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The potential application of rotating detonation engines (RDEs) in rocket combustors hinges
on a fundamental understanding of detonation wave structure and injector characteristics
with fuel and oxidizer compositions relevant in rocket systems. Simultaneous 300 kHz-rate
broadband OH* chemiluminescence and OH-PLIF imaging is employed in a fully optically
accessible Natural Gas-GOx rotating detonation rocket engine (RDRE) to visualize reactant
refill dynamics and detonation wave structure. A custom-built KTP-type optical parametric
oscillator (OPO) is coupled with a nanosecond high-repetition-rate burst-mode laser to output
284 nm light and target excitation of the Qq(9) transition in the OH radical. Significant
deflagrative burning is observed throughout the chamber as a consequence of the oxygen-rich
environment. Trailing Azimuthal Reflected Shock Combustion (ARSC) system, similar to those
in a H,-air RDE are observed, burning unburned reactants in the region immediately following
the primary detonation wave. Contact burning, as indicated in this study, does not seem to be
a primary loss mechanism. The simultaneous measurement of OH and OH* show that axial
locations exist in the refill process where OH radicals are present, and produced due to shear
layer induced deflagration, however, these zones do not produce excited state OH*. While a
deeper understanding of the underlying physics in RDRE systems requires further investigation,
this work highlights a first-of-its-kind visualization of the turbulent combustion product field
and reactant refill characteristics in this highly unsteady environment.

L. Introduction

He past several decades have seen a large rise in the interest of applying pressure gain combustion (PGC) as a
Treplacement to modern constant-pressure combustors, particularly in rocket systems. Thermodynamic cycle analysis
studies have shown the theoretical capability for PGC, which relies on a constant-volume detonative combustion process,
to offer an approximately 20% increase in thermal efficiency compared to typical constant-pressure devices operating
based on the Brayton cycle, which use slow deflagrative combustion to convert chemical energy into useful work [[1} 2].
Several detonation-based engine architectures have been proposed, with the most promising and widely researched
concept being the rotating detonation engine (RDE). The RDE enables continuous uninterrupted operation by feeding
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propellants along the axial length of an annular combustor, allowing a detonation wave to propagate circumferentially
around the annulus so long as reactants are being supplied. Another detonation-based engine concept is the pulsed
detonation engine (PDE), in which reactant mixture is ignited at the head-end of a detonation channel and the detonation
wave propagates linearly until it is eventually exhausted out to the surroundings. However, the design of the PDE
necessitates reactant refill and reignition at high frequencies in order to provide a constant thrust profile, which limits
this system to the mechanical capabilities of the fluid components and ignition source. In an RDE, these limitations are
circumvented by allowing the detonation wave to travel around the combustion channel of an RDE at frequencies on
the order of several kilohertz with a single ignition at start-up [3]. Additionally, RDE architectures feature a compact
constant-volume design, enabling simple yet effective conversion of chemical energy into kinetic energy and useful
work output. While considerable work has been accomplished experimentally and numerically to characterize PDE and
RDE performance and detonation wave characteristics [[1}4H7]], significant challenges still hinder development of PGC
as a viable replacement to modern-day deflagrative combustors as net pressure gain in an RDE has yet to be seen in the
open literature.

To fully understand the complex RDE flow-field, a large effort has been dedicated to optimizing injector design and
investigating injector dynamics [8} 9], studying reactant mixing and the effects of deflagration ahead of the detonation
wave on the operability [10H13]], and analyzing the heat transfer and implementing cooling schemes to handle the large
thermal loads present in RDEs [14} [15]. In the analysis of the observed deflagration, there are inconsistencies in the
explanations. Conventionally, the deflagration preceding the detonation wave is ascribed to the mixing of hot products
and cold reactants in local recirculation zones. Additionally, contact burning is attributed to the reactant refill process,
involving direct contact between incoming fresh reactants that expel product gases outward [[13].

However, a significant inconsistency arises from the fact that the physical processes of mixing and reactant expulsion
occur on significantly faster time scales (= 100 — 300us) compared to the autoignition delay time of reactants, typically
on the order of 1-5 us (for reactants in the shear layer at 800 - 1200 K) [12}[16]]. This raises the question of whether
the deflagration ahead of the detonation wave is genuinely caused by fresh reactants or if it is simply the presence of
long-lived OH radicals.

To address this inconsistency, laser-based diagnostics can be employed to detect the production of OH radicals. This
approach can help resolve the question of the presence of contact deflagration as well as shear-layer-induced deflagration
in local recirculation zone pockets, as proposed by [13]. Consequently, this study presents the first experimental evidence
of the presence of deflagration ahead of the detonation wave, a phenomenon typical in oxygen-rich environments.
Notably, this phenomenon is not observed in a 1-to-1 configuration that the same combustor was operated at for an
H2-Air combination of propellants.

Laser-based and general optical diagnostics such as chemiluminescence imaging, planar laser-induced fluorescence
(PLIF), laser absorption spectroscopy (LAS), and coherent anti-Stokes Raman scattering (CARS) allow for visualization of
the turbulent combustion product field and non-intrusive in-situ measurements of temperature and species concentration,
and considerable work has been accomplished in the development of these techniques in RDE environments for gas
phase reactants and most commonly for air-breathing RDEs with gaseous H, as fuel [8,117H19]]. Further understanding
of the complex physics of RDEs in air-breathing and rocket systems for propulsion applications requires a transition
from gaseous reactants to liquid fuels and, in the rocket case, liquid oxidizers. However, there are substantial challenges
in applying non-intrusive laser-based measurement techniques in condensed phase detonation environments, including
optical access limitations, judicious selection of a propellant/tracer with an accessible molecular excitation wavelength,
and laser repetition rate and energy. Additionally, in the liquid fuel-gaseous oxidizer case, it is important to study both
the condensed phase and gas phase flow fields and their interaction, which itself presents significant difficulties. As
a step towards applying diagnostics to full liquid fuel RDEs, previous studies in our group investigated the one-way
coupled interaction between a detonation wave and a single liquid diesel fuel jet in a Hy-air RDE and characterized
liquid injection refill and recovery dynamics using MHz rate diesel PLIF with an excitation wavelength of 355 nm,
outputted from a burst-mode laser system built in-house [8} 20]. This work focuses on applying laser diagnostics in
rocket-type combustors by taking OH-PLIF images at 300 kHz in an RDRE operating with gaseous CH4 and gaseous
oxygen as propellants. This is accomplished using an optical parametric oscillator (OPO) that outputs 284 nm light to
target the Q;(9) transition in the OH radical. Simultaneously, OH* chemiluminescence images are taken to correlate the
OH-PLIF data with the location of the detonation wave relative to the PLIF plane and study reactant refill dynamics and
deflagrative burning in the channel.



I1. Experimental Setup and Methodology

A. RDE Test Platform

Details of the RDRE test platform can be found in our prior work [21]. The experimental change occurs with
modification of the source of propellants that provides gaseous oxygen to be supplied as oxidizer and Natural-gas as fuel.
Geometric parameters are provided here for continuity. The RDRE, termed REAPR (RDE Experimental Apparatus for
Polyfuel Rockets), a modification from our prior work THOR [11], has an outer diameter of 136 mm and a chamber
channel height of 10.7 mm. Gaseous Oxygen flows through a converging-diverging section with a throat gap of 1.42
mm. At a supersonic area ratio € = 1.18, where the free-stream Mach number is approximately 1.8, fuel is injected as a
jet-in-crossflow through 100 orifices spaced evenly around the azimuth, with each orifice milled with an end-mill of
0.6 mm to a depth of 0.4 mm. At € = 1.81, the expansion increases abruptly to ~7 by a backward-facing step (BFS).
Fuel and oxidizer are both metered using critical flow venturis with a flow rate uncertainty of ~2%. A schematic
representation of the chamber geometry is shown in Fig.[I] For these tests, the RDE is run at the stochiometric OF ratio
of 4.0, with a GOx mass flow rate of 1 Ibm/s and a CH4 mass flow rate of 0.25 1bm/s.

As a modular system, REAPR can be tested with both a 20 mm thick fused silica quartz outer-body as well as
an instrumented metal outer-body constructed from SS316. The instrumented outer-body enable low-frequency (5
kHz) pressure measurements using GE UNIK5000 pressure transducers with a capillary-tube attenuated pressure
(CTAP) arrangement. Low-frequency static temperature data is collected with thermocouples, and several ports on the
instrumented outer-body allow for high-frequency pressure transducers (PCB 113B21, 0-200 psia) to be flush-mounted
at various azimuthal and axial locations along the combustor. To enable seamless data acquisition and control during
each hot-fire, all sensors and measurements are triggered at the start of the process through a data acquisition and control
system (DACS). This DACS serves for condition monitoring and controlling the operation of the rocket engine (RDE).
The entire experiment is automated, incorporating precise timing for activities such as valve operations, pre-detonation
ignition, engine firing, and engine shutdown.

Fig. 1 Schematic of the radial-axial cross section of the flow path (reprinted from [12] with permission from the
authors).

This manuscript primarily centers on a singular experimental baseline condition. Although sweeps were conducted
across various conditions, the fundamental physics governing the propagation of the rotating detonation in the RDRE
case exhibited consistent behavior. Consequently, the baseline operating condition was chose with an oxidizer throat
mass flux of G, = 350kg/m?/s at a global equivalence ratio of ¢ = 1.0 or an O-F ratio of 4.0. While experiments
with O-F ratios of 3 and 5 were conducted, it’s important to note that the overarching physics discussed in this work
remained consistent across these variations.

B. OH-PLIF and Chemiluminescence Setup

The quartz outer-body provides the necessary optical access to permit high-speed imaging of chemiluminescence
from the detonation wave as well as fluorescence from laser-based excitation of target molecules in the chamber, as in
the PLIF images captured in this work. Readers are directed to [22]] for details on the layout and configuration of the
tunable OPO used to generate the requisite 284 nm light. In this work, the output 284 nm beam is measured to have



Fig.2 Schematic of the KTP-OPO for probing a range of target molecules including the hydroxyl radical, OH.

~300 uJ/pulse at 300 kHz to excite the target OH transition. The beam is then routed to the test cell and focused down to
the channel of REAPR. A Shimadzu HPV-X2 coupled to a Lambert Instruments UV HiCatt image intensifier with a 320
+ 20 nm band-pass filter to capture the OH fluorescence signal at approximately 310 nm. The intensifier is gated down
to 10 ns to suppress the background OH* chemiluminescence from the PLIF image. A Phantom TMX 7510 is coupled
to a Lambert Instruments UV-Visible HiCatt intensifier to capture the OH* chemiluminescence from the detonation
wave, with a gate width of 100 ns. The chemiluminescence FOV is reflected off of two UV-enhanced aluminum mirrors
to allow for simultaneous OH-PLIF and chemiluminescence. A schematic of the OH-PLIF setup is shown in Fig. 3]

Fig.3 Setup for the 300 kHz OH-PLIF imaging.

II1. Results and Discussion

The Results section is organized into three parts. The initial section offers a comprehensive overview of the
detonation structure observed in the § — x direction, as captured by the high-speed camera. The second part delves into
the propagation physics of the detonation wave under the baseline operating condition, using the 300 kHz imaging from
the OH* chemiluminescence camera. Notably, low levels of OH* were observed during the refill process, posing the
question of whether the observed deflagration is associated with contact surface interactions. To answer these questions,
the final section employs simultaneous orthogonal chemiluminescence (6 — x) and PLIF imaging (r — x), providing
three-dimensional insights. This approach reveals the origin of OH radicals and, notably, the experiment sheds light



on the levels of deflagration observed in an oxygen-rich environment. The section addresses the crucial question of
whether contact surface deflagration truly exists, or if the OH* observed in the chemiluminescence camera stems merely
from the product gases produced in the previous cycle. Furthermore, the last section aims to clarify the underlying
inconsistencies concerning the nature and origin of deflagration in these environments.

A. Detonation Structure Description

The baseline condition detonation wave behavior is described in brief. The velocity of the detonation wave was
observed to be approximately 2280 m/s (or 2.28 mm/us), which is approximately 95% of the Chapman-Jouget velocity
(C-J). This was determined using high-frequency pressure transducer measurements and cross-correlation analysis of
high-speed chemiluminescence images, similar to prior work [[11]]. For the analysis of detonation wave structure under
the baseline condition, a single image was selected using the 300 kHz OH* chemiluminescence, capturing the wave
as it enters the camera’s field of view (FOV). The camera exposure was set at 100 ns, during which the detonation
wave moved approximately 0.228 mm. This movement is an order of magnitude lower than prior and first visualization
of the detonation wave [23]], where the detonation wave traveled around 5-10 mm during the camera exposure. The
freeze-frame nature of the imaging setup ensures a true isolation of the flame front, eliminating smearing effects.

Fig. 4 Detonation wave structure of the Natural-Gas/GOx at the baseline condtion. Note that detonation wave
is bifurcated into two zones I and II, similar to the experimental results observed in the H,/Air case.

The detonation wave front indicates a noticeable zone separation in the axial direction, with the injection nearfield
(Zone I) having low luminosity at the leading front, and the injection farfield (Zone II) having a higher luminosity at the
leading front. This separation is attributed to (a) low static properties and (b) poor mixing in the injection nearfield, in
contrast with the high static properties and better mixing in the injection farfield. The converging-diverging oxidizer
inlet results in the supersonic injection of reactants ahead of the detonation wave, similar to our prior work on Hj-air
conducted in the same combustor [12} 24].

Furthermore, in the injection nearfield, the trailing Azimuthal Reflected Shock Combustion system (ARSC) is
observed. The combination of low-static quantities and poor mixing in this region results in the incomplete consumption
of all reactants at the leading detonation front. Hence, vitiated unburned reactants pass through the leading detonation
wave and undergo shock-induced combustion in the trailing azimuth shock system behind it. In Zone II, where
better-mixed reactants with higher static quantities prevail, a significantly larger fraction of reactants at the leading front
is consumed, leading to the absence of ARSC extension in the injection farfield. Detailed discussions on the origin of
the ARSC phenomenon can be found in the authors’ previous work [[12].

Additionally, natural gas fuel jets are visible in this image, unlike the prior hydrogen-air case [[24]. This visibility
suggests that the detonation wave wake has a higher pressure compared to the Hy/Air case (approximately 2x based on
C-J computations), resulting in a more pronounced backflow of burned gas.

In the next section, we’ll delve into the mechanics of how the detonation wave propagates, using the information
gathered from the 300 kHz chemiluminescence images.

B. Detonation Propagation Physics (300 kHz)
An image sequence of 60 images from the OH chemilumienscence is shown in Fig. [5] The image sequence is spaced
at 3.33 us and shows = 2 cycles of the detonation wave passage. The frame of each image is 82 X 48 mm respectively,



providing the scale of the images presented. Additionally, phosphorescence due to the PLIF laser sheet, from the quartz
glass used in this study, allows for a direct visual demarcation of the azimuthal location of the PLIF plane.

Fig. 5 OH Chemiluminescence images of detonation wave propagation at 300 kHz for 60 frames is shown. The
image interval in the vertial direction is 3.33 us and in the horizontal direction is 33 us respectively. The T

As mentioned in the previous section, the detonation wave exhibits axial variation in Zone I and II, with a notable
zone bifurcation leading to ARSC shock-induced detonation in the injection nearfield. Despite a high injector of >
2.0, where Ap is the differential pressure between the plenum and combustion chamber and P, is the chamber pressure,
the higher pressure in the wake of the detonation wave results in a significant backflow of burned gas.

A low-level chemiluminescence signal is observed between 66 — 165 us during the refill process forming a contact
boundary between cold reactants (absence of OH* - in the injection nearfield) and hot-products (presence of OH* in the
far-field). This signals indicates the presence of OH at the contact point of the entering reactants and the product gas
from the previous cycle exiting the system.

It is important to note that the presence of OH* does not necessarily imply the production of OH* (deflagrative
heat release), which would indicate ’contact burning’ prior to wave arrival and, potentially, be a major contributing loss



factor. However, as shown in the figure, the absence of an increase in OH* levels at the contact surface (Annotation A in
Fig. ) indicates a relatively subdued presence of contact surface deflagration as a loss mechanism. Further investigation
using the OH-PLIF and the simultaneous orthogonal OH* chemiluminescence will be considered in the next section for
furthe insights.

C. OH-PLIF of the detonation wave and refill process

Fig. [6]shows a 300 kHz image sequence of the OH flow field in the r — x direction providing the radial slice during
the entire detonation wave cycle. Att =0 us, we observe the presence of OH in the backward facing step, with admission
of fresh reactants from the injector.

Fig. 6 300 kHz image sequence of the OH-PLIF signal observed from the PLIF camera. The images presented
have indications of 1 full cycle with the detonation wave arriving at 110 us.

he presence of OH indicates the existence of hot products, either from the wake of the detonation wave or from
reactions occurring between the incoming reactants and the hot products. Conversely, the absence of OH during the
RDE operation can be attributed to cold reactants entering the RDE—an extrapolation based on the assumption that the
only cold medium in the RDE is the incoming fresh reactants.

As time progresses and refill occurs, a complex shear layer front with multiple features resembling vortex shedding
becomes apparent between the incoming fresh reactants and the products of the previous cycle. Notably, as time
advances, voids of OH—indicative of ’cold reactants’—begin to fill with OH radicals. This phenomenon can be
attributed to two factors: (1) entrainment of hot products by the cold reactants and (2) the production of OH due to
the mixing and local autoignition of the cold incoming fresh reactants. Nevertheless, it is evident that OH is indeed
produced in the injection nearfield with the admission of fresh reactants. At approximately. At~ 109us, he wave
reaches the PLIF plane. Subsequently, there is further OH production due to the ARSC combustion zone, although it is
challenging to observe this ARSC compared to the hydrogen-air case [12]]. It is also interesting to note that during the



Fig. 7 300 kHz simultaneous orthogonal imaging of the OH-PLIF (top) and OH* chemiluminescence (bottom)
during the refill process.



entire refill process, no OH-production was observed at th contact zone, indicating potentially the presence of either
uncombustible reactants or low local autoignition delay times of the fresh incoming reactants.

Post wave passage, the product gases are observed entering upstream of the BFS and into the plenum. This product
gas backflow is also noticeable in the chemiluminescence images, as depicted in Fig. @ and Fig. [5] Around ~ 150pus,
the reactants are observed being pushed outward, marking the commencement of the refill process for the next cycle.

While both the PLIF and chemiluminescence images indicate the presence of OH and OH*, respectively, the question
of substantial evidence for contact surface deflagration remains intriguing. A more comprehensive understanding
necessitates further investigation through simultaneous orthogonal measurements to paint a complete picture.

Fig. [7|shows the simultaneous orthogonal imaging of the OH* chemiluminescence (6 — xplane) and OH-PLIF
(r — xplane) and provides the 3D information on the detonation wave structure. The time sequence selected is aimed
towards understanding the contact deflagration zone observed in the chemiluminescence. The azimuth location of the
PLIF imaging is observed as a straigh line, due to the phosphoresence from the quartz glass, as mentioned earlier.

The chemiluminescence and PLIF images were median filtered and the chemiluminescence images were scaled up
by a factor of x10 in order to visualize the low level deflagration that forms the contact layer.

Evident from out previous discussion, the low level deflagration observed starts to advect downstream, from 33 us
onwards iwth increasing reactant refill. As the refil process progresses, OH is observed in the injection nearfield through
out the refill, however OH* is absent. At ~ 99us, presence of OH in the injection nearfield and absence of OH* at
the same axial location, near the BFS is evident. This OH signal presence could potentially be attributed to shear
layer-induced local deflagration of the reactants and the product gases. However, in the PLIF image, there is no distinct
zone at the periphery demarcating the ’OH-contact’ zone.

This observation is crucial for two reasons: Firstly, relying solely on conclusions drawn from OH* chemiluminescence
for assessing deflagration levels may be insufficient. OH, being a reaction intermediate that tracks flames, can be present
in locations where the excited state OH* may not be detected and is typical of only high temperature reaction locations
(> 1500K). Secondly, there is no observable evidence of OH production at the contact between hot products and cold
reactants at the axial refill height end. This indicates that the significance of contact burning as a major loss mechanism
might need to be de-emphasized, as other competing and confounding effects could impact the RDE performance and
operation.

IV. Conclusions
This preliminary investigation provides a detailed visualization of the turbulent combustion product field within a
Rotating Detonation Rocket Engine (RDRE) environment. The broad conclusion are as follows:

* The investigation revealed axial variations in the detonation wave structure, notably in Zones I and II, with a
distinctive zone bifurcation leading to the emergence of the Azimuthal Reflected Shock Combustion system
(ARSC) in the injection nearfield.

* The analysis of the simultaneous orthogonal OH-PLIF and OH* chemiluminescence images provided valuable
insights into the detonation wave refill process. The observation of low-level deflagration downstream during the
refill suggested potential local deflagration induced by shear layers between reactants and product gases.

* The detection OH in the injection nearfield near the BFS, while concurrently observing the absence of OH* at the
same axial location, suggests potential differences in temperature between the ’shear layer induced’ deflagration
and the hot products from the previous cycle. This discrepancy prompts a crucial inquiry into the reliability of
OH* chemiluminescence measurements as a tool for assessing deflagration, whether ahead of the wave or at the
contact surface.

* This discrepancy also emphasizes the importance of simultaneous orthogonal measurements for a comprehensive
understanding of the combustion processes in RDREs.

 Ultimately, these findings challenge the assumption of contact burning as a major loss mechanism, and aims to
shift focus on other competing and confounding effects may influence the RDRE performance and operation.
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