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Preface

For the past seventy-six years, since 1941 when Hoffman first proposed the use of
detonation waves for propulsion applications, there has been sustained efforts by
many researchers throughout the world to develop a real and practical propulsion
system which employs detonation waves in a controllable manner. Especially note-
worthy achievements are early efforts on rotating detonation engines by Nicholls at
the University of Michigan and by Voitsekhovsky in Novosibirsk in the 1950s and
1960s, and continual research activities worldwide on pulse detonation engines
that were initiated by Bussing’s engine demonstration in the 1990s. Recently,
through theoretical performance studies, experimental investigation, and analysis
via numerical simulations, the technology development of rotating detonation
engines has been revisited by international leading researchers and has proven to
be capable of implementation in real applications for different purposes, such as in
rocket motors, ramjets, and turbojets. These leading researchers are devoting to
carry out examinations and verification of system-level rotating detonation engines
currently to allow this technology to achieve a higher level of technology readiness
level as can be seen in the effort by Piotr Wolanski, Sergey Frolov, Kailas
Kailasanath, Fred Schauer, Matthew Fotia, Christopher Brophy, Frank Lu, Kenneth
Yu, Jiro Kasahara, Nobuyuki Tsuboi, Ken Matsuoka, Francois Falempin, Bruno Le
Enaour, Jeong-Yeol Choi, Jian-Ping Wang, Boo Cheong Khoo, Chiang Juay Teo,
and Jiun-Ming Li.

This book is a collection of state-of-the-art research contributions from these
international leading experts who have presented their works at the 2016 International
Workshop on Detonation for Propulsion IWDP) held in Singapore and the 2015
IWDP held in Beijing. This workshop has successfully brought together scientists
from various parts of the world for the exchange of cutting-edge technical knowl-
edge and has served as a platform to promote more collaborative opportunities
internationally since 2011 (2011, Bourges and Pusan; 2012, Tsukuba; 2013, Tainan;
2014, Warsaw). These forms of knowledge and experience sharing involving vari-
ous aspects by the different groups constitute one of the main reasons why the rotat-
ing detonation engine has progressed remarkably rapidly in recent years.



vi Preface

The chapters in this book strive to meet the needs of scientists, young research-
ers, young engineers, students, and others in the field of shock waves, combustion,
and aerospace propulsion. Each chapter manuscript was subjected to a peer-review
process and subsequently revised by the chapter authors accordingly. A system-
level design of the novel detonation engines (RDE & PDE), performance analysis,
and investigation employing advanced experimental and numerical methods are
presented. The world’s first successful sled demonstration of a rocket RDE system
and innovations in the development of a kilohertz PDE system are reported. It is
hoped that readers will obtain in a straightforward manner an understanding of the
RDE & PDE design, operation and testing approaches, and further specific integra-
tion schemes for diverse applications, e.g., rocket motor for space propulsion and
turbojet/ramjet engines for air-breathing propulsion. A comprehensive survey of
detonation-based engine technology is also introduced for the readers to have a
broad overview and development to date. Finally, a fundamental research on basic
detonation re-initiation phenomenon is included because such knowledge of deto-
nation re-initiation mechanism serves as a useful guide for the detonation chamber
design of RDE & PDE. In addition, the materials involving the use of optical diag-
nostics techniques in this study, such as Schlieren imaging, planar laser-induced
fluorescence (PLIF), open shutter photography, and soot foil technique will be use-
ful for researchers and engineers involved in the relevant fields. This book hopefully
attracts the interests of young researchers/engineers to join in the ongoing revolu-
tion of new propulsion system. Lastly, this book can serve as a reference textbook
for faculty and graduate students and for graduate-level courses in shock waves,
combustion, and propulsion in universities. The following is a brief outline of what
the readers can gleam for each chapter:

Chapter 1 Critical design of rotation detonation engine for air-breathing propul-
sion and performance evaluation process for rotation detonation engine.

Chapter 2 Strategic schemes to integrate turbojet and rotating detonation cham-
ber and its direct performance measurement using gaseous hydrogen and liquid
Jet-A as fuels.

Chapter 3 Investigations of detonation liquid rocket engine with natural gas for
space propulsion and development of computational methods to simulate detailed
flow structure within an operating continuous-detonation combustor with nozzle.

Chapter 4 Sled demonstration of rotation detonation rocket engine for thrust
measurement and propellant injector shape effect on engine performance.

Chapter 5 Computational method development with robust-weighted compact
nonlinear scheme for two-dimensional simulation of rotating detonation engine.

Chapter 6 Background, current progress, and challenge of rotating detonation
engines.

Chapter 7 Progress and accomplishments of rotating detonation engine research
at Peking University, China.

Chapter 8 Novel kilohertz pulse detonation chamber: concept, experiment, and
one-dimensional numerical analysis.



Preface vii

Chapter 9 Fundamental detonation re-initiation phenomenon of stable and unsta-
ble detonation with multiple diagnostic methods: Schlieren photography, planar
laser-induced fluorescence, open shutter photography, and soot foil technique.

The last section of this book constitutes the minutes of the Panel Discussion
conducted at the 2016 International Workshop on Detonation for Propulsion
(IWDP). Readers can gain further insights on the main concerns, critical research
issues, and challenges of detonation-based engines for propulsion based on the dia-
logue of the leading researchers.

The editors would like to thank all chapter authors for contributing their latest
valuable research results to promote these special collections for detonation engine
development. Specifically, we wish to express our appreciation to Piotr Wolanski
and Sergey Frolov for their unwavering support. The editors would like to extend
appreciation to the reviewers for their timely cooperation and expertise. During the
early work on the manuscript, we have benefited from many colleagues who
attended the 2015 IWDP and we would like to show our gratitude to the organizers
of the 2015 IWDP (co-editors of this book): Jian-Ping Wang and Cheng Wang.

Finally, we are greatly thankful to Christopher Coughlin of Springer Publishers.
His initiative and encouragement made this volume possible in the series on Shock
Wave and High Pressure Phenomena. We would also like to express our apprecia-
tion to Springer editors Dominic Manoharan and HoYing Fan for their recommen-
dation and close cooperation during the preparation of the book manuscript.

Singapore, Singapore Jiun-Ming Li
Chiang Juay Teo
Boo Cheong Khoo
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Chapter 1
Performance of Rotating Detonation Engines
for Air Breathing Applications

Matthew L. Fotia, John Hoke, and Frederick Schauer

Abstract The performance of air breathing rotating detonation engines is pre-
sented through the use of experimental measurements made at the Air Force
Research Laboratory’s Detonation Engine Research Facility. The performance scal-
ing characteristics observed between various physical device configurations is dis-
cussed; included is the influence of mass flow rate, air injection area ratio and nozzle
area ratio. The impact of geometry on the unsteady nature of rotating detonation
engines and the combustors’ efficient production of thrust is presented, along with
an analysis of the pressure-gain properties of rotating detonation engines. Finally,
the impact of transitioning from hydrogen fueled to hydrocarbon fueled devices is
examined through the direct comparison of experimental measurements of opera-
tion on both gaseous hydrogen and ethylene fuels. Previous pulsed detonation
engine work is used to provide a reference for this comparison.

1 Introduction

Rotating detonation engines have been shown to be viable pressure-gain combus-
tion devices. The operability of such combustion systems and the manner in which
the performance of these systems scale are still developing areas of investigation.
The identification of the pertinent scaling laws to describe the performance of these
systems and the performance of these devices when coupled to various internal
nozzle configurations is the focus of the current chapter. In particular, the detonation
channel scaling is examined while attempting to hold the effect of propellant mixing
constant. The impact of operation of rotating detonation engines on hydrocarbon
fuels is also presented. The successful scaling and transition to operation on more

M.L. Fotia (IXd) * J. Hoke
Innovative Scientific Solutions Inc., Dayton, OH, USA
e-mail: matt.fotia@gmail.com
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logistically supportable fuels is a key aspect in the future application of rotating
detonation pressure-gain combustion technology to aerospace propulsion systems.

Operation of rotating detonation engines of different nominal detonation channel
diameters and channel widths has been reported by Shank et al. (2012), Naples et al.
(2013), Fotia et al. (2015, 2016, 2017), Russo et al. (2011) and Dyer et al. (2012).
Shank et al. presented the initial experimental development effort on a nominal six-
inch diameter rotating detonation engine with a focus on mapping the mass flow and
equivalence ratio operating space of this new device. Naples et al. examined this
device further through the use of a quartz outer-body and high-speed chemilumines-
cence imaging to provide basic data on the various angles present in the flow struc-
ture for use in the validation of modeling efforts.

Fotia et al. (2016) reported the effects of exhaust flow nozzling on the measured
thrust production of a nominal 6-inch diameter rotating detonation engine. A dis-
cussion on appropriate stagnation states is used to identify the effects of pressure-
gain in the system, while examining the comparative effect on performance of both
bluff-body and plug nozzle exhaust schemes. The different regimes of ignition
observed in this scale of rotating detonation engine are detailed by Fotia et al.
(2015), where an air ejector configuration is used to provide independent backpres-
sure to the detonation channel.

Kindracki et al. (2011a) examined the thrust production and evaluated the spe-
cific impulse developed by a rotating detonation engine with aerospike nozzles. The
variation of pressures and velocities were presented by Kindracki et al. (2011b) for
bluff-body arrangement of these devices.

Dyer et al. tested a larger diameter device with a twenty-inch detonation channel
diameter and found that for rotating detonation devices there is a critical interaction
between the fuel/air mixing and detonation propagation. Other recent experimental
investigations include the study of the detonation wave/fuel plenum interaction and
the potential coupling between the two by Fotia et al. (2014) where a two-
dimensional test-section was used in a single-pass operation configuration. Frolov
et al. (2015) demonstrated the operation of a large-scale hydrogen-air continuous
detonation combustor, in which backpressuring obstacles had been placed in the
combustion channel to enhance thrust production. It was found that the experimen-
tal results matched well with previous computational findings. The mode of detona-
tion propagation within a rotating detonation engine has been examined by Lin et al.
(2015) where single wave, single/dual-wave hybrid and dual-wave modes of opera-
tion have been observed in the same device by varying the injection conditions. As
well, the self-ejection of oxidizer into the annular detonation channel has been stud-
ied by Bykovskii et al. (2010, 2011) for operation with both oxygen and air.

The modeling and simulation of rotating detonating engines have been more
recently conducted by Schwer and Kailasanath (2010, 2011), Kaemming et al.
(2017), Paxson (2014, 2016) and Davidenko et al. (2008). Schwer and Kailasanath
(2010) developed a numerical procedure for modeling the flow field of rotation
detonation engines which shows good structural agreement with experimental
observations, while indicating the potential for losses in the combustion of fuel
outside of the detonation wave and the post-detonation shocking of combustion
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products. These same authors (Schwer and Kailasanath, 2011) later used this algo-
rithm to examine the effects of various engine size parameters that included the
nominal diameter, length and depth of the detonation channel, as well as the area
ratio of the propellant injection Scheme.

A reduced-order thermodynamic modeling approach was used by Kaemming
et al. (2017) to capture the key physical mechanisms present in rotating detonation
engines. This work considered four different thermodynamic pathways through the
engine, and proposed coupled models for the injection of propellants and the exhaust
of combustion products from the device. The results of this modeling agreed well
with experimental performance measurements and provided confirmation that pre-
combustion static pressure and deflagrative losses are first-order drivers of perfor-
mance in these pressure-gain combustion systems. An experimental and analytical
analysis of the detailed two-dimensional calculation of the structure of the rotating
detonation and its resultant performance was presented by Hishida et al. (2009).

Paxson (2014) proposed a model that allowed for the reduction of the computa-
tional time and resources required to simulate a rotating detonation engine by con-
sidering a periodic two-dimensional computational space. This model was later
used (2016) to investigate the impact of the exhaust throat area convergence on the
performance of the combustor. The focus of this work was on the influence of the
reflected wave mechanics between the nozzle throat and the air injector, showing
that there exists a coupled relationship between the back-pressuring provided by the
nozzle and the propellant fill Mach number provided by a given injection area.

A parametric study of flow field parameters was conducted by Davidenko et al.,
in which the injection total pressure and the spatial period of device operation are
identified as scaling factors for the geometry and reactive flow pressure respectively.
Average injection mass flux was found to be a factor in driving these two parame-
ters. Rankin et al. (2014) showed through simulation that a reduction in exhaust
plume unsteadiness in the rotating detonation engine is possible as it transits a
converging-diverging nozzle arrangement. This natural reduction in flow turbulence
has implications when considering the efficiency of energy conversion into thrust by
the nozzle.

2 Experimental Setup

The data that will be discussed in this chapter was primarily collected through the
use of a thrust stand installed at the Air Force Research Laboratory’s Detonation
Engine Research Facility at Wright-Patterson AFB. The testing was conducted on
the six-inch diameter modular research rotation detonation engine test-section at
flow rates from 0.61 to 1.82 = 0.03 kg/s, and global equivalence ratios between 0.6
and 1.35 +0.02.

This rotating detonation engine design has been characterized by Naples et al.
(2013) and Fotia et al. (2016, 2017) and is shown in Fig. 1.1, with the oxidizer and
fuel feeds noted. Key features of this configuration include the radial outward flow
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Fig. 1.1 Schematic of the
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of oxidizer and the modular nature of both the outer-body and center-body compo-
nents, allowing for many physical arrangements to be investigated based on the same
global radially fed device. The fuel and air mixing scheme at the base of the detona-
tion channel is similar to that used by Shank et al. (2012) and is shown in Fig. 1.2.

Thrust measurements were made on a horizontal thrust stand, using a hydraulic
load cell. The calibration of the installed test-section showed good linear behavior with
hysteresis limited to a maximum of 12 N (3 1bf). The gas flow rates to the test-section
were metered upstream of the feed manifolds through the use of sonic nozzles.

Testing was conducted on five different nozzle configurations shown schemati-
cally in Fig. 1.3. These included two variations on a bluff body exhaust, three varia-
tions on an aerospike nozzle and one classical converging-diverging nozzle
configuration. A comparison between the bluff body exhaust and the plug-nozzle
configurations was made by Fotia et al. (2016). The focus here will be kept on the
behavior of the plug-nozzle as these results are more relevant to actual direct thrust
production applications of rotating detonation engines. The length of the outer-body
of the rotating detonation engine was kept constant at 11.4 cm (4.5 inch) for all
configurations tested, unless otherwise noted. The converging-diverging nozzle
configuration is considered for comparison reasons to ensure that the discussion
will be on the behavior of the rotating detonation engine and not on any peculiarities
of the nozzling geometry implemented.
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Fig. 1.2 Schematic of the . _)I Channel
mixing scheme at the base 1< 69.34 mm (2.730") > Width
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Fig. 1.3 Schematic of the various experimental nozzle configurations (Adapted from Fotia et al.
2016)

3 Thrust Production and Scaling

The fundamental performance metrics used to describe fuel efficiency and effective-
ness of working fluid use in a thrust-producing device are the specific impulse, I,
and specific thrust, F,/my;, respectively. The specific impulse will be defined con-
sistent with the “airbreathing” definition, where

F
] =—¢ (1.1)

mFuelgo
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Fig. 1.4 Performance of a six-inch rotating detonation engine coupled to an aerospike plug-nozzle
operated on hydrogen/air, shown in terms of specific impulse, L, as a function of specific thrust,
F,/mh;,, for various air mass flow rates and equivalence ratios (Fotia et al. 2017)

with F, being the gross measured thrust, mp, the mass flow rate of fuel and g, the
acceleration due to gravity.

Considering a set internal rotating detonation engine geometry, an increase in air
mass flow rate is matched with increasing specific thrust. Figure 1.4 shows this
behavior, which is due to the increasing initial pressure of the propellants prior to
being detonated and the increasing backpressurization of the device due to
combustion-induced blockage in the finite geometry of the engine. The data shown
is for combustion of gaseous hydrogen and air, with an air injection area ratio, A ,;/
Arpg, of 0.435 and a nozzle area convergence ratio, Ay,,/Agpg, of 0.6.

To provide a framework in which to discuss the production of thrust by various
geometric configurations of the rotating detonation engine, a simplified thrust equa-
tion can be written by considering the rotating detonation engine as a simple thrust
producing device. This can be expressed in terms of specific impulse as

v mFuelgo
- LT, 12
go s
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where f; is the stoiciometric fuel-air mass ratio, y is the ratio of specific heats of the
exhaust products, R is the gas constant of the exhaust products, ¢ is the equivalence
ratio, M is the Mach number, with T representing temperature and P, pressure. A
subscript e has been used to denote the state of the gas post-nozzle expansion, o
denotes stagnation conditions, and Noz denotes fluid conditions at the entrance to
the nozzle.

Care was taken to intentionally label the nozzle entrance stagnation quantities as
in the particular case of stagnation pressure; these quantities will be different from
those entering the test-section due to the pressure-gain nature of the detonative com-
bustion process. This allows for the driving physical behaviors to be separated out
without fully defining the nature of the rotating detonation combustion process.

To maintain the focus on the operation of the rotating detonation combustor, it
has been assumed that the aerospike plug-nozzles implemented at the exhaust plane
of the annular detonation channel provide near-perfect expansion of the exhaust
products to ambient pressure conditions. This assumption is justified as this class of
nozzle shows this property at lower nozzle pressure ratios.

If the detonation channel width of the engine is changed, it follows that to pro-
vide the same performance the stagnation-to-ambient pressure ratio, P, n.,/Pe, across
the nozzle must be held constant for operation at a given equivalence ratio, or stag-
nation temperature. To do this the state of the flow entering and exhausting from the
combustor must be examined for a set detonation channel mass flux.

When considered in a fundamental one-dimensional sense, the area expansion
ratio between the air injector and the detonation channel, A,;/Agpg, must be held
constant between the different channel width geometries to hold the propellant pre-
detonation pressure losses constant. For the nozzle pressure ratio to be held constant
between geometries, setting the Mach number of the exhaust products post-
expansion, the mass flux through the nozzle must be held constant to make appro-
priate comparisons between different channel widths. This occurs if the rotating
detonation engine channel-to-nozzle throat area contraction ratio is set, since if

= Constant (1.3)

RDE

SO must

n A
M e _ Constant (1.4)
Noz RDE

As can be seen in Fig. 1.5, the experimental performance for differing channel
width configurations of the rotating detonation engine show consistent trends when
the appropriate one-dimensional analysis based parameters are fixed. The figure
shows data for an air injection area ratio, A,;/Agpg, 0f 0.435, a detonation channel
mass flux, m/Agpg, of 173.0 kg/s/m? and a nozzle area contraction ratio, Ax.,/Agpe,
of 0.6.
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Fig. 1.5 Performance of a six-inch rotating detonation engine operated on hydrogen/air, given in
term of specific impulse, L, as a function of equivalence ratio, ¢, for various detonation channel
widths (Fotia et al. 2017)

While there is some slight vertical shifting of the specific impulse curves between
detonation channel widths, the slope of these curves remain the same relative to
each other. Some deviation is present due to three-dimensional effects, such as dif-
ferences in propellant mixing and flow recirculation losses at the base of the detona-
tion channel. These are the most likely sources of loss as in the true three-dimensional
arrangements it is the radial length scales across the channel that are being altered.

Contributing to the production of thrust, these differing internal flow structures
and levels of fuel mixing have the potential to provide alternative internal wave
arrangements to the propagating detonation and the expansion waves present in the
device.

Specific impulse gives a measure of fuel usage in the creation of thrust. The nor-
malized corrected thrust, F,P, g/P, air, describes thrust production from the stagna-
tion pressure supplied to the engine through the air feed manifold. The difference in
the use of pressure between channel configurations can be directly seen in Fig. 1.6a
where the higher corrected thrust is found for the 22.86 mm (0.9 inch) channel
width, while the 16.25 mm (0.64 inch) channel width configuration shows more
effective pressure usage than the 7.62 mm (0.3 inch) channel.

The corrected thrust obtained from a given channel configuration can be manipu-
lated by changing the three parameters held constant to this point in the comparison.
Those parameters being the air injection area ratio, the nozzle area contraction ratio
and the mass flux through the detonation channel.

If a lower detonation channel mass flux is examined, as in Fig. 1.6b, the relative
relationship between the different configurations stays the same, while simply
decreasing the levels of corrected thrust created by the device. The 22.86 mm
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Fig. 1.6 Influence of various operating parameters on thrust production in a six-inch rotating deto-
nation engine operated on hydrogen/air, shown for a particular air injection area ratio, A ;/Arpg
and two detonation channel mass fluxes, m/Agpg (Fotia et al. 2017)

channel width can be seen to still perform the most effectively, while the 7.62 mm
channel configuration produces the least thrust per unit of stagnation pressure fed to
the engine. The lower mass flux through the detonation channel leads to reduced
local pre-detonation pressures, and then reduced post-detonation pressures.

Examining the impact of the nozzle area contraction ratio, Ay,,/Agpg, requires a
shift in the variables examined through the inclusion of the nozzle throat area into
both the air injection area ratio and detonation channel mass flux parameters.
Previously, this was not required as the nozzle area contraction ratio for all the cases
being considered was 0.6. The appropriate air injection area ratio becomes
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A

Air Air ARDE ( 1 . 5)

Noz ARDE ANoz

as this ratio will impact the backpressuring of the annular detonation chamber and
through it the mechanics of the mixing process and formation of recirculation zones
at the base of the detonation channel.

To hold the pressure ratio across the nozzle constant the nozzle throat mass flux,
m/Ay.,, must be held constant. It should be noted that these variables reduce to the
A/ Arpe and h/Agpg parameters for instances of comparison between configura-
tions of constant Agpe/Ane,, Which has been the case for the discussion presented
thus far.

Figure 1.7a shows a comparison of the normalized corrected thrust obtained
from a rotating detonation engine with a 0.6 area constriction, Ay,,/Agpg, and an
unconstricted nozzle throat, Ax.,/Agrpg = 1.0. Interestingly, the non-constricted noz-
zle shows improved pressure conversion to thrust over the constricted configuration,
with the trend holding for both of the detonation channel widths shown.

The reverse of this behavior is found when the fuel consumption is factored in,
as in Fig. 1.7b. As is to be expected from the earlier discussion, the 16.25 mm chan-
nel configuration displays a higher efficiency of thrust production from the combus-
tion of fuel, which is now factored into the normalized corrected specific impulse,
F,Py ret/Mpue1€oPo air- However, in the case of this pressure-gain combustion device
this leads to higher levels of flow blockage and a reduction in the effective use of
feed pressure. The Mach number of the exhaust products are still set by the
stagnation-to-ambient pressure ratio across the nozzle.

The interplay between the effective usage of fuel and pressure creates a param-
eter space in which the performance of the engine can be tailored to a specific flight
regime, or varied to address the changing dynamic properties along a flight profile.

To add another dimension to the analysis of rotating detonation engine perfor-
mance, Paxson (2016) showed that excessive nozzle area contraction can lead to
unstable rotating detonation engine operation, if not offset by appropriate pressure
losses upstream in the air injection scheme. This unstable operation was correlated
in the simulations to a reduction in specific impulse of up to 10%.

Along a similar avenue of investigation, combustion chamber length can be used
to adjust the strength of the interaction of the downstream propagating oblique
shockwave produced by the detonation and the wave reflected from the nozzle
throat that propagates back upstream towards the air injector. To show the impact of
this behavior the measured specific thrust from three different physical combustion
chamber/nozzle arrangements is given in Fig. 1.8a, where there is no appreciable
difference apparent between the conventional converging-diverging nozzle with a
21 cm (8.25") length outer-body, an aerospike plug-nozzle with the same 21 cm
(8.25”) length outer-body and a plug-nozzle with a shorter 11.4 cm (4.5") length
outer-body.

The impact of the physical alterations to the combustion chamber become evi-
dent when the normalized corrected thrust, F P, /P, air, is €xamined as in Fig. 1.8b,
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Fig. 1.7 Influence of nozzle area ratio on (a) normalized corrected thrust, F, P, /P, air, and (b)
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where the same data for the same physical configurations as Fig. 1.8a is plotted. The
plug-nozzle configuration with the shorter outer-body clearly makes better use of
the stagnation pressure supplied to the combustor to produce thrust than either of
the longer outer-body configurations. The exact nature of this behavior, and the key
physical mechanisms that drive it, are open areas of research. It is clear, however,
that while it is tempting to visualize the rotating detonation engine combustor as a
one-dimensional device, to do so would ignore the role that the internal non-steady
state wave mechanics play in the production of thrust and the utilization of the stag-
nation pressure and fuel supplied to the device.
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4 Stagnation Pressure-Gain

The true promise that rotating detonation engines hold for enabling advances in the
performance of aerospace propulsion systems is the pressure-gain nature of the
detonative combustion process. This potential advantage is due to the near-constant
volume combustion a propagating detonation wave produces. However, to actually
directly measure and analyze this form of pressure-gain combustion is extremely
difficult due to the complex unsteady flow fields present in a rotating detonation
engine. To begin to examine this, the internal flow field must be considered first.

A notional schematic of the basic wave structure that follows the detonation front
is shown in Fig. 1.9. There are five basic flow regions indicated in the schematic.
Region A consists of the unburnt fill gas that is not yet correctly mixed to allow the
transit of a detonation wave front.

Region B is the detonation products, or burnt gas while Region C is the post-
expansion/shock interaction exhausting burnt gas. The gases in Region C will be
subjected, in the next wave cycle, to a shock wave due to the Riemann problem
created between Regions B and C, to create Region D.

A ne ’
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Fig. 1.9 Notional Schematic of the wave structure that follows the detonation front, shown in
terms of the axial, X, and temporal/circumferential coordinates (Fotia et al. 2016)
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Finally, Region E is the same gases as in Region A but subjected to shock/expan-
sion conditioning prior to the subsequent transit of the next cycle of detonation and
refill. When considering how to measure the stagnation pressure creation, or
pressure-gain, provided by a rotating detonation device the fact that the time-
resolved axial pressure and temperature distributions along the channel are unknown
becomes a difficulty. However, the stagnation conditions upstream of the device in
the air-feed manifold are known. Considering the schematic in Fig. 1.9, note that for
the device to successfully refill the upstream propagating streamline between the
burnt and unburnt gases, marked as I in Fig. 1.9, must at some point begin to flow
back downstream to exit the combustor.

Making the assumption of axial flow only in the combustion chamber, it could be
reasoned that the work-potential created through stagnation pressure gain in the
detonation event and present in the expansion of the hot burnt gases upstream
towards the propellant feed manifolds must be stagnated, and turned back down-
stream, by the incoming cold pre-combustion gases. This hypothesis requires that
the air-feed manifold stagnation pressure be equal to, or greater, than any stagnation
pressure gained downstream. However, as will be shown later in this section, this is
not the case for correctly operating rotating detonation engine combustors.

By design, the Mach number of the air flow within the air-feed manifold is kept
low, ~0.09 at mass flow rate of 0.76 kg/s. The total air mass flow through the device
is metered upstream by a sonic nozzle arrangement allowing the static pressure
measured in the manifold to approach that of the stagnation pressure of the flow.
Following the hypothesis that this incoming flow must have the same peak potential
to do work as that created within the detonation wave, it is also a direct measure-
ment of the stagnation pressure of that same detonation process. Note that unlike
some pulsed detonation devices there is no pressure wave arresting mechanism
present in the propellant injectors to absorb the overpressure of the detonation.

This seems like an over simplified suggestion, however, if a flow is considered in
which there exists an upstream metering point and a downstream blockage, such as
a nozzle contraction. It is accepted that as the blockage increases the pressure pres-
ent in the segment of tube upstream of that point will increase to allow the metered
mass flow to continue to transit the blockage.

Similarly, in the case of the rotating detonation engine, the stagnation pressure
measured upstream of the device will adjust to meet the demands of the downstream
obstruction, which in this case requires that the flow produced by the detonation be
stagnated and turned back downstream.

To assess this assertion, a typical parameter to examine is the mass flow function,
mff, which is simply a re-arrangement of the usual mass flow per unit area
equations.

y+1

n.T _ Y
mff =N V[ e e ] 20 (1.6)
PA \R 2

where m is the mass flow rate, T, is the stagnation temperature, P, is the stagnation
pressure, A is the minimum cross-sectional area in the configuration and M the local
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Fig. 1.10 Measurements for the 60% area contraction aerospike configuration at air mass flow
rates of 1.7, 0.95 and 0.36 kg/s, showing above the mass flow function, mff, in comparison to an
ideal choked nozzle throat and below the stagnation pressure-gain required to meet the observed
flow conditions (Fotia et al. 2016)

Mach number of the flow. The ratio of specific heats, y, and gas constant, R, are also
parameters. The mass flow function is a non-unique function of Mach number,
reflecting the subsonic and supersonic flow regimes. The stagnation pressure, mea-
sured in the air-feed manifold, created in the device can now be used with the stag-
nation temperature of the flow known from the equivalence ratio, given by the
upstream fuel and air flow metering, and the known geometry to provide a mass
flow function value for the exit choke on the nozzle coupled to the device. The upper
part of Fig. 1.10 shows these experimental measured mass flow function values
compared to the expected theoretical value that would be present if an ideal choke
were located at the nozzle exit.

The measured values are higher than those expected for an ideal choke, over a
large range of the observed conditions. This result conflicts with the defined behav-
ior of the mass flow function which is at a maximum for a Mach number of unity. If
the experimental conditions were to be located below the ideal choke line it could
be explained by the presence of a “partial” choke at the nozzle throat, a condition
where the bulk Mach number across the throat is to some degree subsonic. This
effect would also be similar to those observed for nozzle discharge coefficients of
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less than unity. Alternatively, a point located above the curve indicates that there is
a potential issue with the mass flow function calculation.

These high values of mass flow function can only be a result of one of the input
parameters being inconsistent with the assumptions of the calculation. Since mass
flow rate is metered external to the experiment and the geometry is fixed and known,
only the stagnation quantities remain. The stagnation temperature was calculated
from the known gas composition and it is possible that there is combustion effi-
ciency to the process. However, to correct the mass flow function such that the mass
flow function matches the ideal, or equivalently the local Mach number is a real
value, it would require an extremely low combustion efficiency in the device,
approximately 85%, to account for differences. This condition is unrealistic as this
would subsequently certainly combust unconfined in the laboratory.

This leaves the most likely explanation for the inconsistency being the assump-
tion that the air-feed manifold static pressure is the same as the stagnation pressure
potential created by the detonation in the channel. Points located on the upper por-
tion of Fig. 1.10 must have a higher observed apparent stagnation pressure than that
present in the air-feed manifold.

Our earlier hypothesis that the air-manifold pressure will be equal to the stagna-
tion pressure created in the detonation process has now been shown to be incorrect.
Instead, there is an equivalence-ratio-dependent measured stagnation pressure-gain
occurring. The lower portion of Fig. 1.10 shows the difference between the mea-
sured air-feed manifold pressure and the stagnation pressure required to ideally
choke the nozzle throat. The peak pressure-gain occurs around an equivalence ratio
of unity, and ranges from approximately 3% to 7%, dependent on feed conditions,
as compared to an ideal choke.

5 Gaseous Hydrocarbon Fuels

To this point, only rotating detonation engines operated on gaseous hydrogen fuel
have been considered. A change in either fuel or oxidizer will directly influence
both the operability and performance of any combustion driven device. This effect
applies doubly for a detonating system as not only the lower heating value of the
propellants is now different, but also the detonation cell size which sets the geomet-
ric scalings within the device. Such a change will also have an impact on the perfor-
mance attainable by detonating a particular fuel/oxidizer combination through a set
geometry, as compared to any other propellant pairing for that particular geometry.

Figure 1.11 shows the resulting specific impulse if hydrogen and air propellants
are used. It can be seen that the rotating detonation engine test data provides a fair
match to the performance levels previously measured by Schauer et al. (2001a) for
hydrogen/air operation of a pulsed detonation engine, as well as the theoretical per-
formance of a pulsed detonation engine calculated by Wintenberger et al. (2003) for
the same fuel combination.
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Fig. 1.11 Comparison of experimental rotating detonation engine performance to experimental
pulsed detonation engine performance measurements by Schauer et al. (2001a, b) and Cooper et al.
(2001) on both hydrogen and gaseous hydrocarbon fuel, as well as theoretical performance calcu-
lations by Wintenberger et al. (2003) (Fotia et al. 2017)

The results of testing conducted using gaseous ethylene and air are shown in the
figure as well. These measured values again match closely the ethylene/air pulsed
detonation engine performance reported by Schauer et al. (2001b) and Cooper et al.
(2001) and the calculated performance levels of Wintenberger et al. This is an
encouraging result, in that the rotating detonation engine is capable of producing
thrust with similar levels of fuel efficiency as a pulsed detonation system when
operated with gaseous hydrocarbon fuels, but now in a continuous manner.

The measured thrust data shows the expected drop in specific impulse, when
considering a change from hydrogen to ethylene fuel. This same data also shows, in
Fig. 1.12, that the usage of air in the production of thrust in a hydrocarbon fueled
rotating detonation engine is comparable to that of the hydrogen fueled device, with
the ethylene/air data actually showing slightly higher levels of specific thrust for a
given equivalence ratio. When converting to hydrocarbon fuels from hydrogen this
is the expected relationship and is a good indicator that the rotating detonation com-
bustor is operating as a detonating device consistent with the hydrogen fueled cases.

The question of whether an ethylene fueled rotating detonation engine exhibits
similar levels of efficiency in the conversion of the supplied stagnation pressure to
thrust, as found in the hydrogen fueled devices, is valid due to the differing physical
properties of the two fuels. As can be seen in Fig. 1.13, the corrected thrust mea-
sured for the hydrocarbon fueled cases matches that of the hydrogen fueled cases.
This indicates that in the instance of this particular physical geometric arrangement
the considerable difference in volumetric and energy density properties between
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Fig. 1.13 Experimental normalized corrected thrust, F, P, /P, -, shown as a function of equiva-
lence ratio, ¢, for both hydrogen and gaseous ethylene fuel (Fotia et al. 2017)

gaseous ethylene and gaseous hydrogen does not adversely impact the basic operat-
ing mechanics of the combustor.

Looking forward to future applications and the desired operation of rotating det-
onation engines on heavier hydrocarbon fuels, it is important to know that for a
particular device geometry it is possible to obtain the same pressure utilization as
seen for the canonical hydrogen fueled test cases. Hydrocarbon fuels have been
experimentally shown to provide acceptable levels of specific thrust when com-
busted in a rotating detonation engine, with measured specific impulses matching
the expected values from previous experiments and calculations for pulse detona-
tion engine systems.
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6 Conclusions

In an effort to better characterize the potential performance of air breathing rotating
detonation engines, a large body of experimental test results has been collected,
across a range of geometric and flow conditions. These test results have been used
to identify the driving system variables that adequately describe the device. This
allows comparisons to be made between different geometric configurations of the
engine. The basic parameters include the air injection area expansion ratio, the mass
flux through the detonation channel and the area contraction into the nozzle throat.

The first-order mechanisms that drive the production of thrust, either through the
combustion of fuel or expansion of detonation magnified pressure, in these differing
physical arrangements are examined with this approach. The current data shows that
a trade-off space exists in which the fuel efficiency of rotating detonation engines
can be exchanged for efficient stagnation pressure utilization through alterations in
the engine geometry.

A mass flow function analysis is used to investigate the stagnation state condi-
tions required to ideally choke the nozzle of these systems. From the experimental
data, it is determined that for the nozzle to be choked, or even under a “partial”
choke condition, stagnation pressure creation must be present in the combustor.
This pressure-gain effect was found to be a function of equivalence ratio, with maxi-
mum stagnation pressure increases of between 3% and 7% dependent on the air
mass flow rate though the engine.

The operation of a six-inch nominal diameter rotating detonation engine on gas-
eous hydrocarbon fuel has been demonstrated. The measured experimental perfor-
mance of rotating detonation engines match well with previous experimental data
and theoretical predictions for pulsed detonation engine devices. Hydrocarbon/air
operation is found to compare appropriately with the performance measured for
hydrogen/air propellants. Even though there are a number of technical challenges
still to be met if heavier hydrocarbon fuels are to be implemented in rotating detona-
tion engine systems, from the perspective of achievable performance, operation on
gaseous hydrocarbon/air propellant provides the expected levels of performance
which is encouraging if this technology is to be applied to future aerospace propul-
sion systems.
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Chapter 2

Development of Gasturbine with Detonation
Chamber

Piotr Wolanski, Piotr Kalina, Wlodzimierz Balicki, Artur Rowinski,
Witold Perkowski, Michal Kawalec, and Borys Lukasik

Abstract Extensive and complex studies of the application of continuously rotat-
ing detonation (CRD) to gasturbine are presented. Special installation of high pres-
sure preheated air supply system was constructed which allows to supply air at rate
of a few kg/s, preheated to more than 100 °C and at initial pressure up to 2.5 bar.
Supply system for Jet-A fuel which could be preheated to 170 °C was also con-
structed. Additionally gaseous hydrogen supply system was added to the installa-
tion. Measuring system for control air flow and measurements of detonation
parameters were installed and data acquisition and control system implemented.
Extensive research of conditions in which CRD could be established and supported
in open flow detonation chambers, throttled chambers and finally in detonation
chambers attached to the GTD-350 gasturbine engine where conducted. Conditions
for which stable detonation was achieved are presented. It was found that for condi-
tions when the GTD-350 engine was supplied by gaseous hydrogen or by dual-fuel,
Jet-A and gaseous hydrogen, thermal efficiency of the engine could be improved
even by 5-7% as compared to the efficiency of the base engine.

1 Introduction

It is well known that unlike deflagration which results in pressure drops, during
detonation pressure is significantly increased, so implementation of detonative
combustion into engine may result in improvement of engine efficiency. Such idea
was first proposed by Zeldovich (1940), but first possible application of detonation
to the propulsion system comes from the University of Michigan where Nicholls
et al. built and tested the first pulsed detonation engine (Nicholls et al. 1957).
Detonative combustion can be implemented into propulsion systems in many differ-
ent ways. In engines, detonation can be stationary or nonstationary (pulsating) as
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related to engine frame, stationary or quasi-stationary as related to moving coordi-
nate system. Application of detonation combustion to engine offers not only higher
thermodynamic efficiency, but also higher energy release rate and more compact
heat release chamber as compared with conventional engines using deflagration.
Such engines can be applied to propel subsonic and supersonic airplanes as well as
to spaceplanes or rockets. Detailed description of possible application of detonation
to propulsion can be found in (Wolafiski 2011, 2013). During last ten years more
research on detonative propulsion was focused on application of quasi-stationary
detonation propulsion (stationary as related to the rotating frame of reference). Such
engines are the “Rotating Detonation Engine” (RDE), which is alternately called
Continuous Wave Detonation Engine (CWDE).

2 Continuously Rotating Detonation

In the early sixties of the last century, at Novosibirsk Institute of Hydromechanics,
stabilized spinning detonation was successively achieved by Voitsekhovskii et al.
(1960, 1963). The first attempt of practical applications of stabilized spinning deto-
nation was then undertaken at the University of Michigan on development of con-
tinuous detonation propulsion system, but unfortunately no successful operation of
such system was achieved. In conclusion of the report authors clearly stated:
“Nothing has been found that makes the concept not possible but important ques-
tions ... remain to be answered. It is believed that much is to be gained from further
studies of rotating detonation wave in annular chamber. While successful operation
has not been achieved herein, nothing fundamental stands in the way of this accom-
plishment” (Nicholls et al. 1962). After this, research on application of continuous
detonation to propulsion system was interrupted for several years, but at the begin-
ning of this century it was more successfully revitalized in different laboratories
(Bykovskii and Vedernikov 2003; Bykovskii et al. 2006; Kindracki et al. 2006;
Falempin et al. 2006; Davidenko et al. 2007; Kindracki 2008; Zitoun and Desbordes
2011). Recently experimental and numerical research of CRD are carried out in
Russia, Poland, France, USA, Japan, China, Korea and Singapore.

The continuously rotating detonation (CRD) or sometimes called continuous spin
detonation, is a basic process for all RDE. It is most often initiated and run in cylindri-
cal chambers, but sometimes also in a disk like chamber or other configurations.
Typical configuration of cylindrical detonation chamber is shown in Fig. 2.1 (Wolanski
2010, 2013) and stable CRD pressure record in Fig. 2.2 (Wolanski 2010, 2011, 2013).

The first calculation of rotating detonation structure was performed by Adamson
and Olsson (1967) , Shen and Adamson (1972). They were examining possibility of
using CRD in rocket motor, but even by using very low power computers they were
able to recognize basic structure of detonation. The first detailed calculation of the
structure in relatively large 2-D cylindrical chamber was performed by Hishida
et al. (2009). This was possible for the case when annular cylindrical chamber
thickness of channel to radius of the chamber is small. In Fig. 2.3 flow field of the
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Fig. 2.1 Schematic diagram of detonation chamber for basic research of CRD
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Fig. 2.2 Typical pressure variation for stable CRD in research chamber

CRD is shown in laboratory coordinate system. From this calculation a very impor-
tant conclusion could be drawn, that even detonation wave rotate along circumfer-
ence of the detonation chamber, flow of the products from chamber is basically
axial, so in RDE there will be very little losses of energy for rotational component
of the flow. A detailed description of 2-D structure of CRD can be found in (Hishida
et al. 2009). When a chamber depth is larger, the 3-D calculation of CRD performed
is necessary. Detailed calculations of 3-D CRD structure are now being performed
in many research centers in Poland, France, USA, Russia, Japan, Korea, Singapore
and other countries (Kindracki et al. 2011; Folusiak et al. 2011; Schwer and
Kailasanath 2010; Shao and Jian-Ping 2010; Kailasanath et al. 2011; Davidenko
et al. 2011; Yamada et al. 2010).
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3 Experimental facility

Research of application of CRD to gasturbine were carried out at the Institute of
Aviation for nearly 5 years (2010-2015). For the research GTD-350 engine, which
is used to power Mi-2 helicopter (NATO reporting name “Hoplite”) was chosen.
The reason for this choice was the location of the combustion chamber, which basi-
cally is located outside the rotating part of the engine, compressor and turbines, and
made engine combustion chamber modification relatively easy.

RD-350 Gasturbine Engine

GTD-350 engine consist of the seven-stage axial flow compressor plus single-stage
centrifugal compressor. Maximum compression ratio is between 4.5-6 (depending
on version) and maximum air flow rate about 2 kg/s. The engine has a single reverse
flow combustion chamber and two turbines: single-stage compressor turbine and
two-stage power turbine. A schematic diagram of the GTD-350 is presented in the
Fig. 2.4.
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Fig. 2.4 Schematic diagram of the GTD-350 gas turbine engine. / compressor, 2 combustion
chamber, 3 compressor turbine, 4 power turbine, 5 power shaft, 6 pump-regulator, 7 ignition
device, 8 air bleeding valve, 9 main injector

Detonation Chambers

The initial part of the research was to evaluate conditions at which CDW could be
established in a chamber of the diameter suitable for connecting the turbine to the
engine. To find the optimum configuration of the chamber many different detona-
tion chambers were tested. Since it was found that for pure Jet-A fuel continuous
detonation is difficult to establish, and is basically not very stable, two other con-
figurations were tested. Beside the chamber which used only Jet-A fuel, a chamber
that was supplied only by gaseous hydrogen as a fuel and dual fuel detonation
chambers in which Jet-A and gaseous hydrogen are used simultaneously were
tested. In the case of dual fuel supply, the gaseous hydrogen consists usually of less
than 25%, as related to energy contribution during combustion, but some time
hydrogen concentration can even exceed 50%. Schematic diagrams of such cham-
bers are presented in Fig. 2.5. In all cases chambers were supplied by high pressure
preheated air. The initial pressure of air used in experiments was ranging from 1 bar
to 2.5 bar and the initial air temperature was in the range of 80—130 °C, at the inlet
to the chamber. The flow rate of air could also be changed from 0.4 kg/s up to
2.5 kg/s. All dual fuel chambers were tested in three different modes: supplied only
by Jet-A fuel, supplied only by gaseous hydrogen and supplied by both fuels simul-
taneously. In the case of Jet-A fuel, also two different modes were tested: fuel sup-
plied at ambient temperature and fuel preheated to 170 °C. A schematic diagram of
the fuel supply system is shown in Fig. 2.6.
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c) Jet-A Cooling air Turbine wheel

Fig. 2.5 Different configurations of tested chambers: (a) schematic diagram of cross-cutting view
of detonation chamber with indication of typically used measuring points, (b) diagram of dual fuel
detonation chamber, (¢) diagram of dual fuel detonation chamber with supply of cooling air
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Fig. 2.6 Schematic diagram of the research chamber with dual fuel supply system. / air flow, 2
hydrogen supply system, 3 chamber “hot part”, 4 kerosene Jet-A supply system

GDT-350 Gasturbine with Detonation Chamber

Final research were carried out at the test stand in which detonation chamber was
directly connected to the GTD-350 gasturbine engine. Schematic diagram of the test
stand is shown in Fig. 2.7. GTD-350 gasturbine engine is working in this case in the
open cycle.

In this case high pressure preheated air from compressor and preheater is sup-
plied to the detonation chamber, which is directly connected to the inlets of the
turbines of the GTD-350 engine. Detonation products enter vanes of the turbine
stage, which is directly connected to compressor. Then products flow through free
turbine which is connected to the brake, which measure the torque, so the power can
be calculated. Compressed air in multistage compressor is throttled to the desire
pressure, so the power delivered from the turbine to compressor is calculated and
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Fig. 2.7 Gas turbine research facility. (a) control system of the turboshaft engine with detonation
combustion chamber: / air compressors unit, 2 air flow controller, 3 inlet flow equalizer grid, 4
venturi air mass flow measurement, 5 detonation combustion chamber, 6 turboshaft engine GTD-
350, 7 brake, 8 brake controller, 9 Jet-A injection system (pressurized by nitrogen), /0 Jet-A flow
meter, // electro hydraulic valve, /2 management computer, /3 air flow differential pressure, /4
hydrogen supply system, /5 hydrogen flow differential sensor, /6 air exhaust with suppression
valve. (b) picture of test stand

performance of the engine can be obtained. Supply of both fuels (hydrogen and Jet-
A) is controlled by computer and the data acquisition system collects and records
parameters of the engine test.

4 Experimental Research

Extensive research were carried out at the Institute of Aviation for nearly 5 years.
Initial works were directed into preparation of special installation of compressed
and preheated air supply system, fuel atomization and mixture formation, selection
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of the detonation initiator system, design and construction of control and date
recording system. Over ten different detonation chambers were tested, initially with
an open end and then with a throttle placed at the end of the chamber to simulate
turbine inlet as well as pressure drop at the turbines. In the open chamber tests it was
possible to evaluate most favorable conditions which support continuously rotating
detonation (CRD) in the chamber. Besides pressure measurement which was made
for each run, also visual observation of flame, direct photography as well as noise
level and frequency, were usually used to identified mode of combustion in the
chamber. If CRD was initiated the very short flame was observed accompanied by
high frequency noise. For deflagrative combustion long flame emerging from the
chamber was easily visible with a low frequency noise. Typical pictures of flame
emerging from the chamber for non-detonation (deflagration) and detonation case
are shown in Fig. 2.8.

Even for open chambers detonation was much easier to initiate if the Jet-A fuel
was preheated to about 170 °C (better atomization and mixture formation). A typi-
cal pressure record for detonative combustion of Jet-A fuel mixed with air is pre-
sented in Fig. 2.9.

a

Fig. 2.8 Direct picture of flame emerging from the combustion chamber for (a) deflagrative com-
bustion, (b) for detonation
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Fig. 2.9 Typical pressure records of rotating detonation in cylindrical chamber for liquid kero-
sene, air supply rate — 0.7 kg/s (100 °C), Jet-A — 0.032 kg/s (170 °C), (a) the whole test record, (b)
the enlargement of selected interval
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Fig. 2.10 The results of stable detonation and no detonation for Jet-A fuel —air mixture. Fuel was
preheated to 170 °C and air to 130 °C

However, stability and repeatability of detonation for those tests were rather
poor. It is clearly visible in Fig. 2.10, which present collection of many test results
for such a mixture, at different air supply rate as well as different fuel supplies A
(A —ratio of air supply rate to the theoretical stoichiometric air supply rate). For low
rates of air supply, which results in lower velocity at the inlet and probably better
mixture formation was obtained and detonation was stable, but for higher rate of air
flow appearance of stable detonation is not certain and rather stochastic. To improve
stability of detonation of Jet-A fuel, detonation chambers were modified to allow
dual-fuel supply.

Gaseous hydrogen was added as the sensitizer for the jet fuel. This drastically
improved stability of initiated detonation in the chamber. Typical pressure record
for dual-fuel supply system is presented in Fig. 2.11. It is clearly seen that addition
of hydrogen to the mixture improved stability and intensity of the detonation pro-
cess. It is also clearly seen that when jet fuel is cut off and hydrogen is still being
supplied, detonation combustion is continued, but intensity of such a process is
much weaker. The best results are, however, obtained for hydrogen-air mixtures. As
it is seen in Fig. 2.12, pressure picks are very even and very stable. 3-D numerical
calculations were also carried out to verify the structure and stability of such deto-
nation. Contours of pressure, temperature and mass fraction of hydrogen as well as
particles streamlines are depictured in Fig. 2.13.
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Fig. 2.11 Typical pressure record for dual fuel (hydrogen and kerosene), air supply rate — 2 kg/s,
H,-0.022 kg/s, Jet-A — 0.021 kg/s.(a) the whole test record, (b) the enlargement of selected
interval

Such calculations are very helpful in understanding the details of flow field in
chamber at given condition, and as a result, help to modify geometry of the detona-
tion chamber. In tested chambers detonation in hydrogen-air mixture was usually
very stable as compared to dual-fuel mixtures.

It is very well seen in Fig. 2.14, where variation of rotating detonation velocity
with time is clearly visible.
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Fig. 2.12 Typical pressure records for hydrogen-air mixture, the enlargement of selected interval,
air supply rate — 1 kg/s, H,—0.017 kg/s

Pressure contours and Isosurface Contours of mass fractions of H2 and
of pressure for p=5atm Isosurface of pressure for p=5atm

Contours of temperature Streamtraces at the outer surface
and isosurface of pressure for p=5atm and isosurface of pressure for p=5atm

Fig. 2.13 Numerical calculations of CRD structure in 3-D complex geometry for hydrogen-air
mixture (Folusiak et al. 2011)
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Fig. 2.15 Engine shaft power as a function of fuel consumption (for Hydrogen and Jet-A in equiv-
alent of total heat)

Mixtures of hydrogen with jet fuel exhibit rather big instability, while for
hydrogen-air mixture continuously rotating detonation is very stable. Finally, many
experiments were conducted with GTD-350 engine attached to detonation chamber.
At those tests not only stability of detonation was monitored but also performance
of the engine calculated. Experiments were conducted for lean mixture conditions
at which maximum temperature of the products, at chamber exit, were below tem-
perature allowed for the first stage of high pressure turbine. It was found that on
Jet-A fuel supply system engine can operate, but the performance of such engine is
even below base GTD-350 characteristic. Best performance of the engine was
obtained for hydrogen-air mixture. Due to limitation of hydrogen supply test were
carried out for the duration less than one minute, but this was sufficient for the
engine to operate at the steady state conditions. At such case engine operates steadily
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and shows higher efficiency by 5—7%. Slightly less performance was recorded for
dual fuel supply system (gaseous hydrogen and liquid preheated Jet-A fuel). Results
from the experiments are presented in Fig. 2.15.

5 Summary and Conclusions

Complex research on application of continuously rotating detonation to gasturbine
engine were performed at the Institute of Aviation in Warsaw. Special experimental
facility was built and equipped with control and measurement systems. Initially
research was focused on the mixture formations well as on the process of initiation
of detonation in chamber. The conducted research shows that preheating of the lig-
uid fuel is very helpful for better mixture formation, but it does not guarantee suc-
cessful initiation of detonation as well as stability of detonation process. A much
better performance was obtained for dual fuel supply. An addition of gaseous hydro-
gen to the liquid fuel improves the initiation and stability of the CRD. The best
results, however, were obtained for the mixtures of air with gaseous hydrogen.

It was found that performance of GDT-350 with detonation chamber can improve
efficiency of the engine even by 5—7%, when engine is supplied with gaseous hydro-
gen, butalso some improvements were recorded for dual fuel mixtures. Unfortunately,
when engine was supplied only by Jet-A fuel improvement of engine performance
was not possible. However, paraphrasing the statement of Michigan group from six-
ties of the last century, that nothing has been found that makes the concept not pos-
sible but higher pressure and larger diameter of the chamber will be required to
stabilize rotating detonation in Jet-A fuel-air mixture. As it is known that detonation
stability is related to the cell size, and cell size is decreasing with increase of the
pressure, so one can expect that for conditions under which modern jet engines are
operating — stable continuously rotating can be achieved for jet fuel air mixtures.
However, more research in higher initial pressure and in larger dimensions of the
detonation chamber are necessary to implement continuously rotating detonation to
gasturbines and jet combustors, which will result in higher engine efficiency and
higher engine performance.
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Chapter 3

Flow Structure in Rotating Detonation Engine
with Separate Supply of Fuel and Oxidizer:
Experiment and CFD

Sergey M. Frolov, Viktor S. Aksenov, Vladislav S. Ivanov,
Sergey N. Medvedev, and Igor O. Shamshin

Abstract The experimental and computational investigations of detonation liquid
rocket engine (DLRE) operating on natural gas (NG) — oxygen mixture have been
performed to examine the impact of the DLRE configuration and fuel supply param-
eters on the operation process and thrust performance. In experiments, the absolute
pressures of NG and oxygen supply were up to 30 and 15 atm, respectively; the
mass flow rate of the reactive mixture was varied from 0.05 to 0.7 kg/s; the overall
mixture composition was varied from fuel lean (with equivalence ratio 0.5) to fuel
rich (with equivalence ratio 2.0). The maximum thrust and the maximum specific
impulse obtained in this experimental series was 75 kgf and 160 s, respectively, at
the maximum average pressure in the combustor of about 10 atm. It is shown that
the increase of static pressure in the combustor results in the increase of both engine
thrust and specific impulse. With the growth of the specific mass flow rate of reac-
tive mixture, the operation process, on the one hand, becomes more stable, and on
the other hand, the number of detonation waves simultaneously rotating in one
direction in the combustor annulus increases. The results of DLRE fire tests were
used to explore the predictive capabilities of the Semenov Institute of Chemical
Physics (ICP) computational technology designed for full-scale simulation of the
operation process in continuous-detonation combustors. Comparison of the pre-
dicted results with measurements proved that the calculations accurately predict the
number of detonation waves circulating in the tangential direction of the annular
DLRE combustor and the chaotic near-limiting operation mode resembling the
mode with longitudinally pulsating detonation in the DLRE with CD nozzle exten-
sion. Calculations predict with reasonable accuracy both the detonation propagation
velocity and detonation rotation frequency. In addition, calculations correctly
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predict the trends in the variation of DLRE operation parameters in an engine of a
particular design. As in the experiments, the use of nozzle extension increases
thrust. As for the thrust values, the calculations were shown to systematically over-
estimate them by at least 27% compared with measurements.

1 Introduction

At present, space propulsion engineering addresses a number of promising areas
of development. One of them is the use of liquefied natural gas (LNG) as a propel-
lant, and the other is the use of continuous-detonation combustion of the reactive
mixture in a liquid rocket engine (LRE). The expediency of the transition to
LNG - oxygen fuel couple is mainly due to (a) an increased specific impulse com-
pared to kerosene — oxygen LRE; (b) the availability and low cost of LNG; (c)
significantly less soot formation during combustion; and (d) high environmental
characteristics compared with kerosene (Belov et al. 2000). The expediency of
transition to a continuous-detonation combustion is mainly due to higher effi-
ciency of the thermodynamic cycle with detonative combustion as compared with
the conventional cycle using relatively slow combustion at constant pressure as
shown by Zel’dovich (1940). Other advantages of a detonation LRE (DLRE) are:
(a) a compact combustion chamber with an increase in the total pressure; (b) short
nozzle; (c) high combustion efficiency; and (d) low concentrations of harmful
substances in the exhaust gas. In theory, the replacement of kerosene by LNG in
a traditional LRE promises the gain in the specific impulse of 3-4%, and the tran-
sition from a traditional LRE to the engine with detonative combustion promises
the gain of 13—15% (Chvanov et al. 2012). The energy efficiency of the detonative
LRE was proved experimentally by Frolov et al. (2014, 2015a, b) for the hydro-
gen—oxygen fuel couple. The first experiments with continuous-detonation com-
bustion of methane—oxygen mixture in the annular combustor were made by
Bykovskii and Zhdan (2013). Similar experiments were carried out by Kindracki
et al. (2011), Frolov et al. (2015¢) and Ivanov et al. (2015). Described in Frolov
et al. (2015c) are the experiments with thrust measurements of the DLRE operat-
ing on natural gas (NG) — oxygen mixture at relatively low pressure in the annular
combustor. The maximum value of specific impulse obtained by Frolov et al.
(2015c) was 107 s. Natural gas used by Frolov et al. (2015¢) and Ivanov et al.
(2015) contained 92.8% methane, 3.9% ethane; 1.1% propane; 0.4% butane; 0.1%
pentane; 1.6% nitrogen; and 0.1% carbon dioxide.

In this paper, we continue the study started by Frolov et al. (2015¢) and Ivanov
et al. (2015). The purpose of the research is to investigate both experimentally and
computationally the impact of the DLRE con and fuel supply parameters on the
operation process and thrust performance.
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2 Experiments

The test stand consists of a receiver for methane or NG (0.16 m?) and oxygen
(0.32 m?), high-speed valve system, fuel manifolds of large cross section, a thrust
table and precision measurement system of thrust, pressures of fuel components
supply, and ionization currents in the combustor (Frolov et al. 2015¢; Ivanov et al.
2015). The maximum possible mass flow rate of the reactive mixture at this test
stand is about 1.5 kg/s. The test stand is equipped with a remote control system.

Figure 3.1 shows a photo of the DLRE (Fig. 3.1a) and its scheme (Fig. 3.1b). The
DLRE is an annular combustor with the injector head on the one side and a jet
nozzle with a conical central body on the other side. The annular combustor is
formed by two coaxial cylinders of 100 mm height: 90 mm inner diameter cylinder
nested within a hollow outer cylinder of 100 mm in diameter, so that the gap between
the cylindrical surfaces is 5 mm. The injector head consists of a replaceable thin
disc with a sharpened edge attached to the inner cylinder of the combustor so that it
forms an annular slit of width & with the outer combustor wall. Oxidant (gaseous
oxygen) is supplied to the combustor through this annular slit in the axial direction.
Fuel (NG) is fed through the equally distributed radial holes 0.8 mm in diameter
drilled in the outer wall of the combustor in the cross section located at a distance of
0.5 mm downstream from the disc. The number of radial holes is 144. During firing,
the DLRE is water cooled.

In one test series, a profiled washer was installed between the inner cylinder of
the combustor and a conical central body. This washer was aimed to increase the
operation pressure by blocking the cross-section area of the combustor outlet by
50%. In the other test series, a converging-diverging (CD) conical nozzle extension
was attached to the edge of the external cylinder of the combustor (Fig. 3.1c¢). In this
DLRE configuration the minimum cross-sectional area was also 50% of the cross-
sectional area of the annular combustor channel. In some tests, the position of the
replaceable thin disc relative to the fuel injector holes was adjusted using rigid pads
of different thickness.

All tests were performed under normal atmospheric conditions.

The fire test began with sending a digital signal to the opening of the oxygen
supply valve, then (after 100 ms) to the opening of the NG supply valve, then (after
100 ms) to the ignition, and was normally continued for 1 s, and thereafter followed
by successive cut-off of oxygen and NG supply.

The registration system included three consecutive ionization probes and the
low-frequency sensor of absolute static pressure, all located in one combustor cross
section 10 mm downstream from the injector head with a relative angular position
of 90°. This registration system allowed the identification of the operation mode
(continuous detonation or continuous combustion), to measure the rotational speed
of detonation waves in the annular gap of the combustor when operating in
continuous-detonation mode, determine the direction of detonation rotation, propa-
gation velocity and the number of detonation waves while circulating over the injec-
tor head, and to measure the mean static pressure in the vicinity of the bottom of the
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Fuel

Exhaust jet

Fig. 3.1 Photograph of the DLRE without nozzle extension (a), its schematic (b) and a photo-
graph of the DLRE with nozzle extension (c)
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combustor. Besides measurements of ionization currents, thrust (using a calibrated
load cell) and static pressure (using calibrated low-frequency pressure transducers)
in the collectors supplying oxygen and NG directly into the DLRE annular gap were
measured, as well as high-speed video recording using multiple high-speed digital
cameras was conducted.

Mixture composition was determined based on the mass flow rates of fuel com-
ponents entering the combustor. The latter were determined by the pressure drop in
the receivers supplying gaseous oxygen and NG. Figure 3.2 shows an example of
the experimental dependences of the pressure in the oxygen and NG receivers when
feeding oxygen through the annular slit of & = 1 mm width. It is seen that after a
short transient of ~100 ms duration the pressure in the receivers decreases linearly
in time. The sharp drop in pressure during the transient is due to the filling of mani-
folds after the opening of the shut-off valve. Pressure drop during the experiment
was always less than 10% of the initial pressure in the receiver, i.e., the supply pres-
sures of fuel components into the injector head of the combustor was almost con-
stant. The fact that the supply pressure of the fuel components during the test
remained approximately constant distinguishes our experiments from experiments
of Bykovskii and Zhdan (2013), in which the supply pressure decreased during a
test significantly.

To initiate detonation in the DLRE a powerful spark discharge at the outlet sec-
tion of the combustor was used. Spark discharge was created in the gap between the
tungsten electrode and the grounded casing of the combustor. The electrode was
mounted directly on the engine body and was connected to an AC generator with a
voltage of 10 kV and a frequency of 100 Hz.
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Fig. 3.2 Experimental pressure histories in oxygen and NG receivers. The blue curve is the pres-
sure of gaseous oxygen, the red curve is the pressure of NG
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Fig. 3.3 Example of overpressure histories in oxygen (curve 1) and NG (curve 2) collectors, and
in the combustor (curve 3) during firing a DLRE of the configuration shown in the insert

Figure 3.3 shows an example of overpressure records in the oxygen and NG col-
lectors, as well as in the combustor in the fire test of DLRE with the annular slit of
width 8 = 2.5 mm and with a CD nozzle extension attached. Hereinafter, the inserts
in figures show schematically the corresponding DLRE configuration and the an-
nular slit width 8. It can be seen that during the test the pressure in the collectors and
in the combustor is almost constant. On the one hand, the average chamber pressure
(P.= 0.6 MPa) is less than the feed pressure of oxygen (Po, ~ 0.7 MPa) by 0.1 MPa,
i.e. Poo/P. =~ 1.17, which indicates a relatively small pressure drop when supplying
oxygen through the annular slit with § = 2.5 mm (in the experiments of Bykovskii
and Zhdan (2013) Py,/P, = 2.3 when P. ~ 0.3 MPa). On the other hand, the ratio of
NG feed pressure (Pcyy =~ 1.5 MPa) to the average pressure in the combustor is sig-
nificantly higher (Pcyy/P. = 2.5), i.e. the supply of NG through the radial holes of
0.8 mm in diameter is accompanied by a large pressure loss.

Figure 3.4 shows an example of signal records of three ionization probes during
DLRE operation in a continuous-detonation mode. The probe signals are registered
in the form of a voltage on the load resistance of 2 Ohm. All three signals have
strong repetitive pulses of large amplitude. The pulse frequency (~ 7.6 kHz) and a
time shift between signals of different probes show that in this case a single deto-
nation wave circulates in the combustor at a velocity of D = 2200 m/s.

For express-analysis of probe records a methodology of fast Fourier transform
was applied. As a result, a graph of the characteristic frequency f of the operation
process vs. time was obtained. Typically, the process frequency is a multiple to the
characteristic frequency of detonation wave rotation in the combustor. Based on the
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Fig. 3.4 Example of a record of continuous-detonation operation process with one detonation
wave in NG — oxygen mixture
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Fig. 3.5 Fast Fourier transform of the data obtained with the ionization probes for DLRE opera-
tion with five detonation waves

measured frequency one can readily determine the number n and the velocity D of
the detonation waves rotating in the annulus. Figure 3.5 shows an example of an
experiment with five detonation waves simultaneously rotating in the annulus of the
combustor in one direction. Clearly visible is the base frequency at the level of
[~ 23 kHz. At a more detailed examination of Fig. 3.5 one can see transients at the
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initial and final stages of the DLRE operation when the base frequency and thus the
number of detonation waves vary.

To confirm the findings obtained from the analysis of ionization probe records,
another method of detonation registration in the DLRE combustor was additionally
used, namely high-speed video-recording of the operation process at 200,000
frames/s from the side of the exhaust jet. This registration confirmed the presence of
detonation in the annular combustor, the amount and rotation speed of detonation
waves, and other information obtained on the basis of ionization probe methodol-
ogy. Figure 3.6 shows the examples with video-recording of two, three, four, and
five detonation waves in the DLRE.

Figure 3.7 shows examples of the exhaust jet images for the DLRE without (a)
and with (b) CD nozzle extension.

Finally, Fig. 3.8 shows an example of the measured time history of DLRE thrust
in one of the firing tests. The average thrust in this test was 7'~ 73 kgf.

With the DLRE of different configurations (with different widths of the annular
slit 5, with and without washer, and with and without CD nozzle extension), a series
of fire tests (about 200 tests all in all) with NG — oxygen fuel was performed at

(a) (b)
(c) (d)

Fig. 3.6 High-speed video frames (200,000 frames/s) in the DLRE operating with two (a), three
(b), four (c¢), and five (d) detonation waves
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(b)

Fig. 3.7 Photos of exhaust jets in firing tests of DLRE without (a) and with (b) CD nozzle
extension
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Fig. 3.8 Example of the measured time history of DLRE thrust

reactive mixture mass flow rates ranging from 0.05 to 0.7 kg/s. Varied in the tests
were the absolute pressures of NG (up to 30 atm) and oxygen (up to 15 atm) supply.
The composition of the mixture was changed from fuel lean with fuel-to-oxygen
equivalence ratio @ = 0.5 to fuel rich with @ = 2.0. The experimental results were
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Table 3.1 Results of ten selected tests
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“Test without ignition

"Replaceable thin disc was displaced 2 mm downstream

“Near-limiting mode with a detonation wave pulsating longitudinally rather than circulating in the
tangential direction

well reproducible, except for some tests with the initial conditions at the edge of
existence of different operation modes.

Table 3.1 shows the conditions of 10 sample tests with the indication of DLRE
configuration, the width of the annular slit 8, oxygen and NG absolute pressures P,
and Pcyy in collectors, reactive mixture mass flow rate G, specific (per unit area of
injector holes for reactive mixture supply) mass flow rate G,,, fuel-to-oxygen equiv-
alence ratio @, as well as the results of the tests in terms of the average absolute
pressure in the combustor P, near the injector head, the number of detonation waves
n, detonation velocity D, the frequency f of detonation rotation, thrust 7, and spe-
cific impulse /;, calculated as thrust 7" divided by gG, where g is the acceleration of
gravity. Note that the Chapman — Jouguet detonation velocity for the homogeneous
stoichiometric NG — oxygen mixture is approximately 2350 m/s, however this value
can be treated only as a reference since reactive mixture composition in the combus-
tor is not known due to separate supply of fuel and oxidizer.

The values of thrust 7 shown in Table 3.1 were obtained by averaging the thrust
curve (see, e.g., Fig. 3.8 corresponding to Test 9 in Table 3.1) over the time interval
from 0 to 0.4 s, i.e. after the establishment of a quasi-stationary mode of DLRE
operation.
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In Tests 1 to 5 the DLRE of basic design with the annular slit width of § = 1 mm
without washer and CD nozzle extension was used. In Test 5 the position of the
replaceable thin disc relative to the fuel injector holes was displaced 2 mm down-
stream, so that NG was injected radially 1.5 mm upstream from the annular slit.

In Tests 6 to 10 the annular slit was expanded to & = 2.5 mm. In addition, in Test
6 a washer blocking 50% of the combustor outlet cross section was installed. In Test
7 the washer was replaced by a CD nozzle extension (see Fig. 3.1c), in which the
minimum cross-sectional area was also 50% of the cross-sectional area of the annu-
lar combustor channel. In Test 8 neither washer, nor CD nozzle extension was used.
Finally, Tests 9 and 10 were made with CD nozzle extension at different supply
pressures of NG and oxygen.

In Test 1 the reactive mixture components were purged through the DLRE with-
out ignition to measure the baseline thrust created by the cold flow. In Tests 2 to 4
stable operation modes with four and three equidistant detonation waves simultane-
ously circulating in the same tangential direction were detected. Despite Tests 3 and
4 were made at similar initial conditions in terms of DLRE configuration and abso-
lute pressures Pg, and Pcyy in collectors, the experimental results were somewhat
different: in Test 3 four detonation waves were detected whereas in Test 4 the num-
ber of detonation waves was three. This difference is attributed to the fact that the
initial conditions for Tests 3 and 4 are at the edge of existence of the operation mode
with four detonation waves. In Test 5 with the DLRE of basic configuration a steady
operation mode with a single detonation wave circulating in a tangential direction
was observed.

In tests 3, 6 and 7 the mass flow rate of reactive mixture was maintained approxi-
mately constant (0.35-0.36 kg/s). With an increase in pressure in the combustor
both thrust and specific impulse increased monotonically: in Test 3 with the com-
bustor pressure of 3.3 atm the thrust and the specific impulse were 41 kgf and 116 s,
respectively, and in Test 7 these values increased to 52 kgf and 145 s respectively at
an average pressure in the combustor of 7.6 atm. With the growth of the specific
mass flow rate of reactive mixture (from 191 kg/s/m? in Test 8 to 418, 430 and
913 kg/s/m? in Tests 6, 7 and 3) the operation process in the combustor, on the one
hand, was becoming more stable and, on the other hand, the number of detonation
waves simultaneously rotating in the combustor in one direction increased. Thus, in
Test 8 a near-limiting operation mode with rotating-to-pulse detonation transition
was observed: in this test, the detonation wave was running in the longitudinal
rather than in tangential direction, periodically recovering near the DLRE outlet. At
the specific mass flow rate on the level of 420-430 kg/s/m? (Tests 6 and 7) the opera-
tion mode with one detonation wave stably circulating in the tangential direction
was detected. Finally, in Test 3 four equidistant detonation waves were stably circu-
lating in the combustor. Replacement of the flow washer in Test 6 by the CD nozzle
extension in Test 7 under otherwise similar conditions led to increased thrust perfor-
mance, but the detonation velocity was greatly reduced (down to 1500 m/s instead
of 2200 m/s) approaching limiting values. Interestingly, the increase of the mass
flow rate of reactive mixture from 0.36 kg/s in Test 7 to 0.46 kg/s in Test 9 in the
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DLRE of the same configuration with CD nozzle extension did not lead to a change
in the operation mode. In both tests the DLRE operated with one detonation wave
rotating in the tangential direction at a velocity of 1500 m/s, although the thrust and
the specific impulse in Test 9 increased to 73 kg/s and 157 s, respectively. Decreasing
of supply pressures of fuel components as compared to Test 9 other conditions
being the same led to the establishment of the near-limiting operation mode with the
detonation wave pulsating longitudinally. It is worth noting that at the mass flow
rate of reactive mixture close to that in Test 4, the thrust in Test 10 appeared to be
higher than in Test 4: 51.0 instead of 40.5 kgf.

The reason for the reduction of the detonation velocity in the DLRE with CD
nozzle extension will be the subject of further research.

3 Calculations

The objective of calculations described below was to explore the predictive capabil-
ity of the computational technology developed at the Semenov Institute of Chemical
Physics (ICP) in terms of reproducing all DLRE operation modes detected in the
experiments.

Figure 3.9 shows a longitudinal section (Fig. 3.9a) and one-quarter perspective
view (Fig. 3.9b) of the DLRE of several different configurations with oxygen and
NG collectors and a piece of oxygen feeding manifold. In addition to these DLRE
configurations, other configurations used in the experiments were also
considered.

Three-dimensional numerical simulation of physical and chemical processes in
the DLRE of Fig. 3.9 was carried out according to the procedure described in detail
by Frolov et al. (2012). The flow of viscous compressible gas is described by the
Reynolds-averaged unsteady Navier-Stokes equations supplemented by energy
equation and continuity equations of all chemical species of a multicomponent mix-
ture. Turbulent fluxes of mass, momentum, and energy are modeled by a standard
k-e-turbulence model for compressible flow. Because all the physical and chemical
processes in the combustor under consideration take place within a very short time,
the contribution of frontal (controlled by transport processes) combustion in chemi-
cal sources in the energy and species continuity equations was neglected. The con-
tribution of volumetric reactions in these chemical sources were determined by the
lagrangian Monte-Carlo based Particle Method (PM) in which the average rates of
chemical reactions in a turbulent flow are calculated with due regard for the effect
of turbulent fluctuations of temperature and species concentrations (the effect of
“turbulence — chemistry interaction”). The governing equations are closed with the
caloric and thermal equations of state of an ideal gas mixture with variable specific
heats, as well as with initial and boundary conditions. All other thermal parameters
of the gas were also considered variable. In contrast to Frolov et al. (2012), where
the calculations were performed for continuous-detonation combustor with separate
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Fig. 3.9 Longitudinal section (a) and a perspective view of a quarter (b) of DLRE of two different
configurations with oxygen and NG collectors and pieces of oxygen feeding manifolds

supply of hydrogen and air, the calculations described herein are made for separate
supply of NG and oxygen.

For simulating volumetric chemical transformations in the NG — oxygen mixture
we used the technique proposed by Levin and Korobeinikov (1969) and Medvedev
et al. (2015). The chemical conversion of the reactive mixture was assumed to occur
in two stages: the first stage corresponds to the self-ignition delay, and the second to
the establishment of thermodynamic equilibrium in the combustion products. Upon
the completion of the first stage, the initial reactive mixture was assumed to imme-
diately convert into the thermodynamically equilibrium reaction products.

(HP-problem is solved for the entire computational cell; here H is the enthalpy,
P is the pressure).

To calculate the self-ignition delay of the NG — oxygen mixture we used the
overall reaction mechanism containing five reactions, similar to the mechanism pro-
posed by Basevich and Frolov (2006):
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CH,+ 1,50, -» CO + 2 H,0 )
CO + H,0 - CO, + H, (1)
CO,+H, - CO +H,0 (11
H, + H, + O, - H,O + H,0 (IV)
CO+CO+0,—-CO,+CO, [(V)

with tabulated Arrhenius parameters, preexponential factor A and activation energy
E, in the expression for the rate of reaction (I):

W= —A[Oz][CH4]exp(—E/RT)

i.e., reaction (I) is considered as a bimolecular reaction. Arrhenius parameters for
other reactions (II) — (V) are the same as given by Basevich and Frolov (2006). A
similar approach was used by Frolov et al. (2012) and provided good results for all
measured characteristics of the operation process in a hydrogen—air continuous-
detonation combustor.

Table 3.2 shows the values of Arrhenius parameters A and E for NG — oxygen
mixture in the range of initial temperature from 1100 to 1400 K, initial pressure
from 1 to 80 atm, and fuel-to-oxygen equivalence ratio @ from 0.5 to 4.0. These
values are derived from the best fit of self-ignition delay predicted by mechanism
(D—(V) with the self-ignition delay predicted by a thoroughly validated detailed
kinetic mechanism (DKM) of Basevich et al. (2013). In the calculations with the
DKM, NG had the following composition: [CHy] = 92.8%, [C,H¢] = 3.9%,
[C3Hg]l = 1.1%, [C,Hi0] = 0.4%, [CsHyy] = 0.1%, [N,] = 1.6%, and [CO,] = 0.1%.
Figure 3.10 shows the examples of calculated dependences of the self-ignition delay
on the initial temperature at different initial pressures and reactive mixture composi-
tions obtained by mechanism (I)-(V) (curves) and DKM (symbols).

Table 3.2 Arrhenius parameters A and E of reaction (I) in the range of initial temperature from
1100 to 1400 K

(] P, atm A, cm’/mol/s E, kcal/mol
0.5 1 6e + 14 48
1 1 de + 14 48
2 1 e+ 14 48
4 1 2e + 14 48
0.5 12 1.5¢ + 14 46
1 12 le+ 14 46
2 12 8e + 13 46
4 12 8e + 13 46
0.5 50 de+ 13 43
1 50 2.7e+ 13 43
2 50 le+13 40
4 50 le+13 40
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Fig. 3.10 Examples of calculated dependences of self-ignition delay on the initial temperature at
different initial pressures and reactive mixture compositions obtained by mechanism (I)-(V)
(curves) and DKM (symbols): @ = 0.5 (a), 1.0 (b), 2.0 (c), and 4.0 (d)

For the calculation of equilibrium parameters of the combustion products the
approach of Pope (2003) was used.

The above-described model of a two-stage chemical transformation of the reac-
tive mixture was validated on the zero-dimensional problem of gas self-ignition in
the adiabatic reactor and on the one-dimensional problem of detonation initiation by
a strong shock wave. The results were compared with the results of calculations
based on the DKM for NG-oxygen mixture. In both cases, very similar values of
self-ignition delays, equilibrium temperature and pressure, and equilibrium concen-
trations of the main species in the combustion products, as well as the values of the
detonation velocity were obtained.

Figure 3.11 shows a part of a structured nonuniform computational grid of the
DLRE with separate supply of NG and oxygen. The minimum size of the computa-
tional cells in the reaction zone was 0.2 mm. Round radial holes in the outer wall of
the combustor (for NG supply) are modeled by a set of rectangular cells with the
same hydraulic resistance. The total number of cells, together with the nozzle and
the buffer zone attached to the engine outlet was 4.5x105-5.5x10°.

At the entrance of NG collector and oxygen manifold fixed mass flow rates of
NG and oxygen were specified. At all solid walls no-slip conditions and a constant
temperature of 293 K were adopted. At the outlet boundary of the buffer zone nor-
mal to the engine axis and located at a large distance from the nozzle exit, a constant
static pressure of 1 atm was adopted, whereas at the side boundaries of the buffer
zone the symmetry conditions were specified.

At the beginning of calculation the annular combustor was filled with air under
normal conditions, and the NG and oxygen collectors were filled with NG and oxy-
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Fig. 3.11 Longitudinal
section of the DLRE
computational grid

Natural gas
collector

Annular
combustor

Oxygen collector

gen at a pressure equal to the corresponding experimentally measured values at the
cut-off valves. Initially, all gases were assumed to be quiescent. Each calculation
started from purging of the combustor with gases accompanied by turbulence gen-
eration, molecular mixing processes, and followed by the procedure of detonation
initiation. To initiate detonation, a certain number of ignition sources was placed in
the combustor annulus. The ignition sources were the localized finite regions with
fast burnout of reactive mixture. After a transition period a quasistationary operation
process with one or several detonation waves circulating in the same or in different
tangential directions, or a chaotic operation mode resembling a mode with longitu-
dinally pulsating detonation wave was set in the combustor.

Given below is a brief description of the calculations corresponding to selected
tests in Table 3.1.

Figure 3.12 shows the predicted quasi-stationary fields of static pressure at the
outer wall (a) and in the combustor cross-section 4 mm downstream from the com-
bustor bottom (b), as well as a static temperature at the outer wall (c) under condi-
tions of Test 2 in Table 3.1. As seen, the calculation predicts the operation process
with four equidistant detonation waves circulating in the same direction at a veloc-
ity of 2210 + 30 m/s. The predicted frequency of detonation rotation is 28 kHz.
According to Table 3.1, the operation process detected in Test 2 also exhibits four
detonation waves, however the measured detonation velocity is 14% lower
(f =24 kHz).

The predicted value of thrust developed by the DLRE is 68.6 kgf, whereas the
measured thrust was about 56 kgf, i.e. calculation overestimates the thrust by
approximately 22%.

Figure 3.13 shows the predicted quasi-stationary fields of static pressure and
static temperature under conditions of Test 4 in Table 3.1. The calculation predicts
the operation process with three equidistant detonation waves circulating in the
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Fig. 3.12 Predicted quasi-stationary fields of static pressure in Pa (a, b) and static temperature in
K (¢) under the conditions of experimental Test 2
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Fig. 3.13 Predicted quasi-stationary fields of static pressure in Pa (a, b) and static temperature in
K (¢) under the conditions of experimental Test 4

same direction at a velocity of 2270 + 20 m/s. The predicted frequency of detona-
tion rotation is 21.8 kHz. According to Table 3.1, the operation process detected in
Test 4 also exhibits three detonation waves, however the measured detonation veloc-
ity is 8% lower (f = 20 kHz). The predicted value of thrust developed by the DLRE
is 64.2 kgf, whereas the measured thrust was about 41 kgf, i.e. calculation overesti-
mates the thrust by approximately 56%. It is worth noting that Test 4 is “identical”
in terms of initial conditions to Test 3, in which four detonation waves were detected
in the experiment. The calculation predicts the operation process with three rather
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Fig. 3.14 Predicted quasi-stationary fields of static pressure in Pa (a, b) and static temperature in
K (¢) under the conditions of experimental Test 5

than four detonation waves which could be treated as an indirect indication that the
four-wave operation mode is marginal at these conditions and the transition from
four-wave to three-wave mode is sensitive to small variations in the initial
conditions.

Figure 3.14 shows the predicted quasi-stationary fields of static pressure and
static temperature under conditions of Test 5 in Table 3.1. The calculation predicts
the operation process with one detonation wave circulating tangentially at a velocity
of 2330 + 20 m/s. The predicted frequency of detonation rotation is 7.4 kHz.
According to Table 3.1, the operation process detected in Test 5 also exhibits one
detonation wave and the measured detonation velocity is the same as in the calcula-
tion. The predicted value of thrust developed by the DLRE is 44.8 kgf, whereas the
measured thrust was about 33 kgf, i.e. calculation overestimates the thrust by
approximately 36%.

In the calculation corresponding to the experimental conditions of Test 10 with
installed CD nozzle extension a chaotic operation process resembling the process
with one detonation wave pulsating in the longitudinal direction rather than circulat-
ing in tangential direction was obtained. In the calculation, detonation waves propa-
gating in different tangential directions periodically appeared and disappeared in
the flow. Detonation reinitiation most often occurred in the outer nozzle due to
reflections of decaying shock waves and the resultant detonation waves propagated
upstream towards the combustor bottom through the annulus filled with fresh reac-
tive mixture. The mean predicted frequency of detonations in this calculation was
5.1 kHz. According to Table 3.1, the operation process detected in Test 10 also
exhibited one detonation wave pulsating longitudinally with the same measured
detonation velocity (f = 5 kHz). The predicted value of thrust developed by the
DLRE is 64.8 kgf, whereas the measured thrust was about 51 kgf, i.e. calculation
overestimates the thrust by approximately 27%.
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Thus, comparison of the predicted results with measurements showed that the
calculations accurately predict the number of detonation waves circulating in the
tangential direction of the annular DLRE combustor of a certain design (four, three,
or one detonation wave(s)). Moreover, the calculation predicts a near-limiting cha-
otic operation mode resembling a mode with detonation pulsations in the longitudi-
nal direction in the DLRE with CD nozzle extension. Also, the calculations predict
with reasonable accuracy the detonation velocity and rotation frequency. In addi-
tion, the calculations correctly predict the experimental trends in the overall perfor-
mance of the DLRE of a given design: as in the experiments, the number of
detonation waves, the detonation velocity and the engine thrust decrease with
decreasing the mass flow rate of reactive mixture. Similar to the experiment, the use
of the CD nozzle extension increases thrust. As for the thrust values, they are sys-
tematically overestimated by at least 27% as compared with measurements, and a
higher value of thrust is obtained even for the cold-flow purging of DLRE.

4 Conclusions

The experimental and computational investigations of DLRE operating on NG —
oxygen mixture have been performed to examine the impact of the DLRE configu-
ration and fuel supply parameters on the operation process and thrust performance.
In experiments, the absolute pressures of NG and oxygen supply were up to 30 atm
and 15 atm, respectively; the mass flow rate of reactive mixture was varied from
0.05 to 0.7 kg/s; the overall mixture composition was varied from fuel lean (with
equivalence ratio 0.5) to fuel rich (with equivalence ratio 2.0). The maximum thrust
and the maximum specific impulse obtained in this experimental series was 75 kgf
and 160 s, respectively, at the maximum average pressure in the combustor of about
10 atm. It is shown that the increase of static pressure in the combustor results in the
increase of both engine thrust and specific impulse. With the growth of the specific
mass flow rate of reactive mixture, the operation process, on the one hand, becomes
more stable, and on the other hand, the number of detonation waves simultaneously
rotating in one direction in the combustor annulus increases. The replacement of the
washer by the profiled CD nozzle extension with other conditions being similar
leads to increased thrust performance, but the detonation velocity is greatly reduced
(down to 1500 m/s instead of 2200 m/s), approaching limiting values. The reason
for this decrease in the detonation velocity will be the subject of further research.
The results of DLRE fire tests were used to explore the predictive capabilities of
the ICP computational technology designed for full-scale simulation of the opera-
tion process in continuous-detonation combustors. Comparison of the predicted
results with measurements proved that the calculations accurately predict the num-
ber of detonation waves circulating in the tangential direction of the annular DLRE
combustor (four, three, or one detonation wave(s)) and the chaotic near-limiting
operation mode resembling the mode with longitudinally pulsating detonation in
the DLRE with CD nozzle extension. Calculations predict with reasonable accuracy
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both the detonation propagation velocity and detonation rotation frequency. In addi-
tion, calculations correctly predict the trends in the variation of DLRE operation
parameters with decreasing the mass flow rate of reactive mixture in an engine of a
particular design: as in the experiment, the number of detonation waves, detonation
velocity and thrust decrease. As in the experiments, the use of nozzle extension
increases thrust. As for the thrust values, the calculations were shown to systemati-
cally overestimate them by at least 27% compared with measurements. Moreover, a
higher value of DLRE thrust is obtained even for the cold-flow purging of the
engine. The reasons for this overestimation is currently being investigated.
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Chapter 4
Application of Detonation Waves to Rocket
Engine Chamber

Jiro Kasahara, Yuichi Kato, Kazuaki Ishihara, Keisuke Goto, Ken Matsuoka,
Akiko Matsuo, Ikkoh Funaki, Hideki Moriai, Daisuke Nakata,
Kazuyuki Higashino, and Nobuhiro Tanatsugu

Abstract We present the results of experiments performed with a rotating detona-
tion engine using continuous detonation in an annular combustor to create thrust.
Detonation waves propagate in a supersonic and very small region, allowing short-
ening of the combustor. The combustor of RDE causes high-pressure loss when the
propellant is injected, and cooling is necessary due to high heat flux. However, the
combustion efficiency of detonation combustion in an annular combustor is the
most important, but have not been fully elucidated. In addition, the influence of the
injector shape and direct cooling of a rotating detonation combustor require clarifi-
cation. This paper reports the measurement results of combustor stagnation pressure
and thrust, the influence of injector shape on ¢” efficiency, and the estimate of heat
flux. The ¢" efficiency was 88—100% when we used the convergent or convergent-
divergent nozzle and the equivalence ratio was less than 1.0. The shape of the injec-
tor influenced wave propagation mode, but the mode did not change the ¢ efficiency.
We estimated time-spatial average heat flux from the terminal temperature, and the
heat flux was 8.1 £ 1.8 MW/m? in no water injection condition. The rocket RDE
sled test was successfully performed. The total mass of the rocket RDE system was
58.3 kg, total time averaged thrust was 201 N, the time averaged mass flow rate was
143 g/s, and the specific impulse was 144 s.
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Nomenclature

A,y total injector area

A, throat area

¢*  characteristic velocity

ER equivalence ratio

F, thrust

g  gravitational acceleration
I, specific impulse

M Mach number

rir mass flow rate

P pressure

P. combustor stagnation pressure
R gas constant

T  temperature

T. adiabatic flame temperature
Greek Symbols

y  ratio of specific heat
n. c efficiency

Subscripts

i ideal
m measured

1 Introduction

A detonation wave is a combustion wave with pressure gain, which propagates at
supersonic speed (2 ~ 3 km/s) into a combustible mixture. There are many funda-
mental studies of detonation wave engines (Kailasanath 2000, 2003; Wolanski
2013; Lu and Braun 2014) and system level research studies (Kasahara et al. 2007;
Hoke et al. 2010; Matsuoka et al. 2016; Frolov et al. 2013, 2015a, b; Dubrovskii
et al. 2015). The detonation cycle has a higher thermal efficiency than a conven-
tional gas turbine engine (Heiser and Pratt 2002; Wu et al. 2003; Talley and Coy
2002; Frolov et al. 2014; Nordeen 2013). Therefore, it is expected that a high-
efficiency propulsion system can be realized using detonation waves.
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A rotating detonation engine (RDE) uses continuous detonation in an annular
combustor to create thrust. As detonation waves propagate at a supersonic speed in
a very small region, the combustor can be shortened. The combustor of RDE
causes high pressure loss when a propellant is injected, and cooling system is nec-
essary due to high heat flux from the burned gas to the wall (Theuerkauf et al.
2015).

Some of the earliest RDE research was performed in the 1960s by the Russian
scientist Voitsekhovskii (1960), Voitsekhovskii et al. 1967). In the 1990s, Bykovskii
et al. (2006) studied air-breathing RDEs for a variety of gaseous and liquid fuels.
There have also been many recent studies of RDE. Our research group performed
visualization of rotating detonation waves (Nakayama et al. 2012; Nakagami et al.
2017a, b; Fujii et al. 2017; Gawahara et al. 2013), while Kato et al. (2016) and
Ishihara et al. (2017) investigated thrust efficiency of the RDE. The CFD analysis
(Hishida et al. 2009; Schwer and Kailasanath 2011, 2013), simplified steady state
analysis (Fievisohn and Yu 2017), RDE experiments (Kindracki et al. 2011), ther-
modynamic modeling (Stechmann et al. 2017; Fotia et al. 2016), system level dem-
onstration (Claflin 2012), rotating detonation turbine engine modeling (Paxson and
Naples 2017), rotating detonation turbine engine demonstration (Naples et al. 2017)
were performed.

The combustion efficiency and specific impulse of detonation combustion in
an annular combustor are the most important physical parameters. Although the
specific impulse meaning overall thrust performance of the RDE was investi-
gated by many researchers, the combustion efficiency has not been investigated
especially in the dependency on the mass flow rate of the propellant and injector
geometries. In addition, the influence of the injector shape and direct cooling of
a rotating detonation combustor require clarification. This paper reports the mea-
surement results of combustor stagnation pressure and the influence of injector
shape on ¢" efficiency. We then performed cooling by injecting water directly
into the combustor and measured the heat flux on the surface of the outer
combustor.

2 Experimental Apparatus

The RDE used in this study is shown in Fig. 4.1. The RDE was made of copper
(C1100) in purpose of thermal diffusion. The inner diameter of the annular combus-
tor was 60.5 mm, the width 3.2 mm, and the axial length 48 mm. The RDE had a
30° conical plug, and a detachable convergent nozzle and divergent nozzle. The
contraction ratio was 1.25, and the expansion ratio was 2.0 (there is no optimization
for this ratios). We used gaseous ethylene and gaseous oxygen as the propellants.
Oxidizer (O,) mass flow rate is much larger than fuel (C,H,), then generally oxidizer
plenum pressure is higher than fuel. Since oxidizer plenum characteristic length
should be smaller, in this experiment the oxidizer (O,) is injected from the center
plenum whereas the fuel (C,H,) is injected at a larger outer radius.
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Fig. 4.1 Schematic of convergent divergent
annular detonation nozzle nozzle
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Fig. 4.2 Photograph of experimental apparatus of the RDE

Figure 4.2 shows photograph of the RDE experimental apparatus. We used pre-
detonator tube on the side wall of the annular combustor. We also set the load cell
on the bottom of the RDE system for measuring the thrust as shown in Fig. 4.2.

Figure. 4.3 is an enlarged view of the RDE. We used two types of injectors (type
1, type 2). Type 1 had 72 fuel injection holes of 0.66-mm diameter and a 1-mm wide
oxidizer injection slot. In type 2, the 72 fuel injection holes were 0.50 mm in diam-
eter, and the oxidizer injection slot was 0.3-mm wide. Pressure sensors were inserted
in the fuel and oxidizer plenums. Each type had pressure ports (2.0 mm diameter),
Py, P,, and we measured local static pressure. In type 2, there were pressure ports
(0.5 mm diameter), Py ;, P, », located at bottom of the combustor to obtain combus-
tor stagnation pressure.
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Fig. 4.4 Result of mass flow rate calibration: left, oxidizer; right, fuel

3 Experimental Results and Discussion for Combustion
Chamber

We performed mass flow calibration by blowing down cold gas, fuel and oxidizer
separately. The mass flow rate was adjusted by the initial tank pressure or the orifice
diameter located in upper flow. Figure. 4.4 shows the results of mass flow rate cali-
bration. Ideal mass flow rate, r1, , was calculated from plenum pressure in choked
condition at the injectors as follows:

. PAy ( 2 ]71 4.1
I’I’li = Y| —— .
VRT y+1
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Fig. 4.5 Experimental conditions: left, type 1; right, type 2

Measured mass flow rate was determined from operation duration and tank mass
decrease. The tank mass decrease was determined by an electronic balance or the
internal tank pressure decrease. In the combustion test, we determined ideal mass
flow rate from plenum pressure, and actual mass flow was obtained using the rela-
tionship in Fig. 4.4.

Figure 4.5 shows the experimental conditions. We changed mass flow rate (108
+4 g/s, 136 £ 6 g/s, 191 £ 6 g/s), equivalence ratio (0.24—1.68), injector (type 1,
type 2), and nozzle (without, convergent, convergent-divergent).

Figure 4.6 presents the visualization result by high-speed camera (SAS, 150,000
fps). Intermittent bright waves were observed in type 1, and thrust was obtained and
combustion was kept in the combustor. On the other hand 2 or 3 waves were
observed in type 2. Wave propagation speed was 2040 m/s (84% of C-J speed) or
1750 m/s (72% of C-J speed). The lower speed than CJ wave maybe due to insuffi-
cient mixing and large wave curvature effect. Thus, injector shape influenced wave
propagation mode. There are transient phenomena from two waves to three waves
in the type 2 injector case shown in the right of Fig. 4.6. The new wave generates in
the two-wave mode. It is due to mass flow rate disturbances at the starting process
of the RDE operation. For simplicity, we show only the data points which can be
clearly correspond to two or three wave mode.

Figure 4.7 shows the pressure and thrust history in the combustion test using the
convergent nozzle. In the type 1 configuration, the injector is hole type only.
Otherwise, in the type 2 configuration, the injector of the oxygen is slit type. The slit
width is decreasing during the operation due to thermal deformation (expansion) of
the inner wall of the RDE. Therefore the pressure in the oxygen plenum increases
for the type 2 configuration but remains fairly constant for the type 1 configuration.
Thrust was measured by a load cell and average thrust during the operation is drawn
as dashed lines. The load cell used in this experiment was AIKOH DUD-200 K, and
its maximum frequency response is 500 Hz. The average thrust was 142 N in type
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Fig. 4.9 Specific impulse vs. equivalence ratio: left, type 1; right, type 2

1, and 168 N in type 2. Mass flow rate was determined by using plenum pressure
before the ignition.
Figure. 4.8 shows the thrust vs. equivalence ratio. Figure 4.9 shows the specific

impulse vs. equivalence ratio. Specific impulse, /,, was defined as follows:

] =4 “4.2)

Dashed lines indicate the ideal value of the constant pressure combustion rocket
engine. In calculating the value, the throat area was equal to the experimental appa-
ratus, and the burned gas was perfectly expanded and frozen in the nozzle. The
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thrust was 115-391 N, the specific impulse was 87-201 s. By using convergent
nozzle thrust increased approximately 10% compared with the combustor without
nozzle. Thrust efficiency might increase because of higher combustor pressure. In
convergent-divergent nozzle condition, thrust was 10—17% higher than the combus-
tor without nozzle. In case of low mass flow rate (109 = 4 g/s), overexpansion
occurred. When the mass flow rate was 191 = 6 g/s, we had already achieved
88-94% efficiency as compared to the ideal value so that burned gas was almost
perfectly expanded.

In the RDE combustor, the flow is essentially unsteady state and three dimen-
sional. However, in this experiment, experimental input (plenum pressure and mass
flow rate) and experimental output (thrust of RDE) were kept almost steady state
relative to the RDE unsteady phenomena, as shown in Figs. 4.7 and 4.8. Therefore,
for simplicity, the following one or quasi-one steady-state flow in RDE combustor
are assumed.

At first, we calculated the ideal combustor stagnation pressure. Gas constant,
adiabatic flame temperature, and ratio of specific heat were determined by NASA-
CEA. Ideal combustor stagnation pressure, P, ;, was obtained as follows:

riRT,
p o= Ve (4.3)

- Yl
2 -t
A y[)
y+1

Next we obtained combustor stagnation pressure in the experiment. The Mach
number at the P, port was determined as follows:

y+1

1) M2 +2) 200
AZL{M—M”} )
y+1

The ratio of specific heat was determined by NASA-CEA and assumed to be
constant. Measured combustor stagnation pressure, P ,,, was obtained as follows:

4

P =P (1 JT_IMZJVl 4.5)

The characteristic velocity, ¢*, and characteristic-velocity efficiency, 1., were
then defined as follows:

(4.6)

3.
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— c*m — R:_m (4 7)
e = ¢ P '

Figure 4.10 shows the combustor pressure, P, vs. equivalence ratio, and Fig. 4.11
shows the c¢* efficiency calculated from P; vs. the equivalence ratio. Pressure
increase was obtained using either the convergent or convergent-divergent nozzle.
We compare type 1 and 2 in Fig. 11; there was little difference in ¢" efficiency. The
injector shape influenced wave propagation mode, but the mode could not change
the ¢” efficiency. When we used the convergent or convergent-divergent nozzle and
the equivalence ratio was less than 1.0, ¢” efficiency was 88—101%. If both combus-
tor pressure and oxidizer mass flow rate were high, there was a tendency for the
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Fig. 4.12 Temperature increase history and heat flux vs. water pressure

efficiency to be high. Then as combustor pressure, P, ,, asymptotically approached
the ideal line in Fig. 4.7, we concluded that the combustor stagnation pressure could
be directly measured at the bottom corner of the combustor.

Cooling tests by directly injecting water into the combustor through a hole of
diameter of 0.5 mm was carried out for development of cooling system of a
RDE. Figure 4.12 shows temperature increase history and heat flux versus water
pressure. The temperature was measured by a sheath type thermocouple (0.5 mm
diameter) which was inserted into a hole in the combustor outer. The distance
between the bottom of the hole and the combustor outer surface was 2 mm.
Combustion was kept during water injection, and local temperature increase rate
was decreased. And we estimated time-spatial average heat flux into the ambient
from the terminal temperature, and the heat flux was 8.1 + 1.8 MW/m? with no
water injection. There is not much of a difference between no water injection and
water injection. The water injector hole is only one, and then the distribution of the
water is not homogeneous. The water may be diffused to wider region by the
unsteady RDE combustor flow than a conventional relatively steady combustor
flow. These effect (small mass flow rate water spreads wider region) causes small
heat flux difference between the two cases.

4 Experimental Results and Discussion for RDE System
Sled Test

For demonstrating rocket RDE system, the sled test of this system was performed at
Muroran Institute of Technology in Japan. Figures 4.13 and 4.14 show the pictures of
the rocket RDE system for a sled test. As shown in Fig. 4.13, all the devices of the sys-
tem were located on the flat aluminum alloy plate (1000 mm length and 30 mm width).

As shown in Fig. 4.14, the rocket RDE system was sledded on 5-inch rails of
total length of 100 m. The rocket RDE system was supported by four wheels.
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Fig. 4.15 The RDE sled test was successfully performed
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The rocket RDE sled test was successfully performed as shown in Fig. 4.15. The
operation time was two seconds and the total sled distance was 70.22 m. As shown
in Fig. 4.16, the time averaged acceleration was 2.78 m/s?. But, time averaged decel-
eration by friction was estimated as —0.16 m/s? using observation of the deceleration



74 J. Kasahara et al.

after closing the engine thrust. Thus, total thrust can be estimated 2.93 m/s?. As the
total mass of the system was 58.3 kg, total time averaged thrust was 201 N. The time
averaged mass flow rate was 143 g/s. The specific impulse was 144 s.

5 Conclusions

We performed combustion tests of RDE with convergent-divergent nozzle using
gaseous ethylene and oxygen as the propellant, measured the combustor pressure,
and determined the ¢" efficiency. The efficiency was 88-100% when we used the
convergent or convergent-divergent nozzle and the equivalence ratio was less than
1.0. The shape of the injector influenced wave propagation mode, but the mode did
not change the ¢* efficiency. We estimated time-spatial average heat flux from the
terminal temperature, and the heat flux was 8.1 + 1.8 MW/m? in no water injection.
The rocket RDE sled test was successfully performed. The total mass of the rocket
RDE system was 58.3 kg, total time averaged thrust was 201 N, the time averaged
mass flow rate was 143 g/s, and the specific impulse was 144 s.
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Chapter 5
Numerical Simulation on Rotating Detonation
Engine: Effects of Higher-Order Scheme

Nobuyuki Tsuboi, Makoto Asahara, Takayuki Kojima, and A. Koichi Hayashi

Abstract The implementation and simulations of the robust weighted compact
nonlinear scheme (RWCNS) for the two-dimensional rotating detonation engine are
performed using the detailed chemistry model. The comparison of the MUSCL and
the 5th-order RWCNS (WCNS5MN) indicates that the shock front and the contact
surface for the WCNS5SMN can be improved with the better resolution than those
for the MUSCL and that both rotating velocities are approximately 97% of the CJ
value. [, for the WCNS5MN is approximately 5 s larger than /, for the MUSCL
because the mass flow rates for the WCNSSMN are 2-4% smaller than those for the
MUSCL.

1 Introduction

Detonation is a strong explosion phenomenon that propagates at supersonic speed
(e.g., a hydrogen/air detonation travels at supersonic). Detonation simulation
requires to predict (i) a large discontinuous wavefront, such as a shock wave and a
contact surface, and (ii) rapid chemical reaction near a combustion front. Because
the detonation consists of strong explosion due to triple point collisions, the numeri-
cal scheme is required to be robust as well as numerical accuracy.

In the 1990s, the simulation of detonation was performed by the Harten- Yee total
variation diminishing (TVD) scheme (Yee 1987) and the Godunov scheme
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(Godunov 1959). In both cases, spatial accuracy reduces first-order near the discon-
tinuities to add large numerical viscosity. In the 2000s, various numerical methods,
such as the HLLE scheme (Einfeldt 1988), HLLC scheme (Batten et al. 1997),
AUSMDV scheme (Wada et al. 1994), the weighted essentially non-oscillatory
(WENO) scheme (Jiang et al. 1996), and the weighted compact nonlinear scheme
(WCNS) (Deng and Zhang 2000) were applied to the simulation of detonation with
the development of high-performance computers and computational methods.

Wintenberger and Shepherd (2003) simulated a pulse detonation engine (PDE)
with the HLLE scheme. When we neglect the fine details of the phenomenon being
simulated, a robust numerical method such as the HLLE scheme is effective. On the
other hand, Togashi et al. (2009); Asahara et al. (2012), and Kurosaka and Tsuboi
(2014) used the AUSMDV scheme for numerical simulation of detonation and
showed the 2D and 3D wavefront structure in detail. Hu et al. (2005) and Henrick
et al. (2006) showed the detonation front structure in further detail using a fifth-
order WENO scheme. Schwer and Kailasanath (2013); Zhou and Wang (2012)
simulated a rotating detonation engine (RDE) with the fifth-order WENO scheme.

Although WENO scheme is robust and superior scheme to simulate for strong
shock waves with higher-order spatial accuracy, it is difficult to maintain a uniform
freestream on an arbitrary grid system (Nonomura et al. 2010). WENO scheme is
also probably not suitable for the simulation using a complex and crusterd
grid(Nonomura et al. 2010). These problems do not arise in the detonation simula-
tions because most of the detonation simulations with WENO scheme use a orthog-
onal grid system. Furthermore, large numerical dissipation affects the detonation
structure because the WENO scheme uses the Lax-Friendrich scheme for numerical
flux evaluation.

The authors simulated the multi-dimensional hydrogen-fueled detonations
(Asahara et al. 2012; Tsuboi et al. 2002, 2007, 2009, 2008a, b, 2013a, b, 2017;
Niibo et al. 2016; Eto et al. 2005; Tsuboi and Koichi Hayashi 2007; Eto et al. 2016)
and hydrocarbon-fueled detonation (Araki et al. 2016) in a micro-scale size, which
is the order of a millimeter and centimeter. However, three-dimensional simula-
tions on an experimental scale are difficult because of a huge grid points and com-
putational time. The authors pay their attention to a high-resolution scheme that
can provide enough resolution for a simulation with a reduced number of grid
points. The present study adopts the weighted compact nonlinear scheme (WCNS)
(Deng and Zhang 2000; Nonomura et al. 2010; Zhang et al. 2008; Nonomura and
Fujii 2009) in our in-house detonation simulation program, where the WCNS
allows the AUSMDV scheme to be used. Some recent simulation results of the
detonation using the fifth- and seventh-order WCNS scheme are reported by lida
et al. (2014) and Niibo et al. (2016). Nonomura et al. (2010) reported that the
WCNS has three advantages: (i) the WCNS can select a wide variety of flux evalu-
ations, (ii) the WCNS provides high resolution, and (iii) the WCNS can maintain a
uniform flow on generalized curvilinear coordinates. Although the WCNS has such
the advantages comparing with the WENO, the WCNS is sometimes failed to sim-
ulate the strong explosion just after the triple point collision in the detonation. The
robust weighted compact nonlinear scheme (RWCNS) developed by Nonomura
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and Fujii (2013), which improves robustness near a large discontinuity, succeeds to
simulate the detonation with a detailed chemical reaction model (Niibo et al. 2016;
Iida et al. 2014).

The present research discusses to improve the RWCNS for the reactive com-
pressible fluid codes with multi-component gases and comparison of the two-
dimensional numerical results between the MUSCL and the WCNS on the rotating
detonation engine.

2 Governing Equations

Simulations of detonations are generally performed using the Euler equations,
which include the equations for various chemical species associated with the rele-
vant chemical reactions. As far as species diffusion speed, the effect of gas molecu-
lar diffusion on the momentum and energy equations is low because the propagation
speed of detonation exceeds 3 < Ma. Based on a consideration of the small effect of
the boundary layer behind the detonation front, we consider the possibility that the
effect of viscosity on detonation is small. On the other hand, it is easy to compare
between numerical schemes in the inviscid flow because the amount of the numeri-
cal viscosity, which depend on the choice of the numerical scheme, affects the reso-
lution in the flowfields. For the above reasons, this study applies the compressible
Euler equations to the modeling of shock waves and detonation.

The governing equations (the compressible Euler equations) consist of the mass
conservation law of gases, the momentum conservation law, the energy conserva-
tion law, and the conservation law of each species. In the case of the two-dimensional
Cartesian coordinate system, the compressible Euler equations are

0Q OJE JF
ot odx dy ©-
P pu pv 0
pu pu’ +p puv 0
pv puv PV +p 0
Q= ¢ |[LE= (e+p)u JF = (e+p)v ,S=[ 0 |, (5.2)
Py pyu pv @,
Pn Pyt Pyv Wy

where p is the density in kg/m?, u and v are the velocity in the x and y directions in
m/s, e is the total energy per specific volume in J/m?, i is the index of the chemical
species (i = 1, 2, -+, N), N is the total number of species, p; is the density of the ith
species in kg/m?, p is the pressure in Pa, and w; is the production rate of the ith
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species by the chemical reaction in kg/(m? - s), respectively. The total energy per
specific volume, e, is defined as

N

e=2pihi—p+%p(u2+v2)v (5.3)

i=1

where #; is the specific enthalpy of the ith species in J/kg.

An additional equation is needed to combine with Eq. (5.1) to form a closed
system. We assume a thermally perfect gas and the equation of state of which is
given by

N N
= R

p:pRT:ZpiRiT:Zpin 5.4
i=1 i=1 i

where R is the gas mixture constant in J/(kg - K), R is the universal gas constant in
J/(kmol - K), T is the temperature in K, and R, is the gas constant for the ith species
in J/(kg - K), which is given by

(5.5)

where W, is the molecular weight in kg/kmol. The detonation simulation is calcu-
lated using the system of equations formed by the compressible Euler equations
(Eq. 5.1) and the equation of state (Eq. 5.4).

The specific enthalpy of the ith species in Eq. (5.6) is given by a fifth-order poly-
nomial function of temperature,

h g,
R_IT =a,+a,T+a,T* +a,T’ +a,T* +? (5.6)

i

In the same way, the specific heat at constant pressure of the ith species, C, ;, is
defined by a fourth-order polynomial function of the temperature,

Ri" =a, +a,T+a, T’ +a,T" +a,T* (5.7)

i

where a,;, a;, as;, Ay, ds;, and ae; are the coefficients calculated from the data in the
JANAF tables (Stull and Prophet 1971). The specific heat ratio y is written as

G (5.8)
r=7-= . :
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_ The gas mixture constant, R, the gas mixture specific heat at constant pressure,
C, , and the gas mixture specific enthalpy, %, , are defined as

N _ N _ N
R=YYR.C,=YC, k=Y Yh, (5.9)
i=1 i=1 i=1
where
y=b (5.10)
)

The speed of sound, c, is calculated from the following frozen speed of sound:

N
¢ =p, + 3 Yp, +p (H-u' =), (5.11)
i=1
where
— 1
=a—p, =a—p,pe=a—p,H=h+—(u2+v2). (5.12)
Poap TP ap, de 2

H in Eq. (5.12) is the total enthalpy.

3 Chemical Kinetic Model

One- and Two-Step Reaction Model

The most simplified reaction model used for detonation calculation is one-step reac-
tion model. This model describes the combustion with a heat release Q behind a
shock wave by using the reaction progress parameter Z which varies continuously
from 1 to 0. On the other hand, the two-step model was developed by Korobeinikov
et al. (1972) having a structure of two sequences; the induction reaction period and
heat release period. This model applies for the conservation equation using an
induction reaction progress parameter @ and recombination reaction progress
parameter f instead of the conservation equation of species, where a and f are unity
at the initial state before reaction happens. The recombination reaction starts after
the induction reaction is over and a becomes zero. K;, n;, [, m;, E; (i = 1, 2 and
j =1,2,3), and Q are the constants which are obtained empirically. The following
Egs. (5.13) and (5.14) are used instead of the species conservation equation in Eq.
(5.1).
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dpo  dpowm  dpay
+ + = pw 5.13
ot 0x dy PPa G4
dpB  dpPu  dppPv
il ot i ot bl = pw 5.14
o ax oy P O
do 1 n ol E,
=" —___ —_kphph -—L 5.15
R A ] 519
_ ny L pm _i
PP B CXP[ RTJJF
o0, =% - E (5.16)
Poar kptpt (1-B)" exp[—R—sz,a <0 '

It is not necessary, in the case that the mixture is assumed as a simple ideal gas,
to add a change in the energy conservation equations if the heat release Q is put in
the enthalpy and energy equations as follows:

h=cVT+ﬂQ,e=ph—p+%p(u2+v2) (5.17)

where the chemical reaction is not stiff using such two-step mechanism and the
equations are integrated explicitly.

One- and Two-Step Reaction Model

In the case using a detailed chemical reaction mechanism for the small mechanism
of hydrogen/oxygen reaction, the intermediate species such as H, O, OH, HO,, and
H,O, are necessary for the calculation besides H,, O,, and H,O. In this case, the
chemical species are eight and their elementary reactions are about twenty. Two-
dimensional calculation provides triple calculation time comparing with a non-
reacting flow case because of five governing equations and nine more species
equations. Since the equation system is stiff with a detailed reaction model, its pro-
duction term is integrated implicitly and since heat capacities of species are a func-
tion of temperature, the calculation time becomes totally at least more than three
times comparing with that without the reaction term.

As far as detonation propagating through a hydrogen/air mixture, it is necessary
to analyze it using a reaction mechanism with nitrogen, but mostly nitrogen is con-
sidered as a third body because the nitrogen related reactions are rather slow com-
paring with the oxyhydrogen reactions. As for the hydrogen/air reaction model used
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in detonation calculation, Oran et al. (1979) proposed eight species and 43 elemen-
tary reactions in 1979. They also proposed eight species and 24 elementary reac-
tions (1982) in 1982. Shepherd (1986) also proposed in 1986. He studied the
relationship between calculated reaction zone length and measured cell size. This
reaction model has a set of 23 reactions and 11 species (H,, O,, O, H, OH, H,O,
HO,, H,0,, N, , CO,, CO).

Recent several detailed chemical kinetic mechanisms of hydrogen combustion
have been developed and are being updated by many researchers (Petersen and
Hanson 1999; Mueller et al. 1999; Li et al. 2004; O’Conaire et al. 2004; Konnov
2008: Davis et al. 2005; Saxena and Williams 2006; Shimzu et al. 2011). These
models have been validated using a wide range of measurements and were generally
found to agree with experimental data, including ignition delay times with shock
tubes, reaction behavior in flow reactors, and laminar flame speeds. Rate constants
and third-body efficiencies for many elementary reactions seem to be evident in
hydrogen/oxygen systems. However, determining some rate constants characterized
by high sensitivity at high pressures has remained a challenge.

Although predictions of those models agree quite well with each other and with
the experimental data of ignition delay times and flame speeds at pressures lower
than 10 atm, substantial differences are observed between recent experimental data
of high-pressure mass burning rates and model predictions, as well as among the
model predictions themselves. Different pressure dependencies of mass burning
rates above 10 atm in different kinetic models result from using different rate con-
stants in these models for HO, reactions, especially for H + HO, and OH + HO,
reactions. The rate constants for the reaction H + HO, involving different product
channels were found to be very important for the prediction of high-pressure com-
bustion characteristics. In order to obtain better performance of the model predic-
tion for the high-pressure combustion of H,, UT-JAXA model (Shimzu et al. 2011)
adopts more precise values of the rate constants for the following reactions:H + OH
+M=H,0 +M, O + OH + M = HO, + M, channel-specific rate constants for H +
HO,, and the temperature dependence of the OH + HO, = H,0 + O, reaction.

The production rate of each species relevant to the two-body reaction, ,, in Eq.
(5.1) is given by
K B , N V’k N v';(

&, =W,> vy —v,.k){kf,k [T(c,)" R [T1(enn) } (5.18)

k=1 i=1 i=1

where y; is the chemical symbol for the ith species (e.g., hydrogen: y = H,), v; is the
stoichiometric coefficient of the reactants for the ith species, v, is the stoichiomet-
ric coefficient of the products for the ith species, the subscript k is the index of the
elementary reactions (k=1, 2, . . ., K), K is the total number of elementary reactions,
ks 1 is the forward specific reaction-rate constant of the kth elementary reaction, and
ky, « 1s the backward specific reaction-rate constant for the kth elementary reaction,
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respectively. The forward specific reaction-rate constant of the kth elementary reac-
tion is given by the modified Arrhenius rate law:

n Ea,k
k., =AT" exp| - RT (5.19)

where A, is the frequency factor of the kth elementary reaction, n; is the exponent
that determines the power-law relationship between the temperature and the for-
ward specific reaction-rate constant, and E, ; is the activation energy per unit mass
of the kth elementary reaction in cal/mol. Values for A;, n;, and E,  are provided by
the detailed reaction model by UT-JAXA model (Shimzu et al. 2011). &, , the back-
ward reaction rate constant of kth reaction which is related with the forward reaction
rate constant is given as follows

kb,k =k

K. (5.20)

where K is the concentration equilibrium constant of kth reaction. When K, is
the pressure equilibrium constant,

N

» S vivic)
K =K |Zem ™ 5.21
-k (22) san

where p,,, = 1(atm) and R is the universal gas constant with an unit of 7/P,,,,. Kp

is shown in the next Eq. (5.22) which is related with enthalpy and standard entropy.

N

K, = eXP{Z{(V; Vi )%} - i{(v; v, )%H (5.22)

i=1 i i=1

The frequency of three-body reactions is promoted by the fact that the third body
(that is, the third molecule) absorbs energy from the other two molecules. By mul-
tiplying the production rate of the two-body reaction, given in Eq. (5.18), by the
mole concentration of the third body, C,,, the production rate of the three-body reac-
tion is obtained to be

d)i = VViCM sz:(vzk _vi'k ){kj',k lﬁ[(cx,,k )ka - kb,k lﬁ[(cli,k )Vf}( } (5.23)

=1 i=1 i=1

The mole concentration of the third body, C,, is given by

(e, ) (5.24)
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where a; is the collision coefficient of the third body for the ith species. The values
of these collision coefficients are indicated by the UT-JAXA detailed reaction model
(Shimzu et al. 2011).

4 Numerical Methods

In the detonation simulation in this study, an explicit method is used to solve the
convective term and a point implicit method is applied to solve the source term of
the chemical reaction, respectively. For the time integration, a third-order total vali-
dation diminishing Runge-Kutta scheme (TVDRK) (Gottlieb and Shu 1998) is
used. The convective term is calculated by the AUSMDYV scheme using flux evalu-
ation with conservative variables that are interpolated at high orders by the WCNS. In
the source term, a Crank-Nicholson type point implicit method is used. The inver-
sion of Jacobian matrix in the source term is carried out by Gauss-Jordan elimina-
tion (Odlyzko 1985). The details are shown as follows.

Time Integration

In order to solve the governing equations of reactive flow in Eq. (5.1), a splitting
technique into two parts is applied to treat for the difference of chemical kinetic
time scale and fluid dynamic time scale. The partial equation for the fluid dynamic
is solved by the TVDRK and the ordinary differential equation for the chemical
kinetics is solved by the point implicit method. The detail of the procedure is shown
as follows:

Q"' = LffDFLADFQ (5.25)
9Q 9E_OF
Ly, — 0 5.26
P ax Ty (520
. d
LI d? S (5.27)

Because of the superposition of the solution obtained from each differential
operator, Eq. (5.25) corresponds to solving the following equations:

Q =Q" +ALy, (Q) (5.28)

Q"' =Q +aiLy,, (Q)
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Here, Eq. (5.26), which serves as the partial differential equation for fluids, is
applied to a following three-stage third-order TVDRK:

Q" =Q" +AL(Q")
Q¥ =@+ Q"+ (Q") (5.29)

Ll 20042 @)
=—Q"+=QY+=A1L
Q =20 +1Q"+ZAL(Q%)

These equations yield conservative variables that represent the solution of the
differential equation for the fluid at 7 + Ar.

Spatial Discretization Method

The method of evaluating the spatial differential term (dE/dx) in Eq. (5.26) is shown
below along the computational procedure in the simulation code. In this study, the
WCNS is implemented to provide nonlinear interpolation to improve the accuracy
of the simulation, and a robust linear difference scheme suggested by Nonomura
and Fujii (2013) is used. The present schemes are summarized in Table. 5.1.

Nonlinear Interpolation

Interpolation is a method of constructing new data points within the range of a dis-
crete set of known data points. In this case, the conservative variables Q; on the grid
point j are used to calculate QfH ,, and QfH 1, » 1.6. on the left and right sides of the
cell interface in Fig. 5.1.

The WCNS is the nonlinear interpolation method used to determine the value at
the computational cell interface, which is needed to evaluate the numerical flux. The
WCNS uses the value at the node point. A previous study of the WCNS (Nonomura
et al. 2012) indicated that the interpolation by using primitive variables is robust
against the oscillation in the vicinity of the interference, where gas species vary
drastically, and that the interpolation by conservative variables is robust to the

Table 5.1 Simulation methods for present scheme

Nonlinear Flux
interpolation evaluation | Linear Interpolation
MUSCL 2nd-order MUSCL | AUSMDV | 2nd-order central difference with minmod

limiter[49]
WCNSS5MNG6 | 5th-order RWCNS AUSMDV | Eq. (5.47) with 6th-order coefs
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Fig. 5.1 Interpolation in Computational cell
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Fig. 5.2 Stencil at the point j for r = 3 (Sth-order interpolation)

oscillation around shock waves. The detonation front structure is constructed by the
complicated shock waves so that the interpolation by conservative variables is suit-
able for the simulation of detonation. From this perspective, the conservative vari-
ables are used in the interpolation of the WCNS.

In order to calculate the conservative variables at the computational cell inter-
face, stencils S;. 1, of 2r — 1 points are used to construct the conservative variables
Q].L+1 ,» and jRH ,» with a (2r — 1)th-order interpolation:

S 2 =X st Xk | (5.30)

For example, if r =3, five points j —2,j—1,j,j+ 1,j+2) are required and a
Sth-order interpolation is performed in Fig. 5.2.
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Fig. 5.3 Substencils for interpolation at the point j for r = 3 (5th-order interpolation)

The first step is to transform the conservative variables Q in the stencil to the
characteristic variables g; , by multiplying the left eigenvector, yielding the
expression

9 =1,,Q): (5.31)

where the mth left eigenvectors of the Jacobian matrix JE/0Q are 1; ,, and the mth
characteristic variables are ¢, ,,. The second step is to construct polynomials consist-
ing of (r substencils. The r substencils are composed of r cell centers in Fig. 5.3.
The kth substencil S;, 1, «(k=1,---, r) is written as

Sj+12,k = {'xj+k7r 9995 " 's?nxl' 9995 " " "7a5-xj+k,1 } (5'32)

Then, points of each substencil are combined to calculate an (2r — 1)th-order
interpolation in Fig. 5.4.

The characteristic variables in the kth polynomials g

i2km are computed as

qgnk)m = ch,k,l k—rri-tm* (5.33)

1=1
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Fig. 5.4 5th-order interpolation by combination of each substencil (r = 3)

Here, the details of coefficients ¢, ; ; are shown in Nonomura and Fujii [5.33].
For example, the approximation of the 1st derivative of the mth characteristic vari-
able at the 1st substencil (n = 1, r = 3) is expressed as:

qﬁlim =C1 G icam TC D TCLS D (5.34)

By reproducing the same calculation for other kth substencils and other nth
derivatives with their own ¢ coefficients, we can obtain a full data set to calculate the
weighted characteristic variables for each substencil at the cell interface as
follows:

r—1 1 Ax n R
q_erl/Z,k,m = qj,m + z[;j(?j q(/,k),m (535)

n=1

This calculation is based on the Taylor expansion method which represents a
function as an infinite sum of terms that are calculated from the values of the func-
tion’s derivatives at a single point. In the case of r = 3(5th-order), the mth weighted
characteristic variable for the k substencils can be written as:

Ax 1 AX°
Gonin =D+ Din + 5 ko (5.36)
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Fig. 5.5 Weighted characteristic variable at the left edge of the cell from each substencil (r = 3,
Sth-order interpolation)

If we consider the 1st substencil, the above equation becomes:

L Ax
Diinm = Djm + ) |:Cl,1,l biom + Cii2 bDjim + Ciiz 'qj-,m]
(5.37)

2
+ Cora bj-om + Co12 bjoim + Co13 9jm |-
8

The idea is that a weight is assigned to each of the k substencils. It determines
the contribution of the substencil to the final approximation of the cell-edge value
qj+1n,» in Fig. 5.5. The obtained variables in Eq. (5.37) are rth order cell-edge inter-
polated values.

The third step is to combine these characteristic variables qfﬂ oxm together with
a new final weight coefficient w; to calculate a final (2r — 1)th-order accurate inter-
polation value ¢ at the cell interface. This combination is done as follows:

12m
,
L _ L
9ivom = ij+1/2,k,m 9in2km> (5.38)
p
where
.
2.k,

w = _—Jream (5.39)

e 1/2.km . >
Z,:I%H/z,z,m
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C
Cippom = : 2 > (5.40)
(ISj+1/2,k,m) +€
r 2
ISj+1/2,k,m = Z(qgi)llz,k,m) . (5.41)

1=1

In Eq. (5.40), € is a very small value € = 1 x 10%, which avoids the division by
zero. The meaning of Egs. (5.39), (5.40) and (5.41) is that if a polynomial of the
form of Eq. (5.35) becomes smooth, i.e. in continuous regions, W, 1., x, » approaches
to Cy. On the other hand, near discontinuities, w;, 15, «, » decreases to prevent from
numerical oscillations. This may result in a slight loss of accuracy but the stability
of the calculation is improved. w;. 15 « » has to satisfy the following equation:

Z Woinem =1 (5.42)
k=1

Finally, multiplying Eq. (5.38) by the right eigenvectors of the matrix dE/0Q, 1, ,,,
the conservative variables, Q; 1, can be calculated:

Q/L'+1/2 = Zq;wz,m Ry (5.43)

When QF,,, is calculated, Q7,,, can be obtained symmetrically with a similar
way.

Flux Evaluation
. . . . . L
By using the conservative variables at the computational cell interface Qj,,,, and

Qfﬂ ,» in Eq. (5.43), the numerical flux at the computational cell interface, E;+i/2,
is calculated. The equation used for the flux evaluation in the AUSMDYV scheme is

- 1
Eji2 = 5{(pu)12 (Yo +¥,)=[(pu) | (¥, +¥, )} + P, (5.44)
where

P 1 0

pu u 1

pv v 0
®=|phly=|h|L=|0]. (5.45)

p Y, 0

pN YN 0
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The methods used to evaluate the pressure term, mass flux term, and momentum
flux term are described in the original paper (Wada and Liou 1994).

Linear Difference

L o JE) . "
An approximation of flux derivative (—) is evaluated from E;.i2. A general
X ).

form of the explicit midpoint-to-node differencing (MD) scheme in Fig. 5.6 is writ-
ten as follows:

JE 1 r—1 » B
(Ej - Ax kz(;ak (Ej+k+1/2 ~E ) (5.46)
j =

On the other hand, the robust scheme for the RWCNS that Nonomura and Fujii
(2013) improved as a midpoint-and-node-to-node difference (MND) in Fig. 5.7 is
given by

| 32| : i : |
| P . ~ L ! : :
E ., - i Ny sz i i i
6 . 2 ! . .
A7 l AN ' l l
A : Lz : »
o : )| T I %k ..
| | e Al =
J-2 j-1 J Jtl Jj2 X
Fig. 5.6 Midpoint-to-node linear differentiation
: L E, : : :
AT e s e
i P Le" | “xgj_] 3 | ] 1
P i N l I l
b ; LN l ; l
e ! (‘f B g B | et
I ; P\ a"J O i :
J-2 J-1 j Jan! Jr2

Fig. 5.7 Midpoint and node-to-node linear differentiation
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OE I < = =
(EJ ) Ezbk (Ej+k/2 B ) 47
j

k=1

Ejuis = ) B (k=2n-1) (5.48)
Ejik/2 (k = 2n)

where the true flux at the node point is E; . . The coefficients of a, and b, are shown
in the original article by Nonomura and Fujii (2013). When Eq. (5.48) is substituted
into Eq. (5.47), the true flux is interpolated into the numerical viscosity term.

This scheme in Eq. (5.47) prevents the negative numerical viscosity around the
shock wave and improves stability more than the original scheme in Eq. (5.46).
Thus, the difference between the WCNS and the RWCNS is the linear interpolation.
The present research uses the nonlinear interpolation as Sth-order RWCNS and lin-
ear interpolation as Eq. (5.47) with 6th-order coefficients.

5 Simulation Conditions

The simulation conditions and grid system used in this study are presented in
Table 5.2. The computational regions for the x- and y- directions are 3 mm x 6 mm.

The ambient conditions behind the exit are pressure p, of 0.01 MPa and tempera-
ture of 300 K. The reason to use low ambient pressure is the comparison of I,
between the present simulation and H,/O, conventional rocket engine without noz-
zle under vacuum condition. The simulation conditions in the stagnation chamber
are pressure p, of 2—6 MPa and temperature of 300 K. The micro-nozzle area ratios
of the throat to nozzle exit at the injection port, A*/A, are 0.02. The stoichiometric
H,/O, gas mixture is supplied through the micro-nozzles. The numerical setup of
the present simulation and boundary conditions are shown in Fig. 5.8.The numerical

Table 5.2 Simulation conditions and computational grids (constant resolution)

L, mm H, mm Ax , Ay,

Po, MPa (imax) (jmax) um?l AYA

2 3.0 6.0 2.5 0.2
(1201) (2401)

3 3.0 6.0 2.07 0.2
(1451) (2901)

4 3.0 6.0 1.95 0.2
(1543) (3087)

5 3.0 6.0 1.89 0.2
(1593) (3187)

1: approximately five grid points in H, half reaction length
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Top : periodic boundary
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Left boundary : inlet
(micro Laval nozzle)
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Fig. 5.8 Numerical setup and boundary conditions

result of the one-dimensional detonation is used for the ignition in the two-
dimensional simulation. As the stagnation pressure is lower than 2 MPa, the rotating
detonation becomes failure. Although the successful of the detonation ignition will
depend on the stoichiometric ratio and stagnation temperature in the injection gas,
the present simulations does not estimate the effect of them yet.

There are two boundary condition systems for the mixture injection: the super-
sonic and subsonic inlets. The supersonic inlet condition is used for most of the
simulations because the inlet nozzles for premixed gas typically have a choked con-
dition at the exits of small nozzles. However, a supersonic inlet condition exists in
many real cases because of the high pressure in the combustion chamber. The sub-
sonic inlet condition is discussed by Zhdan et al. (2007). The present calculations
are performed based on the following four conditions:

1. The pressure is extrapolated, and velocity is set to zero when the inlet pressure is
higher than the manifold pressure. This case means that the gas injection is
impossible.

2. The pressure is extrapolated when the pressure just before the inlet is lower than
the manifold pressure and higher than the pressure just behind the inlet. In this
case, there is no choking at the throat with a subsonic gas injection.

3. The pressure is extrapolated when the inlet pressure is higher than the supersonic
condition and lower than the subsonic condition. In this case, a normal shock
wave is generated in the nozzle with the subsonic injection.
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4. The pressure achieves a supersonic value and the premixed gas is accelerated
due to isentropic expansion with supersonic injection when the inlet pressure is
higher than the supersonic condition.

The outlet boundary conditions are given at the exit of the RDE by two patterns,
but the flow cannot go backwards from the downstream to the upstream:

1. The exit pressure of the RDE is set to the ambient pressure when the exhaust gas
speed is subsonic.

2. The exit pressure of the RDE is extrapolated from the values in the combustion
chamber when the exhaust gas speed is supersonic.

The effects of the grid resolution on the MUSCL are discussed by Tsuboi et al.
(2013, 2015, 2017). As the grid resolution increases in 2D and 3D RDE simulations,
a cellular structure appears near the detonation head. However, the effects of the
grid resolution on the /;, is approximately a few seconds.

6 Results and Discussions

Basic Flow Structure

The comparison of the density gradient between the MUSCL and the WCNS5SMN
is presented in Fig. 5.9. The injection conditions are A*/A= 0.2 and p,= 2.0 MPa. For
both cases, some triple points appear near the detonation front. The rotating

100 200 400
i=50 150 300 600 900
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direction w direction Oblique shock wave
N bip fine p line
\
Injection / Injection

Secondary
shock wave

Setondany
shpck wave
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unburned gas and
burned gas

Lirface betwegn
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urned gas

=1

(a)MUSCL (b)WCNS5MN

Fig. 5.9 Instantaneous density gradient contours and flow structure for p= 2 MPa
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detonation head produces some shock waves and a slip line. The WCNS5MN can
resolve the slip line with small vortices better than the MUSCL.

Figure 5.10 plots the pressure along the lines near the injection, as shown in
Fig. 5.9. The pressure behind the rotating detonation along lines i = 50 — 900
decreases because of the strong expansion in the unconfined region. Both pressure
profiles show similar feature.
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Fig. 5.11 Instantaneous pressure contours for p;= 2 MPa

Close-Up View Near Detonation Front

This subsection discusses the effects of the high-resolution scheme near the rotating
detonation front. Figures 5.11, 5.12, 5.13 and 5.14 show the instantaneous pressure,
temperature, OH mass fraction, and local heat release contours near the rotating
detonation front. Both schemes can capture some triple points near the rotating deto-
nation front in the present grid resolution. Some disturbance in the temperature and
OH mass fraction contours are captured behind the rotating detonation front for the
WCNSS5MN. The instantaneous profiles along i = 50~300 are shown in Figs. 5.15,
5.16 and 5.17. The WCNS5MN can capture the large discontinuity near the detona-
tion front better than the MUSCL as shown in Fig. 5.15. However, there are small
difference on temperature and OH mass fraction in Figs. 5.16 and 5.17 because the
WCNSSMN improves spatial resolution for fluid and this scheme does not improve
resolution for chemical reaction as shown in Egs. (5.25), (5.26) and (5.27).
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Fig. 5.12 Instantaneous temperature contours for p,= 2 MPa

Detonation Velocity

Figure 5.18 shows the comparison of the rotating detonation velocity between the
MUSCL and the WCNS5MN. The detonation velocity for both schemes is 2849 m/s
and 97% of D¢;,. In the experimental data (Bykovskii et al. 2006), the rotating deto-
nation velocities are 80-95% of D, because of incomplete mixing and unconfined
effects. The detonation velocity deficit in Hishida’s 2D RDE simulation (Hishida
et al. 2009) is approximately 5% because of the unconfined detonation effects. The
present results agree well with those in Hishida’s results (Hishida et al. 2009) .
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Fig. 5.13 Instantaneous OH mass fraction contours for p,= 2 MPa

Thrust Performance

Figure 5.19 shows the comparison of I, between the MUSCL and the
WCNSS5MN. This figure also includes the calculated /, for a H,/O, rocket engine
without a diverging nozzle, assuming a chemical equilibrium state under a vacuum
environment. This value is calculated using the Gordon and McBride method
(Gordon and McBride 1971). This figure shows that /;, for the WCNS5MN is
approximately 5 sec larger than /;, for the MUSCL. [, for both schemes is actually
greater than /;, of a conventional rocket engine.



100 N. Tsuboi et al.

0 1e5 J/im?®
(a)MUSCL (b)WCNS5MN

Fig. 5.14 Instantaneous heat release contours for p,= 2 MPa

The time-averaged thrust per cycle for both schemes is also proportional to the
mass flow rate, as shown in Fig. 5.20. Because the mass flow rates for the WCNS5SMN
are 2—4% smaller than those for the MUSCL, I, for the WCNSS5MN is 5 s larger
than /;, for the MUSCL in Fig. 5.19.
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Fig. 5.17 Instantaneous
OH mass fraction profiles
near rotating detonation
front along y-direction in
Fig. 5.13 for py=2 MPa
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Fig. 5.18 Comparison of
detonation velocities for
po=2 MPa

Fig. 5.19 Comparison of
mixture-based specific
impulse
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Fig. 5.20 Comparison of
time-averaged thrust
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7 Conclusions

The implementation and simulations of the robust weighted compact nonlinear
scheme (RWCNS) for the two-dimensional rotating detonation engine are performed
using the detailed chemistry model. The comparison of the MUSCL and the Sth-order
RWCNS (WCNS5MN) indicates that the shock front and the contact surface for the
WCNSS5MN can be improved with the better resolution than those for the MUSCL
and that both rotating velocities are approximately 97% of the CJ value. However, I,
for the WCNSS5MN is approximately 5 sec larger than I, for the MUSCL because the
mass flow rates for the WCNSSMN are 2-4% smaller than those for the MUSCL.
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Chapter 6
Review on the Research Progresses in Rotating
Detonation Engine

Mohammed Niyasdeen Nejaamtheen, Jung-Min Kim, and Jeong-Yeol Choi

Abstract Present paper focuses on the comprehensive survey of Rotating
Detonation Engine (RDE) and their research from the basic to the advanced level.
In this paper, an abridged archival background of Pulse/Rotating Detonation Engine
(PDE/RDE) is briefed. This is followed by a short description of a Continuous Spin
Detonation (CSD) and a few essential facts from the prior publications. Furthermore,
a summarization of the Continuous Detonation Wave Rocket Engine (CDWRE)
concepts is examined. At long last, a detailed numerical investigation and experi-
ment work of RDE is also presented.

1 Introduction

Since the Detonative Propulsion Research has obtained its peak (Hoffmann 1940;
Tsuboi et al. 2011; Braun et al. 2010a; Davidenko et al. 2011, 2009a; Zhou and
Wang 2012; Eude and Davidenko 2011; Yi et al. 2009a; Naour et al. 2011; Endo
et al. 2011), the practical application of such propulsive device is still a question
mark (to author’s insight). The current focus in utilizing Detonative Propulsion
(DP) for air-breathing engines has come across a long journey from the Pulsed
Mode (PM) to Continuous Rotating Mode (CRM). Contrary to the pulsed opera-
tion that is applicable to the flight Mach (M) number up to about 3—4, the concept
of RDE is attractive for M of above 4. Moreover, the PDE designed for flight M
exceeding 3—4 increases the complexity and are getting too expensive. By the
same token, in use gas turbine engines (Jet Engine (JE)/Turboprop Engine (TpE)/
Turbo shaft Engine (TsE)/Radial Gas Turbine (RGT)/Scale Jet Engine (SJE)/
Micro-turbine (Mt)) are also having some disadvantages when compared to RDE
in terms of both the engineering and materials standpoint. Noticeably, the gas
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turbines has reduced efficiency, increased cost and delayed response to changes in
power settings.

The global interest in the development of RDE for aerospace propulsion has led
to numerous studies in DP, particularly pertaining to its efficiency. This is evident
from the formation of collaborative teams and groups by universities and industries
worldwide. During the period of 2005-2008, the Lavrentyev Institute of Technology
(LIT) and the Novosibirsk Institute of Hydrodynamics (NIH) in Russia have col-
laborated in the development of CSD. From 2006 to 2009, the France missile devel-
oper and manufacturing company so called Matra BAe Dynamics Aérospatiale
(MBDA) joined together with the Lavrentyev Institute of Hydrodynamics of the
Siberian Branch of the RAS in developing the CDWRE. The recent speedily numer-
ical investigation of RDE was carried out in many places world-wide. Some of the
noteworthy universities and collaborative include Warsaw University of Technology
(WUT), Pusan National University (PNU), Aoyama Gakuin University (AGU),
Japan Aerospace Exploration Agency (JAXA), N.N. Semenov Institute of Chemical
Physics and collaborative work of Air Force Research Laboratory (AFRL) with
Innovative Scientific Solution Incorporated (ISSI) and Air Force Institute of
Technology (AFIT). The equal effort in numerical research is given to the experi-
mental work of RDE, which is taken care by large number of research organizations
in the US and many regions across the big blue marble. Some of them are Aerojet
Rocketdyne (AR), Naval Research Lab (NRL), NASA Glenn Research Center,
Collaborative work of University of Tsukuba (UoT) with Keio University (KU) and
JAXA, AFRL, Peking University (PU), and also the Collaborative work of Nagoya
University (NU) with University of Tsukuba and JAXA.

Recently, in 2013, the International Workshop on Detonation for Propulsion
(IWDP) (International Workshop on Detonation for Propulsion 2013) was held in
Taiwan with the participation of more than 20 experts. Likewise, the 14th
International Detonation Symposium (IDS) (Heiser and Pratt 2002) has also con-
tributed for DPR. As the result of these conferences and symposiums, a number of
journals and papers have been published. The main goal of this review paper is to
provide a full detailed review of RDE for those who are interested in recent accom-
plishments and thorough knowledge of RDE design concepts.

In order to use the advantages of rotating detonation concept in aircraft engines,
there are number of challenges which include both fundamental and engineering
problems are yet to be solved. These problems deal basically with low-cost achieve-
ment and control of successive detonations in a propulsion device. To ensure the
practical use, one needs to improve the (1) thermodynamic scale of cycle efficiency;
(2) to reduce the design complexities and geometrical constrains, geometry of the
combustion chamber to promote detonation initiation and propagation at lowest
possible pressure loss and to ensure high operation frequency; (3) Heat transfer
rates and their losses; (4) As the structural components of RDE are subject to
repeated high-frequency shock loading and thermal deformations, a considerable
wear and tear can be expected within a relatively short period of operation. (5) low-
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energy source for detonation initiation to provide fast and reliable detonation onset;
(6) cooling technique for rapid, preferably recuperative, heat removal from the walls
of (Detonation Chamber) DC to ensure stable operation and avoid premature igni-
tion of Fuel-Air Mixture (FAM) leading to detonation failure; Among the most
challenging issue, is the problem of durability of the propulsion systems. The other
additional problems include noise and vibration.

The paper is organized is such a way that the reader first gets acquainted with a
basic idea of detonation based propulsion in pulsed mode, followed by the advan-
tages and disadvantages of PDE (Sect. 2.1) which lead to the development of
RDE. Then, based on the significance, a small description of the thermodynamic
cycle analysis of RDE, their advantages and existing problems which restrict the
technology to come into practical use is discussed (Sect. 2.2). With that clear knowl-
edge of PDE/RDE, a brief historical background of detonation research is presented
(Sect. 3). Then, some of the early Russian work of CSD is given (Sect. 4), which is
continued by the France works of CDWRE, their advantages (Sect. 5.1), and their
collaborative works are mentioned (Sects. 5.2 and 5.3). A turning point in detona-
tive research by the French scientist is also elaborated in this section. Then a thor-
ough survey of numerical investigation of RDE research around the world has been
discussed from early 2007 to recent 2014 (Sects. 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 6.7 and
6.8). Besides, the experimental work of RDE research starting from the late 2011 to
up-to-date 2014 has also been discussed (Sects. 7.1, 7.2, 7.3,7.4,7.5,7.6, 7.7, 7.8
and 7.9). The investigation is presented in such a manner that the readers can com-
prehend the full research flow of RDE very easily. And conclusively, there are some
novel concepts of utilizing detonative propulsion phenomenon in space application
has been discussed (Sect. 8).

2 Fundamentals

Pulse Detonation Engine

Till last decade, PDEs are attractively considerable attention of research because
they promised and provided hope for the performance improvements over existing
air-breathing propulsion devices, especially at low flight Mach numbers (Heiser and
Pratt 2002). Figure 6.1 shows the first pulsed detonation powered aircraft so called
Rutan Long-EZ on Jan 31, 2008. PDE uses detonation waves to combust the fuel
and oxidizer mixture. Pulsed mode of detonation engine operates in an intermittent
cyclical manner that (1) propellant injected from the closed end, then (2) wave prop-
agation and (3) transition in the tube, finally the (4) wave exist tube, (5) exhaust and
(6) purge. Figure 6.2 shows the basic PDE cycle operation. Key issues for further
PDE development includes efficient mixing of fuel/oxidizer, prevention of auto-
ignition and integration with an inlet and nozzle.
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Fig. 6.1 First pulsed detonation powered aircraft, Rutan Long-EZ on Jan 31, 2008 (Heiser and
Pratt 2002)
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Historical Background

PDEs have been considered for propulsion for over 70 years. Merely, in the end of
the 20th — the beginning of the twenty-first century, most of the Asian (china, Japan,
Singapore and South Korea), European (France, Poland, Russia, Belarus) and North
American (U.S.A) countries entangled in the research on PDE-based propulsion.
PDE typically generate detonative combustion product in order to get high pressure,
which in turn converted to thrust performance. It is acclaimed in the 1990’s that the
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performance improvements of the PDE is relatively appreciable than the existing
constant pressure conventional air-breathing propulsion engines (Eidelman et al.
1991, 1990a, b; Eidelman and Grossmann 1992; Helman et al. 1986; Lynch et al.
1994; Lynch and Edelman 1994). Further betterments in the thermodynamic effi-
ciency of PDE cycle has been achieved in the late decades (Bussing and Pappas
1996; Kailasanath 1999). This enhancement insisted the researchers all over the
globe to interfere intensely in the PDE research. As an outcome of action, the
mechanical valve PDE concept (Bollay 1960; Winfree and Hunter 1999) has been
renovated to valveless scheme of PDE’s with continuous or intermittent airflow
within a combined cycle concept (Roy et al. 2000a). In the same decennium, the
two-step detonation initiation method the so-called Predetonator approach for
PDE’s Detonation Chamber (DC) was introduced (Roy et al. 2003a; Brophy et al.
2001). Concurrent studies were executed to enhance the Deflagration to Detonation
Transmission (DDT) by including blockages to benefits the DDT to takes place
within the distance of the detonation tube of PDE’s (Yu 2001; Conrad et al. 2001).
Nevertheless, rampant propellant injection in PDE’s is a serious dispute which was
rectified by stratified-charge phenomenon by Knappe and Edwards (2002, 2001).
Further augmentation of detonation initiation in PDE’s was brought by means of
shock-booster method (Frolov et al. 2001; Roy et al. 2002a) and shock-implosion
method (Roy et al. 2000b). Thrust production in PDE research gets appreciated
when Pulse-reinitiation concept (Roy et al. 2000c) and Pulse-blasting concept
(Borisov 2002) was acknowledged. Subsequently, much effort was made to exam-
ine the Multi-tube PDE’s (Roy et al. 2002b, 2003b). Complete description of the
research accomplished in detonation based propulsion is briefed and discussed in
the survey documents that have been published by Wolanski (2013a) and Kailasanath
(2011a). By the time mentioned, some of the expected and imminent perspectives
of utilizing these detonative propulsion technologies in rockets/space applications
were suggested by Roy et al. (2004), Falempin et al. (2006) and Davidenko et al.
(2008, 2009b).

Thermodynamic Cycle Efficiency of PDE

The time independent, thermodynamic cycle analysis of the PDE was presented by
W.H. Heiser et al. (2002). The most significant conclusion was drawn from the
Heiser method is the thermal efficiency of the PDE cycle, called as ‘Zel’dovich
cycle’ nowadays, or the fraction of the heating value of the fuel that is converted to
work that can be used to generate thrust. The cycle thermal efficiency is then used to
and all of the traditional propulsion performance measures. The benefits of this
approach are the fundamental processes incorporated in PDEs are clarified, quantita-
tive comparisons with other cycles are easily made, the influence of the entire ranges
of the main parameters that influence PDE performance are easily explored, the ideal
or upper limit of PDE performance capability is quantitatively established and that
this analysis provides a basic building block for more complex Zel’dovich cycles. A
comparison of cycle performance is made for ideal and real PDE, Brayton, and
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Humphrey cycles, utilizing realistic component loss models (Heiser and Pratt 2002).
The results show that the real Zel’dovich cycle has better performance than the real
Brayton cycle only for flight Mach less than 3, or cycle static temperature ratios less
than 3 (Heiser and Pratt 2002). For flight Mach greater than 3, the real Brayton cycle
has better performance, and the real Humphrey cycle is an over optimistic surrogate
for the real Zel’dovich cycle. The T — s diagram for the ideal Humphrey cycle is
presented in Fig. 6.3, together with the Zel’dovich and Brayton cycles. (Heiser and
Pratt 2002). It is apparent from a comparative inspection of the three ideal cycles
displayed in Fig. 6.3 that the thermal efficiency of the ideal Humphrey cycle is close
to, but always somewhat less than, that of the ideal Zel’dovich cycle. Figure 6.4
demonstrates that both the ideal Zel’dovich and Humphrey cycles enjoy a significant
cycle thermal efficiency advantage over the ideal Brayton cycle. Significant papers
on pulse detonation cycles by Heiser and Pratt and Dyer and Kaemming have been
discussed and are often cited by researchers for the comparison of engine cycles
(Heiser and Pratt 2002; Dyer and Kaemming 2002). These papers are significant to
RDE research by establishing the Zel’dovich cycle as the basis for the PDE and
introducing the effects of parasitic losses on the cycle.

Advantages/Disadvantages of PDE

Application of the pulsed detonation mode in the aircraft engines offers significant
advantages over the existing conventional engines with constant pressure combus-
tion. The compression effect by the detonation gets rid of the necessity of
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Fig. 6.3 Temperature-entropy diagrams for the ideal Zel’dovich, Brayton, and Humphrey cycles
(Heiser and Pratt 2002).
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compressor as well as turbine. Moreover, the PDE’s are scalable, light-weight with
high Thrust/Weight (T/W) ratio. Because of no moving parts, PDE seems to be
comparably low cost to acquire and operate with board operating range. In combi-
nations with the existing compressor and turbine system, PDE is expected to pro-
vide additional thermodynamic efficiency by the compression effect. In the
meanwhile, PDE pose some technical disadvantages. The intermittent operation of
PDE at order of 100 Hz is the well-known disadvantage emitting high level of noise
and vibration. The system integration of PDE exhibited design problem of unsteady
turbine interacting with incoming detonation or shock wave. Also, the high tem-
perature of detonation product gas makes the problem even worse. Since, the tur-
bines rotating at high speed cannot withstand high temperature of the detonation
gas, the heat transfer problem of turbine and the cooling of the detonation product
gas increase the complexity of the PDE-turbine system.

To avoid the problems associated with the intermittent operation of PDE, they’ve
sought for the continuous detonation operation for propulsion while preserving the
potential of higher thermodynamic efficiency by using the detonation moving
around the annual chamber, widely called as Rotating Detonation Engine (RDE).

Rotating Detonation Engine (RDE)

RDE, a form of continuous detonation-wave engine, is shown to have the potential
to further increase the performance of air-breathing propulsion devices above pulsed
or intermittent detonation wave engines. The principle of RDE is based on the
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creation of direction of tangent Detonation wave travels through disk like path
within combustion chamber. Since the detonation wave is moving around the annu-
lar chamber at detonation speed the RDE’s operation frequency is several kHz,
which is same order of magnitude of vibration in ordinary gas turbine. Expanding
detonation products from nozzle will produce the thrust. In RDE’s, once the detona-
tion is initiated into a combustion chamber containing propellant mixture, then the
detonation propagates continuously without any intermission. It is noted, in the
mid — 1950’s, the efficiency of uninterrupted detonations are quiet impressible than
the pulsed or intermittent detonations. From that juncture, rotating detonative pro-
pulsion research has drawn attention around the big blue marble. While the PDE
poses the loss of thrust by the intermittent operation, RDE could provide better
performance than PDE in the same supply conditions. Furthermore, the RDE’s
geometry is similar to the annular combustion chamber of a conventional gas tur-
bine engine, which makes the system integration much easier with the existing con-
figuration of gas turbine engines (Fig. 6.5).
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Fig. 6.6 Dimensionless h-s diagram of RDE analytical cycle model (Nordeen 2013)
Thermodynamic Cycle Efficiency of RDE

The thermodynamic efficiency of RDE was recently briefed by Craig A. Nordeen
(2013). The general outline of a ZND based RDE cycle has emerged from the stud-
ies carried out by Schauer and Lu. Schauer has outlined an evolutionary understand-
ing of the detonation cycle. Lu acknowledged the identification of the ZND cycle in
the RDE and notes the differences between the ZND model and the Humphrey cycle
(Lu et al. 2011a). The challenge of modeling a RDE is the realization that it is not a
pure ZND cycle, but is comprised of a multiplicity of detonation streams, deflagra-
tions and various incidental shocks (Nordeen et al. 2011). Kailasanath acknowl-
edged the significance of multiple streams in the RDE cycle (Kailasanath 2011b).

Braun’s approach to the RDE cycle is grounded in the construction of Brayton
cycles by constructing the cycle as a single stream from assumed known processes
(Braun et al. 2010b, c). The RDE is modeled as a supersonic ramjet. The inlet is
isentropic. The significant role of injection losses due to mixing are recognized and
modeled as a mass-averaged entropy increase. The detonation is modeled as a rotat-
ing wave traveling at the CJ velocity. The wave is assumed to be normal to the azi-
muthal direction. Expansion is assumed to be isentropic. Energy is used as an
approach to analyze performance and identify trends. The performance gap between
conventional jet propulsion and scramjet is identified and the RDE proposed as a
possible solution. See Fig. 6.6 (Nordeen 2013).
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The establishment of the thermodynamic cycle of the RDE as a modified ZND-
type cycle is not new, but was disputed. The actual cycle contains multiple pro-
cesses. Further studies are required to understand the full range of cycle behavior.

Comparison of Cycle Efficiencies of PDE & RDE

S.No | Pulse detonation engines Rotating detonation engines
1. PDE will have unsteady throttling and shock losses | The RDE will have steady shock
associated with the opening and closing of the and viscous losses from flow
valves through choked injectors
2. Unsteadiness in the PDE flow has been shown to | The RDE does see injection
cause system losses unsteadiness due to the passing
detonation, which are expected to be
of a small order
3. The PDE detonation upstream flow velocity is zero | The RDE upstream velocity is
non-zero. Non-zero inlet velocity is
a source of system inefficiency
because of expansion cooling of the
inlet flow
4. The upstream conditions of the PDE detonation are | The RDE detonation upstream flow
mostly isotropic is exposed to a gradient of all
thermodynamic properties
5. The PDE exhaust undergoes a “blow down” The RDE flow is continuous
process. (i.e.,) that is, pressure decreases as flow
exits the fixed volume of the detonation tube. Each
fluid parcel sees a different expansion process line
and thus, generates a different amount of entropy
Advantages of RDE

Advantages of application of the continuously rotating detonation (wave) combus-
tion process in all jet engines will results in a very compact combustion chamber,
and thus the engines will be shorter, simpler and, due to pressure increase in detona-
tive combustion, will execute higher engine performance. It also seems that RDE
will be superior over PDE, since they offer continuous thrust generation and can be
applied basically to any Mach number. Also RDE will have a lower mass and will
be less expensive (Wolanski 2013b). Such detonation engine has a tremendous
improvement in the recent decade. The detailed historical background and briefed
survey of numerical and experimental work of RDE is presented below.



6 Review on the Research Progresses in Rotating Detonation Engine 119

3 Archival Background of RDE

Antecedent Effort at the Novosibirsk Institute of Hydrodynamics
(NIH)

Pulse detonation has a very long history which was conscientiously surveyed by
Wolanski (2013b) and Kailasanath (2011b). As it was done for PDE, specific
numerical and experimental studies are being performed to assess some key points
for the feasibility of an operational RDE. The first and foremost investigation of a
Continuous Detonation Wave Engine (CDWE) was carried out in the mid-nineteenth
century by Voitsekhovskii et al. (1957, 1958, 1959, 1960, 1963a, b, 1969) at the
Novosibirsk Institute of Hydrodynamics (NIH) in Russia (Figs. 6.7 and 6.8).

Their idea of rotating detonation emerges during the investigation of the instabil-
ity of the plane detonation wave which leads to the formation of intense transverse
disturbances. Voitsekhovskii et al. records a rotating detonation with six heads using
Dynafax camera in a disk-shaped combustion chamber. He found that in a circular
tube, in the presence of single-head spin, the transverse velocity coincides closely
with the value 1.84¢ predicted by the acoustic theory. He also mentioned that a
region of very high temperature and pressure — a transverse wave — localized in the
neighborhood of a detonation tube wall, is known to exist in spinning detonation.

Fig. 6.7 (a) Transverse waves in a convergent cylindrical detonation recorded by the total com-
pensation method (b) at the wave front in a circular tube (Voitsekhovskii et al. 1969)
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Fig. 6.8 Structure of the first: BC transverse wave, AA/ jog in the primary front, AA2 primary
wave, AB, BD jumps coordinating the flow behind the transverse wave and the jog, ADE, BK’'F
contact (Voitsekhovskii et al. 1969)

The rotational frequency of the spinning head is the same as that of tangential
acoustic oscillations. He also investigated the feasibility of a CDWE and favorably
achieved stationary spinning detonation in the consecutive year (Voitsekhovskii
et al. 1969).

Bi-directional Detonation Waves

Mikhailov’s work was deliberated as the basics for studying the internal physics of
continuous detonation in an annular channel (Voitsekhovskii et al. 1963b). This is
followed by the researchers in the U.S. to develop a continuously rotating detona-
tive propulsion engines for rocket applications. Nicholls et al. (1966, b, 1957) from
the University of Michigan (UoM) was the first to undergone the feasibility studies
of a rocket motor and established a simplex detonation wave. His theoretical exami-
nation was appreciated and lengthened additionally to bi-directional detonation
waves which revealed the explicit notion of comprehending the RDE concept.
Experiments were conducted in a small-scale annular rocket motor and he believed
that the injector pattern with the consequent high turbulence level, premature burn-
ing, and limited mass flow characteristic was a major part of the difficulty.

The key factors affecting feasibility of the Rotating Detonation Wave Engine
(RDWE) were deemed to be performance potential, heat transfer to the wall, the
detonation characteristics at very low temperatures and elevated pressures.
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Unfortunately, continuous operation of the model motor was never realized, so that
important questions such as nozzle performance, actual over-all performance, and
detonation in heterogeneous mixtures remain unanswered. A survey of propulsive
detonation research studies in the late 1950’s were briefed by Oppenheim et al.
(1963). Further expedite evolution in RDE research were struggled by virtue of the
existent heat transfer complications in rotating detonation wave however simultane-
ous research in heat transfer was bestowed by Sichel et al. (1998a) and Edwards
et al. (1970) (Figs. 6.9, 6.10 and 6.11).
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Fig. 6.9 Photographs from typical methane-O2 test using Beckman & Whitley camera (Nicholls
et al. 1966)

Fig. 6.10 Cross-sectional Injectors
view of rotating detonation
wave motor (Oppenheim
et al. 1963)
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Fig. 6.11 Photograph showing diaphragm holder in annular motor (Nicholls et al. 1966)

Rotating Detonation in Liquid Rockets

Continues work of performance analysis of the rotating detonation waves in liquid
rocket engines was carried out by Adamson et al. (1967). In 1973, theoretical calcu-
lation of a two-phase detonation in a rotating detonation in liquid rocket motor by
Shen and Adamson (1973) is considered as the first and initial step in developing a
theoretical analysis of a rotating detonation waves. Different research threads led to
the RDE. In one instance, a type of combustion instability was found in rocket com-
bustion chambers where waves rotated around the chambers cylindrical walls (Lu
et al. 2011b). Clayton and Rogero (1965) found a rotating detonation like wave
concept during a destructive liquid rocket resonant combustion mode. The pressure-
wave-to-chamber wall intersection is found to curve in the direction of wave rota-
tion with the nozzle end of the intersection leading the injector end substantially.
The wave-to-injector-face intersection extends into the central area of the face,
although the wave becomes weak in this area. Although the obtained results are not
purported to provide the hypothesized detonation phenomenon, they added insight
to the nature of the destructive wave. Figure 6.12 illustrates the triple wave pattern
achieved by streak photography along with a tape record of pressure (Ar’kov et al.
1970). Edwards from the advanced research lab group, England has identified the
main problem which has been successfully overcome by a gas dynamic valve sys-
tem whereby differential feed pressures are used for the fuel and oxident to provide
a buffer of fuel free oxident between the hot products of the previous wave and the
incoming reactive mixture (Ar’kov et al. 1970). Ar’kov et al. discussed some few
basic facts related to the effect of High Frequency Instability (HFI) on the combus-
tion chamber, as well as to the nature of the phenomenon caused by the transverse
detonation waves itself (Edwards 1977). They proposed that the overloading of a
chamber by increasing the fuel atomization, rate of supply, etc. is tantamount to
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Fig. 6.12 Symmetrical
waves moving in liquid
rocket motors (Edwards
1977)
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moving away from limit conditions. Moreover they have also mentioned that the
most effective means would apparently be the use of transverse waves for burning
of fuel. It could ensure a more complete combustion in chambers of reduced dimen-
sions, since the shock waves produce further atomization of fuel droplets and reduce
ignition arrests.

4 Continuous Spin Detonation (CSD)

First Mathematical Modeling of Spinning Detonation

In the very beginning of the twenty-first century, the Russian researchers at the
Lavrentyev Institute of Technology (LIT) was working on the 2D unsteady mathe-
matical modeling of a continuously spinning detonation wave in a supersonic flow
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Fig. 6.13 Sketch of an annular detonation and domain of the numerical solution of the problem
(Zhdan 2008)

in an annular cylindrical combustor. Their work was supported by the Russian
Foundation for Basic Research and by the Foundation of the President of the Russian
Federation for Supporting the Leading Scientific Schools. For the first time, the pos-
sibility of a continuous spin detonation with a supersonic flow velocity at the dif-
fuser entrance is demonstrated numerically by Zhdan et al. (2008, 2007). It was
found that the Mach number of the incoming supersonic flow is restricted for the
case (1 < Mo < 3) of combustion of a H2-O2 mixture in an annular cylindrical
combustor. Continuous spin detonation is not realized for Mo > 3. Figure 6.13a
shows the sketch of an annular combustor (Fig. 6.13a; combustor diameter d., com-
bustor length L, and annular channel width A (A > §)) and Fig. 6.13b shows the
domain of the numerical solution of the problem (cut section of the annular domain
and unfold it into a rectangular domain Q = Q1 U Q2, which is shown in Fig. 6.13b.)

Dynamics of Transverse Detonation Waves

In Russia, the collaborative work of LIT with NIH has much contribution in the
development of RDE (Bykovskii et al. 1980, 1994, 1997, 2004, 2005a, b, 20064, b,
2008, 2009, 2011). The regime of CSD combustion of a C,H, — O, mixture in a
radial circular channel was employed for the first time by Bykovskii et al. in 2004.
The detonation chamber was a coaxial channel; air was delivered into the chamber
from a circular collector through a circular slit. At the same time, C,H, was
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delivered into the chamber through a spray nozzle supplied with in-pair counter-
flow channels. The entire process was photographed through the longitudinal win-
dows of the detonation chamber by a photo-chronograph with a falling drum.
Figure 6.14 shows the clear image of the transverse detonation waves in C,H, — O,
mixture (Bykovskii et al. 2004). Bykovskii et al. (2005a) studied the structure of
Transverse Detonation Waves (TDW) by varying the flow rates of components of
the mixture, width of the slot for oxidizer injection, point of fuel injection, and ini-
tial ambient pressure. The losses of the total pressure in the flow in oxygen-injection
slots and in fuel-injector orifices are estimated. Bykovskii and Zhdan reported the
controlled CSD of various fuels in liquid-propellant rocket motors. Later, a method
for continuous photographic recording of the CD process with a microsecond reso-
lution has been developed (Bykovskii et al. 2006a). It has been demonstrated exper-
imentally, theoretically, and numerically that a transonic transition occurs in the
flow in the CD process if the cross-sectional area of the chamber is unchanged. They
concluded that in the case of high-quality mixing, the TDW velocity and structure
are extremely stable in a wide range of the ratios of propellant components and in
the examined range of pressures in the chamber. Figure 6.15 shows the photographic

Fig. 6.14 show the clear image of the transverse detonation waves in C2H2-02 mixture (Bykovskii
et al. 2006a)

b)) Pulsed

Fig. 6.15 Photographic record of detonation modes in the C2H2-O2 mixture between annular
cylindircal (a) and expanded duct (b) chamber (Bykovskii et al. 2006a)
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Fig. 6.16 Fragments of TDW photographic records in H2-air mixture (Bykovskii et al. 2006a)
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Fig. 6.17 Zoomed-in fragments of the TDW photoraphic records (a) and generalized structure of
the waves and the flow in the TDW vicinity in the wave-fitted system (b): NML is the neutral Mach
line (Bykovskii et al. 2008)

record of detonation modes in the C,H, —O, mixture and Fig. 6.16 shows the
Fragments of TDW photographic records in H2 — air mixture (Bykovskii et al.
2006a). Similarly, for the first time, the recent work includes a comprehensive
numerical and experimental study of CSD of a H, — O, mixture in annular combus-
tors by Bykovskii et al. (2009). A comparison with experiments reveals reasonable
agreement in terms of the detonation velocity and pressure in the combustor. The
calculated size and shape of detonation fronts are substantially different from the
experimental data. A zoomed-in fragment of the TDW records is shown in Fig. 6.17a
(¢ = 1), and the general structure of the waves and the flow in the TDW vicinity in
the wave-fitted system is illustrated in Fig. 6.17b.
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S Continuous Detonation Wave Rocket Engines (CDWREs)

What Is CDWRE

The main principle difference between CDWRESs and currently existing rocket
engines is an annular shape instead of a cylindrical combustion chamber. The work-
ing of CDWREs (Lentsch et al. 2005) includes, (i) fuel is injected continuously
from one end; (ii) a detonation wave is initiated, which keeps rotating and turns into
a multi-wave regime; (iii) finally, the detonation products are expelled on the oppo-
site side of the injector plate. The conceptual sketch of such an engine is shown in
Fig. 6.18 (Adamson and Olsson 1967). The primary advantages of CDWRE is sig-
nificantly shorter combustion chamber without throat leading to a lower engine
mass, higher chamber lifetime, increase in specific impulse, reduced sensibility,
only starting ignition and higher chamber reliability (Lentsch et al. 2005).

First Experimental Verification of CDWRE

In the very beginning of the twenty-first century, the Laboratoire de Combustion et
de Détonique (LCD) in Poitiers, financed by Centre National d’Etudes Spatiales
(CNES) and Centre National de la Recherche Scientifique (CNRS), started the
experimental research to evaluate the feasibility of rotating detonation rocket
engines. This is considered as the first ever step in experimental verification of
CDWRE in Western Europe and around the big-blue marble (Lentsch et al. 2005).
Even though, only preliminary information’s and qualitative data was obtained in
the start, the main goal of the CDWRE study is to fully demonstrate the new engine

Propellants

X

Rotating Wavs(s)
in
Annular Chamber

Exhaust gases

Annular plug nozzle

Adamson and Olsson (1967)

Fig. 6.18 Concept of CDWRE (Adamson and Olsson 1967)
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Fig. 6.19 First experimental work in LCD, France (Lentsch et al. 2005)

concept with sub-systems such as the propellant injection system, ignition system,
etc. Figure 6.19 (Lentsch et al. 2005) shows a schematic cross section of the annular
combustion chamber.

Collaborative Studies of MBDA with Lavrentyey Institute
of Hydrodynamics (LIH)

Recently in French, both Falempin group in MBDA & Bykovskii group in LIH
worked together in designing an operational CDWRE usable for the upper stage of
a space launcher has been performed taking into account all engine/airframe inte-
gration issues in order to optimize the benefit of detonation wave engine (Falempin
et al. 2006). Then, specific experimental works have been undertaken to address
some key issues like noise generated by a CDWE operating at several kilo-Hertz,
heat fluxes (intensity, areas) and cooling strategies, composite materials (Carbon/
Silicon Carbide) compatibility, engine thrust vectoring capability (Falempin et al.
2006). Some preliminary simulations were performed using FLUCEPA code and
found that this code was sufficiently robust to deal with the large pressure and veloc-
ity gradients found in a detonation front without the need to use mesh adaptation.
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Fig. 6.20 Detonatio propagation in an annular chamber 10, 20 and 30 ms after ignition (Falempin
et al. 2006)

Falempin et al. (2008) has proposed that compared to a PDE, the CDWE design
allows an easier operation in reduced-pressure environment and an increase in
engine Mass Flow Rate (MFR) and T/W ratio. Figure 6.20 shows the detonation
propagation in an annular chamber 10, 20 and 30 ms after ignition. It was found,
increasing specific MFR increase both lean & rich ignition limits of the engine and
it was possible to start TDW at low combustion chamber pressure in a wide range of
Equivalence Ratio (ER) (Falempin et al. 2006). One of the peculiarities of a CDWE
is that the number of detonation waves inside the chamber is not constant and is a
function of the combustible mixture, the combustion chamber geometry and the
MFR (Falempin et al. 2006).

Meticulous research of both numerical and experimental studies of the CDWRE
for space application was carried out by Davidenko et al. (2008, 2009b, 2011). He
simulated a 2D Euler model of a CDWRE combustion chamber to investigate the
effect of geometrical and injection parameters on the internal process and perfor-
mance (Davidenko et al. 2009b). Furthermore he also carried out experimental stud-
ies to investigate the liquid oxygen breakup and vaporization in a helium flow as
well as detonation initiation and propagation in a spray of liquid oxygen/gaseous
hydrogen.

Some of the late existing challenges in experimental and numerical modeling of
the rotating detonation wave propulsion and engine concepts were briefed by Lu
et al. (2011c¢). Lu et al. have been simulated a more realistic environment of a rotat-
ing detonation in an annular chamber without any major drop in performance. The
structure and cooling capability of the engine itself appears to have limited many of
the tests by creating auto-ignition conditions and causing the rotating detonation to
fail. Many recent investigations such as turbulence, non-uniform mixing, wall cur-
vature, have addressed and there has been steady progress with understanding how
they relate to an efficient RDE design (Lu et al. 2011c).
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6 Recent Numerical Investigation of RDE (Fig. 6.21)

Stability and Sensitivity Analysis

In Japan, the Nagoya University (NU) and the Aoyama Gakuin University (AGU) in
collaboration with Warsaw University of Technology (WUT) and Japan Aerospace
Exploration Agency (JAXA) have involved in the sensitivity analysis of RDE with
a detailed chemical kinetics model. Hayashi et al. (2009) proposed that the flow
properties such as inlet pressure, Mach and T have a significant effect on rotating
detonation device performance. Milanowski et al. (2007) have numerically stabi-
lized a rotating detonation propagating at nearly C-J velocity on a 2D simple chem-
istry flow-model. Under purely axial injection of a combustible mixture, the rotating
detonation is proven to give no average angular momentum at any cross section.
Figure 6.22a, b shows the pressure profiles at 300 K and at two reservoir pressures;
(a) 1.5 MPa and (b) 1.3 MPa. Figure 6.22c, d shows the T profiles in a RDE. In the
Fig. 6.22, the T profiles give the rotating detonation structure more drastically and
when the initial reservoir pressure is lower than the critical value, the detonation
collapses that its front leaves from the inlet wall (Hayashi et al. 2009). Both experi-
mental and theoretical analysis of the stability of RDE with different velocities con-
sisting of two coaxial cylinders was carried out by Fujiwara et al. (2009). Further
optimization study of RDE systems was undergone by Yamada et al. (2010) in 2010.
The main aspects of their detonation study includes rotating detonation limits and
specific impulse in doubled computational area and increased ignition energy, and
they proposed that the lower detonation limit gets the computational area effect, but
the upper one does not (Yamada et al. 2010).

Coolant channels

Manifold or
plenum chamber

Aerospike
nozzle

(]

Fuel lines

Annular combustor
Injector orifice arrays

Fig. 6.21 Numerical modeling of the rotating detonation wave propulsion (Lu et al. 2011c)
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(2) Pressure profiles at 300K (b) Pressure profiles at 300K
and 1.5 MPa and 1.3 MPa (no detonation)

(€) Temperature profiles at 300K (@) Temperature profiles at
and 1.5 MPa 300K and 1.3 MPa (no
detonation)

Fig. 6.22 (a, b) show the pressure profiles at 300 K and at two reservoir pressures; (a) 1.5 MPa
and (b) 1.3 MPa. (¢, d) show the temperature profiles in a RDE (Hayashi et al. 2009; Milanowski
et al. 2007; Fujiwara et al. 2009; Yamada et al. 2010)

Propulsive Performance Analysis

There have been some attempts to experimentally and numerically analyze the pro-
pulsive performance of RDE by Daniau et al. (2005), who experimentally measured
the thrust in a small rocket chamber. Another performance analysis study was car-
ried out by Hishida et al. (2009), who numerically studied 2D RDE with a 70%
argon-diluted hydrogen and oxygen mixture. Recently, propulsive performance of a
rotating detonation based propulsion systems was carried out by Yi et al. (2009b,
2011). It was found that the propulsive performance is strongly dependent on the
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mass flow rate of an injected mixture but it is weakly dependent on the axial cham-
ber length and the number of detonation waves. However, the effect of geometric
parameters is insignificant on the engine performance (Yi et al. 2009b).

The injection system is modeled with three different injection conditions,
depending on the left-wall pressure as follows. In Fig. 6.23a, the detonation wave is

Fig. 6.23 Injector
conditions (Yi et al. 2009b)
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located just in the front of an injector so that the wall pressure (p,,) is greater than
the injection total pressure. In Fig. 6.23b, the wall pressure is less than the injection
total pressure, but greater than the critical pressure (p.,) obtained at a choking condi-
tion. In Fig. 6.23c where the detonation wave propagates far from or before the
injector, here the p,, is less than the p,. It was demonstrated that the CRDE produces
a total impulse higher than that of a single-tube PDE and the nozzle effect is not
significant, compared with that of PDE (Yi et al. 2009b). Further effects of nozzle
shape, angle and length on the propulsive performance of CRDE is numerically
investigated in a 3D annular chamber with the one-step chemical kinetics of a H2/
air mixture by Yi et al. (2011). They concluded that the RDE has the negligible
nozzle effect on the propulsive performance, compared with that for PDE. Figure 6.24
gives the temporal evolution of thrust per unit area, indicating that because of purg-
ing and filling processes in the PDE operation, it is difficult to obtain high operating
frequency, resulting in lower thrust. Figure 6.25 gives the temporal evolution of
total impulse per unit area, indicating that the total impulse of the RDE linearly
increases with time, but the PDE shows the discontinuous behavior in the total
impulse, which is caused by a sudden increase in the thrust.

Heat Transfer Analysis

Recently, the Semenov ICP (Frolov et al. 2012) in Moscow has developed an effi-
cient computational tool for transient 3D numerical simulation of RDC (Rotating
Detonation Chamber) which has the capacity to solve various RDE issues such as
chamber design, thermal management, operation control and conjugate heat trans-
fer and fluid — structure interaction.
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Resolution Study of RDE

Recently, Tsuboi et al. (2013) have involved in simulating 2D and 3D RDE by using
a recent H2/02 full chemistry model to estimate (1) the shock structure (2) Thrust
performance and (3) Effect of resolution. They concluded that the Specific Impulse
(Isp) with the diverging nozzle increases more than that without the nozzle, and also
the time-averaged thrust with the diverging nozzle also increases more than that
without the nozzle. Figure 6.26 gives the two different resolution study of a flow
filed by using 2nd order MUSCL scheme.
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Fig. 6.25 Temporal evolution of impulse for performance calculation (Yi et al. 2009b)

Fig. 6.26 Resolution Oblique shock wave
study (Tsuboi et al. 2013)
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Particle Tracking Analysis of RDE

In Peking University (PU), Zhou and Wang (2012) carried out a 2D and 3D particle
tracking analysis and concluded that the particles’ paths only have a small fluctua-
tion along the azimuthal direction (About 8% of circumference of chamber) (Zhou
and Wang 2012). Flow particles are injected into the combustion chamber, burned
by the detonation wave or the deflagration wave, and then rapidly ejected almost
along the axial direction to generate great thrust. When the flow particles encounter
the detonation wave or the oblique shock wave, their paths are deflected. When the
flow particles encounter the deflagration wave or the contact surface, their paths are
not deflected. 3D path’s fluctuant trend along the azimuthal direction is coincident
with 2D path; 3D path’s deflection is gentler than the 2D path. Figure 6.27 shows

Fig. 6.27 Particle
Tracking Analysis of RDE
(Zhou and Wang 2012)
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the 3D particle tracking technique utilized for particle path analysis. Moreover in
thermodynamic point of view, Zhou and Wang (2012) have also proposed that the
(1) 3D’s p-v and T-s diagrams are consistent with 2D results; (2) they are all consis-
tent with the Ideal ZND Model perfectly; (3) the maximum pressure in the 3D p-v
diagram is higher than the 2D p-v diagram; (4) entropy increment in the 3D T-s
diagram is slightly smaller than the 2D; (5) The mass flux and specific impulse of
RDE increase with the stagnation pressure p, of inlet flow.

Recent Numerical Investigation at NRL

Very recently, time-accurate calculations of 2D and 3D RDE models was studied to
using time-step-splitting and FCT (Flux-Corrected Transport) algorithm by Schwer
and Kailasanath (Schwer and Kailasanath 2010, Schwer et al. 2011; Schwer and
Kailasanath 2011; Kailasanath and Schwer 2013) at Naval Research Laboratory in
U.S.A. It was found that the specific impulse was dependent on pressure ratio,
whereas the mass flow and propulsive force were primarily dependent on the stag-
nation properties of the inlet micro-nozzles. Figure 6.28 shows a typical wave-
structure within the RDE. In Fig.6.28, (A) Detonation Wave, (B) oblique shock
wave, (C) slip line between freshly detonated products and older products, (D) sec-
ondary shock wave, (E) mixing region between fresh premixed fuel-air gases and
detonated gases, (F) region with blocked injection micro-nozzles, and (G) unreacted
pre-mixed fuel-air mixture injected from the micro-nozzles. In NRL, investigation
on the effect of different engine sizing parameters on MFR, performance, and thrust
of RDE is carried out. Some of the clear-cut understanding of the internal physical
behavior of the combustion chamber of RDE is ongoing in the NRL. Recent RDE
studies includes flow-field description, stagnation/back pressure effect, engine siz-
ing effect, 3D effect, simulation of specific rigs, injection/inflow effects and pre-
liminary fuel-air effects. Results indicate that for many of the above parameters, the

Fig. 6.28 Temp. solution as chamber length is increased (Schwer and Kailasanath 2010)
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characteristics of the engine scale in predictable ways for high plenum pressures. A
subsequent examination by Nordeen et al. (2014) confirms the operation of the
Euler equation in a 3D numerical simulation and is consistent with the modified
ZND model.

The Euler constant of integration or rothalpy (Relative total enthalpy) and the
wave velocity were extracted from the simulation data by means of a linear regres-
sion. Figure 6.29 shows the 2-D time-accurate simulation temperature with time-
averaged streamline and Fig. 6.30 shows the time-averaged rothalpy. A complex
relationship is suggested by regression fit with area ratio squared. But, a 2nd order
relationship is not inconsistent with physics of RDE flow.

Sta 8.0~y

Axial y/r, m/m
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Temp, K
Azimuthal x/r, radians Sta28

Fig. 6.29 2-D Time-accurate simulation temperature with time-averaged streamline 18 (Tsuboi
et al. 2013)

Fig. 6.30 Time-averaged
rothalpy (Tsuboi et al.
2013)
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Fig. 6.31 Mach number comparison for ideal injectors (fop), and 2D injectors (bottom)
(Kailasanath and Schwer 2011)

RDE injection process is critically important to the stability and performance of
the RDE. This has allowed the researchers in NRL to do a variety of parametric
studies on the effect of plenum pressure, back pressure, and engine geometric
parameters (Kailasanath and Schwer 2011). Figure 6.31 shows the Mach number
comparison for ideal injectors (top), and 2D injectors (bottom). The results show
that the RDE simulation is very sensitive to how these injectors are modeled; but,
the more stable ideal injection approximation still provides valuable information on
the influence of different parameters on overall performance. The current work
examines the flow field, exhaust flow characteristics for low pressure RDEs and
include 3D effects & effects of an exhaust plenum (Kailasanath and Schwer 2014).
Figure 6.32 shows the Maximum pressure over one cycle for 3D RDE simulation
with no exhaust plenum. Further investigation should also be done to find if an
appropriate boundary condition fix can be made to 2D simulation results to bring
them into agreement with the much expensive 3D + EP results. In addition to the
milestones, Schwer et al. (2014) took the efforts to develop a new code, Propel, for
simulating complex engine designs. Their work also compares 2D & 3D solutions
using Propel for a detonation tube and baseline RDE with current RDE simulation
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Fig. 6.32 Maximum pressure over one cycle for 3D RDE simulation with no exhaust plenum
(Kailasanath and Schwer 2011)
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Fig. 6.33 Unrolled pressure maximum plot for inner walls with 2D propel (Schwer et al. 2014)

tool. Figure 6.33 shows the unrolled pressure maximum plot for inner walls with 2D
Propel and Fig. 6.34 shows the unrolled pressure maximum plot for outer walls with
2D Propel.

In pursuit of greater thermal and propulsive efficiencies in rockets or gas tur-
bines, a 1D thermodynamic model of RDE is compared to a numerical simulation
model with good results by Nordeen et al. (2011). A ZND detonation model is
modified to include stagnation properties and account for the velocity vectors that
occur upstream of the detonation. Figure 6.35 shows the Static P-V diagram of
streamlines & ZND cycle; Fig. 6.36 shows the static H-S diagram with streamlines
& ZND cycle and Fig. 6.37 shows the Stagnation P-V Diagram of streamlines &
modified ZND cycle. Velocity triangles, commonly used in the gas turbine industry,
are shown to be an effective tool for understanding energy transfer in RDE’s.
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Fig. 6.34 Unrolled pressure maximum plot for outer walls with 2D propel (Schwer et al. 2014)
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RDE Injection and Design Criteria

Premixed operation of an RDE has proven difficult, with the flame igniting the sup-
ply upstream of the RDE. As a consequence, much energy has been put toward the
design of a mixing system that occurs near or at the inlet of the RDE. Designs utiliz-
ing many thin 2D slots have shown some promise, however ignition of the incoming
flow due to dead zones behind the plates has occurred.

The current study by Gutmark (2014) aims to investigate more complex three
dimensional RDE injection and mixing designs and to reduce the ability to flame-hold,
and ensure fewer hot dead zones in the post-detonation refill. Figure 6.38 shows the
injection concept (left) with mesh showing refinement near throat (right). Arrows
show hydrogen injection direction. Figure 6.39 shows the top and front views of H2
contours from steady operation for 3 different early injection designs during steady
operation. The effect of various 3D geometries are studied, including central pintel
injection and side wall simple constriction injection, along with modifications to a
currently viable experimental design. The simulations have shown a novel RDE
design which shows promise, with modification, of successfully repeating a detona-
tion over it with reduced risk of flame-holding, which may result in RDE failure.

RDE Work at NASA

In recent times, NASA has described a semi-idealized 2D RDE simulation which
operates in a detonation frame of reference (Paxson 2014) and utilizes a relatively
coarse grid such that only the essential primary flow field structure is captured. This
construction yields rapidly converging steady solutions and found to be in reason-
able agreement with the results of a more complex and refined code. Figure 6.40
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Fig. 6.38 Injection concept (left) with mesh showing refinement near throat (right). Arrows show
hydrogen injection direction (Gutmark 2014)
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Fig. 6.39 Top and front views of H2 contours from steady operation for 3 different early injection
designs during steady operation (Gutmark 2014)

shows the computed contours of temperature and vortices throughout the annulus of
an ‘unwrapped’ RDE, at steady state. Further, the performance impacts of several
RDE design parameters are examined and finally, it is found that the direct perfor-
mance comparison can be made with a straight-tube PDE and for a particular RDE
configuration (Paxson 2014).
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Fig. 6.40 Computed contours of temperature and vorticity throughout the annulus of an
‘unwrapped’ RDE, at steady state (Paxson 2014)

7 Experimental Work of RDE

Optically Accessible RDE’s

Experimental RDE research in AFRL (Air Force Research Laboratory) includes
optically accessible RDE’s with quartz outer wall having aft end ignition utilizing
H,/O, detonation and rig design based on Nicholls and Edwards’s research.
Figure 6.41 shows the optically accessible RDE manufactured in AFRL (Naples
2011). Moreover, the comparison of experimental result with the obtained
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Fig. 6.41 Optically accessible RDE(a) (Naples 2011)

numerical result as shown in Fig. 6.41 (Fievisohn 2012) was made to measure the
angles of rough flow structure. They proposed RDE bulk flow looks much steadier
to upstream and downstream turbo-machinery — essential for incorporation into tur-
bine engines High speed flow visualization so called chemi-luminescence and RDE
heat flux calculations are done in order to conclude that the heat flux increases with
increasing wall conductivity (Fig. 6.42).

Integrated RDE’s

Uncomplicated design criteria, uninterrupted propellant injection, performance
increase and efficiency improvements of the detonation engines so called RDE’s
enforces the scientists to integrate the detonation technology with air-breathing
engines. Recent experimental research on combined small gas turbine with rotating
detonation combustion chamber was carried out at the Institute of Heat Energy in
Poland by J. Kindracki (2009, 2012). Such a system is shown in Fig. 6.43.
Furthermore, AFRL is presently developing a new peculiar engine by implementing
Pressure Gain Combustion (PGC) or Constant Volume Engine Cycle (CVEC)
approach via RDE. The researchers briefed that the Quasi-steady state outcome
from the rotating detonation combustion chamber to the turbine and enormous
amount of power density are the substantial advantages of integrating RDE’s with
gas turbines. However, the bottle-neck challenges of merging RDE’s include
immense supply of thermal loading, efficient starting, operability betterment, and
valving difficulties. Scrupulous investigations are ongoing with the hope to use inte-
grated RDE’s in commercial airplanes in nearby future.
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Fig. 6.42 Optically accessible RDE(b) (Fievisohn 2012)
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Fig. 6.43 Experimental research on small turbine engine with Rotating Detonation Combustion
Chamber (RBCC) (Kindracki et al. 2009)
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RDE Research at Poland

A detailed in-depth experimental study of rotating detonation in small rocket engine
models were carried out by Wolanski (2011a, b, 2013b) at the Warsaw University of
Technology (WUT) in Poland. The experiments clearly showed a possibility of the
continuous propagation of rotating detonation in different cylindrical chambers in a
wide range of fuel-lean hydrogen air mixtures. Figure 6.44 shows the test stand
model of the experimental rocket with RDE and Fig. 6.45 shows the picture of
chamber operating under conditions of continuously rotating detonation for
hydrogen-air mixture.

Additionally, Wolanski et al. experimental researched to used combined engine
between RDE and GTD-350 gas turbine engine. The experiment showed that the
continuous rotating detonation could be applied in jet engines. It can be achieved by

Fig. 6.45 Picture of chamber operating under conditions of continuously rotating detonation for
hydrogen-air mixture (Wolanski 2011b)
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increasing their efficiency and reducing the weight of the combustion chamber. It
was found that it is much easier to get the rotating detonation for fuel-lean and stoi-
chiometric mixtures than for fuel-rich mixtures.

Cooling System of RDE’s

Vivid heating of the continuously rotating combustion chamber affects the perfor-
mance characteristics of the engine as well as leads to structural failure. This kind
of heat transfer problems was already discussed by the researchers in 1960’s (Siechel
and David 1998b; Edwards et al. 1970). However, the recent advancement and solu-
tion for novel cooling systems in CRDE were given by the researchers all over the
globe. In late 2013, wall cooling and heat release of the wall interaction (Roy 2013)
was carried out by the U.S. defense agency. Similarly heat transfer rate in a semi-
infinite heat transfer problem and heat flux was given by Wen (2013) in Hong Kong.
Wolanski (2013c) in Poland calculated the heat flux distribution in a 16 cooling
channel configuration. Figure 6.46 shows the temperature distribution in a cooling
channel. Some of the clear-cut understanding of the internal physical behavior of
the combustion chamber of RDE was ongoing in the Naval Research Laboratory
(NRL) in U.S. Kailasanath and Schwer (2013) in NRL is researching about the
flow-field behavior, Stagnation/back pressure effects, injection/inflow effects,
exhaust flow effects and preliminary Fuel-Air misting studies of the RDE’s.

Fig. 6.46 Temperature distributions in a 16 cooling channel configuration (Kindracki et al. 2009)
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Visualization and Measurement Techniques of RDE’s

The visualization of the flow behaviors and measurement of detonation velocities in
RDE’s are still remains as a hot topic in detonation research area. Recent study on
detonation engine momentum and thrust loss measurement by ballistic pendulum
and laser displacement method was presented by Kasahara et al. (Ashida and
Kasahara 2014) in Japan. Wolanski (2013c) at the institute of Aviation has briefed a
novel measurement technique for investigation on heat transfer characteristics of
the gaseous RDE’s. Figure 6.47 shows the optical measurement technique devel-
oped by Chung (2013). High speed shadow-graphy (Kuznetsov 2013) method was
used to optically visualize the inhomogeneity in transparent media and refraction of
light rays due to the different in density. Moreover, durability testing system was
used recently in Aerospace Science and Technology Research Centre (ASTRC) by
Chung (2013) for calibration of flow measurement at high pressure, temperature
and compact nozzle conditions.

Long Time Operation Experimental Work of Aerojet
Rocketdyne (AR)

Since 2010, AR has been investigating the behavior of a RDE using modular hard-
ware. In 2010, The Power Innovations Group (PIG) at AR successfully conducted
over 200 tests of a 4 and 10 cm diameter RDE at Purdue University (PU) and Penn
State University (PSU). In 2011, a novel plasma augmentation integrated system
(RDE and Turbine engines) (Claflin 2013) was developed by Aerojet Rocketdyne
(AR) in California to improve the efficiency of the engine by continuing the air-
breathing operation without supplemental oxygen and also to increase the detonation
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Fig. 6.47 Optical measurement technique (Chung 2013)
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velocity. AR is investigating the behavior of RDE for a very long period with lot of
experimental testing’s using modular hardware, multiple propellant combinations,
exchangeable injectors, nozzles and annulus. Figure 6.48 shows the Plasma aug-
mented system developed by AR. In the very recent year it joined with the Defense
Advanced Research Projects Agency (DARPA) for developing the high efficient
Vulcan exhaust probe (Claflin 2013) to use that for CFD models to generate continu-
ous strong detonation waves and also to sustain the detonation waves in real world
scenarios.

High Performance Computing, Incorporated (HyPerComp, Inc.) is currently
working on building theoretical and computational model of RDE’s. They con-
cluded the continuous detonation behavior of rotating engines is highly dependent
on injector behaviors. Figure 6.49 shows the DARPA’s recent collaborative projects
progress with AR.

In 2013, HyPerComp, Inc. joined with DARPA so called Hypercomp/DARPA
program (Claflin 2013) to explore the characteristics of RDE using liquid fuels. The
forthcoming work of AR/DARPA includes the optimization of efficient energy con-
version and scaling.

Fig. 6.48 Experimental work at Aerojet Rocketdyne (Claflin 2013)
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DARPA/Hypercomp Contract DARPA Vulcan Exhaust Probes DARPA/Hypercomp Liquid Fueled
Testing RDE Program RDE Testing.

Fig. 6.49 Recent progress in Rotating Detonation Engine development at Aerojet Rocketdyne
(Claflin 2013)



150 M.N. Nejaamtheen et al.
RDE’s in Space

Recently, Gawahara et al. (2013) taking the advantage of RDE benefits, application
to the reaction control system of a spacecraft is expected. Figure 6.50 shows the full
schematic photograph of the research stand used for the RDE developmental
research and Fig. 6.51 shows the sequence of photographs while the wave front to
go around from the incidence of blast. In order to perform internal visualization
RDE, and produced a combustor having a straight section the flow channel, and
combustion experiments was conducted, and it was confirmed basic combustion
characteristics acquisition, the propagation of detonation.

R . Igniter

Fig. 6.50 The schematic photograph of the research stand (Gawahara et al. 2013)
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Fig. 6.51 Sequence of photographs while the wave front to go around from the incidence of blast
(Gawahara et al. 2013)



6 Review on the Research Progresses in Rotating Detonation Engine 151
RDE Exhaust

Exhaust gas analysis of two RDE’s (vertical and horizontal) using Time-Division-
Multiplexed Tunable Diode Laser Absorption Spectroscopy (TDM-TDLAS) was car-
ried out by McMahan et al. (2014). These experiments were analyzed to obtain the
temperature and H,O concentration as well as the velocity of the exhaust of the
RDE. The comparative result shows that after an initial startup region, a steady state
operating condition was reached relatively quicker in vertical RDE’s then Horizontal
RDE’s. This may be caused by the difference in flow rates, or it may be that the tem-
perature stabilizes faster than the velocity. Figures 6.52 and 6.53 shows the vertical
and horizontal RDE’s respectively. The relatively small standard deviation of the tem-
perature and concentration for the steady state region showed that not only the RDE
remained steady, but the system taking the measurements could take them repeatedly.

RDE Thrust Measurement

Towards the practical use of RDE’s in Rocket Engine, the evaluation of thrust effi-
ciency and the knowledge of combustion under high acceleration or multiple
degrees of freedom are essential. Kato et al. (2014) was conducted the RDE thrust
measurement experiments by using sled model test in Nagoya University. In order

Fig. 6.52 Vertical RDE
(McGahan et al. 2014)
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Fig. 6.54 RDE thrust measurement (Kato et al. 2014)

to measure thrust, the test stand with the slide mechanism for noise reduction and
exhaust of burned gas was developed. Because of the exhaust chamber pressure,
there is a possibility that output large thrust measured by the load cell. Figure 6.54
shows the full photograph of the test stand.
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Rocket-Ramjet (Subsonic) Rocket-Ramjet (supersonic) Ramjet (supersonic)

Fig. 6.55 Novel RDE rocket (Wolanski 2013b)

8 Novel Concepts of RDE

Now-a-days among the detonative researchers, liquid propellants are getting quit
famous and demanding because of their improved engine performance (Wolanski
2013b; Claflin 2013; Wei 2013). Recently, Wang et al... carried a numerical study of
RDE for a circular cylinder without center-body similar to the liquid rocket combus-
tor. (Wang 2012). Integrated RDE based air-breathing propulsion studies are in the
stage of advancement. Researchers from Poland (Wolanski 2013b) and U.S.
(Kailasanath and Schwer 2013) are progressing to development a small gas turbines
with Rocket Booster Combustor Chamber (RBCC) and PGC via RDE’s respec-
tively. A suggestion of implementing rotating detonation based engines to space
propulsion system has been in ongoing research for several years, since detonative
propulsion engines provide a significant rise in engine efficiency over the conven-
tional gas turbine engines.

Poland researchers moved one step forward in integrating RDE’s with Rocket
engines for space access. Wolanski (2011c) proposed a novel concept of rotating
detonation in RBCC. They proposed that the general RDE RBCC engine configura-
tion was not necessarily to be circular. RDE can wrap around any cross section.
Figure 6.55 shows the integration of detonative propulsion technology in Rocket-
Ramjet engines.

9 Conclusion

A detailed survey of RDE technology is carried out to provide a clear understand-
ing. The recent promising advancement in experimental, theoretical and computa-
tional studies of Pulsed or intermittent detonation-wave engines and continuous
rotating detonation-wave engines to improve the performance characteristic and
cycle efficiency of in-practical gas turbines are also discussed. Moreover, some of
the existing crucial problems in detonation technology which holds this propulsion
system to enter into practical use are also briefed. Base on the efforts worldwide,
detonation based engines would be effectively utilized in both air-breathing and
rocket propulsion systems in nearby future.
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Chapter 7
Continuous Detonation Engine Researches
at Peking University

Jian-Ping Wang, Song-Bai Yao, and Xu-Dong Han

Abstract In this chapter we reviewed the research of the continuous detonation
engine (CDE) performed at Peking University. The research team at Peking
University was the first to conduct numerical and experimental research of the CDE
in China. We designed several types of CDE combustion chambers and carried out
experiments to verify its feasibility. In addition, we have performed a series of two-
and three-dimensional simulations of the CDE. Numerical studies covered many
aspects of the CDE, including the detailed flow structure, fuel injection, nozzle
design, viscous effect, propulsive performance, initiation method, particle path,
thermodynamic performance, shock wave reflections near the head-wall, spontane-
ously formation of multiple detonation waves, etc. In this chapter, we also discussed
several recent examples of progress and accomplishments.

1 Introduction

The use of detonation combustion is of significant interest as a means of improving
the current propulsion systems. One of the detonation-based devices has attracted
an increasing interest — the continuous detonation engine (CDE), which is also
called the rotating detonation engine (RDE), over the past decade. The CDE requires
only a single ignition and the frequency of the high-speed rotating detonation wave
is in the kHz range. Therefore, the CDE can produce an almost continuous thrust.
The simple structure of the CDE also means a higher thrust-to-weight ratio (Lu and
Braun 2014). Voitsekhovskii (1959) first realized continuous detonations. Following
his early attempts, Bykovskii et al. (2006) made great progress towards feasible
CDEs. Currently, there are many other research teams working on CDE experi-
ments in Russia, Poland, USA, France, Japan, and China. The research team in
Center for Combustion and Propulsion at Peking University was the first to perform
the CDE research in China (Wang et al. 2010, 2012, 2014; Liu et al. 2013). In
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November 2009, we successfully achieved hydrogen/oxygen rotating detonations,
and calculated the propagating velocity of the detonation wave, which could reach
2041 m/s. In the experiment, hydrogen/air and hydrogen/oxygen rotating detona-
tions could run for more than 2 s until fuel supply was cut. The detonation wave
rotated about 6000 cycles per second in the hydrogen/oxygen detonation cases.
Since then, we have carried out extensive studies of the CDE and achieved good
progress. In addition, we have conducted a series of numerical simulations to inves-
tigate the fundamental physics of the flow field in the CDE and its engineering
applications. Specific topics are discussed in the following sections.

2 Experimental Research

Figures 7.1 and 7.2 show the schematic and photograph of the experimental system
which includes five major parts: the gas supply system, combustion chamber, igni-
tion system, exhaust system, and data acquisition system.

The outer and inner diameters of the channel are 79 mm and 59 mm respectively,
resulting in a width of 20 mm. The length of the chamber is 100 mm. Pressure trans-
ducers are positioned at different locations to record pressure histories. Non-
premixed fuel and oxidizer are injected separately into the combustor from the
head-wall.

A PCB® piezoelectric ICP dynamic pressure transducer is used to measure the
pressure variation in the combustor during experiments. The inside crystal of this
kind of PCB transducer possesses a maximum sensitivity frequency up to 200 kHz,
which is sufficient to capture the characteristics of the pressure oscillation in the
detonation flow. A high-speed camera is used to observe the propagation of the
detonation wave.

The reactive mixture in the channel is ignited by a pre-detonator connected to the
chamber tangentially (Fig. 7.3). The pre-detonator is also filled with the reactive
mixture ignited by a spark plug. Deflagration-to-detonation-transition (DDT) occurs
inside the pre-detonator with the help of Shchelkin spiral. For safety reasons, the
chamber exit is connected to a vacuum tank via a 2 m length tube. The burned prod-
uct is exhausted to the dump tank. In addition, the ambient pressure in the tank can
be changed to take into account different altitudes.

The CDE operation sequence is shown in Fig. 7.4. First, the data acquisition
system of the pressure transducer is switched on, ready for data collection. Next, the
solenoid valves of oxygen and hydrogen supply for the pre-detonator are opened.
Thereafter, oxygen and hydrogen flow into the combustion chamber. At this point,
the pre-detonator is filled with the hydrogen/oxygen mixture and then the solenoid
valves of hydrogen and oxygen supply for the pre-detonator are shut. After the time
interval At,, the reactive mixture in the pre-detonator is spark ignited. During the
time interval At,, the CDE is running continuously. Eventually, the supply of hydro-
gen and oxygen is shut down in order to protect the pressure transducer, stopping
the running of the CDE.
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Analysis of Stable Detonation Flow

Based on pressure-time profiles and high-speed shootings, propagation of the
detonation wave is analyzed. The pressure record obtained in one of the experi-
ments is shown in Fig. 7.5. Ignition occurred at ¢ = 0 and it took around 250 ms
before the stable detonation was generated. During the stable stage, the detonation
wave propagated circumferentially in the annulus around the head wall. In this
stage, the pressure varied within the range of 300 kPa. Since the back pressure was
low (20 kPa) and the averaged value of the fresh reactant was of the same order of
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Fig. 7.6 Close-up of the pressure record in the stable stage (Liu et al. 2015a)

the magnitude, the pressure variation was within the reasonable range. The fuel
supply was shut down at 1.5 s.

It was found that the time interval measured between two adjacent pressure
peaks was 175 ps (Fig. 7.6). Also, it could be confirmed by the high-speed camera
images (Fig. 7.7) that there was only one detonation wave. Therefore, it took 175 ps
for the detonation wave to complete one cycle of rotating in the annulus. The calcu-
lated propagation velocity of the detonation wave was about 1417 m/s. Figure 7.8
shows the result of the FFT analysis of the pressure data of Fig. 7.6. The highest
pressure amplitude occurred at about 6000 Hz. The basic frequency was not exactly
6000 Hz, but a little lower, around 5900 Hz. It implied that if there was only one
detonation wave rotating in the annular chamber, it took the detonation wave about

|
170 ps
kS (5500

the previous analysis of the pressure-time profile.

x10°) to complete one cycle of rotating. This was in accordance with

Oscillation Phenomenon and Self-Adjusting Mechanism

Figure 7.9 shows a quasi-steady period of the pressure record shown in Fig. 7.5. It
clearly shows that the values of the peak pressures are fluctuating rather than
remaining constant. Wu et al. (2014a, b) also found the oscillation phenomenon of
the detonation wave in the numerical simulation. We provided a possible underlying
mechanism to explain this phenomenon — self-adjusting mechanism.



166 J.-P. Wang et al.

Fig. 7.7 Rotating detonation waves captured by high-speed camera (20,000 fps)

If there are more fresh reactants accumulating in front of the detonation wave,
the detonation wave will become stronger. However, if the local pressure of the
head-wall becomes higher than the fuel inlet pressure, the supply of fresh reactants
will be blocked, which means the amount of reactants in front of the detonation
wave will decrease, making the detonation weaker and the local pressure lower.
Therefore, the fuel supply begins to recover. This adjusting process will continue
until a balance is achieved. However, due to the unavoidable existence of disturbance,
the balance is not guaranteed. Figure 7.10 demonstrates this self-adjusting mecha-
nism. The adjusting process is likely to continue for more than one cycle, sometimes
tens of cycles, represented by the continuous oscillation of pressure peaks. Wolanski
(2011) described a similar mechanism, which was called a “galloping rotational
detonation”.
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Fig. 7.10 The self-adjusting mechanism of continuously rotating detonation (Liu et al. 2015a)
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3 Numerical Simulations

Shao et al. (2010a, b) and Shao and Wang (2010) performed both two- and three-
dimensional simulations of the CDE to validate its feasibility and to explore its
physical mechanism. We obtained continuous and stable propagation of rotating
detonation waves, and the flow field is shown in Fig. 7.11. In the study, we mea-
sured the propulsive performance of the CDE with different inlet stagnation pres-
sures. Figure 7.12 shows that the propulsive performance varies when the injection
stagnation pressure increases from 1.5 to 3 MPa. We also analyzed the injection
mechanism of the CDE and verified its unique advantages: continuous detonations
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Fig. 7.12 Variations of specific impulse and mass flow rate

could be realized under different working conditions from subsonic to hypersonic
inlet flows (Fig. 7.13).

For the first time, we carried out three-dimensional simulations of the CDE with
four different types of nozzles, including the constant-area nozzle, Laval nozzle,
diverging nozzle and converging nozzle, and analyzed their propulsive preformation
in detail (Figs. 7.14 and 7.15). After calculating the thrust, gross specific impulse,
net specific impulse and the average mass flow rate, we found that the Laval nozzle
provided the best performance.

Liu et al. (2015b) first used GPU/CUDA for parallel computing to perform three-
dimensional simulations of the CDE, shown in Fig. 7.16. It demonstrated that the
computation was accelerated greatly. The computing speed was 18 times faster in
the one-GPU-card case and 43 times in the two-GPU-card case, compared with that
in the case without GPU/CUDA acceleration in parallel computing.

Furthermore, we captured the phenomenon of the spontaneous formation of mul-
tiple rotating detonation waves in the CDE (Yao et al. 2015), as shown in Fig. 7.17.
We discussed the stability of rotating detonations, and suggested that stable propa-
gation of detonation waves was not a necessity for running the CDE. In other words,
the CDE could operate continuously even the detonation flow was unstable, though
in this case it could not guarantee a continuous level of thrust.

We also proposed four new fuel injection layouts to improve the reliability of
numerical set-up in CDE simulations (Liu et al. 2015¢), including the radial strip
injection, the oblique strip injection, the side-slit injection, and the mid-slit injection
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Fig. 7.13 Pressure counter on middle surface of the combustor with injection velocity W;, of 100,
1000 and 2000 m/s (Shao and Wang 2010)

(Fig. 7.18). We realized rotating detonations using these four new kinds of injection
layouts (Fig. 7.19) and measured the corresponding propulsive performance.

Based on this, Yao et al. (2017a) proposed a more practical injection set-up in
CDE simulations — injection via an array of orifices (Fig. 7.20). We performed two
cases — one with two rows of orifices and the other with three, and achieved stable
rotating detonations in both cases (Fig. 7.21). With this new injection model, we
captured some important features, including the multi-wave rotating detonation phe-
nomenon, transient process after initiation. These features have already been observed
in experiments. But they are usually absent in previous CDE simulations since a very
ideal injection approximation, the full area injection of mixture plenum on the head
wall, is usually used for the sake of simplicity and computational efficiency.

Zhou and Wang (2012) for the first time investigated the paths of flow particles
in an annular chamber of the CDE, based on two-dimensional numerical simula-
tions. We found that the detonation wave, the deflagration wave, the oblique wave,
and the contact surface had small influence on the paths of flow particles. The flow
particles ejected rapidly almost along the axial direction. Also, we gave the p-v and
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Fig. 7.14 Cross-sections £
of CDE configurations OEQ
with different nozzles ] 1
(Shao et al. 2010a)
(a) Converging nozzle
£
g
= =
L] E
§ | =
(b) Laval nozzle
72 mm
£
/, E
) o
Las]
(c) Diverging nozzle

119 mm

13 mm

(d) Without nozzle

T-s diagrams which were qualitatively consistent with the ideal ZND model
(Fig. 7.22). The thermal efficiency of a two-dimensional CDE model was calcu-
lated. The average thermal efficiency of detonation combustion in the two-
dimensional CDE was 31% and the average net mechanical work was 1.3 MJ/kg.
Zhou et al. (2014) also performed a follow-up study which used this particle path
tracking method in three-dimensional CDE simulations.

Zhou and Wang (2013) investigated the wave reflections near the head-wall of
the CDE (Fig. 7.23). Near the head-wall, shock waves reflected repeatedly between
the inner and outer cylinders. Both regular and Mach reflections were found there in
our study. It was also found that the length of the Mach stem increased with the
increase of the chamber length. The increase of inner radius resulted in more shock
waves between the inner and outer cylinders.

To overcome the overheat problem, Shao and Wang (2011) for the first time pro-
posed a new model of the CDE, the CDE model with a cylindrical combustion
chamber, which was also called the hollow CDE (Fig. 7.24).

The inner cylinder wall was removed to deal with the thermal load problem. The
feasibility of this new model was verified by Tang et al. (2015) through numerical
simulations. The flow fields inside the cylindrical chamber with different radii Ry,
and chamber lengths L are shown in Fig. 7.25. We also found that in the annular
model, the kinetic energy ratio in the axial direction was 89.9%, while that in the
cylindrical model was 89.1% (Fig. 7.26). Therefore, little energy was lost in the
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Fig. 7.16 The temperature contour and flow field on the outer wall of the combustion chamber at
1110 ps

Fig. 7.17 Multi-wave rotating detonation flow field
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(b)

(d)

Fig. 7.18 Four fuel injection layouts: (a) radial strip, (b) oblique strip, (c¢) side-slit, and (d)
mid-slit

circumferential and radial directions in both models. In this respect, this new model
of the CDE is also a promising detonation-based propulsion device.

The removal of the inner cylinder also provides an additional benefit that theo-
retically the whole surface of the head wall can be used for reactant injection. Yao
et al. (2017b) investigate the CDE with different injection area ratios, range from y
=55.6% to w = 88.9% (Fig. 7.27). The radius of the inner region is “Rie;” (Rinner 1S
an auxiliary parameter that in fact does not exist in the hollow combustor). The
inner region r < Ry, on the head surface is a solid wall. The outer region
Rinner < 1 < Royer 18 the reactant injection region where the fresh gas is continuously
fed. The injection area ratio on the surface of the head wall played an important role
in the flow field of the cylindrical CDE. If the chamber size is fixed, the number of
detonation waves increased when the injection area ratio was higher (Fig. 7.28).

Wau et al. (2014b) discussed the effect of injection conditions on the stability of
rotating detonation waves in simulations. It was found that as the injection stagna-
tion pressure increased, the rotating detonation flow field became unstable and the
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Fig. 7.20 Schematic of array injection method: (a) two-row and (b) three-row (Yao et al. 2017a)
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Fig. 7.22 Comparison of the p-v and T-s diagram from one-dimensional simulation, two-
dimensional simulation, and the ideal ZND model. (a) p-v diagram; (b) 7-s diagram (Zhou et al.
2014)

working condition of the CDE oscillated periodically and alternated between
the strong and weak modes. Figure 7.29 shows that the detonation height and the
average pressure of the reactant in front of the detonation wave oscillate periodically
over time when the inlet stagnation pressure increased to 2 MPa. The propulsive
performance was found to increase with higher inlet stagnation pressure, but it
would oscillate when detonation waves became unstable.
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Fig. 7.23 Pressure contours of (a) the no-nozzle chamber and (b) the convergent-divergent nozzle
chamber (Zhou and Wang 2013)
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Fig. 7.24 Schematic of two models of the CDE. (a) Annular model and (b) Cylindrical model

In addition, the feedback on the operation of the CDE was investigated when the
working conditions were changed (Wu et al. 2014a). When the inlet stagnation pres-
sure was subject to sudden change, the time needed to complete the transition pro-
cess was calculated. It was found that the sudden change of the inlet stagnation
pressure had an immediate influence on the average axial flow velocity on the head
surface of the CDE. After that, the velocity dropped and the average pressure
increased gradually until the CDE reached a new stable state. When the inlet stagna-
tion pressure increased from 2 to 2.5 MPa, the mass flux increased almost linearly
to its peak value at the beginning of the transition process. The corresponding
elapsed time was defined as At;. After reaching the peak value, the mass flux
dropped and reached a new stable state. The whole period of time of the transition
process was defined as At,. When the injection stagnation pressure decreased from
2 to 1.5 MPa, the transition process was almost the same. Figure 7.30 shows that the
inlet stagnation pressure had little effect on At,. But the total periods of time during
the transition process were different.
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Fig.7.25 Temperature contours of the flow field in the stable stage. (a) Royer = 8 cm, L= 10.67 cm;
(b) Rower = 10 cm, L = 13.33 cm; (¢) Royer = 12 cm, L = 16 cm (Tang et al. 2015)

Fig. 7.26 Time history of 1.0
kinetic energy ratio in axial
direction (Tang et al. 2015)
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4 Conclusions

The research team at Peking University has performed a series of numerical and
experimental studies on the CDE over the past decade. We conducted the first suc-
cessful hydrogen/oxygen rotating detonation experiment in China and proposed a
new CDE combustor model, the cylindrical model. Our research covered many
other important aspects of the CDE, especially our simulation work. We for the first
time used the particle path tracking method in the research of the CDE and per-
formed a three-dimensional simulation to reproduce the spontaneous formation of
multiple rotating detonation waves. We also paid a lot of attention to the implemen-
tation of more practical injection set-up in simulations and the stability of the CDE.
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(Yao et al. 2017b)
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Fig. 7.28 Pressure and temperature contours of (a) case 1 (R =5 cm, y = 84%) at t = 2280 ps,
(b) case 2 (Ryyer =6 cm, = 88.9%) at t = 2050 ps, (¢) case 3 (Royer = 6 cm, = 75%) at t = 1300 ps
and (d) case 4 (Royer = 6 cm, = 55.6%) at t = 1700 ps (Yao et al. 2017b)
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Chapter 8
Pulse Detonation Cycle at Kilohertz
Frequency

Ken Matsuoka, Haruna Taki, Jiro Kasahara, Hiroaki Watanabe,
Akiko Matsuo, and Takuma Endo

Abstract To realize kilohertz and higher frequency of a pulse detonation cycle
(PDC), enhancement of deflagration-to-detonation transition (DDT) is necessary. A
novel semi-valveless PDC method, in which the inner diameter of the oxidizer feed
line is equal to that of the combustor, can increase the pressure of detonable mixture
by increasing total pressure of supplying oxidizer. In demonstration experiments,
ethylene as fuel, pure oxygen as the oxidizer and the combustor having an inner
diameter of 10 mm and length of 100 or 60 mm were used. A PDC was successfully
operated at the frequency of up to 1916 Hz. Under the condition of 1010 Hz opera-
tion, the total pressure of supplying oxidizer were varied. As the results, it was
found that the DDT distance and time decreased by approximately 50% when the
total pressure of supplying oxidizer increased by 242%.

1 Introduction

Because the burning temperature in detonation is higher than that in conventional
isobaric combustion, the theoretical thermal efficiency of a detonation engine is
higher than that of a conventional internal combustion engine (ICE) (Endo et al.
2004b; Heiser and Pratt 2002; Wu et al. 2003). This is the primary reason why a
detonation engine has been developed for decades worldwide as a pressure-gain
ICE, particularly for propulsive applications. In addition, it is probably possible to
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realize more compact combustor because the detonation wave propagates at approx-
imately 2000-3000 m/s.

In a conventional pulse detonation engine (PDE) (Kailasanath 2000, 2003;
Matsuoka et al. 2016), the following processes are repeated in sequential order: (1)
filling of fuel and oxidizer (detonable mixture), (2) ignition and deflagration-to-
detonation transition (DDT), (3) propagation of a self-sustained detonation, (4)
blowdown of the high-pressure hot burned gas, and (5) purging of the residual low-
pressure hot burned gas. Of these processes, the duration of process (3) and (4) are
governed by At; = L/Dc; = tcy and Aty = texhasut = 71¢; (Endo et al. 2004a), and L,
and D¢y are combustor length and Chapman — Jouguet detonation speed, respec-
tively. In other words, if the detonation speed is constant at D¢y and durations of
process (1), (2) and (5) are negligibly small compared to that of processes (3) and
(4), the gas-dynamic upper limit fupper of the operating frequency of the pulse deto-
nation cycle (PDC) is given by fupper = 1/(At; + Aty)  1/L.. To realize a high thrust
density with a short combustor, it is necessary to realize a PDC at a high frequency,
at the same order as the gas-dynamic upper limit & = fo,/fupper & 1, using only the
fuel and oxidizer, while keeping the system simple. Therefore, it is essential to
shorten processes (1), (2), and (5) to achieve a higher operating frequency.

As amethod for shortening processes (1) and (5), a valveless gas-feeding method
has been proposed (Takahashi et al. 2012; Endo et al. 2016; Wang et al. 2014;
Matsuoka et al. 2012, 2015, 2017a, b; Wu and Lu 2012). In the valveless-mode
operation, the gas supply to a combustor is temporarily interrupted by the high-
pressure burned gas generated in the combustor. A valveless PDC is suitable for
high-frequency long-term operation because it is free from moving components and
controlled only by the repeated ignitions. Recently, as shown in Fig. 8.1, Matsuoka
et al. (2017b) proposed a semi-valveless PDC, in which the inner diameter id, of the
oxidizer feed line is equal to that of the combustor id..

Pe t=t1(pt,o>pc) t=t2(p‘v°>p0)
,spark plug spark

o E
Puo oxidizer? = getonable
-7
// mixture
fuel injector-M fuel
i t % e
» t=1, (P> Pc) l\‘j
| oxidizer feed line , combustor,

/ Pto
_/__\ / fuel low pressure

burned gas

detonable
mixture

L Lt & t back flow

Fig. 8.1 Pulse detonation cycle using injector-feeding fuel and valveless-feeding gaseous oxidizer
(Matsuoka et al. 2017b). Left: histories of pressure at spark plug (above) and flow rate of fuel and
oxidizer (below). Right: schematic illustrations of inside of pulse detonation combustor at each
specified time
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The left figures in Fig. 8.1 show the typical pressure history at the spark plug of
a combustor (upper) and the flow-rate history of the fuel and oxidizer corresponding
to the pressure history (below).

The right figures show schematic illustrations of the material distribution in the
combustor at each specified time shown in the left figures. The system consists of a
spark plug for igniting a detonable mixture, valveless oxidizer feed line (on the left
side of the spark plug), combustor (on the right side of the spark plug), and fuel
injector installed at the side wall of the oxidizer feed line. The oxidizer at the total
pressure p,, is supplied from the left end. In contrast, the injector can inject fuel in
a direction perpendicular to the axis of the combustor at any time because of the
sufficiently high injection pressure p;,;. At t =t,, the oxidizer is supplied to the com-
bustor because the total pressure p,, of the oxidizer is higher than the pressure p. at
the spark plug (p,, > p. at f = t;). In addition, the fuel is simultaneously injected into
the combustor in a direction perpendicular to its axis, and a detonable mixture is
produced. At r = 1,, the injection of the fuel is stopped, and only the oxidizer is
refilled between the fuel injector and spark plug (L, in Fig. 8.1) before the ignition
and subsequent initiation of a detonation (p,, > p. at = 1,). At t = 3, high pressure
burned gas is generated after the initiation of the detonation by the spark plug
(Pro < pe at t = t3). The high-pressure burned gas in the combustor interrupts the
oxidizer supply, and a portion of the burned gas flows backward to the oxidizer feed
line. At ¢ = t,, once the gas pressure in the combustor drops below the oxidizer-
supply pressure as a result of the expansion wave from the open end of the combus-
tor, the oxidizer flows into the combustor again and purges the residual burned gas
(Pro > pe at t = t;). Matsuoka et al. (2017b) investigated the one-dimensional fluid
motion in the semi-valveless PDC at an operating frequency of 500 Hz using 12 ion
probes installed on the side wall of the oxidizer feed line and combustor. In addition,
the experimental results were compared to those of a one-dimensional numerical
calculation and found to be in good agreement. Up to now, Matsuoka (2016) dem-
onstrated a maximum operating frequency of 800 Hz.

For shortening process (2), it is necessary to shorten the DDT time fppr (duration
between spark time and time in which DDT occurs) sufficiently compared to that of
a one PDC (i.e., fppr < < 1/ fipe). In addition, with the shortening the combustor
length L., it is more important to make the DDT distance xppr (distance between
spark plug position and DDT point) sufficiently shorter than that of the combustor
(i.e., xppr < < L.). There are many studies on shortening DDT process using a
Shchelkin spiral (Shchelkin and Troshin 1965) and obstacles (Ciccarelli and
Dorofeev 2008). However, there are some practical problems to install the obstacles
in the combustor. For example, pressure loss and cooling of the obstacles them-
selves exist. Kuznetsov et al. (2005) investigated the influence of the initial pressure
pa of the detonable mixture on the DDT distance xppr. Stoichiometric hydrogen—
oxygen mixtures were used in the single-shot tests with the initial pressure ranging
from 0.2 to 8.0 bar. A dependence of the DDT distance xppr on the initial pressure
pa was found to be close to the inverse proportionality. However, the shortening of
the DDT process by increasing the pressure of the mixture has not been demon-
strated in the actual PDC operation.
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In present study, to achieve higher operating frequency, two novel techniques, a
piezoelectric fuel injector used in a commercial automotive engine and oxidizer
feeding line for a choking flow, were introduced to a semi-valveless PDC proposed
by Matsuoka et al. (2017b). In the combustion test, the PDC operations at 1010 Hz
were carried out under the condition of the low and high pressure of the supplying
oxidizer. As the results, it was found that the DDT process was shortened by increas-
ing the pressure of the detonable mixture. In addition, with high-pressure condition,
a PDC operation at 1916 Hz was confirmed.

2 Experimental Arrangement

Apparatus and Operation Sequence

Figure 8.2 shows the two combustors used in the experiments, which we call “Type
A’ and ‘Type B’. In the following, the x-coordinate is along the combustor axis in
the direction toward the exit, with the origin corresponding to the spark plug posi-
tion. The inner diameters of both the oxidizer feed line and combustor were constant
at id, = id. = 10 mm. A spark plug SP (NGK Spark Plug Co., Ltd., CRS8HSA) was
installed at x = 0 mm. The combustor length, on the right side of the spark plug, was
L. =100 mm and 60 mm for Type A and Type B, respectively. A pressure transducer
PT2 (PCB Piezotronics, Inc, 113B24) was installed at x = 40 mm for Type A and
x = 20 mm for Type B to measure the pressure p. in the combustor. The cyclic
combustion waves were detected by the ion probes installed on the side wall of the
combustor (I1 — I4 for Type A, I1 and 12 for Type B).

Fig. 8.2 Pulse detonation combustor, L,
combustor used in Type A INJ2(S2) SP 112 13 14
experiments — i \.
\ -\ X
&S INJ1.  PT2
PT1
Type B INJ2 sP: 11 12
)] \‘. X
. -\ X
~PT1 INJ1. PT2
-260 -220 -30 0 2040 60 80 100

X [mm]

INJ: fuel injector SP: spark plug
I: ion probe PT: pressure transducer
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The output voltage of the ion probe rapidly increased due to the passage of the
combustion wave, and the cyclic flame propagation speeds V; were measured using
the rise time difference At and the interval between two ion probes, as 20 mm.

Gaseous oxygen as oxidizer was supplied into the combustor from the left end
and the total pressure p,, of the oxygen was measured by a low-speed pressure
transducer PT1 (KELLER, 23 series) installed at x = =220 mm and —260 mm for
Type A and Type B, respectively. In contrast, ethylene as fuel was injected into the
combustor using a piezoelectric fuel injector INJ (BOSCH, HDEV4) located at
x =-30 mm. Because both the temperature 7', ;= 292 K and pressure p;,; ;= 5.5 MPa
in the ethylene tank were higher than those of the critical state (7,,.; = 282.4 K and
P = 5.05 MP), the injected ethylene was in the supercritical state. The single fuel
injector INJ1 was used in the low-pressure condition (S1). In the high-pressure con-
dition (S2 and S3), the two fuel injectors (INJ1 and INJ2) were used to maintain the
equivalence ratio of the detonable mixture.

Figure 8.3 shows the input signal to the spark plug, input signal to the fuel injec-
tor (solid line), real spark and fuel injection (dashed line) and pressure history mea-
sured by the PT2 in the experiment S2. In contrast to the fuel injection and spark,
oxidizer is steadily supplied to the combustor during the experiment. The time is
defined so that the spark input time is set at t = 0. The delay times of the fuel injector
and ignition device were investigated by visualization experiments of the intermit-
tent fuel injection and spark. As per the results, shown in Fig. 8.3, the ignition delay
At from the on-signal time was At = 30 £ 3 ps. The standard deviations of
12 cycles were considered in the calculation of errors. The response delays (A,
Atyop) of the injector from the on-signal time to the real injection start time and from
the off-signal time to the actual injection stop time were Aty = 36 = 10 ps and
Atyop = 106 £ 10 ps, respectively. The frame rate of 100,000 frames/s of a high-
speed camera was considered in the errors.

Fig. 8.3 Operational
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Table 8.1 Experimental conditions

K. Matsuoka et al.

Total pressure of | Ethylene Set ethylene | Set duty
Operating supplying injection injection ratio of fuel
Shot | Combustor | frequency oxygen p, pressure p;,; | duration injector
no. | type Sope [Hz] [MPa] [MPa] Alinjse [pS] | DRy [%]
S1 | TypeA 1010 0.23 +0.01 55+0.1 300 30
S2° 0.55 +0.01
S3" | Type B 1916 0.57 180 34

Note: * means that two injectors were used. Ambient temperature: 7, = 289 + 1 K, ambient pres-
sure: p, = 0.1 £ 0.01 MPa

Experimental Conditions

Table 8.1 shows the summary of the experimental conditions. We carried out com-
bustion tests under three conditions (S1, S2 and S3). Type A of the combustor hav-
ing a length of 100 mm was used in the condition of S1 and S2, and a PDC operation
at an operating frequency of 1010 Hz was performed three times.

As the first sequence of a PDC operation, the steady flow of the oxidizer was
produced. The total pressure of the oxygen immediately before starting the PDC
operation was measured by the pressure transducer PT1 in Fig. 8.2, and the total
pressure in the steady flow were p,, = 0.23 + 0.01 MPa and 0.55 + 0.01 MPa for the
low and high pressure condition, respectively. In a preliminary cold gas experiment
with the oxygen, the mass flow rate of oxygen in the steady flow was
m, =452+ 0.5 g/s and 97.8 + 3.9 g/s, respectively. The standard deviations of the
three repeated measurements were taken into account in the errors.

The experimental mass flow rate 71, of oxygen was compared with a one-
dimensional adiabatic flow with friction (Fanno flow) and an isentropic flow. The
flow is assumed to be choked at the exit x, = 100 mm of the combustor (subscript 2).
As shown in Fig. 8.2, the inlet of the combustor (subscript 1) having an inner diam-
eter of id. = 10 mm was x; = =200 mm. Assuming Fanno flow between the inlet and
exit of the combustor, the following relationship holds (Matsuo 1994):

%(Mo,l)—%(Mo,z)=4f% 8.1

Cc

where f and M, are friction factor and Mach number at each surface, respectively.
x(M,) in Eq. (8.1) is given by:

x(M,)

2 2
:1_M0 +yo+11nl:( (y0+1)M0 } (82)

yOMf 2y 7, —I)Mz +2

o
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In Eq. (8.2), (M, ,) becomes 0 because M,,, is assumed unity. If the friction fac-
tor is constant, the Mach number at the inlet M, can be calculated using Eq. (8.1).
The mass flow rate 71, o at the inlet is obtained from the following equation:

A I 2 yo+1/y071
Ity e = 2T Ly (8.3)
’ RT v, +1

o” t,o

where A., R,, Tt,, and y, are the cross-sectional area of the combustor, gas constant
of the oxygen, total temperature of the oxygen and ratio of the specific heat of the
oxygen, respectively. The total temperature 7, of the oxygen was assumed to be
equal to the temperature in the oxygen tank before starting the PDC operation
(T,,=291+1KforS1, T;, =294 + 1 K for S2). In Eq. (8.3), ', is called gas dynam-
ics function and is given as an expression of Mach number as follows:

(8.4)

2+(y, ~1)M; r"“)'z(“”
(v, +1)

Fon{

If I', = 1, the mass flow rate 71, ;., of oxygen assuming an isentropic flow is
obtained. The calculated Mach number at the inlet and mass flow rate in a Fanno
flow was calculated at M, ; = 0.60 and 71, ganno = 38.0 g/s and 90.3 g/s for S1 and S2,
respectively (f = 0.004, A. = 78.5 mm?, R, = 259.8 J kg=! K7!, and y, = 1.4). The
experimental mass flow rate were 119% (S1) and 108% (S2) of 71, pamo- On the other
hand, the experimental mass flow rate were 100% (S1) and 91% (S2) of i jsen-
Consequently, the assumption of a Fanno flow underestimated the experimental
mass flow rate. It was suggested that the influence of the friction on the total pres-
sure loss was small because the total length of the oxidizer feed line and the com-
bustor was short. Under the assumption of a isentropic acceleration from the
stagnation state, the oxygen static pressure p,, in the combustor is obtained from the
following equation:

Yo7l
Pro =(1+—y°2 lej (8.5)
ps,o

The pressure ratio is calculated at p, /ps, = 1.89 if the Mach number is unity and
Yo = 1.4. In other words, while the choking condition is maintained, the static pres-
sure p;, in the combustor can be increased with increasing the total pressure p,, of
supplying oxidizer. Using the total pressure measured in the combustion test (see
Table 8.1), the static pressure in the low and high-pressure experiment was assumed
to be p,, = 122 kPa and 291 kPa, respectively.

To calculate the mass flow rate i, of the fuel during the injection, 5000-cycle fuel
injection was carried out under the condition of S1 (same as S2), and #z; was obtained
from the following equation:
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. Am
m=———
5000 x At

inj,real

(8.6)

where Am is the tank mass difference (accuracy +0.1 g) before and after the 5000-
cycle injection to the atmospheric-pressure environment. As shown in Fig. 8.3,
At;irear 1s the real injection duration Aty ey = 370 £ 10 ps. The fuel mass flow rate
of a single injector calculated with Eq. (8.6) was 7y = 4.9 = 0.3 g/s at the injection
pressure of pi, ¢ = 5.84 = 0.03 MPa, and the injection pressure was identical to that
of the combustion test within 7%. They were the averaged value of three-time mea-
surement and the error was the standard deviation. Finally, the equivalence ratio of
the detonable mixture was estimated to be ER;=0.38 +£0.03 and 0.35 + 0.04 for low
and high-pressure condition, respectively.

Under the condition of S1 and S2, the input injection duration was set to
At;yi e = 300 ps. Therefore, the set duty ratio (input injection duration/duration for
one PDC) were DR, = 30%. As shown in Fig. 8.3, the waiting duration for spark
was empirically set to Az, = 110 ps. Considering the real response delay, the real
injection duration, duty ratio and waiting duration for spark were At;y; . =370+ 10 pis,
DR,y =37 + 1% and At,, ., = 34 = 13 ps, respectively. If the delays of the fuel injec-
tion and spark were not changed under the high-frequency condition (S3), each
values were estimated at Afyjcq = 250 £ 10 ps, DRy = 48 + 2% and
Atyrea = 34 £ 13 ps, respectively. The sampling rate in all the experiments was
10 MHz.

3 Results and Discussion

Pressure History

Figure 8.4 (a, b) show the time history of the pressure measured by the pressure
transducer (PT2) installed at x = 40 mm. It is known that the baselines of the
pressure-transducer outputs during a PDC operation gradually shift downward,
owing to the thermal effect. To cancel this characteristic, the baseline of the second
and following cycle were corrected by the initial pressure p, that was defined as the
averaged pressure during O ps < # < 50 ps of the first PDC, and # = 0 means the time
when the spark input signal switched on at the each PDC. Specifically, the initial
pressure was py = 135 + 1 kPa and 244 + 3 kPa for low and high-pressure condition,
respectively. The errors are the standard deviations of three experiments under each
experimental condition.

The gray-color area in Fig. 8.4a shows the range of the Chapman — Jouguet deto-
nation pressure p¢y at the temperature range of 7y = 400-500 K, estimated equiva-
lence ratio ER, = 0.38, and pressure of detonable mixture py = 135 kPa (Gordon and
McBride 1996). The temperature range was roughly estimated by comparison
between experiments and one-dimensional numerical calculation discussed in Sect.
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Fig. 8.4 Time history of pressure in combustor measured by pressure transducer located at
x =40 mm. (a): low-pressure condition S1, (b): high-pressure condition S2

3.3. Under the low-pressure condition S1, it was confirmed that the peak pressures
in many cycles were lower than the estimated Chapman — Jouguet detonation pres-
sure pey = 1.9-2.3 MPa. As described in Sect. 3.2, it was probably due to the fact that
the DDT occurred downstream of the pressure transducer PT2 installed at x =40 mm.
On the other hand, under the high-pressure condition S2 (Fig. 8.4b), the peak pres-
sures in most cycles were in good agreement with p¢; = 3.3-4.2 MPa (T, = 400-
500 K, ERy = 0.35 and p, = 244 kPa). It is considered that the DDT distance was
shortened by increasing the pressure of the detonable mixture and the DDT occurred
upstream of the PT2.

Flame Propagation Speed and Deflagration-to-Detonation
Transition

Figure 8.5 shows the flame propagation speed measured with the ion probes installed
on the side of the combustor. The plotted points indicate the center between the two
ion probes. The error bar on the vertical axis shows the standard deviation of all
cycles, and the error bar on the horizontal axis shows the distance between two ion
probes.

The lower gray-color area in Fig. 8.5 shows the Chapman — Jouguet detonation
speed D¢; of the detonable mixture in static state under the temperature range of
Ty = 400-500 K (Gordon and McBride 1996), and they were estimated to be
D¢y = 1934-1947 m/s for S1 and 1923-1934 m/s for S2. In the actual PDC opera-
tion, the detonable mixture flows at high speed u,. Therefore, the apparent speed of
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Fig. 8.5 Change in flame propagation speed in axial direction of combustor measured by ion
probes. (a): low-pressure condition (S1), (b): high-pressure condition (S2)

the detonation wave was calculated by D¢ + uy. If the mixture flows at the sound
speed, the speed is calculated from u, = \/y,R,T, . va, Ra are the ratio of the specific
heat and gas constant of the detonable mixture obtained by the estimated equiva-
lence ratio ERy, measured pressure p, in the combustor, temperature 7, of the deto-
nable mixture and NASA CEA (Gordon and McBride 1996). The apparent speed of
the detonation waves Dy + 1y = 2323-2350 m/s for S1 and 2311-2339 m/s for S2
are shown as the upper gray-color area in Fig. 8.5. If the mixing of fuel and oxidizer
is not sufficient, the detonation speed and pressure decrease due to that the mixture
was burned at lower equivalence ratio. Assuming that the equivalence ratio of S2
changed from ER, = 0.35 to 0.20, the apparent speed of the detonation waves were
estimated to be D¢y + ug = 2101-2136 m/s. The experiment velocity in the region of
60 mm < x < 80 mm in Fig. 8.5b was 119-121% of the estimated velocity and the
difference from the estimated value became larger than that at ER; = 0.35. In addi-
tion, the Chapman — Jouguet detonation pressure pc; = 2.7-3.3 MPa at ER; = 0.2
was much lower than the peak pressure confirmed in Fig. 8.4b. From the above, it
was reasonable that the equivalence ratio was estimated by using experimental mass
flow rate.

In the region of 60 mm < x < 80 mm of Fig. 8.5a, the flame propagation speed
increased to 102% of D¢ + uy at Ty = 400 K. Therefore, DDT distance xppp was
roughly estimated to be within 40 mm < xppr < 60 mm. In addition, the region of
DDT time fppr between the real spark time and the time when flames reached to the
ion probes installed at x = 60 mm and 80 mm were 88 + 45 < fppr < 98 =47 ps and
the standard deviation of all cycles was taken into account. On the other hand, under
the high-pressure condition S2, it was suggested that DDT occurred in the region of
0 mm < xppr < 20 mm and 46 + 8 < tppr < 54 + 8 ps.
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Under S1 and S2, the experimental conditions (spark system, equivalence ratio
and combustor configuration) other than the oxidizer supply pressure are almost
same. In fact, it was found that the DDT distance and time decreased by approxi-
mately 50% when the total pressure of the supplying oxidizer increased by 242%.
Kuznetsov et al. (2005) proposed the relationship x,.,, =a-p’ =0.7p;""" for
hydrogen-oxygen mixture, and the units of xppr and pg in the equation were m and
bar, respectively. By power approximation of the experiment S1 and S2,
a=0.10 £ 0.0l and b = —1.50 = 0.34 were obtained. If the mixture pressure was
increased up to pg = 10 bar (1 MPa), the DDT distance was calculated at xppr =3 mm.

Comparison with One-Dimensional Numerical Analysis

In the previous section, the equivalence ratio ER, and pressure p, of the detonable
mixture at the spark time were estimated from the experimental results. However, it
is difficult to estimate the temperature 7y of the mixture during PDC operation.
Therefore, the measured pressure was compared with those of a numerical calcula-
tion using a one-dimensional compressible Navier—Stokes equation, in which a con-
servation equation for the chemical species was used. Yee’s non-MUSCL (monotonic
upstream schemes for conservation laws)-type second-order upwind scheme (Yee
1989) and second-order accurate central-difference scheme were employed for the
convection and viscous terms, respectively. A chemical reaction model proposed by
Singh and Jachimowski (1994) was used, in which 9 species and 10 reactions were
considered in the ethylene—oxygen reaction. An MTS (multi-timescale) method
(Gou et al. 2010) was used for the time integration of the source term. The gas was
assumed to be a thermally perfect gas, and the thermodynamic properties were
obtained from the NASA thermochemical polynomials.

As the initial condition, the steady flow of oxygen, in which the total pressure
and temperature were equal to the experimental values (i.e., p,, = 0.23 MPa and
T.. =291 K for S1, p,, = 0.55 MPa and T,, = 294 K for S2), was prescribed in the
combustor. Then, the detonable mixture was set in the combustor. In the experi-
ments, the waiting duration for spark At ., (see Fig. 8.3) exists and the oxygen is
refilled during the duration (see Fig. 8.1). As the results of the steady calculation,
the speed of oxygen was calculated at u, = 295 = 1 m/s. Therefore, the oxygen
refilled length during the waiting time was estimated to be L, = u, X Aty = 10 mm.
Consequently, the detonable mixture was set in the region of —20 mm < x < L.. For
the direct initiation of a detonation wave, a 2-mm-wide ignition source at 3000 K
and 3 MPa was set at the spark position x = 0 mm.

The gray and black lines in Fig. 8.6 shows the enlarged pressure history of 100th
cycle in Fig. 8.5 and calculation result varying the temperature of the detonable
mixture, respectively. The vertical axis is represented by logarithm and the time 7z of
the horizontal axis indicated the time at which the pressure at the position of the
pressure transducer PT2 (x = 40 mm) rapidly increased. Compared with the calcu-
lated pressure history, the low and high-frequency oscillations in the experiment
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Fig. 8.6 Enlarged pressure history in 100th cycle of Fig. 8.5 (gray line) and calculation result of
1D numerical analysis (black lines with symbols). (a): low-pressure condition (S1), (b): high-
pressure condition (S2)

pressure were confirmed. From the FFT analysis, the frequency of the low-frequency
oscillation in S1 was f; = 64 + 1 kHz. According to the visualization experiment of
PDC using ethylene-oxygen mixture carried out by Matsuoka et al. (2012), the
transverse shock waves to the center axis of the combustor were generated from
DDT point and the velocity was approximately V, = 1538 m/s. If the velocity was
same as the experiment, the frequency was estimated at f; = V/2id. = 77 kHz and
identical to fi within 17 £ 1%. It was suggested that the low-frequency pressure
oscillation in Fig. 8.6 was due to the transverse shock generated by DDT point. In
contrast, the high-frequency pressure oscillations in S1 was calculated at
fu =458 £ 2 kHz. The resonance frequency f; > 500 kHz of the pressure transducer
was closed to the frequency f}; and it was considered that the high-frequency pres-
sure oscillation was due to the mechanical vibrations. Of course, the low and high-
frequency pressure oscillations were not generated in the one-dimensional numerical
calculation.

As shown in Fig. 8.6, the difference between the calculation and experiment
increased after z = 100 ps. In the 100th cycle, the time-averaged pressure between
100 ps < <300 ps was 81 £ 5% (S1) and 89 + 6% (S2) of that at 50th cycle, and
it is probably due to the influence of the heat on the pressure transducer. As shown
in Fig. 8.6a, under the low-pressure condition S1, the peak pressure measured in the
experiment was lower than the calculated value because the DDT occurred down-
stream of the pressure transducer PT2 (discussed in Sects. 3.1 and3.2). However, in
the decay region of the pressure, the experimental pressure history was in good
agreement with the calculation, particular for the condition of Ty = 400-500 K. In
contrast, under the high-pressure condition S2, the measured peak pressure and fol-
lowing decay region was in good agreement with the calculation.
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According to the numerical calculation by Watanabe et al. (2017), if the compo-
sition of the detonable mixture was same and the oxidizer flow was choked, the
exhaust duration of the burned gas depended on strongly the combustor length L.
From the numerical analysis, the gas-dynamic upper limit f,, of the operating
frequency was evaluated as the inverse of the duration between the time at the direct
initiation of detonation and the completion time of exhausting burned gas. As the
results, in the range of Ty = 400-500 K, the upper limit was calculated at f,,.
per = 1389-1508 Hz for S1 and 1542-1694 Hz for S2, respectively. Therefore, the
ratio of the operating frequency to the upper limit was & = fope/fupper = 67-73% for S1
and 60-65% for S2, respectively. It was suggested that the burned gas was purged
by oxygen for a long time (¢ = #, in Fig. 8.1). The frequency ratio a = fo,o/fupper
approaches unity when the duration of the purging by oxygen is eliminated and the
burned gas is purged by low-temperature mixture.

Higher Frequency Operation of Pulse Detonation Cycle

As the third experiment S3, a PDC at higher operating frequency was performed
one time under the same oxidizer supply condition as S2. As shown in Fig. 8.2,
Type B of the combustor having a length of 60 mm was used because the durations
of the propagation of a detonation and the following blowdown of the high-pressure
hot burned gas strongly depend on the combustor length. Figure 8.7 shows pressure
history measured by pressure transducer PT2 installed at x = 20 mm and 7-cycle
pressure spike was confirmed. The initial pressure of the mixture was measured at
Ppa =216 kPa. The gray-color area in Fig. 8.7 shows the Chapman — Jouguet detona-
tion pressure pcy under the temperature range of 7, = 300400 K, py = 216 kPa and
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ER, = 0.35. Despite the same oxidizer supply condition as S2, the measured peak
pressures were relatively higher than that in the condition of S2. When supercritical
ethylene is injected to a low-pressure environment, low-temperature fuel is gener-
ated due to an irreversible isenthalpic change, which is called the Joule-Thomson
effect (Matsuoka et al. 2017a). For example, assuming that the ambient pressure is
p.=0.1 MPa, the supercritical ethylene is changed to a saturated vapor at 169 K. It
was suggested that the low-temperature detonable mixture was filled in the com-
bustor and the high Chapman — Jouguet detonation pressure was confirmed with a
small number of cycles. The averaged flame propagation speed of 7 cycles with the
standard deviations was V; = 2275 + 238 m/s, and 100.1% and 98.6% of the esti-
mated detonation speed at the temperature of 7y = 300 K and 400 K. Due to limita-
tions of the ignition device, more cycles could not be confirmed.

By the similar method in Sect. 3.3, the upper limit of operating frequency in S3
was estimated using the same mixture condition as S2 (L. = 60 mm, p,, = 0.55 MPa,
ER; = 0.38 and T, = 300400 K). As a result, the upper limit of the operating fre-
quency was estimated to be fypper = 2058-2322 Hz (a = fope/fupper = 83-93%).

4 Conclusions

The gas-dynamic upper limit of the operating frequency of a pulse detonation cycle
(PDC) is dominated by the length of the combustor. To realize a high thrust density
with a compact combustor, it is necessary to shorten the combustor length and
increase the operating frequency. In order to solve this problem, it is required to
sufficiently shorten the distance and time required for deflagration-to-detonation
transition (DDT) compared with the combustor length and the duration for one
PDC. However, from a practical point of view, enhancement of the DDT without
obstacles is preferred. A novel PDC method, in which the inner diameter of the
oxidizer feed line is equal to that of the combustor, can increase the static pressure
in the combustor by increasing the total pressure because the inner flow is chocked.
In the experiment, gaseous oxygen as oxidizer and supercritical ethylene as fuel
were used. The PDC operation at 1010 Hz with the combustor having a length of
100 mm and an inner diameter of 10 mm was carried out under the two conditions
of the total pressure of the supplying oxidizer at 0.23 MPa and 0.55 MPa. As the
results, it was found that the distance and time for DDT process decreased by
approximately 50% when the total pressure of supplying oxidizer increased by
242%. From the comparison with one-dimensional numerical analysis, the experi-
mental frequency of 1010 Hz was range of 60—73% of the estimated gas-dynamic
upper limit of the operating frequency. In addition, the experiment of a high-
frequency PDC operation was carried out using the combustor of 60 mm in length,
and a PDC at an operating frequency of 1916 Hz was confirmed and was 83-93%
of the estimated upper limit of the operating frequency.

Using this DDT shortening method, a PDC at an operating frequency close to the
gas-dynamic upper limit is realized with a compact combustor and high-pressure
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combustion. For a rocket system, the application to the small thrust system such as
a reaction control system (RCS) and orbital maneuvering system (OMS) can be
considered. For an air-breathing system, the effect on miniaturizing the combustor
and increasing the thrust density becomes larger than a rocket system because the
cell size of fuel-air mixture is larger than fuel-oxygen mixture. For example, the cell
size of stoichiometric hydrogen-air mixture is approximately 10 mm at p; = 100 kPa
and Ty =293 K. If the pressure of the mixture increases to pg = 500 kPa, the sell size
decreases to approximately 2-3 mm (Stamps and Tieszen 1991), and the DDT dis-
tance is also shortened. Moreover, for a thermal spray technique (Endo et al. 2016),
spraying of powder with high mass flow rate is possible using compact combustor.
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Chapter 9

On the Investigation of Detonation
Re-initiation Mechanisms and the Influences
of the Geometry Confinements and Mixture
Properties

Lei Li, Jiun-Ming Li, Chiang Juay Teo, Po-Hsiung Chang,
Van Bo Nguyen, and Boo Cheong Khoo

Abstract The topic of detonation re-initiation is studied through both experimen-
tal measurements and numerical simulations using a bifurcation channel and the
detonation research facilities in Temasek Laboratories. The main objective is to
understand the re-initiation mechanisms through shock reflections, and investi-
gate the performance of detonation re-initiation at different test conditions. Stable
and unstable detonation waves are both taken into consideration. It is found that
the re-initiation through shock reflection is mainly achieved through the interac-
tions of the multiple transverse waves. The details of the generation and evolution
of the transverse waves are also clarified. The influence of the geometry confine-
ment to detonation re-initiation is investigated. It is found that the length of the
bifurcation channel can affect the re-initiation results by limiting the shock reflec-
tion times, which is discovered to be the main reason leading to the discrepancies
between the previous similar studies. The width of the bifurcation channel is also
critical as it can directly affect the induction length during detonation diffraction
which determines the shock reflection strength. The differences of re-initiation
using various mixture properties are also addressed, and a sudden transitional
behavior of detonation re-initiation is found between stable and unstable detona-
tion waves. Regarding the reason why a certain number of shock reflections are
required before successful re-initiation, it can be explained using the relative rela-
tion between the shock reflection strength and the corresponding marginal solu-
tion curve of a quasi-steady detonation.
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1 Introduction

Detonation phenomenon is associated with a supersonic exothermic combustion
front and a preceding shock wave. Due to its fast propagation speed and the rela-
tively high combustion temperature, the combustion efficiency of detonation can be
higher than deflagration form of combustion. So many attempts have been made to
implement detonation into engine applications. Considering the various applica-
tions of detonation phenomenon, understanding of detonation re-initiation can be
utilized to meet certain industrial needs. In fuel pipelines and mine tunnels, detona-
tion wave is anticipated to be suppressed by certain geometric designs due to safety
concerns, so that disastrous outcome could be prevented. However, in engine appli-
cations, e.g. Pulse Detonation Engine (PDE) and Rotating Detonation Engine
(RDE), the engine has to be designed to easily achieve detonation transition inside
a compact engine design. So such knowledge of detonation re-initiation could serve
as a guideline for the engine tube design.

Detonation re-initiation is essentially a detonation transition process. There are
extensive studies which focused on deflagration to detonation transition (DDT),
shock to detonation transition, detonation propagation and detonation direct initia-
tion in straight tubes and channel (Laderman et al. 1963; Oppenheim et al. 1962;
Roy et al. 2004). Other geometries including obstructed tubes and bent tubes are
also of great interests regarding their potential applications in industrial safety and
propulsion (Frolov et al. 2007a, b; Oran and Gamezo 2007; Ciccarelli and Dorofeev
2008; Gamezo et al. 2007; Lee 1977, Silvestrini et al. 2008; Boeck et al. 2017).
Through testing on various parameters including fuel type, mixture composition,
geometry confinement and configuration of obstacles, it was concluded that the
interactions among shock waves, flame, flow turbulence and boundary layer is
important in assisting detonation transition. Other factors including thermal expan-
sion of combustion products, flame-vortex interaction and instability are also shown
to be responsible for initiating DDT with the assistance from obstacles.

One of the most extensively studied re-initiation topics is detonation spontane-
ous re-initiation in an unconfined space. Through many studies using experiment,
numerical simulation and analytical method (Mitrofanov and Soloukhin 1964;
Edwards et al. 1979; Edwards and Thomas 1981; Knystautas et al. 1982), the well-
known conclusion of 13 times cell width has been proved to be the minimum tube
geometry for successful spontaneous detonation re-initiation if a detonation wave
diffracts into an unconfined space. If rectangular channel cross section was
employed, a slightly different conclusion regarding the critical channel geometry
size has also been summarized. In addition, it was also discovered that spontaneous
re-initiation depends on the nature of mixture properties, especially the degree of
regularity of a detonation wave. When unstable detonation waves were used, the
critical geometry may deviate from the one that was summarized for stable
detonation.

Except for spontaneous re-initiation, detonation re-initiation can also be achieved
in confined geometries after interactions with the wall. Detonation re-initiations in



9 On the Investigation of Detonation Re-initiation Mechanisms and the Influences... 201

60

40

20

100 150 200 250 300 350
X

Fig. 9.1 Maximum exothermicity field of detonation re-initiation process by Radulescu and
Maxwell (2011)

a straight tube or channel with sudden geometry expansion or gradual conical
expansion have been studied due to their potential applications in propulsion engines
and industrial processes. Brophy et al. (2003) have conducted detonation re-
initiation experiments in a geometry where a detonation wave moves from a small
channel to a larger channel. They concluded that the shock reflection on the wall of
the larger channel is responsible for the successful detonation re-initiation. The
Mach stem generated after reflection can release sufficient heat which can eventu-
ally lead to the successful transmission of the detonation wave. Thomas and
Williams (2011) studied interactions of detonation waves with wedges and expan-
sion nozzle geometries. It was found that when the cross section changes in a grad-
ual way (less than 45 degrees), it becomes increasingly easier for detonation to
propagate through. In order to generate a quenched detonation wave for re-initiation
study, other geometry confinements were also employed.

In addition to the numerical simulations and experimental observations of the
phenomenon, some researchers have been focusing on the re-initiation mecha-
nisms. Bhattacharjee (2013) and Bhattacharjee et al. (2013) investigated the
sequence of detonation formation when a decoupled shock-flame complex under-
goes single Mach reflection (as shown in Fig. 9.1). Five mechanisms were reported
to be responsible for re-initiation according to some previous studies. It was also
found that among all the possible mechanisms, the jet formation after Mach reflec-
tion, transverse detonation and local instabilities can assist detonation re-initiation.
Lv and Thme (2015) summarized detonation re-initiation mechanisms into three
categories, namely by regular reflection, Mach reflection and hydrodynamic insta-
bility. It was found that for more reactive Ar-diluted mixture, ignition first appeared
after regular reflection which is then followed by spontaneous re-initiation through
SWACER mechanism. By replacing Ar with N, dilution, re-initiation was found
through Mach reflection. Other mechanisms, e.g. flame-acoustic and wave-wave
interactions were also observed to contribute to final re-initiation in the N, diluted
mixture. Radulescu and Maxwell (2011) studied detonation re-initiation through
multiple reflections. A mechanism which is associated with the leading front slow
acceleration and the local small scale re-acceleration through multiple reflections
was identified. It was also found that the relative sensitivity of the mixture to the
geometry dimensions directly determines the times of reflections that are required
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Fig. 9.2 Sketch of detonation reflected re-initiation process by Murray and Lee (1983)

for successful re-initiation. However, in their study, the experiment was not con-
ducted in the same geometry of that applied for numerical simulations.

Except for the above straight geometry confinements, other geometries with
various deviation angles have also been investigated for detonation re-initiation.
Wang et al. (2008) observed the detonation re-initiation process in a channel branch
which is 90-degree deviated from the inlet channel. The detonation wave was
observed to be decoupled after diffraction and re-initiated from the opposite wall of
the vertical channel through a shock reflection. Numerical simulations were also
employed to compare with experimental results and look for the re-initiation mech-
anisms. It was found that an embedded jet which can be formed from the interac-
tions between the unreacted recirculation region and small vortices contributed to
detonation re-initiation. Even though this study revealed re-initiation mechanisms,
it only targeted re-initiation through single reflection.

There are three other similar studies which are worth noting regarding their sum-
maries on the critical conditions for successful re-initiation. Murray and Lee (1983),
Polley et al. (2013) and Wang et al. (2015) investigated the transmission of a planar
detonation wave into a diverging cylindrical detonation using soot foil technique. It
was depicted in Murray and Lee’s study (as shown in Fig. 9.2) that the first reflec-
tion on the opposite wall is the main triggering source leading to detonation re-
initiation. Polley et al. (2013) (as shown in Fig. 9.3) revealed a new re-initiation
process, namely multiple reflected re-initiation. It points out that the re-established
detonation after the first reflection may still fail temporarily, and the detonation can
be re-initiated after another reflection process on the back wall. Wang et al. revealed
through experiments that the limiting channel width for successful detonation re-
initiation is approximately one cell width. All the three studies summarized critical
conditions for successful detonation re-initiation on the basis of the vertical channel



9 On the Investigation of Detonation Re-initiation Mechanisms and the Influences... 203

Cylindrical Detonation
B Detonation Wave

/ Re-established
" Along Front Wall
Time

Detonation Wave Begins
Detonation Wave ~T:e-/ To Fail Along Front Wall
Re-established at back wall

h Re-established

. Detonation Wave
Diffracted Shoc\ |

Reaction Zon\\ / Reflected Reinitiation

sy
. Iy Center line
Planar Detonation Undisturbed | - i
Detonation Core

Fig. 9.3 Sketch of detonation reflected re-initiation through multiple shock reflections by Polley
et al. (2013)

width and the cell size. But it should be noted that there are big discrepancies among
three critical conditions. As such, the re-initiation topic is worth working on to fur-
ther address the disagreement.

According to the literature review, it can be concluded that, except for the spon-
taneous re-initiation in which no interaction between waves and wall exists, most
re-initiation cases involve some forms of shock reflection process. Through reflec-
tion, a quenched detonation wave is subject to instantaneous energy generation
which can re-accelerate the wave. Thus the reflection process is the key to re-
initiation. The present research is to systematically study the mechanism of re-
initiation through shock reflections. By focusing on detonation re-initiation through
multiple shock reflections, it is intriguing to know what could really happen during
the early reflections that is unable to re-initiate detonation, and what can be achieved
through the subsequent reflections that could finally contribute to the successful re-
initiation, thus allow us to locate the important mechanisms. Another topic to
address is the differences of detonation re-initiation phenomenon between stable
and unstable detonations. Even though clear differences between the propagation
mechanisms of the two types of detonation waves have been identified which could
probably affect the re-initiation process, the topic has yet to be discussed in detona-
tion re-initiation. Furthermore, by conducting experiments in various geometries
using different mixtures, hopefully, we could also find the causes to the discrepan-
cies of the critical conditions for successful re-initiation from different studies.
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2 Experimental Setup

Detonation experiments were mainly carried out using a valveless detonation driver
operated in a single-shot fashion when the experiment initial pressure is 1 bar. The
description of the driver section can be found in details in (Li et al. 2013, 2017). The
driver section is connected with a bifurcation chamber as shown in Fig. 9.4 (Li et al.
2017). A detonation wave at the inlet of the bifurcation channel can diffract around
the corner, and then become a quenched detonation wave which can be used for the
re-initiation study through shock reflections on the wall. The highlighted green area
has quartz windows placed at both sides of the chamber so that the inside space can
be optical accessible for direct visualization of detonation transmission. The optical
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Fig. 9.4 Schematic of the bifurcation channel
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windows allow an optical accessible area of 270x 120 mm. The mixture is ethylene
(C,H,) + air (initial mixture condition at 303 K, 1 bar) at the stoichiometric ratio.
Multiple diagnostic methods including Schlieren photography, planar laser induced
fluorescence, open shutter photography and soot foil technique were implemented
to reveal the phenomenon from different perspectives.

Experiments were also conducted at a different initial pressure other than 1 bar.
In such cases, the detonation channel was designed with one driver section and one
driven section. The driven section is the same with the bifurcation chamber from the
previous description, and the driver section can be filled with ethylene and oxygen
to facilitate the generation of a detonation wave in a short distance (less than 0.5 m).
To separate different mixtures between driver section and driven section, the
moisture-resistant polyester (PET) diaphragm is installed in between. The top and
the bottom outlet on the driven section are covered with quartz and PET, respec-
tively to allow laser access and ensure gas tightness. An electric spark plug which is
placed at the upstream end of the driver section with a total energy of 120-150 mJ
is used to ignite the mixture.

3 Detonation Re-initiation Mechanisms

Unstable Detonation

Detonation experiments were carried out using a valveless detonation driver oper-
ated in a single-shot fashion. The description of the driver section can be found in
details in (Li et al. 2013, 2017). The driver section is connected with a bifurcation
chamber as shown in Fig. 9.4 (Li et al. 2017). The mixture is ethylene (C,H,) + air
(initial mixture condition at 303 K, 1 bar) at the stoichiometric ratio. Multiple diag-
nostic methods including Schlieren photography, planar laser induced fluorescence,
open shutter photography and soot foil technique were implemented to reveal the
phenomenon from different perspectives.

As Schlieren photography is not capable of determining whether detonation tran-
sition is successful or not, especially during the transition process, open shutter
photography is applied as a supplement to provide cell structure information from
images to tell the difference between detonation wave and deflagration wave.
Figure 9.5 shows open shutter photography images before and after the bifurcation
channel. As the channel is too long to fit in the frame without sacrificing resolution,
images were taken from three different locations.

The imaging frequency is 50.4 kHz and the exposure time for each individual
frame is 18.84 ps. By overlaying the multiple frames of images all together, the
complete re-initiation process can be shown. Based on the open shutter photography
images results, it can be found that re-initiation is successful, but only after the third
reflection on the front wall. The disappearing cell structures after the first and sec-
ond reflection indicate that detonation quenched at both locations. From Fig. 9.5,
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Fig. 9.5 Sequential records of detonation using open shutter photography

two distinct regions can be found after the first reflection. Region 1 is filled with
very fine cell features. It has a banded structure which arises due to the transversely
propagating detonation wave. Region 2 also shows traces of fine cellular structures.
There is a distinct dividing line separating the two regions. According to the corre-
sponding Schlieren images of the whole process in Fig. 9.6, this dividing line is
actually the trajectory of the main triple point. We can also see from this figure that
the width of the banded region is actually determined by the decoupled induction
length between the diffracted shock and the flame. The successful detonation re-
initiation started only from half of the channel cross section, as indicated by the cell
structures which only existed at the right side of the channel cross section. According
to the Schlieren images, the dividing line between the cell region and no cell region
was the trajectory of the main triple point. When the main triple point reflected on
the back wall, the cells started to fill in the whole cross section, and the detonation
was then fully re-initiated after the fourth reflection.

In order to further investigate the detonation re-initiation mechanism at the third
reflection location, Schlieren measurements were also conducted further down-
stream to record the wave dynamics. Figure 9.7 shows the wave propagation before
and after the third reflection. It was found that when the second reflection occurs,
multiple small transverse waves at the wave front could be clearly identified which
are critical to detonation re-initiation. In the frames after the main transverse wave
hit the front wall, the trailing small transverse waves all followed the same process
of head on reflection with the front wall. As a result, a region in which waves went
across each other as shown in Fig. 9.7(6) could be generated. Due to these interac-
tions, we could expect the formation of high pressure and temperature regions in
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Fig. 9.7 Schlieren images of detonation re-initiation at the third reflection

which chemical reactions can be enhanced. So the interactions of the transverse
waves can provide punctuated impetus which served as extra energy to prevent the
further decay of detonation, thus to achieve re-initiation at this region instead of the
other reflection locations. A drawing to depict the detailed re-initiation process is
shown in Fig. 9.8. It should be noted that the small transverse waves’ interactions
found in Fig. 9.7 resemble the transverse waves interactions that one could find in a
typical self-sustained detonation wave. As transverse waves were found playing an
important role for detonation propagation, especially for irregular detonation waves
(Radulescu 2003), it further addresses the importance of the multiple small trans-
verse waves to the re-initiation process in the present geometry confinement.
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Fig. 9.9 Comparison between open shutter photography, soot foil technique and CFD time history
of pressure maxima at the second shock reflection

As experimental measurements are limited by the spatial and temporal resolu-
tion, numerical simulations have also been performed to provide insights into the
re-initiation mechanisms (Li et al. 2017). Figure 9.9 shows the time history of the
pressure peak value at the downstream window area. The simulation reconstructed
the same re-initiation pattern with that observed in experiments, which shows suc-
cessful re-initiation after three shock reflections. More details regarding the genera-
tions of the multiple transverse waves were also revealed (Li et al. 2017). As shown
in Fig. 9.10, there are triple points A and B (also local hot spots) propagating towards
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Fig. 9.10 Sequential pressure profile downstream after the third shock reflection from CFD
simulations

the right with their behaviors similar to an expanding blast wave (Fig. 9.10a—c).
When the expanding blast wave of B reflects on the back wall, a small Mach reflec-
tion configuration can be found near point C in Fig. 9.10d. The latest triple point C,
which has a relatively high temperature and pressure, reflects off the back wall
together with a new transverse wave tagging along. Later on, a similar expanding
blast wave released outwards from C can also be observed. This process repeats for
certain times and then the multiple transverse waves and the oblique lines as shown
in Fig. 9.9 are formed.

The multiplication mechanism shows the generation of these transverse waves
from the previous wave. However, the question regarding the origin of the first
transverse wave is still unknown. An experiment using simultaneous Schlieren and
PLIF measurement, which has been proven to be a promising technique (Boeck
et al. 2017; Pintgen 2004), was conducted to look for the origin.

Figure 9.11 qualitatively shows shock and flame structures after the first and the
second reflections. It was discovered that a transversely propagating detonation
wave existed between the leading Mach stem and the diffracted flame after the first
reflection, as indicated by the bright line in Fig. 9.11(1). However, according to the
subsequent frame, it quickly quenched and faded away in Fig. 9.11(2). As a result,
the mixture behind the transverse shock was not ignited immediately after the wave.
When this transverse wave further moved across from the front wall to the back
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Fig. 9.11 Superposition of Schlieren and PLIF results before and after the second reflection

wall, a whole band of an unburnt area was left behind and appeared as the unburnt
pocket as shown in Fig. 9.11(3, 4). Figure 9.11(4-6) illustrate the shock and flame
after the second reflection. According to Fig. 9.11(4), a circular local explosion
wave was formed after the reflection. This explosion wave could also be clearly
observed in Fig. 9.6(9) which immediately penetrated the unburnt pocket, culminat-
ing in ignition. As the explosion wave propagated, it was found to recompress the
shocked mixture in front of the decoupled flame and ignite it to form a sharp trans-
versely propagating detonation (or super-detonation). Being quite different from the
first reflection, the transversely propagating detonation wave did not decay at this
time, indicating that the local explosion successfully caused a transverse shock to
undergo transition into a transverse detonation.
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Regarding the origin of the local explosion, two bright spots as identified in
Fig. 9.6(8) were observed to be responsible. Based on the bright spots location, the
top one was found due to the reflection of the decoupled leading shock wave which
recompressed the mixture in the induction zone and led to an instantaneous explo-
sion core. The bottom one was at the head of the unburnt pocket, which was caused
by the shock reflection that propagated into the unburnt pocket and finally led to the
bright ignition spot. So to summarize the origins of the local explosion, the reflec-
tions of both the leading shock wave and the transverse shock were observed to play
an important role. As the strong local explosion started, small disturbances were
able to initiate and grow at the wave front which subsequently became the early
stage of the first few transverse waves as shown in Fig. 9.7.

Stable Detonation

In order to investigate re-initiation phenomenon of stable detonation and find the
differences from that of unstable detonation, mixtures with a high percentage of
Argon dilution have been tested. In order to compare the stable detonation results
with the unstable cases, the mixture which can generate approximately the same cell
width (20 mm for ethylene (C,H,) air mixture at 1 bar and 300 K temperature) was
tested. According to the cell width database (Kaneshige and Shepherd 1997), we
tested C,H, + 30, with 88% dilution of Argon gas at the initial condition of 0.3 bar
and 300 K which has a reduced activation energy of 5.9.

Figure 9.12 shows the high speed re-initiation images of a stable detonation
wave. Generally, the pictures of stable detonation are much cleaner than those of
unstable detonation, especially at the region behind the leading shock wave where
very little density variations exist within. According to the figure, it can be observed
that the re-initiation failed at the present testing condition. In the first frame, we can
see a detonation wave which was moving in the horizontal channel (6% lower than
the corresponding CJ velocity according to CEA program (Gordon and McBride
1994; McBride and Gordon 1996)). When the detonation wave diffracted at the
bifurcation region as shown in frame 2-3, a clear induction length can be induced
immediately. As the wave reflected on the front wall, a typical Mach reflection con-
figuration with a Mach stem, an incident wave, a reflected wave and a shear layer
can be observed. Even though the Mach stem in frame 4 was observed to propagate
at 1355 m/s, it immediately quenched out to a shock wave and a trailing combustion
front in frame 5. Before the third reflection took place on the front wall again, the
leading wave velocity can drop to 800 m/s. Immediately after the third shock reflec-
tion, the Mach stem quickly evolved into a shock-flame complex with a clear induc-
tion length in between in frame 8. The final evolution of the third reflection was out
of the camera view area, but according to the pressure signal of the sensors further
downstream, the velocity of the transmitted wave was approximately 1000 m/s,
indicating that the re-initiation was unsuccessful.
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Fig. 9.12 High speed Schlieren imaging of unsuccessful detonation re-initiation at bifurcation
region (SS58)

Generally, the Schlieren results of stable detonation at the first two reflections
show similar features with those for unstable detonation, despite some minor differ-
ences mentioned above. Figure 9.13 shows the simultaneous measurement of the
shock wave and the combustion front after the first reflection. From the figure, we
can clearly see that a big induction length was developed after the shock diffraction.
Near the back wall, the induction length was measured to be almost 20 mm. Due to
such a long diffraction period, the flame region behind the diffracted shock wave
was completely quenched as no OH radical has been detected near the back wall
through PLIF. Behind the incident wave, combustion process only exists at the
curved reflected wave front which is induced by the vortex near the bifurcation
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Fig. 9.13 Simultaneous measurement of firing shot SS58 using Schlieren and PLIF after the first
reflection

corner. This is probably because of the shock compression effect from the reflected
wave which increased the local pressure and temperature and thus ignited the pre-
compressed mixture behind the incident wave. A small and clear distance between
the transverse shock and the trailing flame can be identified, indicating that a trans-
verse detonation was not generated. Owing to the weak transverse wave, an unburnt
pocket behind the transverse wave was developed and started to accumulate.
Compared with the simultaneous measurement in Fig. 9.11 of the unstable detona-
tion wave, we can see that both cases show unburnt pockets and weak transverse
shock waves. However, for the stable detonation, the combustion tends to quench
out faster and more complete than that for the unstable detonation.

4 Critical Conditions for Detonation Re-initiation

Unstable Detonation

Since previous results showed that the cell width is also an important factor to influ-
ence the re-initiation, experiments with mixtures which have other cell widths have
also been conducted in the present study. In order to better compare with the previ-
ous baseline experiment, we change the detonation cell width by altering the initial
pressure but at the same time keep the same mixture mole fraction and channel
width (40 mm). Various tests were conducted with the initial pressure from 0.8 to
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Table 9.1 Detonation re-initiation results when initial pressure changes

Initial

Firing shot | pressure Equivalence Nitrogen

number (bar) ratio dilution ratio | Results

SS74 0.792 1.02 72.9% Unsuccessful

SS75 0.904 1.02 72.7% Unsuccessful

SS76 0.954 1.01 72.8% Unsuccessful

SS77 0.981 1.01 72.8% Successful but after more than
three shock reflections

SS73 1 1.00 72.8% Successful

SS79 1.043 1.01 72.8% Successful

SS78 1.053 0.99 72.9% Successful but after more than
three shock reflections

1.05 bar as shown in Table 9.1. Even though pressure only varies in a relatively
small range, multiple re-initiation patterns have been observed. It was found that
when initial pressure is smaller than 0.95 bar, the re-initiation will be unsuccessful.
However, if the pressure is larger than 0.95 bar but smaller than 1.05 bar, detonation
re-initiation is usually achieved through more than three reflections. The location of
detonation transition was also found a bit random in this case. When further increase
the initial pressure, the re-initiation pattern became relatively predictable with less
than three times of reflections required. In addition, the re-initiation usually occurs
with the aid from the multiple transverse waves’ interaction, which is the same with
that as illustrated in Fig. 9.8.

Since previous results showed that the cell width is also an important factor to
influence the re-initiation, experiments with mixtures which have other cell widths
(by changing the initial pressure) have also been conducted in the present study. In
addition to the high speed images, velocity information of the leading waves after
each shock reflection has also been extracted for all the firing shots in Table 9.1 to
identify their differences. Figures 9.14 and 9.15 show typical wave propagation for
unsuccessful and successful detonation re-initiation cases, respectively. Main dif-
ferences could be identified from the second reflection which shows that an over-
driven detonation wave can always be initiated at the second reflection for successful
detonation re-initiation. Since shock reflection strength directly depends on the
wave speed and the angle (in this case, angles for all the cases are the same 90
degrees), it could be concluded that 1000 m/s is the critical velocity. When the lead-
ing waves before the second shock reflection reach more than 1000 m/s in firing
shot SS73 and SS79, the re-initiations were found all successful through three shock
reflections. In addition to the critical wave velocity, another velocity feature could
also be discovered. It was found that for successful detonation re-initiation, even
though the wave after the second reflection would decelerate, its propagation veloc-
ity fluctuates in a big range. This is probably due to the existence of the multiple
transverse waves generated from the second shock reflection as observed in Fig. 9.8,
which could interact with each other and act as the pulsed impetus to push the lead-
ing wave ahead over and over again.
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5 Stable Detonation

Similar experiments were conducted in the pressure range from 0.3 to 0.7 bar, which
corresponds to the cell width from 20 mm to approximately 7 mm for stable detona-
tion, and velocity information was extracted as well. It was found in Table 9.2 that
only if the initial pressure is higher than 0.51 bar could the re-initiation be success-
ful. To further dig into the details, Figs. 9.16 and 9.17 shows the velocity of Mach
stems after the first, the second and the third reflection in successful and

Table 9.2 Testing conditions of Argon diluted mixtures

Firing Initial pressure Equivalence Ar dilution
number (bar) ratio ratio Re-initiation result
SS66 0.302 1.08 87.9% Unsuccessful
SS71 0.456 1.02 87.9% Unsuccessful
SS65 0.501 1.12 87.7% Unsuccessful
SS67 0.504 0.97 88.2% Unsuccessful
SS81 0.513 1.02 88.0% Successful
SS80 0.532 1.05 87.9% Successful
SS70 0.558 0.99 88.1% Successful
SS69 0.608 0.99 88.0% Successful
SS68 0.700 0.98 88.0% Successful
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Fig. 9.16 The velocity of the front leading waves after three shock reflections in three successful
detonation re-initiation cases. The subscript denotes the wave after certain times of shock

reflections
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Fig. 9.17 The velocity of the front leading waves after three shock reflections in two unsuccessful
detonation re-initiation cases. The subscript denotes the wave after certain times of shock
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the Mach stem velocities after the first reflection are all slower than 900 m/s. Even
though this velocity is only slightly smaller than that of the successful cases, the
second shock reflection failed to induce a reactive Mach stem. The reflection was
shown to be only able to result in a non-reactive Mach stem with the velocity of
approximately 1000 m/s, which is much smaller than the corresponding CJ velocity.
During subsequent propagation, the Mach stem after each reflection was found to
repeat the same velocity variation, changing from 1100 to 800 m/s until the next
shock reflection occurred. Due to such a slow leading shock wave velocity, the
induction time and length would increase significantly. Therefore, the flame and the
leading shock wave were detached with each other all the time which eventually
made it impossible to re-initiate a detonation wave.

Discrepancies Between the Present Study and the Previous
Studies About the Critical Conditions

Except for the cell width which can significantly change the re-initiation results,
channel width was also observed to be an important factor (Murray and Lee 1983;
Polley et al. 2013; Wang et al. 2015). Figure 9.18 shows soot foil results of detona-
tion propagation inside three different vertical channel geometries (30 mm, 20 mm
and 10 mm). Channel with even wider width was not tested as it would lead to deto-
nation spontaneous re-initiation without shock reflection. It was found that when
channel width changes, completely different re-initiation process could take place.
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Fig. 9.18 Soot foil results of detonation re-initiation in other channel geometries

For 10 mm channel width, all detonation shots quenched immediately after an
incoming detonation wave propagated into the vertical channel. When the channel
width increases to 20 mm, the situation changes. For all the seven detonation shots
ran in this geometry, two were found with successful re-initiation and all the other
five were not. Two cases with 20 mm channel width in Fig. 9.18 shows typical suc-
cessful and unsuccessful re-initiation processes. In the unsuccessful case, the soot
foil result looks very similar with that in 10 mm channel except that a noticeable
trajectory from the second reflection exists. When the second reflection occurs, tiny
cells appeared from the reflection location. The cells were found disappeared imme-
diately after shock reflection and the main triple point trajectory also faded out on
the soot foil. For the successful re-initiation case, the first two reflections were also
observed not sufficient for detonation re-initiation. No evident cell structures exist
until the third reflection occurs on the front wall. Very fine cell structures together
with the triple point trajectory of the main reflected wave suddenly become evident
only from the third reflection, indicating that an overdriven detonation was formed
from the third reflection which could instantaneously lead to the final re-initiation.
When further increase the channel width to 30 mm, successful detonation re-
initiation can be found in all the detonation firing shots. According to the cell struc-
tures, the re-initiation pattern was found similar to that in 40 mm channel as shown
in Fig. 9.6. The high resemblance of the re-initiation patterns between 40 and 30 mm
channel width indicates that the same re-initiation mechanisms can probably apply
to this 30 mm channel case.

It should be noted that, even though successful detonation re-initiation can be
obtained from the channel geometries which are wider than 20 mm, this result is not
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consistent with either of the three critical conditions which were summarized by
Murray and Lee (1983); Polley et al. (2013) and Wang et al. (2015). Figure 9.19
shows the summarized criteria. In order to find the reason leading to the discrepan-
cies, we analyze the differences applied in testing conditions and methodologies.
One of the major differences is the length of the vertical channel width. The length
of the present vertical channel is longer than 600 mm, which is almost two times
longer than those utilized by Murray and Lee (1983) and Polley et al. (2013). Since
re-initiation through multiple reflections require a long channel (at least 450 mm
bifurcation channel in two directions according to Fig. 9.6) to achieve, it could be
concluded that the discrepancies may probably due to the insufficient length of the
vertical channel from the previous studies which is not capable for sufficient times
of reflection to take place. To verify the speculation, we also re-evaluated the re-
initiation results at the same vertical channel location (228 mm from the channel
bifurcation) with that used by Polley et al. (2013). Owing to the limited channel
length which could only allow less than two times of reflections to take place, the
successful re-initiation cases as shown in Figs. 9.6 and 9.18 would now be unsuc-
cessful. So it could be concluded that even though discrepancies exist between the
present study and the previous studies, the summarized results are all correct with
respect to the certain geometries confinements.

6 Other Features of Detonation Re-initiation

Influence of the Channel Width to Re-initiation

Another important question to address is to explain why a wider vertical channel
width is more favorable for successful detonation re-initiation. According to the
previous imaging results and the literature (Murray and Lee 1983; Polley et al.
2013; Wang et al. 2015), it can be discovered that longer channel width will lead to
a longer diffraction period before the first reflection which could make the resultant
diffracted wave weaker than that in a shorter channel width. So the result in Fig. 9.19
seems counter intuitive. In order to answer this question, some preliminary detona-
tion transition results have been obtained using deflagration waves as inlet waves. It
was found that the leading shock wave can directly initiate a strong local explosion
before the trailing flame reached the front wall. This is because the reflected shock
wave from the front wall can recompress the mixture in the induction length which
induced an extremely high temperature zone for local explosion. In this case, defla-
gration waves are more likely to cause detonation initiation. So it is reasonable to
speculate that the induction length generated before the first shock reflection is the
deciding factor for detonation re-initiation, rather than the leading shock strength.
In order to further prove the speculation, another two special channels were
designed for experiments as shown in Fig. 9.20. Each of them was designed with an
extrusion into the vertical channel. One has an extrusion of 15 mm into the vertical
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channel which decreases the local channel width to 25 mm, and the other one has an
extrusion of 25 mm into the vertical channel which decreases the local channel
width to 15 mm. The reason for such a design is to decrease the detonation diffrac-
tion period before the first reflection so that to decrease the time for the development
of induction length. At the same time, such a geometry design can keep the same
40 mm channel width at downstream which has been proven to be capable for
successful detonation re-initiation through all the subsequent reflections. Thus the
only parameter that changes is the induction length, which would allow us to evalu-
ate its influence to the re-initiation phenomenon.

Figures 9.21 and 9.22 shows detonation re-initiation results in the new channels
with different extrusion geometries. It can be discovered that when the extrusion
narrows the initial channel width to 15 mm (Fig. 9.21), the re-initiation is unsuc-
cessful even though the downstream channel width keeps 40 mm. When the extru-
sion narrows the channel width to 25 mm which is larger than the critical geometry
identified in Fig. 9.22, the re-initiation was found to be successful again. So accord-
ing to the results, we can conclude that the changes made to the first reflection
(induction length) can determine the re-initiation process, and the induction length
is the main reason why longer channel width is more favorable for detonation re-
initiation. So to summarize the results, we can make a conclusion that the reason
why longer channel width is preferable for detonation re-initiation is due to the
reactive mixture in the induction length. If the channel width is longer than a critical
value, the distance would allow sufficient time for the diffracted detonation to

Decouple shock
First reflection and flame after

the second
reflection

Fig. 9.21 Simultaneous measurement of 25 mm extrusion into the vertical channel in time
sequence
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Fig. 9.22 Simultaneous measurement of 15 mm extrusion into the vertical channel in time
sequence

develop a long induction length which can subsequently contribute to a strong shock
reflection, and thus result in detonation transition at downstream.

Transitional Behavior of Re-initiation from Stable Detonation
to Unstable Detonation

The results obtained experimentally using stable and unstable detonation for re-
initiation show different critical initial pressure and cell size, indicating that single
general criteria regarding the channel geometry and the mixture property may not
be able to apply to two distinct detonation types. So there may exist some re-
initiation mechanism differences when we gradually change the detonation waves
from unstable to stable, and the change may take place either in a gradual way or a
sudden way. In order to investigate the transitional behavior, some experiments
were conducted at various Ar and N, dilution ratios. The testing conditions were
selected based on the linear interpolation of all the parameters including fuel vol-
ume ratio, dilution type and dilution ratio of the two extreme cases (stable and
unstable detonation). Other parameters, e.g. equivalence ratio, ignition energy were
kept the same. The test conditions are shown in Table 9.3.
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Table 9.3 Detonation shots for experiments of re-initiation transitional behavior

Ar/

Firing shot | O,/fuel | fuel N,/fuel |Initial pressure | Results Ar/Ar + N,
SS73 2.99 0 11.26 1 Successful 0
SS74 2.95 0 11.11 0.792 Unsuccessful 0
SS75 2.93 0 11.06 1 0.904 Unsuccessful 0
SS76 2.95 0 11.12 1 0.954 Successful 0
SS77 2.96 0 11.14 1 0.981 Successful 0
SS78 3.03 0 11.43 1.052 Successful 0
SS79 2.97 0 11.18 1.043 Successful 0
SS86 3.06 8.38 8.25 0.8 Successful 0.50
SS87 3.09 8.38 8.43 0.603 Successful 0.49
SS88 3.09 8.27 8.36 0.446 Unsuccessful 0.49
SS89 2.90 7.92 7.72 0.517 Successful 0.50
SS90 2.73 7.42 7.18 0.491 Successful 0.50
SS91 3.14 16.31 529 0457 Successful 0.75
SS92 2.88 14.93 4.87 0.358 Successful 0.75
SS93 2.85 14.96 4.90 0.308 Unsuccessful 0.75
SS96 2.80 20.14 2.77 10403 Successful 0.87
SS97 2.78 19.98 2.71 0.344 Successful 0.88
SS98 2.90 20.97 3.03 0.27 Unsuccessful 0.87
SS99 2.89 20.89 2.89 0.316 Successful 0.87
SS100 2.96 3.295 9.59 0.648 Successful 0.25
SS101 2.93 3.27 9.46 0.546 Unsuccessful 0.25
SS102 2.99 3.30 9.54  0.598 Successful 0.25
SS103 2.93 25.88 1.23 0.399 Successful 0.95
SS104 3.11 27.40 1.30  |0.354 Successful 0.95
SS105 3.10 27.07 1.35 0.303 Unsuccessful 0.95
SS64 2.88 28.89 0 0.301 Unsuccessful 1
SS65 2.67 26.13 0 0.501 Unsuccessful 1
SS66 2.77 27.47 0 0.302 Unsuccessful 1
SS67 3.08 30.60 0 0.504 Unsuccessful 1
SS68 3.06 29.86 0 0.700 Successful 1
SS69 3.02 29.64 0 0.608 Successful 1
SS70 3.02 29.78 0 0.557 Successful 1
SS71 2.94 28.74 0 0.455 Unsuccessful 1
SS80 2.84 28.02 0 0.532 Successful 1
SS81 2.94 29.04 0 0.513 Successful 1

By gradually changing the initial pressure of the various test conditions, success-
ful and unsuccessful detonation re-initiation cases were observed. The experimental
results are plotted in the graph as shown in Fig. 9.23. The vertical axis is the detona-
tion initial pressure and the horizontal axis is the Ar volume ratio as in all the dilu-
tion gases (Ar + N,). We can see that when the dilution gas has less than 75% Argon,
the critical initial pressure for a successful detonation re-initiation decreases with
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Fig. 9.23 Critical initial pressure against different Argon volume dilution ratio for successful
detonation re-initiation

increasing Argon ratio. However, when Argon ratio further increases from 75% to
100%, the critical initial pressure starts to increase. This result suggests that the
critical initial pressure is not decreasing all the way from pure N, dilution to pure
Argon dilution, and there probably exists a sudden change of detonation re-initiation
process when Argon consists 75% of all the dilution gases.

In order to find out the specialty of 75% Argon volume ratio as dilution, another
graph was plotted in Fig. 9.24 showing Argon dilution ratio against the critical
reduced activation energy for successful detonation re-initiation. Here the chemi-
cal kinetics mechanism employed to obtain both shocked state temperature and
induction time for the calculation of reduced activation energy is from Wang and
Frenklach (1997), which has been previously validated by Schultz and Shepherd
(2000) with reasonable accuracy. The constant volume calculation adopted
Shepherd’s algorithm (Browne and Shepherd 2004). We can see that the critical
reduced activation energy decreases from 13.5 to 6 when the argon dilution ratio
changes from 1% to 75%, and then keeps almost constant when further increases
Argon ratio to 100%. According to the calculation of neutral stability curve, we
know that detonation waves become stable when reduced activation energy is
approaching 6 (For Mach number > 3). So we could also conclude that the critical
initial pressure for successful re-initiation decreases with increasing Argon dilu-
tion when detonation waves are in stable range, and would increase with increasing
Argon dilution when detonation waves are unstable. We also analyzed the result
based on the volume percentage of Argon dilution gas in the overall mixture. We
noticed that 75% of Argon in N, and Argon dilution can be converted to approxi-
mately 63% of Argon gas in the whole mixture. This critical number of 63% is
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Fig. 9.24 Critical reduced activation energy against different Argon volume dilution ratio for suc-
cessful detonation re-initiation

consistent with the critical value that has been summarized as the transition point
between regular and irregular structures of detonation waves in the previous stud-
ies (Vandermeiren and Van Tiggelen 1984). It also matches very well with the
discontinuous bifurcation point of detonation failure mechanisms change which
was proposed by Radulescu (2003). Since detonation re-initiation in the present
study is associated with detonation failure, the explanation to the critical value
which was proposed by Radulescu could also shed some light on what we’ve dis-
covered in the re-initiation phenomenon. It was discovered that the critical value of
60% of Argon dilution is due to the sudden detonation dynamics change. According
to the calculation of detonation dynamics length scale values (cell size/reaction
time and cell size/reaction time) at various Argon dilution ratio, it was discovered
that both values change drastically at 60% of Argon. It appears that when the Argon
dilution is below 60%, the length of induction region is proportional to cell width,
which suggests that cell size in this dilution ratio range is better represented by the
induction length. While for Argon dilution ratio of more than 60%, cell width/reac-
tion length becomes constant, indicating that the exothermic region determines the
cell spacing. Such changes of detonation dynamic length scale at 60% Ar dilution
ratio could influence both detonation propagation and failure mechanisms, thus it
is very likely to be responsible for the transitional behavior of detonation re-initia-
tion in the present study.
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Number of Shock Reflections Before Detonation Re-initiation

Even though the velocity change during the whole process could provide us with
some insight about how re-initiation was formed. It remains unsolved how re-
initiation could be achieved even if the waves after each reflection continue decay-
ing to sub-CJ, and why the final re-initiation takes place certain times of shock
reflections instead of at an earlier or later reflection.

Previous attempts have been made to solve the problem. Eckett (2001) investi-
gated the detonation reaction zone structure equation and looked for all the factors
that could affect the propagation of a detonation wave. By analyzing the tempera-
ture reaction zone structure equation for the one-step reaction model, it was found
that the propagation of a detonation wave is essentially controlled by reaction heat
release, the wave curvature and the wave unsteadiness. In 1996, He (1996) proposed
an analytical solution to explain the influence of the leading wave’s curvature to
direct initiation of a self-sustained detonation wave. Through numerical simula-
tions, it was concluded that a detonation wave can only exist if its radius is larger
than the critical value Rc and the velocity larger than the critical value Dc. For a
detonation wave which has a smaller curvature than Rc, the generalized CJ solution
doesn’t exist. So the curved detonation wave will always be weakened by the rar-
efaction wave, thus the wave cannot sustain. By solving the governing equations, a
non-linear curve can be derived as shown below to be the marginal solution curve
for quasi-steady detonation:

D, —-D D, —-D L
(29 C’—]exp(—Zﬁ Y j= 8 = (0 ﬂ} 9.1
Dy, Dy, 1—y R,
The critical velocity and radius point on the non-linear curve exist on the left of
the curve which is exhibited by the above non-linear relation as:

R
< - 8e_2 0 9.2)
L, 1-y
Doz _ L 9.3)
D 20

cJ

Here using the Matlab environment Cantera, the induction length can be directly
calculated based on Shepherd’s algorithm (Browne and Shepherd 2004). Considering
the importance of wave curvature, the leading wave diameter after each reflection
was also measured from the images. We assume that the leading wave after each
reflection has a circular shape. For each image, random three points can be selected
on the leading wave front and then used to determine a circle.



228 L.Lietal.

SSe7
1
0.95 ///_—
0.9
0.85 Possible qualitative trajectory of the
_ 08 leading wave after shock reflection,
= 0.75 starting from small curvature and high
">-- P speed to large curvature and low speed.
Q0.7
0.65
0.6
0.55 a3 a8
0.5
10 100 1000 10000

R/Las
s Critical B@SS67_ 1 ®SS67 2 A SS67 3

Fig. 9.25 Leading wave curvature and velocity of firing shot SS67

Starting from stable detonation waves, Fig. 9.25 plots the wave velocity informa-
tion against the extracted curvature radius from firing shot SS67. Each individual
point in the figure represents the wave curvature and velocity information at one
frame after each shock reflection. Due to the large uncertainties of curvature mea-
surement when the leading wave is small, only radiuses of big front waves were
measured, so only one frame after each shock reflection was chosen. The marginal
solution curve for quasi-steady detonation and the corresponding critical curvature/
velocity point have also been drawn on the graph to show its relative position with
the individual points. Due to the relatively low activation energy of the mixtures, the
lower branch of the marginal quasi-steady state solution does not correspond to
stable detonation regime (He 1996). So here only upper branch was plotted. Point
SS67_1 represents the leading wave of one image frame after the first reflection. It
can be found that when the leading wave was at 90 mm from the horizontal channel
center axis, or alternatively at the location immediately before the second reflection
occurs, it was propagating at 0.55V¢; with a curvature radius of 168L¢;. Based on
Egs. (9.2 and 9.3), the critical velocity and curvature radius are calculated to be
0.926V¢; and 266L;, respectively. So this point locates much below the critical
point of the marginal solution curve. Individual points SS67_2 and SS67_3 repre-
sent the leading wave after the second and the third shock reflection, respectively.
According to the location of the two points, they were both found far below the criti-
cal point. If we assume that the leading wave curvature radius immediately after the
each reflection is small, and it gradually expanded outwards with increasing radius,
then the arrow trajectory which represents the wave evolution on the graph will be
from the region of small radius and high velocity to the region of large radius and
low velocity (and the trajectory goes through the point). As shown in Fig. 9.25, the
trajectory, in this case, could never intersect with the marginal solution curve. Since
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SS67 experimental results indicate unsuccessful re-initiation after each shock
reflection, thus we can see that generally, the analysis based on the marginal solu-
tion curve complies well with the experimental findings.

Then we turn to the successful re-initiation case, e.g. firing shot SS81 as shown
in Fig. 9.26. The wave after the first reflection for each firing shot shows a similar
point far below the critical, indicating that it is impossible to re-initiate a detonation
wave through single reflection. Regarding the second shock reflection, the corre-
sponding point of the wave is very close to the critical point. It is thus difficult to
judge if the wave propagation trajectory could intersect with the marginal solution
curve or not. Some estimations of the trajectory can be conducted. First, we directly
adopted the same way that has been applied by He and Clavin (1994) using blast
wave propagation. Here the wave after each shock reflection is approximated as a
blast wave originating from a point source. According to Taylor (1950) and Sedov
(1946), the leading wave velocity and the curvature radius of such a cylindrical blast
wave can be represented using a hyperbola function. So based on one existing point,
the trajectory can be drawn as shown in Fig. 9.26 which intersects with the marginal
solution curve after the second shock reflection. In order to see if the prediction of
the trajectory curve is accurate, more direct measurements of the images on the
curvature radius and the velocity were conducted and the other trajectory is then
predicted. Due to the chemical reactions behind the leading shock which can result
in relatively slow velocity decrease during propagation, it was found that the real
trajectory is quite different from the prediction based on blast wave. One major dif-
ference from the previous prediction is that the real trajectory based on velocity and
radius measurement does not intersect with the marginal solution curve. This result
complies with the experimental images which indicate that successful re-initiation
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Fig. 9.26 Leading wave curvature and velocity of firing shot SS81
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under this test condition is only successful after the third reflection. So we could see
that the prediction using blast wave may not reflect the real wave propagation due to
the trailing combustion reactions.

Since predicting detonation re-initiation can be taken as the same process of
evaluating if the waves generated after each shock reflection can be self-sustained
separately, the quasi-steady solution need to be applied to each of the waves from
shock reflections, and see if the trajectory of each wave during development and
further propagation can intersect with the marginal solution curve. Even though the
re-initiation process in the present study is different from the direct initiation of
detonation in (He 1996), we can still simplify it as a detonation initiation process
from a diffracted detonation wave with multiple sudden energy inputs through
shock reflections. So a similar and qualitative graph in Fig. 9.27 with respect to the
wave curvature radius and leading shock wave velocity based on firing shot SS81
can be plotted to illustrate the process. It shows that the marginal solution curve can
be used to predict the re-initiation process.

Another example of detonation shot SS68 is shown in Fig. 9.28. The test condi-
tion is similar to that of SS81 except for the higher initial pressure of 0.7 bar. Due to
such a high initial pressure, the cell width would become smaller which is more
favorable for detonation re-initiation, thus fewer times of shock reflection would be
needed for successful detonation re-initiation. According to Fig. 9.28, the analysis
based on blast wave prediction and real image measurements was conducted. We
can see that both trajectories which represent the second shock reflection intersect
with the marginal solution curve. So it suggests that only two times of shock
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Fig. 9.27 Illustration of successful re-initiation based on marginal solution curve
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Fig. 9.28 Leading wave curvature and velocity of firing shot SS68

reflection would be required to achieve successful detonation re-initiation at 0.7 bar
initial pressure. It also complies well with the experimental results which shows a
much smaller gap between the leading shock wave and the trailing flame after the
second shock reflection.

So from the firing shot near the critical condition, we see that the one-dimensional
quasi-steady model for detonation can perfectly explain the re-initiation phenome-
non of stable detonation waves after each shock reflection. As for unstable detona-
tion waves, the same experimental measurement regarding the curvature and radius
can also be conducted. One successful re-initiation case of SS73 is shown in
Fig. 9.29. The curvature radius was measured to be far smaller than the critical
radius 1056L¢;. From the second reflection, the local velocity after the second
reflection reaches the critical velocity of 0.96V ;. After the second shock reflection
on the wall, the curvature radius was very difficult to measure because the whole
Mach stem is no longer an arc shape. Due to the existence of the multiple transverse
waves which could greatly result in big local velocity fluctuations, the curvature of
the Mach stem is not a constant throughout the curve. So it is difficult to use the
quasi-steady solution to correlate with the experimental results. Neither can we
determine the validity of this method to unstable detonation waves. One point to
note for this method is that it is based on one-dimensional instability theory, which
doesn’t take multi-dimensional effect into account. For highly unstable detonation,
the multi-dimensional disturbance may become more important which was not
accounted for in the method. Besides, the intrinsic unsteadiness effect from the
unstable detonation front can induce additional failure to the detonation wave which
dominates the quenching mechanism (He 1996; He and Calvin 1994).
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Fig. 9.29 Leading wave curvature and velocity of firing shot SS73
7 Conclusions

Detonation re-initiation through multiple shock reflections has been investigated in
the present study as it has wide applications in industrial explosion hazard preven-
tions and propulsion applications. The present study is conducted to explain the
discrepancies between the previous similar studies, reveal the corresponding re-
initiation mechanisms and find the influence of geometry confinement and mixture
properties to the re-initiation phenomenon. The research methodology is mainly
based on optical measurement techniques, including Schlieren photography, PLIF,
open shutter photography and other non-optical measurement technique to provide
a clearer visual of the detailed re-initiation processes from several different perspec-
tives. Numerical simulations are also applied to reveal more details.

Due to various propagation mechanisms, the corresponding re-initiation mecha-
nisms for the stable and the unstable detonation waves can also expect to be differ-
ent. According to the optical measurement of the multiple reflected re-initiation
phenomenon using unstable detonation waves, it was found that the second last
reflection is the most critical for re-initiation instead of the last reflection. This is
because, during the second last reflection, a train of multiple transverse waves can
be generated. They were observed to reflect back from the wall, interact with one
another and form the cellular shaped structures which resemble the transverse waves
in a typical detonation wave. Besides, a transverse wave multiplication mechanism
was discovered to play an important role to assist re-initiation. Velocity information
extracted from high speed images revealed a critical velocity of 1000 m/s of the
wave before the second shock reflection for successful re-initiation. This critical
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velocity is acting as a threshold below which the multiple reflections cannot pro-
gressively accelerate the wave and achieve detonation.

Re-initiation of stable detonation was observed to be similar with that of unstable
detonation. A critical velocity threshold of stable detonation waves was identified to
be 900 m/s for successful detonation re-initiation. The successful re-initiation was
also found characterized by a transverse detonation after the second shock reflec-
tion. Some differences can be observed based on the experimental results. It was
discovered that the transverse waves’ interactions were not evident in this case. No
velocity fluctuations exist during the propagation of the waves.

Except for the extreme cases of stable and unstable detonation waves, more
experiments were conducted in between to investigate the transitional behavior of
detonation re-initiation. It can be concluded that there exists a critical condition in
which a sudden change of critical initial pressure occurs at Argon dilution ratio of
75%. This value is found consistent with other previous studies, which can be
explained by the sudden change of the detonation dynamics between stable and
unstable detonation at this value of dilution. To reveal the reason why re-initiation
is always achieved through certain times of shock reflections, a marginal solution
curve which is based on quasi-steady solution of detonation was found able to give
areasonable explanation. Through analysis, it shows that re-initiation can be simpli-
fied as several detonation initiation problems after all shock reflections. It has been
proven that the last shock reflection for successful re-initiation always corresponds
to the trajectory which crosses the marginal solution curve for the first time.

Regarding the influence of the geometry confinement dimensions to detonation re-
initiation, it is discovered that a wider channel width is preferable for detonation re-
initiation. Even though the wider gap between the channel walls would allow a longer
time for the leading wave to quench, it is, in fact, the highly reactive mixture in the
induction zone which could facilitate the shock reflection by inducing a strong reactive
Mach stem and thus finally induce detonation transition. The length of the bifurcation
channel can also affect the re-initiation phenomenon. As certain times of shock reflec-
tions are required for successful re-initiation, a bifurcation channel with insufficient
length would affect the re-initiation by limiting the overall reflection times, thus a case
which is supposed to be a successful re-initiation case would be interpreted as unsuc-
cessful. This is found to be the main reason leading to the discrepancies of the previous
similar studies. If taking this factor into consideration, the previous summaries of the
critical conditions for successful re-initiation could now comply well with each other.
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2016 International Workshop on Detonation
for Propulsion: Panel Discussion

The details of the Panel Discussion after the 3 days of workshop are described
below. Chiang Juay Teo (National University of Singapore, Singapore) chaired this
panel and the panel comprised Kailas Kailasanath (Naval Research Laboratory,
USA), Piotr Wolanski (Institute of Aviation, Poland), Matthew Fotia (Innovative
Scientific Solutions Inc., USA), Christopher Stevens (Innovative Scientific Solutions
Inc., USA), Kenneth Yu (University of Maryland, USA), Jiro Kasahara (Nagoya
University, Japan), Christopher Brophy (Naval Postgraduate School, USA), Jian-
Ping Wang (Peking University, China), Boo Cheong Khoo (National University of
Singapore, Singapore), Jeong-Yeol Choi (Pusan National University, Korea), Pierre
Vidal (Institute Pprime. France), Nobuyuki Tsuboi (Kyushu Institute of Technology),
Akiko Matsuo (Keio University, Japan), Bing Wang (Tsinghua University, China),
Ken Matsuoka (Nagoya University, Japan), Po-Hsiung Chang (National University
of Singapore, Singapore) and Jiun-Ming Li (National University of Singapore,
Singapore).

Piotr Wolanski: In the PDE, we are basically moving to direct propulsion, like
What Jiro Kasahara is doing on the real application for attitude control system, a
very excellent example of application of the PDE. Here one has to understand the
benefit of low pressure supply and relatively high specific impulse in PDE. I also
noted the direct propulsion of PDE still needs a lot of further research. On the other
hand, on the RDE, we have more or less basically understand the nature of the rotat-
ing detonation. The rotating detonation is actually getting more attraction from the
researchers whatever for application in direct propulsion, rocket and ramjet or oth-
erwise. Now, we are moving also to more practical things. Of course, the Workshop
has seen some presentations, like Jimmy (Jiun-Ming Li) on the application of jet
fuel which is very essential and basic because we can apply hydrogen and oxygen
in rocket for the momentum generation but not in the air-breathing propulsion. For
the air-breathing propulsion, we do need to develop very efficient system for mix-
ing. Still, we also have to look at other important part as shown in Kailas’s presenta-
tion, with the calculation by the researchers from American, is very encouraging
and supporting about the efficiency. And in this regard lies the importance of heat

© Springer International Publishing AG 2018 237
J.-M. Li et al. (eds.), Detonation Control for Propulsion, Shock Wave and High
Pressure Phenomena, https://doi.org/10.1007/978-3-319-68906-7


https://doi.org/10.1007/978-3-319-68906-7

238 2016 International Workshop on Detonation for Propulsion: Panel Discussion

exchanger in long duration propulsion. I surmise that there are many more questions
to be addressed. That would need everyone contributions. Thank you.

Chiang Juay Teo: I think one of the main challenges is to use liquid fuel for
RDE. Thus far, we haven’t seen the presentations of liquid fuel, like jet fuel, for
RDE. Most of the interest centered on gaseous fuel. So, does anyone have any com-
ments for challenges and application?

Kailas Kailasanath: In the discussion of the research community for past years,
it used to that we have few works carried out in the pressure, velocity of injection
system or efficiency of injection system. I was kind of surprised that there is no
discussion about the efficiency of injection system. Is it because it is a solved prob-
lem? Seems the Workshop won’t talk about that.

Piotr Wolanski: You (Kailas) mentioned a very important problem we got. During
the last workshop in Beijing, we got some research work on pressure gain and appli-
cation efficiency for hydrogen and air. At least, our research provides not only prac-
tical, but also fundamental evidences. So, there are more and more evidences to
support our research. I know it is not easy. But of course, we have to optimize the
injection system and try to minimize the pressure loss in the system arising from the
injection. Kailas is right, the pressure gain is one of the most important issue to be
addressed.

Matthew Fotia: Getting a rotation detonation engine to work, just to detonate
doesn’t seem to be the only problem. Now, it is taking about the rotating engine and
the point to build a device, inclusive of incorporated components. That is the thing
what temperature it goes to the materials. How could you be close the propulsion
cycle to delineate whatever combustion system you have in combustors, and what
application you aim (major applications in the gas turbine and ramjet) and then you
can tailor the geometry based the application. We can see many inlet systems but
they are application dependent. Each one has a solid different set of heat drivers and
you can tailor the combustion technology and get it close the available engineering
systems.

Christopher Stevens: It is very well to see different injection systems in different
applications. It looks different when you use air as your oxidizer. You get the air
from the compressor in the case of gas turbine or get the air from ram intake in the
case of ramjet. The homogeneity of course is important for all the gaseous mixtures.
As for liquid fuel, the homogeneity must be at best situation I guess.

Jiro Kasahara: The RDE is a huge system in totality. For the next step of research,
I think the injection system is the most important part to get more pressure gain. I
feel we should concentrate at the injection modeling, including liquid phase and
heat transfer.

Christopher Brophy: There is one advise for injection modeling for CFD and
some experiments. I think the aerodynamics near the injection system in the engine
is important”. The injection is a dynamic chocking system and the dynamic/static
conditions upstream and downstream and the corresponding mass rate are changed
dynamically. When you do the experimental works, putting the diagnostics near the
injection is extremely important. We can understand what happen actually for the
engine as capturing these dynamic changes upstream and downstream.



2016 International Workshop on Detonation for Propulsion: Panel Discussion 239

Chiang Juay Teo: Any comments for those of CFD?

Kailas Kailasanath: What we need is a good mixing model but mixing model is
one biggest challenge.

Jian-Ping Wang: In this Workshop, we have seen great progress. There are some
different ongoing projects, such as fundamental research, CFD, experiment and
application. However, there are a lot of unknown fundamentals. For example, from
the view of the CFD, we don’t have significant experimental results for comparison.
Now most studies apply non-uniform injection and we indeed have more thrust and
specific impulse than conventional engines, but shall get higher benefits. We may
need to make more efforts to get the engine to work more efficiently.

Boo Cheong Khoo: In the CFD part, the mixing part is quite important. The other
part is that even for the simulation we need a fairly long time to simulate. We hope
to see more; I mean on the use of model order reduction (MOR) to cut down the
number of computations. One big challenge is on the shock front to reduce the num-
ber of modes as in the MOR to represent. For the combustion wave front, the model
reduction is quite good means to cut down the numbers of calculations. However, in
the detonation, the biggest challenge is the required MOR modes to represent effec-
tively the shock front. This is something for the CFD community to focus on.

Jeong-Yeol Choi: This is a chance for us to have a good discussion. The work-
shop pushes us to move on and make us work better than previously. Direct com-
parison between constant pressure combustion and RDE in numerical and
experimental methods is very important. An example is Wolanski’s attempt to
replace/substitute the constant pressure combustor of the RDE in a gas turbine. If
his test is successful, we can get the direct comparison at the system level.

Piotr Wolanski: I will encourage everybody to make the contribution as also
agreed in the previously meeting that you would like to publish. I will also encour-
age people to write the paper and submit it to Jimmy (Jiun-Ming Li). Now we have
to move on to the next workshop. We already heard from the Pierre. He volunteers
to organize the next meeting.

Pierre Vidal: The organization community will be established soon. The meeting
would likely to be taken place in September. The precise date will be decided as
soon as we can.

Boo Cheong Khoo: Once again thank you for taking time to attend this work-
shop. Definitely one very important challenge ahead is to get the RDE working
much better to attract commercial interest.
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