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Abstract

Average Heat Flux Measurements in an Additively
Manufactured Rotating Detonation Rocket Engine
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Matthew Aaron Maybee

A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Science

Mechanical and Aerospace Engineering

The University of Alabama in Huntsville
May 2025

Rotating detonation rocket engines (RDRESs) offer benefits over traditional de-
flagrative engines, including increased engine performance, compact combustion and
negligible detrimental thermoacoustic instabilities due to mode-locking. Realizing the
benefits of a detonation-based propulsion system will be accompanied by increased
thermal loads due to a combination of heat release at elevated pressure and tem-
perature, as well as compact heat release due to detonation. Managing these heat
loads necessitates the development of thermal management strategies. As a first step
towards establishing the requirements for detonation-based engine thermal manage-
ment strategies, this work develops an additively manufactured (AM) water-based,
axially resolved calorimeter for integration in an existing 76.8 mm outer diameter
(OD) RDRE to measure average chamber heat flux. In particular, the calorimetry
outer body provides average heat flux data via circumferential channels at nine ax-
ial stations to axially resolve the heat flux distribution on the chamber outer wall.
The average heat flux is found to be 6.6 — 16.3 MW /m? for a straight annulus and

11.4—20.5 MW /m? for a constricted annular configuration which exhibited maximum

i



heat flux at the throat. By quantifying the axial distribution of heat flux, this work
seeks to support the development of thermal management systems for long duration

firing of detonation-based devices.
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Chapter 1. Introduction

1.1 Forward

Chemical rocket engines convert the chemical potential of propellants into
thermal energy through combustion which is in turn transformed into to kinetic
energy by expansion through a nozzle. Combustion can take place through two
modes: deflagration or detonation. Deflagration is characterized by constant
pressure subsonic combustion. A detonation is a supersonic combustion driven
shock wave in which the shock wave compresses and heats the gas before it is
combusted, further driving the detonation wave. Whether employing deflagrative
or detonative combustion, a rocket engine combustion chamber wall experiences
extreme heat loading. Although heat transfer methodology exists for deflagrative
rocket engines, significantly less work has been done to understand the heat loads
experienced by detonation-based propulsion. Specifically, this work seeks to fur-

ther the understanding of heat flux loadings experienced by rotating detonation

rocket engines (RDRES).

1.2 Detonation For Propulsion

The detonation phenomenon has been studied since the late 19'" century.

Specifically, Bertholot and Veielle [1] conducted early work investigating the force



produced by the propagation of detonations in gaseous mixtures. Likewise, Mal-
lard and Le Chatelier [2| conducted detonation tube studies focused on the me-
chanics behind the transition from deflagration to detonation. These early works
laid the groundwork for the simple one-dimensional theory to be developed by
Chapman [3] and Jouguet [4]. This was followed by the work of Berets, Greene,
and Kistiakowsky [5], who compared the Chapman-Jouguet theory with experi-
mental measurements of gaseous detonations with various hydrogen-oxygen mix-
tures. The fundamental understanding provided by these works lay the ground-
work for the application of detonation to propulsion.

There have been many different concepts on the utilization of detonations
for practical propulsion systems. Namely, concepts such as standing wave det-
onation engines, pulse detonation engines, and rotating detonation engines have
all been investigated to potentially utilize the increased thermodynamic efficiency
of detonation [6, 7|.

A standing detonation wave engine, originally proposed by Nicholls [8],
operates by injecting fuel into supersonic flow and creating a stabilized detonation
as the flow goes over a wedge (see Fig. 1.1). This use of detonation for propulsion
has potential applications in hypersonic flight despite being able to practically
operate over a limited range of flight velocities [6]. This concept is currently
being investigated in the form of an oblique detonation engine by The University
of Central Florida [9].

The concept of a pulse detonation engine (PDE) was also investigated by

Nicholls [11]. The PDE operates cyclically through the filling of a long tube with
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Figure 1.1: Schematic of a detonation driven ramjet (reproduced and edited from (a)
[6] and (b) [10]).

a detonable gaseous mixture. The mixture is then ignited, detonated, exhausted
to produce thrust, and then purged from the tube (see Fig. 1.2). The cycle
then restarts with the filling of the tube. This cyclic process is not ideal as the
detonation is not instantaneous, rather requiring time for the deflagration to det-
onation transition (DDT) process to take place [6]. Despite non-ideal processes,
the PDE has been subject to much research |7, 12] and successfully implemented

in demonstration flights [6, 13].
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Figure 1.2: (a) PDE operation stages (reproduced and edited from [14]) and (b) PDE
demonstration flight (Reproduced and edited from [6]).

Prior to the intentional implementation of rotating detonation waves for
propulsion applications, Voitsekhovskii [15] observed spinning detonation waves

with gaseous acetylene and oxygen. Nicholls observed transverse combustion in-



stabilities in conventional deflagrative engines [16], work stemming from a desire
to understand the infamous thermoacoustic instabilities that plagued the develop-
ment of the F-1 rocket engine during the Apollo program [17]. While early work
sought to suppress these instabilities, rotating detonation engines (RDEs) are de-
signed to intentionally promote these instabilities and amplify them to nonlinear
saturation to achieve performance gains.

The rotating detonation rocket engine (RDRE) is characterized by a con-
tinuous detonation wave that travels around an annular combustion chamber.
The RDRE avoids issues arising from the cyclic nature of the PDE by continu-
ously feeding the detonation with fresh propellants. The RDRE consists of an
annular chamber where fuel and oxidizer are continuously injected axially into
the combustion chamber (Fig. 1.3 (a)). This results in one or more detonation

waves traveling circumferentially around the annulus at supersonic speeds.
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Figure 1.3: Schematic of RDRE with (a) cut view of RDRE revealing detonation front
and (b) unwrapped detonation structure.



In recent years, there has been an increase in research to further understand
and characterize the RDRE to advance its viability for propulsion applications
[6, 18-20]. Many aspects of RDRE development have been experimentally inves-
tigated such as the effects of propellent combination |21, 22|, chamber geometry
[23-25|, nozzle geometry [26-28]|, operability and performance [29-32|, and injec-
tor scheme [33, 34]. An effort towards verification and validation of propulsion
was recently orchestrated by the Air Force Research Laboratory in which multiple
propulsion facilities tested the same set of hardware and produced results with
consistent agreement [35]. There has also been an effort to investigate the op-
erability and performance of both small-scale hardware for in-space applications
[36-43], as well as large scale 20,000 N thrust class engine [44]. More recently,
short duration demonstrator flights were performed by JAXA [45] on a sound-
ing rocket, and Lukasiewicz Institute of Aviation [46]. Throughout all of these
studies, a vast majority of the work for laboratory scale engines involve the use
of short duration testing. As the technology matures and an effort is made to
move towards more regular in-flight applications of RDREs, this will inevitably
involve long duration operation, where technological challenges such as increased

heat flux in these engines will need to be further understood.

1.3 Heat Transfer Measurements in RDRE

Currently, a majority of RDRE experimental work incorporates heat-sink
geometries for short duration operation to avoid damage caused by these in-

creased heat loads [43, 47]. However, to integrate these engines into practical



long-duration flight hardware, the combustion chamber wall will need to be cooled
due to the increased heat flux in RDRE compared to equivalent deflagrative en-
gines. To properly design actively-cooled hardware, the heat flux need to be
experimentally measured. There has been work in this area, however, not enough
has been done to fully understand and characterize the thermal loadings seen in
an RDRE.

One heat-sink hardware study performed measurements of wall heat flux
for a 76.2 mm OD in Micka et al. [48], finding the maximum heat flux in the det-
onation region near the injector to be 23.6 MW /m?. Additionally, heat flux near
the injection plane did not follow the traditional mass flux scaling of the Bartz
correlation for equivalent deflagrative devices [48, 49|. High-frequency heat flux
measurements taken by Theuerkauf et al. [50, 51| show heat flux ranging from
1—9 MW/m? for a 152.4 mm water-cooled RDRE. Additively manufactured
actively-cooled chambers have also been explored using axial channels to enable
long duration testing and calorimetry measurements of detonation-based rocket
engines |52, 53]. However, circumferential channels offer the ability to reveal the
axial heat flux distribution over the length of the combustor. This approach is im-
plemented by Aliakbara et al. [54] who demonstrated axially resolved water-based
calorimetry measurements of a 100 mm mean diameter combustor. Location and
magnitude of maximum heat flux is shown to be dependent upon injector design,
with the maximum measured heat flux around 8 — 9 MW /m? [54]. More recently,
heat flux measurements have been taken by Hernandez-McCloskey et al. [52, 55]

for a 50.8 mm diameter engine as well as for a 158.7 mm engine tested at NASA



Marshall [44]. These works reflect a push to understand the underlying scaling
parameters associated with RDRE. The aim of this work seeks to add to this
body of knowledge with heat flux measurements of heat flux in a 76.8 mm RDRE

calorimeter.



Chapter 2. Background Concepts

The simple one-dimensional Chapman-Jouguet theory is presented, fol-
lowed by the more in depth Zeldovich-von-Nuemann-Déring (ZND) model. Thro-
ugh this analysis, it can be shown that the detonation cycle can produce a theoret-
ical increase in thermodynamic efficiency compared to an equivalent deflagrative
cycle. Lastly, an overview on calorimetry experiments, conventional heat flux

scaling, and additive manufacturing techniques is presented.

2.1 Chapman-Jouguet Theory

The utilization of detonation as a means for propulsion requires review
of basic detonation theory. Although detonations involve an inherently complex
three-dimensional flow field, much understanding can be obtained through sim-
ple one-dimensional analysis. The simplest theory of a detonation wave is the
Chapman-Jouguet (CJ) theory [3, 4]. This thermodynamic model assumes the
detonation front can be modeled by an infinitely thin shock wave immediately fol-
lowed by a region of heat release [56]. This analysis assumes (1) one-dimensional
steady flow, (2) constant area, (3) ideal gas behavior, (4) constant and equal

specific heats, (5) negligible body forces, and (6) adiabatic conditions [57]. The



analysis is done assuming an infinitely thin shock in the detonation wave-fixed

reference frame (Fig. 2.1) propagating into a quiescent medium.
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Figure 2.1: An idealized 1-D Chapman-Jouguet Detonation.

From this, simple control volume analysis yields the mass, momentum,

and energy conservation equations can be written for the system as the following:

p1u1 = Ptz (2.1)

p1+ PlU% =p2 + pQUS (2.2)
Ly Ly

hl + §p1U1 = h2 + §p2U2. (23)

Here, state 1 corresponds to the reactants upstream of the detonation wave
(p1, u1, p1, h1) and state 2 indicates the product gases downstream (p2, us, po,
hs). Through the definition of enthalpy and assuming a calorically perfect gas
mixture, the energy conservation equation can be rearranged to include a heat
addition term, ¢, defined to be the heat of combustion per mass of mixture. This

allows the energy conservation equation, Eq. (2.3), to be written as
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Tt + prui + q = ¢ Ts + pous, (2.4)

where ¢, is the specific heat capacity at constant pressure of the fluid.
Through the assumption (3) of ideal gas behavior, a state relationship can
be written as,

p = pRT, (2.5)

where R is the specific gas constant (R =R,/ MW).
By simultaneously solving the conservation of mass and momentum equa-

tions, the Rayleigh line is obtained and is given by:

(Pz —pl) w2
(v2 —11)

) (2.6)

where m” is the mass flux, and v; and 15 are the reactant and product specific
volume.
For a fixed mass flow rate, upstream pressure (p;), and upstream specific

density (v = 1/p), Eq. (2.6) is rearranged into the equation of the Rayleigh line,

p2 = avy + b, (2.7)

where a = —m”? and b = p; + m"%v; Plotting Eq. (2.7) in p—v space, it is

apparent that the slope of the Rayleigh line is dependent upon the mass flux, m”.
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Next, the Hugoniot curve is defined by solving the mass, momentum, and

energy conservation equations to give

1
%(Pzw —pi) = 52 = pr) (2 — 1) =g =0, (2.8)

where v is the ratio of specific heat capacities.

Given known conditions for state 1, the Hugoniot curve defines the locus of
all points that satisfy the conservation equations (Eq (2.1)-(2.3)). Equations (2.7)
and (2.8) can be rearranged such that the pressure ratio between states 1 and 2
is a function of the specific volume ratio across the detonation. The equation for
the Rayleigh line becomes

P2 _ {_u_} e lH“_?}, (2.9)

b1 pivi| 1 P11

and the equation for the Hugoniot curve is given by

(2.10)

The Rayleigh Line and the Hugoniot curve can be plotted in p — v space
(Fig. 2.2) assuming heat addition (¢ = 0.5 plotted). Plotting a Hugoniot curve
such that ¢ = 0 corresponds to the solution of the mass, momentum, and energy
conservation equations without heat addition; this is equivalent to the solution

for an adiabatic shock wave.

11



6 —— Adabatic Shock
—— Adiabatic Detonation
5t — Rayleigh Lines
4 s
&
\Q? 3 Upper CJ
2 |
1l Lower CJ
0 i
0 1 2 3 4

1/2/1/1

Figure 2.2: Rayleigh Lines and Hugoniot curves plotted in p — v space.

Rayleigh lines are only valid solutions within the physical region such that
0 < m” < o0, creating an upper and lower region in the Hugoniot curve corre-
sponding to a supersonic detonation solution and a sub-sonic deflagration solu-
tion, respectively. For both the upper and lower branches, there exists a solution
such that the Rayleigh line is tangent to the Hugoniot curve. These points are
designated as the upper and lower Chapman-Jouguet (CJ) points. The CJ points
correspond to the solution where (1) entropy generation is a minimum, (2) the
downstream velocity is subsonic, and (3) the detonation wave speed is determined.

For a detonation wave, the gas follows the adiabatic shock Hugoniot curve
until it intersects with the Rayleigh line, designated as the von Neumann (VN)
point. Heat is added to the flow along the Rayleigh line until the gas reaches
the CJ point. The upper CJ point corresponds to the minimum entropy rise,
corresponding to the maximum thermodynamic efficiency, motivating the desire

for a detonation based cycle.

12



2.2 ZND Model

The simple theory outlined by Chapman and Jouguet provide a simplified
thermodynamic analysis describing relationships between two equilibrium states
separated by an infinitely thin detonation wave. The Zeldovich-von-Neumann-
Doring model (ZND) is a non-equilibrium analysis that provides a more detailed
description of the internal mechanisms present in the detonation wave [58-60].
Namely, this model does not assume an infinitely thin shock but rather explains
the physical processes occurring between state 1 and 2, varying in both space and
time, through a shock of finite thickness. The model consists of (1) a shock wave
with negligible thickness propagating at the CJ velocity, (2) an induction zone
and (3) a reaction zone (Fig. 2.3). The shock wave travelling at the CJ velocity
adiabatically compresses the gas along the shock Hugoniot curve to the VN point.
In the induction zone thermal dissociation causes the formation of radicals due to
shock heating. Finally, within the reaction zone combustion, energy release, and
expansion of products occurs [61]. This is represented by following the Rayleigh

line from the VN point to the CJ point.

2.3 Cycle Analysis

Historically, the conversion of chemical potential energy into thermal en-
ergy is achieved through deflagration in traditional rocket engines. The desire to
utilize a detonation-based cycle comes from the potential to extract more use-

ful work compared to a deflagrative cycle. This can be evaluated from a cycle
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Figure 2.3: Structure of the detonation wave as described in the ZND model (Repro-
duced from [61]).

perspective using simple thermodynamic modeling to compare the traditional
deflagrative cycle to that of a detonative cycle.

A system utilizing deflagrative combustion such as an air-breathing jet
engine where air is compressed, combusted, and useful work is extracted via a
turbine, can be thermodynamically modeled using the Brayton Cycle. This cycle
consists of (1) isentropic compression of a gas, (2) heat addition through combus-
tion of that gas at constant pressure, (3) the heated, pressurized gas undergoing
isentropic expansion, work extraction, and (4) isobaric heat rejection to return to
the initial state. This thermodynamic cycle can be represented in both the p—v

(Fig. 2.4 (a)) and T—s space (Fig. 2.4 (b)).
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Figure 2.4: Brayton cycle diagrams, (a) T—s and (b) p—v.

While this analysis is used to describe the thermodynamic process in a
constant pressure deflagrative rocket engine, a detonation-based engine requires
different treatment. The Fickett-Jacobs (FJ) cycle can be used to describe the
idealized detonation cycle, representing an upper bound on the amount of useful
work that can be extracted by a detonation-based cycle [56, 62, 63|. This analysis
is suitable to represent RDREs as the heat addition process provided by the
detonation wave occurs fast enough such that the local fluid can effectively be
modeled as an isochoric system. The FJ cycle is modeled using a piston-cylinder
system (Fig. 2.5) assumed to be a closed system. In this cycle, at step (a-b) a
volume of reactive gas is isentropically compressed between two massless pistons
that can move independently. By application of external work (c), the piston
on the left is moved toward the right with velocity u,. This instantaneously
initiates a detonation wave at the face of the left piston that propagates through
the reactive gas to the right piston (d). The right piston, along with the entire

system, then travels to the right at the velocity w, (e). This motion is converted
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to external work after which the products are adiabatically expanded to the initial
pressure (f). Heat is then extracted from the gas at constant pressure to return
to the initial temperature (g). Finally, the products are converted to reactants at

constant pressure and temperature to return the gases back to state 1 (h).

prod
det

cool
temperat

Figure 2.5: Fickett-Jacobs model for detonation (reproduced and edited from [14]).

The work between the FJ and Brayton cycle can be compared by plotting
the state points on a p — v diagram (Fig. 2.6). Consider a stoichiometric mixture
(¢ = 1) of methane and oxygen at initial pressure and temperature of p; = 1 bar
and 77 = 300 K. For both the FJ and the Brayton cycles, this mixture undergoes
isentropic compression to state 2. For the FJ cycle, the detonation pressure and
temperature are evaluated using the state 2 pressure and temperature, p, and
T, to obtain the post-detonation pressure and temperature ps and T3. For the
Brayton cycle, heat is added at constant pressure to reach state 3 by assuming
the heat into the system to be the heat of combustion of stoichiometric methane
oxygen burning at ps, and 75. Both cycles are then isentropically expanded back
to the initial pressure p;.

The total work that can be extracted by a cycle is represented by the area

inscribed by the state points. The FJ cycle will allow an estimated 20% increase
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in cycle efficiency compared to that of the Brayton cycle for a given compression

ratio [6] due to this increased area (Fig. 2.6).
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Figure 2.6: Fickett-Jacobs cycle comparison to the Brayton Cycle for methane-oxygen
at ¢ = 1.

2.4 Calorimetry

In chemistry, calorimetry is the practice of measuring changes in state
variables to derive the heat transfer associated with the change in state. Through
knowledge of the temperature at two states, the amount of heat transferred into
(or out of) that system can be determined. A canonical calorimeter experiment
is the cup calorimeter (Fig. 2.7). This experiment consists of a known mass m of
liquid, typically water, at state (i) where "= T} and p = pam. Keeping pressure
constant, heat is added to the system either by conduction or a chemical reaction.

The temperature is recorded at state (ii), where 7o = T} +AT.
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Figure 2.7: Cup calorimetry experiment where water undergoes a process that results
in a temperature difference between states (i) and (ii).
Through the rise in temperature, the heat that is transferred to the system
q can be determined by

q = mcAT, (2.11)

where m is the mass of the water in the cup, c¢ is the specific heat of water, and
AT is the measured temperature rise.

The same concept can be used to determine the heat transferred to the
wall of a rocket engine [64-66]. In this experiment type, cooling water flows
around a combustion chamber outer wall (Fig. 2.8). In this case, the heat added
to the system is a result of combustion occurring in the chamber transferring heat
into the chamber wall, which in turn transfers that heat into the cooling water.
Similarly to the cup calorimeter, the heat transferred into the system can be
determined by measuring the water temperature at the inlet state (i) and outlet
state (ii).

In this setup, Eq. (2.11) is divided by time to obtain the heat transfer rate

G as the coolant mass flow rate 1 is typically a measured quantity. This gives
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Figure 2.8: Rocket engine calorimetry experiment where water travels circumferen-
tially around the combustion chamber to measure temperature difference between states
(i) and (ii).

the heat transfer rate into the combustion chamber walls as

i = mcAT. (2.12)

This work utilizes this concept to measure the amount of heat transferred into

the combustion chamber wall of an RDRE.

2.5 Constant Pressure Engine Heat Transfer

Whether implementing either detonative or deflagrative combustion, rocket
engine combustion chambers must withstand immense heat flux levels. Deflagra-
tive engines often require the implementation of cooling techniques to keep the
hot wall below the material melting temperature. Cooling techniques such as film,
radiation, ablative, transpiration, and regenerative cooling have been used histor-
ically in constant pressure rocket engines [67|. Regenerative cooling involves the
routing of one or both propellants through channels around the hot wall. Heat

is picked up by the flowing coolant before it is then injected into the combustion
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chamber. The flow of coolant helps manage the thermal load experienced by the
engine walls while also increasing the injection temperature of the propellants.
To properly design such engines, heat flux correlations are often utilized.
Heat flux scaling for traditional constant pressure rocket engines are historically
modeled through semi-empirical heat transfer coefficient correlations such as the
Bartz correlation [49] (Eq. (2.13)). The Bartz correlation for the gas side heat

transfer coefficient is typically represented as

0.2 0.9

e @) () e

where Dy is the throat diameter, p is the viscosity, ¢, is specific heat at constant
pressure, Pr is the Prandt]l number, p. is chamber pressure, c¢* is the characteristic
velocity. Also, R, is radius of curvature, A; and A are throat area and area respec-
tively, and o is the correction factor for property variations across the boundary
layer. The driving scaling relationship in this correlation is dominated by local
mass flux through the combustors, which tradiationally scales to the power of 0.8.
As RDREs continue to find applications across a wide range of length
scales, their design will require the development of scaling parameters similar to
Eq. (2.13). Due to the underlying constant pressure assumptions in Eq. (2.13),
further research is required to facilitate the development of such correlations for

detonation-based propulsion.
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2.6 Additive Manufacturing

Additive Manufacturing (AM) has been widely adopted in the aerospace
industry due to benefits such as a reduction in component lead time, cost, and
mass as well as increased design freedom [68]. To date, many metal AM processes
have been developed, however, the two most prominent categories are Directed
Energy Deposition (DED) and Powder Bed Fusion (PBF). The DED process
works by depositing powder from a blown or wire feedstock into a thermal energy
source on a specified location on the print. PBF works by spreading a thin layer
of metal powder across a print bed in which an energy source is used to melt
the powder to form the cross section of the printed part (see Fig. 2.9). This
is repeated layer by layer until the full part is completed. For AM processes
implementing a laser to melt the powder, the technique is called Laser Powder
Bed Fusion (L-PBF).

Actively cooled hardware requires the manufacturing of complex cooling
channel geometries, which is made easier by additive manufacturing when com-
pared to traditional subtractive methods. In this current study, recent improve-
ments in AM are leveraged to produce the complex geometries necessary for axi-
ally resolved actively cooled calorimetry hardware. AM geometries provide a path
forward to more rapidly increase the technological readiness level of RDREs by
enabling increased test durations, as well as provide means to collect average heat
flux measurements. While several alloys have been developed for use in L-PBF, a

high conductivity, specially formulated copper-chrome-niobium alloy, GRCop-42
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Figure 2.9: Schematic of L-PBF process (Reproduced from [69]).

[70], is best utilized in high heat flux applications. The properties of GRCop-42
make it the ideal candidate for RDRE calorimetry hardware developed in this

work using the L-PBF process.
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Chapter 3. Engine Design

In the current work, a water-based outer body calorimeter is designed to
enable long duration firing times through the implementation of sufficient cooling
to the combustor wall while providing finely resolved axial heat flux measure-
ments. The RDRE tested is an AM 76.8 mm OD RDRE that implements a
modular design consisting of (1) an outer body, (2) an inner body, (3) an expand-
ing nozzle, and (4) a propellant manifold (see Fig. 3.1(a)). As the hardware is
modular, it can be tested with various configurations of different injector, outer
body, and inner body designs.

For this study, the RDRE hardware is tested in three different configura-
tions: (1) heat-sink straight channel (Fig. 3.1(a)), (2) water-cooled straight chan-
nel (Fig. 2.1(b)), and (3) water-cooled constricted geometry (Fig. 2.1(c)). The
heat-sink straight channel configuration consists of the straight center body and
the straight heat-sink outer body, while the water-cooled straight channel and con-
stricted geometry configurations utilize the water-cooled calorimetry outer body

with the straight and constricted center bodies, respectively.
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Figure 3.1: Schematic of 76.8 mm RDRE configurations: (a) heat-sink straight chan-
nel, (b) water-cooled straight channel, and (c) water-cooled constricted geometry.

3.1 Heat-Sink Hardware

For the heat-sink hardware, the components of the engine are secured
via four 12.7 mm stainless steel bolts that pass through the nozzle and propellant
manifold, and are secured by nuts on the back side (see Fig. 3.2). The components
are held together, as well as secured to the thrust stand, through the compression
of these four bolts. O-ring grooves on the propellent manifold and nozzle allow for
sealing against the flat surfaces of the inner body and either side of the outer body.
The two pieces that comprise the center body are sealed using RTV to prevent
the combustion gases from reaching the center bolt that secures the center body

to the propellant manifold.

Figure 3.2: Exploded view of modular 76.8 mm RDRE with heat-sink outer body.
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3.1.1 Outer Body

The outer body for the heat sink hardware is a straight hollow cylinder
with an inner diameter of 76.2 mm and an outer diameter of 102.8 mm. The part
is conventionally machined out of GRCop-42 and has a length of 76.2 mm and a

wall thickness of 12.7 mm.
3.1.2 Inner Body

Two center body designs are evaluated: a straight center body and a con-
stricted center body. Each of the center body designs consist of a base with a
through hole and a threaded tip. Additionally, a third center body configuration
(Fig. 3.3 (a)) of a flat cylindrical puck is used during some tests to investigate the
sensitivity for the elimination of the conical spike. The constricted center body
is conventionally machined with a contraction ratio of ¢, = 2.34 where the throat
is located at /L = 0.77 (Fig. 3.3(b)). The contraction ratio required to achieve
the desired chamber pressure is determined using an in-house RDRE thermody-
namic model |71], based on the work of Burr and Paulson [72]. The straight
center body has a diameter of 63.5 mm and an annular width of 6.65 mm. The
expansion ratio of the nozzle is 5.1 when using the straight center body and 12.7
with the constricted center body. For the straight center body configuration, the
outer-diameter-to-length-ratio is unity while it is 0.77 when implementing the
constricted center body. Due to spatial constraints, neither of the center body

designs are actively-cooled. The center body is secured with a bolt that passes
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through the propellant manifold and threads into the 30° conical tip of the center
body.

(@) (b) (©)

Figure 3.3: Center body configurations tested: (a) straight puck, (b) straight cone,
and (c) constricted.

3.1.3 Propellant Manifold

The propellant manifold consists of the oxidizer and fuel plenums that
supply uniform propellant flow to the injector face (Fig. 3.4). The injector face
and the plenums are additively manufactured in one monolithic piece. The fuel
plenum passes fuel through 40 posts arranged in a circular pattern around the
manifold to supply fuel to the injector face. These fuel posts pass through the
oxygen plenum, which is a larger cavity that supplies oxidizer to the injector. The
injector is an impingement style injector with 40 elements spaced evenly about

the annulus designed similarly to those outlined by Teasley et al. [73].

3.2 Calorimetry Outer Body

The calorimeter is additively manufactured out of GRCop-42. The hard-
ware consists of 18 total circumferential cooling channels, where water is supplied
by three inlets with measurements taken from two channels grouped together,

comprising nine total axial stations. Using this configuration, heat flux measure-
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Figure 3.4: Propellant manifold cut view showing propellant plenums.

ments are taken at nine axial locations spaced 7.5 mm apart starting from the
injector face to the combustor exit (see Fig. 3.5).

123456789

Thrl'oat

Figure 3.5: Calorimetry outer body axial stations in relation to the (a) straight center
body and (b) constricted center body.

Water is supplied to the cooling channels via three inlet manifolds (Fig. 3.6
(a)). Each of these manifolds internally separate the flow into six channels that
travel around the outer body circumferentially and recombine into three distinct

outlet channels that create a total of three coolant inlets and nine coolant outlets

(Fig. 3.6 (b)).
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Figure 3.6: Propellant manifold cut view showing propellant plenums.

The channels wrap circumferentially to the exit manifold 180° from the
inlet, six of which are staggered at 160° and 200° from the inlet position to provide

appropriate clearance for diagnostics (Fig. 3.7(b

SORORO]

(a) 180° (b) 160° (c) 200°

Figure 3.7: Coolant flow path with inlet (a) 180°, (b) 160°, and (c) 200° from coolant
exit.

3.2.1 Channel Sizing

To appropriately design the cooling channels, several factors are consid-

ered following the methodology developed by Hernandez-McCloskey et al. [52].
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First, it is critical to know the maximum coolant flow rate for the facility. In
this study, a 12.4 MPa, 227 liter coolant tank is used to supply deionized water
through the RDRE’s cooling channels. At the maximum working system pressure
of 12.4 MPa, the theoretical facility flow rate is 6 kg/s. The required coolant flow
rate is dependent upon the amount of heat flux originating from combustion of
the propellants to the combustion chamber wall, as well as the internal geometry
of the cooling channels. In order to perform the initial coolant flow rate analysis,
wall conduction-based heat flux measurements for a similarly sized 76.2 mm OD
design taken by Micka et al. [48| for gaseous methane-oxygen are used. This work
reports a maximum heat flux closest to the injector face of 23.6 MW /m? for a
total propellant mass flow of m = 0.34 kg/s at an equivalence ratio (¢) of 1.15.
Additionally, for a larger engine (OD = 100 mm), Aliakbara et al. [54] shows heat
flux approaching 8.25 MW /m? for a total propellant mass flow of 7 = 0.5 kg/s
at an equivalence ratio of ¢ = 1.2. Assuming an equivalent heat transfer for a
76.8 mm combustor provides an estimated heat flux of 5 MW /m?2. These heat
fluxes are used as bounds to determine the required coolant mass flow rate for the
76.8 mm calorimetry hardware implemented in this study, as the present work
has a nominal operating condition of 7 = 0.33 kg/s and ¢ = 1.1.

The total heat flux is assumed to be evenly distributed along the combus-
tion chamber outer wall. The heat transfer rate to the combustion chamber wall,
g, is then determined by multiplying the heat flux, ¢”, by the geometry’s outer
wall surface area, Aguter, as

q = q”Aouter- (31)
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To minimize the uncertainty of the calorimetry measurements, the coolant
must be kept below its saturation temperature. This is done to prevent nucleate
boiling from occurring within the coolant channels, which can locally alter the
heat transfer coefficient, h., from the wall to the coolant. This is undesirable
for calorimetry applications as the nucleate boiling causes local increased heat
transfer into the coolant, leading to high uncertainty heat flux measurements. To
avoid this, an initial coolant exit temperature target of T, = 600 K is taken as
the saturation temperature of the coolant (i.e., deionized water) at the working
pressure, p = 12.4 MPa. The difference between ambient temperature (T}, =
298 K) and this outlet temperature is used as the estimated target temperature
rise across the hardware. Combining the initial temperature drop through the
cooling channels and the experimentally determined value of the heat transfer

rate, the mass flow required is given by

. S— (3.2)

where T}, and T, are the coolant inlet and exit temperatures respectively, m is
the coolant mass flow rate, and c is the average coolant specific heat capacity.
Next, the total cross-sectional area of the cooling channels, Ao, is sized to
determine the flow velocity associated with the required coolant mass flow rate.
Kolb et al. |[74] showed the limiting diameter for powder removal of a straight
internal channel with a circular cross section to be 0.5 mm. Due to the long-
curved channels of this calorimeter, an increased cross-sectional area is selected

to ensure powder removal. With fixed channel dimensions, the coolant channel
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velocity veee 18 found to be 21 m/s through mass conservation assuming steady
operation. The liquid film coefficient for flow in pipes, h., is used to model heat

transfer in the cooling channels [75] and is determined by

m [ Dyv 02 e 2
he = 0.023¢ ( ool ) (%) (3.3)
Acool M K

where Dy is the hydraulic diameter, p is the coolant density, x is the coolant
thermal conductivity, and p is the coolant dynamic viscosity [70]. This parameter
is the heat transfer coefficient required to achieve the target temperature rise
across the hardware.

Once the coolant side heat transfer coefficient is known, the heat transfer
coefficient required by Newton’s law of cooling (hcreq) i determined using the

anticipated local heat flux as

q
hc req — y 3.4
T (Tou — Towan) (34)

where the coolant channel bulk temperature is assumed to be the outlet temper-
ature (Thu = Toue) and the hot wall temperature. Ty, is assumed to be the
coolant saturation temperature. To ensure that the hot chamber wall is suffi-
ciently cooled, h, must be greater than hceq. To satisfy this condition, the target
temperature drop of coolant in the channels (AT) is decreased by lowering Ty
and iterating until k. > he req-

Overall, the flow rate necessary to cool the higher heat flux of 23.6 MW /m?

seen in Micka et al. is determined to be 4.5 kg/s, while the necessary flow rate
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to cool 8.25 MW /m? is found to be 1.36 kg/s. Both of these required flow rates
fall within the flow rate capability of the facility. Therefore, this is a conservative
required coolant flow rate estimation that is consistent with the experimental

coolant mass flow rate.
3.2.2 Internal Channel Geometry

Using this approach, the channel dimensions required to satisfy this cool-
ing requirement at the available flow rate are determined (Fig. 3.8). Using these
channel dimensions and the minimum required rib thickness, a total of 18 cooling
channels can be fit within the available space. Internally, the cooling channels
incorporate a parallelogram cross-sectional profile where the the top of the inter-
nal channels are kept within 30° of vertical due to AM overhang angle printing

constraints [69].

Figure 3.8: Schematic of internal channel dimensions.



3.2.3 CTAP Routing

To allow for the measurement of the chamber pressure through the outer
body, the internal geometry is designed such that the cooling channels are locally
raised around capillary tube attenuated pressure (CTAP) sensor ports at axial
locations z/L = 0.10 and 0.86 (Fig. 3.9 (a)). The CTAP port is a straight 0.83
mm teardrop hole normal to the surface of the inner wall. To provide an isolated
measurement of the static pressure, the CTAP holes must be normal to the axial
flow path to avoid introducing pressure measurement error from angling the CTAP
hole [76]. During the calorimetry tests, only p., is measured to provide the time-
averaged chamber pressure at /L = 0.10. To provide this clearance, one of the
channels comprising both stations 1 and 9 are locally raised and extended outward
to simultaneously allow clearance for the CTAP hole and avoid interfering with

any other cooling channels (Fig. 3.9 (b)-(d)).

x _/M x z L%}E
® ° © 7 @ 7

Figure 3.9: Schematic of the internal cooling channels fluid volume for (a) whole
device, and (b)-(d) detail view of CTAP channel routing viewed from each plane.
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3.3 Flow System Design

To supply the hardware with the necessary cooling water, a flow system
is designed and installed. A 227-liter water tank supplies cooling water to the
calorimetry outer body. Gaseous nitrogen is used to supply head pressure to the
tank. Water supply is initiated before the experiment using a pneumatic ball
valve. A manifold splits the water supply into three tubes that enter one side
of the calorimeter. Pressure and temperature of the coolant are measured (1)
upstream of the coolant manifold, (2) upstream of a calibrated orifice (downstream
of the hardware), and (3) assumed to release to atmosphere through stainless-steel
orifices. The orifices are machined and calibrated in house.

To keep the downstream pressure measurements (2) within the range of
the available instrumentation (0-3.4 MPa), the coolant orifices are sized using
a GFSSP [77] model (Fig. 3.10). This initial model covers the entire coolant
flow system from the coolant supply tank, through the internal channels to the
outlet orifice. The model represents the internal channels as pipes with an internal
absolute roughness of 0.15 um. Each coolant inlet splits into the six channels with
both the left and the right length of channel represented. These channels then
recombine into the nine outlets each with a 4.37 mm diameter orifice releasing to
atmosphere. Figure 3.10 represents a third of the internal channels to save space.
This model worked for an initial sizing; however, the internal resistances of the

additively manufactured cooling channels were significantly underestimated.
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Figure 3.10: Initial GFSSP model of coolant flow path used for initial orifice sizing
(Model 1).

This model is used to inform the selection of the diameter of the down-
stream orifice. These results were compared to the actual channel resistances
after performing a water calibration. A second GFSSP model is made to incor-
porate the measured discharge coefficients of both the internal channels and the
downstream orifices. Model 2 (Fig. 3.11) simplified the network from Model 1
by combining the entire channel geometry, modeling the internal channels as a
resistance. This results in a simpler model going from (1) the tank set pressure,

(2) the downstream pressure, and (3) atmospheric pressure. Discharge coefficients
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(Cq) obtained through a catch and weigh experiment are converted into equivalent

flow coefficients and used as parameters for the resistances in Model 2.
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Figure 3.11: Second GFSSP model to incorporate experimentally measured resistances
(Model 2).

Both GFSSP models dramatically under-predicted the pressure loss across

the additively manufactured hardware. Model 1 does not consider the inter-
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nal roughness introduced to the channels from the AM process, representing an
idealized version of the system. Model 2 represents accurate channel and ori-
fice discharge coefficients however does not accurately represent the experimental
pressure drop across the hardware. The experimental pressures shown are ob-
tained by averaging the pressures taken during all of the hot fire tests performed.
The pressure drop across the hardware predicted by Model 1 is an order of magni-
tude less than the pressure drop that was seen experimentally (Fig. 3.12). This is
due most likely to both channel roughness as well as the curvature of the internal

channels which contributed to the increased pressure loss across the hardware.

14000 Model 1
m— Model 2
12000 Experimental

Pressure, p (kPa)

2000 |

1 1.5 2 2.5 3
Position

Figure 3.12: Pressure throughout coolant delivery system at (1) tank, (2) downstream
of hardware, and (3) atmosphere.
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Chapter 4. Experimental Setup and Testing

Water calibration and hot fire testing for this work are performed at the
Propulsion Research Center’s (PRC) high pressure spray facility and hot-fire test
cell, respectively. Water flow calibration of the calorimetry outer body is per-
formed prior to proceeding to the hot fire test of the RDRE with integrated

calorimetry outer body.

4.1 Water Calibration

The purpose of the water calibration experiment is two-fold. Firstly, to
enable accurate determination of coolant mass flow rate during hot fire testing of
the actively cooled RDRE by determining the discharge coefficients (Cq) of both
the internal channels and the flow metering orifices. Secondly, this testing allows
for confirmation that the coolant flowed through the additively manufactured

channels, and the brazed outlet tubes, as designed.
4.1.1 Experimental Setup

A catch-and-weigh is performed to determine the actual mass flow rate
allowed through the hardware for a given set pressure. Five set pressures ranging

from 1.7 — 7.7 MPa are collected ascending in pressure and then descending in
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pressure. For each test, the water supply valve is opened, allowing coolant to
flow through the hardware to atmosphere. After sufficient time for the pressure
to reach steady state, a bucket is inserted into the water stream. At the same
time, a stop watch is started. After sufficient time, the bucket is removed from
the flow, the stop watch is stopped, and the mass collected is weighed using a
scale. The actual mass flow rate data is recorded and this is repeated for the next

set pressure.
4.1.2 Calibration Flow System

Water is provided to the hardware with a 227-liter stainless steel tank.
Head pressure is supplied to the tank via pressurized air tanks and the water is
filled with filtered city water. The water flow is controlled by a pnuematic ball

valve directly downstream of the tank (see Fig. 4.1).

Calorimetry
Outer Body

8
-~
H
—_—t
| Manifold |
Am

OoooooTot

Figure 4.1: Simplified plumbing and instrumentation diagram for the water calibration
flow system.

Stainless steel tubing (25.4 mm) runs from the tank to a 9.4 mm venturi
before continuing to a manifold block. The manifold splits the 25.4 mm tubing to

three 9.5 mm stainless steel tubes feeding into the coolant inlets on the hardware.
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The calorimetry outer body is secured to a table by a restraining plate and a
bolt that passed through the plate, annulus, and table (see Fig. 4.2). In-line with
two of the three outlets not being evaluated are closed hand valves, and a flow
metering orifice at the outlet of the channel being evaluated. All of the plumbing
is secured to the table using tube tie-downs (see see Fig. 4.2 (a)). Pressures
and temperature measurements are taken with static pressure transducers and T-
type thermocouples, at three locations, (1) upstream of venturi, (2) downstream

of venturi, and (3) at hardware outlet (see Fig. 4.1).

Figure 4.2: Image of (a) calibration water supply plumbing and (b) calibration testing
setup.

A catch-and-weigh is performed for each of the channels individually. Flow
is isolated for individual channels by attaching a hand valve to the exit of the two
channels that are internally connected to the channel that is being tested. Three
pressure and temperature measurements are taken at the hardware exit with one
at each station in a given group of three. Cooling water is only provided to one
third (three stations) of the hardware at a time by capping the other two inlet

tubes at the coolant manifold (Fig. 4.2 (b)).
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In addition to testing each channel individually, one test is performed flow-
ing three internally connected channels at once (Stations 7-9). These measure-
ments are comparable to the resistances obtained during the individual channel
tests. In addition to this, to confirm the all the channels flowed as expected at the
same time, a test is carried out allowing all nine of the internal channels to release
to atmosphere (Fig. 4.3). Data was not collected for this test due to limitation

on the number of available voltage-based pressure transducers.

Figure 4.3: Full flow test of calorimeter during calibration testing.

4.1.3 Flow Calibration Results

From the data collected, the actual mass flow rate (1actual) is given by mass
divided by time (m/t) and the ideal mass flow rate (1igea1) given by Bernoulli’s

equation

. 2pn(p1n - patm)
My, = An\/ T , (4.1)
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where 3, = Dy, /dy, dy is the upstream tube diameter, D, is the orifice throat
diameter, A, is the orifice throat or cooling channel area, p; is the coolant
pressure immediately upstream of the orifice, p.i, is the atmospheric pressure
directly downstream of the outlet orifice, and p,, is the density upstream of the
orifice for a given cooling channel n. This density is determined by using the
CoolProp open-source thermophysical property library [78§].

By definition, the discharge coefficient is the slope of the line created by
plotting the flow calibration data obtained at varying pressure. The obtained
flow calibration data is used to determine the discharge coefficient for both the

hardware channels and the mass flow metering orifice, Cy , given by

Cdn _ W'Lactual . (42)
Mideal

While the data obtained at different set pressures is expected to collapse
to the same line, this is not observed across all pressures for the data collected.
The flow calibration data (Fig. 4.4) exhibits a bimodal behavior where there
exists two distinct lines at lower pressures (p < 5 MPa) than at higher pressures
(p > 5 MPa). The average discharge coefficient of 0.85 is obtained through a
least squares regression on the low pressure data, while the high pressure data
yields an average discharge coefficient of 0.73 with an intercept closer to zero than
the low pressure data. This shift in data is not attributable to a change in the
experimental setup between tests, as this behavior is consistently observed for all
9 of the axial stations (see Appendix C). The high pressure data is utilized to

determine the discharge coefficient for the mass flow metering orifice. This choice
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was made because (1) the pressure range is more representative of the pressure
used during hot fire testing, (2) the associated slope is closer 0.7 which is more
representative for the discharge coefficient for an orifice with an L/d ~ 1 [75], and
(3) the intercept is closer to zero which is to be expected from the definition of
the discharge coefficient. Due to these reasons, an uncertainty weighted average
of the high pressure data is taken to be the discharge coefficient. Details of the
uncertainty weighted average are found in section 5.5.6. The discharge coefficients

for the hardware as well as the mass flow metering orifices are shown in Table 4.1.
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Figure 4.4: Example mass flow rate data for station 1 mass flow metering orifice.

The discharge coefficients for the internal channels are extremely low, with
an average of Cq = 0.091. The discharge coefficients of the flow metering orifices
have an average of Cq = 0.731. These values are used to calculate the coolant

mass flow rate during hot fire operation of the hardware.
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In addition to the discharge coefficients, coolant was confirmed to inter-
nally flow through the hardware as designed. It was also seen that, due to internal
manifolding, some of the cooling channels experienced higher mass flow rate than
others. This is discussed in more detail as it relates to the determination of heat
flux in section 5.2.

Table 4.1: Calibrated Discharge Coefficients

Station 1 2 3 4 5 6 7 8 9

Axial Location, /L 0.058 0.166 0.266 0.366 0.466 0.566 0.666 0.766 0.866
Channel Cyq 0.088 0.098 0.087 0.089 0.096 0.084 0.098 0.097 0.087

Orifice Cq 0.765 0.765 0.735 0.747 0.740 0.688 0.713 0.719 0.709

4.2 Engine Hot Fire

Engine hot fires of the RDRE are performed for both the uncooled heat-
sink and water cooled calorimetry outer bodies. Initial checkout testing with the
uncooled hardware is performed to explore the operability of the hardware, ulti-
mately informing the selection of the operational points tested for the calorimetry
hardware. The experimental setup presented is for that of the calorimetry testing.
The same setup is used for the heat-sink testing excluding the coolant delivery

system.
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4.2.1 Experimental Setup

The hot-fire testing of the RDRE is performed in the open air test facility
at the PRC |79] with the engine mounted horizontally to a 22 kN thrust stand
(see Fig. 4.5). Propellant is supplied to the test cell bulkhead by compressed gas
cylinders (four fuel and six oxidizer) and is controlled using dome-loaded pressure
regulators. The propellants used in this study are gaseous methane (GCH,) and

oxygen (GOy).

| Watéi‘ Tank

}

»'Trust Stand

Figure 4.5: Experimental test cell setup with RDRE mounted to thrust stand and
coolant water tank.

45



4.2.2 Propellant Flow System

Propellant mass flow rate is measured using critical flow orifices [80], where
pressure and temperature measurements are taken immediately upstream with
static pressure transducers and T-type thermocouples, respectively (Fig. 4.6).
The mass flow metering plumbing is secured to the test cell bulkhead. Propellant
flow past the bulkhead is controlled by two pnuematic ball valves (fire valves) on
both the fuel and oxygen lines (Fig. 4.7 (a)). The engine along with propellant

plumbing is purged with gaseous nitrogen.
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Figure 4.6: Generalized Plumbing and Instrumentation Diagram of propellant flow
system.

Downstream of the fire valves, the fuel plumbing branches to two inlet
ports supplying gaseous methane to the fuel plenum. The oxygen plumbing sep-
arates into four lines providing even flow to the oxidizer manifold (Fig. 4.7 (b)).
In the propellant manifold, oxygen and fuel plenum pressures are measured using

static pressure transducers and K-type thermocouples. All diagnostics in the ex-

46



perimental setup are sampled with a National Instruments-based data acquisition
system at 1 kHz for all pressures and 90 Hz for all temperatures.

For ignition, the engine is back lit using a GHy-GO5 torch. At the begin-
ning of each test, propellants flow through the torch body and are ignited using
an automotive spark plug. A 6.35 mm stainless steel tube directs the ignition

flame into the aft end of the engine to achieve ignition.

Figure 4.7: Propellant plumbing (a) downstream of fire valves going into hardware
and (b) mass flow metering plumbing upstream of fire valves.

4.2.3 Coolant Flow System

The cooling water head pressure is set to 12.4 Mpa, corresponding to a
mass flow rate of 2 kg/s, for each test provided by a pressurized tank utilizing
gaseous nitrogen (GNs3) as the pressurant. Stainless steel tubing (25.4 mm) runs
from the tank to a manifold block that splits the flow of coolant into the three
9.53 mm tubes that provide water to the calorimeter inlets. Inlet pressure and

temperature are measured upstream of the manifold block.
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Figure 4.8: Schematic of (a) generalized Plumbing and Instrumentation Diagram of
coolant flow system and (b) detailed view of downstream plumbing and instrumentation.

Coolant outlet pressure and temperature are taken 10 mm downstream of
the hardware for each of the nine outlets static pressure transducers and T-Type
thermocouples. The coolant mass flow rate is measured on a per outlet basis using
nine calibrated 4.37 mm orifices immediately downstream of the outlet pressure
and temperature measurements (Fig. 4.8 (b)). The cooling water is released
through the orifices to garden hoses that direct the cooling water out of the test
cell (Fig. 4.9).
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Figure 4.9: RDRE, plumbing, and instrumentation for hot fire testing with (a) top-
down view of oxygen (green), fuel (red), and coolant (blue) plumbing and (b) isometric
view of hardware on test stand.

4.2.4 Optics

Wave dynamics are identified using high-speed visible luminescent imaging
of the detonations provided by a Phantom TMX 5010 and a 200 mm lens (Nikon
AF Micro-NIKKOR 200mm {/4.0D IF-ED) directed into the annulus of the engine
via a mirror positioned in line with the exit of the combustor (see Fig. 4.10).
High-speed imaging is captured at 200 kfps at a resolution of 256x128 px. High-
definition low speed video is captured providing both side view and the top-down

view of the RDRE hot-fire.
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Figure 4.10: Optical diagnostics setup.
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Chapter 5. Data Reduction

The experimental data taken for this work consists of pressure and temper-
ature measurements. From this data, (1) propellant mass flow rates, (2) coolant
mass flow rate, (3) chamber pressure, (4) and heat flux are derived. High-speed
aft end imaging is also analyzed to extract wave dynamics in the combustion
chamber.

All pressure and temperature data are taken for the entirety of the hot fire
test. To avoid using data during the startup transient and to capture heat flux
once thermal steady state has been reached, pressure and temperature data are
averaged over the last 200 ms of each test. The end of the test is taken to be
the time when the plenum pressures or the chamber pressure begin to drop. The
analysis period for each measurement can be found in Appendix A for each test.
The pressure and temperature values used in the subsequent calculations use the

value averaged across the analysis window.

5.1 Propellant Mass Flow Rate

The mass flow rate of gaseous oxygen and methane is measured utilizing
sonic orifices. Namely the pressure and temperature that is taken upstream and

the pressure taken downstream of the sonic orifice.
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The mass flow rate assuming isentropic, one-dimensional, choked flow, and

ideal gas behavior the mass flow rate is given by

. Apy [y~ +1z0
_ ! 5.1
"=V E 2 ’ (5.1)

where A is the cross-sectional area, py and Tj are the total pressure and tempera-
ture, respectively, 7 is the ratio of specific heats (y = ¢,/¢y), and R is the specific
gas constant. However, the required pressure ranges of the working fluid dictate
that the implementation of real gas effects are necessary. Accounting for real gas

effects, the mass flow rate is written as

. CaAC™py
m = —_—

, 5.2
T (5.2)

where Cy is the discharge coefficient and the critical flow factor, C* is defined to
be
VR

p
cr=E Y0 5.3
" (5.3)

where V' is the velocity of the gas.

The methodology outlined in [80] is followed to account for real-gas effects.
An in-house python solver based on the work in [81, 82] is used to obtain mass flow
rates at a given upstream pressure, temperature, throat diameter, and discharge
coefficient. The code performs an iterative enthalpy and continuity balance be-
tween the upstream and throat locations to determine the throat thermodynamic

state for a given upstream state assuming that the flow is sonic at the throat.

52



Together, the mass flow rates of the fuel and the oxidizer are used to define
the equivalence ratio (¢) and the total propellant mass flux (¢). The total mass
flux is given as

(mfuel + mox)

Achamber
where Mg, and 1y are the mass flow rates of the fuel and oxidizer, respectively,
and Acamber 18 the cross sectional area of the chamber. The equivalence ratio is
given by

Mfyel

¢ =T (5.5)
fyel
( Mox )stoic

5.2 Coolant Mass Flow Rate

To determine the average heat flux distribution along the outer wall of
the combustion chamber, the mass flow rate through the cooling channel is first
determined. Pressure and temperature at each outlet is used to determine the

mass flow rate associated with each of the cooling channels as

. 2pn(p1n B patm)
my, = CdnATL\/ 1— /8;41/ s (56)
where 3, = Ds, /dy, dy is the upstream tube diameter, Dy is the orifice throat
diameter, A, is the orifice throat area, Cy, is the discharge coefficient of the
respective cooling channel from Table 4.1, p;, is the coolant pressure immediately
upstream of the orifice, p,i, is the atmospheric pressure directly downstream

of the outlet orifice, and p,, is the density upstream of the orifice for a given
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cooling channel n. This density is determined by using the CoolProp open-source

thermophysical property library [78].

5.3 Heat Flux

This mass flow rate is then used to determine the average heat that is
convected out of the channels by the cooling water. Using this mass flow rate,

the average convected heat flux can be written as

i Tou - ﬂ
q-l/ — mc( At ), (57)
hot

where the specific heat capacity c is taken at the coolant channel average tempera-
ture, Ti, is the coolant temperature taken immediately upstream of the hardware,
and T, is the coolant temperature taken immediately downstream of the hard-
ware. Here, Ay is taken to be the hot side are of the internal cooling channel.
Through the water flow calibration, the internal geometry of the AM chan-
nels exhibited adverse effects on the distribution of coolant mass flow through the
channels. Particularly, the cooling channels in line with the inlet tubing where the
outlet is 180° off of the inlet (stations 2, 5, and 7) provide around twice as much
coolant mass flow than the other channels (see Fig. 5.1). This large variation in
mass flow rates results in the adiabatic assumption between adjacent channels
not being applicable, as this approach neglects the fact that heat is transferred

between channels.
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To better represent the heat flux for this system, ¢” is calculated by using
an approach that accounts for heat being conducted between channels. In this
model, the channel wall facing the ambient environment is taken to be adiabatic,
where (Gn)n_1 , Gn,, and (gn)ns1 represent the heat flux distribution along the
combustor wall (see Fig. 5.2 (b)). Inter-channel heat transfer is then represented

via conduction through the wall separating each of the channels. For a given

3 4 5 6 7
Axial Station

Figure 5.1: Coolant mass flow rate at each of the nine stations.

channel, n, the net heat flux into the cooling channel, g, , is

where (qp),, is the heat transfer rate from the hot wall of the combustion chamber,

and ¢y 41 and ¢, ,—1 are the rates of heat transferred by the adjacent channels

(q.tot>n - (jn,n—l + (Qh>n + Qn,n—i—la

to the right and left, respectively.
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Figure 5.2: Schematic of (a) channel geometry control volume and (b) heat transfer
model for determining chamber heat flux.
Rearranging Eq. (5.8) to solve for (gn),, the heat transferred to the com-

bustor wall becomes

<qh>n = mnCATn - ’fAsideATn,nfl/d - KAsideATn,nJrl/d; (59)

where 71, is the mass flow rate calculated using Eq. (2.6), x is the thermal con-
ductivity of GRCop-42 [70] evaluated at the average temperature between the
relevant adjacent channels, AT, is the temperature difference between the inlet
and the outlet of a channel n, AT, ., is the temperature difference between a
given channel and its adjacent channels, Agq. is the side wall area of the cooling
channel, and d is the distance between adjacent cooling channels. Finally, the

heat flux for a given axial station, ¢/, is given by

N7 (Qh)n
— Wn)n 5.10
="a (5.10)
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where Ay is the cooling channel hot wall area. This model is implemented to

determine heat flux for axial stations 2 — 8.

5.4 Wave Dynamics

The wave dynamics for the hot fire testing are determined by performing
an automated image processing on the aft-end high speed video data. To do the
processing, an in-house python solver is used based on the work of Bennewitz et al.
[83]. The high speed video data taken during the same analysis window that the
pressure and temperature measurements are taken is used to perform the image
analysis. Starting with the raw image (Fig. 5.3 (a)), a background subtraction
is initially performed to accentuate the difference between the location of the
detonation front and the background (Fig. 5.3 (b)). A cartesian mesh is created
to enable the annulus to be located in the field of view (Fig. 5.3 (c)). A Fourier
transform is performed on the temporal history of the pixel intensities of each
cell, and a circle is fitted to the cells with the top 100 amplitudes (Fig. 5.3 (d)).
Once the annulus is located, a new polar mesh is created (Fig. 5.3 (e)). The
pixel intensity for each bin for a frame is plotted in a detonation surface for the
entirety of the analysis window. The detonation surface (Fig. 5.4) displays the
pixel intensity variation with respect to circumferential location in the annulus
and time. Finally, a 2-D fast-Fourier transform is performed on the detonation

surface to extract the wave speed and operating frequency for each test.
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Figure 5.3: Image processing procedure with (a) raw image, (b) background subtrac-

tion, (c) cartesian mesh, (d) annulus circle fit, and (e) polar mesh (reproduced and
edited from [83]).
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Figure 5.4: Corresponding detonation surface (reproduced and edited from [83]).
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5.5 Uncertainty Analysis

The uncertainty analysis for this thesis follows the methodology outlined
in the Guide to the Expression of Uncertainty in Measurement [84]. Therein,
uncertainty is categorized into two groups: Type A and Type B uncertainty.
Type A uncertainty is defined as statistical uncertainty in a measured quantity,
while Type B uncertainty is defined as that which is determined by methods other
than statistical analysis.

The measurements in this thesis are taken to be an average of a given
quantity (e.g., pressure, temperature, or thrust) over the duration of the analysis
window. For a given measurement y where /N samples are taken, the average is

defined as
1
Y= N Eﬁ Yi- (5.11)

For these measurements, the Type A statistical uncertainty is taken to be

the standard deviation of the mean (s,) over the given analysis window given as

§2 — fo\;(yi - y)2’ (5.12)

v TNV -1

and the degrees of freedom is taken to be N — 1.

If the determined quantity y is a function of ¢ measurements such that

y = f(x1, 72, ..., i), (5.13)
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where f is the function used to determine y, then the uncertainty in y is quantified
using the law of propagation of uncertainty. With this method, a Taylor series
expansion is performed about the input to determine the standardized uncer-
tainty in y. Through this, it can be shown that the general form of the standard

uncertainty in y (u,) is given by

ul = i +22 Z (3:132) < )MU%T(%,%), (5.14)

1= =1 j=i+1

where u,, is the standard uncertainty of input z; and r(z;, ;) is the correlation
coefficient between the inputs x; and x;. The correlation coefficient r(x;, z;) is

given by

>y (ai —a)(bi—b)
@z_ (a5 — @2 1L (b — B)?

where @ and b are the average values as defined in Eq. (5.11). This value can

, (5.15)

represent negative correlation (r = —1), no correlation (r = 0), or positive corre-
lation (r = 1) between a and b. Assuming that the inputs are uncorrelated causes

Eq. (5.14) to reduce to

N 2
ul = Z (g—xfux> : (5.16)

)

When using the law of propagation of uncertainty, the effective degrees of
freedom of y (veg) must be determined using the Welch-Satterthwaite equation,

given as

Vert(y) = —y (5.17)
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where u, ; is the partial derivative term and the uncertainty term given in Eq. (5.16)

as

From the standard uncertainty of a given measurement (u,) and the associ-
ated Effective Degrees of Freedom (veg), the expanded uncertainty is determined.

This is done through the use of the coverage factor (k), as follows
Uogsy = ks iy, (5.19)

where kgso, is determined through the Student’s t-distribution table correspond-
ing to the 95% confidence and the Effective Degrees of Freedom of the given
measurement. The uncertainty reported in this thesis is this expanded uncer-
tainty (yUgsy). All measurements presented are derived from either pressure or
temperature and are divided into two main categories: coolant and propellant.
Ultimately, the pressure and temperature measurements associated with the cool-
ing water are used to determine heat flux in the engine. Pressure and temperature
of the oxygen and the fuel are used to determine the operational condition (i.e.,
equivalence ratio ¢ and total mass flux, ¢)). The uncertainty in the pressure and
temperature measurements are propagated through the equations listed in each

of the respective sections using the law of propagation of uncertainty.
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5.5.1 Pressure Measurement Uncertainty

For the subsequent analysis, absolute pressures are necessary. Due to
the fact that the pressures recorded through the pressure transducers are gauge
pressures, they first must be converted into absolute pressures. The absolute

pressure paps is given by

Pabs = Pg + Datm; (520)

where p,ps is the recorded gauge pressure and p.i, is the atmospheric pressure.

Using Eq. (5.16), the uncertainty in the absolute pressure u,_, is given by

ul =l tud (5.21)

where wu,, is the standard uncertainty of the gauge pressure and w,,,, is the
standard uncertainty of the atmospheric pressure.

The atmospheric pressure is measured using a Bosch BMP280 pressure
sensor integrated into the iPhone 8+ and recorded using the Barometer & Al-
timeter application to obtain a time history of atmospheric pressure throughout
the day of testing. The accuracy and resolution of the sensor as stated by the
manufacturer is 1 hPa and 0.01 hPa, respectively. This implies that the equation

used to determine the atmospheric pressure is

Patm = Precorded + €acc + €res) (522)
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where Drecorded 18 the pressure recorded by the sensor and €,.. and €, are the sen-
sor’s accuracy and resolution, respectively. The associated standard uncertainty
is given by

upatm = uprccordcd + ueacc + uGres’ (523)

where u,___ . is the time weighted standard deviation, ., . = 1 hPa/v/3, and
u,,. = 0.01 hPa/+/3.

Next, guage pressure uncertainty needs to be quantified. The pressure
transducers used in this work are 4-20 mA Druck UNIK 5000 and Sensotec gauge
pressure sensors. Calibrations are performed using a Mansfield & Greene Model
Type T hydraulic deadweight tester. An unweighted least squares regression is
performed on the data obtained through calibration, resulting in the equation of
a line for the gauge pressure

pe = ml + b, (5.24)

where [ is the measured current, m is the slope of the line, and b is the intercept.
By performing the law of propagation of uncertainty on Eq. (5.24) and assuming
a non-zero covariance between m and b, the standard uncertainty in the gauge
pressure measurement is

ufyg = (mup)® +uj + (Tup)? + 2Luuyr(m, b)), (5.25)

where r(m,b) is the correlation coefficient determined using Eq. (5.15), wu,, is
the standard uncertainty of the slope, and wu; is the standard uncertainty of the

intercept. Because the pressure is recorded using an National Instruments data
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acquisition system, the calibration coefficients are applied directly to the measured
current. However, to recover the current I, Eq. (5.24) can be rearranged to solve
for 1.

After having found the standard uncertainties of the atmospheric pressure
and the gauge pressure measurements, the uncertainties can be used in Eq. (5.21)
to obtain the standard uncertainty of the absolute pressure measurements. This

uncertainty is propagated through all subsequent calculations.
5.5.2 Temperature Uncertainty

All temperatures reported in this thesis are recorded with T-Type thermo-
couples using an NI PXIe-4353 measurement card. The temperature is determined
by

T = Trecorded + €amp T €TC, (526)

where Tlecorded 1S the recorded temperature, €,y is the amplification uncertainty,
including cold junction compensation, and er¢ is the uncertainty intrinsic to the
thermocouple itself. Thus, the standard uncertainty of a temperature measure-
ment is given by

UT = STrecorded + ueamp _I_ u€TC7 (527)

where sp, is the statistical uncertainty associated with the temperature mea-

ecorded

surement, ., is the uncertainty associated with the amplification process, and

Uey, 18 the thermocouple inherent uncertainty.
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The amplification uncertainty is calculated using the methods defined in
the NI PXIe-4353 thermocouple measurement card’s application manual [85].
Through instructions in this manual, the amplification uncertainty simultaneously
accounts for many sub-components of uncertainty associated with the thermocou-

ple amplification process.
5.5.3 Propellant Discharge Coefficient Uncertainty

The discharge coefficient is once again defined as the ratio of the actual
mass flow rate divided by the ideal mass flow rate as in the case of the coolant.
However, the methodology to obtain both the actual mass flow rate and the ideal

mass flow rate differ. Thus, the discharge coefficient is given by

Cd = f (mactuala mideal) 5 (528)

where the ideal mass flow rate is a function of pressure, temperature, upstream
and throat diameter, and the mass-specific gas constant of the flowing gas. The
ideal mass flow rate is determined using the methodology outlined in Section 5.1
where the discharge coefficient is taken to be 1. Then the uncertainty associated

with the discharge coefficient is given by

oC > [ oC ?
u%d = (;dnumactual) + < dn umideal) 9 (529)

a"ﬂactual a'r.nideaul
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and evaluating the partial derivatives of Eq. (5.28), the standard uncertainty in

the propellant mass flow rate is given by

2 . 2
Uy m
2 _ Mactual actual
qun - < ) + <_ <2 umactual) N (530)

Mideal Mdeal

First, the actual mass flow rate m.ctual, is determined through calibration of
sonic orifices. The actual mass flow rate is determined by using a Emerson Micro
Motion ELITE Coriolis Meter (model CMFS025P) to provide the independent
actual mass flow measurement. Using this method, the sonic orifices are calibrated
in house by obtaining N calibration points by raising and lowering the pressure
upstream of the orifice. Upstream and downstream pressures are measured during

the calibration process to confirm that the flow is choked across the orifice. Using

this method the uncertainty of the actual mass flow rate w,,_, . is given by
?ﬂacmal = u%ias + ufeading’ (531)

where wuy,,s is the manufacturer stated bias. Also, Ureading 1S given by

Ureading = Uace T Urep T Ures: (5.32)

reading — rep

where Uacc, Urep, and ues are the manufacturer stated accuracy, repeatability, and
resolution uncertainties, respectively. With this, the actual mass flow rate and

associated uncertainty can be used in Eq. (5.30).
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The uncertainty in ideal mass flow rate is given by

2 Oritiaeat \* | (Oidear \* |
Wrinigear — ap up | + oT ur |+ Upums (533)

where the partial derivatives are approximated numerically using a central differ-

ence scheme, and Uy, is the resulting uncertainty due to the numerical tolerance.
With these components, the standard uncertainty of the discharge coefficient u¢,

can be calculated and propagated through subsequent uncertainty calculations.
5.5.4 Propellant Mass Flow Rate Uncertainty

The propellant mass flow rates determined in Section 5.1 are a function of
pressure, temperature, upstream and throat diameters, and the mass-specific gas
constant:

m=f(Cq,p,T,D,d,R;). (5.34)

Here, the uncertainty of the mass-specific gas constant R; is taken to be
zero. Additionally, because the discharge coefficient is calibrated in the same
flow system setup as is used in testing, the diameters (d and D) are also as-
sumed to have no additional uncertainties. This means the uncertainties left to
be accounted for are those associated with the discharge coefficient, pressure, and
temperature.

This yields that the uncertainty in the mass flow rate can be found by

2 (Ol 2+a_m 2+a_m 2+2 (5.35)
Ui, = aCd Ucy ap Up aT ur Unum> :
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where the partial derivatives are approximated numerically using a central dif-
ference scheme, and uy,, is the resulting uncertainty due to the numerical toler-
ance. Also, the uncertainties of pressure and temperature are evaluated using the

methodology outlined in the previous sections.
5.5.5 Equivalence Ratio and Total Mass Flux Uncertainty

Uncertainty components for the fuel and oxygen mass flow rates found in
the previous two sections culminate in the calculation of the equivalence ratio (¢)
and the total mass flux (¢). As discussed in Section 5.1, the equivalence ratio
given by

¢ = f(mfuehmoxa S), (536)

is a function of the fuel mass flow rate g, oxygen mass flow rate 1mg,, and
s, the stoichiometric coefficient for methane-oxygen combustion. The stoichio-
metric coefficient is taken as a constant having an uncertainty of zero leaving
the two sources of uncertainty as the propellant mass flow rates. The combined

uncertainty for equivalence ratio is then given by

2 . 2
Uy m
w2 = (—,”"‘f“e') + (— g‘“um) : (5.37)
MoxS me.s

where the uncertainties associated with the fuel and oxygen mass flow rates are

determined through the methodology outlined in the previous sections.

68



Next, the total mass flux, given by

1/) = f(mfuely Mo, Achamber)» (538)

is a function of the fuel mass flow rate e, oxygen mass flow rate me,, and
Achamber, the cross sectional area of the chamber that is taken to be a constant
with zero uncertainty. Thus, the standard uncertainty of the total mass flux ¢ is
given by

uy, = (—“’“ )2 + (—“m )2 (5.39)

v A chamber Achamber ) '

where the uncertainties in mass flow rate are the same as those used in the de-
termination of equivalence ratio.

Finally, the uncertainty reported in the results section is the 95% confi-

dence expanded uncertainty, which is written as the following:

U95%7¢ == ]{795%U¢, (540)

and

Uogsot,p = o5 Uy (5.41)
5.5.6 Coolant Discharge Coefficient Uncertainty

The discharge coefficient is a function of ideal mass flow rate and the

theoretical isentropic mass flow rate (Eq. 5.42), which has the form

Odn = f (mactuah mideal) . (542)
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Using the Taylor series method of uncertainty propagation, the standard

uncertainty of the discharge coefficient can be expressed as

aC. > [ ac 2
uédn = (;dnumactual> + (;dnumideal> 9 (543)

aTh'actual a77.7'ideaul

where evaluation of the partial derivatives yields

2 . 2
u2 — ufhactual + _ /rr.LaCtual Uss . 544
C. m,
dn m: m2 actual
ideal ideal

In the case of the cooling water, actual mass flow rate is determined

through a catch-and-weigh procedure allowing the calculation of actual mass
flow rate as the total mass accumulated divided by the allotted test time, i.e.,
m = Am/At. Partial derivatives of this equation give the uncertainty of the

actual mass flow rate as

Om 2 (om 2
2 actual actual
mmactual - (W“m) + (Tut) ? (545)

where the uncertainty in mass caught w,, and recorded time wu,; is taken to be
the resolution of the scale and the stopwatch, respectively. Evaluating the partial

derivatives yields:

U\ 2 m 2
u?ﬁactual = (T) + <_t_2ut> : (546)

Next, the uncertainty of the ideal mass flow rate is given by equation
Eq. (5.6) without the discharge coefficient term. This leaves mass flow rate as a

function of density and pressure, which allows the uncertainty to be determined
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u2 _ 8Thideadu 2 + a7hidealu 2 (5 47)
Mideal ap P 8pg Pg ? :

where the partial derivatives of migea With respect to density and pressure are

given by
8n;i;ea1 _ w;/ﬁ - @lﬁp\g/@’ (5.48)
n)\/ 1-8%
and
Ditideal _ ™2 D3p ' (5.49)

Oy 8 (1= B\
The density p, is a function of temperature and absolute pressure. Thus,

the uncertainty of density u, is given by

dp 2 dp 2
2 __ "
= (6TUT> + (apabs upabs> , (5.50)

where the partial derivative of density with respect to pressure and temperature
are evaluated using CoolProp [78] and the uncertainties of pressure and temper-
ature are evaluated as outlined in previous sections.

The pressure uncertainty in Eq. (5.47) are gauge pressure measurements.
This is due to the fact that the pressure differential in Eq. (5.6) is between an
absolute pressure and the atmospheric pressure. By the definition of absolute

pressure, this reduces to the gauge pressure measurement:

Pabs — Patm = (pg +patm) — Patm = Pg- (551)

71



As a result, the atmospheric uncertainty component would also cancel
out, meaning the pressure uncertainty in Eq. (5.47) can be determined through
Eq. (5.25).

With the uncertainties of the discharge coefficients uc, , an uncertainty
weighted average (ji,) is performed across the range of calibration set pressures

given by

Cy.

D u2cdl

—~ a;
fig, = == (5.52)
2w

J

The uncertainty associated with each of the nine uncertainty-weighted av-

erage discharge coefficients can be found by:

(5.53)

This is taken to be the discharge coefficient and its associated uncertainty

value to be carried through the subsequent calculations.
5.5.7 Coolant Mass Flow Rate Uncertainty

The coolant mass flow rate is calculated through the methodology outlined

in Section 5.2 using Eq. (5.6), which is a function of the following:

m = f (Cd7 Dy, Dy, p7p17p2) . (554)
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Assuming that the diameters are constant with zero uncertainty and that the two
pressure terms reduce to the gauge pressure as outlined in the previous section,

the equation for the uncertainty in coolant mass flow rate is

om 2 om 2 om 2
2 _ n n on
Uy, = (—3Cdn UCdn> + (apn upn> + ( I upg) : (5.55)

Evaluating the partial derivatives yields:
Otftn _ T pye, | 20uPy (5.56)
0Cy, 4 1—p3

om, m™/2 C’dDng

- ’ 5.97
I8 (- [ 50

and

o, T2 CyqD?p,,

8p1 - 8 (1 o B;LL) fﬁgi K (558)

The methodology for obtaining the uncertainties associated with the dis-
charge coefficient uc, , the density u,,, and the gauge pressures u,, are outlined

in previous sections.
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5.5.8 Heat Flux Uncertainty

Finally, given the standard uncertainty components outlined in Sections
5.5.6 and 5.5.7, the uncertainty associated with the heat flux is determined. The
uncertainty in heat flux ug/ is simply the uncertainty in the heat transfer rate for
a given axial station w,), divided by the hot side channel area Ap,. The heat

transfer rate, given by
(qh)n = f(m, ¢, ATy, ATn,n—l, ATn,n—l); (559)

is a function of coolant mass flow rate m, coolant heat capacity ¢, and three
temperature deltas (AT, AT, ,—1, AT, ,—1). Once again, applying the law of

propagation of uncertainty on Eq. (5.9) yields the following,

d)n  \* | (0d)n \* . (Od)n
“%q'h%:( o “m) "\ Toe o) T\ aar, A

g . (5.60)
+ Mu ’ + A(gn)n u ?
aATn7n_1 ATn’n71 0ATn,n+1 ATn,n+1 9
and evaluation of the partial derivatives simplifies Eq. (5.60) to
U%q-h)n = (cATnUm)2 + (T'rLATnuC)2 + (mcuATn)2
(5.61)

K Aside 2 /‘fAside 2
+ d UATn7n71 + d uATn’n+1 )

where the uncertainties in the temperature differentials are given by summing

and squaring the respective temperatures (ua; = Uiy, + UAr,y.)-
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Lastly, upon determination of the standard uncertainty of heat flux ug,

the 95% expanded uncertainty of heat flux for a given channel n is given by

Ugsn,qr = kosntgy - (5.62)
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Chapter 6. Results

Hot fire tests are performed with both the straight centerbody and con-

stricted centerbody configurations (Fig. 6.1).

LSION
H CENTER

Figure 6.1: Images of (a) RDRE hot-fire side view and (b) RDRE hot-fire top-down
view.
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A mass flux sensitivity study is carried out by increasing the total pro-
pellant mass flux from ¢ = 103 — 310 kg/m?-s for a fixed equivalence ratio of
¢ = 1.1 varying the propellant mass flux (Fig. 6.2 (a)). Overall, the axial heat
flux distribution is determined for a total of ten cases. Six set conditions are
investigated with the water-cooled straight channel configuration with the total
mass flux ranging from ¢ = 103 — 310 kg/m?-s. Four equivalent conditions are
tested from ¢ = 103 — 240 kg/m?-s with the water-cooled constricted geometry
configuration. A firing time of ¢;, = 3.5 s is considered for the water-cooled straight
channel cases and a firing time of ¢, = 4.5 s is considered for the water-cooled

constricted geometry tests.
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Figure 6.2: Operational map for hot fire testing.

Increased firing time allows for the engine hardware to reach thermal
steady-state. Thermal steady-state of the hardware is assessed through the outlet

coolant temperatures of the different axial stations (Fig. 6.3 (b)). Data from the
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steady-state portion for each test (highlighted red in Fig. 6.3 (b)) is averaged
over a 200 ms window that is used for the heat flux determination. As an exam-
ple, during the 1 = 241 kg/m?-s straight center body case, stations 2 — 8 reach
thermal steady-state after t = 2.5 s (Fig. 6.2 (b)). The first and last stations (1
and 9) adjacent wall temperatures are unknown, lack of adjacent cooling channels
caused outlet temperatures to not reach thermal steady state, and contain the
locally raised CTAP feature. Due to these reasons, the heat flux is not reported

for stations 1 and 9.
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Figure 6.3: Coolant outlet (a) pressure response and (b) temperature response for v
= 241 kg/m?2-s, ¢ = 1.1 test.

To avoid transient responses in the cooling water mass flow rate, flow
begins at t = -3.0 s. For the duration of the analysis window, the cooling channel
outlet pressure remains constant, implying a steady mass flow rate (Fig. 6.3 (a)).
The temporal history of outlet pressure and temperature for each hot fire test can

be found in Appendix A.
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6.1 Heat Flux

For each hot fire test, heat flux is determined for 7 axial locations (z/L =
0.17-0.77). For comparison between the straight center body and the constricted
center body configurations, a low mass flux (1) = 103 kg/m?-s) and high mass
flux (¢ = 240 kg/m?2-s) case (circled in Fig. 6.2 (a)) are highlighted. The low
mass flux case at ) = 103 kg/m?-s (Fig. 6.4 (a)), and the high mass flux case at
1 = 240 kg/m?-s (Fig. 6.4 (b)), demonstrate an increase in heat flux loading as a
function of total mass flow rate.

For the v = 103 kg/m?-s case, heat flux ranges from 6.6 — 11.2 MW /m?
for the straight center body case and 11.7 — 15.3 MW /m? for the constricted
center body case. For both configurations, the heat flux at the station closest
to the injector face is around 11 MW /m?. Further downstream, the heat flux
values for the two configurations diverge. There is a slight increase in spatial
heat flux from x/L = 0.2 — 0.6 for the constricted center body case, most likely
corresponding to the axial location of the detonation zone, with a maximum heat
flux of 12.1 MW /m? for the low mass flux case. For the straight center body
case the heat flux decreases with increasing axial length, where the maximum of
11.7 MW /m? occurring closest to the injector face. From z/L = 0.55 — 0.80, heat
flux increases to 15.3 MW /m?, corresponding to the axial location of the throat
for the constricted center body case.

Similar trends are observed in the high mass flux case at 1) = 240 kg/m?-s,

where the heat flux ranges from 11.0 — 16.2 MW /m? for the straight configuration
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Figure 6.4: Axial heat flux distribution for (a) ¢ = 1.1 and 1 = 103 kg/m?-s and (b)
¢ = 1.1 and v = 240 kg/m?-s for both straight and constricted center bodies.

and 11.8 — 20.5 MW /m? with the constricted geometry. Similarly to the low flux
case, the heat flux at the two stations closest to the injector face are comparable
before differing in behavior further downstream. The heat flux reaches a maxi-
mum of 16.2 MW /m? at x/L = 0.27 for the straight channel, a comparable trend
to the low flux case. For the constricted geometry, the area of increased heat flux
most likely corresponding to the detonation plane appears to be pushed further
downstream (x/L = 0.37 — 0.67). This is likely due to an increased propellant
mass flow rate. The heat flux increases to a local maximum of 16.0 MW /m? at
x/L = 0.57. Once again, the heat flux increases as the combustion chamber area

is decreases approaching the geometric throat.
6.1.1 Straight Center Body Configuration

As expected, the straight center body configuration results in lower heat

flux overall compared to the constricted center body configuration for comparable
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propellant mass flux in the straight chamber geometry, ranging from 6.6 — 16.3
MW /m? (Fig. 6.5). Overall, the heat flux decreases with axial length for the
straight center body cases, however, most cases experience a slight increase in
heat flux between /L = 0.27 — 0.47. Also, all cases (except for the highest flux
case of ¢ = 310 kg/m?-s) exhibit an increase in heat flux at x/L = 0.77 despite
the absence of a constriction. Additionally, the heat flux increases with mass
flux such that the peak heat flux for the ¢ = 310 kg/m?2-s case is 46% greater
than the maximum heat flux of the ¢ = 103 kg/m?-s case. Finally, the heat flux
at /L = 0.37 for the straight center body is approximately 28% lower than the

average heat flux of the constricted center body at the same location.
6.1.2 Constricted Center Body Configuration

Overall, the constricted center body geometry results in higher maximum
heat flux loadings for all cases tested (Fig. 6.6). Across the four conditions, the
heat flux varied from 11.4 —20.5 MW/m?. For the ¢ = 240 kg/m?-s case, the
maximum heat flux is 32% higher than the ¢» = 103 kg/m?-s case. Upon observ-
ing the general trend of the spatial heat flux distribution across mass flux cases,
there is a sharp decrease and subsequent increase in ¢/ around /L = 0.27. This is
followed by an area of increased heat flux from x/L = 0.37 — 0.47 before decreas-
ing slightly at /L = 0.57. This area most likely corresponds to the axial location
of the detonation zone. Lastly, the heat flux begins to increase as the geometry
constricts from x/L = 0.67 — 0.77 ending at a maximum of 20.5 MW /m? at the

throat (z/L = 0.77). As mass flux is increased, the area of increased mass flux
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Figure 6.5: Axial heat flux distributions for the mass flux sensitivity study using the
straight center body geometry.

increases in heat flux loading. For the constricted geometry cases, there is less
variation between heat flux loads near the injection plane, where the heat flux
variation between different mass flux conditions from z/L = 0.17 — 0.27 is nearly
twice as much as the variation in heat flux after z/L = 0.37 for each condition.
This is consistent with results seen by Micka et al. [48]|, demonstrating a differ-
ence in heat flux scaling near the injector compared to the flow expansion further

downstream.
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Figure 6.6: Axial heat flux distributions for the mass flux sensitivity study using the
constricted center body geometries.

6.1.3 Heat Flux Scaling

For the straight and constricted center body configurations, sensitivity
of heat flux to increasing mass flux at each axial station is investigated. For
most axial locations, the heat flux increases linearly as total mass flux increases.
At the station closest to the injector at x/L = 0.17, the heat flux for the con-
stricted center body configuration follows closely with the trends observed for
the straight center body configuration (Fig. 6.7 (a)). For the station located at
x/L = 0.47 the combustor experiences higher heat flux overall. For the high mass

flux (¢ = 280 — 310 kg/m?-s) straight center body cases at both axial locations
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the heat flux begins to decrease. Plots of heat flux with varying mass flux for

each of the 7 stations reported can be found in Appendix B.
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Figure 6.7: Heat flux with varying total mass flux for axial stations (a) two and (b)
five.

To investigate how the heat flux scales with total mass flow rate, the results
are compared ato the Bartz correlation (2.1). The driving scaling relationship in
this correlation is that of local mass flux through the combustor which scales to
the power of 0.8. Through methodology laid out by Micka et. al [48], a scaling
study is performed using this relationship with total mass flow rate. Scaling with
mass flux is equivalent to scaling with chamber pressure, or total mass flow rate,
for the same combustor and propellants. To determine if the heat transfer data
obtained scales with total mass flux, the local heat flux at a given station is

normalized as

/)

N/ 4y

Qn,s - j o
m
mref
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to define the scaled heat flux (¢, ,) where 7 is the total mass flow rate for a
given test, 1 is taken to be the mass flow rate of the nominal mass flux case
(¢ = 100 kg/m?-s, 1. = 0.145 kg/s), ¢ is the heat flux for an axial station n,
and « is a scaling factor (o = 0.8 for Bartz correlation). If the Bartz correlation
is applicable to this set of data, then the normalized data given by Eq. (6.1)
should collapse on the same line. This is investigated using only the data from
the straight center body configuration tests. Interestingly, when a = 0.8, the
heat flux data does not indicate that it scales with total mass flow rate to the 0.8
power (Fig. 6.8 (a)). However, the heat flux data collapses on itself when a value
of @ = 0.38 is selected (Fig. 6.8 (b)). This implies that in this particular RDRE

hardware the local heat flux scales with mass flux to the power of 0.38.
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Figure 6.8: Heat scaled by total mass flow rate for (a) o = 0.8 and (b) a = 0.38.

85



6.2 Chamber Pressure

A total mass flux sensitivity study is performed for capillary tube atten-
uated pressure (CTAP). The CTAP pressure is recorded for the straight cen-
ter body configuration hot fire tests (see Fig. 6.9 (a)) at the axial location of
x/L = 0.10. The recorded pressures ranges from p. = 125 — 465 kPa increasing

linearly with the variation of total mass flux.
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Figure 6.9: CTAP pressures for (a) all straight center body configuration tests at
varying total mass flux, and (b) a ¥ = 241 kg/m?2-s, ¢ = 1.1 test.

6.3 Wave Dynamics

The wave dynamics for both the straight and constricted center body are
analyzed using the methods outlined in section 5.4. In this RDRE, the wave
dynamics are shown to be sensitive to the change in total mass flux for the straight
center body configuration. Beginning at the low mass flux conditions between

¥ = 100 — 150 kg/m?-s, a two wave counter-rotating mode (+2/-2) is consistently
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observed (Fig. 6.10 (a)). However, with total mass flux of ¢ = 200 — 240 kg/m?-s,
a three wave counter-rotating mode (+3/-3) is observed (Fig. 6.10 (b)). For the
straight center body at the higher mass flux cases (1) = 280 — 310 kg/m?-s), there

is no observable trend.

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(a) Time, 7 (ms) (b) Time, ¢ (ms)

Figure 6.10: Detonation surface plots for (a) +2/-2 wave mode observed at ¢ =
100 — 150 kg/m?-s and (b) +3/-3 wave mode observed at ¢ = 200 — 240 kg/m?-s.

For the constricted center body configuration, the wave dynamics are
less sensitive to total mass flux, however, the observed wave mode differs from
that of the straight center body cases. Across all tested values of total mass
flux (¢ = 100 — 150 kg/m?-s)) a single wave rotating mode propagating counter-
clockwise (-1) is observed (Fig. 6.12). All results from the image processing for
each set condition can be found in Appendix A.

Additional testing is performed to evaluate the influence of operating mode
on heat flux levels. In one #, = 4.5 s test at ¢ = 1.1, ¢ = 279 kg/m?-s, the op-
erating mode dynamics are shown to influence the heat flux experienced by the

combustor. For a total mass flux of ¥ = 279 kg/m?>-s, the station 1 outlet tem-
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Figure 6.11: Detonation surface plots for the -1 wave mode observed at 1) = 100 — 240
kg/m2-s with the constricted center body geometry.

perature appears to reach a steady-state temperature of T, = 320 K, however,
there is a sudden increase in the slope of the temperature measurement occur-
ring at t = 3.2 s (see Fig. 6.12 (a)). From the beginning of the test, a single
counter-clockwise rotating wave is seen until ¢t = 3.2 s when the observed wave
mode begins to transition from a (1) one wave rotating mode to a (2) counter-
rotating wave mode with a single wave traveling in each direction (Fig. 6.12 (b)).
During this transition period, from ¢ = 3.2 — 3.4 s, a second wave traveling in
the opposite begins to develop. At t = 3.4 s the wave dynamic fully transitions
to a counter-rotating mode with a singular opposing wave pair. This closely
corresponds with the sudden jump in coolant outlet temperature. This rise in

temperature is observed across the first four stations (z/L = 0.06 — 0.37), most
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likely corresponding to the axial location of the detonation zone. However, this

is not observed for stations further downstream of x/L = 0.37.
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Figure 6.12: Constricted geometry test case at ¥ = 279 kg/m?2-s, exhibiting (a) tem-
perature rise associated with a change in engine operating mode and (b) accompanying
high speed images of wave dynamics.
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Chapter 7. Conclusions

Experimentally measured heat flux data is presented for a 76.8 mm addi-
tively manufactured water-based calorimetry RDRE outer body operating with
gaseous methane (GCH,) and oxygen (GOz). The hardware is tested with both
a straight and constricted center body configuration at an equivalence ratio of
¢ = 1.1 and total mass flux ranging from v = 103 — 310 kg/m?-s. Average heat
flux is determined to be between 6.6 — 16.3 MW /m? for the straight center body
tests and 11.4 — 20.5 MW /m? for the constricted center body tests. Maximum
heat flux occurs at x/L = 0.17 for the straight chamber tests and z/L = 0.77 for
the constricted geometry cases; these two maximum heat flux regions correspond
to the likely detonation zone and throat location for the straight and constricted
geometries, respectively. These average heat flux measurements serve to increase
the understanding of the thermal loads found in rotating detonation engines. The
average heat flux measurements captured in this study help enhance the under-
standing for the heat flux loadings in detonation-based engines to ultimately help

develop thermal management strategies enabling long duration operation.
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Figure A.1: Test 20241025-012 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.2: Test 20241028-006 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.3: Test 20241028-009 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.4: Test 20241028-010 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.5: Test 20241028-011 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.6: Test 20241029-015 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.7: Test 20241029-016 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.8: Test 20241029-017 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.9: Test 20241029-018 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.

116



N
wn

(MW/m?)
" (3]
9] [—]

bb)

n

[
=]

Heat Flux, ¢
9]

+++++++

—_~
=
~

700

600}

500

Pressure, P, (kPa)
n

200

300}

0.2
Axial location, L (mm)

0.4

0.6 0.8 1

100} ® Station 1 ® Station 2 @ Station 3
© Station 4 © Station 5 @ Station 6
0 © Station 7 © Station 8 e Station 9
0 0.5 1 1.5 2 2.5 3 3.5
() Time (s)
12 @ Ox Orifice Upstream
@ Ox Orifice Downstream
10©_Ox Plenum |
=
& 8 |
S
e o o
-
g
4} I
&
g
2F (-
0
0 0.5 1 1.5 2 2.5 3 35
(e) Time (s)

(
5 3
n =]

[
=]
(=]

Azimuthal Angle, 0
g &

F
(9]

0 0.2 0.4
Time, ¢ (ms)

0.6 0.8 1

320
~ 315
S
=
N
& 310
—
=
=
g
5 305
(=3
£
S
300 ® Station 1 ® Station 2 @ Station 3
o Station 4 © Station 5 @ Station 6
O Station 7 © Station 8 @ Station 9
295
0 0.5 1 1.5 2 2.5 3 3.5
(d) Time (s)
12 -
@ Fuel Orifice Upstream
@ Fuel Orifice Downstream
10 |_©_Fuel Plenum
=
& 8
S
2 6f
=
&
2 4}
W
2

0 0.5 1 1.5 2 2.5 3
Time (s)

3.5

®

Figure A.10: Test 20241029-019 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.11: Test 20241029-020 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.

118



N
wn

N"\

E 20

2

C1s

i +

i BRI

=

S s

o=
0 L L L L
0 0.2 0.4 0.6 0.8 1

—_~
=
~

Axial location, L (mm)

700
600
=
a 500f |
=<
N’
o 400} N
<
5 300
4
£ 200}
=%
100} ® Station 1 ® Station 2 @ Station 3
o Station 4 © Station 5 @ Station 6
0 © Station 7 © Station 8 e Station 9
0 0.5 1 1.5 2 2.5 3 3.5
() Time (s)
12

@ Ox Orifice Upstream
@ Ox Orifice Downstream
10©_Ox Plenum

Pressure (MPa)
N
|
1

0 0.5 1 1.5 2 2.5 3 3.5
(e) Time (s)

NN W
N g -
0N S W

—
w
n

Azimuthal Angle, 6 (deg)
g 5 2

'S
i

0 0.2 0.4 0.6 0.8 1
(b) Time, ¢ (ms)

[
—_
n
T
I

w
—
=

© Station 1 ® Station 2 © Station 3
o Station 4 O Station 5 @ Station 6
O Station 7 © Station 8 @ Station 9

295
0 0.5 1 1.5 2 2.5 3 3.5
(d) Time (s)
12 -
@ Fuel Orifice Upstream
@ Fuel Orifice Downstream
10 |_©_Fuel Plenum ||
=
=] 81 |
S
2 6f o
=
4
2 4} |
W
2
0
0 0.5 1 1.5 2 2.5 3 35
® Time (s)

Figure A.12: Test 20241029-021 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.13: Test 20241031-005 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.14: Test 20241031-006 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.15: Test 20241031-007 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Figure A.16: Test 20241031-009 (a) axial heat flux, (b) thrust, (c) outlet pressure, (d)
outlet temperature, (e) oxygen pressures, and (f) fuel pressures.
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Appendix B: Heat Flux Varying Mass Flux
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Figure B.17: Heat flux varying mass flux for (a) station 2 and (b) station 3
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Figure B.18: Heat flux varying mass flux for (a) station 4 and (b) station 5
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Figure B.19: Heat flux varying mass flux for (a) station 6 and (b) station 7
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Figure B.20: Heat flux varying mass flux for (a) station 8
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Appendix C: Water Flow Calibration Data
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Figure C.21: Water flow calibration data for (a) station 1 and (b) station 2.
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Figure C.22: Water flow calibration data for (a) station 3 and (b) station 4.
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Figure C.23: Water flow calibration data for (a) station 5 and (b) station 6.
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Figure C.24: Water flow calibration data for (a) station 7 and (b) station 8.
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Figure C.25: Water flow calibration data for (a) station 9.
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Appendix D: Test Conditions Summary
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Table 1: Experimentally Tested Set Conditions

Total Mass
Center Ox. m | Fuel mn | Equivalence
Date Test Flux, ¢
Body (kg/s) | (kg/s) Ratio ¢
(kg/s-m?)

20241025 | 012 straight 0.339 0.094 1.105 310.348
20241028 | 006 straight 0.338 0.093 1.102 309.437
20241028 | 009 straight 0.306 0.086 1.117 281.017
20241028 | 010 straight 0.305 0.086 1.127 280.465
20241028 | 011 straight 0.262 0.074 1.128 241.012
20241029 | 015 straight 0.259 0.074 1.143 239.278
20241029 | 016 straight 0.217 0.061 1.118 199.213
20241029 | 017 straight 0.217 0.061 1.126 199.440
20241029 | 018 straight 0.112 0.031 1.117 103.073
20241029 | 019 straight 0.113 0.032 1.120 103.560
20241029 | 020 straight 0.165 0.046 1.112 151.067
20241029 | 021 straight 0.164 0.046 1.118 150.805
20241031 | 005 | constricted | 0.259 0.076 1.169 240.387
20241031 | 006 | constricted | 0.216 0.062 1.138 199.548
20241031 | 007 | constricted | 0.165 0.047 1.134 152.373
20241031 | 009 | constricted | 0.112 0.033 1.162 103.758
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