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Figure 4.8: Radial-axial OH-PLIF performed at Case 2 test condition. (a) Instantaneous broadband
chemiluminescence of detonation wave, showing the approximate azimuthal position of the PLIF
plane. (b) Spatial distribution of OH-PLIF signal a during the detonation wave passage event (c)
CFD model showing the azimuthal location at which temperature profiles were extracted (d)
Spatial distribution of temperature at various azimuthal positions..............ccccceevveveriieneese s 74

Figure 4.9: Evolution of mixing characteristics from the injection site (a) Radial/azimuthal
equivalence ratio contours at five, equally spaced, axial locations ahead of the detonation wave.
Two radial axial slices are taken, 15° apart azimuthally, showing the local equivalence ratio and
the Mach number at the hydrogen site. Statistical analysis is performed between these two planes
separated. (b) Normalized weighted distribution of local equivalence ratio showing the transition
from an unmixed (bimodal) distribution to a well-mixed distribution with increasing axial
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Figure 6.7: (a) and (b) shows the recovery process for the BFS at the low and high mass flux case.
(c) and (d) shows ther injector recovery for the ramp at high and low mass flux case respectively.
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ABSTRACT

Rotating detonation combustors (RDCs) provide a promising avenue for incorporating step
changes in thermodynamic efficiency improvements through isochoric heat release for gas turbine
and rocket propulsion systems. However, these systems have multiple challenges that need to be
addressed to realize practical pressure gain systems. Chief among them is the total pressure loss,
which can be caused by multiple processes including wake shock features, non-ideal detonations,
heat losses, mixed-mode heat release (deflagrative and detonative) and geometry-induced flow
losses. While multiple experiments in the past have used probe-based techniques and imaging
systems to characterize the flow losses, very few experiments have spatio-temporally resolved the
detonation structure and propagation using advanced high repetition rate optical diagnostics.

In this work, a novel high-pressure optically accessible RDC is designed and developed for
implementing advanced high repetition rate qualitative and quantitative laser-based diagnostics to
facilitate detailed detonation characterization in annular channels. The RDC uses axial-injection
of air and radial injection of hydrogen with full optical access extending from the oxidizer injection
plenum to the exit plane of the RDC. Several in-situ diagnostics are deployed to characterize the
three-dimensional propagation characteristics of detonation waves and their dependence on mass
flux, global equivalence ratio and geometry. In parallel to the experimental measurements, 3D
Unsteady Reynolds-Averaged Navier-Stokes (URANS), simulations are performed for this
geometry and were used in interpreting the experimental results.

By combining MHz-rate broadband flame chemiluminescence, MHz-rate OH planar laser-
induced fluorescence (PLIF), and URANS simulations, the complex 3D features of the non-
premixed detonation waves were characterized as a function of the rate of reactant mixing. Due to
the large fuel/oxidizer stratification in the injection nearfield within a non-premixed RDC, the
detonation in this region is relatively weak, with some unburned reactants passing through the
leading detonation wave and combusting in a trailing wave stabilized behind the leading wave via
an azimuthal shock-induced detonation. These results explain why the detonation in the injection
near field has a characteristic dual-wave structure over a wide range of mass flow rates. Further
downstream along the axial length of the RDC, the reactant mixedness improves, leading to a
single-wave structure with a higher detonation strength. While the freely propagating leading

detonation waves have a higher-pressure ratio across the detonation, a shock-induced trailing
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detonation has a relatively lower pressure ratio. The elucidation of the physical mechanism for
mixed-mode combustion of freely propagating detonation and shock-induced detonation leads to
a better understanding of the origins of non-ideal flow losses in non-premixed RDCs, particularly
in the context of complex shock-flow interactions occurring for due the dynamics of axial reflected
shocks that also affect the detonation wave structure. These imaging studies also reveal a non-ideal
cellular propagation of detonation waves around the annulus with cell sizes increasing with
increasing axial distance from the injection plane.

In addition to the experimental studies having reactant injection into a stepped combustor
chamber, a design with the reactants expanding fully into the annular channel via a ramped cross-
section was also designed and evaluated at the same operating conditions. This design eliminates
product recirculation regions induced by the backward facing step (BFS) of the stepped combustor
design. The detonation wave shape drastically varied in case of the ramp inlet geometry, compared
to that of the stepped inlet. Additionally, multiple trailing shock induced detonation waves were
observed, which leads to an overall drop in the C-J velocity for the ramp design at the same
operating conditions. However, the ramp-design provided a lower lean limit with stable operation
at lean conditions compared the stepped design, highlighting the sensitivity of the detonation wave
to the chamber annular geometry and the need to understand its impact on RDC performance.

To evaluate the propagation of combustion waves into the exhaust, and potentially into
downstream post-combustion devices, quantitative measurements of temperature were performed
in the exhaust of an RDC with a custom outlet plenum by using hybrid fs/ps rotational Coherent
anti-Stokes Raman (RCARS). Through the use of URANS simulations, extensive analysis was
performed to understand the uncertainty associated with RCARS in a detonating environment. The
experimental and numerical results show that the temperature variation in the exhaust is ~ 300 K
with both the numerical and the experimental results predicting a combustor pattern factor of ~0.20
and ~0.19 respectively, a nominal value similar to modern day Brayton cycle-based gas turbines.
These results show the utility of advanced in-situ optical diagnostics for understanding the

dynamics and performance implications of various RDC configurations.
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1. INTRODUCTION

Rotating detonation engines (RDE) are being considered as the propulsion and power generation
cycles for a new generation of gas turbines and rocket combustors because of their ability to sustain
constant volume combustion in a valve-less configuration. Detonative combustion promises
thermodynamic cycle efficiency improvements with the same class of fuels being used in the
propulsion and power sector currently [1-4]. Hydrogen is an ideal fuel for future gas turbine
engines due to its high detonability over a wide range of equivalence ratios and mass fluxes, as
well as zero carbon emissions. In the current state of the art, implementation of detonative
combustion is impeded by a host of challenges that need to be overcome. These challenges prevent
the realization of performance increases and the maturing the technology from a research scale to
large scale engine applications. Some of the challenges that are being addressed by different
combustion research groups include: combustion efficiency, thermal and heat management, inlet
loses through non-standard injection schemes, secondary flow loses, shock losses, prediction and
control of detonation fill height, limits of detonation, prediction of detonation structure, control of
direction of detonations, flashback and flame-holding in premixed zones, etc. [5-9]

The last two decades has resulted in several analysis techniques at various levels of
abstractions to understand the thermodynamic advantage presented by RDCs, which improves
cycle performance levels on the order of a few tens of percent. Among which, the time-independent
closed-cycle analysis approach developed by Heiser and Pratt [10] provides a means to understand
the upper bounds of traditional propulsion performance measures (Fhrust, SFC, Nthermal €tC.). Heiser
and Pratt’s model retains component level analysis of the Brayton cycle for all components
(diffuser, compressor, turbine, nozzle), except for the heat addition step (combustor).

A representative T-s diagram for the detonation, constant volume and constant pressure
combustion cycle is shown in Figure 1.1 (a). Station 0 -2 represents the isentropic increase in flow
enthalpy from diffuser/compressor system, station 2-3 represents three different modes of
combustion, and station 3-4 represents flow/expansion work output from nozzles/turbines. The
detonation cycle is clearly favored over the constant pressure and constant volume cycle due to
lower entropy generation at station 3 — the exit plane of the combustor. Heiser and Pratt use the
constraints of a Zeldovich-von Neumann and Déring (ZND) model for the detonation wave. The

ZND model assumes the detonation wave as a compound wave propagating through an
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undisturbed fuel-air premixture, nearly at rest, followed by the release of sensible heat in a

constant-area region (Rayleigh flow) as shown in Figure 1.1 (b).
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where Mc;is a function of the reactant thermodynamic properties of the reactants and the heat-
release from the reactants. While this analysis provides the necessary upper bounds on expected
cycle efficiency, there are multiple practical considerations that need to be addressed in the design
of RDCs. These include efficiency losses in the compressor, due to shocks, from incomplete
combustion, and in the exhaust due to nozzle inefficiency and non-uniform thrust across the nozzle
surface. Additionally, the ZND assumption of the detonation model assumes a premixed linearized
detonation wave. This approach discounts that practical RDCs have non-uniformities due to
stratification of the fuel-oxidizer mixture in the combustor annulus and that the detonation
propagation has curved wall effects and is highly three dimensional in nature, all of which cause a

significant departure from the ideal model.
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Figure 1.1: (a) Shows the cycle analysis for a detonation cycle, constant volume combustion
cycle (Humphrey), and constant pressure combustion cycle (Brayton). (b) The ZND detonation
structure.

Because of these non-ideal detonation conditions and the impact on RDC performance,
several researchers in the past have studied in detail the development of the structure of the
detonation waves in RDCs. For annular RDCs, the commonly used design is axial fuel injection
and radial oxidizer injection [5,11-14], and the alternate design comprises axial oxidizer injection
and radial fuel injection [6,15-17]. There are considerable losses in turning the bulk flow direction

from radial to axial; however, the complexity in obtaining optical access is minimal.
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Understanding the fundamental structure of the detonation wave is important for characterizing
the global behavior of the RDC. The coupled interactions of the geometry and the flow physics
have important implications on the structure of detonation wave, which in turn affects the
performance of these systems. Hence, to gain a richer understanding of detonation wave dynamics,
high-speed optical measurements are becoming more important. A commonly used optical
analogue of the RDC is a linear detonation channel with optical access [18-20]. These channels
have allowed the study of coupled detonation-plenum dynamics and injection recovery after wave
interaction. However, these single-shot experiments are unable to capture cyclic interactions of the
detonation exhaust products within an annular RDC [20-23]. Additionally, detonation physics
involving the ignition and consumption of reactants and the structure of detonation interaction with
curved surfaces are different in cylindrical RDCs in comparison to their linear analogues [24-27].

A hybrid approach is an obround RDC with two semicircular channels connected with two
straight channels [17,28]. However, the transition from straight to curved geometry in this design
causes more complex flow interactions in the transition from curved to straight walls that are not
fully understood and may not be representative of annular RDCs. Hence, optically accessible
annular test sections with a quartz outer-body are becoming more prevalent for studying RDCs
[11,16,29]. These test sections provide the most relevant conditions for studying detonation
physics in engine-representative environments. This approach is used for the design and evaluation
of the RDC described in the current work, with custom design considerations to allow complete
optical access for optical diagnostics from the inlet plenum to the exhaust.

1.1 Research Goals

This primary goal of this dissertation is to deploy advanced state-of-the-art laser diagnostics with

unprecedented spatio-temporal resolution in detonation environments to address open questions in
the current literature. These goals are summarized below:

e Understand the 3-D structure of detonation waves in non-premixed RDCs through spatio-

temporally resolved MHz-rate broadband and OH* chemiluminescence imaging. This

study aims to address the effects of mixture fill and stratification on the wave’s steady state

(limit cycle) behavior for non-premixed RDCs.
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e Investigate the effects of curved surfaces on the detonation propagation behavior and
provide insights into secondary combustion mechanisms including secondary waves,
deflagrative burning, and shock-induced detonation.

e Study the cellular propagation behavior in non-premixed RDCs and investigate their
departure from traditional soot foil measurements performed in premixed systems.

e Study the influence of channel confinement, recirculation zones, and trapped-hot gas zones
on detonation propagation behavior.

e Provide quantitative measurements on the exhaust plume dynamic temperatures for

downstream turbomachinery component integration.

1.2 Experimental Approach

In this work a novel optically accessible RDC was designed and constructed for deploying the
advanced laser-based diagnostics to understand the detonation wave propagation mechanisms and
structure. The details of the test-stand, and diagnostics that were used throughout this thesis are
described in this section.

The RDC has an axial air injection and radial hydrogen injection scheme. This injection
zone is followed by a backward facing step or a ramp that opens the channel to a 10.7 mm annular
gap. This design has optical access from the air-plenum through the exit of the combustor to study
the interaction of detonation wave with the injection manifold. MHz rate high speed imaging of
broadband chemiluminescence, MHz rate OH-PLIF and kHz rate CARS thermometry are
performed to obtain time resolved dynamics of the detonation wave. In addition to the experiment,
a 3D unsteady Reynolds Averaged Navier-Stokes (URANS) simulation is run for this RDC
geometry with a stoichiometric premixed hydrogen-air using a 1-step reaction model. Results from
these simulations provide an understanding of the flow features developed in RDCs of similar

injection configuration.

1.2.1 Test article and Test stand description

A cross section of the flow path with a metal and optical outer body is shown in Figure 1.2 (a)
and (b) respectively. The outer diameter of the test section is 135 mm and the length of the

combustion chamber section downstream of the backward-facing step (BFS) is 90mm. The
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combustor annular gap is 10.7 mm, which is comparable to other studies done for this class of
RDC [24,26,30]. Air is delivered from a plenum and is choked through a through a converging
diverging section at a throat gap of 1.45 mm. The diverging section has an expansion angle of 10
degrees. From the throat location, the channel is expanded at a constant rate until reaching an A/A*
= 1.16 where hydrogen is injected through individual holes in a jet in cross flow arrangement. A
10 mm deep plenum pocket feeds 100 milled slots of diameter 0.4 mm and depth 0.6 mm formed
between the copper fuel injection plate (red) and the air-throat contraction body (green) as shown
in Figure 1.2. Following this flat section where fuel is injected, expansion is continued until an
A/A* = 1.8 is achieved and the flow is subjected to a backward facing step leading into the
combustor annular gap of 10.7 mm. Downstream of the combustor section, the geometry is
expanded further from A/A* = 7 to A/A* = 10.9 to transition flow through a supersonic turbine.
Additional details of the turbine, which are beyond the scope of this study, are described in the
previous work [16]. An instrumented outer body is constructed from a 15 mm thick stainless-steel
(SS-316) cylindrical section, with instrumentation ports for measuring mean attenuated pressure

and surface temperatures.
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Figure 1.2: Schematic of the two configurations of RDC with an instrumented outer body and
a quartz outer body.
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The instrumented outer-body can be swapped with a quartz cylinder for visualizing the
propagation of detonations in the combustion chamber. The optical access of the combustor
extends from the air-plenum contraction to the exit plane of the combustor. Downstream of the
BFS, a 6 mm threaded port delivers a detonation charge to initiate the detonations in the RDC, as
shown in Figure 1.2 The entire RDC has a 50 mm radial clearance through the centerline axis for
delivering the ignition charge through a 1/8” tube. A picture of the RDC in operation is shown in
Figure 1.3.

Ox.
plenum
® =125mm

Fuel
Injection
> ~
Ring

11 mm
chamber
annulus

Figure 1.3: Picture of the optically accessible RDC during a test run. 4 x 1" tubes deliver air
radially inward into the air plenum. Fuel is injected from 100 holes at the interface of the
copper injection ring and the stainless-steel contraction.

By monitoring pressure and temperature upstream of ASME MFC-7M (Flowmaxx
Engineering) profile critical venturis [31], flow metering is performed on all fluid supply circuits.
Air is delivered radially into the oxidizer plenum through 4 equally spaced 1” diameter supply
lines. Fuel is supplied to a manifold block which redistributes the flow into 4 x %4” lines that supply
the fuel manifold at four locations. Two run valves are close coupled to the experiment for precise
time-controlled operation of the fuel and purge flows (< 30 ms accuracy). A stainless steel (SS-
316) predetonator block is fed with solenoid valve-controlled lines of hydrogen and oxygen. The
hydrogen and oxygen lines have respective check valves close coupled to the predetonator block.
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The spark gap of an aviation standard sparkplug (Auburn S1-140) is exposed to a small volume, in
the predetonator block, fed by the hydrogen and oxygen lines. On ignition of the propellants in the
predetonator block by the spark plug, the exhaust is carried out by an 1/8” SS tube and is delivered
to the predetonator ring in the RDC as shown Figure 1.2.

Data acquisition and control is performed using a NI DAQ sampling at 2 kHz. Pressure
measurements are done using a GE UNIK 5000 (+/- 0.1% FS) transducer which is located at a 10
cm standoff from static pressure port. Grounded K-type thermocouples are used for measuring the
temperature along the surface of the inner diameter of the RDC.

1.2.2 Diagnostics

For both the instrumented outer-body experiments and quartz-outer body experiments, a Photron
SA-Z camera with a 300 mm visible lens is used. This camera is focused on the combustion
chamber for exhaust plume visualization of detonations along the longitudinal axis by means of a

silver mirror mounted 12 feet away from RDC.
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Figure 1.4: Schematic location of test-stand and optical diagnostic equipment with salient
features marked. Tests are typically conducted with a 3-camera setup and the quartz outer-
body, with each camera runnina at speeds from 100 kHz up to 1 MHz. In the case of OH*
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This view determines the number of detonation waves, the speed of the detonation wave
and the dynamics during the startup transient and steady state operation. The SA-Z camera
exposure is set to 8.3 us while the repetition rate is set to 100 kHz. In tests conducted with the
quartz outer-body a Shimadzu HPV-X2 camera coupled with an image intensifier, Lambert
Instruments HiCatt 25 is used. A 105 mm UV lens is used in tandem with the intensifier and camera
configuration. The intensifier gates the chemiluminescence signal to short exposures (between 100
and 500 ns) while increasing the signal count. These short exposures provide instantaneous image
of the flame front with minimal displacement of the detonation during the exposure of the image.
Hydrogen-air flames have broadband chemiluminescence ranging from 250 nm to 4 um [32]. The
image intensifier has a quantum efficiency cut-off in the IR range above 850 nm. Hence when no
spectral filters are used the image intensifier captures emissions from 250 — 900 nm emanating
from hydrogen-air combustion. An optional 320 +/- 40 nm band pass filter (Semrock BrightLine
FF02-320/40-50) is used to spectrally separate OH* chemiluminescence from broadband flame
emission. The Shimadzu camera’s memory limits the capture of a maximum of 256 frames at any
repetition rate. This allows for a total capture time of 512 ps for 500 kHz repetition rate and 256
ps at 1 MHz Thus, images captured from the Shimadzu were during steady state operation of the
RDC, typically at 500 ms after the initiation of ignition. The RDC reaches steady state at 100 ms

after ignition.

1.2.3 Timing and test sequence

The test sequence involves a series of sequential control of valves and pressure regulators. The
timing diagram of different operations performed in the RDC is shown Figure 1.5. Prior to the start
of the test, the airflow is set to the appropriate mass flow rate. Nitrogen is purged through the fuel
circuit to keep the fuel injector system free of contaminants. At the start of the testt = 0 s, the fuel
run valve is commanded to remain closed while the nitrogen purge valve and predetonator
hydrogen and oxygen run valves open. At 100 ms, the fuel run valve is opened, and nitrogen purge
run valve closed simultaneously. This establishes hydrogen flow through the fuel circuit, which
primes the test section for testing. At 150 ms the sparkplug in the predetonator block is commanded
to start firing. This marks the start of the test. Simultaneously, Phantom v2012 cameras is
commanded to start recording at 100 kHz with a TTL pulse. The spark-plug fires for 100 ms before
it is turned off along with the predetonator fuel and oxidizer valves. At 500 ms after the initiation
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of spark, the Shimadzu camera is triggered to start capturing the 250 — 500 us evolution of
detonations at steady state. At 1.1 seconds after the initiation of spark, the fuel run valve is closed,
and the purge valve is opened. This marks the end of the test. Finally, the air flow and nitrogen
purge are stopped after sufficiently cooling the test section, typically 3 -5 seconds after the end of
the test. No additional abort thresholds are established since the test is intentionally aborted at the

end of the sequence.
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Figure 1.5: Timing diagram for RDC operation.

1.3 Thesis document overview

The work presented in this document is a culmination of the development of an optically accessible
non-premixed Hz-air RDC test platform with the implementation of high repetition rate diagnostics
that represent the current state of the art. This work provides the first measurements of spatio-
temporally resolved ultra-high-speed laser diagnostics at repetition rates of up to 1 MHz in these
highspeed aerothermal flows. The high repetition laser-diagnostics, combined with the URANS
simulations effort in collaboration with Profs. James Braun and Guillermo Paniagua, provides key
insights into the detonation wave behavior in non-premixed RDC. Sections 2, 3 and 7 appear in
the literature, Section 4 is under review and Section 5 and 6 are being compiled for publication in

the near future.
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A short description of the diagnostic implemented, and the scientific contribution of each

section is given below:

Section 2: MHz-rate OH* chemiluminescence measurements are performed in a non-
premixed hydrogen-air RDC. The scope of this section is to understand the three-
dimensional detonation wave structure by studying the radial-axial and radial azimuthal
structures of the detonation wave. Additionally, mass-flux variations were introduced to
study the wave response to increasing axial momentum.

Section 3: OH-Planar Laser Induced Fluorescence (OH-PLIF) at repetition rates of up to 2
MHz was performed for the first time and implemented in the radial axial plane of the RDC
by exciting the Q1(9) transition of hydroxy| radical. These measurements spatio-temporally
resolve the detonation wave passing through the radial axial plane, providing time resolved
3D structure of rotating detonations.

Section 4: MHz rate broadband chemiluminescence, simultaneous MHz rate OH*
chemiluminescence/OH PLIF, and results from URANS simulations were explored to
understand the role of mixture stratification in detonation wave structure. These results
provide the first detailed experimental evidence of a freely propagating and shock-induced
detonation in non-premixed RDCs.

Section 5: MHz rate broadband chemiluminescence was used to understand the cellular
propagation of hydrogen-air in a stratified reactant flow. Such cellular structures are not
typically apparent within highly non-uniform detonation waves within non-premixed
RDCs, and this work provides definitive evidence of their occurrence.

Section 6: MHz rate OH* chemiluminescence and OH PLIF are used to understand the
effect of confinement and the role of the product recirculation due to a backward facing
step at the inlet of non-premixed RDCs. These results indicate that the BFS design has a
single steep fronted detonation followed by an azimuthally trailing shock induced
detonation present only in the injection nearfield. While in the case of a ramp design, the
elimination of the BFS lateral relief leads to multiple detonation wave surfaces spread
azimuthally behind a relatively weak detonation wave. This lateral relief also helped the
detonation wave speed reach higher values in the BFS design as opposed to the ramp design.
Section 7: Hybrid fs/ps RCARS thermometry was carried out at 1 kHz repetition rate in

the exhaust of the RDC for the first time. Extensive theoretical analysis was performed to
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understand the uncertainty limits of this quantitative diagnostic in such highly dynamic
environment. Computed combustor pattern factor of 0.20 from the experiments closely
matched the pattern factor estimation from URANS simulations of 0.19, illustrating the

ability of such measurements to validate numerical predictions.

Sections 4 and 5 have manuscripts under peer-review for publication in Combustion and
Flame as full-length article and brief-communications, respectively. Section 6 is under

compilation for submission to Combustion and Flame for peer review.

The sections that appear in the literature are:

Section 2: Athmanathan, V., Braun, J., Ayers, Z., Fisher, J., Fugger, C., Roy, S., Paniagua, G.,
and Meyer, T. 2020. Detonation structure evolution in an optically accessible non-premixed H2-
air RDC using MHz rate imaging. In AIAA SciTech 2020 Forum. American Institute of

Aeronautics and Astronautics.

Section 3: Hsu, P., Slipchenko, M., Jiang, N., Fugger, C., Webb, A., Athmanathan, V., Meyer,
T., and Roy, S. 2020. Megahertz-rate OH planar laser-induced fluorescence imaging in a rotating

detonation combustor. Opt. Lett., 45(20).

Section 7: Athmanathan, V., Rahman, K., Lauriola, D., Braun, J., Paniagua, G., Slipchenko, M.,
Roy, S., and Meyer, T. 2021. Femtosecond/picosecond rotational coherent anti-Stokes Raman
scattering thermometry in the exhaust of a rotating detonation combustor. Combust. Flame, 231,
p.111504.
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2. DETONATION STRUCTURE EVOLUTION IN AN OPTICALLY
ACCESSIBLE NON-PREMIXED H2-AIR RDC USING MHZ RATE
IMAGING

Investigations of the structure of non-premixed rotating detonation waves and the influence of the
fuel-air injection system are presented in this work. A hydrogen-air rotating detonation combustor
(RDC) with optical access extending from the oxidizer injection plenum to the exit plane is used.
Via intensified high-speed cameras, the structure of propagating detonation waves is resolved at
frame rates up to 1 MHz. At high mass flux, weaker detonation zones are observed via broadband
chemiluminescence near the injection plane and stronger zones further downstream. The
detonation wave longitudinally couples with the injection plane and produces minimal observable
combustion product back-flow through the injectors. The axial variations in the detonation strength
are attributed to fuel stratification, mixing, and local variation in thermodynamic properties of the
mixture. The longitudinal coupling is attributed to periodic variations of the height of the
detonation wave. These phenomena are investigated for varying mass flux, which affects the
detonation wave structure and coupling with the injection plenum. Unsteady Reynolds-Averaged
Navier-Stokes simulations are used to complement the experimental observations and provide
insight into the fuel-air mixing and product flows for the same combustor geometry and conditions.
These investigations are part of ongoing efforts to understand the effects of combustor design and

operating parameters on combustion efficiency and RDC operation.

2.1 Introduction

Rotating detonation combustors, in which a rotating shock is continuously burning the reactants,
can theoretically lead to increased gas turbine cycle efficiencies from operating in a valveless
constant volume combustion [3,25,33,34]. Over the past decade, substantial research has been
performed to understand the flow physics within rotating detonation combustors over a wide range
of operating conditions for premixed as well as non-premixed systems, both numerically
[25,26,35-38] and experimentally [4,5,11,16]. Achieving pressure-gain combustion, however,
remains a challenge due to mixing inefficiency and pressure losses across the injector,
necessitating experimental investigation of these detonation structures in non-premixed RDCs. To

resolve kHz-rate detonation cycles, high frequency pressure sensors are typically used for
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experimental studies [21,39,40]. Alternatively, to optically characterize refill height, shock
structure, and parasitic combustion, linear or obround geometries with optical access have been
used [19,39]. However, to understand the detonation structures more fully in these systems, an
optical analog is preferred over linear and obround geometries since circular geometries preserve
the physics of detonation interactions with curved surfaces.

In this paper, an optically accessible RDC was built to investigate the dynamics of the
detonation wave with the injection system. This RDC’s unique optical access to the oxidizer
plenum provides real-time information on injection plenum coupling behavior and the associated
effects on RDC performance. High frequency chemiluminescence imaging was performed to
resolve the instantaneous flow features and describe the structure of the detonation waves, along

with complementary Unsteady Reynolds-Averaged Navier-Stokes (URANS) simulations.

2.2 Experimental Setup

2.2.1 Test Article Description

(a) (b)

Figure 2.1: (a) Schematic of the flow path of propellants in the non-premixed hydrogen air RDC.
Avrea ratios at salient locations are marked. (b) Close-up view from the boxed region in (a).

A schematic of the injector and combustion chamber flow-path is presented in Figure 2.1.
This RDC has axial air injection and radial hydrogen injection. The air plenum contracts to a throat
and the air flow is expanded at a 10° expansion angle into the combustion chamber. At an area
ratio (A/A*) of 1.2, 100 individual slots inject hydrogen in a jet-in-crossflow fashion. The non-
premixed reactants are expanded to an area ratio of 1.8 and a sudden expansion through a backward
facing step (BFS) increases the area ratio to 7. Downstream of the BFS, there is a 6 mm hole that
delivers a predetonation charge radially outward for ignition. The outer body of the RDC is
constructed from a 20 mm thick fused quartz cylinder to for optical access. The optical outer body

30



can be replaced by an instrumented outer body constructed from stainless steel to monitor RDC
operation. The mean annulus diameter is 125 mm, length from the BFS is 90 mm and the channel
gap is 10.7 mm, similar to other computational and experimental RDC investigations [11,24,26].

With the instrumented outer body installed, pressure data are collected at 2 kHz using GE
UNIK 5000 pressure transducers at multiple locations in the combustion chamber as well as in the
fuel and oxidizer manifolds. Slow response thermocouples are mounted at multiple locations to
track the heat load during the 1 second operation. Air flow and hydrogen flow are metered using
sonic venturis. The test sequence is automated using the National Instruments LabVIEW VI. The
test duration is set to 1 second for all test cases. The predetonator is fed with hydrogen and oxygen
and is initiated by a sparkplug. The RDC reaches steady state operation 40 ms after chamber
ignition and diagnostic data collection begins at 100 ms after ignition. Additional information on

the RDC geometry and operation are presented in a previous work [16].

2.2.2 Diagnostics
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Figure 2.2: Diagnostics Setup for capturing kHz and MHz rate images.

To capture the detonation evolution, CMOS cameras and two-stage intensifier are used to capture
broadband chemiluminescence in the RDC with a 105 mm /4.5 UV lens. For repetition rates up
to 100 kHz, a Phantom v2012 is coupled to a HiCatt intensifier. For higher repetition rates, the
HiCatt Intensifier is coupled to the Shimadzu HPV-X2 camera, as shown in Figure 2.2Figure 2.4.
The Shimadzu camera can capture images at repetition rates up to 10 MHz at full frame (250 x

400 pixels), while the intensifier is limited to 1 MHz. A protective steel barrier is used to protect
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the camera system in case of quartz failure. At all test conditions, the intensifier gate is set to 200
ns in order to prevent blurring effects from detonation wave motion during the exposure. During

this exposure it is estimated that the detonation wave would have moved less than 0.5 mm.

2.2.3 Test conditions

In this work, the RDC is operated at a global equivalence ratio of 1.0 with varying mass fluxes.
The oxidizer mass flux of the RDC is varied from 350 kg/m?/s to 750 kg/m?/s which corresponds
to an oxidizer flow rate of ~ 0.22 kg/s and 0.44 kg/s, respectively. The baseline condition is
established at G=750 kg/m?/s and a global equivalence ratio of 1.0.

2.3 Results
2.3.1 Mixing inhomogeneity in reactant flow field

To understand the qualitative mixing characteristics of the injection system, radial contour slices
of the local equivalence ratio are presented in. These slices are located 12° and 13.8° azimuthally
ahead of the detonation wave centered on a fuel injector site (Figure 3a) and in-between two fuel
injector sites (Figure 3b), respectively. A contour plot of Mach number is shown in Figure 3c
centered on the fuel injector site.

The reactant flow field can be qualitatively divided into two zones (Figure 3a). Zone |,
located from the BFS to ~25 mm axially downstream, contains very fast-moving fluid that is
mostly unmixed, and fills a radial fill of 4-5 mm from the outer diameter of the annulus. Zone II,
located from ~25 mm to ~50 mm downstream of the BFS, has slower and relatively well-mixed
reactants that fill the entire 10.7 mm radial depth of the annulus. The fast-expanding jet in Zone 1
interacts with the shear layer from the previous product gas in the recirculation zone formed behind
the BFS (Figure 3a). Zone Il is characterized by reactants at lower Mach numbers. This is the result
of the transient refill process and recovery of the injectors directly after the passing of the
detonation wave. The high static pressure after the detonation wave instantaneously induces low
injection velocity for the fuel and the air injectors. The static pressure in the combustor slowly
decreases due to product gas expansion through the exit and the annulus, allowing injector
recovery. This periodic unsteady interaction leads to cycle-to-cycle variations in the reactant refill

process and affects to the propagation of the detonation wave, as will be discussed further below.
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The lower velocity in Zone Il also provides a longer axial residence time for mixing the reactants,
resulting in local equivalence ratios of ~0.8 — 2.0. The small region of fuel-rich equivalence ratio
observed in Zone 1l is potentially due to variation in the recovery time of the fuel and air streams
after the passage of the detonation wave. The implications of this stratified fuel-air mixture on the

structure of the detonation wave are discussed below.

Radial slice at the hydrogen injector
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Figure 2.3: Radial-axial slice of the reactant jet ~10 ° azimuthally ahead of the detonation
wave. (a) Local equivalence ratio centered on a fuel injector and (b) local equivalence ratio
in-between two injectors. (c) Mach number contour centered on a fuel injector
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2.3.2 Axial variations in detonation structure:

For non-premixed systems, the fuel and air streams entering the RDC from the injection system
require a certain mixing length downstream of the backwards facing step (BFS) to form a well-
mixed flow. A sketch of the hydrogen mass fraction for the baseline condition (G = 750 kg/m?/s,
¢ = 1.0) is depicted in (a) of a preliminary three-dimensional URANS simulation in which the fuel
slots and air plenum are separately modeled. The URANS simulation images present depict the
temperature and concentration present at the outer wall of the RDC Region A encompasses the
mixing region and we observe the presence of fuel stratification in the tangential direction, with
alternating zones of fuel-rich and fuel-lean regions which allow the detonation wave to propagate.
This fuel stratification (and subsequently equivalence ratio stratification) is caused by the discrete
fuel injectors. Fuel stratification is minimized further axially downstream, as the fuel and air mix
(region B). Thus, a monotonic increase in mixing takes place in the axial direction. The mixing
length increases with increasing mass flux. In addition, the high-speed underexpanded reactant jet
entering the system has a lower static pressure near the BFS (region A). Axially downstream, the

shear layer interactions slow the reactant momentum, leading to an increased static pressure zone

(region B).
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reflected
shock

I 0 2000

(a) Normalized [H,] () Temperature (K) (©)

Figure 2.4 Preliminary URANS simulation results showing normalized hydrogen mass fraction
(a) and temperature (b). Instantaneous image of detonation structure formed shows axial
variations in intensity of the detonations wave.

Thus, two different zones of reactants are present ahead of the detonation wave. Region A contains
low static pressure reactants which are relatively unmixed, while region B has high static pressure

and relatively well mixed reactants. This leads to a detonation wave formation with an axial
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variation in detonation strength, as shown in Figure 2.4 (c). Region A in Figure 2.4 (c) shows a
relatively weaker detonation wave marked by low luminosity. However, region B is characterized
by a stronger detonation wave, marked by high luminosity as opposed to region A.

This axial variation in detonation strength leads to complex combustion product gas
interaction. The shear layer between the product gas of the strong zone and weak zone, which have
higher and lower static pressure respectively, leads to an oblique shock system formation at this
interface as marked in Figure 2.4 (c). These mixing and aerodynamic features are exacerbated with
increasing mass flux. It is noted however, that the average detonation wave velocity is the same
for Region A and B. This suggests a strong coupling between the stronger and weaker zones of the
detonation wave despite the variations in local equivalence ratio and static pressure which
influence the wave propagation speed.

Another key observation is the chemiluminescence in the azimuthal reflected shock behind
region A. For annular gaps over 10 mm, an azimuthal shock system is formed behind the
detonation wave due to the curvature of the channel gap, as predicted by various numerical
simulations [24,26,30]. Evidence of this azimuthal shock reflection is absent in region B but clearly
observed by marked chemiluminescence in region A as shown in Figure 2.4 (c). It is suggested
that due to the un-mixedness in region A, pockets of unburned fuel and air pass the detonation
wave. These pockets of unburned vitiated fuel and air are compressed in the azimuthal shock
system which causes an increase in static pressure and temperature and provide a zone for shock
induced supersonic combustion. In region B, however, due to the well mixed reactants present
ahead of the detonation wave, the detonation wave consumes all the available reactants. Hence
there is no chemiluminescence present in the azimuthal shock system trailing region B. Thus, a
combination of isochoric heat release from freely propagating detonation and ‘shock-induced’
detonation exists for this geometry. And the quantification of these phenomena is vital to

understand all underlying loss mechanisms and eventual pressure gain of the system.

2.3.3 Radial variations in detonation structure

The head on view of the detonation wave also shows a variation in chemiluminescence the radial
direction in region A and B. Figure 2.5(a) plots the phase averaged chemiluminescence obtained
when the detonation wave passes through the head on section view providing information on radial

structure of the detonation wave (baseline condition). Figure 2.5(b) illustrates the distribution of
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hydrogen concentration from a premixed URANS simulation system at the baseline condition.
Near the BFS, in region A, the reactant fill depth is on the order of 4-6 mm, while in region B, the

reactant depth fills the entire channel gap of 10.7 mm.

Contour plot of hydrogen concentration
upstream of detonation

Previous Reactant
Underex. cycle products fill
panded jet
o I T !
(b) Normalized [H,]

Figure 2.5: Radial flow structure formed in non-premixed systems.

Thus, the detonation wave in region A has relatively lower three-dimensional effects as opposed
to the wave in region B. The products of region A can expand azimuthally, as well as axially.
Chemiluminescence evidence of combustion product back-flow is faint and minimal, as observed
in the zone marked C in Figure 2.5 (a) (yellow line locating the BFS). Hence, for non-premixed
RDCs operating at high mass flux, there is a relatively low combustion product backflow compared
to the lower mass-flux case. However, lower temperature products (< 1500 K) that do not produce
any chemiluminescence can still stop injection of reactants and mix with the fresh incoming
reactants. Further investigation is required to quantify this coupling behavior of the injection

plenum and combustion product backflow.
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2.3.4 Mass flux variation effects

Three different mass fluxes were investigated to study the interaction of the detonation wave with
the injection system. The global equivalence ratio was maintained at ¢ = 1.0 for all the three cases.
Phase averaged images from 100 kHz imaging of intensified broadband chemiluminescence for
mass flux of G = 350 kg/m?/s, 450 kg/m?/s and 750 kg/m?/s are presented in Figure 2.6Figure 2.6.
The images used for phase averaging were required to have at least 95 % of cross correlation
overlap with each other. The intensifier gate for each image was set to 200 ns to minimize blurring
due to wave motion during exposure period. The BFS is marked with a dashed line. Two notable

and distinguishing features are observed.

— 10 mm

-

(a) G =350kg/m?/s (b) G=450kg/m*/s (c) G=750kg/m?/s

Figure 2.6: Phase averaged chemiluminescence images of detonation structure for three different
mass fluxes at global equivalence ratio of 1.

The first feature is the backflow upstream of the BFS. For the low mass flux case, hot
product back flow is observed (label A, Figure 2.6(a)). At the intermediate mass flux case, there
is visible chemiluminescence upstream of the BFS while the high mass flux case has the lowest
chemiluminescence observed suggesting low hot product back flow. At lower mass fluxes, lower
injection pressure and early onset of mixing owing to low momentum injection causes the
detonation wave to be stationed close to the BFS. This case also exhibits a relatively invariant
detonation field in the axial direction. In contrast, the detonation wave in the high mass flux case
displays axial variations in detonation strength due to fuel stratification and high-momentum axial

flow.
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The second notable feature is the azimuthal and transverse variation in the detonation
structure. In Figure 2.6 (c), a widening of the transverse feature is clearly observed. The brightest
portion of the detonation wave exhibits transverse motion which manifests as a large lobe (label
B, Figure 2.6) in the phase averaged image. This variation is attributed to the injection coupling
with the detonation wave. This behavior is absent at lower mass fluxes due to shorter response
time of the product gas from the detonation front interacting with the injection system.
Longitudinal coupling modes have been proposed as explanations for phenomena observed using
pressure transducers in previous studies [15]. This mode coupling plays an important role in
injection manifold dynamics and consequentially affect the stability and efficiency of detonation

WwaVes.

2.3.5 Detonation structure evolution using MHz rate imaging.

The propagation of detonation wave at the baseline condition using 1 MHz rate imaging is shown
in Figure 2.7. The time between each shot is 1 ps while the exposure of each frame is 100 ns, much
shorter than the previous cases. The FOV is 83 mm x 83 mm and image transformation was not
performed to “‘unwrap’ the cylinder. At the start of the image sequence, we can see a tall detonation
structure with a bright zone near the well mixed zone. As the detonation wave propagates through
the channel, relevant structures appear, as described in the previous section, with a weak detonation
zone near the BFS and a strong detonation zone downstream. Between t = 15us and t= 24 pus, we
observe the stronger detonation zone propagate upstream towards the BFS. This transverse
oscillatory behavior is attributed to the variation in refill height between cycles. We also observe
the azimuthal shock system (t =26us), which is located near the BFS due to vitiated burning of
unburned reactants in the shock system, as described in section (i). A shock interaction is also
observed between the products of strong detonation zone, the azimuthal shock system, and the
weak detonation zone (marked at t = 33 ps). At t =30 ps, the initial injection recovery marked by
the absence chemiluminescence near the BFS appears, however, further interactions from the
strong detonation zone influence the injection process in a periodic fashion after initial injection
recovery. This interaction leads to the variation in refill height which in turn leads to longitudinal
oscillation coupling between t = 15 ps and t = 24 ps. Thus, MHz rate imaging provides a detailed
understanding of the flow features involved in non-premixed RDC, and the interaction of

detonation and injection system.
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Figure 2.7: MHz rate broadband chemiluminescence images of detonation wave propagation at
baseline condition.

2.4 Conclusions

An optically accessible RDC is used to study the structure of detonation wave and their interactions
with the injection plenum in non-premixed systems. At high mass fluxes, the non-premixed
detonation waves have an axially variant detonation strength which is attributed to (a) fuel
stratification and poor mixing near the injection plane and better mixing further downstream, (b)

low static pressure near the injection plane caused by high momentum flow and high static pressure
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further downstream due to shear layer interactions and (c) a radial fill depth increase with axial
length due to sudden expansion from the injection plane to the combustion channel. The
aforementioned effects cause a weakly propagating detonation wave near the injection plane with
a stronger detonation zone downstream. A first account of visualization of an azimuthal shock
system was presented. Chemiluminescence in the shock system was attributed to the vitiated
unburned reactants combusting in the shock system. The detonation injection coupling varies
dramatically by varying the oxidizer mass flux. Two observations are made (a) Mass flux is
inversely proportional to the amount of product back flow into the injection system (ii)
Longitudinal mode coupling with the injection is proportional to the oxidizer mass flux in axial
flow RDCs. MHz rate imaging provided a global understanding of detonation wave propagation

and their interactions with the injection system.
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3. MHZ-RATE OH PLANAR LASER-INDUCED FLUORESCENCE
IMAGING IN A ROTATING DETONATION COMBUSTOR

MHz-rate hydroxyl radical planar laser-induced fluorescence (OH-PLIF) was demonstrated in a
hydrogen/air rotating detonation combustor (RDC) for the first time. A custom injection-seeded
optical parametric oscillator (OPO) pumped by the 355-nm output of a high-energy burst-mode
laser produced narrowband pulses near 284 nm for OH excitation. The system generated sequences
of more than 150 ultraviolet pulses with 400 pJ/pulse at 1 MHz and 150 pJ/pulse at 2 MHz. The
order of magnitude improvement in the repetition rate over prior OH PLIF measurements and in
the number of pulses over previous MHz burst-mode OPOs enables spatiotemporal analysis of

complex detonation combustion dynamics.

3.1 Introduction

Over the last half century, planar laser-induced fluorescence (PLIF) has been widely used for the
measurement of flow structure [41], species concentration [42], temperature [43], and velocity [44]
in non-reacting and reacting flows. PLIF has several advantages over other flow-structure
diagnostic techniques such as Rayleigh scattering and Schlieren imaging, because of its high
spatial resolution, the minimum impact of laser scattering from the model surface, and a high
fluorescence yield of key combusting species. This enables measurement of minor species that
play a critical role in chemical-kinetics mechanisms for combustion and detonation, such as OH,
CH, CH20, NO, CN, H, and O [41]. A typical PLIF experiment requires only a single laser sheet
and can be extended to three-dimensional imaging via volume illumination [45]. The addition of
PLIF tracer molecules can also be used for mixture-fraction imaging [46] and studies of supersonic
and hypersonic boundary layers [47]. Almost all the aforementioned species share a common
spectroscopic feature: their spectral transitions from the ground-electronic state to the first few
excited states lie in the ultraviolet (UV) wavelength range. This means that an excitation laser
tuned to the UV wavelength via dye lasers or optical parametric oscillators (OPOSs) is required.
Previous state-of-the-art OH PLIF measurements at rates of 50-100 kHz were performed initially
using a burst-mode OPO [48,49] and later up to 50 kHz using diode-pump solid state (DPSS) lasers

pumping a dye laser [50]. This allowed temporally correlated, spatially resolved temperature
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measurements in turbulent subsonic flows with moderate Reynolds (Re) numbers. However, this
measurement speed is insufficient for investigating highly turbulent and transient flow dynamics,
such as combustion in detonating or hypersonic flows. The rotating detonation engine is an
advanced propulsion concept in which detonation waves propagate through premixed or non-
premixed reactants in an annulus at typical velocities greater than 1500 m/s. Recent MHz-rate
chemiluminescence imaging in a rotating detonation combustor (RDC) revealed highly dynamic
flow phenomena that belied a complex non-uniform detonation-wave structure which could not be
resolved by the line-of-sight averaged nature of the measurements [51]. The advent of ultrahigh-
speed burst-mode laser technology, which can generate approximately 100 times more pulse
energy at high repetition rates as compared to continuously pulsed lasers (e.g., DPSS), provides a
potential pathway for spatiotemporally resolved measurements of the detonation-wave structure
using PLIF at measurement speeds of 100 kHz—1 MHz [46-49]. A solid-state OPO and harmonic
frequency conversion can then be used to generate narrowband UV output for excitation of
combustion radicals at repetition rates that would otherwise induce photobleaching and thermal
degradation in other tunable sources such as dye lasers [52,53] . Prior demonstration of a burst-
mode OPO for MHz NO PLIF in a nonreacting boundary layer within a NASA Mach-10 wind
tunnel by current authors was limited to a sequence of 10 pulses over a 10 s measurement window
[47]. In addition to lacking the measurement duration to track fast transient combustion events
such as detonations and flame instabilities in novel propulsion systems (e.g., typical single RDC
cycle ~245 ps), this approach required high levels of NO seeding as a tracer species. Prior to the
current work, PLIF imaging of native combustion intermediates, such as the hydroxyl radical (OH),
in RDC flow fields has been limited to 10 Hz [54].

This paper describes an order-of-magnitude advancement in the duration of MHz-rate PLIF
sequences of more than 150 images using a custom-designed, narrowband tunable burst-mode
OPO coupled with an intensified ultrahigh-speed CMOS camera. Per pulse energies are also higher
(400 pd/pulse at 1 MHz and 150 pJ/pulse at 2 MHz) and enable sensitive detection of native OH
radicals in highly transient combustion environments. This is demonstrated for measurements in

an optically accessible RDC with detonation wave speeds exceeding 1500 m/s.
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3.2 Experimental setup
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Figure 3.1: (a) Major components of the setup and their arrangement in the laser laboratory and
the test cell. OPO - optical parametric oscillator; RDC — rotating detonation combustor. (b) OPO
layout. M3 and M4 — OPO cavity mirrors, M2 — OPO pumping mirror, M5 — OPO pump
double-pass pump mirror, A/2 — half waveplate, BBO1 — OPO BBO crystal 32° cut, BBO2 —
BBO mixing crystal 43° cut, Ol — optical isolator.

The experimental setup for performing MHz-rate OH-PLIF measurements in the RDC is shown in
Figure 3.1, including the burst-mode laser, OPO, high-speed camera, intensifier, and RDC layout
in (a), as well as a detailed schematic of the OPO in (b). The fundamental beam from the high-

energy MHz-rate burst-mode laser (Spectral Energies, QuasiModo) [55] was frequency tripled to
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produce pulses of approximately 40 mJ/pulse and 5 ns at 355 nm with a laser linewidth of less than
300 MHz at this wavelength. The burst-mode laser also generated a second-harmonic 532-nm
output of ~20 mJ/pulse for use in sum-frequency mixing (SFM) with the output of the OPO down
to 284 nm. The OPO wavelength was tuned to excite the Q1(9) transition in the (1, 0) band of the
OH A23—X?II system. To increase the efficiency of the OPO conversion process at 1 MHz, the
size of the 355-nm pump beam was reduced from 8 mm to 6 mm using a telescope. At 2 MHz, the
conversion efficiency and stability were maintained by reducing the pulsewidth to 2.6 ns. The OPO
consisted of one Type-1 beta-barium-borate (BBO) crystal that was cut at an angle of 32° to the
optical axis. The length of the crystal was 12 mm, with an 8 x 8 mm? cross-section. The crystal
surface was AR coated to reduce scattering loss at the pump and OPO signal/idler wavelengths.
The cavity employed a broadband high reflector and a 20%-reflective output coupler for signal
and idler generation in the wavelength ranges of 600-620 nm and 820—-870 nm, respectively. Thus,
both the signal and idler beams were amplified in the linear cavity. A retroreflector for the pump
beam was placed after the output coupler for OPO gain in both the directions of signal and idler
propagation.

To increase the OPO output efficiency at low pump energies, the total cavity length was
limited to ~4 cm. A narrow-linewidth, single-frequency, external-cavity diode laser (Sacher, Lion)
was used to injection seed the cavity through an optical isolator at the idler wavelength of ~850
nm. After the OPO cavity, the output OPO signal beam was sum-frequency mixed with the residual
532-nm beam from the burst-mode laser in a 10-mm-long BBO crystal (0=43°).

The generated 284-nm beam propagated ~20 m from the laser lab to the optical RDC. The
beam was formed into a ~80-mm-long light sheet using a spherical (f = 300 mm) and cylindrical
(f=-75mm) lens pair entering normal to the quartz cylinder and at an angle of 45° with the camera.
Because of the curvature of the 0.83” thick quartz window, the object plane was adjusted to be in-
line with the camera axis. The PLIF spatial domain enabled tracking of OH upstream of the
injection system to near the RDC exit plane. The resultant fluorescence was imaged at 1-2 MHz
using a Shimadzu HPV-X2 camera equipped with a high-speed image intensifier (Lambert
Instruments, HiCatt 25) and a 45-mm /1.8-UV camera lens (Sodern, UV-Cerco). A 320 +/- 20-
nm band pass filter (Semrock, FF02-320/40-50) was used to help spectrally separate the OH-PLIF
signal from broadband flame emission and laser scattering. The intensifier gate was set to a 40-ns

exposure time to further minimize broadband flame emission and prevent motion blur (< 2 pixel)
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from ultrafast motion of the detonation wave. The Shimadzu camera can capture a total of 256
interlaced images of 400 x 250 pixels at framing rates of up to 10 MHz, which allowed recording
of an entire detonation cycle (~245 us) at 1 MHz. The PLIF image resolution was ~300 pum/pixel.
Image acquisition of detonation waves were started 500 ms after the start of RDC operation, well
after the detonation waves reached stable limit-cycle behavior within each 1 s test.

The RDC rig in the current experiment used ambient temperature air and hydrogen fuel.
The air was injected from a circumferential slot located on the outer diameter (Figure 3.1(b)). The
hydrogen fuel was injected as a jet in crossflow into this air stream using 100 discrete orifices. The
detonation waves were initiated in the annulus (Dmean = 125 mm) using a predetonator blast at the
beginning of the test. Once initiated, the detonation wave propagated in the azimuthal direction
around the annulus (see Fig. 3c), with a mean tangential velocity of ~1540 m/s and a cycle
frequency of 4081 Hz, corresponding to a period of 245 ps. Additional details of the RDC
geometry and its operation are presented in [16]. A global equivalence ratio of 1.0 was chosen
with an air-injection mass flux of 750 kg/m?/s. The outer body of the RDC was a transparent fused

quartz cylinder, providing optical access to the annular injection system and combustion channel.

3.3 Results
3.3.1 OPO characteristics

The characteristic features of the MHz-rate burst-mode OPO laser output are shown in Fig. 2. The
conversion efficiency of the OPO at 609 nm is plotted in Figure 3.2(a) as a function of pump
energy. The data show that OPO conversion efficiency reaches ~11 % and ~3 % at 1 MHz and 2
MHz repetition rates, respectively. The lower conversion efficiency for the 2-MHz rate results
from the low pump energy. To improve 2-MHz OPO conversion efficiency and stability, the pulse
width is reduced from 5 ns to 2.6 ns, resulting in ~3.5% conversion efficiency. The temporal
profiles of the burst-mode laser 532-nm pulse and OPO signal pulse, together with the relative
time delay between them, are shown in Figure 3.2(b). The delay was optimized for maximum SFM.
The pump (355 nm) temporal pulse profile is nearly the same as that of the mixing beam (532 nm).
Typical burst profiles including individual pulse energies from the burst-mode laser, OPO, and
SFM for a 150-ps burst duration at 1 MHz and 110 us at 2 MHz are displayed in Fig. 2c and 2d,

respectively. The burst duration was limited to ~150 ps because of the limited camera frame

45



recording provided by the Shimadzu camera and to avoid damage to the OPO optics due to the
high total energy in the burst. Approximately 400 pJ/pulse (>150 pulses) and 150 pJ/pulse (>220
pulses) at 284 nm were generated for the 1 MHz and 2 MHz cases, respectively. The pulse-to-
pulse standard deviations for 1-MHz and 2-MHz 284-nm pulse train across the burst (after
reaching a plateau) are ~6.1 % and ~25 %, respectively. The observed high fluctuation in the 2-

MHz OPO pulse train results from operating the OPO near the pump intensity threshold.
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Figure 3.2: (a) OPO output conversion efficiency as a function of pump-pulse energy (5-ns
pulse). (b) Temporal profile of OPO signal output and burst-mode 532-nm laser pulse at 1 MHz
and 2 MHz. (c, d) Burst profile of the corresponding 1-MHz and 2-MHz outputs from burst-
mode laser (355 nm, 532 nm), OPO (609 nm), and SFM (284 nm).

3.3.2 OH-PLIF in RDC annulus

The developed MHz OH-PLIF imaging system allows tracking of the flame reaction zone structure
and combustion dynamics with to elucidate the physics and chemistry of the RDC. Figure 3.3 (a)

and (b) show the PLIF interrogation region geometry in the RDC, and Figure 3.3(c) shows a
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selected sequence of sixteen images (out of 150). The images were corrected for background and

camera noise, image distortion, and laser beam profile nonuniformity.

~ Laser sheet

Glass outer cylinder

Figure 3.3: 1-MHz OH-PLIF imaging an RDC. (a) The laser sheet orientation relative to the
propagating detonation wave. (b) A cross-section of the annular RDC that is normal to the
detonation propagation direction, with major parts indicated. (c) Partial time-lapse image

sequence showing the variation of RDC flame reaction zone structure. The color bar represents
the relative OH signal in arbitrary units.
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Across the time period shown in Figure 3.3 (c), the flow field evolution can be separated into three
primary phases. The first phase captures air-fuel mixture refilling the combustor channel (37-42
ps). As the flow enters the channel, Region 1 (see the first frame of Figure 3.3 (c) for the indicated
regions) identifies a recirculation zone created by the sudden flow expansion from the geometric
step and is filled with combustion products from the previous cycle (i.e., OH) [16,51]. The
observed OH signal magnitude in the Region 1 is low as the freshly injected air and fuel are
entrained into the recirculation zone. Region 2 is an area devoid of OH and signifies the unreacted
air-fuel mixture, which arrives from the inlet stream above Region 1. Regions 3 and 4 identify
deflagration and combustion products that are advancing towards the combustor exit. The large
differences in the observed OH signals and gradient levels suggests that Region 3 is subject to
lower of deflagration along the interface of Region 2 (fresh air and fuel) with the much hotter
combustion products from the previous detonation cycle (Region 4).

The second phase is the passage of the detonation wave, rapidly consuming the reactants
and producing OH (43-46 us). At 43 us, Regions 1 and 3 show a sudden increase in OH signal in
broad spatial regions, marking the arrival of the detonation-wave combustion products. The early
arrival of the combustion wave in the recirculation zone of Region 1 and the end of the refill zone
in Region 3 can be attributed to the presence of hot combustion products that increase temperature
thereby increasing the speed of sound. Hence, the detonation-wave structures in Regions 1 and 3
propagate ahead and consume the partially mixed reactants and leads the remaining detonation
wave front in Region 2, which shows combustion products by 46 ps.
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Figure 3.4: Temporal evolution of integrated OH intensity in the four regions shown in Fig. 3c.
The gray rectangle indicates the time window shown in Figure 3.3 (37-52 us).
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The third phase shown in Figure 3.3 (c) describes the flow field immediately after the passage of
the detonation wave (47-52 ps). At 47 s, islands devoid of OH (e.g., within the white circle) are
observed indicating unburned pockets of air and fuel. As time progresses, these pockets
progressively shrink and are converted to OH, showing the existence of a highly three-dimensional
detonation wave. Additionally, beginning near 48 ps there is OH upstream of the step (dotted circle)
coinciding with the passage of the detonation wave. This indicates that a small fraction of the
combustion products is forced into the injection system to mix with fresh reactants, due to the high
pressures behind the detonation wave momentarily reversing the injection pressure gradient and
stopping the inflow of reactants.

Figure 3.4 shows the integrated OH intensity time profiles of the four regions shown in
Figure 3.3 (c). The RDC flame structure is associated with a large dynamic range of time scales.
Region 1 shows the first rise in OH intensity in the first phase (37—42 pus), with Region 2 appearing
next at (43-46 ps). While Region 3 has a similar rate of increase in OH signal as Region 2, its
initial low intensity appears as a delayed arrival until after Region 2. All three regions display large
intensity gradients due to the detonation wave passing through the PLIF plane, capturing the
detonation propagation and primary fuel consumption behavior in a time window of about 15 ps
for Region 1 and about 5 ps for Regions 2 and 3. Conversely, on a sub-millisecond time scale (1-
40 ps and 50-140 ps), the RDC prepares a fresh fuel-air mixture for the subsequent detonation
passage. Together with these events are changes that occur over a wide range of timescales. For
example, Region 2 displays a sharp decrease in OH at 20—40 ps, indicating rapid dilution of the
recirculation zone OH with fresh fuel and air, thereby enabling strong combustion at this location
when the detonation wave passes through it.

Compared to recent chemiluminescence imaging of RDC diagnostics [11,12], the
demonstrated MHz-rate OH-PLIF can visualize and track the spatiotemporal evolution of the
recirculation region and combustion products (e.g., Regions 1-4), which cannot be resolved by
line-of-sight averaged techniques such as chemiluminescence imaging. Of particular note is the
initial propagation of the detonation wave closer to the inner radius of the annulus (as evident by
comparing images from 42-43 ps), followed by propagation with intense OH signals at the outer
radius thereafter. Such detonation-wave dynamics and spatial structure can provide detailed insight

on the under lying physics, as well as data for validation of high-fidelity numerical simulations.
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3.4 Conclusions

This work shows the potential for MHz OH-PLIF imaging to enhance understanding of highly
dynamic combustion phenomena at speeds exceeding 1500 m/s. The measurement speed is ten
times faster than previous OH-PLIF experiments in turbulence flames [49]. The proposed system
generates more than fifteen times the number of pulses with higher per-pulse energies as compared
to previous MHz-rate burst-mode OPOs [47]. The OPO conversion efficiency, pulse
characteristics, burst profile in time, and frequency conversion to the UV are described for rates
up to 2 MHz. OH-PLIF images presented here reveal cross-sections of the detonation-wave
structure at a rate of 1 MHz, with a 2 MHz sequence also provided (see Visualization 2). A key
limitation of the current imaging technology is the phosphor decay time of 0.5-1 us for typical
high-speed camera intensifiers, which can lead to residual signals from one frame to the next.
Increased measurement speeds above 1 MHz are viable using the current burst-mode OPO system

with improved high-speed intensifiers to preserve sensitivity and image quality.
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4. ON THE NATURE AND ORIGIN OF TRAILING DETONATION
WAVES WITHIN ANNULAR COMBUSTION CHANNELS
REVEALED BY SIMULTANEOUS MHZ-RATE OH-
PLIF/CHEMILUMINESCENCE AND NUMERICAL SIMULATIONS

The coupled effects of fuel-oxidizer mixture preparation and complex detonation wave structure
are investigated within a hydrogen-air rotating detonation combustor (RDC) using 1 MHz
broadband chemiluminescence imaging, 1 MHz hydroxyl radical planar-laser induced
fluorescence (OH-PLIF), and three-dimensional reactive unsteady Reynolds averaged Navier-
Stokes (URANS) simulations. The combination of highly spatio-temporally resolved optical
diagnostics and numerical study enabled detailed observation and interpretation of the in-situ
combustion dynamics and their sensitivity to the reactant inflow conditions. Air mass flow rate
was varied from 0.22 kg/s to 0.9 kg/s at near stoichiometric conditions and resulted in varying
residence times and fuel stratification ahead of the detonation wave, leading to the occurrence of
(i) weak detonation zones close to the injection plane and strong detonation zones further
downstream and (ii) combustion of unburned reactants in the azimuthal shocks trailing the weak
detonation wave. The unburned reactants that pass the leading detonation wave, eventually mix
and combust at the trailing azimuthal shock system as a trailing shock-induced detonation,
resulting in additional isochoric heat release in the wake of the weak-detonation zone. The axial
length of the azimuthal reflected shock combustion is dependent on the unburned reactants
available in the wake of the leading detonation, a quantity that monotonically decreases with
increasing axial distance from the injection plane due to increased mixing of fuel and air. The
combined use of MHz-rate imaging within the combustor passage and numerical simulations was
instrumental in corroborating the source and effects of the azimuthal reflected shock combustion
in the injection near-field that would otherwise be difficult to discern from single-shot or time-
averaged imaging. These coupled phenomena impact the local detonation wave structure,
combustion intensity distribution, and local flow properties without significantly altering the
overall wave propagation velocity, lending insight into the mechanisms and design features that

can impact combustion mode and efficiency in non-premixed rotating detonation engines.

51



4.1 Introduction

Rotating detonation engines are of significant interest for their potential to achieve pressure-gain
combustion in continuous flow devices and to increase thermodynamic efficiency over
conventional constant pressure combustion devices with similar fuel-oxidizer combinations [4,27].
The last two decades have seen extensive research and development of these systems from
laboratory-scale engines to practical applications [2,4,7,56]. However, achieving the ideal pressure
gain in a non-premixed rotating detonation combustor (RDC) requires a detailed understanding of
the complex effects of the reactant mixing field and the detonation wave structure within annular
combustion channels.

To understand the dynamics of detonation waves propagating through a continuous inflow
of reactants, linear channels have been used as an analogue to annular RDCs with direct optical
access to the mixing and combustion zones [19,21,35]. These studies allow observation of key
features such as the reactant refill height, the oblique shock and triple point locations, and the
instantaneous structure of the detonation wave. Linear channels, however, do not replicate the
physics involved in the interaction of the detonation wave with curved surfaces. An alternative to
the linear channel is a “racetrack” or obround-shaped geometry [17,28,57], in which curved
detonation channels lead into straight sections with ready optical access. Recently, Chacon et al.
[54] performed 10 Hz hydroxyl radial planar-laser induced fluorescence (OH-PLIF) measurements
and showed that the detonation-wave surface interactions in the curved sections of an obround
RDC were not preserved in the linear sections where the PLIF measurements were performed. In
high-speed wall-pressure measurements performed by Wen et al. [39] in a hydrogen-air obround
detonation combustor, a second weak pressure spike was observed in the curved section which
was absent in the linear section. Although the authors alluded to injection recovery as the source
of the trailing pressure spike, injection recovery occurs in both the linear and curved sections,
indicating that this may be a feature of the detonation wave dynamics that differs between curved
and straight channels. Pressure measurements using two transducers azimuthally spaced 45° apart
and located at the same axial location downstream in a fully annular RDC also support the
existence of trailing pressure waves in curved detonation channels [58]. Comprehensive
understanding of the sources of non-ideal detonation-wave structure in RDCs, therefore, requires

detailed interrogation of the spatio-temporal distribution in representative annular geometries that
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have ample access to optical diagnostics and/or are amenable to three-dimensional numerical
simulations.

Several studies have been conducted with optically accessible RDCs for characterization
of the detonation structure in annular channels [11,16,29,59]. Rankin et al. performed
instantaneous high-speed chemiluminescence and infrared imaging in an optical non-premixed Ha-
air RDC with radial-air/axial-fuel injection to enable observation of the instantaneous and phase-
averaged detonation wave structure [11]. Fugger et al. improved the image repetition rate to 1 MHz
for the same RDC and showed a highly non-uniform time-resolved curved detonation-front
propagation [60]. Athmanathan et al. used 1 MHz broadband chemiluminescence and unsteady
Reynolds averaged Navier-Stokes (URANS) simulations in a non-premixed Hz-air RDC with
radial fuel/axial air injection and showed significant axial variations in the detonation wave
structure within the reactant fill zone [16,51]. Recent OH* chemiluminescence measurements by
Matsuoka et al. showed a luminous wave trailing the leading detonation front for test conditions
with low injection pressure drop [61], further highlighting the significant spatial inhomogeneities
that can result from the complex flow-shock-combustion dynamics and the need to improve
understanding of the underlying physics.

A common feature that requires further investigation in these RDCs with various injection
schemes is how the reactant filling process and fuel-oxidizer mixing interact with the shock system
in the development and propagation of detonation waves within an annular geometry. To lend
further insight into the complex spatiotemporal dynamics, Hsu et al. demonstrated spatio-
temporally resolved MHz OH-PLIF measurements in the same optically accessible non-premixed
RDC as used in the current work [62], revealing significant inhomogeneities due to unburned
reactants and mixing of reactants with hot combustion products. Near the injection region, the
detonation wave travels through stratified regions of highly heterogenous fuel and air mixture with
small amounts of partial premixing [63-65], leading to a highly non-uniform and distorted
detonation wave structure [63,66]. Due to unmixedness, a fraction of the reactants can pass through
the detonation wave without combusting, which lowers the thermodynamic performance [67].
Other loss mechanisms that degrade the isochoric heat release process include deflagration due to
contact between fresh reactants with high-temperature products [68-70], product expansion
following the detonation wave that can alter the injection blockage and recovery pressure, and

reactant refill dynamics pertaining to the combustor geometry and stiffness of the injection system.
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While high-speed imaging within an optically accessible RDC has provided some indications of
the salient physics, there are relatively few studies directly comparing spatio-temporally resolved
diagnostics and numerical simulations of the three-dimensional (3D) geometry, which are critical
to reveal the coupled interactions between the detonation wave and near-field reactant mixing in
annular configurations. This work focuses on developing a detailed analysis and understanding of
the complex spatio-temporal evolution of the reactant flow field and detonation wave structure
within an annular RDC by combining MHz-rate chemiluminescence, MHz-rate OH PLIF, and 3D
reacting URANS simulations. The work is accomplished using an RDC designed for full optical
access spanning from the air plenum to the exit plane [13]. The analyses provide a comprehensive
look at non-ideal shock-flow interactions, revealing new details such as the role of unmixedness
and azimuthal shock structure on the nature and origin of trailing detonation waves within annular

combustion channels.

4.2 Experimental Setup
4.2.1 Experimental apparatus

A schematic cross-section of the optically accessible RDC is shown in Figure 4.1 (a), with a ~20
mm thick quartz outer body having an inner diameter of 136 mm and serving as the outer wall of
a combustor channel with a 10.7 mm width. High-pressure air enters from a plenum through an
annular converging-diverging section with a throat gap of 1.42 mm. Fuel is injected radially
through 100 equally spaced slots in a jet-in-crossflow arrangement slightly downstream of the air
injection throat. The fuel slots are milled with a 0.6 mm diameter end mill to a depth of 0.4 mm
and are located at an area ratio (¢) of 1.16 relative to the area at the throat. The flow channel

expands up to € = 1.81, leading into the combustor channel (¢ = 7) through a backward facing step

I:)plenum _Pchamber

(BFS). The air and fuel injector stiffness, based on the mean pressures, is defined as ——=

chamber
and is ~ 2.2 for the current fuel injector configuration. The hydrogen and air mass flows are metered
using choked sonic nozzles. The dry air flow rate is varied from 0.21 kg/s to 0.9 kg/s to reach air
throat mass fluxes of Gair = 350 kg/m?/s to 1500 kg/m?/s, respectively. Hydrogen can be metered
to reach a global equivalence ratio (dgiobar) Up to 2.0. The uncertainty in gaseous propellant mass

flow rate is computed to be ~2%. Pressure transducers (UNIK 5000) and thermocouples are used
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for monitoring the pressure and wall temperature at 2 kHz with an uncertainty of +1 psia and 0.1

K, respectively.

(b)
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Figure 4.1: (a) Radial-axial cross-section of flow path, (b) side-view arrangement for
chemiluminescence imaging, and (c) experimental setup for MHz OH PLIF. The OH-PLIF
system images the radial-axial plane shown in (a), which is orthogonal to the azimuthal-axial
viewing direction of the chemiluminescence plane shown in (b).

The experimental diagnostics are shown in Figure 4.1 (b) and (c). High-speed broadband
chemiluminescence is employed at 100 kHz and 1 MHz repetition rates, with the former capturing

multiple cycles for phase-averaged measurements and the latter capturing the detonation wave
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passage in time. The imaging system shown in Figure 4.1(b) utilizes two different high-speed
cameras depending on the framing rate, including a Shimadzu HPV-X2 camera capable of up to
256 sequential frames with 250%400 pixels at 10 MHz and a Vision Research Phantom v2012
camera capable of up to 1x10° frames with 300x300 pixels at 100 kHz. The high-speed cameras
are coupled to an image intensifier (Lambert Instruments, HiCatt 25), capable of operating at
speeds of 1 MHz with exposure times as short as 40 ns. A 105 mm f/4.5 camera lens with a
transmission spectrum ranging from UV to visible wavelengths is used with the imaging system.
This optical setup allows for imaging of broadband chemiluminescence with a spectral bandwidth
of 280-800 nm, including OH* chemiluminescence (280 — 320 nm), emission from radicals in
hydrogen-air combustion (320-500 nm), and visible to near-infrared emission from water vapor
(600 nm — 10 pum) [32]. The OH* chemiluminescence emission intensity is an order of magnitude
higher than the other flame emission regimes, as detailed in Ref. [32]. The intensifier time gate is
set to 100 ns to reduce motion blur, giving a detonation wave displacement of less than 1 pixel
during exposure. The camera is focused on the RDC annulus to visualize the wave traveling
through a circumferential range of nearly 180°, with a field of view (FOV) axially extending from
~10 mm upstream of the air-injection throat to the exit plane of the flow channel.

MHz-rate OH PLIF, shown in Figure 4.1 (c), is collected simultaneously with
chemiluminescence from Figure 4.1 (b) to capture the radial-axial and axial-azimuthal structures
of the detonation wave, respectively. The experimental setup used for the OH PLIF measurement
is described in the prior work by Hsu et al [62] and is summarized here for convenience. An Nd-
Y AG burst-mode laser (Quasimodo, Spectral Energies, LLC) pumps a custom built OPO (Spectral
Energies, LLC) to produce a 4 ns wide, 284 nm excitation laser pulse at 1 MHz repetition rate to
excite the Q1(9) transition of OH [62,71]. The pulse-train produce ~200 pulses at this repetition
rate with ~400 pJ/pulse. This laser-pulse is transmitted to the RDC test cell from a remote laser
lab using UV-coated mirrors, and sheet-forming optics are used to form a ~0.5 mm thick x 100
mm wide laser sheet to visualize the radial-axial structure of the detonation wave during passage.
The sheet enters normal to the quartz cylinder and at an angle of 45° with the camera. Because of
the curvature of the 20.75 mm thick quartz window, the object plane was adjusted to be in line
with the camera axis. The PLIF spatial domain provides a field of view extending from the fuel-
injection site upstream of the BFS to the exit plane of the RDC, as shown in the Figure 4.1 (c)
(FOV shown in red). A 320 +/- 20-nm band pass filter (Semrock, FF02-320/40-50) was used to
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help spectrally separate the OH-PLIF signal from broadband flame emission and laser scattering.
The resultant fluorescence is captured by a Shimadzu HPV-X2 camera coupled to an image
intensifier (HiCatt 25) with a time-gate of 40 ns to preferentially capture the OH-PLIF and reject
OH* chemiluminescence from the detonation front. In addition to the OH-PLIF camera, another
Shimadzu HPV-X2 camera was coupled to an image intensifier (LaVision IRO) with the camera-
axis positioned parallel to the laser-sheet entering the RDC. The OH* chemiluminescence camera
(FOV shown in green) uses a 100 ns gate to capture the axial-azimuthal detonation structure during
wave passage through the PLIF plane. Both the PLIF and chemiluminescence cameras were
synchronized with the MHz laser system and were remotely triggered by the RDC auto-sequence
system at ~300 ms after initiation of detonation (several hundred wave passages after a steady

detonation has been achieved).

4.2.2 Experimental procedure and conditions

The RDC test is remotely operated with automated valve and camera-trigger timing controlled by
a 2 kHz data acquisition and control system. At the start of the test, air and hydrogen flow through
the RDC for ~0.5 seconds to prime the RDC with reactants. A H2/O> predetonator charge enters
radially outward into the primed combustion chamber at an axial location ~25 mm from the fuel
injection site. This charge initiates detonation waves that reach limit cycle behavior within ~40 ms
based on visualization of the end-view of the RDC and the imaging system was triggered ~400 ms
after RDC ignition. Each RDC test lasts for ~1 s after initiation, at the end of which the fuel valve
is shut off and the fuel lines are purged with nitrogen. The Shimadzu camera is used to collect 256
frames at 1 MHz while the Phantom camera captures 10,000 frames at 100 kHz. Images from the
Shimadzu camera are used to visualize a single cycle of the detonation wave while the Phantom
camera is used to capture ~400 detonation cycles occurring over 100 ms. This large image
sequence dataset provides a statistically significant number of images to obtain the phase-averaged
detonation structure at different operating conditions.

The operating conditions used in this study are tabulated in Table 1. The RDC is operated at
four different mass fluxes at a mean global equivalence ratio of ~1.07 with a coefficient of variation
of ~2%. Because of the relatively small coefficient of variation in the global-equivalence ratio, the
dominant parametric change across each case is assumed to be the change in the air-mass flux.

Case 2 is considered the baseline condition for this study, where computational modelling was
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performed for comparison with the experimental results from broadband chemiluminescence and
OH PLIF. Chemiluminescence imaging was performed at 100 kHz for all four cases and at 1 MHz
for Cases 1 and 2. The high mass fluxes present in Cases 3 and 4 posed challenges associated with
potential cracking of the quartz window due to high chamber pressures and heat flux loads. Hence
MHz-rate experiments were limited to Cases 1 and 2 to avoid potential damage to imaging

equipment.

Table 1: Operating conditions of the RDC. Case 2 is considered to be the baseline condition.

Case Gai r(kg/ m2/ S) mai r(kg/ S) mhydrogen(kg/ S) (I)global
1 350 021 0.007 1.10
2* 750 045 0.014 1.05
3 1125 0.68 0.021 1.07
4 1500 091 0.029 1.06

4.3 Numerical model
4.3.1 Model introduction and parameters

To assist in the interpretation of the imaging results, a complementary 3D URANS non-premixed
simulations are performed. The URANS equations were solved with CFD++ developed by
Metacomp [72]. The solver performance was evaluated and qualified for compressible flow
characterization in non-reacting supersonic environments [73]. For the reacting flow case of RDCs,
a one-step chemistry model was implemented based on the reaction mechanism used by Frolov et
al. [74]. Grid and time-step independence studies were performed on the reacting flow-solver in
a two-dimensional detonation tube [34]. With a time-discretization of 0.1 us and the use of one-
step reaction model, the solver predicted a wave speed within 2% of the Chapman-Jouguet (C-J)
condition. The numerical domain of the combustor, shown in Figure 4.2 (a), consisted of the air
plenum, air injection throat, 100 fuel injection slots, and the combustion region downstream of the
BFS. A structured grid (using ICEM CFD) with boundary layer mesh refinement was implemented
with a total of ~48.5 million cells. The maximum non-dimensional wall distance, y+, was 14 within
the detonation front on the outer diameter of the annulus, while y+ on the inner diameter of the

annulus was below 1 to resolve at least one point in the laminar sublayer. The simulations were
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initially started on a coarse grid without resolving the boundary layer (slip walls), and mesh
refinements were applied after initial computation on a coarser grid for about 30 cycles. For the
boundary-layer refined mesh, adiabatic non-slip walls were applied. The numerical boundary
conditions were supplied from experimentally derived pressure measurements for test Case 2
(Table 1) for Gair = 750 kg/m?/s and ®gioral = 1.0. A total pressure and total temperature of 5 bar

and 290 K were imposed in the air plenum while a total pressure at the fuel injection ports was
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Figure 4.2: (a) Computational domain and mesh refinement, and (b) pressure and temperature
trace 1 mm downstream of the backward facing step (BFS).

5.35 bar with a mixed supersonic/subsonic boundary condition at the outlet where the outlet static
pressure was set to 1 bar. The mass flow of the reactants converged to a steady state value of 0.02
kg/s for hydrogen and 0.62 kg/s for air. At steady state, the numerical model reached ®gioba = 1.1.
The CPU time to achieve one detonation cycle was approximately 48 hours on 120 high-
performance computing (HPC) cores, and around 30 cycles were run on the fine mesh. Figure 4.2
(b) shows a pressure and temperature trace sampled each 5 us at a radial location r = 0.059 m near
the inner end wall for the last six detonation cycles at an axial location of 1 mm downstream of
the BFS. The temperature near the inner wall shows that this region is filled with exhaust gases

expelled by the detonation wave and never quite reaches inlet air-fuel mixture inlet temperatures,
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as depicted on Figure 4.2 (b), where temperature always remains above ~1600 K. The static
pressure downstream of the recompression wave due to the detonation wave passage is ~4.8 bar.

In addition to the grid and time step independence trade-off studies performed for the solver,
a commonly used parameter to compare simulation results with experiments is the percent
deviation of detonation cycle frequency with the experimental counterpart. Prior work by Lietz et
al. used a large eddy simulation (LES) model on a hexahedral grid with 90 million cells for a
rotating detonation rocket engine (RDRE) and approached to within 8% of the experimental cycle
frequency [65]. Sato et al. used a 28 million unstructured mesh in a non-premixed RDC and
approached within 15% of the experimental cycle frequency at the same fuel-air combination in a
comparable geometry [66]. In this work, the predicted RDC cycle frequency is within 7% of the
experimental counterpart (4.3 kHz), with more detailed comparisons to the optical diagnostics
discussed in the results to follow.

4.4 Results and discussion

The results are organized into three sections. The first section describes the observed detonation
wave structure and the propagation physics from 100 kHz and 1 MHz broadband
chemiluminescence imaging at various mass fluxes. These results establish the persistence of
leading and trailing combustion waves, as well as their general spatial characteristics in the axial-
azimuthal view. The second section explores the 3D physical processes that drive the detonation
and wake physics by combining results from (i) simultaneous MHz-rate OH* chemiluminescence
and OH-PLIF imaging and (ii) URANS simulations. These results identify the origins and nature
of the trailing combustion wave as being associated with incomplete combustion of the stratified
reactants and shock-induced detonation in the near field. Having confirmed the ability of the
URANS simulations to capture the effects of reactant stratification on the detonation wave
dynamics, the third section further explores the underlying compressible flow physics that affect
reactant stratification in non-premixed RDCs and implications for achieving isochoric combustion

in practical propulsion and power systems.
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4.4.1 Non-premixed detonation-wave structure and propagating physics
Time-resolved MHz rate imaging studies

In this section, MHz broadband chemiluminescence images at Case 2 (baseline condition) and 1
corresponding to Gair = 750 kg/m?/s and Gair = 350 kg/m?/s respectively, at nearly stoichiometric
global equivalence ratio, are analyzed. The images presented are cropped to view ~ 84 mm x 84
mm field-of-view (FOV) with the axial and azimuthal direction oriented along the horizontal and
vertical direction. The FOV extends from the fuel-injection plane up to ~10 mm upstream of the
exit plane. Spatial-transformation to map the azimuthal co-ordinate to a planar-field was not
performed since such transformations significantly increased image blur in the vertical direction,
which reduced the spatial-resolution. However, the camera aperture was reduced to have a large
depth of field to capture the wave-passage around azimuthal angle in the FOV. The yellow-line at
1 ps in Figure 4.3 (a) and (b), marks the BFS location at both test conditions and the timestamp is
located for each image.

For the baseline condition shown in Figure 4.3 (a), the instantaneous image shows a
complex detonation wave front that is curved along the axial direction with a convex-concave-
convex structure with respect to the direction of propagation (Label A). The concave feature is
located ~ 30 mm from the injection plane and is observed to form as a result of the intersection of
the convex features in the injection nearfield and farfield. Through the entire image sequence, local
variations in intensity can be observed at the leading front, however, the curvature and shape are
maintained. These details on the local-variations through the use of time-resolved imaging
provides spatial-detail that is typically absent in phase-averaged imaging studies. The curvature
effect is attributed to the local temperature field ahead of the detonation wave and will be explored
in Section 0. Qualitatively, based on the luminosity, the detonation structure can be demarcated
into Zones | and Il (7us and 8 ps), with the former zone located in the injection nearfield and the
latter zone in the injection farfield. Zone I is observed to have much lower and more spatially
diffuse detonation luminosity than Zone I1. Ahead of the detonation, due to Zone I’s vicinity to the
injection plane, the axially injected reactants can be expected to be relatively unmixed and fast-
moving. The injector stiffness of ~2.2 for this test condition combined with the converging-
diverging injector scheme is expected to sustain supersonic axial injection of fuel and air ahead of
the detonation wave, resulting in local static quantities in Zone I to be lower than Zone II. In Zone

I1, due to the longer residence time of the reactants and the drop in momentum (from various loss
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mechanisms, as will be explored in detail), the reactants are expected to be relatively well-mixed
and have higher static quantities. Thus, the higher luminosity levels observed in the Zone Il
compared to Zone | are attributed to the relative increased air and fuel mixedness and increase in
reactant static quantities in Zone 1. While spatial variations exist in the reactant mixedness in the
axial direction, the leading edge of the combustion wave in the two zones travel at a mean speed
of approximately 82% of the Chapman-Jouget (CJ) speed, indicating this structure is a detonation
wave. A detonation wave speed lower than CJ is to be expected from prior work in non-premixed
systems [11,29]. As the wave progresses azimuthally, the stronger detonation wave zone begins
translating axially which is dependent on the refill height and local mixing efficiency of reactants

present ahead of the detonation.
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Figure 4.3: 1 MHz broadband chemiluminescence image sequence of detonation wave
propagation for (a) test Case 2 at the baseline condition and (b) test Case 1. Sequential
numbering corresponds to 1 ps time step. Zones | and Il have poorly mixed and well-mixed
reactants, respectively. The azimuthal shock induced combustion is observed at 9 us for both
Cases 2 and 1 shown as B and C.

In RDCs, due to the curvature of the annulus, the leading detonation wave forms an
azimuthal reflected shock system to turn the burned gas in the wake of the detonation wave. For a
~ 10 mm channel gap, hydrogen-air fuel-oxidizer combination and mean radius of ~ 100 mm,
numerical and experimental studies have shown the existence of these trailing azimuthal shock
systems in RDCs [24,26]. In this RDC, azimuthal shocks are expected to trail the leading wave in

both Zone | and Il. Although the azimuthal shock system is present for both Zones | and Il, a



trailing luminous wave is observed in Zone | where the reactants are expected to be poorly mixed,
with no such trailing luminosity in Zone Il where the reactants are expected to be well-mixed. The
time-resolved imaging also shows that the separation between the leading and the trailing wave
remains a constant through the entire cycle, indicating an inherent coupling between them. While
the intensifier exposure was set to 100 ns to preferentially capture the heat-release occurring at the
leading detonation front, the presence of a luminous trailing shock system in Zone | suggests the
presence of combustion occurring at the trailing azimuthal reflected shock. As will be discussed
in more detail in the following section, the formation of the azimuthal reflected shock combustion
(ARSC) wave in Zone | is consistent with the interaction of the unburned reactants in the wake of
the leading detonation front with the reflected shock train.

In the lower-mass flux case (Case 1), the detonation structure is observed to have features
very similar to the baseline case. At the lower mass flux, the detonation has an axially smaller
convex-concave-convex structure, and the wave can be divided into Zone I and Il as well. A
corollary explanation on differences in luminosity observed due to unmixedness in Case 1 can be
made from the baseline condition. The length of Zones | and 11 are relatively shorter than Case 2
due to anticipated lower axial velocity in the channel. The azimuthal reflected shock combustion
(Label C in Figure 4.3 ) is observed to trail Zone | of the primary wave at a relatively smaller
angular separation and length than Case 1, effects also attributed to lower wave-speed. At 10 ps,
hot product backflow into the injection system can be observed, marked by chemiluminescence
upstream of the BFS (label D in Figure 4.3 (b)), which was not observed for the higher mass flux
Case 1.

Phase-averaged detonation structure

The use of time-resolved MHz-rate imaging, enables the identification of several key features of
detonation propagation in non-premixed RDCs. These include wave curvature of the leading front,
partitioning of Zone | and Zone 11 in the axial direction with Zone | having a weaker luminosity
compared to Zone Il and finally an azimuthal reflected shock combustion (ARSC) feature trailing
the main detonation wave in Zone I, the injection nearfiled. In this section, images from 100 kHz
broadband chemiluminescence are phase-averaged and the aforementioned wave features are
identified in the phase-averaged images at all four test conditions. In adition to identifying the

flow-features, this study also provides a contrast between the time-resolved images and phase-
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averaged images, where the latter is commonly used in studying detonation wave structures.
Without the use of time-resolved imaging, understanding the propagation physics becomes a
challenge due to significant drop in spatial gradients and temporal information. However, post
idenfitication of key features and studying their temporal response using MHz rate imaging,
provides a better foundation to study the detonation structure and propagation physics using phase-
averaged images.

For each test condition, the phase-averaged images are produced by averaging ~100 images
from the 10,000 image stack at each condition. The ~100 images met a cross-correlation criterion,
which ensures the visual similarity between the images, details of which are described in the
appendix section. The flame luminosity increases transitioning from Case 1 through 4 and the
image intensifier gains were appropriately lowered to minimize overexposure of the imaging
system. The phase-averaged images for all four test cases are shown in Figure 4.4.

The first observation from the phase averaged images show that the leading front of the
detonation wave, exhibits a convex-concave-convex feature at all four test conditions, which was
attributed in the previous section to the local temperature field ahead of the leading front. While
time-resolved imaging showed that local spatial variations in intensity does exist at the leading
front within a single cycle, the axiallly dependent wave curvature is maintained. This shape-
retainment over multiple cycles suggests that, once the RDC has reached limit cycle behavior, the
periodic refill process produces a consistent ensemble temperature field ahead of the detonation
wave.

The scond observation is the shows that the leading front can be qualitatively birfurcated
into two zones viz. Zone | — corresponding to the injection nearfield and Zone 11 corresponding to
the injection farfield. As previously discussed, Zone | has weaker luminosity due to relatively fast-
moving and poorly mixed reactants ahead of the detonation wave and Zone Il has stronger

luminosity due to relativley slow-moving and well-mixed reactants ahead of the detonationw wave.
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Figure 4.4: Phase averaged images of detonation wave at the four different mass flux cases
investigated in this study. All four cases show the presence of axial variation in detonation
structure corresponding with weak luminosity in Zone I and strong luminosity in Zone Il due
to variations in mixture stratification and flow static quantities. Presence of azimuthal
reflected shock combustion in the injection nearfield due to curved surface effects and
unmixedness — indicating dual heat-release zone in non-premixed RDCs.

With the increasing mass-flux a non-linear monotonic increase in wave height as well as the length

of Zone | and Zone Il is observed. A doubling of mass flux from Case 1 to Case 2 increases the
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wave height from ~41 mm to ~ 67 mm, a ~16 mm increase. However the doubling of mass flux
from Case 2 to Case 4 only results in wave height increase from ~67 mm to 80 mm, a ~13 mm
increase. This indicates that the observed increase in wave-height starts to plateau with increase in
mass flux from Case 1 to Case 4, suggesting a plateauing behavior in the reactant axial penetration
depth. This drop in reactant penetration depth is likely due to the drop in axial momentum due to
momentum loss mechanisms (shear layer interactions, axial shock formation), reasons which will
be explored in detail through the use of URANS simulations in Section 4.4.3 and 4.4.4.

The third observation is the increase in the wavespeed with increasing mass-flux. At the
mean equivalence ratio of ~ 1.07, for premixed hydrogen-air at ambient conditions, the Chapman-
Jouguet velocity is computed to be 1984 m/s based on equilibrium calcualtions performed using
NASA CEA [75]. The %C-J velocity increases from 76 % for the lower mass flux case and reaches
up to 90% C-J for the highest-mass flux case. This increase in wave speed, reaching near C-J
velocity, indicates that heat-release occuring at the detonation front is close to an ideal detonation
wave with increasing mass-flux..

The fourth discerning feature observed at all four test conditions, is the presence of an
azimuthal reflected shock combustion (ARSC) feature that is observed to trail the leading
deotnation wave in the wake of Zone I. The chemiluminescence intensity in in Zone | and ARSC
were binned to understand the relative strength of the leading detonation front and the trailing
combustion zone. The chemiluminescence intensity of the Zone | is observed to be ~ 0.95 +0.15
times the intensity of ARSC. This relatively close intensity between Zone | and ARSC susggest
that the trailing wake-combustion plays a signficant role in the overall heat-release occuring in
non-premixed RDCs. With increasing mass flux, the length of Zone | and correspondingly the
length of the ARSC feature increases. The ARSC’s axial length increase, is observed to depend on
the length of Zone I, both of which are inherently coupled with the mixing field ahead fo the
detonation wave. This observation also suggests that the unmixed zone length monotonically
increases and eventually plateus with increasing mass flux, giving rise to an axial length increase
in the ARSC feature. Additionally, the azimuthal separation distance between the Zone | and
ARSC also shows an increase between Case 1 and 2 and starts to plateu between Cases 2,3 and 4,
a behavior very similar to the wave height. This increase in azimuthal separation is observed as a
result of the increasing wave-speed which, which in turn imparts a larger burned-gas velocity on

the wake of the leading front.
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4.4.2 Azimuthal shock system in non-premixed RDCs
Chemiluminescence comparison with URANS wave structure

The presence of azimuthal reflected shock combustion indicates that the detonation wave, although
expected to have heat release occur in the leading front, appears to have a secondary trailing
combustion wave called the ARSC feature. In this section, combined use of URANS simulations,
broadband chemiluminescence and OH-PLIF will be used to explore the detonation structure in
the radial-azimuth and radial-axial plane, formation of ARSC, the differences in the trailing
azimuthal shock system between Zone | and 11 at the baseline condition Case 1. Figure 4.5 (a) and
(b) shows the instantaneous path-averaged broadband chemiluminescence image and total
temperature iso-contours (at 2400 K) in the computational domain visualized geometrically at a
1:1 scale, where the detonation wave is located at a similar azimuth. The 2400 K gas total
temperature for isocontour display was selected to visualize the spatial location of
chemiluminescence emanating from heat-release and high-temperature product gas, which is
preferentially captured by the short time gates of the imaging system. While the instantaneous
broadband chemiluminescence is radially averaged, the URANS simulation provides insights into
the radial structure of the detonation wave.

Qualitatively, the URANS simulation captures the three main observations in the
instantaneous images viz. (a) The wave front is curved in a convex-concave-convex structure along
the axial length (b) Zone bifurcation into Zone | and Il can be performed in the URANS
isocontours where Zone | is observed to have lesser spatial-density of high temperature product
gas in URANS - which corresponds to lower luminosity observed in Zone | in the
chemiluminescence image while Zone Il has a greater spatial density of high-temperature gas
which corresponds to higher luminosity observed in Zone Il in the chemiluminescence image (c)
There is a high temperature gas zone trailing the leading detonation wave in Zone | and is
azimuthally separated by lower temperature gas— which corresponds to the ARSC feature that is
azimuthally separated from the detonation front in Zone 1. Although the local detonation wave
shape differs, the CFD is able to capture the global physics of interest and can be used in
conjunction with the experimental evidence to further investigate the physics driving three

aforementioned physics.
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Figure 4.5: (a) Instantaneous broadband chemiluminescence image showing the presence of
azimuthal reflected-shock combustion (ARSC) in the wake of Zone | (b) Computational
image of 2400 K total-temperature isocontours scaled 1:1 with the chemiluminescence image,
also shows the ARSC zone present in the wake of Zone | (c) Schematic representation of the
origin of ARSC present in Zone |

To understand the details of the ARSC feature, a schematic representation across the detonation
wave in the radial azimuthal plane in Zone | presented in Figure 4.5 (c). In the injection nearfield,
due to the injection of hydrogen through discrete fuel injector holes, the reactant gas is expected
to have discrete fuel jet streams surrounded by air emanating from the air-injection slot. While
shear-layer induced mixing will occur around the fuel-jet, causing partial premixing of reactants,
the core of the jet is expected to have pure hydrogen and the area in-between the jets is expected
to have pure air in the injection nearfield. Additionally, the radial penetration of reactants in the
near the injector is also much smaller in Zone I due to the location of injection system location
near the outer radius. This results in the presence of a shear layer between the incoming cold

reactants and the product gas trapped in the recirculation zone downstream of the BFS. Due to this
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stark difference in temperature, the speed of sound in the injection nearfield has a large gradient
in the radial direction with a cold-to-hot gradient existing from the outer radius to the inner radius.
Hence, the higher speed of sound in the BFS causes the detonation wave to have a convex leading
front as shown in the schematic, occurring primarily from shock induced heating with relatively
minimal heat release — due to the expected absence of reactants in the trapped hot-gas. The
detonation wave, as shown, passes through the partially premixed reactants in the injection
nearfield and causes an azimuthal shock system in its wake due to curvature of the channel in the
azimuth. A complex composition of product gas and unburned-vitiated reactants will then expand
through the curvature and form wake-shock structures to turn the burned gas. This wake shock
structure, is expected to increase the local temperature, increase mixing, and reduce the ignition
delay of the unburned reactants that has passed the leading detonation wave. Eventually, these
unburned vitiated reactants combust at the shock front trailing the detonation wave giving rise to
the ARSC feature. However, the ARSC heat release occurring at the shock front, due to its thin
and concentrated heat release zone, appears to be visually similar to a standing-detonation wave

trailing the freely propagating leading detonation wave.

Radial-azimuthal wave structure from URANS results

The schematic representation helps conceptualize the formation of ARSC. Since the URANS
results also capture this trailing combustion front in Zone | and a lack of such feature in Zone 1,
two radial-azimuthal contour plots of temperature, pressure and radial velocity (Vradiai) are
extracted from the URANS simulation at ~ 15 mm from the fuel injection plane in Zone | and ~40
mm from the injection plane in Zone Il as shown in Figure 4.6 (a) and (b) respectively. These
radial slices are extracted to provide finer details on the trailing combustion.

In Zone I, ahead of the detonation wave, a clear temperature gradient along the radial
direction is observed (as shown in the detail in Figure 4.6(a)). The low temperature zone (< 300
K) near the outer radius corresponds to the reactant fill depth and the relatively high temperature
zone (~ 800 K), radially below the fresh reactants, indicates the presence of hot combustion
products from the previous cycle trapped near the BFS. Hence the approaching detonation front is
observed to have a convex curvature in the leading edge, due to the higher sonic velocity near the
BFS. The leading detonation front is also observed to produce ‘tongues’ in the reactant field

indicating combustion of the shear-layer mixed reactants around the hydrogen jet core. The
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pressure plots contours show a high-pressure rise across the detonating front near the outer-radius
compared to the inner radius, suggesting an overdriven detonation near the outer radius as

evidenced in previous studies [76].

(a) Zone I: 15 mm from fuel injection plane (b) Zone II: 45 mm from fuel injection plane
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Figure 4.6: URANS radial-azimuthal contours of pressure contours showing the detonation
wave details in at two axial locations in Zone | (a) and Zone Il (b). A — Unburned reactants
that pass the primary detonation wave, B — shock formation due to interaction of detonation
product gas and cold hydrogen jets, C — product gas flow-path relative to the leading
detonation front D — Azimuthal shocks that help turn the product gas in the annular channel.
A-A’ is selected across the ARSC zone for further analysis.

Finally, the radial velocity shows the flow turning occurring at these different shock fronts.
The complex-product gas, behind the detonation wave, shows evidence of cold zone near the outer-
wall (Annotation A in Figure 4.6(a)). Additionally, multiple expansion waves are formed due to
the interaction of product gas with the cold reactant jets, as annotated in the pressure plot
(Annotation B in Figure 4.6(a)). After this complex interaction, the vitiated unburned reactants
combust at the azimuthal reflected shock system — marked ARSC in Figure 4.6(a). The rapid
change in radial velocity and increase in pressure indicates the presence of a shock at this location,
while a marked increase in total temperature from 2600 K to 3100 K indicates the presence of
combustion. Line profiles across the ARSC zone (marked A-A’ Figure 4.6 (a)) of total pressure,
total temperature and azimuthal velocity (along the 6 direction) is shown in Figure 4.7. The spatial
separation of the shock front to the combustion zone is less than 2 mm indicating the wave is fully

pressure coupled and is detonative in nature [77]. Additionally, a rise in total pressure (~ 2 times)
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is observed across this ARSC detonation front — which accelerates the vitiated reactant gas from
~ 400 m/s to ~ 900 m/s. Thus, an increase in total pressure, total temperature, azimuthal
acceleration, and extremely small induction length (< 2mm) resulting in close coupling of the
shock and combustion wave allows the classification of ARSC as a shock-induced detonation wave.
Hence, the pressure gain in Zone | is bifurcated into a leading freely propagating detonation wave
and a trailing shock-induced detonation wave. Experimental evidence from simultaneous time-
resolved OH* chemiluminescence and OH-PLIF also indicates that ARSC is indeed a shock-

induced detonation and will be explored in the following section.
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Figure 4.7: Profile of total pressure, total temperature and azimuthal velocity across A-A’ in
Figure 4.6 (a) from URANS simulations show that the ARSC zone is detonative in nature
with heat-release, total pressure rise and rapid acceleration of downstream product gas.

In Zone 11, the reactant refill occupies the entire radial depth of the channel. Additionally,
due to sufficient displacement from the injection nearfield, the reactant is expected to be well
mixed, which results in the observed steep detonation aligned with the radial direction. Behind the
leading detonation wave, a trailing azimuthal shock structure is observed as shown by the pressure
gradient and the radial velocity gradient in the azimuthal direction. This trailing oblique shock

system formation is primarily to (annotation D, Figure 4.6(b)) to assist in flow turning of the
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product gas, similar to Zone I, with no observable heat release at the azimuthal reflected shocks,
both in the experiments as well as the numerical simulations. This suggests that the reactants are
sufficiently well-mixed to be consumed at the leading detonation front with insufficient unburned
reactants pass the leading front, resulting in a trailing shock induced detonation wave in the wake

of Zone 1.

Simultaneous MHz chemiluminescence and OH-PLIF and URANS simulation

To further corroborate the hypothesis of the injection nearfield shock induced combustion, results
from simultaneous MHz OH* chemiluminescence/MHz OH-PLIF are compared with the
simulations. The OH-PLIF was performed in a radial-axial plane at a given azimuth location for
the baseline condition of Case 2, with a camera-exposure of 40 ns to minimize broadband
chemiluminescence. Additional details of the experimental setup are provided in Ref. [62]. The
detonation wave azimuth positions marked in Figure 4.8 (a) correspond to the notional time at
which the corresponding OH-PLIF images in Figure 4.8 (b) were sampled. Similarly, the azimuthal
positions marked in Figure 4.8 (c) were the corresponding locations at which the radial-axial
temperatures slices were extracted (Figure 4.8 (d)). Scaling of 1:1 was maintained between the
experimental OH-PLIF images and numerical temperature contours. The detonation propagation
speed in the experiments is ~1640 m/s and in the CFD, it is ~1800 m/s. This difference in wave
propagation speed leads to variations in the azimuthal angular separation as discussed in section 0.

At 1 s, prior to the wave-arrival, Figure 4.8 (b) shows the presence of OH radicals in Zone
| near the BFS, close to the inner diameter and after Zone 11 near the exhaust. The absence of OH
signal in the central portion of the channel corresponds to the cold fresh reactants in the combustor
channel, as indicated by the bounded region shown in the Figure 4.8 (b). The axial boundary
formed between the reactants and the hydroxyl radical near the exhaust shows the assumed reactant
height at that instant. The hydroxyl radical near the BFS in Zone | and near the exhaust indicates
the presence local high static temperatures — similar to the model prediction as shown in Figure
4.8 (d) at 1 ps. Although the fresh incoming reactants are in contact with the high-temperature
product gases, there is no observed contact surface deflagration from the OH-PLIF as well as the
temperature field, due to local ignition delay times being an order of magnitude higher than the

detonation cycle time.
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Figure 4.8: Radial-axial OH-PLIF performed at Case 2 test condition. (a) Instantaneous
broadband chemiluminescence of detonation wave, showing the approximate azimuthal
position of the PLIF plane. (b) Spatial distribution of OH-PLIF signal a during the detonation
wave passage event (¢) CFD model showing the azimuthal location at which temperature
profiles were extracted (d) Spatial distribution of temperature at various azimuthal positions

At 8 ps, the OH-PLIF captures the spatial distribution of OH during the wave passage
through the PLIF plane. The arrows marked at 8 ps shows the progression of combustion, as the
wave passes through the PLIF plane. In Zone 1, the OH signal is observed to propagate axially
downstream and radially outward while in Zone 11, the OH signal is observed to propagate axially
upstream, consuming the reactants present in the mid-axial location. At 4 us in the numerical
model, a similar spatial distribution and progression of the high temperature fronts is observed in
Zone | and 11, suggesting a good agreement between the experiments and numerical model.

At ~15 us (Figure 4.8(b)), after the leading detonation wave passage, the entire channel is

observed to be filled with OH, except for the injection nearfield in Zone | where a pocket of
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unmixed reactants, corresponding to the lack of high-temperature OH radical signal near the outer
radius, is observed. The numerical temperature distribution also shows the presence of a cold zone
in the injection nearfield at ~18 ps, suggesting that the leading front does not combust the unmixed
cold reactants in the injection nearfield in Zone I. This unburned cold-gas pocket, in the radial-
azimuthal plane is denoted (Annotation A) in Figure 4.6(a).

After the leading front passes the PLIF plane, the injection nearfield unburned reactants
mix and eventually combust at the trailing azimuthal shock system. This event is marked by the
observation of OH signal at 19 s, where previously at 15 us, there was an absence of OH-signal.
Similarly, in the numerical temperature contour, a sharp rise in temperature is observed at 27 us
(Figure 4.8(d)) in the injection nearfield, which was previously (18us, Figure 4.8(d)) filled with
cold reactants in Zone I. Thus, the presence of an Azimuthal Reflected Shock Combustion (ARSC)
system trailing the leading detonation wave suggests that the mixture stratified reactant fields
present in non-premixed RDCs leads to dual heat release zone that is azimuthally spaced.

To support the argument that the trailing wake is indeed a detonation wave, a closer look
is taken at the simultaneous chemiluminescence and PLIF images. The unburned reactants present
in the wake of the detonation wave in Zone | is consumed by production of OH near the outer wall
within two frames (from 17 ps to 18 ps). This time difference of 1 ps correspond to an azimuthal
spread of the trailing wave to be ~ 1.6 mm (1640 m/s x 1 us), which is much smaller than
commonly observed deflagrative wave front. Additionally, 2 MHz OH-PLIF from a prior
experiment at the baseline condition, indicates that the unburned reactants are consumed by ARSC
within 2 frames ( 500 ns x 2 x 1640 m/s) providing further evidence of the ARSC flame-front to
span an azimuth distance of ~ 1.6 mm [62,71]. Hence the ARSC feature is a quasi-isochoric
detonation front.

In conclusion, there are several experimental and numerical observations that provides aid
in establishing the ARSC feature as a shock induced detonation wave. The experimental evidences
include (1) The OH* chemiluminescence in Zone | and ARSC is on the same order of magnitude
at all four test conditions suggesting the heat-release to be concentrated at both combustion fronts
(2) The OH-PLIF results show that length of the reaction zone is small (<2mm) suggesting an
inherent shock coupling with the azimuthal shock system (3) The heat-release and the
corresponding chemiluminescence is concentrated within a2 mm and the luminosity is comparable

to the leading detonation wave suggesting that the trailing wave must be a detonation wave. The
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numerical simulations also show that across ARSC feature, the total temperature, total pressure
and azimuthal velocity all increase indicating a pressure-gain combustion event. The numerical
simulations also indicate that the shock and the heat-release coupling is less than 2 mm, which are
all characteristic of a detonation mode of combustion [77]. These conclusions indicate that non-
premixed RDC can have both types of detonation waves — freely propagating and steady-flow and
further thermodynamic analysis is required to estimate the loss in the expected pressure gain from

ideal conditions of purely freely propagating detonations.

4.4.3 Detonation wave characterization using URANS

Prior sections indicate that mixing and reactant stratification plays an important role in the
propagation physics of non-premixed RDCs. In this section results from the URANS simulations
are used to interpret the reactant field ahead of the detonation wave to provide additional insights
on the mixing evolution and local static properties ahead of the reactants. The simulation’s
qualitative agreement with OH-PLIF and OH* chemiluminescence provides confidence in
exploring the underlying physics that develop the complex detonation structure in non-premixed
systems. The first section details effect of wave-height plateauing with increasing mass flux while
the second section details the effect of mixing, on the axial detonation structure and trailing
azimuthal shock system.

An iso-view of local equivalence ratio contours ahead of the detonation at five different
axial planes is shown in Figure 4.9 (a). The five axial planes are spaced 10 mm apart with the first
plane located 10 mm axially downstream of the fuel-injection holes. Two radial-axial planes are
sliced between 5 hydrogen-fuel injector sites, have an azimuthal separation 18°. The radial-axial
plane closer to the approaching detonation wave is azimuthally ~ 4° ahead of the detonation wave
and shows the local equivalence ratio contour, while the other radial-axial plane (~18° ahead)
shows the Mach number contours. Statistical analysis on the mixing efficiency is performed at
each radial-azimuthal plane spanning between the five fuel injector holes spaced 18° apart.
Probability density function (PDF) of the local equivalence sampled ahead of the detonation wave
at all five axial locations are shown in Figure 4.9 (b). Appropriate weighting function is applied to
each numerical cell, prior to PDF determination, to minimize biasing effects from varying grid
size. To account for detonability limits, a threshold of value of 0.3 and 3 was set for the lower and

upper limits of the equivalence ratio, respectively. The detonation cell sizes corresponding to the
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threshold values were an order of magnitude higher than the combustor channel width, thus
minimizing the feasibility of sustaining stable detonations at that local equivalence ratio in this

geometry [78,79].

Wave height dependence on mass flux

The phase averagfed images from Figure 4.4 shows indicates that the observed increase in wave-
height starts to plateau with increase in mass flux from Case 1 to Case 4, suggesting a plateauing
behavior in the reactant axial penetration depth. To understand the underlying cause for this effect
focus is provided on the momentum characteristics of the reactants entering the RDC through the
use of Mach number contours shown in Figure 4.9 (a). The Mach number contour shown in Figure
4.9 (a) is located ~ 22° ahead of the detonation wave and have very similar spatial profile to the
Mach number contour ahead of the detonation wave allowing the assumption of reactant jet to be
fully developed.

The flow exhibits a half-symmetric underexpanded supersonic jet with the air stream
reaching supersonic speeds downstream of the throat and the combined air and hydrogen stream
downstream of the injector continuing to inject at supersonic conditions into the chamber. The
Mach number contours also shows the presence of multiple axial-shock structures indicated as
steep gradient in the Mach number along the axial direction. Moving along the axial direction, at
~ 30 mm from the injection plane, the flow’s axial velocity reduces due to expected momentum
loss mechanisms, including axial shocks, wall boundary and shear layer interactions of the reactant
jet with the product gas present in the chamber. This Mach number profile indicates that injection
nearfield has lower static quantities compared to the farfield.

The high-speed reactants, ahead of the detonation wave, can be interpreted as an analogous
supersonic free jet entering the expanding annular channel. Prior experiments on supersonic free
jets have shown that the centerline velocity decay constant remains the same for Reynolds numbers
varying by two orders of magnitude (~1x10° to ~1x10") [36,37]. Consequently, the penetration
depth of the supersonic/subsonic jet plateaus even when the jet mass-flux increases. In this RDC,
between Cases 2,3 and 4, the Reynolds number of the supersonic reactant jet is estimated (from
URANS and momentum balance) to vary between 1 x 10% and 6 x 10° which falls within the

Reynolds number bounds of the aforementioned experimental results. Thus, transitioning from
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Case 2,3 and 4, the reactant penetration depth and the wave height stabilizes albeit with increasing

axial momentum.

4.4.4 Reactant mixing field influence on pressure gain combustion.
Reactant mixing field.

The primary phenomena that lead to partial premixing is the turbulence induced shear-layer
between the hydrogen jet and the airstream, leading to local equivalence ratio between 0.5 and 2
in the periphery of the hydrogen jet core as shown in the contour plot of local equivalence ratio.
This shear-layer mixing is enhanced by secondary mechanism of axial shocks present in the
reactant jet flow path. This shock system slows the axial momentum and enables diffusive mixing
of hydrogen jet both radially and azimuthally. Transitioning from the 10 mm plane to the 20 mm
plane, the probability of upper and lower threshold of equivalence ratio viz. < 0.3 and >3, drops
from 85% to 68% and from 9% to 6% respectively; indicating the presence of partial premixing.
This partial premixing is enhanced further while transitioning from 20 mm to 30 mm plane, with
further drop in the probabilities of the upper and lower threshold equivalence ratio to 60% and 4%
respectively. Although the core of either the fuel or air jet cannot support combustion, the partially
premixed reactants sandwiched between the jets provide local reactant sites can support the
propagation of a combustion wave.

Transitioning from the 30 mm plane to the 40 mm plane, the reactant mixing improves
significantly, as the PDF shape transitions from a bimodal distribution weighted at the equivalence
ratio extremities to a uniform spread through the entire range of equivalence ratios that support
stable detonation wave (Figure 4.9 (b)).

This step increase in mixing can be attributed to the drop in local Mach numbers from
supersonic to subsonic state which increases the residence time, promoting diffusive mixing of the
reactants. Additionally, the slower reactant jet also expands radially, filling the entire channel
width, providing further volume for turbulent and diffusive mixing. The ¢ contour plots also show
the rapid increase in mixing between the 30 mm and the 40 mm plane with the reactants fully
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Figure 4.9: Evolution of mixing characteristics from the injection site (a) Radial/azimuthal
equivalence ratio contours at five, equally spaced, axial locations ahead of the detonation
wave. Two radial axial slices are taken, 15° apart azimuthally, showing the local equivalence
ratio and the Mach number at the hydrogen site. Statistical analysis is performed between
these two planes separated. (b) Normalized weighted distribution of local equivalence ratio
showing the transition from an unmixed (bimodal) distribution to a well-mixed distribution
with increasing axial separation from BFS.
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occupying the entire channel width of the combustor. At the 50 mm location, the PDF shows the
convolution of two gaussian distributions with peaks centered at 0.75 and 1.75. Although the order
of magnitude of probabilities in entire range of stable detonable equivalence ratio is similar, the
globally fuel rich test condition weights the distribution towards the fuel rich peak.

This stark difference in the mixing efficiency provides confidence in the zone-bifurcations
performed in the previous section. The two zones are (1) Zone I, located from the injector to ~30
mm axially downstream, contains mostly unmixed, very fast-moving fluid with low static
quantities and is limited to a radial fill of 4-5 mm from the outer diameter of the annulus (2) Zone
Il, located from ~30 mm to ~65 mm downstream of the BFS, contains relatively well-mixed
reactants, slow- moving fluid with higher static quantities, that fill the entire 10.7 mm radial depth
of the annulus. Additionally, the leading freely propagating detonation wave passes through the
unmixed reactants in the injection nearfield through consumption of partial premixed reactants,
and sufficient unburned reactants are accelerated azimuthally, where shock induced detonation

trailing the leading wave (ARSC) consumes these unburned reactants.

Influence of mixture stratification on pressure gain performance

The implication of such zone bifurcations is extremely important in designing non-
premixed RDCs. The formation of shock induced detonations in the wake indicate that, for non-
premixed RDCs, although complete combustion of reactants does not occur in the leading freely
propagating detonation wave, a trailing shock induced detonation provides an avenue for the
vitiated unburned reactants to burn in an isochoric fashion. While this isochoric vitiated heat
release is desirable from a thermodynamic standpoint, where the injected reactants aren’t expelled
out without combusting, there is a performance loss from theoretical pressure gain that is expected
from detonative combustion.

For a nearly stoichiometric, well mixed hydrogen-air quiescent reactant, the total pressure
ratio across the detonation is expected to be ~ 15. In Zone I, from the URANS simulation results,
the pressure ratio across the leading front is only ~ 4.5. Whereas in Zone 11, the pressure ratio
across the detonation is ~ 12. The pressure ratio of 1.8 in ARSC is lower than the leading front,
due to the reactant having an azimuthal approach velocity induced by the leading detonation in
Zone |, which is a departure from freely propagating C-J detonations. Combining the 1.8 pressure

ratio across the trailing ARSC, the total pressure ratio across the Zone | detonation amounts to ~
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8.1, while in Zone 1l the total pressure gain is ~ 12. Albeit having a relatively simple reaction
mechanism, the model highlights a stark difference in the pressure gain which is influenced by the
mixing field and warrants further exploration of the thermodynamic loss associated with a shock-
induced detonation. While this study provides experimental evidence of freely propagating and
shock-induced detonations, further quantitative evaluations must be necessarily addressed to

understand the practical of overall pressure gain that can be expected from RDCs.

45 Conclusion

MHz rate broadband chemiluminescence, simultaneous OH* and OH-PLIF imaging with
complementary URANS simulation was performed for studying the highly dynamic detonation
structure formed in non-premixed hydrogen-air rotating detonation combustors. The time-resolved
measurements highlight the complicated shock and flame front interactions that occur in the
detonation structure in non-premixed RDCs. The detonation structure has varying properties along
the axial length of the combustor forming weaker portions of the detonation near the injection zone
(Zone 1) and stronger portions of the detonation wave downstream (Zone I1) caused by fuel
stratification. This axial variation in the two zones scales in the stream-wise direction with
increasing mass flux. The detonation front curvature is dictated by local temperature ahead of the
detonation wave, leading to a convex-concave-convex shape due to high temperature zones present
near the BFS and at the exhaust. In the injection nearfield in Zone 1, although the local equivalence
ratio of reactants far exceeds the detonability limits, the detonation wave is observed to propagate.
This detonation front propagation is supported through combustion of partially premixed reactants
present in the shear layer of the fuel and air streams. In Zone 11, the reactants are observed to be
well mixed ahead of the detonation wave primarily span the equivalence ratio space within
detonability limits. This leads to a detonation front in Zone 11 to have a higher luminosity compared
to Zone I.

In addition to the axial detonation structure variation, a variety of shock interactions are
observed in the wake of these detonation waves because of the annular geometry of the RDC. The
injection nearfield, Zone | has a leading freely propagating detonation front followed by a trailing
shock-induced detonation front called ARSC. In the injection farfield however, due to the
relatively better mixed reactant field ahead of the detonation wave, the leading freely-propagating

detonation front consumes the reactants and no-wake detonation structures are observed. The
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length of the ARSC zone proportionally increase with the axial reactant unmixedness and static
quantities. This ARSC system suggests a combination of freely propagating detonation and shock-
induced detonations are present in non-premixed RDCs in the injection nearfield, which deviates

from theoretical pressure gain expected from quasi-isochoric heat release occurring in detonations.
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5. TRANSVERSE WAVES AND CELLULAR PROPAGATION IN NON-
PREMIXED RDCS

5.1 Introduction

Rotating detonation engines are desirable for their ability to sustain pressure gain combustion in
continuous flow devices, which promises to increase thermodynamic efficiency with the same
fuel-oxidizer combinations as conventional constant pressure combustion devices [4,27]. The last
two decades have seen extensive research and development of these systems from laboratory-scale
engines to practical applications [2,4,13,14,29,35,59,80,81]. However, achieving theoretical
pressure gain remains a challenge due to the trade-off between mixing efficiency and pressure
recovery leading to incomplete combustion and non-ideal flow losses, respectively. A way into
understanding these loss mechanisms involves focused study on the detonation reaction front

produced by non-ideal stratified fuel/oxidizer mixture.
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Figure 5.1: Formation of cellular structure in detonations propagating
in a premixed straight channel [82]

One such metric is the cell-size of detonation waves and their sensitivity to the mixture
composition and thermodynamic state. The cellar pattern is produced by the trajectory of the triple-
point, a highly three-dimensional structure consisting of an intense heat release zone. The triple
point is formed at the intersection of the Mach stem, incident shock and transverse-wave. The
incident shock and Mach stem are aligned perpendicular to the direction of propagation with

alternating incident shock and Mach stem sections while the transverse wave is oriented along the
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direction of propagation. The intersection points of these systems, alternatively move towards and
away from each other in direction perpendicular to wave propagation, leading to the trajectory
formation of cellular pattern, as shown by Radulescu [82] in Figure 5.1. These cell sizes are
captured on a soot foil from detonations propagating in a linear detonation channel lined with a
soot-foil and primed with premixed fuel and oxidizer combination at various pressures and
temperatures (initial condition). The large density gradients and thermal load at the triple-point
locations leave a streak mark along the soot foil during the propagation. These soot foils are
recovered at the end of the test and are assessed to provide a cell-size for the reactant composition,
pressure, and temperature.

Such measurements provide valuable information on the cell size of a reactive mixture at
various conditions and can be used only for well mixed premixtures and is typically a single-shot
experiment. In the case of an RDC however, there are two significant challenges posed in using
soot-foil to measure the detonation cell size (i) The continuous propagation of detonations will
interact multiple times with the soot foil which will completely remove any soot trace from the
first detonation cycle (ii) The cell sizes produced will be dependent on local stratification, thereby
producing different cell sizes across the detonation channel. An alternative approach is to use an
open-shutter camera or a high repetition rate framing camera. The former approach will be a
challenging due to minimal control of the light entering the camera chip, which can either damage
the camera sensor due to overexposure, or not have sufficient luminosity from chemiluminescence
to have good SNR to track the cellular structure. The latter approach, with the advancement of
high-repetition rate camera and intensifier technology, can be used to provide information on the
detonation cell size in non-premixed RDCs.

To address the aforementioned challenge, and to understand the cellular propagation of
detonations in RDCs, a MHz rate chemiluminescence system comprising of a high-speed camera
capable of framing up to 10 MHz and a high-speed intensifier capable of repetition rates of up to
2 MHz was used to study the detonation propagation in a non-premixed optically accessible
hydrogen-air RDC [60,83]. To accomplish the visualization two different approaches were entailed
(i) Maximum intensity projection (ii) Sum-of-correlation particle image velocimetry. These two
techniques reveal a non-uniform cellular propagation physics in stratified fuel air mixtures in non-

premixed RDCs.
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5.2 Experimental Setup

Figure 5.2 (a) displays a schematic of the optically accessible RDC, with the quartz outer body
having an inner diameter of 136 mm. High pressure air enters from a plenum through a converging-
diverging section with a throat gap of 1.45 mm. Fuel is injected radially through 100 equally spaced
slots in the diverging section (10° expansion angle) downstream of the throat normal to the air
stream. The fuel slots are milled with a 0.4 mm diameter to a depth of 0.6 mm and are located at
an area ratio € = 1.16. The flow channel expands through a backward facing step (BFS) from an
expansion section at € = 1.8 leading into the combustor channel (¢ =7). Additional details of this
geometry are provided in prior work [51] and the supplemental material attached. The hydrogen
and air mass flows are metered using choked sonic nozzles. The dry air flow rate is set to 0.22 kg/s
and 0.45 kg/s to reach a throat mass flux of Gair = 350 kg/m?/s (Case 2) or 750 kg/m?/s (Case 1),
respectively, at a global equivalence ratio, ®giona, Of 1.05. The uncertainty in mass flow rate is
computed to be ~2 %. Pressure transducers (UNIK 5000) and thermocouples were used for
monitoring the pressure and temperature in the air and fuel manifolds with an uncertainty of +1

psia and 0.1 K, respectively.
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Figure 5.2: (a) Cross-section view of flow path and (b) and experimental arrangement.
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The imaging system arrangement is shown in Figure 5.2 (b). The imaging system utilizes
a Shimadzu HPV-X2 camera capable of capturing images at speeds up to 10 MHz at a full
resolution of 250 x 400 pixels with a maximum of 256 frames at any frame rate. The HPV-X2
camera is coupled to an image intensifier (Lambert Instruments, HiCatt 2), capable of operating at
speeds of 1 MHz and an exposure time of 40 ns. A 105 mm, f/4.5 camera lens with a transmission
spectrum ranging from UV to visible wavelengths is used with the imaging system. This optical
setup allows for imaging of broadband chemiluminescence imaging, with a spectral bandwidth of
280-800 nm, including OH* (280 — 320 nm) , radicals in hydrogen-air combustion (320-500 nm),
and the visible to near-infrared region of water vapor emission (600 nm — 10 um) [32].

The camera is focused on the RDC annulus to visualize the wave traveling through a
circumferential range of nearly 180°, with a field of view (FOV) starting 10 mm upstream of the
air-injection throat. The images presented have been cropped to visualize a FOV of 83 mm x 83
mm. A smaller FOV of 35 mm x 55 mm, focused near the injection plane, is used for higher
resolution imaging of the detonation near the BFS. The camera is triggered 400 ms after RDC
ignition to capture the detonation wave propagation at steady state. The intensifier time gate is set
to 100 ns to reduce motion blur, giving a detonation wave displacement of less than 1 pixel for the
large FOV and ~2 px for the small FOV.

5.3 Results

The results are organized into two sections. The first section uses maximum intensity projection
(MIP) to show the detonation wave structure in the macro-scale, involving a field of view across
the entire length of the RDC. The second section uses MIP to track the detonation propagation in
the injection nearfield and sum-of-correlations using PIV is used to visualize the detonation
propagation and cellular patter formation in non-premixed RDCs.

5.3.1 Maximum intensity projection results
Macro cellular structure

The injection system plays a critical role in the location and structure of the detonation wave. Two
consecutive cycles of detonation wave propagation for test cases 1 and 2 are obtained at 500 kHz

with a 100 ns exposure time, presented in Figure 5.3, are the result of an ensemble sum of the
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maximum intensity obtained for each frame during the wave propagation. This allows the notional
view of an open shutter image of ~30 us. These images show the dynamic nature of the detonation
wave over time and illustrate the coupled behavior of detonation position and injection system. At
high air-mass flux, the stronger detonation zone is displaced further away from the BFS (green
line). The injection recovery process initiated behind the weak detonation is affected when the
products of the strong detonation travel axially upstream and reaches the BFS. This transverse
wave reflects off of the BFS generating a suction effect on the injection system, eventually
affecting the injection fill height causing a cyclic change in refill height, a memory effect from one
detonation cycle to the next. Thus, a memory effect from the current azimuthal location of
detonation wave affects the axial position and shape of the next detonation wave at the same
azimuthal location for this relatively high axial speed non-premixed injection system. At lower air
mass flux, the location of the detonation wave is unaffected by this cyclic behavior since the
product gas interactions have a temporally short response time and reaches the BFS before the
initial injection recovery begins. Additionally, the injection pressure is lower, resulting in lower
injection speeds and a detonation wave location closer to the BFS. Hence, the injection recovery
process is repeatable over multiple detonation cycles with minimal coupling to the detonation
position. Overall, increasing air mass flux corresponds to an increased total pressure ratio over the
injection and back plane and an increased wave coupling with the injection manifold. While the
cell sizes in this region is on the order of ~24 — 25 mm, which is 2 times higher than the predicted
hydrogen air detonation cell size for a global equivalence ratio of 1.0, the local equivalence ratio
fluctuations along with the transverse wave propagation direction induced by ‘longitudinal’

produce cells of macro-scale.
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Figure 5.3: 500 kHz Ensemble sum of the maximum intensity of chemiluminescence of the

detonation wave position and structure at different mass fluxes for two consecutive cycles of
detonation wave travel.

Cellular propagation at the injection nearfield.

We proposed and experimentally showed that the detonation wave structure along the channel
axial length is strongly influenced by the mixing field, which itself is radially and axially stratified
in Section 3. Closer to the injector, the equivalence ratios are far from stoichiometric with fuel rich
regions near the fuel jet trajectory and fuel lean regions in the BFS recirculation zone. Axially
downstream, the mixture approaches a more homogeneous stoichiometric fuel-air mixture where
chemiluminescence imaging shows a more robust combustion wave front. Propagating detonation
waves of non-premixed reactants have a distorted cellular propagation due to decoupling of the
combustion-shock complex from associated heat loss [64,84] from the combustion wave. Recent
measurements show a nonuniform and complex cellular pattern in a non-premixed RDE [60]. Cell
size information in RDEs is important because it is a useful engineering parameter for RDE scaling,
and it is also useful for providing insight into the flow field and combustion dynamics.

To visualize the cellular propagation of detonations in this non-premixed RDC, higher
resolution spatial imaging using 1 MHz broadband chemiluminescence imaging near Zone 1 was

performed for Case 1. First, a non-linear spatial filter was applied to minimize the background
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noise. An optical cellular image was created by producing an image of the maximum intensity
from each pixels time history, shown in Figure 7. This highlights the motions of the highest
intensity portions of the propagating detonation wave front and is one of the first experimental

confirmations of cellular structure in non-premixed RDCs.

10 mm

Intensity (arb. units)

Figure 5.4: Dotted blue lines showing the cellular propagation of detonation waves
observed in non-premixed RDCs.

Clearer cellular structure is observed in Figure 5.4 axially downstream of the injection face
approaching Zone Il where the well mixed reactants allow enable combustion wave to propagate
more robustly. Near the injection face, however, due to poor mixing, the propagation is not as well
defined, and the combustion displays lower luminosity and is more spatially distributed. This
supports the theory that a certain mixing length is required in order to sustain robust detonation
wave propagation in the RDC. Also, considering the cell sizes obtained by measuring the cellular
pattern widths, the cellular sizes vary primarily between 10-15 mm, which is close to the ideal 8
mm size for a stoichiometric premixed hydrogen-air detonation at 300 K and 1 atm in a linear
channel [79]. Differences can be attributed to the mixing and fuel stratification, curvature, and

shock structure interactions specific to the geometry and operating conditions of the RDC [32].
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5.3.2 Sum of correlation PIV

Propagating detonation waves of non-premixed RDCs have a distorted cellular propagation of the
leading detonation front [64,84]. Soot foil measurements to determine the cell size are typically
performed on thin detonation channels with premixed fuel and oxidizer [85]. A larger channel gap
leads to the cellular pattern expanding transverse to the direction of propagation, allowing for a
three-dimensional cellular structure propagation. In this non-premixed RDC, the weak detonation
wave close to the BFS has a fill depth of ~3-5 mm. Hence, the detonation wave tends to behave
like a canonical detonation wave observed in linear detonation channels. To visualize the cell
structure in non-premixed RDCs, the FOV marked in cycle 2 of the G = 750 kg/m?/s test case
(Figure 5.3) was selected, and 1 MHz broadband chemiluminescence imaging, for test case 1, was
performed. With a non-linear spatial filter, the chemiluminescence noise was minimized. Figure
5.5 Figure 5.5(a) shows the resultant ensemble maximum intensity sum. The motion of the

chemiluminescence was tracked with a commercial PIV code (LaVision DaVIS 10), and an

10 mm

(b.)

Figure 5.5: Cellular structure of detonation waves observed in non-premixed rotating
detonations. From PIV sum of correlation results
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ensemble correlation analysis was performed to obtain the motion of chemiluminescence over time
[86]. The transverse motion of the chemiluminescence shows experimental observations of cellular
structure in RDCs, with the areas inside the boundary of the cell widths marked in Figure 5.5 (b)
showing relatively lower chemiluminescence (Figure 5.5 (a)) as opposed to the boundary. This
suggests the high luminosity locations mark the triple point locations along the propagating
detonation wave. The cell size is obtained by measuring the width of the nodes of transverse
motion and is found to be on the order of 7 — 12 mm. The mean cell size of 9.5 mm is close to the
experimental soot foil cell size measurement of 8 mm for a stoichiometric hydrogen-air detonation
at 300 K and 1 atm [79]. However, differences in the mixing and fuel stratification together with
additional shock structures caused by the coupling of the outlet plane and injection system are
possible reasons for variations in the cellular structure, in comparison to premixed canonical

detonations.

5.4 Conclusions

The combined use of a new imaging system and optically accessible hydrogen-air RDC, Cellular
structures in non-premixed RDCs are visualized. The fuel stratification in non-premixed system
gives rise to cellular formations in macro as well as micro scale, having cell widths twice as much
as experimental evidence from prior work suggests. The macro scale cellular propagation is
influenced by the longitudinal mode changes, while the microscale cellular structures are
inherently coupled to the wave propagation physics. With increasing axial distance from the
injection plane, the fuel air mixing efficiency improves giving rise to a monotonic increase in the

cellular size from the injection nearfield.
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6. DETONATION STRUCTURE INVESTIGATIONS IN STRAIGHT AND
EXPANDING ANNULAR COMBUSTORS

Rotating detonation engine (RDE) have periodic transient interactions of the fuel/oxidizer injector
with the propagating detonation waves in the annulus. Understanding this interaction plays a
critical role in the ability to realize pressure gain from practical RDEs. In this work, the wave
response, and dynamic characteristics of two unique injectors are explore in an optically accessible
jet in supersonic crossflow injection based Ho-Air RDC. In the first configuration, the injector
passage terminates at a backward facing step (BFS) leading into the combustion chamber while in
the second configuration, downstream of the fuel injectors, has a gradually expanding 10° ramp.
This geometric ramp design eliminates the presence of a large recirculation zone downstream of
the injection system, which can minimize shear layer induced pressure losses in the BFS design.
Combining the use of MHz rate OH* chemiluminescence, MHz rate OH-PLIF and URANS
simulations, this work highlights the primary differences in the wave shape, the dynamic response
of the detonation wave and the influence of injector geometry on the recovery process of the

detonation wave.

6.1 Introduction

Rotating detonation combustors, in which a rotating shock is continuously burning the reactants,
can theoretically lead to increased gas turbine cycle efficiencies from operating in a valveless
constant volume combustion. Over the past decade, substantial research has been performed to
understand the flow physics within rotating detonation combustors over a wide range of operating
conditions for premixed as well as non-premixed systems, both numerically and experimentally.
The detonation wave moves at velocities on the order of ~1500-1700 m/s, with an impulse change
in the scalar quantities across the detonation wave front. In addition to having large wave speeds,
high velocities, and complex interactions with the wall confinement lead to shock train formation
in the wake of the RDC as well as shock induced combustion in non-premixed systems. Detonation
waves interact and influence the injection system as well, leading to cycle-to-cycle variability in

the wave behavior.
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The Turbine Integrated High Pressure Optical RDC (THOR) is constructed with axial air injection
and radial hydrogen injection scheme with optical access extends from the air-plenum through the
exit of the combustor. The primary reasons for building this test platform are (a) Design and
develop diagnostic tools to study the physics of detonations in annular channels (b) Understand
the driving physics involved in propagation of spinning detonation waves. Several seminal
experimental works have been carried out in this effort. To aid the in understanding the
experimental measurements, Unsteady Reynolds Averaged Navier-Stokes (URANS) simulation
of the full 3D geometry of the RDC is modelled. The URANS simulation captures the mixing
process and boundary layer effects of the geometry with near wall mesh refinement. Results from
the URANS simulations are complemented with the experimental observation to improve the
confidence on the measurements and the physics described in this work. In this work, two different
injector configurations are studied with MHz rate OH* Chemiluminescence, MHz rate OH-planar
laser induced fluorescence (OH-PLIF) and URANS simulations.

6.2 Experimental Setup
6.2.1 Brief description RDC geometry

A cross section of the flow path with backward facing step (BFS) and ramp inner body is shown
in Figure 6.1 (a) and (b) respectively. The outer diameter of the test section is 135 mm and the
length of the combustion chamber section downstream of the backward-facing step (BFS) is
~90mm (Configuration 1). The combustor annular gap is 10.7 mm, comparable to other studies
done for this class of RDC [24,26,30].

Air is delivered from a plenum and is choked through a through a converging diverging
section at a throat gap of 1.45 mm. The diverging section has an expansion angle of 10 degrees.
From the throat location, the channel is expanded at a constant rate until reaching an A/A* =1.15
where hydrogen is injected through individual holes in a jet in cross flow arrangement. A 10 mm
deep plenum pocket feeds 100 milled slots of diameter 0.4 mm and depth 0.6 mm formed between
the copper fuel injection plate and the air-throat contraction body as shown in Figure 6.1.
Following this flat section where fuel is injected, expansion is continued until an A/A* = 1.8 is

achieved and the flow is subjected to a backward facing step leading into the combustor annular
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gap of 10.7 mm. Downstream of the combustor section, the geometry is expanded further from

A/A* =7 to A/A* = 10 for downstream component integration, not a part of this work.

(a) Configuration 1: BFS (b) Configuration 2: Ramp
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Figure 6.1: Cross section and image of the optical RDC for (a) BFS design and (b) Ramp
Injector

For the case of the Ramp injector (Configuration 2), the cross section shows that the fuel ring is
extended as a 10° ramp that leads into the combustor A/A* of 7. This configuration eliminates the
recirculation zone that is present downstream of the BFS which prevents the trapping of product

gas from the previous cycle in the BFS recirculation zone.

6.2.2 MHz OH-Chemiluminescence experimental setup

To capture the detonation evolution, CMOS cameras and two-stage intensifier are used to capture
OH* chemiluminescence in the RDC with a 105 mm /4.5 UV lens. For repetition rates up to 100
kHz, a Phantom v2012 is coupled to a HiCatt intensifier. For higher repetition rates, the HiCatt
Intensifier is coupled to the Shimadzu HPV-X2 camera, as shown in Figure 6.2. The Shimadzu
camera can capture images at repetition rates up to 10 MHz at full frame (250 x 400 pixels), while
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the intensifier is limited to 1 MHz. A protective steel barrier is used to protect the camera system
in case of quartz failure. At all test conditions, the intensifier gate is set to 200 ns in order to prevent

blurring effects from detonation wave motion during the exposure. During this exposure it is

estimated that the detonation wave would have moved less than 0.5 mm.
\\\\\\\ Shimadza 7 105 mm
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Figure 6.2: Diagnostics setup for capturing kHz and MHz rate images.

6.2.3 MHz OH-PLIF experimental setup

A detailed description of the MHz-rate OH-PLIF diagnostic setup can be found in Hsu, et al [62,71].
A brief outline is provided here. A schematic of the MHz-rate burst-mode OPO is shown in Fig.
2. The overall diagnostic arrangement consists of a burst-mode laser, optical parametric oscillator
(OPO), high-speed camera, intensifier, and RDE. The fundamental beam from the burst-mode
laser (Spectral Energies, QuasiModo) was frequency tripled to produce pulses of approximately
40 mJ and 5 ns at 355 nm. The burst-mode laser also generated the second-harmonic 532-nm
output, ~20 mJ/pulse, for use in sum-frequency mixing (SFM) with the output of the OPO down
to 284 nm. For 2 MHz operation, the conversion efficiency was improved by changing the pulse
temporal profile from gaussian to square and reducing the laser pulse width to 2.6 ns. The OPO
consisted of a Type-I beta-barium-borate (BBO) crystal that was cut at an angle of 32° to the

optical axis. After the OPO cavity, the output OPO signal was sum-frequency mixed with the
residual 532-nm beam from the burst-mode laser in a BBO crystal which produced ~400 pJ/pulse

and ~ 200 pJ/pulse of narrow-linewidth 284 nm UV radiation at 1 MHz and 2 MHz repetition rate,

respectively.
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Figure 6.3: Diagnostics setup for capturing MHz OH-PLIF images.

6.2.4 URANS simulations

Unsteady Reynolds Averaged Navier Stokes were performed for the RDC using the CFD++
(Metacomp [72]) flow solver. The numerical domain is shown in Figure 6.4(a) which extends from
the inlet plenum, to exhaust of the RDC. It consist of the air-inlet plenum, 100 discrete fuel
injection holes, the air injection throat, BFS and the combustor annulus. A structured grid was
constructed using ICEM to provide a total of ~ 48.5 x 10° cells with boundary layer mesh
refinement (as shown in Figure 6.4).

The maximum non-dimensional distance, y+, was 14 and was within the detonation front on
the out diameter of the annulus, while y+ on the inner diameter of the annulus was below 1. The
3D simulations were performed with a k-o SST model to for improved simulation accuracy at the
near-wall region and in free-shear layer flows. A single-step chemistry reaction was to simulate
the hydrogen-air reactions, a method used in prior RDC simulations by Frolov et. al [74]. The
numerical boundary conditions at the inlet plenum of air and fuel were supplied from static

pressure measurements obtained for Case 1 from the experiments with a total pressure of 5 bar and
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290K for the air inlet and 5.3 bar and 290 K for the hydrogen inlet. The exit boundary condition
was set to 1 bar resulting in a mixed supersonic/subsonic boundary condition at the exhaust. The
initial simulations were performed with a coarse grid for ~30 cycles and then boundary layer mesh
refinements were imposed. Adiabatic non-slip wall conditions were applied for the wall boundaries.

d g =
Air inlet fuel inlet Boundary layer
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Figure 6.4: (a) Numerical domain of URANS simulation highlighting the boundary
condition specified. A close vide of the boundary layer mesh refinement is shown in the inset
— focused on the injection system. (b) Shows the pressure and temperature variation at a
point 25 mm downstream of the BFS during the limit cycle behavior of the URANS
simulation post detonation initiation.

The computational model was run on 120 high-performance computing (HPC) cores and the
simulations results were from a snapshot ~30 cycles after reaching limit cycle on the fine boundary
mesh. The pressure and temperature plot shown in Figure 6.4 (b) was sampled at a 5 ps time
interval located ~1 mm downstream of the BFS and mid-annular radius of 5.9 mm. Additional
details of the simulations are beyond the scope of this work. The RDC simulations converged to a
steady state value of 0.02 kg/s for hydrogen and 0.62 kg/s for air with a global equivalence ratio

of 1.1 and a detonation cycle frequency of 4.6 kHz.

6.3 Results

The preliminary results are organized into three sections with the first section highlighting the

variations in the detonation wave structure in the axial-azimuthal planes from broadband
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chemiluminescence (primarily OH*). The second section makes use of MHz rate OH-PLIF to
understand the radial-axial detonation wave structure during the wave passage across the PLIF
plane. Finally, the refill process is explored and differences between configuration 1 (BFS) and
configuration 2 (ramp) are studied.

The baseline condition for this study has an air throat mass flux of Gair = 750 kg/m?/s and
a global equivalence ratio of 1.05. This baseline condition was used for both the experiments as
well as the simulation. In addition to this condition, a lower mass flux case of Gair = 350 kg/m?/s
was studied using MHz OH PLIF to understand the effect of injector recovery and mass-flux for

the two different injectors.

6.3.1 Broadband chemiluminescence at the baseline condition:

The broadband chemiluminescence (primarily OH* [32]) obtained at 1 MHz are shown in Figure
6.5 (a) and (b) for the two injector configuration. The first observation is that for the BFS case, the
wave appears to be steep fronted with a thin reaction zone that is consuming the axially incoming
reactants. Whereas in configuration 2, there appears to be a distributed reaction front with much
less steep gradient features in the detonation structure.

In addition to the wave structure difference, the BFS appears to a have a single steep fronted
trailing luminous shock. However, in the case of the ramp, there are multiple distributed waves
trailing the wake of the leading detonation front. These complex wake physics are a results of
azimuthal shock systems present in RDCs. [24,51,83] and will require addition investigation to
understand the detonation wave structure dynamics.

Another key difference is the wave-speed. The BFS, for the same operating conditions,
appears to have a faster wave speed achieving close to 80% C-J while the ramp appears to have a
lower C-J value of 69% suggesting the ramp performance to be lower than ideal C-J detonation

waves.
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Broadband chemiluminescence at baseline condition
(a) Configuration 1: BFS (b) Configuration 2: Ramp
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Figure 6.5: MHz rate broadband chemilumienscence. (a) The cross section of the BFS
architechure is shown in the top while 4 selected sequential images are shown during the wave
propagation. The wave is traveling at 1640 m/s fro the BFS case with the dotted line marking
the BFS location. (b) The cross section of the ramp configuration is shown. The wave is
traveling at 1422 m/s with the BFS location and th end of ramp location is shown as two dotted
lines.

6.3.2 MHz rate OH PLIF

THOR test platform can be used for rapid iteration on injector optimization. The BFS in the initial
design of the RDE provided a flat wall for axial pressure oscillations to sustain within the annulus.
In addition, product gas from the previous cycle was trapped in the recirculation zone leading to
pressure loss from shear layer interactions of incoming reactants. To minimize the total-pressure
loss from this injector, a first optimization effort was done where the BFS was replaced with a

slow expanding ramp at a ramp angle of 10°.
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Figure 6.6: Radial axial MHz rate OH PLIF for the BFS vs the Ramp Design.

The detonation structure, compared to the BFS, is very different. For the BFS case, the
detonation wave is observed to have a leading edge in the recirculation zone and the exhaust.
However, for the ramp design, the detonation wave is observed to arrive at the center of the axial
refill near the outer radius. For the BFS case, the detonation wave passage lasts only ~14 ps (72-
86 ps) while the ramp design has a detonation wave passage occurring for ~20 ps (43-63 ps). The
detonation wave for the ramp design has azimuthally distributed. However certain
phenomenological similarities can be observed between the two cases. 1) The first increase in OH
signal occurs in zones with OH signal from the previous cycle — due to increased speed of sound
in these zones. 2.) The leading zones of the detonation travel on the outer wall.
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6.3.3 Injector recovery
(a) BFS design

Figure 6.7 (a) and (b) shows the OH signal obtained near the injection system for the low air mass
flux case of 350 kg/m2/s and 750 kg/m2/s respectively. A schematic representation of the injector
boundary is drawn in Figure 6.7 (a) at 119 ps (Annotation A) and 47 us for Figure 6.7 (b). For
both the figures, the signal counts upstream of the BFS was multiplied 2 times while the signal
downstream of the BFS was scaled 1/4th of the original signal. This intensity scaling provides the
best contrast to observe the OH signal propagation upstream of the BFS.

For the low mass flux case (a), the detonation wave is observed to arrive at ~105 ps while
the product gas propagation upstream of the BFS is observed for the first time at 115 ps. At this
point, the OH signal propagates upstream until reaching the cold hydrogen jet marked by the
absence of OH. This can be observed at 131ps in Figure 6.7 (a). The OH products are observed to
propagate upstream beyond the air-injection throat, into the air-manifold. At this time, the pressure
is observed to be sufficiently high to stop fuel and air flow. At ~141 ps the observed “dark patch”
indicating the presence of unburned hydrogen, slowly advances towards the exhaust. Once the
detonation product gas expands azimuthally and axially towards the exit, the pressure drops
sufficiently in the combustion chamber to initiation injection of reactants. This can be observed
from 141 ps to 163 ps (Annotation B).

However, for the higher mass flux case (Figure 6.7 (b)), the product gas propagation upstream is
minimized. This is due to two reasons. (1) Assuming the pressure ratio across the detonation wave
is constant, the fast axial injection velocity results in a lower pressure static pressure near the
injection system, which results in low post detonation static pressure. (2) Ability of product gas to

expand in the azimuthal direction.

(b) Ramp design

For both the mass fluxes (Figure 6.7 (c) and (d)), we observe very minimal product backflow into
the injection system. Due to the fast-expanding jet and the geometric constraints, the product gas
is observed to preferentially vent towards the exhaust rather than the injection system. On the onset,

there also appears to be no evidence of deflagrative burning of the incoming reactants with the
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product gas, since the products and the reactants have a clear boundary marked by a rapid change

in the OH signal from the reactant side to the products side.
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Figure 6.7: (a) and (b) shows the recovery process for the BFS at the low and high mass flux
case. (¢) and (d) shows ther injector recovery for the ramp at high and low mass flux case
respectively.

102



6.4 Conclusions

An optically accessible jet in supersonic crossflow injection based Hz-Air RDC is studied for two
different injection configurations. In the first configuration, the injector passage terminates at a
backward facing step (BFS) leading into the combustion chamber while in the second
configuration, downstream of the fuel injectors, has a gradually expanding 10° ramp. This
geometric ramp design eliminates the presence of a large recirculation zone downstream of the
injection system, which can minimize shear layer induced pressure losses in the BFS design. The
OH* chemiluminescence reveals a sharp detonation leading front for the BFS design compared to
the ramp injector. The unavailability of lateral relief distributes the combustion front into multiple
shock induced detonation waves in the wake of the leading detonation front in the ramp. While in
the case of BFS, the shock induced detonation zone is well defined and is trailing the leading
detonation wave in the injection nearfield. Through the use of PLIF imaging, the BFS design is
observed to trap hot-gas from the previous cycle in the BFS location. Combining the use of MHz
rate OH* chemiluminescence, MHz rate OH-PLIF and URANS simulations, this work highlights
the primary differences in the wave shape, the dynamic response of the detonation wave and the

influence of injector geometry on the recovery process of the detonation wave.
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7. FEMTOSECOND/PICOSECOND ROTATIONAL COHERENT ANTI-
STOKES RAMAN SCATTERING THERMOMETRY IN THE
EXHAUST OF AROTATING DETONATION COMBUSTOR

Spatio-temporally resolved measurements of temperature using hybrid femtosecond/picosecond
rotational coherent anti-Stokes Raman scattering (fs/ps RCARS) are evaluated for characterizing
the highly dynamic exhaust flow of a non-premixed hydrogen-air rotating detonation combustor
(RDC). The RCARS system utilizes a recently developed kHz-rate probe-pulse amplification
system that enables high probe-pulse energies and sufficient sensitivity to track RDC exhaust gas
temperatures during the short ~1.5 seconds run time with a precision of ~2%. Because of the
potential for high spatial gradients in temperature and pressure in the RDC exhaust, estimation of
bias errors due to spatial averaging in the 700-um-long CARS probe volume is conducted by
employing the results of a reactive three-dimensional unsteady Reynolds-averaged Navier-Stokes
(URANS) model with a structured grid of 48.5 million cells. This results in a potential bias error
of ~1.5% due to exhaust temperature gradients and underscores the need for high spatial resolution.
The experimental and predicted exhaust temperature histograms show good correspondence with
a statistically similar skew-normal distribution relevant to the flow's local dynamical features. By
utilizing a high-speed camera synchronized with the CARS system, it was possible to compare the
numerical simulation results with the measured exhaust temperature profile obtained from
knowledge of the instantaneous detonation-wave azimuth position. Similar azimuthal spatial
variations of ~300 K were observed in the experimental and computed temperatures, indicating a
relatively well-mixed exhaust flow. The temperature pattern factors of 0.19 and 0.20 obtained from
the experimental and numerical data respectively, are relatively close to isobaric combustors in
modern gas turbine engines. These results illustrate the ability of the fs/ps RCARS and numerical
modeling approaches to evaluate characteristics of the RDC exhaust flow for future development

in propulsion and power generation systems.

7.1 Introduction

Continuous improvement in constant pressure combustion over the last few decades has boosted
performance and minimized pollutant emissions of modern combustion devices. As improving

thermodynamic efficiency requires higher operating temperatures and pressures, a possible

104



approach to further gains is in the conversion from isobaric to isochoric combustion [7,10]. A
concept for isochoric operation that has received broad interest in the last two decades is rotating
detonation combustion (RDC) [2,4,87-90]. Detonative combustion provides isochoric heat-release
with an increase in the product gas total pressure, an increase in enthalpy, and a reduction in
entropy compared to deflagrative isobaric combustion. The RDC concept has a compact flame
with high combustion intensity, a simple lightweight construction, continuous valveless propellant
consumption, an annular flow path, and the potential for retrofitting into current generation gas
turbine engines [91].

A critical parameter to quantify the RDC performance and operating characteristics relevant
to propulsion and turbine integration is the exhaust gas temperature. To date, thermometry in
RDCs has been performed using intrusive thermocouple probes, thin film pyrometry, or non-
intrusive laser absorption techniques. Commercially available thermocouple probes are robust and
relatively simple to install and, therefore, have been widely used for temperature measurements in
RDCs. Bykovskii and Theuerkauf used thermocouples to compute the axial heat release profile
[92] and bulk heat release from RDCs [93]. They reported the calculated heat release in the axial
direction to increase near the mixing zone and decrease further downstream [92], albeit with no
information on the azimuthal variations. Naples et al. used conventional thermocouples to provide
estimates of the combustor pattern factor for an RDC retrofitted in a T63 gas turbine engine while
discounting the azimuthal variations as well [91]. Computational work from Liu et al. have shown
that the mean Mach number and the amplitude of fluctuations in the azimuthal direction
significantly affect the turbine performance. Hence, high-frequency experimental data is critical
to evaluate the turbine efficiency [9,94]. Despite the ease of implementation, the instrument
response time of micro-thermocouples (~10 ms) is an order of magnitude longer than that of a
typical RDC wave cycle time (~250 ps), resulting in an inability to resolve temperature transients
[95,96]. A slightly improved temporal resolution (~1.5 ms) can be achieved using thin film
pyrometry. However, due to the filament's fragility, the survivability of the probe in harsh
aerothermal environments poses a significant challenge [97].

A popular high-speed non-intrusive alternative to the use of thermocouples and thin-film
temperature sensors is laser absorption spectroscopy (LAS). Several groups have performed LAS

in air-breathing and rocket RDCs [12,98-100]. Limited spatial resolution due to the path-averaging
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and temporal averaging of 300 ns to 10 s can result in uncertainties in the measured temperature
[25].

A well-established non-intrusive diagnostic for accurate temperature measurements is
coherent anti-Stokes Raman scattering (CARS). CARS has been extensively used in harsh
combustion environments for in-situ temperature and species measurements in high-pressure gas
turbine and rocket combustors [41,101,110-113,102-109]. This technique offers excellent spatio-
temporal resolution and generates a laser-like signal that can be routed far from the probe volume
to minimize background noise, such as flame luminosity and laser scattering. In this four-wave
mixing technique, vibrational or pure-rotational Raman-active molecular transitions of gas-phase
target species are probed [41,114]. The pure rotational CARS (RCARS) approach is attractive for
highly dynamic combustion processes due to its high sensitivity over a wide range of temperatures
[115], large line spacing that increases the pressure threshold for collisional broadening [116],
amenability to a simple two-beam configuration [117-119], and potential to probe simultaneous
species with a single broadband laser source (N2, Oz, CO, CO, etc.) [120,121].

Thus far, only a small number of experiments have deployed CARS for temperature
measurements in detonating environments. The first reported work on detonation product gas
thermometry was done by Grisch et al. using ns CARS to probe the N2 molecule in the product
gas of a lead-azide explosion. This ns CARS measurement could measure vibrational temperatures
up to 2000 K with a spatial resolution of 4 mm [122]. Roy et al. used ps N» CARS to measure
temperatures behind the shock of a laser-induced blast wave. Compared to the earlier ns work,
Roy et al. increased the temperature range up to 3600 K with a precision of 5% and improved
spatial and temporal resolution to 30 um and ~130 ps, respectively [123]. However, the
aforementioned techniques were limited to a repetition rate of 10 Hz.

Recently, Dedic et al. used hybrid fs/ps VCARS to measure the gas-phase temperature behind the
detonation wave in a microscale detonation tube at 1 kHz [124], where non-equilibrium effects on
rovibrational population were considered. Richardson et al. measured post-detonation fireball
temperatures using hybrid fs/ps RCARS. However, to fulfil the requirement of high pulse energy
in the ps probe for sensitive thermometry at post-detonation temperatures, a separate 20 Hz ps
laser was used for the probe pulse [125]. This limits the measurement at relevant time scales for
post-detonation environments. Moreover, the high cost of using two separate lasers and

experimental complexities associated with the precise time synchronization of two fs- and ps-
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lasers are challenges with this technique. On the other hand, the ps probe pulse for hybrid fs/ps
RCARS can be extracted directly from the fs laser source using various spectral filters, such as a
4-f pulse shaper [126], a narrow bandpass filter [127], a Fabry-Perot etalon [128,129], or volume
Bragg grating [130]. Unfortunately, these spectral filtering techniques significantly reduce the
probe pulse energy (to tens of WJ), and residual sideband features in the ps-probe pulse's spectral
and temporal profiles result in limited signal-to-noise ratio (SNR) and temperature dynamic range
[127,129]. Alternatively, a second harmonic bandwidth compressor (SHBC) has been used to
produce a ps probe pulse with ~1.1 mJ/pulse and was demonstrated for hybrid fs/ps RCARS
temperature measurements up to 2400 K [131]. This approach's potential operational challenges
are the introduction of phase conjugation, interferences in the SFG crystal, and difficulties in
achieving opposite linear chirp between two pulses, which can lead to spectral wings and blue-
shifted satellite pulses. These complexities necessitate careful filtering of the ps probe to avoid
non-physical features in the RCARS spectra, detailed modelling of the laser pulse characteristics,
and/or possibly limit early probing of the Raman coherence. Recently, kHz amplification of
spectrally filtered fs pulses by a narrowband spectral amplifier has been demonstrated by the
current authors to produce high-energy, nearly transform-limited, ps-probe pulses for hybrid fs/ps
CARS with excellent SNR. This approach, used in the current work, enables robust spectral fitting
with few adjustable modelling parameters at flame temperatures ~2400 K [132,133].

Given the highly dynamic and challenging environment of the RDC exhaust, the current
work represents the first effort to evaluate the use of a robust two-beam hybrid fs/ps N> RCARS
scheme similar to ref. [133] to perform thermometry in the exhaust of a non-premixed hydrogen/air
RDC [16,51,134]. The RDC was operated at global fuel-rich conditions for 1.5 seconds with a
detonation cycle frequency of ~4.1 kHz. Temperature measurements were made at 1 kHz repetition
rate, and the relative position of the detonation wave with respect to the probing location was
tracked using a high-speed camera synchronized with the RCARS system. A temperature map
around the azimuth is plotted along with an ensemble-averaged azimuthal pattern factor from
multiple cycles in the RDC exhaust. In parallel, data from a 3D non-premixed unsteady Reynolds
averaged Navier Stokes (URANS) simulation using ~48.5 million cells are used to calculate the
temperature profile at the exhaust for comparison with the experimental data. Using the flow-field
characteristics from the URANS simulations, a theoretical estimate of the measurement

uncertainty due to spatial gradients is performed. In addition, statistical distributions and computed
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pattern factors are compared and show good correspondence with experimental temperatures. The
kHz-rate fs/ps RCARS system performance is described in detail and delivers excellent precision
for characterizing the RDC exhaust and validating numerical models of the full combustor

geometry.

7.2 Experimental setup
7.2.1 RCARS instrument

The hybrid fs/ps N2 RCARS approach employs simultaneous broadband fs pump (®pump) and
Stokes (wstokes) beams to impulsively excite rotational Raman transitions, followed by a time-
delayed (tprone) Narrowband ps beam to probe the evolving coherences in the frequency domain, as
shown in Figure 7.1. The probe delay provides sufficient time to minimize background noise from
the fast decaying (< 200 fs) nonresonant (NR) background signal. The phase-matching scheme
based on momentum conservation for a two-beam RCARS setup with a crossing angle (6) is shown
in Figure7.1.

Probe ia states o T

probe

probe
pump/Stokes
&
\‘;.C?’ kprobe
H. .}e

S-branch CARS
Figure 7.1: Energy level, time, and phase-matching diagrams for the fs/ps RCARS process.

Figure 7.2 shows a schematic of the two-beam RCARS system used for measurements in
the RDC exhaust. The regeneratively amplified Ti:sapphire source laser (Solstice Ace; Spectra-
Physics, Inc.) outputs nearly transform-limited kHz-rate 100 fs pulses at 800 nm with 7 mJ/pulse
and spectral bandwidth of ~180 cm™. This output pulses are split into two, with 3 mJ/pulse routed
to a half-wave plate (HWP) and thin-film polarizer (TFP) to control the energy of the pump/Stokes

beam. The pump/Stokes beam energy is limited to ~100 pJ/pulse to avoid self-phase modulation

108



or plasma generation in the probe volume. The remaining 4 mJ/pulse from the source laser is used
to pump an optical parametric amplifier (TOPAS Prime, Light Conversion, Inc.) and produce a
1064.4 nm beam with a bandwidth of 180 cm™, a pulse width of 100 fs, and energy of ~60 pJ/pulse
for seeding an Nd:YAG narrowband spectral amplifier (NSA) [133]. The NSA has a volume Bragg
grating (VBG) at the entrance to decrease the seed pulse spectral bandwidth to 1.9 cm™, which
corresponds to 10 ps pulse duration. After frequency doubling, the NSA provides a 532.2 nm probe
beam having 800 pJ/pulse at 1 kHz. A delay stage is introduced in the fs pump/Stokes beam path
to delay the ps probe beam by ~20 ps.

The combined pump/Stokes and probe beams are routed towards the RDC exhaust over a
path of ~8 m from the laser laboratory to the RDC probe volume. Near the RDC exhaust, the
pump/Stokes and probe beams are focused with a single 300 mm lens (L1 in Figure 7.2), yielding
a crossing angle of 10°. The spatial resolution can be approximated geometrically by Do/sin(0),
where Dy is the focused diameter of the combined pump/Stokes beam, and 6 is the crossing angle.
For the current configuration, the measured beam-waist of 50 um and 10° crossing angle results in
an estimated spatial resolution of 700 um along the beam propagation axis and 50 pm in the radial
direction. A detailed view of the beam-arrangement at the RDC is shown in Figure 7.3Figure 7.3
(a). For the phase-matching scheme selected, the probe and the CARS signal co-propagate after
the interaction volume. The CARS signal is collimated along with the probe beam using another
300 mm plano-convex lens (L2 in Figure 7.2) and routed back to a spectrometer in the laser
laboratory. A half-wave plate (HWP) and polarizer/analyzer combination are introduced in the
probe beam path before and after the probe volume, respectively, to allow for polarization
suppression [41] of the residual probe beam. To eliminate the residual probe beam prior to
dispersing the CARS signal, additional spectral filtering is introduced through a VBG notch filter
(NF) and bandpass filter (BPF), as shown in Figure 7.2. After suppressing the residual probe, the
CARS beam is focused on the spectrometer (Acton SP-500i, Princeton Instruments) with a 100
mm lens. A 1200 groove/mm grating is used to disperse the CARS signal onto an electron-
multiplying (EM) CCD camera (Newton U971P, Andor). The EMCCD camera is synchronized
with the 1 kHz primary laser and captures a vertically binned area of 250 (H) x 70 (V) pixels,

providing a spectral resolution of 45 pixel/nm with a signal bit depth of 16-bits.
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Figure 7.2: Optical arrangement of the CARS system. OPA — optical parametric amplifier, BS —
Beam Splitter, /2 — Half Wave Plate, TFP — Thin Film Polarizer, L1 — Lens 1 (f = +300 mm),
L2 — Lens 2 (f = +300 mm), BD — Beam Dump, NF — Notch Filter, and BPF — Band Pass Filter.

7.3 RDC description and test conditions

The hydrogen-air RDC has a mean annulus diameter of 128 mm and a combustion section length
of ~100 mm. A cross-section view of the flow path for the RDC is shown in Figure 7.3 (b). High-
pressure air enters from a plenum through a converging-diverging section with a throat gap of 1.45
mm. Fuel is injected radially through 100 equally spaced slots in the diverging section downstream
of the throat and normal to the air stream. The slots have a diameter of 0.4 mm and a depth of 0.6
mm and are located at an area ratio (¢) of 1.16. The flow channel expands through a backward-
facing step (BFS) leading into the combustor channel. The stainless-steel (SS304) outer body of
the RDC has instrumentation ports for measuring surface temperature and pressure at multiple

axial and azimuthal locations.
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Table 2: RDC test conditions.

Case Gair Mair Miuel Tprobe
# | (kg/m?s) | (kgls) | (kals) | 29 | (ps)
750 | 0.44 | 0.0150 | 1.7 | 20
750 | 044 | 00215 1.68 | 20
750 | 044 | 0.0272| 212 | 20

WIN |-

The hydrogen and air mass flow rates are metered using choked sonic nozzles. The dry air mass
flow rate can be varied from 0.22 kg/s to 2 kg/s, corresponding to a global equivalence ratio (¢giobai)
range of 0.5 to 2. The uncertainty in the mass flow rate is computed to be ~3%. The computational
model domain ends ~15 mm upstream of the experimental probe location, as shown in Figure 7.3
(b). This leads to a lower static temperature in the measurements than the CFD model predictions,
as discussed in section 7.7.3. To capture the instantaneous detonation wave position during
RCARS measurements, a high-speed camera (Photron SA-Z) with a 100 mm focal length lens is
positioned to view an image of the exhaust plume of the RDC reflected by a 300 mm x 400 mm
silver mirror, as shown in Figure 7.3 (a). The high-speed camera with an exposure time of 1 ps is
synchronized with the 1 kHz CARS system. At the start of the test, cold air and fuel are flowed
through the venturi at target pressures to achieve the desired mass flows (~0.5 s). Once the RDC
is primed, detonations are initiated by introducing a pre-detonator discharging radially outward at
an axial distance 12 mm downstream of the BFS. The CARS spectrometer camera and the exhaust
plume camera are synchronized with the primary fs laser and triggered simultaneously during RDC
priming. The RDC reaches a limit cycle in ~40 ms after the start of the test. The test duration is
setto 1.5 s, producing ~1500 RCARS measurements per test. The RCARS data and the high-speed
camera data are trimmed to the test duration in post-processing. In addition to exhaust temperature
measurements, wall pressures and temperatures are sampled at 2 kHz repetition rates for condition
monitoring of the experiment. In this study, three fuel-rich cases are explored with a throat air
mass flux of Gair = 750 kg/m?/s at dgioval OF 1.17, 1.68, and 2.12, as shown in Table 1. Case 1 is
considered the baseline condition, for which extensive analysis is performed and experimental
measurements of pressure and temperature were used to provide the boundary conditions to initiate
the URANS simulations.
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Figure 7.3: Experimental configuration for two-beam RCARS measurements. (a)
Pump/Stokes and probe beam crossing arrangement through a single lens system. A silver
mirror was placed ~6 m from the RDC exhaust plane to view the azimuthal position of
detonation wave with respect to the probe volume location using a high-speed camera
synchronized with the RCARS system; M1 — Broadband Mirror, M2/M3 — 532 nm mirror,
L1/L2 — 300 mm plano-convex lens. (b) Cross-sectional view of the flow-path indicating the
axial end of CFD domain and the relative location of CARS probe volume at X.

7.4 Numerical model

Unsteady Reynolds averaged Navier Stokes (URANS) simulations of the RDC were performed
with the CFD++ (Metacomp [72]) flow solver. The solver was selected for its capability to model
transonic/supersonic flow features and was validated in prior work by the current co-authors in
non-reacting supersonic environments [73] and for capturing the spatio-temporal characteristics of
hydrogen-air deflagration-to-detonation transition in a straight detonation tube [135].

The numerical domain in the current work was developed based on a grid independence
and time-step study using this solver in an RDC geometry [136]. As shown in Figure 7.3 (a), it
extends from the inlet plenum to the RDC's exhaust and consists of the air-inlet plenum, 100
discrete fuel injection holes, the air injection throat, the BFS, and the combustor annulus. A
structured grid of ~48.5 million cells with boundary layer refinement to capture the laminar

sublayer is built with Ansys ICEM. The 3D simulations were performed with a k- SST
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turbulence model with a single-step chemistry reaction for hydrogen-air reactions following a
method used in prior RDC simulations by Frolov et al. [74]. A detonation tube analysis was
performed using this mechanism, and the predicted Chapman-Jouget (CJ) detonation wave speed
was within 1% of the theoretical value at stoichiometric conditions.
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Figure 7.4 (a) Numerical domain and boundary conditions of the URANS simulation. A close
view of the boundary layer mesh refinement focused on the injection system is shown in the
inset. (b) Pressure and temperature variations at a location 25 mm downstream of the BFS
during the limit cycle behavior of the URANS simulation after detonation initiation.

The numerical boundary conditions at the inlet plenum of air and fuel were supplied from static
pressure measurements obtained for Case 1 in Table 1, with a total pressure of 5 bar and 290 K for
the air inlet and 5.3 bar and 290 K for the hydrogen inlet. A mixed supersonic/subsonic boundary
condition with a back pressure of one bar is imposed at the exhaust. Adiabatic non-slip wall
conditions were applied for the wall boundaries. The initial simulations were performed with a
coarse grid for ~30 cycles, and then boundary layer mesh refinements were imposed. The
computational model was run on 120 high-performance computing (HPC) cores. The simulation
results were obtained from a snapshot of ~30 cycles after reaching a limit cycle on the fine
boundary mesh. The pressure and temperature data shown Figure 7.4 (b) was sampled at a 5 ps
time interval located ~1 mm downstream of the BFS and a mid-annular radius of 5.9 mm. The
RDC simulations converged to a steady-state value of 0.02 kg/s for hydrogen and 0.62 kg/s for air

with a global equivalence ratio of 1.10 and a detonation cycle frequency of 4.6 kHz. The method
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of applying measured pressures as boundary conditions resulted in a slightly higher predicted mass
flow than in the experiments.

The potential difference in RDC operation for equivalence ratios of 1.10 and 1.17,
corresponding to the simulation and experiments, was estimated using equilibrium detonation
calculations using the NASA CEA solver [75]. These calculations show that the detonation product
gas temperature would differ by only 2.25 K for such a difference in global equivalence ratio.
Hence, the RDC’s global thermal power output is expected to be minimally affected by the small
difference in dgiobal between the experiment and simulation.

A commonly used parameter to compare simulation results with experiments is the percent
deviation of detonation cycle frequency with the experimental counterpart. Lietz et al. used a large
eddy simulation (LES) model on a hexahedral grid with 90 million cells for a rotating detonation
rocket engine (RDRE) and approached to within 8% of the experimental cycle frequency [137].
Sato et al. used a 28 million unstructured mesh in a non-premixed RDC and approached within
15% of the experimental cycle frequency at the same fuel-air combination in a comparable
geometry [57]. In this work, the predicted RDC cycle frequency is within 7% of the experimental
counterpart (4.3 kHz) at similar operating condition.

7.5 Evaluation of the fs/ps RCARS approach

An analysis is performed to estimate the measurement precision, bias errors due to limitations in
spatial resolution, and measurement dynamic range for the selected fs/ps RCARS instrument at
the temperatures and pressures imposed by the RDC exhaust. This is accomplished with the aid of
(1) prior data using the same fs/ps RCARS technique in a fuel-rich hydrogen-air Hencken burner
calibration flame [133], and (2) estimates of property gradients and conditions in the RDC exhaust
using the URANS predictions.

7.5.1 Exhaust plume characterization

Pressure and temperature contours within the RDC exhaust from the URANS simulations are
presented Figure 7.4 for Case 1 in Table 1, with a grid resolution of 100-300 pum in the tangential
direction and from 30-300 pum in the radial direction. These data are used to perform a sensitivity

analysis of a 700 um long fs/ps RCARS probe volume, oriented along B-B’ in Figure 7.5 (a), to
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help estimate the effects spatial gradients and property fluctuations on the measurements. The
exhaust contour plots show the azimuth angle reference (red line) at 0°, as used throughout this
manuscript, with a thermal wave depicted near the fs/ps RCARS probe location at ~180°. The
temperature and pressure distributions are relatively uniform in the azimuthal direction, except in
the regions carrying the remnants of the rotating detonation wave within the combustor annulus.
The predicted pressures and temperatures within the exhaust show a variation of 0.6-4 bar and
800-3000 K, respectively, at the exit plane, which can be used to estimate potential gradients
within the RCARS probe volume.

NN s

200 T, (K) 3000 0.4 P, (bar) 4

Figure 7.5: Exhaust contour profiles of temperature and pressure. Numerical data sampled

along the lines A-A’ (azimuthal) and B-B’ (radial) are used for analyses of the effects of

spatial averaging on the RCARS measurements (Section 7.5.2). In this work. the RCARS

probe volume extends along the radial direction B-B’. The red line marked in the pressure
profile references the 0° azimuth angle.

Figure 7.5 (a) and (b) provide detailed line plots of the temperatures and pressures, respectively,
across the remnants of the detonation wave, in the azimuthal (A—A’) and radial (B-B') directions
shown in Figure 7.5. Based on these data, the pressures within the RCARS probe volume at any
instant vary by only ~2x10* bar, while the temperatures can vary by as much as ~60 K, as

discussed in the following section.

7.5.2 Precision and bias error due to spatial averaging

A key parameter in the selection of the pump/Stokes and probe beam-crossing angle is the size of
the RCARS probe volume and its effects on measurement accuracy. In prior work, the current
fs/ps RCARS approach was used in an fuel- rich hydrogen-air Hencken burner calibration flame
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with a beam-crossing angle of 30°, leading to a limiting resolution down to 100 um [133]. To
ensure high signal levels for measurements in the RDC exhaust, the crossing angle was reduced to
100, leading to a probe volume of 700 um along the probe beam axis. Even longer probe volumes
of several millimeters or centimeters have also been utilized in prior work, but at the expense of
spatial averaging [101].

An estimate of the precision error associated with spatial averaging over a certain length is

obtained from the percentage coefficient of variation (%COV). The %COQV is obtained from the

ratio of
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Figure 7.6: (a) Temperature and (b) pressure profiles along the A-A’ (azimuthal) and B-B’
(radial) directions.

the standard deviation in temperature to the mean temperature over a certain distance. For a 700
pm resolution, the URANS simulations estimate a %COV within 1.5% for both the tangential (A—
A’) and radial (B-B') directions. This temperature ambiguity is within the precision of 2%
achieved using the same fs/ps RCARS technique in a steady laminar calibration flame [133].
Hence, the selection of a 10° beam-crossing angle in the current work appears to be a reasonable
means of increasing signal levels while maintaining the high precision of the measurement system.
For future reference, increasing the probe volume to a typical length of 2 mm, as used in prior

work, would result in %COVs of 11% and 19% for the azimuthal and radial directions, respectively,
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while increasing the probe volume length further to 4 mm would yield %COVs of 28% and 38%.
This illustrates the potential uncertainties that can result from low spatial resolution for
measurements in highly non-uniform flow fields present in the exhaust of RDCs.

Spatial averaging through a probe volume with large gradients in temperature can also lead
to bias errors due to the non-linear dependence of CARS intensity on the local temperature.
Consequently, low-temperature zones have a higher CARS signal contribution than high-
temperature zones. Such bias errors due to spatial averaging are estimated using simulation results
from a steep gradient zone (~20 mm) in Section A—A’, as shown in Figure 7.6(a). In this zone,
temperatures range from ~1340-1420 K over the 700 um RCARS probe length, with an average
temperature of 1376 K and a standard deviation of 20 K. Theoretical CARS spectra were generated
for this temperature range and were ensemble-averaged to emulate a spatially averaged RCARS
spectrum. The ensemble-averaged spectrum was then used for curve fitting to obtain a predicted
temperature of 1369 K. This results in a bias error of 7 K or 0.5% from the computed average,
which is significantly smaller than the precision of the fs/ps RCARS measurements. However, the
bias error could increase significantly for longer probe lengths, and together with spatial averaging
portends the potential trade-off between signal levels and precision in regions with higher spatial
gradients, such as in the interior of the RDC.

7.5.3 Sensitivity, SNR, and dynamic range

In addition to spatial averaging, a key aspect governing the selection of beam-crossing angle is the
sensitivity of the measurements to the wide range of temperatures present in the RDC exhaust. As
the two-beam RCARS signal generation is not a fully phase-matched process, higher Raman shifts
suffer from enhanced phase-mismatch. As such, higher crossing angles yield reduced signal
intensities for high J-transitions, reducing high-temperature sensitivity. For pure-rotational CARS,
a spectral window of ~300 cm™ is required for fitting rotational spectra up to a temperature of
~3000 K [115]. The relatively small Raman shifts of RCARS allow the interaction between
combined pump/Stokes and probe beams to be nearly phase-matched over a wide range of crossing
angles (0) [119]. Thus, the 10° (~700 um spatial resolution) crossing angle used in this work
ensures minimal phase mismatch up to 300 cm™ while offering sufficient spatial resolution, as

discussed in the prior section.
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Another important consideration of the measurement system is the SNR needed to ensure
accurate fitting with theoretical spectra. While a precise threshold is difficult to define, a peak SNR
of 10-30 is often used to ensure that the full range of rotational transitions can be captured at high
temperatures [133]. To evaluate the dynamic range of the temperature measurements, a scaling of
SNR is presented in Figure 7.7 (a) using prior measurements with a beam-crossing angle of 30°
(100 pum probe length) in the 1 atm hydrogen-air calibration burner [133]. For a camera with a 16-
bit dynamic range, a signal variation of ~4 orders of magnitude can be recorded, which in theory
allows temperatures to be measured with sufficient SNR over a range of ~600 K to 3000 K.

Unfortunately, the RCARS signal degrades substantially during RDC operation because of
beam steering and the subsequent loss of pump/Stokes and probe beam overlap due to vibrations
and the presence of density gradients in the flow. As such, the beam-crossing angle of 30° was
reduced to 10° to improve the likelihood of pump/Stokes and probe beam overlap and ensure
sufficient temperature sensitivity through increased SNR, with adequate spatial resolution. While
a theoretical increase in SNR of a factor of ~50 might have been expected because of the quadratic
increase in RCARS signal with the size of the probe volume, the data in the RDC exhaust displayed
significant fluctuations and an average increase by a factor of ~7 or less in the observed peak SNR
as compared with prior data at a 30° crossing angle. Random variations in beam overlap during the
1.5 second tests were such that a peak SNR of ~100 might be observed at 2600 K, while SNRs
might dip as low as 20 at 1200 K. Hence, the optical set up serendipitously ensured sufficient
dynamic range for detection of the highest temperatures while also allowing non-saturated signals

at the lowest temperatures, with measurement realizations reaching a validity rate of 20-33%.

7.5.4 Effects of pressure on optimal probe pulse width

Because the large line spacing of pure-rotational transitions allows individual rotational lines to be
resolved, and avoids the line mixing effects in VCARS, the effects of pressure variations are less
pronounced on the RCARS spectrum. Nonetheless, collisional dephasing can still increase at
higher pressures and cause a drop in SNR. To illustrate the selection of an appropriate probe pulse,
Figure 7.7 (b) shows the dependence of peak SNR on pressure near exhaust temperatures of ~2400
K for probe bandwidths of 1.9 cm™ and 3.3 cm™ at their respective optimal probe delays of 20 ps
and 13 ps, respectively. As the URANS simulations predict a static pressure of up to ~4 bar in the

RDC exhaust, the 1.9 cm™ probe pulse maximizes SNR for the current work.
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Figure 7.7: (a) Modeled variation of peak SNR vs. temperature in 1 bar calibration burner
with 1.9 cm™ probe, 20 ps probe delay, and 30° crossing angle. (b) Peak SNR vs. pressure at
2400 K for two different probe pulse widths at their optimum probe delay. (c) Modeled N>
RCARS signal for 2400 K at 1 and 5 bars.

At higher static pressures, such as within the interior of the RDC, the effects of collisional
dephasing will be more pronounced, and a spectrally broad (e.g., 3.3 cm™) and temporally short
(e.g., 5 ps) probe pulse may be more optimal. In that case, probing the molecule earlier in time
would avoid effects of collisional dephasing, while reducing the probe pulse width would avoid
NR background due to temporal overlap of the probe and pump/Stokes pulses.

A final consideration for the use of 1.9 cm™ probe pulse is the potential for temperature-
dependent collisional dephasing at the correspondingly longer probe delay of 20 ps. As lower-J
transitions dephase faster than the higher J transitions, this can cause an apparent population shift
to higher J numbers at high pressures [106]. As shown in Figure 7.7 (c), however, collisional
dephasing has a negligible effect on the RCARS spectrum over the pressure range of up to 5 bar

for the RDC exhaust in the current work.
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7.6 Results

The results are organized into two sections, (1) a description of theoretical fitting for measured
temperatures at various operating conditions of the RDC, and (2) a comparison of experimental
results with URANS simulations, including temperature statistics and pattern factor estimation in
the RDC exhaust. These data are used to illustrate the potential utility of fs/ps RCARS in
quantifying temperature variations and spatial distributions for evaluating RDC performance

characteristics as well as for validation of numerical models.

7.7 Fs/ps RCARS temperature measurements
7.7.1 Pre-processing and fitting to the RCARS spectra

Each RDC test provides a total of ~1500 data points for the 1.5-second-long test. Three filter steps
were applied to each test case before curve fitting.

(1) Experimental data for shots that have lower signal were filtered with a peak SNR
threshold of 10 to minimize uncertainties in the curve fitting procedure. Although the optical
arrangement was theoretically capable of providing excellent SNR over the temperature range of
interest, vibrations, and large density gradients during the inherently unsteady RDC operation
caused a substantial drop in signal for some of the single-shot data.

(2) While the RDC was operated in a fuel-rich condition for all the three test cases (Table
1), to minimize oxygen line interference, the presence of oxygen line interference suggested the
occurrence of intermittent incomplete combustion. These data points were removed before curve
fitting. As the numerical results do not capture intermittent pockets of unburned fuel and air, it is
anticipated that filtering such spectra may artificially improve comparisons with the experimental
data.

(3) During the last ~100-300 ms of the test, the RDC's exhaust plume had sufficient water-
vapor to decrease the SNR of the camera observing the detonation wave position. Although several
datapoints that passed the first two pre-processing steps were present, these temperature points
could not be appropriately assigned with any azimuth location and hence were eliminated for the
pattern factor estimation. After applying several layers of filtering, approximately 50% to 75% of

the data points were eliminated for each test case leaving ~300 to 600 datasets per test case.
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Figure 7.8: Typical single shot RCARS spectra and the corresponding theoretical fits
showing the dynamic range of the measurement at the baseline condition Case 1 (Table 2).

A phenomenological N RCARS model was implemented based on prior work [129,138,139] and
is detailed in [140]. The pump/Stokes pulse was assumed to be impulsive in time-domain, i.e.,
having infinite bandwidth that was not included explicitly in the model. Rather the spectral
response of the finite bandwidth pump/Stokes beam was imparted on the model with an

experimentally obtained NR signal in argon at the RDC measurement location. This was used
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along with the spectrometer instrument function and probe shape determined from N2 RCARS
data in a Hencken burner to generate a library of simulated spectra. Pre-processing of the N
RCARS data from the RDC included slight background subtraction, normalization to the peak
intensity, and wavenumber-axis stretching. A least-squares fitting process was then performed
with temperature and wavelength shift as the only floated parameters, with the latter being
necessary only because of beam steering in the RDC and the >8 meters long path to the
spectrometer. The minimum value of least-squared summation of the residue was used as the
convergence criterion to determine the temperature, and datasets with large residues were removed
in post-processing. The obtained temperatures were then mapped to the detonation wave position
to obtain the azimuth temperature profile.

Typical single-shot experimental spectra and corresponding best-fit results for the baseline
condition Case 1 (Gair = 750 kg/m?/s, dgiobal = 1.17) are shown in Figure 7.8. The CARS spectral
library was computed in steps of 5 K to ensure a relatively high accuracy and efficient convergence
criterion. The SNR of the RCARS spectra is sufficiently high for a wide range of temperatures.
The relatively low residue appears to be dominated by local variations in the transition linewidths
rather than peak amplitudes, potentially making the residue less sensitive to temperature via the

Boltzmann distribution.

7.7.2 Temperature statistics in the RDC exhaust

The histograms in Figure 7.9 provide statistics to understand the temperature distribution at various
operating conditions. For all three test cases of ¢giobat = 1.17, 1.68, and 2.12, Gair was set to 750
kg/m?/s. The uncertainty in the global equivalence ratio was on the order of 2%. The number of
data points included in the histograms for Cases 1, 2, and 3 are 530, 340, and 300, respectively.
Case 1 at dgiobar = 1.17 is the case that is closest to a stoichiometric condition and shows a
distribution centered at ~1500 K. The slight skew-normal trend towards high temperatures is likely
due to products of the detonation wave that remain locally unmixed and lead to thermal transients.
The histograms for Cases 2 and 3 show distribution peaks at ~1300 K, with substantially more
low-temperature excursions than high-temperature excursions as compared with Case 1. This
indicative of the lower temperatures, reaction rates, and combustion efficiencies further from
stoichiometric conditions. The statistical distributions for Cases 2 and 3 suggest that the system's

thermal power output has plateaued as additional hydrogen is supplied at fuel rich conditions, as
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expected. The extra mass flow of hydrogen from Case 2 to Case 3, for example, represents only a

1% increase in the total mass flow for the RDC, which causes an insignificant drop in the mean

exhaust temperature.
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Figure 7.9: Temperature histograms from single-shot data for the three test cases at ¢giobal =
1.17, 1.68, and 2.12 for Gair = 750 ka/m?/s.

7.7.3 Comparison of experimental and URANS data

Statistical temperature distributions

The experimentally measured statistical temperature distribution shown in Figure 10 (a) is
obtained for Case 1 using data acquired over the duration of a test with a fixed probe volume
location as indicated previously in Figure 5. These data are compared with the statistical
temperature distribution in Figure 10 (b), which was obtained from the URANS prediction at all
spatial locations within the exit plane of the RDC exhaust, as shown in Figure 7.10 (a). This

comparison assumes a cyclic passage of the predicted detonation products through the RCARS

probe volume.
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Figure 7.10: Temperature histogram from single-shot experimental data at the baseline
condition (Case 1) compared with numerical predictions.

The histograms from the numerical predictions show a similar skew-normal distribution towards
high temperatures as observed in the experimental data, indicating that the presence of thermal
transients is captured by the URANS simulation. However, the computational plot shows a mean
shift of ~200 K towards high temperatures compared to the experiments. As noted earlier, this
difference is not attributable to the difference or uncertainty in ¢giobal, Which would account for a
change of <3 K. The primary contribution to the difference in mean temperature is due to the
measurement volume being displaced ~15 mm downstream of the computational domain exit
plane, as shown in Figure 7.3 (b). Supersonic flow expansion occurs between the end of the
computational domain and the probe location, which causes a drop in measured static temperature.
For the current RDC geometry, the inner body is contoured to expand from an area ratio of 7 to an
area ratio of 10 at the computational exit plane. By approximating a linear decrease in the inner
radius, the jet's area ratio at the probe volume is about ~14. This causes a static temperature
reduction of ~8%, which accounts for ~125 K of the difference between the experimental and
numerically predicted temperatures. The remaining 75 K difference in the mean shift in
temperature can be attributed, in part, to wall heat losses and radiation. In fact, it is not unusual to
report differences of 50-100 K in measured and equilibrium temperatures within a nearly adiabatic

Hencken calibration burner [141]. In addition, the temperature histogram is broader in the
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experiments than the URANS predictions, potentially because of the inability of the CFD to
accurately capture the range of mixing and reaction rates within the non-premixed RDC (including
the limitations of the single-step reaction kinetics). Nevertheless, there is relatively good
agreement between the numerical predictions and the RCARS measurements in the exhaust of the

RDC after accounting for expected differences in the mean temperatures.

7.7.4 Azimuthal temperature distribution and pattern factor estimation

The azimuthal temperature profile is obtained by correlating temperature measurements with the
position of the detonation wave marked by the exit plume imaging system, as described in Figure
3. The detonation wave azimuth position (6) for a representative single-shot image and the
corresponding best-fit N2 RCARS measurement at 2070 K are shown in Figure 7.11 (a). Measured
temperatures are plotted as a function of the corresponding wave positions for an entire test
duration in Figure 7.11 (b). These data, along with results from corresponding URANS exit
temperatures, are binned into eight 45° angular sectors and plotted as a function of the azimuth
position in Figure 7.11 (c). In both the experimental and computed results, the leading edge of the
high temperature products from the detonation wave should be near the 180° location relative to
the reference frame shown previously in Figure 7.5. It should be noted that locations upstream of
this leading edge should have lower temperatures while locations downstream should have higher
temperatures, depending on the direction of propagation of the detonation wave.

Comparing the mean temperature for each sector within one standard deviation shows
statistically strong correlations between the simulations and the experiments. The temperature
distribution in Figure 7.11 (c) shows a relatively small spread within each bin (~200 K) for both
the experiments and the URANS simulations. On the left side of the 180° position, a small increase
in temperature is observed, attributed to the gradient arising from the detonation wave passage.

The variation in the mean temperature around the entire azimuth is limited to ~300 K. This
moderate increase in temperature at the exit plane is more extensive than a typical gas-turbine
combustor [142] and should be considered for downstream component design. As explained in
Section 5.2.1 the URANS results also overpredict the mean temperature by ~200 K, primarily due
to an offset in the location of the RCARS probe volume downstream of the simulated exit plane.
Nonetheless, these profiles show a relatively small azimuthal variation in the exit flow

temperatures due to product gas mixing.
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Given the azimuthal temperature distributions, experimental and simulated combustor pattern
factors can be estimated for the RDC. The combustor pattern factor is a non-dimensional number
providing information on the product gas quality exiting the combustor in gas-turbine engines
[142]. The pattern factor is defined as PF = (T3™ — T3™e@") [ (T3M" — T,m4") where 2 and 3
correspond to the combustor inlet and exit locations. Ideally, the pattern factor is expected to be
close to zero to have a uniform temperature profile at the exhaust. However, in practice, local
flame conditions and turbulence leads to values greater than zero. For annular combustors, the PF
value is dependent on the combustor length/diameter aspect ratio and the pressure loss factor.
Modern gas turbine annular combustors have PF values in the range of 0.1 — 0.3 [142]. Prior work
by Naples et al. provided an RDC PF value of 0.25 — 0.3 [91]. For the baseline condition (T2™" =
300 K), the PF for this RDC from the experiment is PFexp. = 0.19 and for simulations is PFcrp =
0.20. These values suggest that the inherent annular construction and aspect ratio of this RDC
provides sufficiently mixed product gas resulting in PF values close to modern gas-turbine
combustors. The reported PF precision is an improvement from that previously reported using

thermocouples [91].
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Figure 7.11: (a) Spectral fit for CARS temperature at 2070 K and the corresponding exhaust

plume detonation wave position determined by azimuth angle 6. (b) Measured temperature

distribution vs azimuthal position for case 1 over the entire 1 second duration (c) Azimuthal
temperature profile at the baseline condition from experiments and URANS simulations.
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7.8 Conclusions

Thermometry using hybrid fs/ps N2 rotational CARS was performed at the exhaust of a non-
premixed hydrogen-air RDC at 1 kHz repetition rate. The RDC was operated with an air throat
mass flux of 750 kg/m?/s and global equivalence ratios of 1.17, 1.68, and 2.12 to have minimal
oxygen line interference in the resultant N2 RCARS spectra for initial evaluation of this approach.
The equivalence ratio of 1.17 was selected as the baseline condition. At this condition,
complementary URANS simulations were performed on a ~48.5 million structured grid with
boundary layer mesh refinement and a single-step chemistry model that was used in prior studies
of hydrogen-air RDCs. Results from the model were compared with the experimental temperature
measurements.

An extensive theoretical analysis was performed for the applicability of thermometry
measurements in the RDC environment. Data from the URANS simulations were used to estimate
the exhaust plane spatial temperature and pressure distributions. Bias errors and the effects of
pressure, temperature, and probe volume length on the precision, sensitivity, SNR, and dynamic
range were investigated. This characterization showed that the RCARS probe volume with a
spatial extent of 700 um induces uncertainties of <2% in temperature. Hence, this approach
achieves sufficient spatial resolution (~700 um) and high temporal resolution (20 ps). The kHz
rate. CARS instrument has a probe pulse amplification system that allows for temperature
sensitivity over a dynamic range spanning the 800-2600 K variation of temperature in the RDC
exhaust.

A high-speed camera was synchronized with the CARS instrument to capture the
detonation wave position during the temperature measurement to map the azimuthal distribution
of temperatures. The histogram of temperature obtained at the three operating conditions showed
a skew-normal distribution with longer tails near the high-temperature zone attributed to high-
temperature transients from unmixed products of the detonation wave. The CFD exhaust
temperature histogram also had an analogous skew-normal distribution with a mean-shift in the
higher temperature than the experimental results due to gas expansion at the RDC exit as well as
heat losses. The experimental and computational profiles obtained in eight sectors along the
azimuth allude to a sufficiently mixed product gas composition with a maximum mean-
temperature variation of ~300 K. The combustor pattern factor for this RDC was estimated to be

~0.19, a nominal value compared with conventional constant-pressure gas turbine combustors.
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Future work for RCARS thermometry includes (i) performing 1-D line-RCARS measurements
and (ii) simultaneous measurement of Oz and H2 species for combustor performance evaluation.
In combination with velocimetry techniques in the exhaust, the azimuthal temperature profile can
also be used to describe the speed of sound at the exit plane and obtain corresponding Mach
numbers for design of combustor transition and downstream components. Improvements in
modelling at higher pressures may be needed to perform RCARS measurements in the interior of
the RDC at conditions relevant for propulsion and power generation systems. The design and
implementation of RCARS, including selection of the beam-crossing angle and probe volume
dimensions, will also need to be considered within the interior of the RDC where the property

gradients and fluctuations are significantly higher than in the exhaust.
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8. SUMMARY AND FUTURE WORK

8.1 Summary

This research presented in this dissertation showcases the development and application high
repetition rate qualitative and quantitative diagnostics in a modular and optically accessible RDC
test platform to understand the physics of rotating detonations in non-premixed injection schemes.
A novel optical RDC was designed, developed, assembled, and commissioned with the goal of
having a modular combustor with optical access through the injection system and the combustion
chamber.

The first set of qualitative measurements using MHz rate broadband chemiluminescence
show the details of propagating detonation waves in non-premixed hydrogen air systems. These
experiments revealed the presence of axial variation in detonation strength, marked by varying
chemiluminescence intensity along the axial length. This variation is inherently dependent on the
mixing effectiveness of the reactant ahead of the detonation wave. The wave height and axial
luminosity variations from the injection nearfield to the injection far field also showed a non-linear
scaling with increasing mass flux. In addition to the leading detonation wave, a trailing detonation
wave was observed that warranted further exploration as to the source of the trailing detonation
wave.

In order to understand the radial characteristics of the detonation wave, simultaneous MHz
rate OH* chemiluminescence and OH PLIF was performed to indicate the presence of azimuthal
reflected shock detonation, marked by a flame front less than 1.5 mm thick. These results not only
confirm the axial variation in detonation, but it also shows the trailing combustion wave is indeed
a detonation wave.

With the advent of high repetition rate imaging, Maximum Intensity Projection and sum-
of-correlation PIV methods were used in parallel to understand the cellular propagation of
detonations in non-premixed RDCs. The stratified reactant flow made the increasing cell sizes with
increasing axial distance from the injection plane.

After completion of the backward facing step combustor characterization, an expanding
annular channel, forming a ramp from the injection plane, was developed. Through the use of

chemiluminescence and PLIF, the ramp was shown to perform at lower C-J speeds for the same

130



operating conditions due to the absence of the backward facing step. In addition to the wave speed
dropping, the ramp design also had a leading freely propagating detonation with multiple trailing
shock induced detonation waves in its wake. This trailing shock system can be explained by the
presence of confinement, which minimizes reactant gas mixing and forms the trailing combustion
systems.

Lastly, CARS thermometry was performed on the exhaust of the RDC to obtain a
quantitative metric on the exhaust profile. These results were compared with the URANS
simulations leading to good agreement in the experiments and CFD on the combustor pattern factor
for RDC:s.

8.2 Future work

The novel RDC test-platform is modular in nature and provides an excellent avenue for further
research in the pressure gain combustion research area. The following areas are of immediate
interest and would benefit from further investigation:
e Simultaneous MHz OH* and OH-PLIF in the ramp configuration to understand the
structure of the trailing shock induced detonation waves.
e Combined use of Femtosecond-laser activation and sensing of hydroxyl (FLASH) tagging
and fs/ps RCARS thermometry to obtain exhaust Mach number profiles across the azimuth.
e Vary the fuel composition to incorporate dilution in the fuel circuit to understand the effect
of cooling and reformation technologies for carbon-free fuel injection of liquids such as
ammonia.
e Vary the swirl in the air injection stream to understand the effect of induced azimuthal
momentum on detonation propagation direction dependence.
e Incorporate higher temperature and pressures of the propellants to take the RDC into
conditions relevant to stationary power generation gas turbines and rocket engines.
e Incorporate liquid injection systems in THOR for understanding spray breakup processes
in detonating environment.
e Perform integrated turbine and compressor testing to study cycle level performance of

RDCs for gas turbine applications.
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e Studies on thermal heat load on the surface of the RDC using high temperature phosphor-
based thermometry to design and develop cooling strategies for continuous operation of
the RDC.
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