near the second chamber
mode is much less organized. There is not a single sharp response here. As a whole,
this response falls short of both the predicted second post and chamber modes, a trait
seen in the previously discussed tests. What appears to be the third chamber mode
is short of the predicted frequency. There are no observed responses at either of the
third chamber or post modes.

Profiles of the frequency spectra are not too different between the upstream signals
and those at the dump plane. The grouping of peaks near the fundamental chamber
mode exhibits increased amplitude, primarily at the strongest frequency adjacent to
the predicted chamber mode. Up until about this peak, the two signals have equal
strength. Beyond it, across a narrow bandwidth, the clocked position is stronger,
then drops below the non-clocked signal strength from around 3400 Hz and higher.

There is not a strong second mode response evident for either the post or the
chamber mode. The wide rise in amplitude seen upstream is weaker near the dump
plane. This could be tied to the damping effects of the closed-open post mode on the
open-open chamber mode. There is a weak rise in strength around the third chamber
mode, showing a wide peak reaching up from the noise floor. Very little coherent
signal is observed at higher frequencies.

Comparison of the frequency spectra for the remaining chamber signals provides
insight into the acoustic excitation of the system. Due to the configuration of this
test, there was no measurement at the chamber midpoint to aid in identifying the
odd-numbered modes. The signals captured downstream of the dump plane for this
configuration include the 5.59 cm, 8.64 cm and nozzle locations. The PSDs for all
three are similar. The grouping of peaks near the fundamental chamber mode espe-
cially shows near identical responses on both sides of the chamber. Likewise, all three
signals show a weak 2L. mode, corroborating the results from the dump plane. There
is an observed different at the third chamber mode, as the 8.64 cm location, close

to the acoustic node, is much weaker than the other two locations near anti-nodes.
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Similar to Test 360, at the higher frequency around 5500 Hz, near the predicted post
mode, is a difference between upstream and downstream responses. The two up-
stream signals capture generally stronger noise than the far downstream sensor. This
would be expected for an active post mode.

Discriminating behavior is apparent when comparing the frequency spectra from
pressure signals of tests with different oxidizer temperatures. While both hot and
ambient oxidizer tests exhibit the effects of acoustic resonance from both the cham-
ber and the post, there is a clear increase in amplitude with the ambient oxidizer,
primarily at chamber modes. There is also a sharpening of the peak along with the
increased amplitude. For the ambient oxidizer tests, chamber modes are dampened
when the frequencies approach that of the post modes. This is the expected conse-
quence of the posts acting either as resonators, where a quarter-wave resonator of a
closed-open system would place a pressure node at the dump plane, where chamber
oscillations would be at their greatest.

For the ambient oxidizer tests, the fundamental chamber mode was accompanied
by multiple adjacent peaks. These peaks typically have spacing between 100 and 200
Hz and can fall on either side of the first chamber mode frequency, though typically
appear at lower frequencies. They do not appear for any chamber harmonics.

Frequency spacing between adjacent peaks were examined to investigate the im-
pact of similar post and chamber modes had on the amplitude of the RMS pressure
signal. Up to five peaks can appear within this region, with the fourth peak having
the strongest amplitude and attributed to the chamber mode, while the next strongest
peak, peak number three, is attributed to the oxidizer post mode. For each ambient
oxidizer test, the spacing between adjacent peaks was compared to the RMS of the
pressure signal at the fundamental chamber frequency. The results are shown in Fig-
ure 4.19. Peaks 1 and 5 were not always present in the PSD, and were typically quite
weak when they did appear. The data points relying on those peaks, the blue circles
and purple diamonds, contain a high degree of scatter, although there is some trend-

ing towards higher amplitudes with increased spacing. This trend is much more easily
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Figure 4.19.: The dependency of RMS amplitude of pressure signal on the spacing
between adjacent peaks for ambient oxidizer tests at a variety of acoustic profiles. A
high degree of scatter is found in the comparisons between Peaks 1 and 2, and Peaks
4 and 5. A linear trend is observed for Peaks 2 and 3, and Peaks 3 and 4 where

increased spacing led to increased amplitudes.

observed in the comparison of frequency spacing of Peaks 2 and 3, orange squares,
and Peaks 3 and 4, yellow triangles. Both pairings capture the trend of increased
amplitudes with increased spacing in the frequencies of the adjacent peaks.

These results are unsurprising in the context of the particular mode shapes of the
post and chamber. The oxidizer post is treated as a closed-open resonator, which
places a pressure anti-node at the choked inlet and a node at the end of the injector.
The chamber is considered a closed-closed cavity. Pressure anti-nodes would then be
found at either end. When the frequencies of the fundamental modes for the post and

chamber converge, there would be active damping at the dump plane as perturbations
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from the chamber mode shapes would be attenuated by the pressure node of the post
mode. As the frequencies of the two domains diverge, this effect is lessened, allowing
for stronger oscillations to occur.

Consistent in all tests was a low frequency bulk mode. This bulk mode has been
identified in numerous experiments and simulations similar to the DVRC featur-
ing kerosene-fueled GCSC injectors, including multi-element configurations [124,126].
The bulk mode is attributed to the cyclic build up and burning of fuel near the dump
plane.

The PSD, while useful for deciphering frequency content of the pressure signals,
suffers from an inability to capture distinguish transient and steady events, as shown
earlier in this section. Momentary periodic events would then get appear in a PSD,
even if the event is not a good representation of steady state behavior. Temporal
resolution of the frequency content is required to capture this information. One
means of accomplishing this is through the spectrogram, which is presented next.

Similar to the PSD, the spectrogram presents the frequency content of a segment
of the signal as a function of time. A given signal is broken into numerous bins, with
the PSD of each bin calculated and placed side-by-side to give a temporal history of
the frequency component of the signal.

Spectrograms from Test 363 with hot oxidizer at L/\ = 0.20 are presented first
in Figure 4.20. These spectrograms are based on the signals from the oxidizer post
inlet, the two dump plane locations, and the nozzle. Time slices shown capture
the ignition transient, indicated by the abrupt shift between the low amplitude blue
background noise to the higher amplitude combustion noise in yellow and red. Peaks
presented in the PSDs shown above appear in the spectrograms as red regions. The
width of the red regions represents the breadth of the peaks. Superimposed on the
actual results are the predicted chamber and post modes, in solid and dashed lines,
respectively. Each PSD has the same color bar, which is also kept constant for all

four tests presented to aid in comparison.
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Figure 4.20.: Spectrograms of pressure signals taken from the oxidizer post inlet
(upper-left), clocked 1.27 c¢cm location (upper-right), non-clocked 1.27 cm location
(bottom-left), and nozzle (bottom-right) for Test 363 with hot oxidizer at L/A =
0.20. Solid horizontal lines represent predicted chamber modes, dashed lines represent

predicted post modes.
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The excited bands are aligned with the chamber modes of the system. Harmonics
are also clearly visible. The amplitudes of the peaks differ with sensor location.
The excitation of the fundamental chamber mode is visible in all four locations, but
weakest near the throat and strongest at the oixizer post inlet. The second chamber
mode is most prominent near the dump plane and barely visible in other locations.
Further harmonics are registered but quite weak. The fundamental post mode is close
to the first chamber mode and hard to separate the effects of the two. There is also
a strong low frequency response present in all locations.

There is a delay in the manifestation of the first and second chamber modes. The
fundamental mode appears right at ignition, while the second mode appears around
0.20 seconds later. This is something that has been observed in previous experiments
performed at Purdue, including the UEC and CVRC.

During this window a shift in frequency is evident, shifting from the fundamen-
tal mode to the first harmonic where it becomes stationary. The response around
this mode is very wide, with the edges of the peak - marked by the transition out
of the red region - shifting throughout the test. As was seen in the PSDs of the
dump plane signals, there is a different response around the 2L0 mode. Initially the
two signals have a similar, shifted to a lower frequency than the predicted second
chamber mode. Approximately half a second into hotfire, the clocked signal shifts to
a higher frequency and at a higher amplitude, remaining around this frequency for
the remainder of the test. This shift in frequency is not seen elsewhere. No other
frequency shifts are observed, although many of the excited modes do show variation
in amplitude. There is also significantly more background noise for the oxidizer post
inlet signal. This matches the observed increase in noise floor in the PSD for this
location and is likely connected to the turbulence generated by the choked inlet.

Spectrograms from the same comparison signal locations from the second repre-
sentative hot oxidizer test, Test 359 at L/\ = 0.36, are shown in Figure 4.21. The
results are not dissimilar to those of Test 363. There are clear bands indicating exci-

tation at the first chamber mode at all locations and weaker excitation of the second
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Figure 4.21.: Spectrograms of pressure signals taken from the oxidizer post inlet
(upper-left), clocked 1.27 c¢cm location (upper-right), non-clocked 1.27 cm location
(bottom-left), and nozzle (bottom-right) for Test 359 with hot oxidizer at L/A =
0.36. Solid horizontal lines represent predicted chamber modes, dashed lines represent

predicted post modes.

chamber mode. The post modes nearly coincide with the chamber modes and the
effects of the two cannot be separated apart from the third post mode which stands
alone and produces a measurable response at all locations but the post inlet. The
third chamber mode response is relatively hidden, shifted to a lower frequency and
only discernible at the nozzle.

The fundamental chamber mode is excited right after ignition. Shortly thereafter
is a split in this response that leads to an excitation of the second chamber mode. This
response initially is constrained in a tight frequency band with a strong amplitude

before it widens and disperses around 0.5 seconds, primarily observed at the clocked
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Figure 4.22.: Spectrograms of pressure signals taken from the oxidizer post inlet
(upper-left), clocked 1.27 c¢cm location (upper-right), non-clocked 1.27 cm location
(bottom-left), and nozzle (bottom-right) for Test 360 with ambient oxidizer at L/\ =

0.23. Solid horizontal lines represent predicted chamber modes, dashed lines represent

predicted post modes.

1.27 c¢m location. This widened peak is quite broad, extending towards the third
chamber mode which itself is weakly excited and only cleanly visible at the nozzle.
The same analysis is conducted on the ambient oxidizer tests, starting with Test
360 at L/A = 0.23 in Figure 4.22. Color axis is kept constant between tests and
signals to make for more direct comparison. It is clear that the response in this test
exhibits a stronger response than the two hot oxidizer tests as the excited modes
result in darker, narrower red bands for several harmonics, an indication of a stronger

amplitude and more organized response.
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Excited bands appear near the chamber modes, each subsequent mode shifted
further towards a lower frequency, an effect observed in the PSDs. The post modes
are difficult to detect, as the fundamental post mode frequency falls close to first
chamber mode, muddling the effects of the two. Only the second chamber mode
is without a nearby post mode. Similar to the hot oxidizer cases, the fundamental
chamber mode is present immediately following ignition while the first harmonic is
slightly delayed. The delay is less pronounced here than in the hot oxidizer case. Not
seen here is the visible shift in frequency at startup, moving from the fundamental
chamber up to first harmonic.

The first two chamber modes have very different appearances. The fundamental
mode around 1425 Hz is denoted by a very narrow band, with another thin band at
1250 Hz. These two bands maintain a consistent frequency of excitation throughout
the test, unlike the hot oxidizer tests. While the frequency remain constant, the
amplitude does vary throughout the test.

The second chamber mode does not have such a tightly bound appearance. Instead
the response is spread across a much wider frequency band with no clear dominant
peak. This is most prominent for the clocked dump plane location.

Higher harmonics are evident in all four locations. It is not immediately clear
whether the high frequency excited bands are tied to the chamber or post modes, but
the spacing between the bands suggests it to be related to the chamber.

Lower frequency content is also visible throughout the test, observed at the same
amplitudes in all chamber and post sensor locations.

Presented in Figure 4.23 are the spectrograms for the oxidizer post inlet, two
dump plane and nozzle pressure signals for the full duration of hot fire. Operating
with ambient oxidizer, this test resembles the previously discussed Test 360. The first
three chamber modes are excited, visible at all locations except for the third chamber
mode at the post inlet. There is no immediately obvious effect of the post modes.

The first two chamber modes have drastically different appearances. This is similar

to the previous test, which also operated with ambient oxidizer but at a different
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Figure 4.23.: Spectrograms of pressure signals taken from the oxidizer post inlet
(upper-left), clocked 1.27 c¢cm location (upper-right), non-clocked 1.27 cm location
(bottom-left), and nozzle (bottom-right) for Test 366 with ambient oxidizer at L/\ =

0.38. Solid horizontal lines represent predicted chamber modes, dashed lines represent

predicted post modes.
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Figure 4.24.: Close up of the spectrogram for the oxidizer post inlet signal for Test
366 with ambient oxidizer, capturing the frequencies between 900 and 2050 Hz. The
solid line represents a predicted chamber mode, dashed line represent a predicted post

modes

acoustic profile. A pair of peaks are prominent around the fundamental chamber
mode, the stronger at 1650 Hz and the weaker at 1425 Hz. They are both clearly
defined despite being so close to each other, with the 1650 Hz mode being the strongest
of the two. Something of note is the shift in frequency observed at the start of the
test, highlighted in Figure 4.24. At ignition there is an excited response at 1600 Hz
that then splits in two. The higher frequency component jumps up to around 1700 Hz
before it falls back down and stays around 1650 Hz for the duration of the test. The
lower frequency component shifts to the 1425 Hz mode and remains there. This is
mirrored in another lower frequency peak that was observed in the PSD, shifting from
around 1400 Hz to 1200 Hz. The spacing between the peaks are nearly equidistant.
With the 1650 Hz mode being near a predicted chamber mode and the 1200 Hz near
a predicted post mode, it is possible that the central 1425 Hz mode is the effect of

beating between the two modes.
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The second chamber mode is much less organized than the first. Instead of any
single sharp, well-defined frequency, the response is spread across a wide range. The
orange and red region within the spectrograms covers from 2700 to 3300 Hz. Higher
modes are similar, spread across narrower ranges but at much reduced amplitudes
with the increase in frequency.

Unlike the previously discussed tests, the first two chamber modes appear at the
same time instead of with the second one appearing after the first with a short delay.
Immediately following ignition, both modes are excited to approximately the same
degree as they are throughout the remainder of the test.

Another trait of this test is the consistent frequencies of the peaks around the
fundamental chamber mode. There appears to be very little drift throughout hotfire,
with the excited band centered around a tight band of frequencies. The amplitudes,
however, appear to vary with time.

Low frequency content is present for this test as well, covering a range of frequen-
cies from around 150 to 300 Hz.

The spectrograms build on the results from the PSD results discussed above. The
chamber modes are easily recognized for both hot oxidizer and both ambient oxidizer
tests, generally appearing at or slightly below predicted frequencies. The post modes
are generally not directly visible, either overpowered by background noise, obscured
by chamber modes, or simply do not play a major role. For the hot oxidizer tests,
a delay in the onset of the first and second chamber modes was observed. The first
chamber mode would be driven immediately following ignition, with the second mode
manifesting approximately a quarter second later. In the ambient oxidizer tests, this
delay was greatly reduced in Test 360 or not observed in Test 366.

The increase in organization for the ambient oxidizer, primarily at the first cham-
ber mode, is very apparent in these plots. The excited bands are generally wide and
cover a large frequency band. The fundamental chamber modes for the ambient ox-
idizer cases exhibit a few sharp, very narrow peaks. In Test 360, where the oxidizer

post is nearly a quarter-wave resonator, there are two peaks that may correspond to
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the fundamental chamber and post modes. In Test 366, where L/\ = 0.38, there is
a spacing between the fundamental modes, with another mode, neatly bisecting the
two, which may indicate a beating of these two modes. In the hot oxidizer tests,
the response is much more muddled and spread across a wider range. Beyond the
fundamental mode, the responses weaken and become more dispersed, losing any
organization.

As was also described above, the pressure signals observe both frequency and tem-
poral variation throughout the test. Primarily in the hot oxidizer tests the response
to chamber modes did not adhere to a single frequency. Instead, the response was
spread across a wide band that shifted during the test. This was most evident at the
clocked 1.27 cm location. In the ambient oxidizer cases the frequency shift is greatly
diminished. Both cases experience variations in the amplitude at the chamber mode
frequencies. The variations are greater for the ambient oxidizer case, likely due to
overall increase in amplitude. However, the resolution provided through the power
spectral density is limited to 25 Hz and approximately 0.035 ms. This prompts the
use of an analysis technique that can better capture the rapid fluctuations in both

frequency and time.

4.2.5 Continuous Wavelet Transform

Continuous wavelet transform (CWT) of the high-pass filtered data presented the
spectral content of the signals from a new perspective than what was provided by
PSD. While similar to the spectrogram, the CWT is not nearly dependent on window
sizing Instead, the result of the CWT is based on the type of wavelet family used
in the transform. The wavelet is scaleable, making it appropriate to use across any
frequency or time range. There is a tradeoff between the two akin to the Heisenberg
uncertainty principle, where increased time resolution comes at the cost of a decrease
in frequency resolution. The various wavelet families provide augment this tradeoff

in different ways, making some families more effective at certain scales. In this work,
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the ’bump’ wavelet is used to increase frequency resolution and better capture the
variations in frequency that were observed in the PSDs.

Similar to the presentation of the spectrogram results, the CWTs of the oxidizer
post inlet, dump plane, and nozzle sensor locations are discussed. In general, the
frequency content is similar to what was observed in the spectrograms. Provided by
the CWTs is a refining of the frequency bins, making the distinction between different
acoustic mode responses clearer.

The CWTs for Test 363 with hot oxidizer and L/A = 0.20 are shown in Figure 4.26.
In general, the frequency distribution greatly matches that of the spectrograms for
the same test, shown in Figure 4.20. The excited acoustic modes stretch across wide
frequency ranges and the bands show some level of drift in the central frequency. The
discrepancy between the two 1.27 cm location signals for the second chamber mode
is still evident. Likewise, the shift observed in the dump plane locations at startup,
bridging the first and second chamber modes is also present in the CW'Ts. The shift
does not have any apparent organization.

A similar story is presented in the CWT results from Test 359 at L./ A = 0.36, shown
in Figure 4.26. The discrepancy seen between the two dump plane locations is more
dramatic. For the non-clocked 1.27 cm location, the second and third chamber modes
are both captured as independent bands, with some variability in central frequency
in both bands. In the clocked location, however, the two bands are hidden behind a
third stronger band. This third band starts near the second chamber mode frequency
and drifts higher throughout the test This third band is not observed anywhere else.

Testing of the ambient oxidizer at L/A = 0.23 in Test 360 reveals behaviors in the
acoustic responses that were not evident in either the spectrogram or PSD results. As
can be seen in Figure 4.27, the acoustic responses of the first three chamber modes are
visible throughout the system, along with the fundamental post mode. These excited
bands are both tighter and at greater amplitudes than those seen in the hot oxidizer
tests. However, the most striking difference here is the pattern in the variation of the

amplitudes of the fundamental chamber and post modes.
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Figure 4.25.: Continuous wavelet transforms of pressure signals taken from the oxi-
dizer post inlet (upper-left), clocked 1.27 cm location (upper-right), non-clocked 1.27
cm location (bottom-left), and nozzle (bottom-right) for Test 363 with hot oxidizer at
L/X\ = 0.20. Solid horizontal lines represent predicted chamber modes, dashed lines

represent predicted post modes.
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Figure 4.26.: Continuous wavelet transforms of pressure signals taken from the oxi-
dizer post inlet (upper-left), clocked 1.27 cm location (upper-right), non-clocked 1.27
cm location (bottom-left), and nozzle (bottom-right) for Test 359 with hot oxidizer at
L/X\ = 0.36. Solid horizontal lines represent predicted chamber modes, dashed lines

represent predicted post modes.
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Figure 4.27.: Continuous wavelet transforms of pressure signals taken from the oxi-
dizer post inlet (upper-left), clocked 1.27 cm location (upper-right), non-clocked 1.27
cm location (bottom-left), and nozzle (bottom-right) for Test 360 with hot oxidizer at
L/X\ = 0.23. Solid horizontal lines represent predicted chamber modes, dashed lines

represent predicted post modes.
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The two bands are distinct, although there is some overlap between them. The
higher frequency band is the stronger one and sits at the predicted fundamental
chamber mode. The fundamental post mode is expected at a frequency higher than
the chamber mode, while the weaker of the two modes is lower than the chamber
mode. Either the stronger mode does pertain to the chamber, and the post mode is
much weaker and skewed to a lower frequency, or the post mode is the stronger of
the two, with both modes shifted down slightly in frequency. Most often, it is the
chamber mode that is dominant, suggesting that it is the post mode that was shifted
to a lower frequency.

In either case, there appears to be periodic trade-offs between the two bands.
After the ignition transient, the higher frequency mode is dominant. During a short
period of time, the lower frequency mode varies in amplitude. Then, approaching the
0.5 second mark, the amplitudes switch and the lower mode becomes dominant. This
switching then occurs twice more in a short stretch before the higher mode once again
becomes dominant. It is dominant for a long stretch of time while the lower mode
drifts between little and some amplitude. Around 0.8 seconds, the higher band drops
in amplitude for about a tenth of a second. There is not a direct switch in modal
activity, as the lower frequency mode is also relatively inactive for the first half of this
intermission, then increases in amplitude for the latter half. It then recedes as the
higher mode again becomes dominant. This shifting continues for a little longer, and
is evident at each chamber location. There are also no other related shifts in behavior
observed in other modes. This indicates that the two modes are both attempting to
exist in a dominant state, but the associated mode shapes are incompatible and
act to dampen the system, or at least prevent post-chamber coupling around the
fundamental resonant frequencies.

Adjacent fundamental post and chamber bands are also present in Test 366 at
L/A = 0.38. In this test, the predicted post mode frequency is less than that of
the chamber mode. The stronger, higher mode frequency is right at the predicted

chamber mode frequency. The weaker band is at a much higher frequency than the
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predicted post mode, and instead is very close to the chamber mode. The switching
of amplitudes between the two bands is not nearly as prominent in this case. The
first example appears around 0.32 seconds where the dominant higher band drops in
amplitude and a rise in amplitude to the strongest levels of the lower frequency band
appears. For the most part, the manifestation of interaction between the two modes
does not appear to be a switch of amplitudes like in Test 360. Instead it appears that
a further reduction in the lower amplitude band leads to a further rise in amplitude
in the stronger band, or perhaps vice versa as time dependency is not made clear.
These events are brief but occur several times throughout the test fire.

Amplitude modulation of the various bands were tracked by taking the maximum
value within the bands for each time step. Presented are the bands from the 1.27
cm non-clocked location. This axial location provided the largest amplitudes and the
non-clocked location compared more closely to other signals through both post and
chamber. The first two or three evident modes, chamber and /or post, are tracked and
presented. The amplitude traces are reduced to a window of 0.15 seconds, matching
the windows shown in the PSDs of Section 4.2.4.

Presented first, in Figure 4.29, are the amplitudes for the first two chamber modes
for Test 363, with hot oxidizer at L/A = 0.20. The frequencies for these modes are
around 1639, and 2818 Hz, respectively. Two behaviors emerge in the comparison
of the amplitudes of these modes. The two signals go back-and-forth between being
directly in-sync and directly out-of-sync. The signals appear to generally be more
asynchronous, with examples of the two being out-of-sync in this 0.15 long time slice
appearing at 3.413, 3.430, 3.444, 3.512 and 3.533 seconds, to name a few. During
this time slice, only one strong example of synchronous behavior appears, at 3.466
seconds.

As this test is conducted with the oxidizer post nearly in a quarter-wave config-
uration, the post mode shape corresponding to the first chamber mode will have a
pressure anti-node at the choked inlet and node near the dump plane. This will have a

dampening effect, overall, as any chamber resonance associated with the fundamental
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Figure 4.28.: Continuous wavelet transforms of pressure signals taken from the oxi-
dizer post inlet (upper-left), clocked 1.27 cm location (upper-right), non-clocked 1.27
cm location (bottom-left), and nozzle (bottom-right) for Test 366 with hot oxidizer at
L/X\ = 0.38. Solid horizontal lines represent predicted chamber modes, dashed lines

represent predicted post modes.
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Figure 4.29.: Variation in the amplitudes of frequency content for Test 363 with hot
oxidizer at L/A = 0.20. The two strongest modes, the first two chamber modes at

1639 and 2818 Hz, are compared.
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chamber mode will struggle to excite the post mode. The second harmonic of the
chamber would not yield a direct harmonic in the post, but the corresponding mode
shapes would place pressure anti-nodes from both domains near the dump plane. The
fact that the two modes appear to compete for dominance suggests that neither mode
is exactly self-sustaining, nor compatible with the other. The fact the amplitudes are
higher for the second chamber mode would be expected for the corresponding post
mode shape that better completes the full acoustic mode shape throughout the sys-
tem.

The acoustic profile for Test 359 with hot oxidizer, with L/A = 0.36, shifts away
from the quarter-wave resonator to the 3/8-wave resonator. In this configuration, the
pressure node at the post mode corresponding to the fundamental chamber mode is
no longer a node but approaching an anti-node. This allows the post to behave more
as a resonance tube for the fundamental chamber mode. This would also be the case
for the first few chamber harmonics.

The amplitude traces for the first three chamber acoustics modes, 1493, 2817, and
3816 Hz, are shown in Figure 4.30. Generally, amplitudes for the first two modes reach
comparable magnitudes, while the third mode is consistently weaker with occasional
strong pulses. Both in- and out-of-sync behavior is observed here, with the inclusion
of the third mode leading to more complicated interconnected behavior. There are
occasional moments where only one mode sees a peak, such as the 1L mode around
3.480 or 3.502 seconds, the 2L mode at 3.409 or 3.512 seconds, or the 3L, mode around
3.455 seconds. Occasionally only two modes coincide, like 1L and 3L around 3.412
seconds, or the 2L and 3L at 3.522 seconds. More common are the times when all three
modes rise in amplitude together, seen at 3.423, 3.498, 3.518 and 3.539 seconds. In
either event, the variation in amplitudes show that no single mode is ever consistently
excited.

Tests with the ambient oxidizer showcase stronger, more organized fluctuations in

the amplitude traces. Results from Test 360 at L/A = 0.23 are shown in Figure 4.31.
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Figure 4.30.: Variation in the amplitudes of frequency content for Test 359 with hot
oxidizer at L/A = 0.36. The three strongest modes, the first three chamber modes at

1493, 2817, and 3816 Hz, are compared.
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Figure 4.31.: Variation in the amplitudes of frequency content for Test 360 with
ambient oxidizer at L/\ = 0.23. The three strongest modes, the first post mode and
first two chamber modes at 1239, 1444, and 2516 Hz, are compared.

The fundamental post and chamber modes are close, at 1239 and 1444 Hz respectively.
The second chamber mode at 2516 Hz is also shown.

Despite the incompatible mode shapes of the fundamental post and chamber
modes, both rise and fall in amplitude, often together. The second chamber mode also
often falls in line with the beat of the other two modes. Strong resonance amongst
the three is most evident at 3.423 and 3.439 seconds, and again at 3.490 seconds. It
is more difficult to tell when the two fundamental modes are out-of-sync, as it is also
possible that due to the rapid increase and drop in amplitude the desynchronization
is instead a phase shift between the two.

The results from ambient oxidizer Test 366 at L/ = 0.38, shown in Figure 4.32,
generally compare well to those of Test 360, but also show a strong increase in ampli-
tudes observed in the fundamental chamber mode at 1655 Hz, that greatly overpowers

the fundamental post mode at 1410 Hz and second chamber mode at 2784 Hz. At its
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Figure 4.32.: Variation in the amplitudes of frequency content for Test 366 with
ambient oxidizer at L./\ = 0.38. The three strongest modes, the first post mode and
first two chamber modes at 1410, 1655, and 2784 Hz, are compared.

strongest during this 0.15 second long time slice, the 1655 Hz mode reaches amplitudes
twice that of what was observed in the other ambient oxidizer test.

There are multiple times where all three modes shown have coinciding peaks,
such as 3.406, 3.476, 3.496, and 3.540 seconds. While the amplitudes may differ,
the general profile of the two fundamental modes are often similar. Despite these
similarities, sustained high amplitudes are not observed.

On the surface, the CW'T provides information similar to that of the spectrogram:
the frequency spectrum of a signal as a function of time. The reliance on wavelets,
with the inherent ability to scale with frequency, increases the resolution as compared
to the spectrogram. The higher degree of resolution reveals behaviors not easily seen
in the spectrograms.

In the hot oxidizer tests, the excited bands associated with the chamber acoustic
modes are clearly defined within a wide bandwidth that varied throughout the test. In

one test, Test 359, a frequency between the observed 2L and 3L modes was sustained
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for the duration of hotfire, but only observed at the 1.27 cm clocked location. This
response drifted upwards in frequency with time and was much stronger than any
other measured responses.

Tracking the amplitudes of the excited bands provided a glimpse into the stability
of the system. Sustained high amplitude thermoacoustic instabilities are marked by
acoustic modes and harmonics all being excited. In the hot oxidizer cases, strong am-
plitudes for any given mode are not sustained. Typically, the fluctuations in amplitude
for any given mode are erratic, with the occasional synchronized rise in amplitude
across multiple modes. These simultaneous peaks are then quickly quenched.

The excitation of individual adjacent modes at lower frequencies seen in the am-
bient oxidizer tests greatly benefit from the increased resolution of the CWT. The
excited bands are much tighter and without the frequency drift seen with the hot
oxidizer. The multiple peaks around the fundamental chamber are distinct at all
sensor locations. The amplitude variation in the excited bands at the lower frequency
capture what appears to be an exchange of dominance between the two strongest. In
both discussed cases, the highest frequency in the grouping generally has the highest
amplitudes. Periodically, the amplitude of the higher frequency mode drops, coincid-
ing with an increase in amplitude for the lower mode. This effect is more apparent
in the amplitude traces. Along with the temporary switching of the dominant mode,
there are also more occasions where multiple modes rise in amplitude at the same
time. The peaks in amplitude are also generally stronger than the hot oxidizer tests.
This increase synchronized behavior suggests the ambient oxidizer encourages cou-

pling behavior, or at least dampens it less than that of the hot oxidizer.
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5. CONCLUSIONS

The DVRC is built following the legacy of similar combustors at the Maurice J. Zu-
crow Laboratories at Purdue University in exploring the fundamentals of combustion
stability. In this document, two earlier combustors were recalled and compared to
the DVRC for their similarity in operation or injector design. These two experiments
presented both stable and unstable operation, determined by the geometry. Scaling
methods devised from and tested on these combustors were adapted and applied to
the DVRC to promote similar discriminating behavior.

The primary goal of the DVRC is the production of high-resolution quantitative
data sets for use in the validation of models for prediction of injector dynamics and
combustion instability. This data set would not only serve as a surrogate for oxidizer-
rich staged combustion cycle engines through the use of a preburner for the generation
of heated oxidizer, but would also capture the behavior of liquid fuel injected at tran-
scritical conditions. This invoked a test article with a modular design, well-defined
boundary conditions, and sufficient instrumentation to accurately reconstruct the
acoustic mode shapes of the combustor as well as temperature measurements within
the combustor walls to estimate heat loss. To this end, 14 configurations were tested,
varying oxidizer post and chamber lengths and oxidizer post inlet configurations.

A goal within the generation of the validation data set was the demonstration of
discriminating stability behavior. This was defined as the data set including cases
where the amplitude of pressure oscillations were less than 5% of the mean chamber
pressure, as well as cases where the amplitudes exceed 10% of the mean chamber
pressure. The collected data set showed that the scaling methods used in previous
combustors to achieve discriminating behavior did not have the same effect on the
DVRC, as pressure oscillations remained at low levels at acoustically damping and

driving geometries.
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This prompted an examination into the oxidizer composition, the primary differ-
ence between the DVRC and the Uni-Element Combustor, which tested at similar
geometries and injector design. The UEC operated with decomposed hydrogen per-
oxide, compared to the pre-combusted hot oxidizer of the DVRC. One possible ex-
planation for the difference is the production of water vapor in the decomposition of
hydrogen peroxide, which has been shown to increase ignition delay. Long ignition de-
lays lead to lifted flames, which are inherently unstable. Through varying the oxidizer
inlet temperature on the DVRC, the ignition delay can similarly be modulated.

While unable to replicate the same high-level amplitudes seen in the previous
experiments, the DVRC presented discriminating behavior between tests conducted
with hot oxidizer and those at cooler temperatures. Assessment of the stability at
the two operating conditions relied on varying oxidizer post and chamber geometry
to drive or damp pressure oscillations. Potential causes for the inability to achieve
thermoacoustic instabilities like on previous similar combustors include operating at
higher pressures by a factor of about two or more, injection of transcritical fuel which
can drastically alter mixing and the ignition process, and the main difference of using
heated oxidizer from a preburner instead of decomposed hydrogen peroxide.

The modular design permitted testing at a number of geometries for the two
oxidizer temperature inlet conditions, with discrete options for both oxidizer post
length and chamber length. Oxidizer post lengths of 5.27, 7.18, 12.44 and 14.36
cm were available, as were chamber lengths of 20.46, 24.83, 27.28, 34.10 and 38.47
cm, making a wide range of permutations available for study. The inlet temperature
was kept close to one of two temperatures: hot, around 685 K, and cool at ambient
temperature. Corresponding to these available options, a number of acoustic profiles
are possible, ranging from 0.15 to 0.76 with the hot oxidizer, and 0.23 to 1.17 for
the ambient. This work focuses on results from the range consistent with previous
experiments: 0.15 to 0.41.

Discriminating behavior was observed between the two oxidizer temperature con-

ditions. At high temperatures, the acoustic field remained stable across all geometries
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tested. With the cooler oxidizer, pressure oscillation amplitudes increased at all test-
ing configurations when compared to the hotter oxidizer. Amplitudes were further
augmented with modifications to the geometry. It is postulated that this increase in
amplitude is associated with a change in acoustic impedance between the oxidizer post
and chamber domains. Furthermore, the cooler oxidizer acoustic field is modulated
by the acoustic timing defined by the geometry.

Amplitudes throughout the post and chamber were low with little variation be-
tween domains. For the hot oxidizer, the peak-to-peak amplitudes ranged from 140
to 200 kPa at the oxidizer post inlet, 200 kPa around the dump plane, and around
75 kPa downstream in the chamber. At cooler oxidizer conditions, the peak-to-peak
amplitudes increased, as did the range of amplitudes. Oscillations up to 275 kPa were
observed in the post, between 275 and 350 kPa at the dump plane, and between 140
and 200 kPa downstream in the chamber.

Statistical analysis of the pressure oscillations revealed that at the low amplitude
cases, when the acoustic profile was near the low value of 0.20 and high value of 0.45,
the increase from hot oxidizer to ambient oxidizer levels was around 40%, based on
the full range of fluctuation magnitudes, with the top and bottom 1% value removed,
and the RMS amplitude.

The acoustic impedance of the oxidizer varies between the two temperatures
tested. This value regulates the reflection and transmission of acoustic energy be-
tween two media at an interface. It would be expected that a change in impedance of
one of the two media would alter the transfer of pressure pulses. Based on the densities
and local velocities of the oxidizer and combustion gases, the shift to ambient led to
a 40% and 12% increase in reflection and transmission coefficients, respectively. This
increase does not immediately indicate that the post and chamber are more likely to
couple due to an increase in pulse amplitude, but that due to the change in oxidizer
specific impedance higher amplitude pressure fluctuations would be expected.

The amplitude increase is also evident within the frequency of the pressure signals.

The power spectral density of the signals revealed that the increase in amplitudes is
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not tied to a broadband rise in signal strength, as the noise floor remains constant
between oxidizer temperatures. Instead, organization is observed at individual modes
attributed to acoustic modes. While operating with hot oxidizer, peaks are found
near the first three to four chamber modes, and occasionally around oxidizer post
modes. These peaks are broad, and amplitudes rise above the noise floor an order
of magnitude or less. Tests with ambient oxidizer are identifiable by a sharp rise in
amplitude and narrowing of the acoustic mode peaks. The peaks rise by one to two
orders of magnitude above the nearby noise floor. The width of the peaks decreases
from several hundred Hertz to one or two dozen.

Apart from the increased magnitude, other signs of acoustic organization are ev-
ident in the frequency spectrum. With the hot oxidizer, a high degree of variation
is observed in the frequency of the acoustic peaks. Through the duration of hot fire,
acoustic mode frequencies drift around a central frequency. Simultaneously, the am-
plitudes at these frequencies are inconsistent, greatly fluctuating. Testing with the
ambient oxidizer showed a reduction in the amplitude variations, although variation
was still present. The frequency drift was not present.

Comparisons of the amplitude variation between the chamber modes illustrated
the increased organization associated with the ambient oxidizer. With the hot ox-
idizer, the amplitude variations between the first few modes did not correlate well.
While occasionally two or three modes would simultaneously rise or fall, this was an
uncommon event. Variation was present with the ambient oxidizer, but to a much
smaller degree. Multiple modes often rose or fell together, indicating a stronger in-
teraction and dependency between the modes.

The interaction between oxidizer post and chamber was identified as a key factor
in earlier experiments to initiate unstable combustion behavior. While strong, sus-
tained pressure fluctuations were not observed in the DVRC, the ambient oxidizer
permitted similar variation in the acoustic field based on the lengths of the oxidizer
post and chamber. The acoustic profile, defined as effective wavelength of the post

as a resonator for the chamber and denoted by L/\, was varied at both oxidizer inlet
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temperature conditions. At the low amplitude oscillations of hot oxidizer testing, no
dependence on L /) was noted. A general trend observed for the ambient oxidizer was
the appearance of lower pressure oscillations at the low and high end of the tested
L/ range, around 0.20 and 0.50 respectively. The amplitudes increased between
these values, peaking near a post length equal to a 3/8-wave resonator. These results
match those from earlier work on other experiments. However, tests at other con-
figurations but similar L/ values to the 3/8-wave resonator presented unexpectedly
lower oscillations. This prompted a re-examination of the relationship between the
geometry and acoustics.

The presence of the acoustic modes was made clear in the cross-correlation re-
sults. Using four reference signals - oxidizer post inlet, the dump plane locations,
and nozzle - similarities between two signals were examined. With hot oxidizer, low
levels of cross-correlation values were observed between most pressure signals. No-
table increases in correlation were observed between the two dump plane locations,
as well as between various signals and the nozzle. Remaining correlation values were
at insignificant levels. Operating with ambient oxidizer led to a sharp rise in corre-
lation, regardless of reference signal. The increased correlation allowed for accurate
measurements of time lag between locations throughout the post and chamber. These
phase lags matched the expected travel times for acoustic pulses traveling through the
domains, modified by mean flow effects. The pulses are recorded traveling primarily
upstream, having been generated near the nozzle. In some cases, a reflection at the
dump plane is believed to be observed. This manifests as a bifurcation in midcham-
ber measurements near the head end, such as the 5.59 and 8.64 cm locations. The
bifurcation causes a pair of peaks, one associated with the initial upstream pulse, and
another that fits the timing of a possible reflected pulse. These traveling pulses can
be weakly observed in the hot oxidizer tests, but only for those moving upstream.

Further identification of the presence of the acoustic modes is found in the fre-
quency content for sensors within the chamber. The axial distribution of the cham-

ber pressure sensors allowed for the detection of acoustic nodes. As sensors near the
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chamber midpoint had severely reduced responses to odd-numbered chamber acoustic
modes. Similarly, sensors near the one-quarter chamber length position registered re-
duction of the second chamber acoustic mode. This can be detected in tests with both
hot and ambient oxidizer, although the increased amplitudes greatly aid in making
the observation.

The identification of modes through this method assisted in determining whether
a peak in the frequency spectrum was associated with a chamber or an oxidizer post
mode for scenarios where the two had similar frequencies. This method was partic-
ularly useful in the ambient oxidizer cases, where the multiple distinct peaks were
present around the first chamber mode. The strongest of the peaks was associated
with the chamber mode, and the second strongest to the nearby oxidizer post mode.
The remaining peaks were not directly tied to any specific acoustic mode, nor fit a
beating relationship with other modes. Instead, these peaks often varied in ampli-
tude independent of the variations in the other nearby peaks. However, a trend was
observed, pairing the observed amplitudes of the pressure signals to the frequency
distance between adjacent peaks. As many as five peaks within a span of 1000 Hz
were identified. Comparing the spacing to the amplitudes revealed that as the spacing
between adjacent peaks increased, so did the amplitude of the pressure signals. This
trend has limited presence in pairings that include the first and last peaks, which
were consistently the weakest, but held fast for pairings that included the chamber
and post mode frequencies. This suggests, as expected by acoustic theory, that the
closed-open post mode shape and closed-closed mode shape of the chamber are in-
compatible, such that as the two modes have similar frequencies, pressure oscillations
amplitudes are dampened. As the spacing increases, and the interaction between
the two decreases, amplitudes increase. This behavior provides an explanation to
the observed differences between the two ambient oxidizer tests conducted at nearly
identical acoustic profiles.

This finding was corroborated by an examination of the effectiveness of the cham-

ber geometry to resonate with itself. This was determined by comparing the spacing
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between adjacent upstream traveling pressure pulses within the chamber to the travel
time of a returning pulse, reflected at the dump plane. As the difference between the
two decreased, signifying a geometry more accommodating to acoustic resonance, the
overall RMS amplitude increased in a linear fashion. This is expected, as a discrep-
ancy between the two would indicate a de-tuning, leading to a reduction in the con-
version of energy from one pulse to the next. However, the fact that this discrepancy
exists indicates that the simple standing wave model for the acoustic field within the
chamber is inadequate. The strongest correlations capture the passing of an acoustic
pulse emanating from the nozzle, not the dump plane where the bulk of heat release
and likely combustion noise is generated. Generation of acoustic perturbations at the
nozzle comes from the combustion of unburnt fuel on the hot converging wall section.
In the context of the two tests with similar L /A values but dissimilar amplitudes, Test
370, which exhibited the stronger amplitudes, also had a chamber length shorter than
all others tested at 27.28 cm. A reduction in chamber length could further exacerbate
the issue of incomplete combustion, possibly leading to increased fuel ignition at the
nozzle. A c¢* efficiency of 84% for this configuration, compared to the 87% efficiency
of the more stable configuration with the longer chamber, supports this idea.

There is also evidence that the timing of vortex impingement compared to the
travel time of a chamber pulse has a connection to the amplitude of pressure oscilla-
tions. When the phase lag of the vortex impingement to the returning chamber pulse
is around a single cycle, the pressure fluctuations were at their weakest in ambient
oxidizer operation. As this phase lag increased, so did the amplitude of the fluctua-
tions to a maximum reached at nearly two cycles. This deviates from the expected
trend, where generally having the two events in phase, such as at integer values, would
promote coupling, while events out of phase would exhibit a decrease in amplitude.
This may suggest that the assumption of the vortex generation timing or traveling
speed may not be fully accurate. It is also possible that an unaccounted for coupling

is leading to increased interaction at even-numbered phase shifts.
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The change in oxidizer temperature would also dramatically alter several thermo-
physical properties of the fluid. Reducing the temperature from 685 K to ambient,
the density increases by a factor of 2.5 and a 10% increase in specific heat ratio. The
post sound speed is thus affected, reduced by 35%. Together, this leads to a 60%
decrease in oxidizer post velocity. These effects are typically discussed in aggregate
in the form of the momentum flux ratio, which is historically used in the scaling of
GCSC injectors. In this work, the momentum flux ratio decreases from a value of
1.27 with heated oxidizer down to 0.51 with ambient oxygen.

Literature shows that there are two critical momentum flux ratios where for a
given set of conditions in a GCSC injector. The lower critical value defines the point
where the inner oxidizer jet attains a high enough momentum flux that it lowers the
pressure between the jet and outer fuel spray, pulling the spray inwards and reducing
the spray angle. The second, higher critical value defines the point where increasing
the oxidizer momentum flux further has no apparent effect on the spray angle, with
this point considered the value of highest mixing. While the critical values for the
DVRC injector were not defined, literature points to the lower critical value hovering
around unity, where the momentum fluxes of the two propellants are similar. Both
the ambient and hot oxidizer have low momentum flux ratios, indicating that there
is minimal interaction between the fuel spray and the oxidizer core jet. While it is
possible that the higher momentum flux ratio of the heated oxidizer would lead to a
higher degree of mixing and atomization, literature indicates this change is minimal:
A third region, distinct from the outer fuel spray and inner oxidizer jet, would appear
between the other two, where a finer distribution of atomized fuel begins to appear.
An increased quantity of finer fuel droplets might appear in the fuel droplet size
distribution, but very slightly. The change in momentum flux ratio is then expected
to have minimal impact on the mixing characteristics of the injector.

This work discussed instability mechanisms found in previous, similar instability
tests. Operating conditions that target exploitation of these mechanisms were identi-

fied and tested when possible. Of the three discussed mechanisms - vortex shedding
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and impingement driven, acoustic timing driven, and baroclinic torque driven - only
the first two were deemed possible, as liquid fuel is much less sensitive to baroclinic
torque than gaseous methane.

The remaining two mechanisms rely on timing to synchronize heat release events
with localized acoustic compression. The acoustic timing driven mechanism consid-
ers the oxidizer post as a resonator sized to synchronize return pressure pulses at the
dump plane. Constructive interference leads to a strong localized pulse that tem-
porarily cuts off fuel supply, which is then consumed in a subsequent pulse one period
later, closing the feedback loop. This scenario is recreated in the DVRC when L/ is
around 0.32. With the hot oxidizer, this configuration did not exhibit any difference
in behavior compared to any other configuration.

The remaining mechanism observed in past experiments relies a vortices shed at
the injector backstep to mix unburnt fuel products and deliver them to the chamber
wall where they are ignited. Coinciding with a returning acoustic pulse closes the
feedback loop. This scenario requires specific timing to match the timing of the
return pulse to the impingement of the vortex on the hot chamber wall, relying on
sound and convection speeds in the post and lengths in both the post and chamber.
The DVRC is capable of recreating the scenario of synchronized vortex impingement
and return pulse presented in earlier work only with the hot oxidizer in the case of
the shortest available oxidizer post and longest chamber, tuning the system to where
the vortex impingement happens nearly simultaneously with the returning acoustic
wave. At this condition, the DVRC did not exhibit any significant change in behavior
compared to any other configuration.

The same geometry with the ambient oxidizer results in more than a full period
of the 1L chamber mode before the vortex is expected to impinge on the walls. This
timing could prevent the mechanism from taking place, as any shed vortex may
be disrupted before reaching the chamber wall. However, a clear linear trend was
observed between this timing and the RMS amplitude of the pressure oscillations,

with the lowest amplitudes around a phase of one and the strongest amplitudes near
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a phase of two. The one outlier was at L/ = 0.54, which had already demonstrated
atypical behavior.

In this work, an experiment was designed and tested to generate data sets for the
use of validating computational models to help predict combustion instabilities. This
experiment is well instrumented with high and standard frequency pressure trans-
ducers and thermocouples to characterize the behavior of the propellant manifolds,
oxidizer post and chamber. The combustor demonstrated very stable operation across
a wide range of tested configurations. Data sets of unstable combustion were desired,
which prompted testing at different oxidizer inlet temperature. Reduction of the inlet
temperature to ambient did not generate self-excited instabilities, but modulation of
the acoustic field was achieved through variation of the oxidizer inlet temperature and
further modulated through changes to the system geometry, although only observed
at the cooler oxidizer condition. The oxidizer temperature had the strongest impact
on pressure amplitudes, with an increase in magnitude of 40% or higher with the
cooler oxidizer compared to the hot oxidizer. This was attributed to the change in
acoustic impedance in the oxidizer, which resulted in an increase in acoustic reflec-
tion and transmission coefficients between the combustion gas and oxidizer interface
around 40% and 12%, respectively. This would suggest that the ambient oxidizer did
not lead to further coupling between the heat release and acoustic field, but that the
reduced specific impedance of the oxidizer at ambient condition generated stronger
pressure amplitudes.

The pressure field was further augmented by variations in geometry which either
promoted or discouraged acoustic resonance. Resonant behavior and increased pres-
sure fluctuations in the post and chamber were encouraged when the difference in the
frequencies of the post and chamber modes increased. As the post was considered a
closed-open acoustic domain and the chamber a closed-closed domain, the matching
of frequencies would place a pressure node at the dump plane in the post standing
wave and an anti-node near the same location from the chamber, resulting in a damp-

ing situation according to the Rayleigh Criterion. A trend was observed in comparing
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the timing between a pressure pulse at the dump plane and the subsequent gener-
ation and impingement of a vortex to the travel time for that pulse to traverse the
chamber and back. Normalizing this difference in timing by the period of the funda-
mental longitudinal chamber mode, a prominent linear trend was observed. All tests
had phase lags between the return pulse and impinging vortex between one and two
chamber cycles. Weakest amplitudes were found at a phase lag of one cycle, while
the strongest were found at a phase lag of two. The sole outlier was at the high-
est acoustic profile tested which had demonstrated atypical behavior. It is expected
from previous work that integer phase lags would be the likeliest timing schemes to
promote a thermoacoustic coupling, but that behavior is not exhibited. It is possible
that the assumptions used in the analysis of the vortex generation and convection are
not entirely correct, such as the vortex impinging 4.5 step heights away, or travels at
two-third the velocity of the oxidizer jet. The oxidizer velocity drops from 172 m/s
to 66 m/s with the ambient oxidizer, a substantial drop that could greatly alter the
vortex shedding and traveling properties.

Strong self-sustained thermoacoustic instabilities were not identified at any test-
ing condition or configuration. Pressure oscillations were insufficient to drive any
sustained or organized modulation of the heat release field, either through periodic
variation of propellant inflow or triggering sudden localized combustion events. The
reluctance of the system to enter unstable operation can be tied to a few items. First,
the propellants in this combustor largely differed from previous experiments by using
transcritically injected fuel and heated oxidizer from a preburner instead of decom-
posed hydrogen peroxide. The atomization of the fuel and subsequent generation
of heat release through combustion can be drastically altered as a liquid fuel moves
towards trans- and supercritical injection. How this would then affect combustion
stability is not well known. The choice of heated oxygen as opposed to hydrogen per-
oxide products will also alter both injector hydrodynamics and the ignition process
through the change in thermophysical properties and the inclusion of a substantial

amount of water in the decomposed peroxide. It is believed that due to discoloration
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of the collar tip, the flame is anchored to the collar lip on the injector, a known
stabilizer of combustion. This stabilization was not present in previous experiments
and could explain the stable operation that was persistent at all tested configurations

and conditions.

5.1 Future Work

Potential future work could build from the results presented in this document in
a few ways. First, it may be prudent to explore the effects of testing at acoustic
profiles beyond L/ of 0.5, where the spatial distribution of pressure fluctuations and
relationship between vortex timing and pressure oscillations were drastically different
compared to lower values. This was observed for both the hot and ambient tem-
perature oxidizer. Further testing at higher values corresponding to oxidizer posts
behaving as half-wave resonators and beyond could illuminate how and why this
behavior shifts.

This work also serves as a preliminary investigation into the effects of the oxidizer
inlet temperature on a single element gas-centered swirl coaxial injector combustor. A
theory based on acoustic impedance and the reflection and transmission of acoustic
pulses at the interface of oxidizer post and chamber was developed based on two
set points, one hot and one at ambient. Testing at intermediary temperatures, or at
temperatures beyond those tested would provide further validation of the claims made
in this document. While much work has been published discussing the role geometry
has in a rocket combustor, primarily in the sense of tuning (or de-tuning) injectors to
promote (or dampen) instabilities, there is very little discussion of the effects of the
specific acoustic impedance of the various media. An experiment designed to study
this particular effect, while removing the contributions of other factors such as the
momentum flux ratio, would serve to enlighten the relationship between impedance

and expected amplitudes of pressure perturbations.
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A more practical avenue of future work could be further investigation into how
trans- and supercritical fuel injection affect combustion stability, as this is a scenario
that occurs frequently in industry. The DVRC injects the liquid fuel at a reduced
pressure around 2 and a reduced temperature around 0.5. After injection, the fuel
heats up before combusting, transitioning from a transcritical state to supercritical.
During this transition, the fluid properties undergo rapid changes, such as in den-
sity, specific heat and surface tension, which could all drastically alter combustion
properties. The RD-170, which utilizes the GCSC design, injects fuel near a reduced
temperature of 1. This injector design is of great interest, and further understand-
ing of injector operation and behavior near critical pressures or temperatures could
leverage the design in next generation domestic liquid rocket engines.

Another suggested course of study is the effects of inter-element interaction of
GCSC injectors at low momentum flux ratios. In general, literature often discusses
the effectiveness of mixing and atomization of these injectors at configurations around
the critical momentum flux ratio where mixing is considered optimized. The injection
element that served as the template for the one studied in this work has a momentum
flux ratio around one, which is considered to carry with it poor performance due to
the limited interaction between gaseous oxidizer jet and the swirling liquid fuel. Why
this injector operates at this condition is unknown and it is possible that it relies on
inter-element interaction to drive the atomization process. This could serve as means
of further decoupling the heat release field from potential acoustic modulation at the
injection site, as well as distribute the combustion field across a wider volume further

from the injector face, alleviating heating.
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A. HIGH-PASS FILTERED RESULTS
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Figure A.1.. High-pass filtered results (top-left) and signal groupings, injector

(bottom-left), dump plane (top-right), and chamber (bottom-right) for hot oxidizer

Test 365 (L/A = 0.28).
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Test 356 - High-Pass Filtered Signals - Dump Plane
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Figure A.2.: High-pass filtered results (top-left) and signal groupings, injector

(bottom-left), dump plane (top-right), and chamber (bottom-right) for hot oxidizer

Test 356 (L/A = 0.41).



231

400 Test 307 - High-Pass Filtered Signals - All 400 Test 307 - High-Pass Filtered Signals - Dump Plane
T T T T T T T T T T T T T T T T T
300 300 - 1
200 200 1
100 100 1
T A w
3 f A :
o A 3
S o A 1) 5 0
2 2
o 2
o I
-100 -100 H
Oxidizer Post Inlet
-200 - Downstream Oxidizer Post | - -200 Do dizer Post |
Fuel Manifold Fuel Manifold
1.27 cm (Clock) 1.27 cm (Clock)
1.27cm 1.27cm
-300 559 cm 1 -300 - 5.59 cm 1
8.64cm 8.64 cm
Nozzle Nozzle
_400 L I I . . . | I I 400 . . . . . . 1 ! 1
3.3395  3.34 33405 3341 33415 3342 33425 3343 3.3435 3344 33445 33395 334 33405 3341 33415 3342 33425 3343 33435 3344 33445
Time [s] Time [s]
400 Test 307 - High-Pass Filtered Signals - Injector 400 Test 307 - High-Pass Filtered Signals - Chamber
300 - H 300 - 1
200 - 1 200 - 1
100
w w
g q
= ﬂ 3
4 . v <4
g "Ny u \ 2
2 2
4 4
o o
-100 - -
Oxidizer Post Inlet
200 - Downstream Oxidizer Post | - 200 - il
Fuel Manifold
1.27 cm (Clock
127 cm 127
-300 - 59 cm 9 -300 ~———559cm 1
4 o 8.64 cm
ozl Nozzle
4 L L L . 1 L -400 L L L I L L L L L
33395 334 33405 3341 33415 3342 33425 3343 33435 3344 33445 33395 334 33405 3341 33415 3342 33425 3343 33435 3344 33445

Time [s] Time [s]

Figure A.3.: High-pass filtered results (top-left) and signal groupings, injector

(bottom-left), dump plane (top-right), and chamber (bottom-right) for hot oxidizer
Test 307 (L/A = 0.65).
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High-pass filtered results (top-left) and signal groupings, injector

(bottom-left), dump plane (top-right), and chamber (bottom-right) for ambient oxi-

dizer Test 368 (L/\ = 0.26).
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High-pass filtered results (top-left) and signal groupings, injector

(bottom-left), dump plane (top-right), and chamber (bottom-right) for ambient oxi-
dizer Test 367 (L/\ = 0.28).
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Figure A.6.: High-pass filtered results (top-left) and signal groupings, injector
(bottom-left), dump plane (top-right), and chamber (bottom-right) for ambient oxi-
dizer Test 362 (L/A = 0.32).



Figure A.7.:

Pressure [kPa]

Pressure [kPa]

400

Test 371 - High-Pass Filtered Signals - All
T T T T T

300 [

200 -

| | TR

\ [

Oxidizer Post Inlet
Fuel Manifold
1.27 cm (Clock)

|/ . V || ——127em

559 cm
8.64 cm
17.02cm
Nozzle

L
3.27

L L L L L L ! L
32705 3271 32715 3272 32725 3273 32735 3274 3.2745

Time [s]

Test 371 - High-Pass Filtered Signals - Injector
T T T T T T

Oxidizer Post Inlet
Fuel Manifold

L
3.27

L L L L L L L L
32705 3271 32715 3272 32725 3273 32735 3274 32745

Time [s]

400

Test 371 - High-Pass Filtered Signals - Dump Plane
T T T T T T

Pressure [kPa]

uel Manifol

1.27 em (Clock)
7 cm

. I L L . ! .
32705 3271 32715 3272 32725 3273 32735 3274 32745

Test 371 - High-Pass Filtered Signals - Chamber
T T T T T T

Time [s]

Pressure [kPa]

17.02cm
Nozzle

-400
3.2695

L
327

I L L L !
32705 3271 32715 3272 32725 3273 32735 3274 32745

Time [s]

235

High-pass filtered results (top-left) and signal groupings, injector

(bottom-left), dump plane (top-right), and chamber (bottom-right) for ambient oxi-
dizer Test 371 (L/A = 0.33).
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Figure A.8.: High-pass filtered results (top-left) and signal groupings, injector
(bottom-left), dump plane (top-right), and chamber (bottom-right) for ambient oxi-
dizer Test 358 (L/A = 0.54).
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B. CROSS-CORRELATION RESULTS

Test 365 - Cross-Correlation against Oxidizer Post Inlet Test 365 - Cross-Correlation against 1.27 cm Location Test 365 - Cross-Correlation against Nozzle Location
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Figure B.1.: Cross-correlation with reference signals oxidizer post inlet (left), non-
clocked 1.27 cm location (center), and nozzle (right) for hot oxidizer Test 365 (L/\ =
0.28).
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Figure B.2.: Cross-correlation with reference signals oxidizer post inlet (left), non-

clocked 1.27 cm location (center), and nozzle (right) for hot oxidizer Test 356 (L/\ =
0.41).
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Figure B.3.: Cross-correlation with reference signals oxidizer post inlet (left), non-

clocked 1.27 cm location (center), and nozzle (right) for hot oxidizer Test 307 (L/\ =
0.65).

1 Test 368 - Cross-Correlation against Oxidizer Post Inlet 1 Test 368 - Cross-Correlation against 1.27 cm Location 1 Test 368 - Cross-Correlation against Nozzle Location
,

%o T T

? 2 2

= | H = N

5 5 5

g N 3 4

o | o o

0 o o2 o
Time [ms] Time [ms] Time [ms)

Figure B.4.: Cross-correlation with reference signals oxidizer post inlet (left), non-

clocked 1.27 cm location (center), and nozzle (right) for ambient oxidizer Test 368

(L/A = 0.26).
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Figure B.5.: Cross-correlation with reference signals oxidizer post inlet (left), non-
clocked 1.27 cm location (center), and nozzle (right) for ambient oxidizer Test 367

(L/X = 0.28).
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Figure B.6.: Cross-correlation with reference signals oxidizer post inlet (left), non-

clocked 1.27 cm location (center), and nozzle (right) for ambient oxidizer Test 362

(L/X = 0.32).
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Figure B.7.: Cross-correlation with reference signals oxidizer post inlet (left), non-

clocked 1.27 cm location (center), and nozzle (right) for ambient oxidizer Test 371

(L/A = 0.33).
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Figure B.8.: Cross-correlation with reference signals oxidizer post inlet (left), non-

clocked 1.27 cm location (center), and nozzle (right) for ambient oxidizer Test 358

(L/X = 0.54).



C. PSD RESULTS - FREQUENCY DISCREPANCY
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Test 365 (L/A = 0.28).
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Figure C.3.: Variation in frequency content for hot oxidizer Test 307 (L/A = 0.65).
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Figure C.4.: Variation in frequency content for ambient oxidizer Test 368 (L/A =

0.26).
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Figure C.5.: Variation in frequency content for ambient oxidizer Test 367 (L/A =
0.28).
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Figure C.6.: Variation in frequency content for ambient oxidizer Test 362 (L/A =
0.32).
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for ambient oxidizer Test 371 (L/A =
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D. PSD RESULTS - GROUPINGS
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Figure D.1.: Power spectral density of pressure signals for hot oxidizer Test 365

(L/X\ = 0.28), grouped by location.
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Figure D.2.: Power spectral density of pressure signals for hot oxidizer Test 356

(L/A = 0.41), grouped by location.

Test 307 - PSD Collection

Dump Plane Locations

»
OZL
1 1 10"
E ¥ E
£ £ &
5 5 Il 5
g0 S0 ol £
g g g
= = =
o i w0
-
1ot I [ | 1 ot I [ I i 0t | | [
o a0 w00 oo 00 cooo oo o0 w0 oS00 000 o0 200 a0 om0 00 6000
Frocuency (] Frequency (2] Frequency el

Figure D.3.: Power spectral density of pressure signals for hot oxidizer Test 307

(L/X\ = 0.65), grouped by location.
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Figure D.4.: Power spectral density of pressure signals

(L/X\ = 0.26), grouped by location.
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Figure D.5.: Power spectral density of pressure signals

(L/A = 0.28), grouped by location.
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Figure D.6.: Power spectral density of pressure signals

(L/X\ = 0.32), grouped by location.
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Figure D.7.: Power spectral density of pressure signals for ambient oxidizer Test 371

(L/X\ = 0.33), grouped by location.
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Figure D.8.: Power spectral density of pressure signals for ambient oxidizer Test 358

(L/A = 0.54), grouped by location.
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E. SPECTROGRAM RESULTS
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Figure E.1.: Spectrograms for the oxidizer post inlet (top-left), 1.27 cm (Clocked)
location (top-right), 1.27 cm location (bottom-left), and chamber (bottom-right) for
hot oxidizer Test 365 (L/A\ = 0.28), grouped by location.
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Figure E.2.: Spectrograms for the oxidizer post inlet (top-left), 1.27 cm (Clocked)
location (top-right), 1.27 cm location (bottom-left), and chamber (bottom-right) for
hot oxidizer Test 356 (L/\ = 0.41), grouped by location.
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Figure E.3.: Spectrograms for the oxidizer post inlet (top-left), 1.27 cm (Clocked)

location (top-right), 1.27 c¢m location (bottom-left), and chamber (bottom-right) for
hot oxidizer Test 307 (L/A\ = 0.65), grouped by location.
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Figure E.4.: Spectrograms for the oxidizer post inlet (top-left), 1.27 cm (Clocked)

location (top-right), 1.27 cm location (bottom-left), and chamber (bottom-right) for

ambient oxidizer Test 368 (L/A = 0.26), grouped by location.
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Figure E.5.: Spectrograms for the oxidizer post inlet (top-left), 1.27 cm (Clocked)

location (top-right), 1.27 cm location (bottom-left), and chamber (bottom-right) for

ambient oxidizer Test 367 (L/A = 0.28), grouped by location.
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Figure E.6.: Spectrograms for the oxidizer post inlet (top-left), 1.27 cm (Clocked)
location (top-right), 1.27 c¢m location (bottom-left), and chamber (bottom-right) for
ambient oxidizer Test 362 (L/A = 0.32), grouped by location.
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Figure E.7.: Spectrograms for the oxidizer post inlet (top-left), 1.27 cm (Clocked)
location (top-right), 1.27 cm location (bottom-left), and chamber (bottom-right) for
ambient oxidizer Test 371 (L/A = 0.33), grouped by location.
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Figure E.8.: Spectrograms for the oxidizer post inlet (top-left), 1.27 cm (Clocked)
location (top-right), 1.27 cm location (bottom-left), and chamber (bottom-right) for
ambient oxidizer Test 358 (L/A = 0.54), grouped by location.



F. CONTINUOUS WAVELET TRANSFORM RESULTS
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Figure F.1.: Continuous wavelet transforms for the oxidizer post inlet (top-left),
1.27 ¢m (Clocked) location (top-right), 1.27 cm location (bottom-left), and chamber
(bottom-right) for hot oxidizer Test 365 (L/A\ = 0.28), grouped by location.
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Figure F.2.: Continuous wavelet transforms for the oxidizer post inlet (top-left),
1.27 cm (Clocked) location (top-right), 1.27 cm location (bottom-left), and chamber
(bottom-right) for hot oxidizer Test 356 (L/A = 0.41), grouped by location.
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Figure F.3.: Continuous wavelet transforms for the oxidizer post inlet (top-left),
1.27 em (Clocked) location (top-right), 1.27 cm location (bottom-left), and chamber
(bottom-right) for hot oxidizer Test 307 (L/A\ = 0.65), grouped by location.
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Figure F.4.: Continuous wavelet transforms for the oxidizer post inlet (top-left),
1.27 cm (Clocked) location (top-right), 1.27 cm location (bottom-left), and chamber
(bottom-right) for ambient oxidizer Test 368 (L/A = 0.26), grouped by location.
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Figure F.5.: Continuous wavelet transforms for the oxidizer post inlet (top-left),
1.27 cm (Clocked) location (top-right), 1.27 cm location (bottom-left), and chamber
(bottom-right) for ambient oxidizer Test 367 (L/A = 0.28), grouped by location.

Oxidizer Post Inlet 1.27 cm (Clocked)

[ 8 40

|

|
N T o4 %
T [ T
X [} X @
g | ° = °
z = & 2
é i % é 2 20 §
T i I 0 A ) i = T =
o 0 o
ol S 10

|

! 05 0

0 05 1 15 0 05 1 15

Time (secs) Time (secs)
1.27 cm Nozzle

40

IN

Frequency (kHz)
N
Magnitude
Frequency (kHz)
3
Magnitude

10

-

0.5

40 8
30 4
i 2
1
0.5
0 05 1 0 05 1 15

Time (secs) Time (secs)




257

Figure F.6.: Continuous wavelet transforms for the oxidizer post inlet (top-left),
1.27 em (Clocked) location (top-right), 1.27 cm location (bottom-left), and chamber
(bottom-right) for ambient oxidizer Test 362 (L/A = 0.32), grouped by location.
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Figure F.7.: Continuous wavelet transforms for the oxidizer post inlet (top-left),
1.27 cm (Clocked) location (top-right), 1.27 cm location (bottom-left), and chamber
(bottom-right) for ambient oxidizer Test 371 (L/A = 0.33), grouped by location.
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Figure F.8.: Continuous wavelet transforms for the oxidizer post inlet (top-left),

1.27 cm (Clocked) location (top-right), 1.27 cm location (bottom-left), and chamber

(bottom-right) for ambient oxidizer Test 358 (L/A = 0.54), grouped by location.
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G. TEST ARTICLE DRAWINGS



260

L [4 € 14 S 9 L 8
14O L 133HS  STT IHOBM LiL :3TVOS ONIMVEQ VIS LON Od CAUBHON §I £10Z 01 Aionuor “Appsany :pajulld
DT13DVdS NI 4O NOISSIWE3d NILLI¥M.
d SN NGILONGONANY DT 3vas
Y0E ISIV 40 AL¥3dO¥d 3108 3HL S| ONIMVAQ
AJY ‘ON 'OMd 378 visaivyy  SHLN GINIVINOD NOIVWSOSNI 3HL
SINIWWOD - VIINIAIINOD ANV A¥VI314dO¥d
0£0 ¥INNEFI¥d DIAC vo
JOVHA3INI VO] 7 Y
¥ddvVONI | T A : om
WY ONNVITAH e L
‘ @O OQ L1/60/10  wre NMV¥a SIHONINI mm«m%m__wmw@%m
Ul_l_ w Z _ lva INVN 1Q3ID3dS ISIMATHLO SSTINN
€91
—
| | | <
a 7 7 7 100" [/
cg ! ! |
8¢ L « 7 7 0S°L
I ! I
a[100]// 1 f f
100 [/7 [ W ,
——
(cz1 o§¥ X 20" XC v
, 1829 V-V NOILO3S
000"~ cc /-
moo{mmN Lo
——00€Th
SAIHO ANV 'FTVOS ‘3SVIYO 110 4O 3334 39 TIVHS Ldvd C
$3903 JAVHS Av3Idd T
SI10H ddng3ad ‘1
[o[e[@s0 e[d]
TV NAYHL 10T @ Xy—
[eEINO2EENS alva NOILdIdOs3a “AJY aNOZ 7
SNOISIAZY 7
L C € 14 S 9 L 8



261

L 4 € 14 S 9 YA 8
140 L 133HS  SV0:IHOIIM €T :3TvOS ONIMVQ 3TVOSLON Od QALEHON §1 9102 ‘0z Joqwiada( ‘Apbpsany :pajuld
) : ) m o R MOHLI G v o 40 v
1911-dCHO-0E08d SNI Py R T Ao [v] 100 [0
A3 'ON "OMd 37 Uvistvwy  SHINIGINIVINOD NOUVWAONI SHL 000" E
SINGWWOD 434 ONPONYaIIoL  1VHNIGHNOD ONV ANVIIINdO¥d 50%&@0 ®
0€0 d3INJNg3dd vo OMIANO3 N ] IA00YD ONIF-O
13N ITONY LHON 8daY OIN | 6003 TYWIDIQ 3OVId TaHL 1] 0000 e 610 'ONHSvd IAO0YD ONIF-O
v 1vas §OLDACNI ¥3ZIaIX0O saavons| T T avinony on 50007+9%65® €62 ON HSva
L e JOTS | S0y xe
‘ =Ye) OQ 99zl vre NMY3a SIHONINI 38V SNOISNIWI (43 SO
Ul_l_ w Z_ ava IWVN :Q31103d$ IIMIIHIO SSTINN Y S000° 14\
| ] - | ) i [0
000° . Y
200+970 —— )
» £60
860
gloxe 000 yae 5 | ATtizawas
780 yS0 oo ERINME
680 . 8L
L :23vDS L s0®
g 2 iviad \U
=y
- | |
t =4 7
588" | i | )
4100 |// 091 0L’
(o1rz) » 7 100" |7 009°C
et ! - ™
SZ5°L
% i
[
0/100°+ $88" A0/L00™+ 689° @ 1 NYHL 760° B o \"4
2 09°-S%" A 9E-4rNN 9 L-+/€ V-V NOILD3S 20-6v95ESW ¥3d L8O S0
(XYW) 79" ATI¥A dVLIL/LL : 80-679EESW ¥3d LIOd
80-0TSSY ¥3d 140d
L2 3IVOS
"NIW 09" A 9€-TNN ZL-91/S Lol anwvliia
SZSTL A (NIW) 22z L M or Ty
91-20ZSSY ¥3d 1IOd
. 00y g
$3553003d TV NI SFHSINI FOVAINS GIHIDIS 103L0dd '+ 20 )
e
SdIHD ANV ‘FIVOS ‘ISVAIO N0 40 3344 I TIVHS LIvd '€ e
——008TQ
$3903 dAVHS IVIIE T [o[e][@s00 o[¢]
052 A 8EV @1 1 05620
SIIOH ¥¥Ng3a L 1V NAHL L5 & X¥ " ’
oS7 — \ A3LLIWY3d LON NJHL Av3dg
— /T A ANNST/L
[eETYOXEELS alva NOILdI¥OS3a A3 3INOZ 7 L08" L ELT @ Xy
SNOISIAY 7
! z €

v



262

l 14 € 4 S
140 1 133HS ~ CL'0:LHOBM 1T 31VOS ONIMYHA FI¥OS 1ON OG ‘3LHON §1

DT130VS NI 40 NOISSINAEd NILLAM

~©
~

g
910z 0z Jequiaseq *Aopsen] :pajulid

291 1-dzHO-0c08d-sNI - g b g O Y RO e

009 100U e

A ‘ON 'Oma 371 | st SN GENVINGS NOLYANOMNI 3L

SINIWWOD - VIINIQIINOD ANV A¥VIIINdO¥d

0€0 JINJNd3dd vo GRS ok
‘NI-££1°0=0 '13INI FTONIS $4VOIN | 5003 W30 301 L
S00'F  IWYWID3Q 3DV1d OML
v 13INIIOLDACNI §3ZIdIXO 4V OND | 63 QN3 13 HOVW AVINONY

m \4
8 9/13TVNOILOVa
mee TS JOVS
‘ 9L/9L/eL | vre NMVIa SIHONI NI 33V SNOISNIWID
Ul_l_ @OOQW Z_ aAVa | IAVN

:Q31103dS ISIMIHLO SSTINN

oS X €07\

VZ-NN9L-¥/€

200 poe
009D

o % 100’ [[7

000"~ pgr 00'L
050+ a[00 [/
o [ 7] A

R
V-V NOILD3S : -
0908 STX90 XC v
00, -
1oo+441'® [v[100]O]

099" @
) o]
A v G/8 X€
$3SS3D0dd 1V NI SFHSINIH 3DV4ANS d3HIDIdS 1D310dd 4
SdIHD ANV "JTVDS ISVIAD IO 40 3334 39 TIVHS 1avd € \ /
a $3003 ddVHS Hv3dd C a

$310H ddnd3a ‘1
{0L0°L )

[eEINO2EENS alva NOILdIdOs3a “AJY aNOZ 7

SNOISIAZY 7



263

1 4 € 14 S 9 L 8
140 1 133HS ~ ¥0'0IHOIBM 1T FTIVOS ONIMYHA FI¥OS 1ON OG ‘3LHON §1

DT130VS NI 40 NOISSINAEd NILLAM

910z 0z Jequiaseq *Aopsen] :pajulid

SHLINOHLIM TTOHM ¥ SV 40 Livd
L1 1-dzHo-0c08d-sN - g b g O Y RO e
3 3 009 [uoou| 40 AL¥34ONd 3108 3HL S| ONIMVAA
LEE] ON 'OMd| 3718 visatyw  SHLNI GINIVINOD NOLYWSOANI 3HL
SINIWWOD 434 ONDONvazioL  TVUNIGHNOD ONV AXVIIINdO¥d
0€0 JINJNd3Idd vo RIENO3D BadHAIN
.
N N\/ dddV OIW | e0p'F TVWIDIA IOV 3TAHL

S00F IYWIDIQ 3D¥1d OML
v 1SOd JOL1D3MNI 43ZIAIXO BVOR % aas. LEHOH YINONY P
T a0 13 IYNOWOVH mo<&w A
$SIONVAIT0L
9L/l wre NMVIa SIHONI NI 33V SNOISNIWID

UI_I_ \mooam Z_ alva FWVN

:Q31103dS ISIMIHLO SSTINN

V9P

100 66 g

000"+ V] 100 |©
000"~ gy
100479

g 200 [ 7

100"~ go7 |
90052

00~ /89" g

000"+
)
$3$S300dd 1TV NI SFHSINIH 3DV4INS A3IHIDIdS 1O310dd 4
SdIHO ANV ‘FTVOS ‘ISVIYD 110 40 3334 39 TIVHS Lavd € NAHL mmwwoom 0}
$3903 ddVHS Nv3dd C
a S310H d3ng3a L

[eEINO2EENS alva NOILdIdOs3a “AJY aNOZ 7

SNOISIAZY 7



264

<

L [4 € 14 S 9 L 8
140 L 133HS Ty (IHOIIM 21 :3TvOS ONIMVQ 3TVOSLON Od QALEHON §1 9102 ‘0z Joqwiada( ‘Apbpsany :pajuld
DT13DVdS NI 4O NOISSIWE3d NILLI¥M.
SHLINOHLIM TTOHM ¥ SV 40 Livd
- zlil-dzHo-0soad-sni g b g O Y RO e
N . 009 [ouooU| 40 AL¥3dO¥d 3108 3HL S| ONIMVAQ
A3 ON 'OMa 3z1S Iiatvw| SHLNIG3NIVINOD NOLVWOANI 3HL
SINGWWOD 434 ONPONYaIIoL  1VHNIGHNOD ONV ANVIIINdO¥d
VO DRIENOIO 134N uﬂ @ 100 @ ﬂ
Omuo W_MZW_Dmmw_n_ 3dd¥ OIW | ¢00'F TYWIOIA 3DV1d 33HL 0€S 125 O
SO0 TYWID3A 3DV1d OML
ZA 1V3S §OLIDIrNI 13n4 349 9N |0 L Shidw VIO on
. ¥9/13TVNOILOV
EL GO *SIONVAIIOL mo<mw &
9L/9L/zL wre NMVIa SIHONI NI 33V SNOISNIWID
D11 '82RdS NI
lva INVN 1Q3ID3dS ISIMATHLO SSTINN

0S2'€Q

! [o]8[@s00 0[]

] ﬁ Y TV NIHL 992 @ X8
(z117) /
090"
: 1:231v0S

Iﬂ

avliaa q 9
<‘|_ N «
, 200 [ 7 a
NIHL 760" D ] [g] szl
20-2025SY ¥3d 140d 809
. -
mmm.E g — \ i % + »
o5/ — \ \D V-¥ NOILD3S oS X €0°XC
20095/ ¢
oov’ 000"+ \ v |200' |©
A 108 @
v 200 |© \ )
000"y 46" g9 oo
200+
0s¥' L D
000 ooy
010+556CO
JAOO¥D DNI¥-O 610 ‘ON HSYA
-9 NOILD3S NAHLO8L @
¥0-20ZSSY ¥3d 140d
[Pl [@ 100 2[P]
) O 0 A15C D xC
$35$300¥d 11V NI SFHSINH FOVAINS AIHIDAdS 1OIL0¥d %
SIHO ANV ‘TIVOS ‘ISVAID “TI0 40 I IF TIVHS Livd '€
$IDAT dAVHS WvA¥E T [o]8[@500 o[P]
0Zy A 4NN 8Z-¥/1
SIIOH ¥AINgIa 'L [25 AEIT O Xy
w006 —
Q3IAOYddVY awva NOILdI¥OS3a “A3Y 3INOZ 7

SNOISIAZY 7



265

140 1 133HS SO0 :IHOIBM 1T FTIVOS

zel 1-deHo-0s0ad-sNi g
Ay ‘'ON 'OMa 371S

0€0 d3INJN93dd
v A IFINTIOLDANI 13N

A0LL
D711 '©20dS NI

9L/91/zL vre
ava INYN

SINIWWOO
VO

3ddV DI
3ddv ONI
aOIHD

NMV¥Q

$35S300dd 1V NI SFHSINIH 3DV4INS A3HID3dS 1O310dd

SdIHD ANV ‘FTVOS ISVIYO IO 4O 3334 39 TIVHS Lavd

$3903 JAVHS NvIdd

S3T0H dang3ad

€

ONIMVYQ 3I¥IS ION 0

HSINI

009 [2uUodu|
WRELYW
“43d ONIDNVAI10L
DRIANOIO 134¥3INI

£00°F TYWIDI 3DV1d 333HL
S00°F  YWID3Q 30V1d OML
L£7 AN3E , LFHOVW 8V INONY
¥9/13IYNOILOV
:S3DNVII0L

STHONI NI 33V SNOISNIWIQ

:Q31103dS ISIMIHLO SSTINN

14

‘QUISHO¥ |
DT130VS NI 40 NOISSINAEd NILLAM
3HLINOHLM FIOHM V S¥ 3O 13vd
NI NOILONQO¥d3d ANY "DT1IOVdS NI
4O AL¥3O¥d 3108 3HL S| ONIMVAQ
SIHL NI GINIVINOD NOILYWAOANI 3HL

VINIQHNOD NV A¥VI3INJONd

JOVdS ;

[eEINO2EENS alva

NOILdIdOs3a

“AJY

oz |

SNOISIAZY

V-V NOILO3S

L 8
910z 0z Jequiaseq *Aopsen] :pajulid

—»é

- <

4 100 [/7
200" 0 /1
9. 0zr

¢ [T 7]

51

d3advds A1vVNOI
NIHLSLO @ X¥

000"~ nc /-
200"+ 0SL @

100" |7

200" s
690,066



266

v

L 4
240 | 133HS G6'6 IHOEM Z:1 31vOS
Z0z1-dzHO-0c0ad-sNI - g
Ay ‘'ON 'OMa 371S
SINIWWOD
VO
0€0 daINJNgIad 4oy I
NOILDFS dFIWVHD SadvON
=alll aDIOIHO
‘ 9L/8L/zL NMY¥a
D11 '9o0dS NI e e
EEeN
97v13a
a-aNolILo3s
NIHL 621 P M
20-C0ZSSY ¥3d 1d0d ,,

NIHLZLT D

8/° A H9-0'L X 8W

SLO A OYE D ]

€0 ASLD T

130Od WZLE-1OM 31NNy

$3SS3D0dd 11V NI SFHSINIH 3DV4ANS d3HID3dS 1O310dd 4
SdIHD ANV FTVOS ISVIID IO 40 3334 39 TIVHS 1avd e
$3O03 ddVHS Hv3dd C

SI10H ddng3ad ‘1

€ 14

ONIMVYA ITVOS LON O qAUAHONd 1
DT13DVdS NI 4O NOISSIW3d NILLAM

3HL LNOHUM TTOHM ¥ SV 3O 18vd

HSINH | | NOILONQO¥d3d ANV “DT1 3OVS NI

40 AL¥3dO¥d 3108 3HL S| ONIMYIA
SIHL NI G3NIYINOD NOILYWAOSNI 3HL

VINIQHNOD NV A¥VI3INJONd

009 [2uUodu|
WRELYW
“43d ONIDNVAI10L
DRIANOIO 134¥3INI

£00°F TYWIDI 3DV1d 333HL
S00°F  YWID3Q 30V1d OML

L£7 AN3E , LFHOVW 8V INONY an
¥9/13IYNOILOV mo<&w A
:S3DNVII0L
STHONI NI 33V SNOISNIWIQ

:Q31103dS ISIMIHLO SSTINN

00£'CTPH —==
[¥]

V-V NOILO3S

- 2

— 9P

[eEINO2EENS alva NOILdIdOs3a

SNOISIAZY

[3[8[@s00 2[&]
00S™ A 4NN 8Z-¥/1
09" A ELT O X8

oG X €0"\

L 8
910z 0z Jequiaseq *Aopsen] :pajulid

0SL'€D

€€ A ONN¢Ze-8
oy A 9ELl @ Xy

[a]a]@s00 0[]

005" A 4NN 8T/l
£09° A €LT D X8 N\

IAO0YD ONI¥-O 2
¥€Z "ON HSVQ

0SL'€Q

S Y[z [0l

N—SrY P

[a]e]@ 100 0[]

—0ES A IST @ XC




267

<

1 40 | 133HS

95T

IHOBM €2 :31vOS

1zz1-dzHo-0s0ad-sni -

LEE]

‘ON 'OMma 3718
SINIWWOD

0€0 ¥INYNGINd o
xz_u—m |=d 4ddV D4
"ONIY IONFTINGANL 2aav N3

=alll Q2¥03HO
9l/6llzL vre NMY3a

UI_I_ \mooam Z_ alva FWVN

oLo
mmo.m X¢

L+ ¢31vOS
4 1v13d

o9l

€

ONIMVYQ 3I¥IS ION 0

HSINI
009 [2uUodu|

WRELYW

“43d ONIDNVAI10L

DRIANOIO 134¥3INI

£00°F TYWIDI 3DV1d 333HL
S00°F  YWID3Q 30V1d OML
L£7 AN3E , LFHOVW 8V INONY
¥9/13IYNOILOV
:S3DNVII0L

STHONI NI 33V SNOISNIWIQ

:Q31103dS ISIMIHLO SSTINN

14

‘QUISHO¥ |
DT130VS NI 40 NOISSINAEd NILLAM
3HLINOHLM FIOHM V S¥ 3O 13vd
NI NOILONQO¥d3d ANY "DT1IOVdS NI
4O AL¥3O¥d 3108 3HL S| ONIMVAQ
SIHL NI GINIVINOD NOILYWAOANI 3HL

VINIQHNOD NV A¥VI3INJONd

JOVdS ;

olS'LQ

V200" |©

$3SS3D0d TTV NI SFHSINIA JOVHANS AFIHIDIdS 1D310dd 4

SAIHO ANV ‘FTVOS ‘ISVIYO 110 4O 3334 38 TIVHS L3vd ®

$3903 dAVHS Nv3dd T

S310OH J3ng3a L

L8E€°CD

[eEINO2EENS

alva NOILdIdOs3a

“AJY

oz |

SNOISIAZY

oS¥ X €0° XC

00£C®

JAO0IO ONIY-O §€T°

[o]e[@s00 0[]

d3DVvdsS ATIVNOS
1V NAHL £ST @ X8

\'/\

g
£10Z €0 AIoNUDT ADPSen] :pajulid

\v<

osy'v @



268

v

14O L 133HS =~ Ov'6 ‘IHOIIM 8:€ :JTVOS

€0 1-dzHO-0c08d-sNI - g

LEr] ‘ON 'OMma 3718

JOV4d3INI
DJAQ 0€0 JINANG3dd

A0LL
D711 '©20dS NI

9-4 NOILD3S

9l/6llzL
ava

€

ONIMVAQ FI¥DS 1ON OQ

HSINK
009 [2UodU|

VRV
SINIWNOD 434 ONIONVAZIOL
VO DRIENOIO 134N
3dd¥ OIW | ¢00'F TYWIOIA 3DV1d 33HL
SO0 TYWID3A 3DV1d OML
$ddYONI | e7 aNag . IFHOWW VINONY
oI ¥9/13IYNOWD Ve
ISIONVATOL
vre NMV¥a SIHONI NI 34¥ SNOISNIWIQ

INVN 1Q3ID3dS ISIMATHLO SSTINN

20-C0TSSY ¥3d 14Od XS

L 13TVOS
\ dvlida

| I'A 8S1
i \«’ oL
[Z4
%

oSEL &«%
LoL” -
o0 4 2 ‘m%.m XT
L1 3MVvOS
o QTviaa
Sod X

$3SS300dd 1TV NI SFHSINIH 3DVH4INS A31HIDIdS 1O0310dd 4

SAIHO ANV ‘FTVOS ‘3SVIYO 110 4O 3334 39 TIVHS Livd €

$3903 dAVHS Av3Idd T

S310H ddnd3a L

14

‘QUISHO¥ |

DT130VS NI 40 NOISSINAEd NILLAM
3HLINOHLM FIOHM V S¥ 3O 13vd

NI NOILONQO¥d3d ANY "DT1IOVdS NI
4O AL¥3O¥d 3108 3HL S| ONIMVAQ
SIHL NI GINIVINOD NOILYWAOANI 3HL

VINIQHNOD NV A¥VI3INJONd

JOVdS ;

~ 000€Q

d

™ 0C

FAO0YO ONII-O 6€T "'ON HSva

L g
£10Z €0 AIoNUDT ADPSen] :pajulid

oLy

V-V NOILO3S

[

[eEINO2EENS alva

NOILdIdOs3a “AJY

oz |

SNOISIAZY

oS¥ X €0° Xy

NAHL 99" ) X8—

0T
—V
| 100" |7
T zige

& @ «%oowmwf.m

4 Yeosd

| 0 8 4 g a]100 [/
$< I 100 [7

JAOOIO ONIY-O G€Z 'ON HSVA



269

<

8

L C € 14 S 9 L
1 40 | 133HS AHOIEM €1 - 3TvVOS ONIMVQ 3TVOSLON Od v 1o s RO G10Z ‘81 YDIOW ‘ADPSSUPSA (Pajuld
001 1-0¥AGZov 1v-sNI g SN NGILONGONANY DT 3vas
AT ‘ON "OMa 37 sy SHLN GINVINGD NOWVWSOI 41
SINIWWOD :¥3d ONIDNVATIOL VIINIAINOD ANV A¥VIIINLO¥d
V'O DI¥IEWO3ID 134d¥IINI
ATWASSY il B AR E Mo
QIO4INVW ¥371a1X0_ s R o n_w
UI_I_ \mooaw Z_ SL/L1/e0 93 NMYIa MWIUZ_ZEM(\.MM%OZ_NMW@%M
alva INVYN 1@31H1D034S ISIMAFHLO SSTINN
1331S AOTIV 3AIXO YOV18 ‘MIADS
dvD AVaH 13¥D0S ‘HIONITNI S8 € 1-2/1 celvisele onww - L
REETS
?  |a3lvoD WNNIWNTY DNIZ ‘LN X3H £1-2/1 SYCVLZBEC DWW 9
SSTINIVLS
? 91€ 3dAL ‘¥IHSVYM LV14 IVS NI Z/1 EEOVOS6LE DWW §
z NId TIMOQ HLONIT NI L “WWIa NI ¥/ 0ZLVS9EL6 DWW ¥
L Z 3dAL ‘QIO4INVW ¥37IQIXO Z-D¥AC LELI-DIAQZOVLF-SNI| €
[ |31v1d [3INI QIO4INVW 337IAIXO 2-D¥Ad LTLL-DdAQZOVLF-SNI| ¢
L LTINI QTO4INVW 33ZIdIX0 2-D9AQ LLLL-DYAQZOV LF-SNI L
Q3IAOY¥ddV 31va NOILdI¥OS3a AN 3NOZ 7
oy || Ao NOILdI¥DS3a YIIWNN 13Vd “ON Wall
L T € 14 S 9 L 8




270

<

1 40 | 133HS L€' IHOIIM T:1 3TVOS

121 1-OdAQ-Cov L¥7-SNI m
= ON oma, 38 SINIWWOD
Wa3 o
‘31v1d L3INTTO4INYW
¥3711X0 2-OdAd

=alll Q2¥03HO

UI_I_ \®00Qm Z_ SU/LL/e0 . Me3 NMY3Q

ava INYN

€ 14 S 9 L 8

SNAMYHA VIS 10N 0O Gauaond s S10Z ‘21 UOIOW "ADPSINYL :pajulld

OT113DVdS NI 4O NOISSIWa3d NILLIAM.

S IO 10 ¥ 5 40 Live

HSINE | | NOILONQO¥3Y ANY D71 3DV4S NI

009 TANODNI 10 AX3d0% 3105 3415 Srmvaa

VIV SIHL NI G3NIVINOD NOILYWSO4NI 3HL

434 ONDONvazioL  TVUNIGHNOD ONV AXVIIINdO¥d

DIHIEWO3IO 133d¥3INI

£00°F TYWIDI 3DV1d 333HL

S00'F  IWYWID3Q 3DV1d OML
€7 N8 1THOYW AV INONY m v
913 TYNOIDVE mo< mw A
‘SIONVIIIOL
SIHONI NI 38V SNOISNIWIQ
Q31H1D34S ISIMITHLO SSTINN
| *
! ; {0s¢")
|
, }
4
o)
NYHL 20" P XT9— 9] * N—{096€0 )
a

Jd3INO¥ddV alva NOILdIdOs3a

‘A3 oz |

SNOISIAZY



271

1 40 | 133HS

LEE]

NOILVOI1ddV D4l
‘T 3dAL ‘AQTO4INVYW
Jd37IAIXO ¢-0dAd

OI_I_ \mooaw Z_ SL/01/€0  Me3 NMY3Q

<

D41 40 3334 39 OL JFIFWVIA JINNI TVIINID NVHL 3d3HLO SIDVHINS 1TV

leLi-odaazorir-sni g

[4
68'9C 'IHOEAM Z:1 31vOS
‘ON "OMd 3J71S
SINIWNOD
V'O
34dd¥ OIW
dddV ONI
UL SUEL/e0 vre QOO

ava INYN

al d3HSINIH 000°€ @
NOILYOI1ddY 241 404 3DVv4aNns

€

ONIMVYQ 3I¥IS ION 0

HSINI

33dd0D

“43d ONIDNVAI10L
DRIANOIO 134¥3INI

£00°F TYWIDI 3DV1d 333HL
S00°F  YWID3Q 30V1d OML
L£7 AN3E , LFHOVW 8V INONY
¥9/13IYNOILOV

25 JOVdS )

STHONI NI 33V SNOISNIWIQ

:Q31103dS ISIMIHLO SSTINN

14

‘QUISHO¥ |

DT130VS NI 40 NOISSINAEd NILLAM
3HLINOHLM FIOHM V S¥ 3O 13vd

NI NOILONQO¥d3d ANY "DT1IOVdS NI

4O AL¥3O¥d 3108 3HL S| ONIMVAQ
Jwisatyw  SHLNI GINIVINOD NOLLYWHOANI 3HL

VINIQHNOD NV A¥VI3INJONd

m

-0

NOILYOI1ddY 241 3314V N3JO 39 OL SFTOH NAHL C

'l

g
,Q,
|
f
T

V-V NOILO3S

[eEINO2EENS

alva

NOILdI¥Os3a

"AJY

aNOZ

SNOISIAZY

(0g0€® T\

<A‘

L 8

S10Z ‘€1 YOIOW ADpL4 :pajuld

(009°%)

{0560 )



272

¢ 40 | 133HS

oz 1-odna-zorLr-sni g
Ay ‘'ON 'OMa 371S

BRI A REN/0N

ATAWISSY dOLDAMNI
v dIGWVHO NIVW ¢-OdAd

=gy

UI_I_ \mooaw Z_ SU/LL/e0 . Me3

SINIWWOO
VO

3ddV DI
3ddv ONI
aOIHD

NMVAa

€

ONIMVYQ 3I¥IS ION 0

HSINI

WRELYW
“43d ONIDNVAI10L
DRIANOIO 134¥3INI

£00°F TYWIDI 3DV1d 333HL
S00°F  YWID3Q 30V1d OML

£F AN38 L LFHOVW ¥V INONY

¥9/13IYNOILOV
:S3DNVII0L
STHONI NI 33V SNOISNIWIQ

:Q31103dS ISIMIHLO SSTINN

14

‘QUISHO¥ |
DT130VS NI 40 NOISSINAEd NILLAM
3HLINOHLM FIOHM V S¥ 3O 13vd
NI NOILONQO¥d3d ANY "DT1IOVdS NI
4O AL¥3O¥d 3108 3HL S| ONIMVAQ
SIHL NI GINIVINOD NOILYWAOANI 3HL

VINIQHNOD NV A¥VI3INJONd

m

3OVdS;

8

SLOT “LL UDIOW “Appsany :pajulld

k|
o]
4 NId 73MOQA HIONIT NI #/€-1 ‘WVIA NI v/ 1 0GLVG9€L6 DWW 9
L JIADNASNVIL FINSSIAd LTI CLlE-1OM S
l 1v3S OL1D3rNI 13N4 2-O3Ad 08C1-O3AQ-C0Y L-SNI 14
a l €0 JOLDIMNI 13N4 "¥OLDINNI 2-D3Ad €9C1-03AQ-20Y L7-SNI €
l JVT110D 1SOd d37IAIXO dOLDINNI LGT1-OdAd-Cov L7-SNI 4
QIAO¥ddY ava NOILJI¥OSIa A oz | l 13INI ANV 1SOd J37IdIXO dOLD3rNNI L 1Z1-OdAd-¢Ov L7-SNI l
SNOISIAZY ‘ALO NOILdI¥DS3d JIGWNN Ldvd "ON W3all
L C € 14 S 9 A 8




273

1 14 € 4
1 40 | 133HS LUy (IHOIIM T 3TVOS ONIMVEQ VIS LON Od ‘G3HHON S1
2T13DVdS NI 40 NOISSINEZd NaLLM
SHLINOHIIM TIOHM ¥ SV 30 1avd
L1Z1-OdAQ-20¥ L¥-SNI m HSIN| NI NOLLONQONdTY ANY "DT130VS NI
009 TINODNI 40 AL¥34ONd 3108 3HL S| ONIMVAA
ATd ‘ON "OMd  37S visatvw|  SHLNI GINIVINGD NOUVWEOANI 3HL
SINGWWOD 434 ONPONYaIIoL  1VHNIGHNOD ONV ANVIIINdO¥d
VO DRIENOIO 134N
HmOn_ N_MN_O_XO 3dd¥ OIW | ¢00'F TYWIOIA 3DV1d 33HL
S00F IYWIDIQ 3D¥1d OML
JOLDANI Z-D3Ad 240098 T5laa v IOy an
. " et JOVS
Ul_l_ ‘ =Ye) OQ m Z _ Sl/oe/e | Ne3 NMVIa SIHONI NI 33V SNOISNIWID
lva INVN 1Q3ID3dS ISIMATHLO SSTINN
$3903 dAVHS Nv3dd T
SIT1OH 1V ddnd3d ‘1
Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ

SNOISIAZY

G10Z ‘0 YDIPW "ADPUOW :pajulld

I
000" /4y 1 ¢

100+

GESE)

SLED

3903 Jv3d9 ION Od

8

NIHLOSL 1]

ELYLAH0'L X 8W

ELLLA9LT ]
806 AvE [
€98"AGL ]

oG¥ X 020" XC

08¢ A INNZEOL
005" A 651 @ XE




274

<

L [4 € 14 S 9 L 8
14O L 33HS = VTV IHOEAM T:1 31VOS ONIMYAQ 3I¥DS ION Od HON 1 G10Z ‘€l YOIDW ‘ADpL4 :pajuld
OT113DVdS NI 4O NOISSIWa3d NILLIAM.
SHLLNOHLIM FIOHM ¥ §V 30 L3vd
L1Z1-OdAQ-C0v L¥-SNI m HSINH | | NOILONQO¥d3d ANV “DT1 OVS NI
N g 009 [BUOSU| 40 AL¥3dOYd 2108 3HL S| ONIMYAQ
A3 ON 'OMa 3z1S Iiatvw| SHLNIG3NIVINOD NOLVWOANI 3HL
SINIWWOD - VIINIQHNOD ANV A¥V13I4O¥d
L0 13INI ANV vo OHLaHO30 el , NYHLOGL (1
1SOd ¥371aIX0O HOVOIN | 00 w030 30714 T | SloTL &He 01l X oW
JOLD3rNI ¢-OdAd sasv o 0 D avinow on V-V NOILO3S ! cetseet
UL SUeUE0 e @I ¥9/13 TYNOULOVH A €98 NG ]
‘ @O OQ Sl/L/e0 a3 NmMvYIa SIHONINI mm(%vwov._wﬂmmm‘wm 1
Ol_l_ w Z _ lva INVN :Q31103dS ISIMIHLO SSTINN m
[o8[@ 100 2[&]
LOO"+¥LL"L 0 +GLE° D
NAHL A 100" +£0€° D ™
L :¥3TVOS
4 T1v13d
3903 Jv3dd ION Oa
3903 ¥v3¥8 LON O [o]8]100" o]6]
0€S" A LST @ XT
oS¥ X 20" XT
@ 100 [/7
100" - .
. 100-+78LL
aloo |/
100° [7 I
$39A3 JAVHS HV3Idg T
S3TOH 11V dang3d 1
QIAO¥ddY ava NOILdI¥OS3a AR aNoz 7
SNOISIAZY 7
L 4 € 14 S 9 L



275

oG¥ X €0° XT\

L 8

S10Z ‘0l dunr ‘ADpsauUpPem :pajulld

9-9 NOILO3S
NAHL 760 @

NIHL ¥60° P
¥0-6¥9€ESW d3d 1dOd

1

200 |/ 7
ajlzoo |/

50

\h‘ .

¥0-6¥9CESW 3d 14Od

100’ .
ﬁoo%mmm

L 4 € 14
L 40 | 133HS 00°€ {IHOIIM  T:1 - 3TVOS ONIMVQ 3IVDS ION 0d ‘QaUIBHO¥ S|
OT113DVdS NI 4O NOISSIWa3d NILLIAM.
SHLINOHIM Z10HM ¥ S 30 v
Y oszi-odnazoriv-snt g s L S e
il Y08 1SV 50 ALY4ON 3105 3H S| MV
A3 ON 'OMa 3z1S vty SHLNIG3NIVINOD NOLVWOANI 3HL
SINGWWOD 434 ONPONYaIIoL  1VHNIGHNOD ONV ANVIIINdO¥d
VO DIHIEWO3IO 133d¥3INI
- ¥ddY OIN | £00F WWIDIA 3OV 33HL
¢-OdAd
v '1v3S 30LD3rNI 13N 203 v oy
L o] * Vi3 OOV mo<mw \
- :SIONVAII0L
‘ §1/90/€0  wre NMY¥Q SIHONI NI 33V SNOISNIWIQ
Ul_l_ @OOQW Z_ ava INVN *Q3H103dS ISIMIIHLO SSTINN
L2 13VOS
010y vz D 1Iviaa ol
er40) )
V-V NOILO3S
NIHLELL @
A S9T L AH9-0'L X 8W
q SOV LAY ]
© SIS Aye 1
0Ly ASL T
(43
= e Ry ey
L I 605" ‘
y/6 — oS X 20 w
000"~ g5z e
100"+
000" - .
vl 200+054° @
. 16D
200°+ v [200 [©
o] 4R 40)
a
[ sweous ] D1 GI04INVW 304 130d 20- GIANTONI [ v ]
Q@AY | ava 7 NOLLdI¥O$3a EREIEERS]
SNOISIAZY

00 |7

NAHL

ST @ Xe—

C0-6¥9€ESW d3d 1dOd

Q-a NOILD3S

NAHL¥90" P




276

L 4 € 14 S 9 L 8
140 L 133HS YO0 :IHOIIM 12 :3TVOS ONIMVQ 3TVOSLON Od QALEHON §1 G10Z ‘Sl Y2IoW ‘Appud :pajuld

OT13DVdS NI4O NOISSINa3d NILLIM

JHLINOHLIM TTOHM ¥ SV 3O 13vd

192 1-OdAQ-CO¥ L7-SNI HSINE - NI NOILONAO¥d3Y ANY DT 3OVdS NI

2U0dU 40 AL¥3dO3d 310 3HL S| ONIMVIQ

ATd ‘ON "OMd  37S 0091 kémzz SIHI NI G3NIVINOD NOILVWWSOANI 3HL
SINGWWOD 434 ONPONYaIIoL  1VHNIGHNOD ONV ANVIIINdO¥d

_.O N_OHUMﬁz_ |_m Du_ VO DIHIIWOIO 133INI

"YOLDAMNI C-2dAd | B0 e maont
¥V ONT | TNag.1s . om v
s i ey a8
: *SIONVAIIOL
‘ SU/LL/€0 | &3 NMVIa SIHONI NI 33V SNOISNIWID
Ul_l_ @OOQW Z_ Ava | INWN 10311035 ISIMEIHLO SSTINN
2007y xz
€60
860"
74 . 9
bo 119 37V0S .
D 1ivlad « 050 «
€60
. 860"
Lyl 3IVOS

T .
0z
aviad AN o § —
€9 500y xz 190" 8y (vv2)
\ﬁ oS7 X 10
W m P ( { [e]100]/]
SYX 10 Q ) % V- 100" |7
100" -
ler V-¥ NOILD3S 000"+ )
IH
059"
-9 31vOS
m Tvi3a

c60” /€9
860°

.

N 5007y xz

Lo >\\»’

SI1OH 1V ddnd3d 1 (

Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ 7

$39A3 JAVHS NvIdd C

SNOISIAZY



277

1 4 € 14
140 1 133HS ~ ¥0'0IHOIIM Z'l :FTIVOS ONIMYHA FI¥OS 1ON OG ‘3LHON §1

DT130VS NI 40 NOISSINAEd NILLAM

SHLINOHIIM TIOHM ¥ SV 30 1avd
1ST1-OdAQ-2O¥ L7-SNI HSINE - NI NOILONAO¥d3Y ANY DT 3OVdS NI
2U0dU 40 AL¥3dO3d 310 3HL S| ONIMVIQ
ATd ‘ON "OMd  37S 0091 ksmzﬁ SIHI NI G3NIVINOD NOILVWWSOANI 3HL
SINGWWOD 434 ONPONYaIIoL  1VHNIGHNOD ONV ANVIIINdO¥d
VO DMIFWOIO [FAAINI

dV110D 1SOd d371aIXO 848 OM | go0T w030 30 ML

S00'F TYWID3d 30V1d OML
JOLDAMNI ¢-OdAd $ddYONI | e7 aNag . IFHOWW VINONY o
: Q0O ¥9/13 TYNOULOVH
L *SIONVAIIOL A
SU/LL/€0 | &3 NMY3a SIHONI NI 33V SNOISNIWID

UI_I_ \mooam Z_ alva FWVN

:Q31103dS ISIMIHLO SSTINN

S00'd S00d
N

<
S00'd
Ly @
L n“uw EINION
Tv13d 7 | vy
9 =~ , ozr ®

050’ m n

€9 L2 31vOS
€60 V-V NOILO3S
860"
050’ €9

1 :831VOS
41v13d

$3903 ddVHS Hv3dd T
SI1OH 1V Jand3d L

Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ 7

SNOISIAZY 7

o~
el
~

g
G10Z 'Z1 UDIOW "ADPSINYL :PajuLd

8100 |//

100" |/ 7




278

<

L [4 € 14 S 9 L

C4O 1 133HS | £8°LLIHOBM 2t - F1vOS ONIMYHA FI¥OS 1ON OG ‘3LHON §1
DT13DVdS NI 4O NOISSIWE3d NILLI¥M.

Lie-odaa-zorir-sni - g SN NGILONGONANY DT 3vas NYHLOSL 1

. . ¥3dd0D 30 AL¥3dO¥d 3108 3HL S| ONIMVIA mAVN —\_)VI@vO 7. X wz
AR ON 'OMd 371S Jviatvw| SHLNIG3NIVINOD NOLVWOANI 3HL €8S I A9/ 1
SINIWWOD :¥3d ONIDNVATIOL VIINIAIHNOD ANV A¥VIIINdO¥d wmm »AV@ ]
VO DIHIEIWOIO 1334¥3INI mm¢ »mR ]

DNINIHOVW ‘I 100dS dddv O SO0F TYAIDAA 20V L
- d¥ddV ONI 3 I p m
JIIWVHD C-dOAd D o v o m o< l w ,
SU/r0/E0 a3 NMvEQ | SHONINIZ3Y OB

UI_I_ \mooam Z_ alva FWVN

JLL SL/90/€0 vre

:Q31103dS ISIMIHLO SSTINN

Wd3 39 OL 3T0H ANId
C0-6¥9€ESW d3d 1dOd XE

——000¢€D

085" A 15T D Xo—

200°06 X¥

3 K\ [3}4 /v\

——889'LD

g
.5

Q@
eg [
o

[3]a]s00 ole]
08¢” A DNN#Z0l
T S05 A OSL @ Xy

T
N
o

e

N

$3903 dAVHS Av3dd T
SITOH 1TV JaNg3a ‘1

Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ

SNOISIAZY

8
S10Z ‘0L Y2IPW ‘Appsan] :pajulld

NIHLOSL 1

VT L AH9-0'L X 8W
€8C L A9/T ]
8€G AYE [




279

<

6]

C¢40C133HS | £8'LLIHOBM 2t - F1VOS

Lier-osaazoriv-sni g

LEr] ‘ON 'OMma 3718
SINIWWOD

VO

ONINIHOVW ‘1 100dS 34av 4N
MMME{IU NnON_\/Q 3ddV ONI

UL SU/90/€0  vre QOO
S1/S0/€0  Ne3 NMYHQ

UI_I_ \mooam Z_ alva FWVN

€

ONIMVYQ 3I¥IS ION 0

14

‘QUISHO¥ |

DT13DVdS NI 40 NOISSIW3d NILL¥M
3HL INOHUM TTOHM ¥ SV 3O 14vd
HSINH | | NOILONQO¥d3d ANV “DT1 OVS NI

40 AL¥3dO¥d 3108 3HL S| ONIMYAIA

d3dd0D SIHL NI G3NIYINOD NOLLYWAOSNI 3HL

WRELYW
“43d ONIDNVAI10L
DRIANOIO 134¥3INI

£00°F TYWIDI 3DV1d 333HL
S00°F  YWID3Q 30V1d OML

WINIAHNOD @

C0-6V9€ESW d3d 1dOd Xv

NV ANVI3144O¥d

m

£F AN38 L LFHOVW ¥V INONY
¥9/13IYNOILOV mo<mw A
:S3DNVII0L
STHONI NI 33V SNOISNIWIQ

:Q31103dS ISIMIHLO SSTINN

NAHLSZL @

4-4 NOILO3S

12 31vOS Q-a NOILD3S
9 ivlaa ) . >
e | 0 — |
g
Ve
/ \\ Y \\
7S WNrwys !
7 e
ou% v/
ol e b=l 954

= O

$3903 JdVHS Hv3dd C
SI1OH MV Jand3d L

7/
Ve

/| 0|
/

e

Jd3INO¥ddV alva NOILdIdOs3a

"AJY

aNOZ

SNOISIAZY

£ 8
SL0T ‘0L UDIOW “Appsany :pajulld

Wa3 39 Ol S310H aNINd
C0-6Y9EESW d3d LOd Xv




280

L 14 € 14 S 9 L 8

T40 1 133HS 0Tl ‘IHOEM i1 31vOS ONIMVQ 3TVOSLON Od QALEHON §1 G10Z ‘Tl Y2IoW ‘Appsiny] :pajuld

DT130VS NI 40 NOISSINAEd NILLAM

SHLINOHLIM TTOHM ¥ SV 40 Livd

CLEL-OdAQ-ZOY L7-SNI HSINE - NI NOILONAO¥d3Y ANY DT 3OVdS NI

¥3ddOD 40 AL¥34ONd 3108 3HL S| ONIMVAA

AJY ‘ON 'OMma 3718 Jwisatyw  SHLNI GINIVINOD NOLLYWHOANI 3HL
SINIWWOD VIINIGHNOD ONV A¥V1314dONd

“43d ONIDNVAI10L

VO DMIFWO3ID IRAAINI
~\ O I_oo.
ONINIHOVW ‘2 100d$S -~ Blelwde
> sasvona S0 TVAIDIIIOVIS OML m 7 v
BWWVHOZOAAD | weoe S INde: H
- ISIONVATOL

§1/50/€0 g3 NMVIa SIHONI NI 33V SNOISNIWID v E NYHLOSL 1

Ul_l_ \mooaw Z_ . . . @ VT L AH9-0'L X 8W

3Ava | 3NN G314103dS ISIMAIHLO SSTINA 000°€ @ e8e L AOLT T ]

8€G AYE [ ]

005t @

NIHL ST )
20-679EES ¥3d 14Od XC 0621 T

V-V NOILO3S

ool

§89C
9-4 NOILO3S

O-D NOILD3s

L - ¢ 3VOS
47v13d JAOOYD ONI¥-O 822C 5

[v[100]O]

—000€®
$3903 JAVHS NvIdd C
SI1OH 1V ddnd3d ‘1

Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ

SNOISIAZY



281

<

L 4 € 14 S 9 L 8
240 133HS 0Tl ‘IHOEAM i1 :31vOS ONIMVQ 3TVOSLON Od QALEHON §1 G10Z ‘Tl Y2IoW ‘Appsiny] :pajuld

DT130VS NI 40 NOISSINAEd NILLAM

SHLINOHLIM TTOHM ¥ SV 40 Livd

CLEL-OdAQ-ZOY L7-SNI HSINE - NI NOILONAO¥d3Y ANY DT 3OVdS NI

¥3ddOD 40 AL¥34ONd 3108 3HL S| ONIMVAA

AJY ‘ON 'OMma 3718 Jwisatyw  SHLNI GINIVINOD NOLLYWHOANI 3HL
SINIWWOD VIINIGHNOD ONV A¥V1314dONd

“43d ONIDNVAI10L
VO DIMIWOIO 133d¥3INI

Wd3 39 OL 3T0H ANIg

ONINIHOVW ‘2 100dS B4V O | 07 DA oV T 20-6v9EESI 33d 14Od

S00°F  YWID3Q 30V1d OML om

- ¥ddVONI | T s .
BIWVHO Z-DIAT e i JYdS )
- ISIONVATOL
‘ S1/¥0/€0 . g3 NMVIa SIHONI NI 33V SNOISNIWID
Ul_l_ o OQ w Z _ lva INVN 1Q3ID3dS ISIMATHLO SSTINN
d-aNoILo3s
$39A3 JAVHS NvIdd C
SI1OH 1V ddnd3d 1
Wd3 39 OL 3TOH ANId
C0-6V9€ESW d3d 1dOd
Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ 7

SNOISIAZY 7



282

<

L 4 € 14 S 9 A 8

T40 1 133HS | 0€°CL ‘IHOEAM Z:1 -31vOS ONIMVQ 3TVOSLON Od QALEHON §1 G10Z ‘Tl Y2IoW ‘Appsiny] :pajuld
OT113DVdS NI 4O NOISSIWa3d NILLIAM.
AL IOHLIM TIOHM ¥ SV 30 1avd
elet-odnazorir-sn g b g O Y RO e
¥3ddOD 40 AL¥3408d 2108 3HL S| SNIMYAQ
AR ‘'ON "OMAd 378 Jvisatvwy  SHINIGINIVINOD NOUVWAONI SHL

SINIWWOD :¥3d ONIDNVATIOL VIINIQIINOD ANV A¥VIIINdO¥d
VO DIHIEIWOIO 1334¥3INI

EINMACMASRALS e
¥9/13TVNOILOV mo<m w \

IJLL SUL/90/€0 vre AIDIDIHD :SIONVAIIOL
‘ S1/s0/€0 a3 NMY¥Q SIHONI NI 38V SNOISNIWIQ
Ol_l_ @OOQW Z_ ava INVN :@3H1D3dS ISIMIIHLO SSTINN
. NYHLSZL" @ .
L2 3I1IVOS Z0-6v9€ESW ¥3d L4Od _NYHLOSL ]
ERI\ZE(e] EVT L AH9-0'L X 8W
&
oLo Lot eve’l
sz0 8 X L0l \A/
9l [ﬂ
851
791 S
V-V NOILO3S oS¥ X SO XTN\_
\E g 200" (/7
7
‘S s
A
/s 4o @ 589'C
S L
s
T v
v . 4200 [/
200" |7 4-4 NOILD3S
3 vV
- [v[10[O]
$3903 JAVHS Av3Idd T ~——000€®
SINIOH TV ¥¥ng3a ‘L
[eETYOXEELS alva NOILdI¥OS3a A3 3INOZ (OSENEA]
SNOISIAZY 7
S 9 L 8



283

<

¢ 40 ¢ 133HS

0€'CL :IHOBEM TiL :3TvOS

elel-odnazorir-sni g
‘'ON 'OMa 371S

LEE]

ONINIHOVW ‘€ 100dS

JIAWVHOD ¢-OdAd
D11 ‘@20nds NI

JLL SL/90/€0 vre
S1/50/€0 g3
alva FWVN

$3903 JAVHS AvIdg C
SI1OH MV dand3ad L

SINIWWOO
VO

3ddV DI
3ddv ONI
aOIHD
NMV¥Q

€

ONIMVYQ 3I¥IS ION 0

HSINE

¥3ddOD
WRELYW
334 ONIDNVAZI0L
DRITWOID 133N

£00°F TYWIDI 3DV1d 333HL
S00°F  YWID3Q 30V1d OML

£F AN38 L LFHOVW ¥V INONY

¥9/13IYNOILOV
:S3DNVII0L
STHONI NI 33V SNOISNIWIQ

:Q31103dS ISIMIHLO SSTINN

14

‘QUISHO¥ |

DT130VS NI 40 NOISSINAEd NILLAM
3HLINOHLM FIOHM V S¥ 3O 13vd

NI NOILONQO¥d3d ANY "DT1IOVdS NI
4O AL¥3O¥d 3108 3HL S| ONIMVAQ
SIHL NI GINIVINOD NOILYWAOANI 3HL

VINIQHNOD NV A¥VI3INJONd

m

3OVdS,;

Wd3 39 OL 3T0H aNId
C0-6V9€ESW d3d 1d0Od

Jd3INO¥ddV

alva

NOILdIdOs3a

oz |

SNOISIAZY

S 9 YA 8
G10Z 'Z1 UDIOW "ADPSINYL :PajuLd

TINOILD3S

Wd3 39 OL 3T0H aNId
C0-6V9€ESW d3d 1dOd




284

£ 8
SL0T ‘0L UDIOW “Appsany :pajulld

L 14 € 14 S 9

C40 | 133HS | 8€CL IHOEM T'1 31IVOS ONIMYHA FI¥OS 1ON OG ‘Q3LIHON S1
uﬁuuimz:Ozo,mgz%lzwta;

3HLINOHLIM FIOHM ¥ SV ¥O Lavid
vigt-osnazoriv-sni g b g O Y RO e
A3 ‘ON 'OMa 37 334403 SN VNS NAVARO 4L
WL Lo0*
SINGWWOD 434 ONPONYaIIoL  1VHNIGHNOD ONV ANVIIINdO¥d .Hia

VO DIHIIWOIO 133d¥IINI 0ES A LST' @ XT

B \
3ddVOIW | g00'F TWWIOIA 3DV1d 33HL

ONINIHOVN 7 100dS MOW| sy e [V[100 O]

JAGWVHD Z-OdAd LET ON38 . 1FHOVW AVINONY 000€ D

Ul $SIONVAIT0L
S1/50/€0| &3 NMY3a SIHONI NI 33V SNOISNIWID

‘
Ul_l_ @OOQ m Z_ ava INVN :Q31103dS ISIMIHLO SSTINN

112 31VOS
V-V NOILD3S

49 1v13d Y

0S¥ X SO" XC

l
i i
\\ v Yy
¥ 7/, 689’
s s/ $89'C

S v/
2 oy
o LAY
ol V7 ajzoo |/
200 |7

200" |/ 7

Y <+

$3903 JAVHS AvIdd T
SI1OH 1V ddng3d L

0€S" A 1ST D XT—

Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ

SNOISIAZY 7



285

<

L 4 € 14 S 9 L 8
240 133HS | 8ETL IHOEAM il 31vOS ONIMVQ 3TVOSLON Od QALEHON §1 G10Z ‘0l Y2IoW ‘Appsan] :pajulld

DT130VS NI 40 NOISSINAEd NILLAM

HLINOHLIM FIOHM ¥ SV 3O 18vd
vigt-osnazoriv-sni g b g O Y RO e
. . ¥3dd0D 30 AL¥3dO¥d 3108 3HL S| ONIMVIA H-H ZO_HOMW
AJY ON 'OMa 371S visaivyy SHLN GINIVINOD NOIVWSOSNI 3HL
SINIWWOD :¥3d ONIDNVATIOL VIINIAIHNOD ANV A¥VIIINdO¥d
V'O DIHIEIWOIO 1334¥3INI
SDNINIHOVW :V 1700dS ¥ddY OIW | £00'F TYWIDIA 3DVId TA4HL Wd3 39 OL 310H aNId
- daavong | SO0 VWO 30VId OML m C0-6V9EESW d3d 1340Od XT v
JIINVHO 204D o R JOAYR]

- ISIONVATOL

‘ §1/50/€0 g3 NMVIa SIHONI NI 33V SNOISNIWID

Ul_l_ o OQ w Z _ lva INVN 1Q3ID3dS ISIMATHLO SSTINN

SYé'L
9
Wa3 39 OL 3T0H ANITg GG NOILD3S
C0-6¥9EESW d3d 13dOd XT
o]
$3903 dAVHS Nv3dd C
SITOH MV Jand3a L
a
Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ 7

SNOISIAZY 7



286

€40 [ 133HS = ¢CTLIHOBEM Til FTvOS

siel-o¥nazoriv-sni g

LEr] ‘ON 'OMma 3718
SINIWWOD

VO

€

ONIMVYQ 3I¥IS ION 0

HSINI

33dd0D

WRELYW

“43d ONIDNVAI10L
DRIANOIO 134¥3INI

£00°F TYWIDI 3DV1d 333HL

14

‘QUISHO¥ |

DT130VS NI 40 NOISSINAEd NILLAM
3HLINOHLM FIOHM V S¥ 3O 13vd

NI NOILONQO¥d3d ANY "DT1IOVdS NI
4O AL¥3O¥d 3108 3HL S| ONIMVAQ
SIHL NI GINIVINOD NOILYWAOANI 3HL

VINIQHNOD NV A¥VI3INJONd

ONINIHOVW ‘G 100dS 444 940

3ddv ONI

S00°F  YWID3Q 30V1d OML om

£F AN38 L LFHOVW ¥V INONY
¥9/13IYNOILOV A
:S3DNVII0L

STHONI NI 33V SNOISNIWIQ

:Q31103dS ISIMIHLO SSTINN

NIHLSZL" @
C0-6V9€ESW d3d 140Od

v JIIWVHD C-OdAd
L SL/90/€0 vre Je=NENeY
‘ §1/50/€0 g3 NMV¥a
OT1'820dS NI wva |
L2 3VOS
anvliia
oLo 3 Lot
g0 X¢ R [l
9l
v | LT
9l
q
S
V-V NOILD3IS
| |
AT N
7o AL,
93 4y
S s
/ s/,
S s s/,
s v/,
s oy
v
\\ . ’ /
Y. =,
° d

$3903 dAVHS Nv3dd
SITOH 1V Jand3a

C

L

O-O NOILD3S

Jd3INO¥ddV alva NOILdIdOs3a

"AJY aNOZ

SNOISIAZY

G X GO XT\

@] ¥

ajzoo |/

00" |7 Y -

0¢5 215 p—/

g
G10Z 'Z1 UDIOW "ADPSINYL :PajuLd

NAHLOSL ]

4-d NOILO3S



287

<

L 4 € 14 S 9 L 8
€40 133HS | TCTLIHO[EAM Tt 31vOS ONIMVQ 3TVOSLON Od QALEHON §1 G10Z ‘Tl Y2IoW ‘Appsiny] :pajuld

DT130VS NI 40 NOISSINAEd NILLAM

SHLINOHLIM TTOHM ¥ SV 40 Livd
siet-odnazorir-sn g b g O Y RO e
. . ¥3ddOD 40 AL¥34ONd 3108 3HL S| ONIMVAA
AJY ON 'OMd| 3718 Jwisatyw  SHLNI GINIVINOD NOLLYWHOANI 3HL
SINIWWOD 434 ONDONvazioL  TVUNIGHNOD ONV AXVIIINdO¥d Wa3 39 OL 310H aNIg
VO DRIENOIO 134N 20-679EESW §3d 1404
OZ_Z_IMU(z R.w |_OOn_w ¥dd¥ OIW | £00'F TWWIDIA 3DV1d 333HL
S00F IYWIDIQ 3D¥1d OML
JAGWVHD Z-OdAd #4dVONI | 67 ana . L3 HOVW AVINONY o
:3701L SU/90/0  vrg aBOMHO et mo<mw \
Ul_l_ ‘ @O OQ m Z _ S1/50/€0| g3 NMVIa SIHONI NI 33V SNOISNIWID
3lva INVN :Q31103d$ IIMIIHIO SSTINN

4-4 NOILO3S

Wd3 39 OL 3T0H ANIg
C0-6Y9€ESW d3d 140Od

3-3 NOILO3S

$3903 JAVHS NvIdd C
SI1OH MV ddng3d L

Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ 7

SNOISIAZY 7



288

<

L 14 € 14 S 9 L 8

€40 €133HS | 2CTTL IHOEAM i1 31vOS ONIMVQ 3TVOSLON Od QALEHON §1 G10Z ‘Tl Y2IoW ‘Appsiny] :pajuld

DT130VS NI 40 NOISSINAEd NILLAM

3HLLNOHIIM FIOHM ¥ SV 30 L3l
siet-odnazorir-sn g b g O Y RO e
N g ¥3ddOD 40 AL¥3JOYd 3108 FH1 S| ONIMYAA
A3 ON "OMQ  3z71S Jwisatyw  SHLNI GINIVINOD NOLLYWHOANI 3HL
SINIWWOD 434 ONDONvazioL  TVUNIGHNOD ONV AXVIIINdO¥d NAHLOSL 1
Vo DIMIINOID [34AINI €PT L AH9-0'L X 8W
OZ_Z_IMU(z R.w |_OOn_m ¥dd¥ OIW | g00'F TWWIDIA 3OVTd 338HL mmmm_m%r%wm D
0% 30 30¥1d O
JAGWVHD Z-D3Ad 244y 9N Tgan v v InOnY an €67 A8/ 1

. 9/13TVNOILOVa
JLL SL/90/€0 vre ADOIHO Phvreiiel mo<mw A
‘ @O OQ §1/50/€0 g3 NMVIa SIHONI NI 33V SNOISNIWID
oM SNI e

:Q31103dS ISIMIHLO SSTINN

W-W NOILD3S

$3903 dAVHS Hv3dd C
SITOH 1V Jang3d ‘L

Jd3INO¥ddV alva NOILdIdOs3a "AJY aNOZ 7

SNOISIAZY 7



289

L [ €
C40 | 33HS = L6'8:IHOEAM T:1 J31VOS ONIMYAA FIVOS ION Od
vV ecr-odnazorir-sn g
AZY ‘ON "OMa 3715 s 34400,
DNINIHOVW ‘IVOYHL vo ABNCRS s
- dddV OIW 3
dFIWVHO ¢-OdAd ikl iy At

ol

‘@00dS N|

14

‘QUISHO¥ |

DT13DVdS NI 40 NOISSIW3d NILL¥M

3HL INOHUM TTOHM ¥ SV 3O 14vd

HSINH | | NOILONQO¥d3d ANV “DT1 OVS NI
40 AL¥3dO¥d 3108 3HL S| ONIMYAIA
SIHL NI G3NIYINOD NOLLYWAOSNI 3HL

VINIQHNOD NV A¥VI3INJONd

m

+£F ON3E . LTHOVW ¥V INONY
: @2403HO 9/13TVNOILOVa
L :SIONVHTIOL A

S1/50/€0| &3 NMY3a SIHONI NI 33V SNOISNIWID

:Q31103dS ISIMIHLO SSTINN

0£0°d —

L ¥ 31VOS
HIv13d

oL
5208 X T\

L : ¢ 31IVOS N
O 1viad

j ‘¥ 3IVOS

47v13d

OVa IHOIL-IV NI 3OV1d ANV ONINIHOVW 1Od S30V4aNs
Q3SOdX3 11V OL 110 IHOIM 40 IYOD NIHL V ATddV €

$3903 dAVHS Nv3dd C
SITOH 1TV d3Ng3a ‘1

%

V-V NOILO3S

g

Jd3INO¥ddV

alva NOILdIdOs3a "AJY

aNOZ

SNOISIAZY

[ole[@sofd] 7
005" A DONN0Z-¥/1 /
059" A 10T @ X9

(V]
o v
<57 X 020" XC ™ A

8

S10Z ‘€1 YOIOW ADpL4 :pajuld

moo
000" ,00sv O

[3[a]@100]&]
055 A 152 @ XNK@L




290

t z 3

240 133HS £6'8 IHOIIM T:1 - 3TVOS ONIMYAA FIVOS LION Od
vV ieerodnazoriv-sn g
AZY ‘ON "OMa 3715 s 34400,

ONINIHOVW "LYOYHL vo

“43d ONIDNVAI10L
DRIANOIO 134¥3INI

- ¥ddV OIW £3
dIGWVYHD ¢-OdAd S007 TWiD3030v1s Oni

ol

$ddYONI | e7 aNag . IFHOWW VINONY

: @2403HO 9/13TVNOILOVa
L $SIONVAIT0L
S1/50/€0| &3 NMY3a SIHONI NI 33V SNOISNIWID

‘200dS N|

ava B :Q31103dS ISIMIHLO SSTINN

OVa IHOIL-IV NI 3OV1d ANV ONINIHOVW 1Od S30V4aNs
d3SOdX3 TV OL 11O IHOIT 40 IVOD NIHL Y AlddV €

$3903 dAVHS Av3dd C
SITOH 1TV J3Ng3a ‘1

14

‘QUISHO¥ |

DT130VS NI 40 NOISSINAEd NILLAM
3HLINOHLM FIOHM V S¥ 3O 13vd
NI NOILONQO¥d3d ANY "DT1IOVdS NI
4O AL¥3O¥d 3108 3HL S| ONIMVAQ
SIHL NI GINIVINOD NOILYWAOANI 3HL

VINIQHNOD NV A¥VI3INJONd

m

3OVdS,;

Wa3 39 OL 3TOH ANId
C0-6V9€ESW d3d 1dOd

- NOILD3S

WAa3 39 O1 3T0H dNI1g
20-679€ESW d3d 1dOd

8

S10Z ‘€1 YOIOW ADpL4 :pajuld

Jd3INO¥ddV

alva NOILdIdOs3a "AJY

aNOZ

SNOISIAZY



VITA



291

VITA

William Zach Hallum was born and raised in Cleveland, Ohio. He attended Case
Western Reserve University, where he graduated in 2010 with a Bachelor of Science
degree in Aerospace Engineering. He then joined Purdue University in the Fall of
2010, where he completed his Master of Science degree in Aerospace Engineering in
the Summer of 2012 under the advisement of Prof. William Anderson. His masters’s
thesis is entitled “The Use of Proper Orthogonal Decomposition in the Research of

2

Combustion Instability.” Following a year of traveling with his wife to support her
pursuit of a Doctor of Optometry degree, he returned to Purdue University in Fall of
2013 where he continued his studies in combustion stability under Prof. Anderson.
After graduation, William will continue to develop rocket engines at Sierra Nevada

Corporation in Madison, Wisconsin.



	Investigation of the Effects of Oxidizer Temperature on the Stability of a Gas-Centered Swirl Coaxial Injector
	Recommended Citation


