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Preface

Hypersonic aircrafts that can fly at a speed above Mach 5 have revolutionary
applications in national security and space exploration, and thus the development of
hypersonic aircrafts has been regarded as ‘highest technical priority’ in many
countries. Supersonic combustion ramjet (Scramjet) engines are the optimal
propulsion system for hypersonic aircrafts within the atmosphere.

In the combustor of a Scramjet engine, the injected fuel experiences atomization,
evaporation and mixing processes in an extremely short period of time, which
significantly affects the subsequent combustion process. In addition, chemical
reactions and heat release occurring in a supersonic and high-enthalpy stream
during the combustion process also result in intense combustion instabilities. As a
result, the combustion process in the Scramjet engine is a highly unsteady phe-
nomenon. There are many issues affecting the unsteady supersonic combustion, and
the characteristics of the unsteady combustion still need to be investigated, such as
flow instability, acoustic oscillation, ignition and flame limit dynamic issues. Owing
to great significance of both scientific research and engineering-related applications,
unsteady supersonic combustion has attracted more and more attention among
researchers and engineers.

Science and Technology on Scramjet Laboratory at National University of
Defense Technology has carried out a huge amount of studies on fuel injection,
mixing and combustion in Scramjet combustors, which significantly promotes the
development of Scramjet engines in China. This book summarizes the research on
unsteady supersonic combustion that has been carried out by our group in the past
15 years, and presents many state-of-the-art results and analyses in this subject.

The book is aimed at graduate students majoring in aeronautical and aerospace
engineering, as well as researchers and engineers working in design of Scramjet
engines. The prerequisite knowledge includes fluid mechanics, combustion prin-
ciples, and computational fluid dynamics.
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This book describes the unsteady phenomena for understanding the supersonic
combustion. It is organized into six chapters. Chapter 1 introduces the basic
thoughts and classical studies in the unsteady supersonic combustion fields. In
Chaps. 2–6, the recent studies of the unsteady supersonic combustion are described,
including interactions between acoustic wave and flame, flow dominating insta-
bility, ignition instability, flame flashback and combustion near blowout limits.

Changsha, China Mingbo Sun
Hongbo Wang

Zun Cai
Jiajian Zhu
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Yk Mass fraction of the component
Yreact Fuel mass fraction mixed in a proportion that can react
Ystoic Fuel stoichiometric mass fraction
YP;RZ Mass fraction of combustion products in the cavity recirculation

zone

Nomenclature xix



DH Reaction heat
DT Temperature rise
DTst Stoichiometry temperature rise
SL Laminar burning velocity
ST Turbulent burning velocity
Da Damkohler number
St Strouhal number
u0 The velocity for acoustic admittance
p0 The pressure fluctuations for acoustic admittance
q0 Density fluctuations
_m0 Mass flow rate fluctuations
_m0
f Fuel consumption rate fluctuations

_m000
f Rate of change in mass volume caused by fuel injection due to

chemical reaction
u0 Velocity fluctuations in x direction
x0 Flame position pulsation
_Q Overall heat-release rate
_m Mass flow rate of the fuel/air mixture at a given axial location
_mf Fuel consumption rate
_xf Mass generation rate w of chemical reaction
_xk Net mass production rate of component k in the unit volume
�a Mean speed of sound
�_mf Mean fuel consumption rate fluctuations
�_m Mean mass flow rate
�p Mean pressure
�c Mean specific heat ratio
a Speed of sound longitudinally averaged between the shock and

flame
u Velocity in x direction longitudinally averaged between the shock

and flame
�M Mean Mach number
M Mach number longitudinally averaged between the shock and

flame
FluxHRR Non-dimensional heat release rate
uCJð Þdeflagration Chapman-Jouguet deflagration speed
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Chapter 1
Introduction

Supersonic combustion in a scramjet engine has been investigatedwidely for decades
[1].With digging deeper into the supersonic combustion issues, the hot spot has been
shifted gradually from quasi-steady state such as flame stabilization to unsteady state
such as combustion fluctuations. Nowadays, unsteady supersonic combustion and its
control strategy pose a big challenge for real scramjet engine applications.

In the supersonic combustor, chemical reaction and heat release occur in a high-
speed and high-enthalpy stream, resulting in the intense combustion unsteadiness.
There are many issues affecting the unsteady supersonic combustion that need to be
investigated. Themechanisms of the unsteady supersonic combustion can be roughly
divided into five categories based on the dominating factors, i.e., the interactions
between acoustic wave and flame, flow dominating instability, ignition unsteadiness,
flame flashback, and near-blowout combustion.

The combustion generally emerges in the subsonic regions generated by the flame-
holder in the combustor. In the subsonic region, acoustic waves can propagate freely
upstream and affect the mixing and reaction process. Once the acoustic waves couple
with the heat release processes, the thermo-acoustic instabilities could be induced in
the combustion.

Due to the pressure rise in the combustion region, boundary layer separation
generally occurs upstream, and the shock train is also induced. Oscillations of the
shock train along with the separated regions dominate the flow in the combustor and
change the mixing and reaction conditions. The intrinsic unsteadiness in the flow
field could become a certain cause of unsteady combustion.

Ignition is a transition process from the unreacted state to the consistently reacted
state. As the beginning phase of combustion, it is vitally important to the combustion
instability. The forced ignition methods are widely used in the scramjet combustor,
and the influencing factors still need to be investigated. Under certain conditions,
auto-ignition is significant and also affects both the ignition process and the consis-
tently reacted state. Thus, the effects of the ignition on combustion instability deserve
particular attention.
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During the combustion, transient flame flashback was observed under some occa-
sions. The flow conditions rapidly change in the combustor when flame flash-
back emerges. It is an important sub-process of the combustion oscillation. The
flame flashback is a complex unsteady combustion phenomenon coupled with
deflagration–detonation transition, boundary layer separation, and thermal choking.

When the flow condition is near the blowout limits, the combustion charac-
teristics are concerned specially and important for understanding the instability
mechanism. The combustion instability is observed remarkably increasing when
the flow condition approaching the blowout limits. These unsteady phenomena are
frequently encountered and closely related to the combustion dynamics in supersonic
combustors. They raise a great challenge in organizing the supersonic combustion.

This book describes the unsteady phenomena for understanding supersonic com-
bustion. It is organized into five chapters. This chapter introduces the basic thoughts
and important researches in the unsteady supersonic combustion. In Chaps. 2–5, the
recent studies of the unsteady phenomena are described; such as the interactions
between acoustic wave and flame, flow dominating instability, ignition instability,
flame flashback, and near-blowout combustion.

1.1 Interactions Between Acoustic Wave and Flame

In many low-speed combustion systems, acoustic waves can be easily excited and
sustained in the confined volume, and the frequency ranges of high-amplitude pres-
sure oscillations are close to those of the natural acousticmodes in those systems. The
high-amplitude pressure oscillations arise from the feedback loop between acoustic
waves and unsteady heat release. It is a common assumption that acoustic waves
cannot travel upstream in a supersonic flow, and any flow oscillations arising in the
flame zone will simply travel downstream and exit from the engine without forming
the feedback loop required to sustain combustion and flow instabilities. However,
there are various subsonic flow regions in scramjets. In these subsonic flow regions,
the acoustic wave can propagate towards upstream and lead to unsteady combustion
ultimately. So, researches on oscillatory phenomena andmechanisms about thermoa-
coustic instabilities with experiment or numerical simulation play a decisive role in
the development of supersonic combustion systems.

Before introducing the acoustic vibration modes of the combustion chamber, it is
necessary to give a brief review and description of the related concept of the acoustic
wave and acoustic oscillations.



1.1 Interactions Between Acoustic Wave and Flame 3

1.1.1 Fundamentals of the Coupling Between Acoustic Wave
and Combustion Process

The coupling between the acoustic wave and combustion process was discovered by
Higgins in 1777.Many researches have been carried out to investigate themechanism
of the coupling between the acoustic wave and the combustion process.

Rayleigh criterion [2], as an universal explanation for the coupling between acous-
tic wave and combustion process, is used in many theoretical researches on ther-
moacoustic instabilities in combustion systems. The criterion replaces the burning
process by a hypothetical heating process, and the combustion process is simplified
to an interaction of heat release and acoustic field.

Rayleigh criterion gives the condition for thermoacoustic instability and is
described as the following equation:

¨
V
p′(x, t)q ′(x, t)dtdV ≥

¨
V

∑

i=1

Li (x, t)dtdV (1.1)

where p′(x, t) is the pressure fluctuations, q ′(x, t) is the heat release fluctuations,
Li (x, t) is the energy loss of acoustic wave. The unsteady heat release delivered
energy to acoustic filed is not necessarily to bring sustaining instability. Only when
the rhythms of working fluids movements and fluctuations are in accordance with
thermal processes, will the thermoacoustic oscillations be held.

TheRayleigh criterion shows the coupling between acousticwave and heat release
fluctuations. However, a variety of complex physical processes may be involved in
the combustion process. Some of the interactions during the coupling between the
acoustic wave and combustion process have been given in Fig. 1.1. It is important to
understand the elementary processes of interaction between combustion and waves

Fig. 1.1 Elementary
processes: a unsteady
strained diffusion flame,
b unsteady strained
premixed flame, c premixed
flame/vortex interaction,
d equivalence ratio
perturbation interacting with
a premixed flame,
e acoustically modulated
conical flame, f acoustically
modulated V flame, and
g perturbed flame interacting
with a plate [3]
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Fig. 1.2 Phase-averaged flame surface density image sequence under strong acoustic forcing [4]

or flow perturbations (acoustics, convective modes, injection inhomogeneities, etc.),
which may become driving or coupling processes under unstable conditions. In this
section, the influence of vortex (flow instabilities) and injection inhomogeneities will
be introduced.

Experiments and theoretical analysis indicate that certain types of instabilities
in lean premixed combustors may be driven by perturbations in the fuel and air
ratio. This is illustrated here by assuming that pressure oscillations in the combustor
interact with the fuel supply line and change the fuel flow rate. A positive pressure
excursion produces a decrease in the fuel supply at a later instant. This causes a
negative perturbation in the equivalence ratio, which is then convected by the flow
to the flame zone. The interaction may also take place with the air supply, and
this will also affect the equivalence ratio. The fluctuation of the equivalence ratio
leads to a fluctuation of the heat release, and if the fluctuation of heat release is in
phase with the pressure oscillation, energy may be fed into the resonant acoustic
mode involved in the combustion process. Vortex structures drive various types of
combustion instabilities, and the evolution of the vortex in one period can be observed
in Fig. 1.2. In many premixed systems, the ignition and delayed combustion of
these structures constitute the mechanism that feeds energy into the oscillation. The
process involves at least two distinct mechanisms. In the first, the flame area is
rapidly changing in the presence of a vortex, and the change of the flame area leads
to a fluctuation of heat release. In the second, the vortex interacts with a wall, or
another structure, inducing a sudden ignition of fresh material. Rollup by a vortex
often controls the mixing of fresh gases into the burning regions, and this determines
the unsteady rate of conversion of reactants in the flow and the amplitude of the
pressure pulse resulting from the vortex burnout. The fluctuation of heat release will
feed back to the combustion process, and the unsteady combustion will be intensified
if these processes are in phase with the pressure fluctuation.
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1.1.2 Classification of Combustion Instability Related
to Acoustic Wave

Historically, the combustion instabilities are classified according to their frequency
range, but between the so-called low frequency, intermediate frequency and high
frequency, there is no clear borderline.

1.1.2.1 Low-Frequency Instability

The frequency of low-frequency combustion instability is usually below 200 Hz,
mainly caused by the coupling of the combustion process in the combustion cham-
ber and the flow process of the propellant feed system, and it is usually related to the
ignition quality and injection speed of the propellant entering the combustion cham-
ber. Ignition quality includes ignition delay time, flame propagation speed and flame
stability characteristics. Combustion chamber, the scale of the propellant pipeline and
the flow rate and mixing ratio of the propellant have a key role in the low-frequency
oscillations. Coupling of the combustion process and the injector structure can also
cause low-frequency instability: injector may work like a diaphragm, and produce
an “Oiler”-type oscillation, causing inhomogeneous propellant injection and atom-
ization, resulting in low-frequency instability. Some other situations can also result
in the coupling between the combustion (or chamber pressure) and structure system
and cause low-frequency instability. For example, the perturbation of chamber pres-
sure makes the cooling jacket bend, causing pressure oscillations of the propellant
contained in the cooling jacket. This coupling can lead to low-frequency instability.

When low-frequency combustion instability occurs, the wavelength of the gas
oscillation is usually much larger than the characteristic length of the chamber or
the supply system. Therefore, it can be considered that, the pressure oscillation of
combustion chamber is uniformly distributed in any instantaneous, and it can be seen
as the oscillations of the whole gas field in the combustion chamber; Meanwhile,
the pipeline of propellant supply system or liquid collection chamber also exhibits
oscillations. This instability is often a sine wave with low amplitude at the beginning,
and then developed linearly into a higher amplitude.

In different types of combustion instabilities, low-frequency instability is prob-
ably the easiest one to deal with from a viewpoint of theoretical and experimental
analysis or development. From the standpoint of theoretical analysis, the combus-
tion chamber can be simulated by using a concentrated volume element, and the
combustion is represented by a simple constant time delay, the resistance of pro-
pellant supply system is neglected, although the inertia and capacity of the supply
system may be important in the analysis. Combustion time delay is defined as: the
time required for the liquid propellant to be completely vaporized and consumed.
An experiential average value can often be obtained for each propellant. The time
delay usually referred to is the flight time of the component with the worst volatility
from the injector surface to the impinging point. Because it is a major part of the
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total time delay. Methods to eliminate low-frequency instabilities include increasing
the injector pressure drop, increasing fluid inertia, as well as reducing the volume of
the combustion chamber, and so on. For approaches used to change the time delay,
some are successful, but some are problematic since they may degrade system per-
formance or cause high-frequency instability though they can successfully eliminate
low-frequency instability.

1.1.2.2 High-Frequency Instability

High-frequency instability is a result of combustion processes coupled with the com-
bustor acoustic oscillations, also known as resonant combustion or acoustic insta-
bility. The oscillation frequency is usually above 1000 Hz. When high-frequency
combustion instability occurs, for the measured dynamic pressure in the combustion
chamber at different locations, the relationship between the oscillation frequency
and the phase of each point is often consistent with the natural modes of acoustic
modes of the combustion chamber. Thus, according to the acoustic characteristics
of the combustion chamber, high-frequency instability can be divided into the axial
(longitudinal) or horizontal (radial and tangential) mode. The above various modes
of high-frequency combustion instability can be divided according to their order of
resonance into the first-order vibration mode, the second-order vibration mode, etc.,
such as first-order radial vibration mode, second-order longitudinal vibration mode
and third-order tangential vibrationmode. The heat release rate varies when the flame
is under different vibration mode, which can be observed from Fig. 1.3.

Fig. 1.3 Flame cross-sectional intensity profiles extracted from time-averagedOH* images during;
a off-resonance, and b 1T mode excitation [5]
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For the mechanism of high-frequency instability, current points of view include:
ignition time lag, sensitive chemical time lag, physical time lag, detonation pro-
cess, the changes of chemical reaction rate caused by the fluctuations of pressure
or temperature, the “explosion” when the droplets are heated to beyond its critical
temperature and critical pressure, and the jet flow, liquid fan or the crushing and
mixing of liquid droplets.

To maintain high-frequency instability, firstly, there must be an oscillating energy
to maintain the high-frequency instability of liquid rocket engine. The energy comes
from the combustion of the propellant; secondly, the oscillation energymust be added
at appropriate time phase related to oscillating pressure. Therefore, the methods to
eliminate high-frequency instability usually have two categories: (1) change pro-
pellant spray combustion field or pressure wave characteristics, so that the energy
released by the combustion fluctuations is less than the oscillation energy required
to maintain oscillation, such as baffle devices; (2) change the dynamic energy loss
or damping, making it greater than the energy obtained from combustion response,
such as various different types of damping devices.

1.1.2.3 Intermediate-Frequency Instability

Intermediate-frequency combustion instability is the oscillation caused by the cou-
pling between the combustion process in the combustion chamber and a portion
of flow processes of the propellant supply system. The frequency range is usually
200–1000 Hz, lying between high and low-frequency oscillations.

When intermediate-frequency combustion instability occurs, it is often accom-
panied by a gradually increased combustion noise with a specific frequency, and its
amplitude increases slowly. Besides the gas oscillations, fluctuations usually appear
in the propellant supply system, the frequency and phase of gas oscillation are not
consistent with the inherent acoustic modes of the combustion chamber, which is dif-
ferent from the high-frequency combustion instability. On the other hand, it is also
different from the low-frequency combustion instability. Because its frequency is
slightly higher, the wavelength of gas oscillation is close to or slightly larger than the
characteristic length of the combustion chamber, so fluctuations in the combustion
chamber and the supply system pipeline cannot be ignored; The pressure oscillation
in combustion chamber will change spatially, and cannot be seen as a whole gas field
like that in low-frequency combustion instability. Intermediate-frequency combus-
tion instability may lead to oscillations of the propellant mixture ratio and decrease
of engine performance.
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1.1.3 Acoustic Induced Combustion Instabilities
in Supersonic Flows

The experiencewith airbreathing propulsion systems and rocket engines suggests that
combustion instability coupled to thermoacoustic may present an important obsta-
cle in the development of scramjet engines. It is a common assumption that acoustic
waves cannot travel upstream in a supersonic flow, any flow oscillations arising in the
flame zone will simply travel downstream and exit from the engine without forming
the feedback loop required to sustaining combustion and flow instabilities. In reality,
with an experimental investigation, Stamp et al. [6] have found that acoustic waves
can propagate upstream in various subsonic-flow regions and a scramjet combustor
may be susceptible to acoustic-feedback type self-sustained combustion instabilities.
Besides, the interactions between injector flows, shock waves, and boundary layers
have strong unsteady characteristics and may cause instabilities in a supersonic com-
bustor. The Acoustic-convective feedback loops in supersonic flow have been given
in Fig. 1.4. Cavity flameholders increase the resonance of a sound and may introduce
additional oscillation mechanisms to the combustor. The cavity-induced oscillations,
on the one hand, can enhance the fuel-air mixing. On the other hand, they couple the
internal and external regions, making the cavity flow fields highly complicated and
even causing combustion instabilities [7].

Choi et al. [9, 10] carried out a comprehensive numerical analysis for both non-
reacting and reacting flows in a scramjet engine combustor with and without a cavity.
The results showed a wide variety of phenomena resulting from the interactions
between the injector flows, shock waves, boundary layers, and cavity flows. Flow
oscillations caused by the cavity overrode those induced by the interactions between
shock waves and boundary layers, the captured high-frequency oscillations were
associated with the cavity and flow unsteadiness. However, further investigations are
required to achieve a better understanding of detailed fluid and flame dynamics and
acoustic characteristic in a scramjet combustor.

Ma et al. [11] observed the low-frequency oscillations at 100–160 Hz for liquid
JP-7 fuel and 300–350 Hz for gaseous ethylene in a dual-mode scramjet by using
frequency pressure sensors. The low-frequency oscillations for liquid JP-7 can be
observed in Fig. 1.5. A quasi-one-dimensional model to simulate the main features
of the oscillatory flow fields in both the isolator and combustor was established,
and the flow oscillations were reproduced by the numerical results. The mechanism
responsible for driving flow oscillations was identified as the acoustic-convective

Fig. 1.4 Acoustic-convective feedback loops [8]
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Fig. 1.5 Typical pressure power spectrum inside a scramjet combustor with liquid JP-7 fuel [11]

interactions between the fuel injector and the flame zone. Li et al. [12] carried
out three-dimensional simulation of the ethylene-fueled scramjet combustor inves-
tigated by Ma et al. [11]. The results displayed the oscillations of the flame and fuel
distribution.

Lin et al. [13] investigated acoustic oscillation instabilities inside an ethylene-
fueled supersonic combustor with a recessed cavity flameholder. The schematic in
Fig. 1.6 shows the flow-path with key combustor features identified. Under vari-
ous flow conditions and flameholder geometries, the acoustic signals were recorded
by high-speed pressure transducers positioned at the base and downstream of the
cavity flameholder. The effects of fuel/air equivalence ratio, fueling scheme, cavity
length, and simulated flight conditions on the stability characteristics of the com-
bustor were examined systematically, and the results of the pressure oscillations for
various fueling schemes and equivalence ratios can be observed in Fig. 1.7. In order

Fig. 1.6 Schematic of the combustor flowpath and key interior features (AT, Air throttle; HP, High-
speed pressure transducer; I-1, Body side first row 15° gaseous injectors; I-2, Body side second row
15° gaseous injectors; I-3, Cowl side first row 15° gaseous injectors; I-4, Cowl side second row 15°
gaseous injectors; PL, Pilot fuel injectors; SP, Spark plugs) [13]
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Fig. 1.7 Frequency spectra of pressure oscillations for various fueling schemes and equivalence
ratios [13]

to explain these observed frequencies characteristic, three prospective mechanisms
were identified in Lin’s research [13].

The first and second mechanisms were concerned with the coupling between
the terminal shock and flame zone. The shock-flame acoustic feedback loop was
established by the upstreampropagation of acousticwaves produced in the combustor
and the interaction of these acoustic disturbances with the shock wave in the isolator.
Then the perturbations traveled downstream as acoustic or entropy waves, enhancing
the unsteady combustion in the flame zone.

The third mechanism described the interaction of acoustic waves and fluctuation
happened in the region between the fuel injection and flame zone, where disturbances
from the flame zone propagated upstream and caused an airmass flow-rate oscillation
in the fuel injection region. For comparison, someacoustic admittance equationswere
used to estimate characteristic times and corresponding oscillation frequencies, and
the measured oscillation frequencies agreed well with the characteristic frequencies
related to each acoustic feedback loop between the shock and flame or the feedback
loop between the fuel injector and flame.

As indicated by the feedback mechanisms, it is reasonable to believe that these
instabilities basically occur in the ramjet mode rather than in the scramjet mode since



1.1 Interactions Between Acoustic Wave and Flame 11

the large subsonic regions behind the pre-combustion shock seem necessary for the
acoustic waves to readily propagate upstream.

1.1.4 Summary

As this review of the research efforts on studying the interaction between acoustic
wave and combustion process, many experimental, numerical simulation and theo-
retical works have been done to observe andmeasure the characteristic of combustion
oscillation. It is found that acoustic wave can propagate to upstream in the channel
with a supersonic main flow. Some feedback loop of acoustic wave between com-
bustor and isolator are proposed to predict the characteristic time and corresponding
oscillation frequencies for comparison with experimental data. Thus, the differences
of configuration or coupling mechanism cause disparities on spectra of frequency,
which demonstrate their association with acoustic wave.

1.2 Flow Dominating Instability

The shock dominated flow is typical in supersonic combustion, and the intrinsic
unsteadiness of flowfield plays a key role under some occasions. Boundary layer
separation often occurs in combustor due to combustion-induced pressure rise [14].
Oscillation of shock train along with the separated regions is a certain cause of
unsteady combustion.

1.2.1 Low-Frequency Unsteadiness of Shock Wave/Turbulent
Boundary Layer Interaction

Shock wave/boundary-layer interactions (SWBLI) represent complex flow phenom-
ena that are associated with a wide range of flows, including transonic airfoils,
supersonic inlets, over-expanded nozzles, etc. Often the shock induces significant
boundary layer separation, which leads to a highly unsteady flow field [15].

The unsteadiness of SWBLI consists of a high-frequency component and a low-
frequency component [16]. Figure 1.8 depicts pressure power spectra in a Mach 5
compression ramp from five different locations taken by Erengil and Dolling [17].
The high-frequency peak of pressure fluctuations from locations 1, 4 and 5 are around
the outer-scale frequency, U∞/δ0. The high-frequency oscillation of location 1 is
determined by fluctuations from the upstream boundary layer, and the unsteadiness
of the separation bubble is affected by radiation from the turbulent shear layer above.
However, the pressure power spectra of stations 2 and 3 represent a dominant peak
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Fig. 1.8 Pressure power spectra underneath the interaction generated by a 28° compression ramp
in a Mach 5 flow [23]

at a much lower frequency, which is of order 0.01 U∞/δ0. Such a low-frequency
unsteadiness depicts the oscillation frequency of the separation shock foot. These
basic trends in the power spectra of pressure fluctuations remain nearly the same for
other traditional interactions, including those generated by ramps with sweep [18,
19], blunt [20] and sharp fins [21], and reflected shocks [22].

The shock foot unsteadiness in SWBLI is a typical low-frequency oscillation
in supersonic flow, whose characteristics can be described as follows. The shock
foot undergoes larger-scale motion and lower oscillation frequencies as the scale
of separation increases. The dimensionless frequency Strouhal number however, is
nearly the same [23] (Ma = 3: St = 0.09 and 0.11 [24], Ma = 2.3: St = 0.03, 0.035
and 0.04 [22]). The dimensionless frequency can be calculated as follows:

St = f Lsep/U∞ (1.2)

where f is the peak frequency of static pressure oscillation, Lsep is the time-averaged
separated flow length, and U∞ is the free stream velocity. Compared to the high-
frequency unsteadiness, the mechanism of low-frequency oscillations remains not
fully explained.
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Previous researches mainly describe the unsteady flow by pressure data, which
is usually not enough for mechanism study. In recent years, more and more studies
try to uncover the mechanism of low-frequency unsteadiness with advanced experi-
mental and computational methods. Humble et al. [25] carried out an experimental
study to investigate the three-dimensional instantaneous structures of an incident
SWTBLI at Mach 2.1. The large-scale coherent motions within the incoming bound-
ary layer were observed using tomographic particle image velocimetry. As shown
in Fig. 1.9, the instantaneous reflected shock wave pattern was found to be con-
sistent with the streamwise-elongated low- and high-speed regions as they enter
the interaction. Priebe et al. [26] characterized the low-frequency unsteadiness of a
SWTBLI generated by a compression ramp at Mach 2.9. With the direct numeri-
cal simulation (DNS), the low-frequency streamwise oscillation of the shock wave
was captured. The statistical relation between the low-frequency shock motion and
the upstream/downstream flow was analysed. The changes in the velocity and vor-
ticity profiles in the initial part of the interaction were found to be affected by an
inherent instability in the downstream separated flow. On the other hand, the statis-
tical relation of the shock motion and the upstream boundary layer was rather weak.

Fig. 1.9 Volumetric representations of the instantaneous flow organization of the interaction: lower
region (z/δ = 0.1–0.6). Iso-surfaces of streamwise velocity are shown: relatively high-speed in red
(0.9 U∞), intermediate velocity in green (0.75 U∞), and relatively low-speed in blue (0.55 U∞).
Velocity vectors are shown flooded with instantaneous streamwise velocity [25]
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Pasquariello et al. [27] analysed the low-frequency dynamics of a high Reynolds
number impinging SWTBLI at Mach 3. The large-eddy simulation (LES) was per-
formed for a very long integration time to obtain a trustworthy result for the strong
separated flow. Consistent with experimental data, the simulated power spectral den-
sities (PSD) of wall-pressure exhibited an energetic, broadband and low-frequency
component associated with the separation-shock unsteadiness. Sparsity-promoting
dynamic mode decompositions (SPDMD) yielded a classical low-frequency breath-
ing mode of the separation bubble, as well as a medium-frequency shedding mode
responsible for reflected and reattachment shock corrugation.

Based on numerous researches implemented all over the world, some preliminary
work on modeling the low-frequency unsteadiness in SWTBLI was established.
Piponniau et al. [28] developed amodel to describe the properties of fluid entrainment
in the mixing layer generated downstream of the separation shock. The model well
estimated the low-frequency shock unsteadiness observed in various shock-induced
separation cases ranging from Mach 0 to 5. It was concluded that the main source
of low-frequency unsteadiness was the dynamics of the separated bubble. Due to
the complexity in low-frequency unsteadiness in SWTBLI, its mechanism is still
not fully explained so far. In general, it is acknowledged [23] that the downstream
mechanismdominates for strongly separated flows, and a combinedmechanism (both
upstream and downstream) dominates for weakly separated flows.

1.2.2 Unsteadiness of Shock-Induced Separation
in Non-reacting Flow

Unsteadiness of flow separation has been widely investigated in non-reacting flows,
such as the inlet of the unstart process, isolator under strong backpressure and nozzle
in over-expanded condition.

Studies of the unsteady shock motions in inlets mainly focused on the unstart
process. Koo et al. [29] studied an inlet-isolator configuration with large eddy sim-
ulation. The unstart dynamics were fully simulated under three different inlet ramp
angles (0, 6, and 8°). It was found that the separated boundary layers on both walls
played key roles in the initiation of the unstart process. Simulated results indicated
that the unstart shock propagation was accelerating during the unstart process, as
in Fig. 1.10. However, the propagation speed of the shock train from LES was 3–
4 times larger than the experiment due to the simplified models for the boundary
layers. Do et al. [30] injected a transverse jet into a supersonic inlet flow to induce
unstart. They concluded that thick turbulent boundary layers in asymmetric bound-
ary conditions would prompt the formation of unstart shocks. On the other hand,
the symmetric boundary conditions led to the propagation of pseudo-shocks. Zhang
et al. [31] carried out an experimental study in a hypersonic inlet with side compres-
sion at a freestream Mach number of 6.0. A flow plug was placed at the duct exit
to simulate the combustion induced high pressure. During the retreating process of
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Fig. 1.10 a Experimental schlieren images and b density-gradient magnitude images from
LES computations at corresponding scaled time for the 8 deg inlet unstart case. Experimental
measurements are available corresponding to the boxed area in b [29]

the external unstart shock, they observed two kinds of secondary oscillations with
high dominant frequencies of about 360 and 900–1300 Hz. It was found that these
two secondary oscillations were both acoustic resonance modes formed in different
parts of the duct.

Geerts et al. [32, 33] used background oriented schlieren (BOS) to study the shock
train movement under slowly varying backpressure conditions in a rectangular isola-
tor withMach 2.5 upstream flow. It was observed that throughout the unstart process,
the shock system behaved apparently oscillatory nature. Bruce et al. [34] studied a
transonic duct with parallel walls at Ma 1.4, low-frequency downstream pressure
perturbations (16–90 Hz) was enforced to the flowfield. It was concluded that the
unsteady behaviors of relatively low frequency (40 Hz) could be captured well by the
unsteady Reynolds-averaged Navier-Stokes scheme. However, the size of the inter-
action region was exaggerated by simulation. Bruce et al. [34] also found out that
asymmetry existed in transonic channel flows, which was induced by the interaction
of corner flows. Numerical simulations indicated that flowfield asymmetry occurred
when the size of a corner interaction exceeds 35–40% of the channel width or height.
Researches carried out by Su et al. [35, 36] focused on self-sustained and imposed
oscillations of pseudoshock induced by back pressure. Their simulated results indi-
cated that, an oscillation of 3107 Hz occurred when the ratio of backpressure to the
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freestream static pressure reached 70. Li et al. [37] implemented wind tunnel exper-
iments to investigate the oscillation characteristics of the shock train in an isolator at
Mach 2.7, and a wedge was mounted upstream of the test section to generate incident
shocks. It was found that an unsteadiness appeared when the leading edge of shock
train was travelling through the SWTBLI region. This unsteadiness could be weak-
ened by a faster backpressure rising rate. Xiong et al. [38] carried out several exper-
iments to investigate the flow unsteadiness in a constant-area rectangular isolator. In
self-excited oscillation, it was found that the low-frequency disturbance induced by
the upstream shock foot motions could travel downstream and the frequency would
be magnified by the separation bubble. In forced oscillation, results illustrated that
the separation shock oscillation frequencies increased and the intermittent region
lengths decreased with the increasing steady backpressure. Meanwhile, the ampli-
tude of the shock train oscillation increased with the decreasing excitation frequency
of the fluctuating backpressure. An analytical model [39] was developed based on
the ‘relative Mach number’ mechanism and a quasi-steady assumption, which was
able to predict the unsteady motion of shock train quite well.

Comparedwith inlets and isolators, unsteady separation of supersonic flow ismore
widely studied in nozzles. Since the supersonic nozzles resemble combustors in shape
(expanded flow path), the systematic studies of unsteady separation in nozzles are
especially heuristic.

Several researchers have been studying the asymmetric and unsteady separation
phenomena in a supersonic nozzle for a long time. Typical flow behaviors and the
mechanism of unsteadiness are revealed step by step. Reijasse et al. [40] made a
preliminary study on shock-induced separation in a planar two-dimensional noz-
zle. With the rapid shadowgraph and three-dimensional laser doppler velocimetry
method, they concluded that the flow field transferred from symmetric to asymmetric
as throat contraction ratio increased, and returned to symmetric due to the further
increase of throat contraction ratio. Yu et al. [41] discussed the switch of separation
modes in an over-expanded single expansion ramp nozzle. Research showed that
separation patterns changed between restricted shock separation and free shock sep-
aration during the startup process.Meanwhile, a shockwave instability [42] occurred
during the separation transition phenomenon.

Papamoschou et al. [43, 44] found out that asymmetric separation occurred in a
convergent-divergent nozzle which worked in over-expanded condition. Wall pres-
suremeasurements indicated that a low-frequency, piston-like unsteady shockmotion
exists without any resonant tones. Xiao et al. [45] used RANS to study the same noz-
zle as Papamoschou investigated, numerical results captured asymmetric separation
under moderate NPR (nozzle pressure ratio) 1.6–2.3. Johnson et al. [46] made fur-
ther study based on their previous work. They concluded that enhanced shear layer
instability was strongly coupled to shock motion unsteadiness, while the wave pat-
tern itself was not a cause of enhanced mixing. Olson et al. [47, 48] carried out
LES simulation on the same case as Papamoschou and Johnson worked on. Based
on directional artificial fluid properties method developed for wall-bounded flow,
their simulation fully described the process of shock unsteady motions, as shown in
Fig. 1.11. A reduced-ordermodel was proposed based on the quasi 1d flow equations.
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Fig. 1.11 Shock wave motion and the corresponding separated shear layer over one low-frequency
process (Contours of ‖∇ρ‖ are shown in grayscale and colored regions depict negative U velocity.
Red represents a Mach number of approximately 0.1 and blue is 0) [48]

With systematic studies, their conclusions can be summed up as follows:

1 The asymmetry and unsteadiness of shock train become obvious when NPR is
high, and the amplitude of oscillation is about half of the nozzle’s height [43].

2 The shock foot and the shear layer of large separation side behave strong unsteadi-
ness [49], which forms large vortices downstream. The shear layer at the other side
develops at a normal rate. Such an unsteadiness is helpful inmixing enhancement.

3 Themain component of oscillation is low frequency,which do not have an obvious
peak. The back and forth motion of shock train results from shear layer instability,
which has nothing to do with acoustic effects [50]. The oscillation is broadband,
the high frequency component is controlled by the turbulent boundary layer and
separated shear layer, while the low-frequency component is affected by shock
intensity. Stronger shock leads to unsteady behavior more obvious [49].

4 Correlation analysis indicates that the total pressure of the shear layer at the
large separation side has a positive correlation [46] with shock motion, which is
opposite to normal one-dimensional shock theory.

5 Alternating wave pattern downstream the separation shock is not the main cause
of unsteady process [46]. A wavy wall is implemented in the separate experiment
to study the isolated effect of the alternating compression and expansion waves.
Results suggest no increases in RMS pressure from both walls, which means the
imposed wave pattern does not increase instability.

6 The source of the unsteady process probably results from the interaction of
unsteady waves generated past the main separation shock with the shear layer
of the large separation region [44], as shown in Fig. 1.12.
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Fig. 1.12 Schematic of principal phenomena in supersonic nozzle flow separation [44]

1.2.3 Unsteady Combustion Dominated by Flow Instability

Unlike other parts, the flow dominating instabilities in combustor have not drawn
enough attention. The separation induced unsteadiness in inlet and nozzle usually
appears in off-design conditions (such as unstart and over-expanded). However, the
large-scale separated region often exists in combustors which work under normal
operating conditions (especially for high fuel equivalence ratio). Therefore, study-
ing the separation-related phenomenon in supersonic combustor maybe even more
important than the other parts of a scramjet. Moreover, due to the different config-
uration (converging inlet, constant-area isolator, and diverging combustor) and flow
structures (normal shock train in the nozzle and oblique shock train in the combus-
tor), the conclusions acquired from other parts of scramjet are probably problematic
in combustors.

Up to now, only a few of researches have been focused on unsteady supersonic
combustion processes which are dominated by flow instabilities. Laurence et al. [51]
performed a series of experiments in the High Enthalpy Shock Tunnel Göttingen, in
order to investigate the response of the HyShot II scramjet combustor to equivalence
ratios close to the critical value atwhich the onset of thermal chokingoccurred. For the
case with an equivalence ratio of 0.41, flow separated on the injector-side wall, which
leads to the presence of large oscillations on the cowl-side wall. Based on the analysis
from schlieren images, the high-frequency oscillation of shock train was observed.
Fotia et al. [52] made contributions in searching out the mechanism of flame/shock-
train interactions during the ram-scram transition. Under certain conditions of ramjet
mode, they observed that some periodic low-frequency flame oscillations occurred.
During the unsteady process, the oscillation of flame correlated well with pressure
fluctuations. They concluded that the mechanism of flame oscillation was induced
by a self-sustained shear-layer instability, associated with the flameholding cavity, as
in Figs. 1.13 and 1.14. Yuan et al. [53] studied the flame stabilization characteristics
in a dual-mode scramjet combustor with inflow Mach number of 2.5. It was found
that the flame oscillated between the shear layer and the jet wake mode if the thermal
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Fig. 1.13 Shearing interferograms of the a jet wake, b lifted jet, and c cavity flame stabilization
modes in unsteady ramjet operation [52]

choke occurred around the injection location. They concluded that the short-lived
aerodynamic throat was probably the cause of the flame oscillation.

Combustion is mainly affected by the mixing process when the combustor oper-
ates near the lean extinction limit. Instabilities accompanied by the flow features such
as vortex, shear layer, shock wave, and boundary layer may strengthen the combus-
tion unsteadiness. Flameholders and reasonable fuel injection patterns can improve
combustion steadiness and make it more resistant to flow disturbances.

The flow in the combustor interacts with the combustion mainly through igni-
tion and mixing processes. Therefore, stable combustion is often achieved by using
recirculation zones to provide continuous sources of ignition, by well mixing the
combustion products with fresh fuel and oxidant reactants [54]. Conventionally,
swirl vanes [55], bluff-bodies [56, 57] and rearward-facing [58] steps are used as
effective approaches to establish a recirculation zone for flame stabilization [55, 56,
58, 59]. These flameholders also introduce flow instabilities. In subsonic combustor,
a bluff body could separate the incoming flow and develop shear layer instabilities.
The alternating array of vortices shed from the trailing edge of the bluff body. These
instabilities in most circumstances are responsible for initiating a blowout [60–62].
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Fig. 1.14 Isolator shock-train static pressure traces (above) and spectra showing the dominant
frequencies of the flame position and the pressure transducers (below) [52]

Gas turbines and aero-engines are used to apply swirl stabilizer to provide circula-
tion zones [55, 63]. But the spinning speed of the swirler is limited to the velocity of
coming flow. Considering the stringent NOx emissions, industrial combustors must
be operated near the lean extinction limit [64]. The combustion stability is more
sensitive to the flow patterns.

Instead of aerodynamic features in swirl stabilizer, the trapped vortex combustor
(TVC) uses geometric features to ignite the incoming fuel-air mixture and is less
sensitive to unstable combustion [65, 66]. This concept was proposed by AFRL
(Air Force Research Laboratory) in the 1990s or late 1980s [67] which is similar to
the cavity used in scramjet. The conventional swirl-stabilized combustor and TVC
are schematically shown in Fig. 1.15. A bluff or forebody is located upstream of a

Fig. 1.15 Comparison between a conventional swirl-stabilized combustor and trapped vortex one.
Adapted from Ref. [69]
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smaller bluff body in TVC, and the vortices are trapped or locked between the two
bodies [68].

In a TVC, air and fuel injection should be strategically-placed in the forward
and rear walls of the cavity to drive the vortex contained. As the fuel is injected
into the cavities, it is quickly mixed and burned in the stable trapped-vortex flow
structure. The residence time of the supersonic and subsonic flow inside a cavity
depends on the mass exchange rate in and out of the cavity. In the open cavities,
mass and momentum transfer mechanisms are determined by the vortex structure
inside the cavity and the longitudinal oscillations. Numerical results demonstrated
[70] that there was one large vortex stationed near the trailing edge of the cavity
and a secondary vortex near the upstream wall. The large trailing vortex interacts
with the unstable shear layer and determines the mass exchange of the cavity. As the
trailing edge vortex occupies a larger volume inside the cavity, the mass exchange
is increased and the flow residence time inside the cavity is decreased. To minimize
the combustion instability, the vortex must be “safely locked” in the cavity [71, 72].

There are also interests in whether spinning motion can improve the fuel-air mix-
ing and combustion performance in TVCs. 3D streamlines in combusting flows with
spinningmotions are shown in Fig. 1.16a. Due to the swirling flows, strong tangential
motion is introduced into the cavity vortex, and vortex breakdown is established in
the sudden expansion region of the TVC. Turbulence kinetic energy and turbulence
intensity are significantly increased. This indicates the fuel-air mixing can be dramat-
ically improved. The spinning motion is found to lead to an increased combustion
efficiency close to the spinning disc illustrated in Fig. 1.16b. And a study with a
sudden change in swirl number is made. The transient results show that the cavity
vortex is quite resistant to the flow disturbances. The vortex is trapped well in the
cavity during the changing process.

(a) (b)

Fig. 1.16 3D streamlines of the combusting flows in the combustor: a 30,000 rpm, b Combustion
efficiency for the non-spinning and spinning combustor [73]
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1.2.4 Summary

Shock induced separation is a traditional problem in scramjet. Characteristic struc-
tures of reacting flow field are usually dominated by separation patterns when the
heat release is strong enough. As the development of the experimental facility and
computational capability, complex unsteady phenomena in non-reacting supersonic
flow have been investigated by more and more researchers. The flow unsteadiness
is believed to occur when the separation is severe, and is usually accompanied
by asymmetric behaviors. The unsteadiness of separated flow is broadband, and
main components of oscillation concentrate in the low-frequency band. Some stud-
ies suggest that interactions between separated shocks and shear layer instabilities
account for the unsteadiness, while the majority of investigations only focus on the
description of unsteady phenomena. It is believed that the unsteadiness in super-
sonic non-reacting flow has a strong relationship with the low-frequency unsteadi-
ness in shockwave/boundary-layer interactions (SWBLI). Since the driving force for
low-frequency unsteadiness in SWBLI is still controversial (upstream, downstream
or combine), the cause of low-frequency oscillation in non-reacting flow remains
not fully explained. In general, it is acknowledged that the downstream mechanism
dominates for strongly separated SWBLI flows, and a combined mechanism (both
upstream and downstream) dominates for weakly separated SWBLI flows. Mean-
while, the unsteadiness in supersonic combustion dominated by flow separation has
not gained enough concern. Due to intrinsic complexities in shock wave/boundary-
layer interactions, the unsteady combustion driven by back pressure induced sep-
aration is a challenging problem. Further studies are required to shed light on the
unsteadiness of separation in reactive flows.

1.3 Ignition

Ignition is the beginning phase of combustion. Themechanism of the ignition process
is widely investigated, and the effects of the parameters of the forced ignition system
are clarified. In the scramjet combustor, the supersonic flow increases the difficulty
of the ignition. Auto-ignition cloud also be induced with the high enthalpy flow. It
changes the traditional ignition method and affects the combustion instability. Thus,
the ignition process deserves extra attention.

1.3.1 Basic Concepts for the Forced Ignition

In low speed inflowconditions, the researcheswere concentrated onboth spontaneous
ignition (auto-ignition) and forced ignition (spark ignition). Many classical combus-
tion articles have been widely reported. The technological applications in low speed
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inflow conditions are closely related to our daily lives, such as spark ignition in gas
turbines and auto-ignition in diesel engines. A classical formula of minimum igni-
tion energy (Emin) [74, 75] is proposed to calculate the minimum energy required for
forced ignition, as seen in Eq. (1.3). In the equation, cp is defined as specific heat at
constant pressure, ρ is the gas density, �T is the temperature rise due to combustion
and dq is the diameter equal to the quenching distance.

Emin = cpρ�T
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6
π

)
d3
q (1.3)

Under the conditions of low turbulence, the equation of minimum ignition energy
is given as

Emin = cpρ�T
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Under the conditions of high turbulence, the equation ofminimum ignition energy
is given as

Emin = cpρ�T
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In Eq. (1.4), k is the thermal conductivity, SL is the laminar burning velocity, ST
is the turbulent burning velocity, u′ is the value of fluctuating velocity, A and B are
constants. According to Eq. (1.5), it is concluded that the minimum ignition energy
increases with the increase in the thermal diffusivity and turbulence intensity, and it
decreaseswith the increase in density and burning velocity.When the turbulence level
is high, they also proved that larger turbulence scale increases the quenching distance
and causes a significant enhancement in the minimum ignition energy accordingly,
which can be easily understood from Eq. (1.5) when u′ increases much faster than
ST . Therefore, for the gaseous fuel ignition process, a much larger ignition energy
is needed to achieve a successful ignition process under severe turbulent flow fields.

The equation of minimum ignition energy for liquid fuels [75] as
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] 3
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(1.6)

where cp,a and ρa are the above mentioned nomenclatures for air, ρ f is the density of
fuel, D is the droplet diameter, �Tst is the stoichiometry temperature rise, Bst is the
stoichiometry mass transfer number, and φ is the equivalence ratio. From Eq. (1.6), it
can be seen that the minimum ignition energy of liquid fuel is strongly influenced by
the drop size, and to a less extent affected by the equivalence ratio and fuel density. As
a result, fuel evaporation process is the key factor affecting the ignition of quiescent
liquid fuels.
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The above spark ignition model has been extended to include the effects of finite
chemical reaction rates and the presence of fuel vapour in the mixture flowing into
the ignition zone. In the new model, different mixtures were represented by using
different quenching distance equations. The detailed modified minimum ignition
energy equations could be referred to Ref. [76].

Themost important concept of the ignition energy is theminimum ignition energy
(MIE) which is widely studied in low speed flows. From these equations of minimum
ignition energy discussed above, fundamental requirements of ignition energy can
be known based on sample calculations and easily achieved in many industry related
combustion operations. However, for the flame kernel needs much more energy to
resist the severe turbulent dissipation, many ignition methods in supersonic flows
could provide ignition energy much more than MIE during the ignition process.
Therefore, MIE is less focused in supersonic flows whereas flame behaviors with
different ignition energy are concentrated.

The biggest challenge for the ignition process is the flame propagation at the
initial ignition phase, which is highly affected by the fuel/air mixing as well as the
turbulent flow field. During the past decades, effects have been gained on investigat-
ing the ignition flame propagation process, and it is found that turbulent-chemistry
interactions are of vital importance to the above process. Considering the complex-
ity of turbulent-chemistry interactions, however, accurate flame propagation models
are rarely reported. Mastorakos [77] did comprehensive reviews on both the auto-
ignition and the spark ignition processes in turbulent non-premixed flames under low
speed inflow conditions and emphasized fundamental turbulent-chemistry interac-
tions. Detailed descriptions about the research progress on the turbulent-chemistry
interactions during ignition process can be referred to their research.

1.3.2 Effects of the Forced Ignition Methods

In a cavity-based scramjet combustor under a supersonic inflow condition, the inflow
velocity is typically over 1000m/s and the recirculation flowvelocity inside the cavity
is varied from approximately 0–200 m/s [78]. The velocity gradient from inside the
cavity to the core flowbrings a significant challenge to the flamepropagation,which is
likely to extinguish theweakflameduring the initial ignition phase. It can be indicated
that a much severe turbulent dissipation will occur during the ignition process in the
supersonic flow. On the other hand, the stagnation temperature of the supersonic flow
(such as, over 1500 K in Mach 6 condition and over 800 K in Mach 4 condition) is
much higher than that of the atmosphere. The static temperature of the recirculation
flow inside the cavity under supersonic inflow conditions is also estimated over about
700 K [79], which in turn creates a more chemical friendly environment. Thus, the
turbulent-chemistry interactions of the cavity ignition process will be much more
complicated than that reviewed by Mastorakos [77]. Nevertheless, considering the
complex flowphenomenon occurring in supersonic flows, such as the fuel/airmixing,
boundary layer separation and air stream shearing, the cavity ignition becomes a
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muchmore complicated physical process. As a result, much harder predicted ignition
probability and more complex influencing factors are presented in the cavity ignition
process in supersonic flows, leading to a relatively slow research progress in the
supersonic research fields during the past decades.

As mentioned in the open literature, many new ignition methods have been devel-
oped to achieve successful cavity ignition in a supersonic flow, however, the most
widely used igniter is still the spark ignition system. Although the spark plug is
widely applied in our daily life, the mechanism of the spark ignition process is still
complex and rarely focused especially in a supersonic flow. McNeil [80] studied
the ignition process by electrical sparks and classified the spark ignition process
into five stages as breakdown, electron heating, relaxation of internal plasma energy,
shock wave generation and propagation, and subsonic flows. Brieschenk et al. [81,
82] conducted an experimental investigation of a capacitive-discharge spark ignition
system in a cavity based combustor by utilizing Schlieren and luminescence imaging
techniques in a Mach 6.6 flight condition. In their study, three ignition coils were
compared with different spark plug gaps in order to evaluate the ethylene ignition
performance and it was demonstrated that the spark plug gap is a vital factor affecting
the ignition process. It was found that the ignition system parameters can be set to
cause sufficient heating of the electrodes to obtain a successful ignition. Denman
et al. [83] also applied spark plug to test a cavity flameholder in a Mach 8 shock
tunnel. In their experiments, successful ignition and flameholding of ethylene and
hydrogen were observed at an equivalence ratio ranging from 0.58 to 0.71. Although
the inflowMach number is relatively high with a favorable chemical reaction temper-
ature, however, methane did not ignite at any tests. The spark ignition is mainly used
in igniting gaseous hydrocarbon fuels under supersonic conditions. Spark ignition
in liquid kerosene fueling cavity is rarely reported without the aid of other methods.
The reason causing the above limitation is the shortage of spark ignition energy.

Pulse detonation igniter is recently developed and proved favorable for the igni-
tion process in supersonic flows. Compared to spark discharge providing a small pure
electrical energy addition for ignition, the pulse detonation provides a chemical heat
release technique with a high pressure, temperature and radical-rich plume. Besides,
detonation is a superior combustion form owing to the coupling between the shock
and flame front which can provide rapid heat release and elevated pressure. Ombrello
et al. [84, 85] did comprehensive and frontier investigations on the pulse detonation
ignitionmethod, and their pulse detonation igniter system is shown in Fig. 1.17. They
selected propane (C3H8) and nitrous oxide (N2O) as the fuel and oxidizer, respec-
tively, because of their reliability of igniting and transitioning to detonation under the
conditions needed for the experiments. They studied the cavity ignition processes in
a supersonic flow by using two different ignition method, spark discharge and pulse
detonation, and also discussed the effects of inflow distortion and mixing enhance-
ment on the above ignition processes [84, 86]. Compared to the spark discharge, the
pulse detonation can create an environment with a higher pressure and temperature
which not only broaden the ignition limits but also cause a significant disruption to
the cavity flow field. In addition, they emphasized the importance of cavity flow field
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Fig. 1.17 Shadowgraph and CH* chemiluminescence images of cavity ignition processes excited
by spark discharge and pulse detonation, respectively [84]

dynamics and fueling rate for a successful ignition. Recently, they applied simul-
taneous 100 kHz formaldehyde planar laser-induced fluorescence imaging in com-
bination with CH* chemiluminescence imaging to investigate the transient ignition
process in a cavity-based supersonic combustor. According to their research, it was
indicated that there exists a strong correlation between the delay time from the onset
of ignition to flame stabilization and the cavity fueling rate [87]. Furthermore, they
studied the ignition mechanisms involved in transferring a detonation to a deflagrat-
ing scramjet cavity by clarifying the decoupling process of the detonation recently
[88]. They proved that the shedding of high-temperature intermediate species is the
primary mechanism governing successful ignition in the scramjet cavity. The pulse
detonation is a promising ignition method with adequate ignition energy, and it will
be more practical after decreasing the size of the igniter as well as the detonation
fuel delivery system.

In the fields of cavity laser induced plasma (LIP) ignition, Yang et al. [89–91]
performed a lot of experiments in hydrocarbon fueled cavity based scramjets inMach
6 flight conditions. They applied LIPmethod to investigate single-pulse ignition [90],
dual-pulse ignition [92], dual-point ignition [93] and also ignition mechanisms [94,
95]. According to their research, the energy of an individual laser pulse can be
reduced by half via a dual-pulse LIP method as compared with a single-pulse LIP
with the same total energy. Besides, a pulse interval shorter than 40 μs is suggested
for dual-pulse LIP method. Even though they tried dual-point LIP ignition method,
it is not suggested to apply in a real scramjet combustor owing to significant radical
loss and heat loss as a result of spatial distribution of the plasma by dual-point
LIP method. They revealed that the ignition process can be characterized into four
stages: an initial plasma ignition stage, followed by the plasma-quenching stage,
the re-ignition stage, finally, the stable flame stage. Despite detailed experimental
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observations mentioned above, numerical simulations were also performed to further
study the mathematical model of dual-pulse laser ignition [96] and also the ignition
process [97]. The significant advantages ofLIP to other ignitionmethods are precisely
controlled excitation energy, frequency as well as ignition location. In addition, it
won’t cause any disturbance to the flow field due to its non-intrusive characteristics.
In the current LIP applications, laser system is rather big which is only suitable to
use in a lab. In the future, LIP ignition method will become more and more practical
after minimizing the laser system.

Electrical discharge ignition method is proposed to enhance the ignition ability of
spark discharge and it belongs to the plasma-assisted ignition. In addition, the concept
of plasma-assisted ignitionnot only includes ignition acceleration, but also themixing
enhancement and flame stabilization. Firsov et al. [98] conducted optimization of
electrical discharge (10 kW) geometry in aMach 2 supersonic inflow. It was reported
the combined mixing/ignition geometry in which plasma penetrates into the fuel
injector demonstrates a significant advantage in terms of ignition and flameholding.
They also conducted experimental and numerical study on long spark plasma actuator
for mixing enhancement in a supersonic flow [99]. It was demonstrated that there
exists a strong correlation of jet instability with a local curvature of the discharge
channel and the long spark discharge stretches the interface between fuel jets and
supersonic inflow [100]. Savelkin et al. [101] investigated the ignition and flame
stabilization processes in a Mach 2 supersonic inflow by an electrical discharge
combined with an ethylene injector. In their study, a wall-fuel injector and a high-
voltage electric discharge were installed into a single module, which demonstrated a
significant advantage in terms of ignition and flameholding limits. Recently, Leonov
et al. [102] conducted experiments to further study the ethylene ignition and flame
stabilization by electrical discharge (15.7 kW) in a scramjet combustor and explored
the sensitivity of the ignition dynamics to the plasma power. In the field of plasma-
assisted ignition caused by electrical discharge, gliding arc plasma is also recognized
to expand ignition and extinction limit with low energy consumption in the recent
years. Wu et al. [103] experimentally demonstrated that gliding arc plasma (2 kW)
could achieve combustion enhancement in a cavity based scramjet due to heating
and chemical effects. In their study, it was concluded that the ignition limit is nearly
equal to the blow-off limit of ethylene flame owing to the gliding arc. To achieve
reliable and fast ignition in the scramjet combustor, Wu et al. [104] also proposed
multichannel plasma igniter (MCPI) to induce a relatively larger ignition kernel at
the beginning phase. They reported that the lean ignition limit of ethylene flame in a
scramjet combustor through MCPI is expanded by 20–26% than that through spark
ignition and the ignition time is reduced by about 50%.

To achieve a successful ignition in the scramjet engine, one of the ignition aids
which is known as air throttling is to modulate the flow structures in the isolator
and combustor in order to reduce the local flow velocity and increase the pressure,
then the established shock train can facilitate ignition and flame stabilization. Li
et al. [105] did comprehensive studies regarding air throttling ignition in an ethylene
fueled scramjet combustor at flight Mach 5 condition. In their experiments, air throt-
tling is activated after the cavity fueling is steady and the igniter is turned on. After
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Fig. 1.18 Evolution of the temperature field in the cavity region during the ignition transient on
the bodyside wall with air throttling (ṁthrottle = 20% ṁair ) [106]

flame stabilization is achieved in the combustor, air throttling is then terminated to
minimize the total pressure loss of the core supersonic flow. They numerically inves-
tigated the non-reacting and reacting flows during the air throttling working process
[79, 89]. It was found that chemical reactions are intensified which produce sufficient
heat release to maintain a flow environment conducive to flame stabilization. The
temperature distribution is given in Fig. 1.18. As a result, a self-sustaining mecha-
nism is established between the flow and flame development, and flame stabilization
is achieved in the combustor even after the deactivation of air throttling [106]. In
addition, they also studied control and optimization issues of the air throttling igni-
tion process based on quasi-one-dimensional analysis, and a parametric investigation
was conducted [107]. Noh et al. [108] numerically studied the auto-ignition process
in an ethylene fueled cavity based combustor with air throttling. It was shown that
air throttling increases the flow temperature and pressure as well as mixing enhance-
ment in the pre-combustion region, which greatly improves the ignition efficiency
and leads to a stable flame. Yang et al. [109] and Tian et al. [110] also conducted both
numerical and experimental studies on the air throttling process in a kerosene fueled
cavity based dual-mode scramjet combustor. They found that the combustion mode
would change from supersonic combustion to subsonic combustion with throttling
air injected into the combustor. The mode transition is mainly affected by the mass
flow rate of throttling air and the throttling-off time [111]. They also classified the
combustion into different parts to further study the mechanism controlling the air
throttling process [112].

Obviously, self-ignition method is not suitable to work at low flight Mach number
condition, and it still needs another igniter system to initiate the combustion of
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vaporized kerosene at high flight Mach number condition. It is also not favorable for
the real scramjet applications.

Representative investigations of the above ignition methods discussed in this
section are summarized as listed in Table 1.1, which presents recent research progress
on the cavity ignition field. It is obvious that the ignition methods with consistent and
newest concentration are pulse detonation, laser-induced plasma, electrical discharge
and air throttling ignition methods. The advanced optical observation measurements
as well as detailed simulations are conducted in these investigations. In addition, it
is also indicated that the research routine is changed from experimental tests dis-
cussions in the early 2000s to detailed reacting flow field analysis nowadays with
the aid of the development of experimental and numerical measurements. From the
practical point of view, however, only laser-induced plasma and air throttling igni-
tion methods of the above four are of real interest to the future scramjet applications
owing to reported successful kerosene ignitions as listed in Table 1.1. Meanwhile, all
the other ignition methods are still of great significance to understand the complex
cavity ignition mechanism.

1.3.3 Effects of Auto-Ignition

The auto-ignition is expected to occur at high stagnation temperature conditions
when the order of the ignition delay time is less than the order of the flow residence
time in real scramjet operations.

Since flame propagation has significant influences on the supersonic combustion,
it is difficult to clarify the effects of auto-ignition. Fureby et al. [122] investigated
hydrogen-vitiated-air flames with two stage and alternating-wedge injection struts.
The temperature of vitiated air was 830 K with Mach number 2.5 in the combustor.
The combustion region is consisted of auto-ignition zones enfolded by self-igniting
fronts embedded in the background of non-premixed flames. By introducing planar
laser-induced fluorescence (PLIF) of OH and CH2O, auto-ignition is observed in
a jet flame with a vitiated co-flow of 1355 K by Gordon et al. [123]. Cabra [124]
experimentally studied a lifted methane-air jet flame in a vitiated co-flow with total
temperature of 1350 K, and Domingo et al. [125, 126] suggested that in the exper-
iment, the turbulent flame base began with auto-ignition to provide the every first
ignition point. When the temperature of co-flow air is 1550 K, Yoo et al. [127] sug-
gested that auto-ignition provides every first ignition point in the turbulent flame base.
Lu et al. [128] indicated that auto-ignition could be the controlling factor determining
the lifted-off height under the temperature of 1150 K.

The unsteady phenomena are more complicated in the transverse jets. Turbu-
lent structures carry fluid packets that are further broken down for efficient mixing.
Shock wave discontinuities and their interactions with the boundary layer and recir-
culation zones create distinct regions of different mixing qualities. It increases the
difficulty to investigate the effects of auto-ignition. Both auto-ignition and thickened
flamelets were observed by Micka et al. [129, 130]. As shown in Fig. 1.19, a strong
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Table 1.1 Information for the cavity ignition methods in partial literature

Authors Ignition
method

Technique Inflow
Mach
number

Year ER

Sun et al.
[113]

Spark Schlieren; high
speed photography

1.92 2012 Hydrogen;
0.17, 0.34

Denman
et al. [83]

Spark Wall-pressure
measurement;
RANS

3.0–5.0 2016 Ethylene,
hydrogen;
0.58–0.71

Ombrello
et al. [87,
88]

Pulse
detonation

Formaldehyde
PLIF (100 kHz);
Schlieren; CH*
chemiluminescence

2.0 2017, 2018 Ethylene;
0.5–1.5

Yang et al.
[90, 95]

Laser-induce
plasma

CH* and OH*
chemiluminescence

2.92 2018, 2017 Ethylene,
0.15;
Kerosene,
0.23

Brieschenk
et al. [81,
82]

Laser-induce
plasma

PLIF; Schlieren 5.7 2014, 2013 Hydrogen

Leonov
et al. [102]

Electrical
discharge

Schlieren; High
speed photography

2.0 2018 Ethylene;
0–0.2

Savelkin
et al. [101]

Electrical
discharge

Schlieren; High
speed photography

2.0 2015 Ethylene;
0–0.16

Kim et al.
[114]

Plasma torch Schlieren;
Wall-pressure
measurement

2.0 2011 Hydrogen;
0–0.1

Matsubara
et al. [115,
116]

Plasma torch Wall-pressure
measurement

1.0, 2.0,
2.5

2011, 2013 Hydrogen;
0.06

Li et al. [79,
89]

Air throttling RANS 2.2 2015 Ethylene;
0.6

Tian et al.
[110–112]

Air throttling RANS; Schlieren;
Wall-pressure
measurement

2.0 2015–2017 Kerosene;
0.3, 0.6, 0.8

Xi et al.
[117]

Piloted Schlieren; High
speed photography

2.52 2014 Kerosene
(piloted
ethylene)

Situ et al.
[118, 119]

Hot jet Photography;
Wall-pressure
measurement

2.15 2001, 2002 Kerosene;
1.11–1.51

Li et al.
[120]

Hot jet High speed
photography;
RANS

1.92 2012 Kerosene;
0.3, 0.5

Sung et al.
[121]

Self Wall-pressure
measurement

2.5 1999 Hydrogen;
0.6
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Fig. 1.19 Simultaneous formaldehyde-OH PLIF images [130]

formaldehyde signal was distributed in the lift-off region indicated that auto-ignition
was presented. The auto-ignition existed upstream of the major heat release zone
identified by OH signal, indicating the auto-ignition effected the flame base. They
suggested that the combustion could be classified to an “auto-ignition assisted flame”
under stagnation temperature of 1450 K.

Wang et al. [131] further reported that the flame front could be partially affected
by the auto-ignition process of the combustible structure formed around the jet
mixing layer. Under a very high stagnation temperature of 3750 K, auto-ignition
was observed close to the bow shock, and combustion was a mixing-limited process
mainly affected by auto-ignition [65].
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1.3.4 Summary

Basic concepts for the forced ignition was introduced, and the widely used ignition
methods in the scramjet combustorwere provided in this section. The ignition process
will be enhanced obviously with an increased ignition energy. Besides, the ignition
method and the ignition location could affect the flame behaviors. When the flight
Mach number increases, auto-ignition becomes significant, effecting the ignition
phase and the combustion process. It provides the flame base and determines the
lifted-off height and the flame may be stabilized as “auto-ignition assisted flame”.

1.4 Flame Flashback

Flashback is the condition of the flame propagating down the hoses of an oxy-fuel
welding and cutting system. The flame burns backwards into the hose, causing a
popping or squealing noise, which affects combustion both in internal combustion
engines and ramjets.

A number of studies [131–135] have been carried out concerning fuel injection
and mixing with air, in order to burn completely within a short time. Transient flame
flashback which is an indispensable key sub-process of combustion oscillation have
been neglected for a long time because of the general thought that acoustic waves
cannot propagate upstream in supersonic flowfield, and any flow oscillation resulting
from an unsteady combustion process will be simply exhausted from the engine exit
and will not interact with the flame zone [11, 12]. The first study to systematically
investigate flashback limits is that of Lewis and von Elbe [136], whose model has
remained as the state of the art for order-of-magnitude flashback predictions.

The existence of unsteady combustion process has been unfolded by many exper-
iments. So far, the following reasons, such as DDT (deflagration–detonation tran-
sition) [134, 137], auto-ignition [138, 139], boundary layer separation [14, 140–
142], and thermal choking [52, 143–146], have been considered responsible for the
combustion oscillation in scramjet by different researchers.

1.4.1 Flashback Due to DDT (Deflagration–Detonation
Transition)

When the fuel injection upstream of the cavity flameholder produces a premixed
region with sufficiently high global equivalence ratio, a rapid flame flashback occurs
against the incoming supersonic flow. The flashback develops explosively from the
cavity pilot flame at regular intervals. Analysis of the experimental data suggests
that the flame flashback is related to flame acceleration similar to deflagration-to-
detonation transition. With high equivalence ratio, the immediate flame re-ignition
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Fig. 1.20 Typical luminosity movie of flame flash-forward and blow-off event between cavity
stabilized location and injection location [134]

and intense flame flashback decreases the flame blow off duration and finally leads
to a more efficient heat release compared to the cases with lower equivalence ratio
[132]. Many experiments shows that the flashback is caused by DDT (deflagration–
detonation transition) [134, 147, 148]. O’Byrne et al. [140] also observed the flame
flashback phenomenon, which is attributed to transition from diffusive to pre-mixed
combustion. Aiming to compare the combustion stabilities of various mixing condi-
tions, Wang et al. [134] designed several different injection schemes to investigate
combustion instabilities inside an ethylene-fueled scramjet combustor. Figure 1.20
shows the high-speed flame luminosity images of the combustion oscillations. The
images demonstrate the details of a flame flash-forward (from C0 cavity to I31 injec-
tion location) and flash-back. From Fig. 1.20d–g it is seen that the propagation of the
flame from the cavity to the fuel jet occurs in the main flow, not just in the boundary
layer. The flame base moves forward very quickly (Fig. 1.20c–e) until it reaches the
fuel jet location (Fig. 1.20f).

Zhu et al. [149] investigated flame stabilization and propagation inside a kerosene-
fueled two-stage strut dual-mode scramjet combustor experimentally, as shown in
Fig. 1.21. The flame flashback equivalence ratio is much higher than the flame
blowout limit, and the upstream strut can get a stabilized flame once it is reignited.
A higher stagnation temperature and a lower inflow Mach number are advantageous
to trigger flame flashback.

1.4.2 Flashback Due to Boundary Layer Separation

As previous references show [14, 140–142], the boundary layer separation can lead
to the flame flashback. Usually, a disturbance is observed to upstream. This distur-
bance is interpreted as being due to separation of the boundary layers caused by the
adverse pressure gradient to which the boundary layers are subjected. The separation
reduces the effective flow area, thereby restricting the flow and pushing a shock (or
shock trains) upstream to eventually unstart the duct [14]. Detailed shadowgraph
images showed that the injection behind the pylon removed all the liquid from the
wall surface, which is important for the elimination of potential flashback. These
studies indicated that addition of fuel either in the inlet or in the scramjet’s isolator
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Fig. 1.21 Flame flashback captured near the upstream strut [149]
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led to enhanced efficiency of the combustor operation. Flashback or inlet unstart can
be avoided if careful consideration is given to fuel penetration, residence time, oper-
ational conditions, and fuel physicochemical properties. The main results indicated
that thin pylons with sharp leading edges do not introduce significant pressure losses
or flow distortion in the isolator airflow, but they create a region of low pressure,
which has a great impact on fuel penetration. Even at moderate dynamic pressure
ratios, the presence of these pylons promotes substantially higher penetration in com-
parison with simple wall injection. Because of this increased penetration, the entire
liquid jet is lifted from the wall, eliminating the danger of flashback through seeding
of the boundary layers with a combustible mixture [142].

Ducruix et al. [3] experimentally explored the combustion oscillation mechanism
and control methods in an air-breathing engine. They found processes involving
acoustic/flame coupling, unsteady strain rates, flame response to inhomogeneities,
interactions of flameswith boundaries, and flame/vortex interactions. Tian et al. [112]
and Yang et al. [109, 150] found an intensive combustion in the whole cavity and
wall boundary layer could be achieved with a careful air throttling method, or else
leading to the combustion oscillation. The two processes might interact with each
other, which would render the oscillations more complicated. As Fig. 1.22 shows,
the shock waves kept moving upstream from the cavity region into the isolator, and
then the flame near the cavity ramp propagated upstream along the cavity wall.

The investigations of Gruber et al. [151], which involved high-resolution experi-
mental measurements and direct numerical simulations, focused on the characterisa-
tion of flame flashback for premixed and preheated hydrogenated flames in turbulent
boundary layers. Those researchers showed that the near-wall speed fluctuation pat-
tern found in turbulent boundary layers causes wrinkling of the initially flat flame
sheet as it starts propagating against the direction of main flow, and that the structure
of the characteristic streaks of the turbulent boundary layer has an important impact
on the resulting flame shape and its propagation mechanism. They also indicated
that flame flashback should be attributed to thermal choking, which is caused by
downstream combustion and an adverse pressure gradient.

Figure 1.23 illustrates several stages of the unsteady flame propagation along the
channel walls. The surfaces visualized represent:

(i) the streamwise velocity normalized by the friction velocity u+ = u/uτ on the
y+ = 5 plane (greyscale flooded contours on the plane parallel to the wall);

(ii) the wall-normal vorticity ωy on the y+ = 5 plane denoting the streamwise
vorticity structures of the boundary layer (white lines on the plane parallel to
the wall, solid and dashed lines denote opposite sign);

(iii) the flame surface as described by the progress variable isosurface, C= 0.7 (red
isosurface);

(iv) back-flow regions characterized by negative streamwise velocity and located
upstream of the flame surface portions that are convex towards the reactants
(blue isosurfaces).
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Fig. 1.22 The high-speed schlieren images of part-c and part-d combustion process [112]
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Fig. 1.23 Temporal evolution of the premixed flame (C = 0.7), red isosurface, and of the back-
flow regions, blue isosurfaces, from the beginning to the end of the reactive simulation. The non-
dimensional streamwise velocity (greyscale flooded contours) is shown on the y+ = 0.5 plane
together with the trace of Y vorticity (white lines, solid and dashed patterns represent opposite sign)
[151]
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1.4.3 Flashback Due to Thermal Choking and Acoustic
Instabilities

Thermal choking [52, 143–146] have been considered responsible for the combustion
oscillation in scramjet. Larsson et al. [144] numerically investigated the mechanism
of thermal choking using large eddy simulations (LES). The first objective of their
study is to predict the pressure-rise in the combustor, which is within the experi-
mental bounds, and shows reasonable grid-convergence. The second objective is to
study the flow for increased fuel/air equivalence ratios. They also estimated the effect
on the overall combustor performance. Karl et al. [145] focused on the numerical
investigations of unsteady phenomena at large equivalence ratios. The main result
was that the combustion efficiency decreases with an increasing fuel mass flow rate
which coincides with significant flow separation. In the past decades, the effects of
fueling schemes on the combustion stability characteristics in scramjet combustor
equipping cavity flame holders have been studied widely. For high fuel-equivalence
ratios, however, the flame base or combustion zone might be pushed upstream of
the cavity intermittently due to the large separation of the upstream boundary layer
and enlarged cavity recirculation, resulting from the intense heat release around the
cavity and the interaction between the jet and the cavity shear layer. Laurence et al.
[143] concluded that the primary mechanism responsible for the development of the
transient shock system is thermal choking byOH* visualizations (as Fig. 1.24 shows)
and numerical simulations. OH* visualizations did not indicate the presence of strong
separation features propagating upstream with the shock train near its point of for-
mation, suggesting that the driving mechanism for the transient development was
thermal choking. Nevertheless, boundary-layer separation was observed to develop
on the injector-side wall when the shock train had moved further upstream.

Lin et al. [13] studied the relationship between thermo-acoustic instabilities and
the flame flashback. In addition, Ma et al. [11] obtain the mechanism responsible for
driving the flow oscillation was identified as the acoustic-convective. The details are
introduced in chapter 1.1.3. Rossiter et al. [152] developed semi-empirical formula
to predict the resonant frequency of the compressible flow-induced cavity oscillation
based on the coupling between the acoustic radiation and the vortex shedding.

1.4.4 Summary

There are several factors which causes flame flashback under different conditions,
including DDT (deflagration–detonation transition), boundary layer separation, and
thermal choking and acoustic instabilities.

Despite all the investigations performed, the physical mechanisms of the low-
frequency oscillations in scramjet engines remain unclear. Additional studies are
required to clarify the origin of this important phenomenon which controls scramjet
performance and efficiency. The uncertainty and disagreement of these opinions
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Fig. 1.24 Sequences of quasi-synchronous schlieren and OH* chemiluminescence images of the
flow near the injector (x = 56–136 mm) for an equivalence ratio of ϕ ≈ 0.66 [143]
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require continuous and further research on this unsteady process. According to the
public literatures, the influence of injection parameters on the combustion oscillation
and flashback in a scramjet combustor has barely been researched so far.

1.5 Combustion Near Blowout Limits

The unsteady nature of turbulent combustion has been observed over a wide range of
conditions including subsonic flow [56, 153], supersonic flow [131, 135], premixed
combustions [154], and non-premixed combustions [155]. While in this section,
the unsteady characteristics of combustions near blowout limits in supersonic flows
are concerned specially, since it has been observed that the flame unsteadiness in
a supersonic flow is remarkably increased when approaching blowout limits [156].
Since the combustion behaviors near lean and rich blowout limits are considerably
different from those in moderate combustion, it is necessary to study the blowout
limits and the corresponding flame behaviors of supersonic combustion. The existing
relevant literatures are selected and summarized below.

1.5.1 Blowout Limits

Blowout limits, including rich blowout limit (RBO) and lean blowout limit (LBO), are
the boundaries between stable combustion and flame blowout. Experimentally, the
rich or lean blowout limits are respectively defined as the maximum orminimum fuel
flow rates or equivalence ratios that are able to sustain continuous combustion. The
blowout limits usually depend on the conditions of inflow, fuel types, fuel injection
patterns, and the configuration of the cavity [157]. Most of the previous researches
concentrated on premixed flames, Ozawa curve [158] gave a parabolic correlation
of the blowout limits for a premixed system, which indicated that the flame can only
be stabilized within a certain range of conditions thus either excess or insufficiency
of any dominant condition can lead to unsteadiness.

For supersonic combustion, the fuel is injected into supersonic air inflow, the com-
bustion process is strongly non-premixed, and thus the process is more complicated
than premixed combustion [159]. A number of previous experiments [160–162] have
demonstrated that non-premixed lifted jet flame is stabilized on the stoichiometric
contour. Although fuel and air are non-premixed at the beginning, the condition at
flame base is premixed after the mixing process within the lift distance. Based on the
view of non-premixed combustion and combined with experimental data, Driscoll
and Rasmussen [163] developed a correlation model to predict the blowout limits of
a cavity in supersonic flow. The model avoided the assumption of perfectly stirred
reactor (PSR) in premixed flames, and could be applied to cavities, steps, and struts
in supersonic flows.
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Fig. 1.25 Comparison of
three existing correlations
[157]

In order to study the effects of different conditions on the blowout limits, Zhang
et al. [157] performed several sets of experiments in supersonic combustors. The
stagnation temperature of the inflow and the injection pattern were observed to be the
dominant parameters, while the impact of air stagnation pressure and the combustor
divergence angle were negligible. Figure 1.25 shows the comparison of the three
different correlations mentioned above. Experiments performed by Donohue et al.
[164] also gave the same pattern of blowout limit correlations.

Retaureau et al. [165] also observed the significant impact of the free stream
temperature on the stability domain. In addition, it was reported that the combustion
process was barely stable when the static pressure in the combustor was low, thus
a certain level of combustor pressure was also crucial in the blowout mechanisms.
Different fuel types were also compared, hydrogen was preferred for a wider range
of stability domain while ethylene was less sensitive when the static pressure was
low.

The mechanism of flame blowout was associated with combustion modes by
several researchers. Le et al. [166] divided the combustion stabilization mode into
twodifferent types: shear layer stabilizationmode and recirculation zone stabilization
mode. In the former mode, the flame base was anchored downstream of the cavity
leading edge. While in the latter mode, the flame base was attached to the top of the
cavity leading edge, and the flame was deep in the cavity, which lifted the shear layer
up, expanded the mixing area of fuel and air, and thus more fuel could enter into
the cavity. The flame was stabilized in the shear layer when near LBO limit, as the
equivalence ratio decreased, less fuelwas in the shear layer, and the flame basemoved
downstream. When the flame base shifted out of the shear layer, blowout occurred.
As for RBO cases, the flame was stabilized in the shear layer at the beginning, the
spread velocity of the flame at flame basewas decided by the temperature of upstream
unburnt gas. When fuel flow rate rose up to RBO limit, more cold fuels entered into
the recirculation zone, lowering the heat release, the spread velocity then dropped,
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which finally made the lift distance increase beyond the length of shear layer and
reaches RBO limit.

It canbe concluded from the above literatures that the blowout limits are essentially
dominated by the temperature and the fuel distribution.When combustion takes place
near blowout limits, the change of the local conditions lead to different behaviors of
the margin states.

1.5.2 Combustion Behaviors Near Blowout Limits

The combustion behaviors near blowout limits are remarkably different from those
in stable states, and have considerable characteristics of unsteadiness. As concluded
above, when the flow and reaction conditions approach critical points, some of the
parameters intermittently overstep the boundary of stable combustion, which can
couple with other sources of oscillations and enhance the degree of unsteadiness. The
combustion behaviors near blowout limits, therefore, have drawn some attentions of
the researchers.

The distributions of the reaction zones were initially observed to be different
between stable states and margin states. Rasmussen et al. [167–169] reported the
flame location within the cavity at different fueling rates, and analyzed the qualitative
effect of heat release in the cavity on flow oscillations. Figure 1.26 shows the location
of reaction zone near LBO and RBO limits. Near LBO, reaction zone moved into
cavity volume for both wall injection and floor injection; while wall fueled flame
moves to rear of cavity and floor fueled flame extended to length of cavity when
RBO is approached.

Lin et al. [170, 171] investigated the flame structures and operating limits of an
ethylene-fueled recessed cavity flameholder both experimentally and numerically.
Figure 1.27 shows the instantaneous images from a high-speed video camera for
cavity flames with various independent cavity fuel flow rates, and near LBO the

Fig. 1.26 Near lean blowout, reaction zone moves into cavity volume for both a wall injection and
b floor injection; at high fueling rates approaching RBO, wall fueled flame cmoves to rear of cavity
and floor fueled flame d extends to length of cavity [168]
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Fig. 1.27 Instantaneous images from a high-speed video camera for cavity flames with various
independent cavity fuel flow rates for Mflight = 5.0 and q = 1000 psf. a Near lean blowout limit,
0.0011 lb/s, b Near rich ignition limit, 0.0047 lb/s, c Near rich blowout limit, 0.0089 lb/s [169]

flame was anchored near cavity floor and near RBO the flame moves downstream
to cavity trailing edge. The numerical study also discovered the same characteristics
near LBO.

The difference in the flame locations is partially due to fuel transport and con-
vection. Choi et al. [172] employed Linear Eddy Mixing (LEM) Model as a subgrid
closure for turbulent combustion in Large Eddy Simulation (LES), and numerically
investigated stable combustion and blowout limits. The results showed that the fuel (a
blended mixture of methane and hydrogen) was mostly found in the injection region.
Some methane was convected along the shear layer and mixed with oxygen in the
aft region of the cavity, but not enough hydrogen was present. It was observed that
in the blowout case the flow structure inside the cavity was substantially different
from the stable case.

Further researches indicated that the flow field would also change significantly
when approaching blowout limits. According to Ghodke et al. [173], in stable com-
bustion, a large vortical flow was formed in the aft region of the cavity that provided
an effective mechanism to transport the hot products and to enhance mixing of the
fuel-air mixture. While small localized vortical flow structures were seen in the near-
blowout case that did not seem to be as efficient in mixing the hot products and/or
in transporting the premixed mixture. Tuttle et al. [174] also observed increased
streamwise oscillations in the flow field near rich blowout limit through particle
image velocimetry (PIV).

Researches employing high frequency detection techniques further discovered
the enhanced unsteady behaviors of combustions near blowout limits. Allen et al.
[175] used standard deviation images to characterize the flame unsteadiness, and
reported fluctuations of the flame distribution. Gruber et al. [156] reported increased
emission fluctuations near lean blowout limit. The frequency spectra showed that the
oscillations near lean blowout limit were governed by low frequencies below 250Hz,
and it was mainly caused by the reignition processes.

Hammak et al. [155] employed high-repetition-rate OH PLIF to observe the
unsteady phenomena corresponding to the supersonic combustion in a cavity flame-
holder near lean blowout limit. As shown in Fig. 1.28, the averaged result showed that
the flame was mainly stabled close to the aft wall of the cavity, while the sequential
images showed that the flame was periodically convected and the combustion was
extremely weak.
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Fig. 1.28 Average and sequential images for lean blowout condition [155]

Fig. 1.29 Temporal
comparison of integrated
CH* signal and flame length
in the moments before LBO
showing that shortening of
the flame is correlated with
decreased heat release. The
inset image depicts a general
downward trend in overall
CH* signal as the
equivalence ratio is reduced
[154]

Allison et al. [154] detected the dynamic characteristics of premixed ethylene
flame near LBO by high-speed CH* chemiluminescence. In Fig. 1.29 the integrated
CH* signal intensity is compared with the flame length, which reveals that the strong
oscillations of the flame near LBO are correlated with the heat release.

1.5.3 Summary

Blowout limits are the boundaries between stable combustion and flame blowout,
including rich blowout limit and lean blowout limit. The combustion behaviors near
blowout limits are distinctly different from stable combustion, the flame unsteadi-
ness in a supersonic flow is remarkably increased when approaching blowout limits.
Supersonic combustion is strongly non-premixed, and the process is more compli-
cated than premixed combustion. The change of the local conditions lead to different
behaviors of the margin states. The existing literatures observed the unsteady char-
acteristics near blowout limits, and quantitative analyses indicated that the unsteady
nature could be associated with the flow field oscillations, the reignition process, and
the heat release fluctuations in the margin state.
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The behavior of the flame that is actually experiencing the blowout process is
still observed in recent studies, which provide more information in characterizing
the unsteady behaviors of combustion near blowout limits. In order to describe the
unsteady behavior near blowout limits, it is necessary to further study the flame
mechanism near blowout limits.

1.6 Discussion

A review of unsteady combustion physics in supersonic flows has been presented,
trying to construct a framework for unsteady supersonic combustion and provide a
guideline for future study. The topics cover several fundamental aspects, including
interactions between acoustic wave and flame, FlowDominating Instability, ignition,
flame flashback and near-blowout combustion. The conclusions are drawn as below.

It is a common assumption that acoustic waves cannot travel upstream in a super-
sonic flow, and any flow oscillations arising in the flame zone will simply travel
downstream and exit from the engine without forming the feedback loop required
to sustaining combustion and flow instabilities. However, the researches indicates
that there are various subsonic flow regions in scramjets. Acoustic wave induced by
perturbations can propagate upstream in subsonic regions embedded in supersonic
flows. Interactions among flame, shock wave and fuel injection may give rise to
acoustic feedback loops, and pay a contribution to the sustainability of unsteadiness
in supersonic reacting flows. Interactions of combustion and acoustic wave in scram-
jet combustors still need to be further explored so that the thermoacoustic effects may
be controlled efficiently. In this work, the researches about the combustion oscilla-
tion characteristics in the scramjet combustor will be introduced, which are shown
in Chap. 2.

The flow dominating instability is believed to occur when separation is severe,
and is usually accompanied by asymmetric flow field structures. The frequency fea-
ture of unsteady separated flow is broadband, and major frequency components of
oscillation concentrate in low frequency. Interactions between separated shocks and
shear layer instabilities may be account for a certain type of unsteadiness. Due to
the intrinsic complexities in shock wave-boundary layer interactions, the mecha-
nism of unsteady combustion induced by backpressure forced separation remains
unclear. Further studies are required to study the unsteadiness of separation in react-
ing flows. Chapter 3 focuses on the study of combustion unsteadiness dominated by
shock-induced separation. For a rectangular supersonic combustor with dual parallel
cavities and near-cavity fuel injections, flowfield structures generally transform from
symmetry into asymmetry as the increment of equivalence ratio. Under an intermedi-
ate equivalence ratio, intermittent dynamic combustion occurs with a high-amplitude
pseudo-shock oscillation in the streamwise direction.Adecoupling analysis is carried
out to discover the key impact factor of this unsteady combustion, it is found that the
flame, fuel jet as well as cavity flameholder do not play a key role in this issue. Thus,
cold flow analysis is applied, and the typical flame structures are fully reproduced
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by the backpressure induced separated flowfield. Specifically speaking, a symmet-
ric separation under low backpressure generates symmetric combustion, while an
asymmetric separation under high backpressure results in asymmetric combustion.
Based on the detached-eddy simulation, the whole process of symmetric/asymmetric
separation transition (occurs under threshold backpressure) is captured. Boundary
layer separation tendency analysis shows that an interlaced shape factor distribution
of the boundary layers from both walls accounts for the switch of separation modes.

Although significant research progress regarding cavity ignition in a supersonic
flow has been achieved in the recent years, the understanding of the cavity ignition
mechanism is still far from being satisfactory. The effects of auto-ignition on com-
bustion stabilization have also been analyzed preliminary, and qualitative results have
been obtained. The recent research of our work on the characteristics of the ignition
process in the cavity-based supersonic combustionwill be introduced in Chap. 4 typi-
cal ignition processes under diverse ignitionmethods will be presented, involving the
spark ignition, the piloted ignition, the gliding-arc-discharge ignition and LIP igni-
tion. This section aims to first introduce general ignition methods with their features,
and second provide an intuitive observation on the dynamic ignition process. Tthe
flame behaviors during ignition is emphasized from two aspects, namely flame kernel
formation and initial flame propagation. The studies of flame kernel formation and
flame propagation are conducted in single-cavity combustors, showing the effects of
ignition energy, ignition position and rear wall height. The analysis of the ignition
mechanism is introduced and the effects of the auto-ignition in the combustor with
transverse injection is primarily explained.

Due to relatively long premixing length, a lean premixed gasmixture often induces
the combustion oscillation in scramjet engines, which can directly degrade the engine
performance and reduce its life cycle. Hence, it is important to explore themechanism
of the flame flashback, and devise possible control methods. Chapter 5 would show
the experimental results and discusses the factors inducing combustion oscillation,
such as the global equivalence-ratio, the pre-mixing distance, the injection angle, and
the jets number. A simplified combustion opening system model will be constructed
for mechanism analysis.

Studying the mechanism of blowout limits is of great value for understanding
the unsteady characteristics of turbulent combustion and the flame behaviour near
blowout. The existing literatures observed the unsteady characteristics near blowout
limits, and quantitative analyses indicated that the unsteady nature could be associ-
ated with the flow field oscillations, the re-ignition process, and the heat release fluc-
tuations in the margin state. In Chap. 6, blowout limits of cavity flame in supersonic
flows is firstly analysed and modelled. Then, mixing and combustion characteristics
with different injection schemes in low equivalence ratio conditions are investi-
gated experimentally and numerically. At last, the flame blowout and re-ignition of
premixed flame and non-premixed flame are studied systematically.
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Chapter 2
Acoustic Oscillation in Supersonic
Combustor

In the supersonic combustors, there exist intense exothermic reactions between fuel
and oxidizer. In many cases the combustor does not work as expected, where the
pressure oscillations occur, especially for the combustor with cavity. The oscillation
frequency varies from hundreds of Hz to 15,000 Hz or higher. This phenomenon is
called combustion instability.

Combustion instability is the oscillatory combustion phenomenon caused by the
coupling of combustion processes and system fluid-dynamic processes or acoustic
oscillations, accompanied by periodic oscillation of the gas pressure, temperature
and velocity. This chapter focuses on the instability related to acoustic oscillations.

2.1 High Frequency Acoustic Oscillations of Cavity

High frequency acoustic oscillations are found in the cavity-based supersonic flows
and supersonic combustion. The dominant types of high frequency acoustic oscilla-
tion of cavity-based supersonic flow are Rossiter and wake modes, while the cavity-
based supersonic combustion is influenced by the interaction of the jet-with-cavity
shear layer and the auto-ignition of the combustible fluid packets formed around the
fuel jet accompanied by the generation of the hairpin-like vortices.

2.1.1 Characteristics of Oscillations in Supersonic Cavity
Flows

Cavity flow under the influence of an external cross-stream can exhibit several kinds
of dynamics–bulk mode (Helmholtz mode), acoustic mode, Rossiter mode (shear-
layer mode) and wake mode [1]. In general, the nature of the cavity flow mainly
depends on the external flow Mach number and L/D ratio. As illustrated by Sahoo
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Fig. 2.1 Schematic of the cavity [3]

Table 2.1 Inflow conditions
for cavity flows [3]

Parameter Case 1 Case 2

M∞ 1.75 2.52

P∞, Pa 100,000 86,200

T∞, K 820.0 753.8

Flight Mach number 5.0 6.0

et al. [2], low speed cavities typically exhibit fluid-resonant (acoustic) mode oscil-
lations if they are very shallow or deep; otherwise, they exhibit bulk mode oscilla-
tions. Higher speed cavities exhibit Rossiter and wake modes, which are also the
most dominant types of dynamics in the typical regions of operation for aircraft
applications.

There are currently several interpretations for the driving mechanism of the cavity
oscillations underRossitermode.Researchers appear to agree that anoscillating shear
layer exists, that the primary and secondary vortices residing within the cavity are
driven by the shear layer, that a mass breathing effect occurs within the cavity, and
that pressure oscillations exist.

In order to deepen the understanding of the characteristics of oscillations in
supersonic cavity flows, Wang et al. [3] numerically investigated the oscillating
regimes and driving mechanisms of the cavity oscillations under the flow conditions
corresponding to scramjet applications based on the combustor shown in Fig. 2.1

Additionally, the influences of Mach number and upstream injection on the cavity
oscillations are also studied. The conditions of the researches are shown in Table 2.1.

2.1.1.1 Oscillation Regimes

For the acoustics-vortex resonant mechanism of cavity oscillations proposed by
Rossiter [4], Heller and Bliss [5] developed the modified Rossiter’s semi-empirical
formula to predict the resonant frequencies as
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fn = u∞
L

n − α

M∞
/√

1 + [
(γ∞ − 1)/2

]
M2∞ + 1/Kv

(2.1)

where u∞ is free-stream velocity, n is the number of the acoustic mode, γ∞ is
the specific heat ratio of the gas, L is the cavity length, M∞ is free-stream Mach
number, Kv and α are empirical constants corresponding to the average convection
speed of disturbances in the shear layer and a phase delay. Under the condition of
Ma∞ = 1.75 of Wang’s research, the first three shear-layer modes of cavity oscilla-
tion, as predicted by Rossiter’s semi-empirical formula, are 6200 Hz, 14,460 Hz and
22,720 Hz, respectively.

Figure 2.2 shows the pressure histories and FFT results of points P1 and P2,
located at the middle of the front and aft wall, respectively. There seem to be five
dominant oscillation frequencies: 1034, 7383, 14,766, 22,297 and 44,446 Hz. The
three frequencies, 7383, 14,766 and22,297Hz, captured in the calculation correspond
to the first three shear-layer modes. It is notable that the two higher modes agree well
with the theoretical prediction while the first mode has an apparent departure from
the predicted value. The possible reason is that Rossiter’s semi-empirical formula
uses a uniform convection-speed ratio for all modal disturbances developing in the
shear layer, which may be questionable as studied by Kegerise et al. [6]. Also, one
can see that the oscillation energy is mainly concentrated in the third shear-layer
mode. The highest frequency of 44,446 Hz is the quadratic coupling of the first three
shear-layer modes since it is exactly the sum of the three frequencies. However, the
oscillation frequency 1034 Hz falls well below the first shear-layer mode prediction,
which indicates theremight be other dynamics responsible for the cavity oscillations.

As shown by the pressure histories, there seems to be two different oscillation
modes that occur alternately. For the first mode, the amplitude of the pressure oscil-
lation is relatively small, as denoted by stage ‘S’ in Fig. 2.2a. For the second mode,
however, the amplitude becomes several times larger than that in the first mode, as

(a) Pressure histories (b) FFT results

Fig. 2.2 Pressure histories and FFT results of points P1 and P2 [3]
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denoted by stage ‘W’. As pointed out by Colonius et al. [7] and Rowley et al. [8],
the shed vortex has dimensions of nearly the cavity size in the wake mode, and as it
is forming, irrotational free-stream fluid is directed into the cavity, impinging on the
cavity base. The vortex is shed from the leading edge and ejected from the cavity
in a violent event. The vortex is large enough to cause flow separation upstream of
the cavity during its forming. Based on these discussions and the calculated pressure
oscillations, it is inferred that the present supersonic cavity flow behaves a mixed
shear-layer/wake oscillation mode. Furthermore, it is conjectured that stage ‘S’ is
dominated by the shear-layer mode and stage ‘W’ by the wake mode, which will be
carefully analyzed below.

Figure 2.3 shows the streamwise velocity histories of point U1 and U2, located
around the leading edge (x/D = −0.01, y/D = 0.002) and in the cavity (x/D =
2.8, y/D = −0.8), respectively. It can be seen that the upstream boundary layer
always attaches and the backflow in the cavity is rather weak during stage ‘S’. When
stage ‘W’ comes, however, the upstream boundary layer separates apparently and
the backflow in the cavity becomes several times larger (more than 30% of the free-
stream velocity). These results appear to support that stages ‘S’ and ‘W’ correspond
to shear-layer and wake mode, respectively.

Figures 2.4 and 2.5 show the pressure histories and FFT results of points P3 and
P4, located upstreamof the leading edge (x/D = −0.2, y/D = 0.0) and at the upper
wall (x/D = 3.88), respectively. From Fig. 2.4, it can be seen that the amplitude of
pressure oscillation is rather small during stage ‘S’ while it becomes several times
larger during stage ‘W’. Additionally, it seems that the upstream boundary sees a
great adverse pressure gradient during stage ‘W’, which may be responsible for the
intense separation upstream of the cavity. The pressure oscillations occur at the upper
wall may attribute to the intermittent generation of shock wave around the leading
edge. During stage ‘S’, the shock wave is generated due to the oscillating shear layer
and shedding vortex around the leading edge, and the shock wave is rather weak.

(a) History at point U1 (b) History at point U2

Fig. 2.3 Velocity histories of points U1 and U2 [3]
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(a) Pressure history   (b) FFT result

Fig. 2.4 Pressure history and FFT result of point P3 [3]

(a) Pressure history   (b) FFT result

Fig. 2.5 Pressure history and FFT result of point P4 [3]

During stage ‘W’, however, the shock wave is generated due to the forming of large
vortex and the separation of the upstream boundary layer, and the shock wave is
strong enough to induce intense pressure oscillations around its incidence area at the
upper wall.

Figures 2.6 and 2.7 show the instantaneous vorticity contours in stages ‘S’ and
‘W’, respectively. During stage ‘S’, the vortex forms mainly due to the Kelvin-
Helmholtz instability [4] developing in the shear layer and the size of the vortex
grows slowly along the shear layer. One can see that the vortex is far from saturation
after developing over the cavity and it continues to grow downstream of the cavity.
During stage ‘W’, however, the vortex forms mainly due to the absolute instability
resulted from the strong backflow within the cavity. The shed vortex has dimensions
of nearly the cavity size, and as it is forming, irrotational free-stream fluid is directed
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Fig. 2.6 Instantaneous results in stage ‘S’, �t = D/u∞ [3]

into the cavity, impinging on the cavity base, as observed by Rowley et al. [8].
Furthermore, the vortex has almost become saturated around the aft wall and there
is no growing of its size downstream of the cavity.

Based on the analyses above, it is believed that the present supersonic cavity
flow does experience a mixed shear-layer/wake oscillation mode. These two modes
occur alternately, and stages like ‘S’ correspond to the shear-layer mode and those
like ‘W’ are dominated by the wake mode. Firstly, the Kelvin-Helmholtz instability
develops in the cavity shear layer, inducing shear-layer oscillation mode. As the
Kelvin-Helmholtz instability grows to sufficient strength, a strong recirculating flow
is induced within the cavity. The resulting flow becomes absolutely unstable later,
leading to wake mode. As analyzed above, much energy is needed to sustain the
wake oscillation mode. Under the present condition, however, there is not so much
energy supplied by the freestream constantly. Accordingly, the wake mode cannot
stand for quite a long time but recovers to the shear-layer mode after several periodic
cycles. Again, as the Kelvin-Helmholtz instability grows to sufficient strength during
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Fig. 2.7 Instantaneous isosurfaces of vorticity [3]

shear-layer mode, a second wake mode cycle occurs, and so on. It seems that the
lowest frequency 1034 Hz may be the frequency associated with wake mode or the
alternation between shear-layer mode and wake mode.

2.1.1.2 Feedback-Loop Mechanisms

Huerre and Monkewitz [9] have shown that for hyperbolic tangent profiles with
greater than 13.6% backflow, the flow is absolutely unstable. Based on the present
flow conditions, the free-stream velocity is about 1000 m/s. For point U2 (Fig. 2.3b),
one can see that the backflow in stage ‘W’ reaches a maximum of 33% and a mean
of about 20% of the free-stream velocity. The backflow in stage ‘S’ is much smaller,
reaching a mean of about 8% of the free-stream velocity, and never exceeding 16%.
The cavity flow is not strictly parallel and the mean profiles are not well described
by hyperbolic tangent profiles, but the main point is that there is significant backflow
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in the cavity during the wake mode. It is possible, so, that absolute instability may
provide a feedback mechanism for transition to wake mode [8].

As has been previously pointed out, there are currently several interpretations for
the feedback mechanism of the cavity oscillations under shear-layer mode but none
of them has been agreed upon. In particular, Tam [10] and Li et al. [11, 12] suggest a
wave-reflecting mechanism for supersonic cavity oscillations. The results based on
case 1 appear to support this mechanism and a detailed analysis will be given below.

Figure 2.8 shows the instantaneous results of vorticity and pressure contours
around the cavity in stage ‘S’. One can see apparently the vortex shedding, devel-
oping in the shear layer and impinging on the aft wall. Neglecting the expansion
fans and resonant shocklets around the shear layer, one can see four waves in the
cavity. The downstream-traveling wavesWD1 andWD2 are two low-pressure waves
associated with vortices V1 and V2, and the upstream-traveling waves WU1 and
WU2 are two compression waves generated near the aft wall. It is notable that the
downstream-traveling wave associated with the shed vortex usually appears in the
downstream portion of the cavity and grows stronger and stronger when traveling
downstream. The upstream-traveling wave, however, usually becomes apparent as it
travels to the upstream portion of the cavity, which may result from the fact that the
downstream-traveling wave is much stronger than the upstream-traveling one in the
downstream portion of the cavity. As discussed by Li et al. [11, 12], there are not

(a) Vorticity contours (b) Pressure contours

Fig. 2.8 Instantaneous results in stage ‘S’, �t = D/u∞ [3]
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Fig. 2.9 Phase of transverse
velocity and pressure at the
frequency of the third
Rossiter mode
( f = 22297Hz). Transverse
velocity in the shear layer
along; pressure at cavity
floor along [3]

only low-pressure regions associated with vortices but also high-pressure region in
the connection of two adjacent vortices. These pressure wave-like regions alterna-
tively/intermittently impinge on the trailing edge, which definitely results in pressure
pulses. These pressure pulses are probably the generation mechanism of feedback
acoustic waves.

A more quantitative analysis can be carried out based on the phase results
presented in Fig. 2.9. The phase of the transverse velocity in the shear layer
along y/D = 0.0 is plotted at the third resonant frequency, which represents the
downstream-traveling vortex. Also plotted is the phase of the pressure at the cavity
floor along y/D = −1.0, which represents the traveling pressure wave inside the
cavity. These variables were chosen to better separate hydrodynamics from acoustic
disturbances as discussed by Rowley et al. [8]. As expected, the phase of the trans-
verse velocity confirms that the downstream traveling of the vortex in the shear layer.
However, the phase of the pressure appears to show that there is an upstream-traveling
pressure wave in the upstream portion (x/D < 2.2) but a downstream-traveling one
in the downstream portion (x/D > 2.2), which is very different from the previous
understanding of the subsonic cavity flow. Also can be seen is that the phases of the
transverse velocity and the pressure show a very similar distribution in the down-
stream portion (x/D > 2.2), indicating the traveling pressure wave in this portion is
probably forced by the shed vortex in the shear layer. As has been mentioned above,
the pressure wave associated with the shed vortex becomes very strong compared to
the upstream-traveling one generated around the aft wall in the downstream portion
(x/D > 2.2) of the cavity. Accordingly, the upstream cavity floor (x/D < 2.2)
sees an upstream-traveling wave while the downstream floor (x/D > 2.2) sees a
downstream-traveling one instead.
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Furthermore, if one supposes that the upstream-traveling wave has the samemean
phase velocity in the upstream portion (x/D < 2.2) and in the downstream portion
(x/D > 2.2), which is believed to be a good approximation considering the relatively
uniform fluid properties in the streamwise direction near the cavity floor, then one
can plot a fitting line to extend the phase velocity of the upstream-traveling wave in
the upstream portion (x/D < 2.2) to the downstream part(x/D > 2.2), as shown
in Fig. 2.9. Notice that the total phase variation from the shear-layer convection
(downstream) and acoustic propagation (upstream) is almost exactly 2πn, where
n = 3 is the index of the Rossiter mode. Notably, when the phase of the pressure
along y/D = −0.5 or y/D = −0.8 is used instead, very similar results were
obtained. This confirms the vortex convection-acoustic feedback mechanism of the
shear-layer oscillation mode.

2.1.1.3 Influences of Mach Number and Upstream Injection

Figure 2.10 shows the velocity and pressure oscillation results for Ma = 2.52. From
the velocity histories of point U1 at the cavity leading, one can see that the upstream
boundary layer never separates, indicating the wake mode does not occur under
this flow condition. Notably, this is very different from the subsonic cavity flows,
as shown by Rowley et al. [8], where the increase of Mach number usually tends
to promote the transition to wake mode. The increase of Mach number tends to
increase the momentum of the shear-layer fluid, leading to a stronger interaction
between the shear layer and the cavity trailing edge. However, the supersonic cavity
shear layer also becomes more stable with increasingMach number. Thus there exist
a competition between the increase of shear-layer momentum and the decrease of the
amplitude of the fluctuations in the shear layer, and the latter seems to be dominant
in the supersonic cavity flows. As pointed out b Rowley et al. [8], any effect that

(a) Velocity histories at U1 (b) FFT results of pressure at P1 and P2

Fig. 2.10 Oscillation results of Ma = 2.52 [3]
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tends to decrease the amplitude of the fluctuations could inhibit the transition to wake
mode.

The FFT results of the pressure indicate that the shear-layer mode oscillations
still exist and agree will with the Rossiter relation. It is notable that all the oscillation
energy appears to concentrate on the third mode, which is different from that for
Ma= 1.75. So it seems that one can predict the possible dominant frequencies of the
shear-layer mode but can not confirm which frequency or frequencies the oscillation
energy will concentrate on beforehand.

Figure 2.11 shows that the upstream injection obviously weakens the oscillations
within the cavity. However, there are still several dominant frequencies consistent
with the shear-layer mode but shifting faintly, which indicates that the upstream
injection does not destroy the vortex convection-acoustic feedback mechanism but
only slightly changes the behavior of the cavity shear layer by moderate exchanging
of mass and momentum between the jet and the shear layer.

Figure 2.12 shows the instantaneous isosurfaces of vorticity. It can be seen that
the increase of Mach number makes the shear layer more stable and the rolling-up
vortices become smaller. And the fluctuation intensity distributions of transverse
velocity in the shear layer are consistent with these flow characteristics, as shown in
Fig. 2.13. With upstream injection, the jet interacts with the cavity shear layer as it
convects above the cavity and is gradually melted in the shear layer downstream of
the cavity.

Figure 2.14 shows the sound pressure level (SPL) distributions along the cavity
floor. The increase ofMachnumber does not change theSPLmuchwhile the upstream
injection tends to weaken the pressure oscillations within the cavity. As has been
pointed out earlier, the downstream-traveling pressure waves become stronger and
stronger due to the developing of the associated vortices while the upstream-traveling
ones usually become weaker and weaker due to the dissipation. So there is a trend
that the oscillation energy is larger downstream. The periodic ups and downs of the

(a) Pressure histories (b) FFT results

Fig. 2.11 Pressure histories and FFT results of points P1 and P2 (injecting, Ma = 1.75) [3]
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(b) No injection, Ma=2.52 

(c) Injection, Ma=1.75

(a) No injection, Ma=1.75 

Fig. 2.12 Instantaneous isosurfaces of vorticity [3]
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Fig. 2.13 Fluctuation
intensity of transverse
velocity along cavity mouth
at y/D = 0.0 [3]

Fig. 2.14 Sound pressure
level along cavity floor at
y/D = −1.0 [3]

SPL suggest a possibility of existence of nodes and peaks of the static pressure in
streamwise direction, which may be caused by the interactions of the streamwise-
propagating pressure waves, as experimentally observed by Kegerise et al. [6].
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2.1.2 Characteristics of Oscillations in Supersonic Cavity
Combustion

The previous studies have clearly indicated the existence of combustion oscillations
in the scramjet combustors. Wang et al. [13] investigated both the pressure and
flame oscillations in a model scramjet combustor by experiments and numerical
simulations.

The combustor that Wang et al. [13] investigated has a constant width of 50 mm
and height of 40 mm, shown in Fig. 2.15. The model scramjet combustor is installed
behind the nozzle of the air heater, which heats the air by means of air/O2/alcohol
combustion to simulate flight Mach 6 conditions, resulting in a Mach 2.52 and mass
flow 1 kg/s stream in the combustor entrance. Detailed flow conditions at the nozzle
exit and fuel jet exit are listed in Table 2.2, where the fuel is 99.5–99.8% pure
H2. The fuel can be injected transversely into the combustor from a 2 mm orifice,
located 10 mm upstream of the cavity leading edge. Three injection conditions Pjet
= 0.6, 1.2 and 1.8 MPa, resulting in equivalence ratios of 0.038, 0.076 and 0.114,
are considered. Cavities of depth D = 8 mm, length to depth ratio L/D = 4 or 7, and
aft angle A = 22.5°, 45° or 90° are adopted. For simplicity, we use LxAy to denote
the cavity with L/D = x and A = y from now on.

2.1.2.1 Experimental Study of Combustion Oscillations

Figure 2.16 shows the frequency spectra of cavity oscillations without hydrogen
injection for a typical cavity (L4A90). There seem to be three dominant frequen-
cies around 7, 15.2 and 24.7 kHz, corresponding to the first three Rossiter modes

Fig. 2.15 Schematic of the scramjet combustor Wang et al. [13]

Table 2.2 Inflow conditions
for cavity flows (Wang et al.
[13])

Parameter Air Jet

T0 , K 1486 300

P0 , MPa 1.6 0.6/1.2/1.8

Ma 2.52 1.0
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Fig. 2.16 Frequency spectra
of pressure oscillations for
cavity L4A90 without
hydrogen injection [13]

[4, 5]. Rossiter mode suggests an acoustics-vortex resonant mechanism to explain
the oscillations: the upstream traveling compression wave reaches the front wall,
induces shed vortices or disturbances which are amplified subsequently via Kelvin-
Helmholtz instability, the amplified structures in the shear layer impinges on the aft
wall and generates another compression wave, closing the feedback loop. Although
the present study appears to support the existence of Rossiter mode, there is a quan-
titative discrepancy between the experimental data and the predictions. Additionally,
the first two modes are surrounded by a widely distributed spectra, similar to the
observations of Chandra et al. [14] under some conditions. These results indicate
that the cavity oscillations under the complicated conditions (turbulent incoming
boundary layer, shock wave etc.) inside the scramjet combustor are very different
from those under the ideal conditions as supposed in Rossiter mode.

Figure 2.17 shows the frequency spectra for cavity L7A90, where it is evident
that the frequencies shift to higher levels due to the combustion and the increase of
equivalence ratio. Figure 2.18 shows the frequency and intensity of pressure oscilla-
tions for both cold and combustion flows. Notably, it is found that flame can hardly
be stabilized by shorter cavities with L/D= 4 under the present conditions, thus only
the longer cavities with L/D = 7 are considered for the combustion cases.

In the present study, intensities of pressure and flamefront oscillations are defined
as sound pressure level and rms (root mean square) results, respectively. One can
see that cavities with larger aft angle tend to exhibit pressure oscillations of higher
frequency and intensity. Additionally, the results indicate that the combustion of the
hydrogen injected upstream of the cavity suppresses the lower frequencies but pushes
oscillations to higher frequencies (basically located in 15–20 kHz). Furthermore, the
frequency increases with increasing injection pressure. The change of the frequency
may be attributed to the instability of the jet mixing layer developing above the
cavity and the heat release from the combustion, which interact with the cavity
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(a) Cold flow without hydrogen injection (b) Combustion, Pjet=0.6 MPa 

(c) Combustion, Pjet=1.2 MPa (d) Combustion, Pjet=1.8 MPa

Fig. 2.17 Frequency spectra of pressure oscillations for cavity L7A90 [13]

Fig. 2.18 Frequency and intensity of pressure oscillations [13]
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shear layer and trigger high-frequency oscillations favored by the modified flowfield.
Meanwhile, the oscillation intensity also markedly increases due to the combustion.
One reason is the increase of the mean pressure caused by the heat release. Another
reasonmay be the introduction of additional energy supplied by unsteady heat release
to the oscillating system.

High-speed flame luminosity imaging is also adopted to investigate the flame
oscillations. The camera images the combustion luminosity at 4000 framesper second
through the combustor side window. Figure 2.19 shows the instantaneous flame
structure of different cavities with moderate injection pressure Pjet = 1.2 MPa.
Following the method of Micka [15], a combustion iso-luminosity contour of 10
counts is used to characterize the combustion zone outline. The streamwise location
of the flamefront is then calculated for y/D = 0.5–1.5 above the cavity. Figure 2.20
shows the history and frequency spectra of the flamefront oscillations for cavity
L7A90 with Pjet = 1.2 MPa. One can see that the amplitude of the flamefront
oscillations in the streamwise is usually up to 10 mm. Also, there seems to be no
dominant frequency less than 2 kHz for the flameoscillations, indicating the existence
of no low-frequency combustion instabilities coupled with acoustics.

Figure 2.21 shows the average location and intensity of the flamefront oscillations
for cavities with different aft angles and injection pressures. The cavity with larger
aft angle shows stronger flame oscillations regardless of any injection pressure con-
sidered in the present study. Meanwhile, the cavity with larger aft angle also tends to
stabilize the time-averaged flamefront more upstream, indicating a shorter ignition

Fig. 2.19 Instantaneous
flame structure for Pjet =
1.2 MPa [13]

(a) Cavity L7A22.5 

(b) Cavity L7A45 

(c) Cavity L7A90 
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Fig. 2.20 History and frequency spectra of flamefront oscillations for cavity L7A90, Pjet = 1.2MPa
[13]

Fig. 2.21 Average location
and rms of flamefront
oscillations [13]

distance. Therefore, it is inferred that moderate oscillations may be beneficial to the
ignition and combustion by enhancing the mixing process.

In summary, cavity oscillations inside the scramjet combustor appear to be dom-
inated by Rossiter mode, but there is a quantitative discrepancy between the experi-
mental data and the predictions due to the complicated incoming conditions. High-
speed imaging results show that there exist intense flame oscillations though there is
no dominant frequency less than 2 kHz. The cavity flameholder with larger aft angle
tends to exhibit stronger flame oscillations as well as shorter ignition distance, sug-
gesting that moderate oscillations may be beneficial to the ignition and combustion.
Under the combustion conditions, both the frequency and intensity of the pressure
oscillations shift to higher levels (15–20 kHz, >170 dB), indicating the existence of
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high-frequency, strong flow and combustion oscillations. The flame is expected to
be influenced by these high-frequency, strong pressure oscillations.

2.1.2.2 Numerical Study of Combustion Oscillations

Due to the limitation of the spatial and temporal resolution of measurement, the
experiments can not obtain enough flow field information to analyze the mechanism
of high-frequency combustion oscillation. Therefore, Wang et al. [16] investigated
combustion oscillations in a supersonic combustor with hydrogen injection upstream
of a cavity flameholder using a hybrid RANS/LES method acting as a wall-modeled
LES to analyze the mechanisms of high-frequency combustion oscillations in more
details. The conditions of the simulation are shown in Table 2.2, except that the total
pressure of the fuel jet is 1.8 Mpa.

Characteristics of jet-cavity combustion
In order to study the long-term behaviors of the combustion oscillations as well as
to minimize the statistical error, the calculation is continued for more than twenty
characteristic times after convergence, where the characteristic time is defined as
L/U∞.

Figure 2.22 shows the instantaneous flowfield around the reactive transverse jet
with supersonic incoming turbulent boundary layer. Typical high-speed, low-speed
streaks and turbulent structures in the boundary layer as well as the bow shock,
separation shock and large-scale structures around the jet boundaries are clearly
observed. Also, the interaction between the turbulent structures in the incoming
boundary layer and the transverse jet can be obviously seen, which is expected to be
important for the quick breakdown of the jet and for the generation of large-scale
structures around the jet as will be seen below.

The three-dimensional features of vortical structures around the jet and the cavity
shear layer are visualized by the instantaneous isosurfaces of the second invariant of

Fig. 2.22 Transverse jet
with supersonic incoming
turbulent boundary layer.
Density gradient magnitude
and streamwise velocity
contours in centerplane and
wall-parallel plane close to
the wall (y/δinf = 0.2) [16]
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velocity gradient tensor Q in Fig. 2.23. The Q isosurfaces are colored by streamwise
vorticity, which indicates that red and blue surfaces show clockwise and counter-
clockwise rotating vortices with the axis in the streamwise direction while Q isosur-
faces with green color show vortices without the axis in the streamwise direction.
Two types of vortices around the fuel jet are observed. One is the counter-rotating
vortex pair with the axis in the streamwise direction and the other is the hairpin-like
vortices rolling up in the jet boundaries. As observed by Kawai and Lele [17], there
should be two groups of hairpin-like vortices generated from the windward and lee-
ward portion of the jet, respectively. In the present study, however, the hairpin-like
vortices in the leeward portion of the jet are not evident, which may result from the
interaction of the cavity shear layer and the leeward portion of the jet. The counter-
rotating vortices may play an important role in the flame spreading as observed by
Sun et al. [18], while the hairpin-like vortices have great influences on the possible
auto-ignition process as will be seen below. Relatively fine vortical structures are also
observed around the cavity shear layer, which are important to the mass exchange
between the fluids in and out of the cavity as well as to the jet-cavity interaction,
related to the flame holding and spreading.

Figure 2.24 shows the instantaneous H2 and OH distributions together with sonic
line in the axial slices. The stretching and distortion of the fuel jet can be clearly seen
in the near field, which is beneficial to the subsequent mixing of the fuel and air. One
portion of the jet mixing occurs in the subsonic region adjacent to the cavity shear
layer and a small portion of the fuel can be even entrained into the cavity recirculation
region, which indicates that a portion of combustion may occur within the cavity.
Another portion of the jet mixing accompanied by the formation of large-scales in
the windward jet boundary occurs in the supersonic region. The calculation shows

Fig. 2.23 Instantaneous
isosurfaces of the second
invariant of velocity gradient
tensor Q colored by
streamwise vorticity [16]
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Fig. 2.24 Oblique views of
axial slices for instantaneous
contours together with sonic
line [16]

(a) Mass fraction of H2

(b) Mass fraction of OH

that, however, the combustion is mainly confined in the subsonic regions though a
small portion of reaction may occur in the supersonic regions far downstream of the
cavity.

Although the fuel injection and combustionmaymitigate the intensity and change
the dominant frequencies of the cavity-shear oscillations, there still exist remark-
able pressure oscillations in the flowfield around the cavity. Figure 2.25 shows the
frequency spectra of pressure oscillations at the cavity floor. The acoustics-vortex
resonant mechanism proposed by Rossiter [4] still seems to exist and the first two
dominant frequencies, 6.7 and 17.4 kHz, appear to agree with the first and third
mode of the Rossiter relation [4]. These two frequencies are found to couple with the
combustion oscillations in the main stream as will be shown below. There are also
several dominant frequencies ranged from 30 to 80 kHz, evident coupling of which
between the combustion is not observed, so the analyses will not focus on them in
the present study.
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Fig. 2.25 Frequency spectra
of pressure oscillations at
cavity floor [16]

Combustion oscillations
It is found that the reaction zone in the cavity is relatively stable, making the cavity
act as a flameholder. However, the combustion zones in the main stream oscillate
remarkably. Since the temperature oscillations at one point can be influenced by too
many factors and may be too chaotic, it is not appropriate to use them to demonstrate
the combustion or flame oscillations. Here, we define a mass-averaged tempera-
ture to indicate the combustion oscillations. The mass-averaged temperature at the
streamwise station x is defined as

Tma(x) =
˜
S

ρ(x, y, z)u(x, y, z)T (x, y, z)dydz

˜
S

ρ(x, y, z)u(x, y, z)dydz
(2.2)

where the integrating region S should be chosen to just include the possible com-
bustion zone around the fuel jet in the main stream but exclude the influences of the
combustion in the cavity shear layer as much as possible.

Figure 2.26 shows the time history and frequency spectra of the mass-averaged
temperature oscillations at station x/D = 4.5. Based on the calculation observations,
the integrating region S is chosen as y/D = 1 ~ 2 and z/D = −0.6 ~ 0.6 as marked
by B in Fig. 2.27. As can be seen, there exist intense temperature oscillations though
the temperature is a mass-averaged one in a relatively large region, indicating the
existence of strong combustion or flame oscillations. The combustion oscillations
show a widely distributed spectra ranged from several kHz to over one hundred kHz.

Recall that the two lower frequencies, 6.7 and 17.4 kHz, correspond to the cavity-
shear oscillations as has been analyzed above. This means that the oscillations of
the cavity shear layer have direct effects on the combustion oscillations in the main
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Fig. 2.26 Time history and frequency spectra of mass-averaged temperature oscillations at station
x/D = 4.5, as marked by B in Fig. 2.27 [16]

Fig. 2.27 Oblique views of streamwise slices around the cavity for instantaneous temperature
contours [16]
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stream. It can also be concluded from the experimental results in the last section,
shown in Fig. 2.27d. The dominant frequency is 17.4 kHz,which agreeswith the third
mode of theRossiter relation [4]. Themain frequencies of calculation and experiment
are inconsistent due to the sensitivity of the shear layer to the choice of dominant
modes. However, it is shown that the high-frequency pressure oscillation may be
caused by the self-excited oscillation of the cavity-shear layer. As has been pointed
out above, a relatively stable reaction zone exists in the cavity, acting as a flameholder
for the jet combustion. Once the flame is stabilized in the cavity shear layer or within
the cavity, it needs to spread to themain flowand ignite the jet so that the flameholding
process can be accomplished, where the interaction of the jet-with-cavity shear layer
plays an important role. Representative snapshots of temperature contours in several
streamwise slices are shown in Fig. 2.27. The mass-averaged temperature history
data shown in Fig. 2.26 are obtained by integrating in region B as shown in the first
snapshot. These four snapshots are taken at the time corresponding to the numbered
markers in the temperature history. The simulated unsteady flowfield illustrates that
the fuel jet passing above the cavity is ignited intermittently.

There may be three key processes that determine whether the flame can spread
from the cavity shear layer to the main stream and ignite the jet successfully. The first
one is the periodic formations of vortices around the fuel jet, including formations of
both the counter-rotating vortices as observed byWon et al. [19] and the hairpin-like
vortices in the leeward portion of the fuel jet as observed by Kawai and Lele [17],
which influences the entrainment of the hot products from the cavity shear layer
to the fuel jet. The second one is the periodic oscillations of the cavity shear layer
controlled by the acoustics-vortex resonant mechanism as proposed by Rossiter [4],
which influences the local flow condition and combustion around the cavity shear
layer. The last one is the vortex interaction of the jet and the cavity shear layer, which
is the most important one and finally determines whether the flame spreading can be
successfully achieved. If the vortex interaction of the jet and the cavity shear layer
is favorable, enough hot products and oxidant will be entrained into the main stream
following the counter-rotating vortices, and the fuel jet will be ignited. Otherwise, the
flame or combustion entrained into the main stream will be extinguished due to the
too large strain rate or toomuch heat loss (compared to the local heat release), and the
fuel jet will not be ignited. Due to the instabilities associated with these processes,
the flame spreading fluctuation occurs, which leads to combustion oscillations in the
main stream.

Another factor that leads to combustion oscillations may be the periodic auto-
ignition process. As has been analyzed above, there exist periodic formations of
hairpin-like vortices in the jet boundaries, accompanied by which combustible fluid
packets are formed periodically. Free-jets generally have two dominate instability
frequencies associated with different sizes of vortices [20]. The first is related to
the instability of the shear layer at the jet orifice. The initial vortex shedding fre-
quency, also called the most amplified frequency fθ j , scales with the initial shear
layer momentum thickness θ j and jet exit velocity Uj . The corresponding Strouhal
number is
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Stθ j = fθ j θ j

U j
(2.3)

where Stθ j is found to be scattered from 0.01 to 0.18 [21]. The second dominant jet
instability mode is related to larger structures present downstream of the jet potential
core. The characteristic frequency is referred to as the preferred mode frequency f j .
The preferred mode frequency scales with the jet exit diameter d and velocity Uj to
yield the corresponding Strouhal number

Std = f j d

U j
(2.4)

Gutmark and Ho [21] found that the value of Std varied between 0.24 and 0.64
based on the various initial conditions of different facilities. Fric [22] found that
the value of Std varied between 0.2 and 2 at different locations along the jet. The
analyses from Ben-Yakar [20] indicated a value of Std ≈ 1. In the present study, the
shear-layer thickness at the jet orifice is neglected, thus only the preferred mode can
be considered. Based on the present flow conditions, the preferred mode frequency is
estimated to vary between 65 kHz and 325 kHz, assuming a value of Std = 0.2 ∼ 1.

Representative snapshots of temperature contours and H2 mass fraction distribu-
tion overlapped with vorticity magnitude contours in the centerplane are shown in
Fig. 2.28 and Fig. 2.29, respectively. These eight snapshots are taken at the time cor-
responding to region A in the mass-averaged temperature history shown in Fig. 2.26.
Within this stage, it is expected that the ignition probability of the fuel jet by the
flame spreading from the cavity shear layer is small. So the auto-ignition process can
be demonstrated more distinctly.

Here,we track three representativefluid packets formed in thewindward portion of
the fuel jet to analyze the auto-ignition.When the hairpin-like vortices are formed, hot
air is entrained into the fuel jet boundaries and combustible fluid packets are formed
accordingly, as illustrated in Figs. 2.28 and 2.29. It is observed that the combustible
fluid packets are basically generated in the regions between the hairpin-like vortices
and the main body of the fuel jet. Since the auto-ignition delay time and distance
is controlled by the entire time history of the velocity, temperature and equivalence
ratio of a fluid packet, the combustion zone resulting from the auto-ignition will not
have a continuous structure as can be seen in Fig. 2.28. Because of the different initial
condition (formation position, temperature, equivalence ratio, dimension, etc.) and
passing route of these coherent structures, moreover, the resulting combustion zones
oscillate in the main stream. For example, packet 1 seems to have a larger dimension
than packets 2 and 3, so it results in a larger reaction zone, which is also beneficial to
ignite the whole fuel jet earlier. Notably, the time interval between the formations of
packets 1 and 2 is approximately 15 μs, and that between the formations of packets
2 and 3 is about 8 μs. These periodic events correspond to frequencies ranged from
67 to 125 kHz, which agree well with the relatively higher frequencies of the mass-
averaged temperature oscillations shown in Fig. 2.29, fitly located in the previously
estimated range of the preferred mode frequency of the jet. So it is expected that
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Fig. 2.28 Representative snapshots of temperature contours in centerplane, where �t = 4δinf/u∞
[16]

the auto-ignition process accompanied by the formation of the hairpin-like coherent
vortices also has evident influences on the combustion oscillations in themain stream.

In sum, the combustion oscillations in the cavity-based combustor can be induced
by two unsteady processes. One is the intermittent flame spreading from the cavity
shear layer to the main stream and the other is the auto-ignition of the combustible
fluid packets formed by the hairpin-like vortices in the jet boundaries. In fact, these
two processes may interact with each other, making the oscillations more compli-
cated. Notably, hydrogen is used as fuel in the present study, which has a relatively
short ignition delay when compared to most hydrocarbon fuels. Thus, the oscillation
mechanism related to the auto-ignition may become less evident when hydrocarbon
fuels are used unless the flight Mach number or total temperature is well raised. It is
inferred, however, that the fuel may have little effect on the other oscillation mech-
anism since the reactivity of the reactants (mainly determining the laminar burning
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Fig. 2.29 Representative snapshots of H2 mass fraction distribution overlapped with vorticity
magnitude contours in centerplane, where �t = 4δinf/u∞ [16]

velocity) have relatively small influence on the flame spreading process (mainly
determined by the turbulent transport) once the combustion is stabilized around the
cavity flameholder.

In general, there exists a competition between the auto-ignition and flame propa-
gation, which needs to be further explored in the future work. It is also notable that
the shock/boundary-layer interaction near the upper wall is neglected in the present
study, which weakens the reflection shock waves and delays the shock-combustion
interactions. Once strong shock-combustion interactions occur in the regions around
the cavity, additional instabilities may be introduced to the combustion.

In sum, the combustion oscillations in the cavity-based combustor can be induced
by two unsteady processes. One is the intermittent flame spreading from the cavity
shear layer to the main stream and the other is the auto-ignition of the combustible
fluid packets formed by the hairpin-like vortices in the jet boundaries. In fact, these
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two processes may interact with each other, making the oscillations more compli-
cated. Notably, hydrogen is used as fuel in the present study, which has a relatively
short ignition delay when compared to most hydrocarbon fuels. Thus, the oscillation
mechanism related to the auto-ignition may become less evident when hydrocarbon
fuels are used unless the flight Mach number or total temperature is well raised. It is
inferred, however, that the fuel may have little effect on the other oscillation mech-
anism since the reactivity of the reactants (mainly determining the laminar burning
velocity) have relatively small influence on the flame spreading process (mainly
determined by the turbulent transport) once the combustion is stabilized around the
cavity flameholder. In general, there exists a competition between the auto-ignition
and flame propagation. It is also notable that the shock/boundary-layer interaction
near the upper wall is neglected, which weakens the reflection shock waves and
delays the shock-combustion interactions. Once strong shock-combustion interac-
tions occur in the regions around the cavity, additional instabilitiesmay be introduced
to the combustion.

Totally, it is believed amixed shear-layer/wake oscillationmode in the flow,where
these two modes occur alternately. The shear-layer mode and wake mode are driven
by vortex convection-acoustic feedback and absolute instability, respectively. The
combustion oscillations can mainly be attributed to two mechanisms. One is the
unsteady flame spreading from the cavity shear layer to the main stream, which is
greatly influenced by the interaction of the jet-with-cavity shear layer. This mecha-
nism leads to relatively low-frequency oscillations that correspond to the cavity-shear
layer oscillations. The other is the auto-ignition of the combustible fluid packets
formed around the fuel jet accompanied by the generation of the hairpin-like vor-
tices, which leads to relatively high-frequency oscillations that correspond to the jet
instabilities.

2.2 Low Frequency Acoustic Oscillation

The combustion instabilities of scramjet can cause strong interaction among fuel jet,
cavity flame stabilization zone, mainstream combustion zone and pre-combustion
shock waves. And it leads to low-frequency acoustic oscillation in the combustion
chamber flow field. Low-frequency acoustic oscillation can be propagated upstream
through various subsonic zones such as boundary layer and flame-stabilized recir-
culation zone in scramjet. When the combustor operates in sub-combustible mode,
the research results of Ma et al. [23] and Lin et al. [24] clearly showed the existence
of low frequency acoustic oscillation. Li et al. [25] carried out three dimensional
simulation of the ethylene-fueled scramjet combustor investigated by Ma et al. [23].
And the results displayed the oscillations of the flame and fuel distribution. Sun et al.
investigated the effects of mixing status on the oscillation modes. However, when the
combustor operates in super-combustion mode, the low frequency acoustic oscilla-
tion needs further study. Therefore, this paper mainly introduces the low frequency
acoustic oscillation when the combustor works in sub-combustion mode.
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2.2.1 Effect of Cavity Parameters on the Acoustic Oscillation

A series of experiments have been carried out by Ouyang et al. [26] to study the
influence of cavity parameters on the combustion oscillation in scramjet combustor.
The influence offlameholding cavity position, its length to depth ratioL/D and aftwall
angle θ and amount on ethylene combustion oscillation characteristics in scramjet
combustor has been researched. The obtained experimental results show that, as the
premixing distance between ethylene injector and flameholding cavity varies, the
ethylene combustion flame will take on two distinct forms, small-amplitude high
frequency fluctuation, and large-amplitude low frequency oscillation. The dominant
frequencyof the large-amplitude combustion oscillation is in inverse proportion to the
pre-mixing distance. Moreover, the influence of cavity length to depth ratio and the
aft wall angle θ exists diversity when the flameholding cavity position is different
and can be recognized as unnoticeable compared to the impact of the premixing
distance. In addition, we also find that, when the premixing distance is identical
and sufficient, increasing the amount of tandem flameholding cavity can change the
dominant frequency of combustion oscillation hardly, let alone avoid the combustion
oscillation. It is believed that the present investigation will provide a useful reference
for the design of the scramjet combustor.

2.2.1.1 Experimental Description

A direct-connected test facility is used for the experiments. The facility is composed
of air heater, super-sonic nozzle and scramjet combustor. The model scramjet com-
bustor is directly mounted downstream the supersonic nozzle of the air heater which
heats the air by means of air/ethanol/O2 combustion. The repetitive ability of the
experimental system has been validated in a large number of experiments [27]. The
flow conditions of the supersonic nozzle exit, that is the scramjet combustor entry,
are listed in Table 2.3. As Fig. 2.30 shows, the model scramjet combustor consists of
a constant cross-section isolator and a single-side expansion combustor. The entry
cross section of the combustor is 54.5 mm in height and 75 mm in width. The com-
bustor has an expansion angle of 2.5° on the upside wall. The T1 cavity is arranged
in the expansion-side wall (upside) as an ignition cavity. Its parameters is set to depth
D = 15 mm, length to depth ratio L/D = 7, and the aft wall angle θ = 45◦. The
forced spark ignition plug was installed in cavity T1. Its supply voltage was 220 V;
however, the instantaneous discharge voltage was nearly 2000 V. The spark rate was
100 Hz. The pilot hydrogen is injected upstream T1 cavity. The ethylene injector
(orifice number× diameter, 3× 2.0 mm, the distance between the orifices is 15 mm)

Table 2.3 Flow conditions at the scramjet combustor entry [26]

Ma P/KPA T /K P0/MPa T0/K Yo2

2.1 71 528 0.65 947 23.3%
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Fig. 2.30 Schematic diagram of the scramjet combustor model and cavity [26]

is set downstream T1 cavity, the global fuel equivalence ratio F is set 0.4. T2, T3,
T4 and T5 cavity are designed as flameholding cavities in the experiments. Their
depth D is set to 15 mm. Unlike T1 cavity, however, they will not keep open during
every experiment. And their length L and the aft wall angle θ will also be adjusted to
different experimental intention. The ethylene flame behavior is captured by a high
speed movie camera through the quartz windows on the model, for which 6000 fps
(frames per second) is chosen with a resolution of 1024 × 512 pixels and a shutter
time of 1/8000 s. The high-frequency voltage signal corresponding to wall pressure
change is acquired by a water-cooled high-frequency sensor (PCB model 112A05)
at the points on the sidewall (shown in Fig. 2.30). The acquisition frequencies of the
pressure signals are 50 kHz.

2.2.1.2 Effect of Flameholding Cavity Position

Firstly, the influence of flameholding cavity position, that is the premixing distance,
has been studied by the comparative experiments listed in Table 2.4. It should be
noted that, the ignition cavity T1 is not displayed in Table 2.4. The parameters of the
flameholding cavity is unified to the length to depth ratio L/D = 7, and the aft wall
angle θ = 45◦. As Fig. 2.31a shows, when the premixing distance between ethylene
injector and flameholding cavity is 8 mm, the pressure oscillation intensity is in so
low levels that the combustion can be regarded as stable. According to Fig. 2.32, the
further finding indicates that, the combustion is in a state of small-amplitude high

Table 2.4 Comparative experiments of the influence of cavity position [26]

Run no. Flameholding cavity L/D θ/° Premixing
distance/mm

Flame dynamics

01 T2 7 45 8 Stable combustion

02 T3 384 Periodic oscillation

03 T4 584 Periodic oscillation

04 T5 784 Periodic oscillation
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(a) FFT of PCB results about Run 01 (b) FFT of PCB results about Run 02

(c) FFT of PCB results about Run 03 (d) FFT of PCB results about Run 04

Fig. 2.31 FFT of PCB results about Run 01, 02, 03 and 04 [26]

frequency fluctuation in nature which will be attributed to the intrinsic instability of
injection and high speed flow in scramjet combustor. As shown in Fig. 2.33, which
is the average result of 100 flame frames, the combustion will keep stable overall.
When the flameholding cavity is transferred to T3, T4 or T5, however, the noticeable
distinction will take place as Fig. 2.31b–d shown. The pressure oscillation intensity
will shift to higher levels and distinct dominant frequency can be obtained, which is
about 133Hz, 94Hz, and 45Hz, respectively. According to Fig. 2.34, the combustion
is in a state of large-amplitude low frequency oscillation, the flame frames of run
03 and 04 are analogous to run 02 and can also flashback to T1 cavity, so they
have been omitted to avoid repetition. Obviously, the large-amplitude combustion
oscillation can be divided into three distinctive stages, which are flame re-holding,
flame flashback and flame blown off, respectively.

As Fig. 2.35 shows, the dominant frequency of the large-amplitude combustion
oscillation is in inverse proportion to the pre-mixing distance. This can be explained
as follows. Although increasing the premixing distance between ethylene injector
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Fig. 2.32 Instantaneous flame frame of run 01, �t = 1/6000 s [26]

Fig. 2.33 Average result of 100 frames of run 01 [26]

and flameholding cavity can strengthen the premixing effect, which will shorten
the flame re-holding time, it will lead to the higher local velocity and lower local
pressure in the vicinity of flameholding cavity at the same time because of the single-
side expansion scramjet combustor model, which will prolong the flame re-holding
time. The increasing premixing distance between ethylene injector and flameholding
cavity, moreover, will result in longer flame flashback and flame blown off time.

2.2.1.3 Effect of Cavity Length to Depth Ratio

In this section, the three group experiments listed in Table 2.5, corresponding to
cavity T3, T4 and T5, respectively, will be performed to explore the influence of
cavity L/D on the combustion oscillation. The cavity aft wall angle and depth will
be hold as 45° and 15 mm, respectively. The cavity L/D can be changed to 4, 5 and
7 through the varying cavity length.
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Fig. 2.34 Flame frames of one typical oscillation period in run 02, �t = 1/6000 s [26]
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Fig. 2.34 (continued)

As shown in Fig. 2.36, on the one hand, when the flameholding cavity is installed
in T3 or T4, the dominant frequency of combustion oscillation will become higher
as cavity L/D increases. This is because the increasing cavity L/D will strengthen
the mass and heat exchange between flameholding cavity shear layer and the core
flow, which will shorten the flame re-holding time. When the flameholding cavity is
installed in T5, however, the dominant frequency of cavity L/D = 7 will decrease,
which maybe because that the higher local velocity flow in the vicinity of T5 cavity
resulting from the single-side expansion scramjet combustor model will take more
heat fromflameholding cavity away to the combustor exit.We canfind that,moreover,
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Fig. 2.35 Dominant
frequency of different cavity
positions [26]

Table 2.5 Comparative experiments of the influence of cavity length to depth ratio [26]

Group no. Run no. Flameholding cavity L/D θ/° Dominant frequency/Hz

01 02 T3 7 45 133

05 5 119

06 4 118

02 03 T4 7 94

07 5 87

08 4 84

03 04 T5 7 45

09 5 50

10 4 40

the difference of dominant frequency results from different cavity position is more
notable than that resulting from varying cavity L/D, which indicates that the influence
of premixing distance is more important than that of cavity L/D.

2.2.1.4 Effect of Cavity Aft Wall Angle

In this part, the influence of cavity aft wall angle on the combustion oscillation will
be studied. The cavity L/D is set to 4, and the cavity aft wall angle can be changed
to 30°, 45°, 60°, 75° and 90°. There are also three group comparative experiments
listed in Table 2.6, corresponding to cavity T3, T4 and T5, respectively.

The related results displayed in Table 2.6 and Fig. 2.37 indicate that, when the
flameholding cavity is arranged in T4 or T5, the variation of combustion oscillation



92 2 Acoustic Oscillation in Supersonic Combustor

Fig. 2.36 Dominant frequency of different cavity L/D [26]

Table 2.6 Comparative experiments of the influence of cavity aft wall angle [26]

Group no. Run no. Flameholding cavity L/D θ/° Dominant frequency/Hz

01 11 T3 4 30 114

06 45 118

12 60 124

13 75 135

14 90 116

02 15 T4 30 84

08 45 84

16 60 77

17 75 77

18 90 70

03 19 T5 30 35

10 45 40

20 60 35

21 75 37

22 90 41
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Fig. 2.37 Dominant frequency of different cavity aft wall angle [26]

dominant frequency caused by the change of aft wall angle is so small that can
be ignored. When the flameholding cavity turn into T3, the combustion oscillation
dominant frequency will increase as cavity aft wall angle enlarges excluding θ =
90◦. We suppose that cavity aft wall will act on the combustion oscillation mainly
through the impinging shock wave in the cavity aft wall and the mass and heat
exchange between cavity shear layer and the core flow.When the flameholding cavity
is installed in T4 or T5, due to the increase of local flow velocity and the height of
flow path, the action of the impinging shock wave will be weakened and the roll-up
derived from the velocity deviation between cavity shear layer and the core flow will
dominant the heat exchange, thus the influence of cavity aft wall will be weakened to
be negligible. When the flameholding cavity turn into T3, the impinging shock wave
will be strengthened as cavity aft wall angle shifts from 30° to 75°, to shorten the
flame re-holding time. When the angle turn to 90°, however, it will maybe result in
significant limitation on the mass and heat exchange between cavity shear layer and
the core flow, thus the remarkable decrease of the combustion oscillation dominant
frequency. In addition, as shown in Fig. 2.37, compared to the premixing distance,
the influence of cavity aft wall angle θ , can be recognized as unnoticeable, which
testifies to the significant impact of premixing distance on the large-amplitude low
frequency combustion oscillation again.
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2.2.1.5 Effect of the Amount of Flameholding Cavity

Unlike the aforementioned experiments, in which only one flameholding cavity is
adopted. In this section, we will put multiple flameholding cavities into use to inves-
tigate the influence of the amount of flameholding cavity on the ethylene combustion
oscillation characteristics in scramjet combustor. It should be noted that only the
tandem cavities have been considered, and the parallel cavities have been omitted
for the integration design of the whole aircraft. The L/D and aft wall angle of all
cavities are set to 7 and 45°, respectively. The corresponding experimental condition
and results are listed in Table 2.7. The results of Run 01 and 02 are also listed in
Table 2.7 to enhance the comparability. Comparing Run 02, 24 and 26, it is revealed
that, when the premixing distance is identical and sufficient, increasing the amount
of tandem flameholding cavity is lost on changing the dominant frequency of com-
bustion oscillation, let alone turns the oscillating combustion into stable combustion.
It can be found that, the distance between ethylene injector and the first flamehold-
ing cavity, that is, the premixing distance, instead of the amount of flameholding
cavity, will change the ethylene combustion oscillation characteristics in essence,
which confirms the key of the large-amplitude low frequency combustion oscillation
is premixing once again.

2.2.2 Effect of Mixing Status on the Acoustic Oscillation

Sunet al. [28] investigated combustion instabilities inside an ethylene-fueled scramjet
combustor mounted on a Mach 2.1 direct-connect test facility with an inflow stag-
nation temperature of 846 K. Effects of fueling schemes on the combustion stability
characteristics were examined. The experimental results suggest that the oscillation
modes correlate with mixing status closely. For the cases with a quasi-steady thermal
throat or stable shock trains, flame fluctuation exists in a mode of thermo-acoustic

Table 2.7 Comparative experiments of the influence of the amount of flameholding cavity [26]

Run No. Flameholding cavities L/D θ Flame dynamics Dominant frequency

01 T2 7 45° Stable combustion
—-

02 T3 Periodic oscillation 133 Hz

23 T2 + T3 Stable combustion
—-

24 T3 + T4 Periodic oscillation 135 Hz

25 T2 + T3 + T4 Stable combustion
—-

26 T3 + T4 + T5 Periodic oscillation 136 Hz



2.2 Low Frequency Acoustic Oscillation 95

type oscillation with a broad frequency range. For the cases with a transient ther-
mal throat, if a fuel/air premixed region from the injection to the cavity flameholder
exists, the cavity pilot flame could reignite the fuel/air mixture and undergo a process
similar to deflagration–detonation transition (DDT). This process couples with the
flame quenching upstream of the injection location, and a DDT-type low frequency
oscillation can be formed.

A direct-connect test facility [29] was used for the experiments. The facility
was composed of an air heater, a supersonic nozzle and a scramjet combustor. The
air heater burned pure ethyl alcohol and oxygen continuously to heat air from the
atmospheric temperature up to 846 K and increased the total pressure of vitiated
air up to 0.76 MPa. The total mass flow rate of the vitiated air was 2.02 kg/s. The
two dimensional converging–diverging M = 2.1 nozzle section, configured with a
rectangular nozzle, was used to provide the designed inflow conditions. The model
combustor shown in Fig. 2.38.

Table 2.8 shows the detailed injection schemes by combining different injector
modules. Ethylene was injected at the condition of stagnation temperature T0i =
300 K and stagnation pressure P0i = 3.0 MPa. The fuel mass flow rate through
the wall port was set to be 55 g/s for all schemes, which corresponded to a global
equivalence ratio φ of 0.4. It is important to note that the local equivalence ratios
in the fields near the upwall are higher than 0.4 since only the upwall injection is
conducted.

Figure 2.39 shows the frequency power spectra of the pressure signals. For
Scheme 1, there is no dominant frequency in the 0–1 kHz spectra. Although a low
frequency ranging over 0–50 Hz exists, the intensity of the signal is at a very low
level. For Schemes 2, 3 and 5 there are very sharp peaks in the FFT signal which
corresponds to 150 Hz, 152 Hz and 183 Hz, respectively. For Schemes 4 and 6, the

Fig. 2.38 Schematic of test section and cavity installation. Along the oblique direction of the C0
cavity in the combustion chamber, the distance from fuel injection positions I11, I12, I20, I31 and
I32 to the C0 cavity leading edge are 10, 20, 120, 250 and 260 mm, respectively [28]

Table 2.8 Different injection schemes [28]

Scheme 1 2 3 4 5 6

Injector
modules

No injection I32 + I31 I31 + I20 I31 + I11 I20 + I11 I12 + I11
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Fig. 2.39 Power spectra of pressure signals of various schemes [28]

FFT signals show the elevated fluctuations in a broad range of 50–450 Hz. The oscil-
lation does not occur at a fixed frequency. According to traditional understanding,
the oscillations of Schemes 2, 3 and 5 indicate a strong thermo-acoustic or fluid-
dynamic instability mode. These instabilities are in a range of expected frequencies
for thermo-acoustic modes such as those studied by Lin et al. [24], which have also
been observed in a wide variety of devices utilizing premixed or partially premixed
combustion [30]. These instabilities usually correspond to acoustic modes of the
combustor.

Usually it is difficult to achieve flameholding for direct injection without a cavity
under the conditions with a low air stagnation temperature. The insufficient fuel–
air mixing and the high strain rate in the near field of injection, which was well
described by Peters and Williams before [31], may result in significant difficulties
for flameholding. Furthermore, it is observed that the separation region in front of
the jet is unstable, which also tends to destroy the ability of the flame to self-sustain.
The flame quickly goes into extinction and blows off gradually in the downstream
direction until it reaches the C0 cavity location where the flame is self-sustained
again in the shear layer. The C0 cavity flame is like a pilot flame to reignite the main
flame after a certain time delay (about 1.9 ms on average). Since the flamemovement
is repeatable regularly and the imaging interval is 0.125 ms, the schlieren images
(Fig. 2.40) were selected to compare the experimental results at the approximately
same moment by luminosity with a maximum image matching error of 0.0625 ms.
It is observed that the pre-combustion shock trains are pushed forward and the I31



2.2 Low Frequency Acoustic Oscillation 97

Fig. 2.40 Typical schlieren movie of flame flash-forward and blow-off event between cavity
stabilized location and injection location for Scheme 2 [28]

injection has an increasingly higher penetration height during the process of the flame
moving upstream to the jet. Meanwhile the combustion region transversely expands
to the whole flow path around t= 3ms, which indicates that a transient thermal throat
occurs in the flow field at the moment. Obviously the flamemovement changes fields
of the total heat release rate and the local pressure. This explains why the pressure
peak occurs at this moment. The luminosity and schlieren images show that there
is no stable region for an acoustic feedback loop in the flow field since there does
not exist any steady thermal throat, implying that the acoustic oscillation coupling
with flame front movements is rare. It is inferred that the oscillation is a coupling
of the mixing (not acoustic waves) with the heat release. For Scheme 6, Figs. 2.41
and 2.42 show that the flame extends into the main flow from the cavity shear layer,
and forms a relatively stable cavity-stabilized combustion area. The shock train is
also relatively stable and located upstream of the flame region, as shown in Fig. 2.42.
For this scheme, a subsonic region is settled between the shock wave and the flame
region. In this region a quasi-steady thermal throat exists, and it is possible for
the heat release from the cavity stabilized combustion to couple with the acoustic
waves. However, the shock-train location and the mixing efficiency change with the
flame fluctuation. With the subsonic region fluctuating, the region boundary and the
mixing level varies. It is impossible to form a fixed frequency oscillation under such

Fig. 2.41 Typical luminosity movie of flame fluctuation in cavity stabilized location for Scheme 6
[28]

Fig. 2.42 Typical schlieren movie of flame fluctuation in cavity stabilized location for Scheme 6
[28]
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Fig. 2.43 Typical two flame stabilization locations for Scheme 4; a I31 jet-wake stabilized flame,
and b C0 cavity stabilized flame [28]

a condition. This explains why the FFT spectra of Scheme 6 (shown in Fig. 2.41d)
have a broad range of elevated fluctuations.

For Scheme 4, an intermittent flame oscillates between the C0 cavity stabilized
location and I31 jet wake stabilized location, as shown in Fig. 2.43. The phenomenon
is similar to that for Scheme 2 except that the oscillation is not periodic. From a
careful observation, the leading flame is stabilized in the I31 jet wake at most times
and there is a self-sustaining flame in the C0 cavity all the time. Occasionally the
leading flame quenches and blows downstream to the C0 cavity location. However,
the reignition occurs quickly and the flame propagates forward to the I31 position
with a high pressure peak. For this scheme, i.e. Scheme 4, the leading flame zone is
generally stable in the I31 jet-wake, or very quickly moving from the C0 cavity to
I31 injection. The oscillation mode does not occur at a fixed frequency.

For Scheme 6, the measured low frequency has a wide range over 50–450 Hz.
According to the analyses of Figs. 2.41 and 2.42, acoustic combustion instabilities
may occur in this case while it is difficult to realize a fixed frequency oscillation. For
Schemes 2, 3 and 5, the relatively low rate of oscillation with fixed frequency shows
that the oscillation is not caused by auto-ignition in jet wakes, neither by thermo-
acoustic nor periodic fluid dynamic instabilities. The results suggest that there is a
new oscillation mode here.

The description of a typical DDT-type flame oscillation cycle is given here. At
the cycle initiation, the fuel from the injected jet mixes with the air sufficiently
with a long enough distance from the I31 injection location to the C0 cavity. Then
a premixed condition with an appropriate equivalence ratio is formed near the C0
cavity. The flame in the C0 cavity shear layer heats the premixed mixture as a pilot
flame. After a certain time delay, the mixture in the main flow is reignited. The
generated flame propagates forward and accelerates into a phase of DDT. The flame
velocity in the process is higher than the critical speed of the detonation onset, and
even approaches the detonation speed. When the flame exceeds the I31 location,
the jet penetration is greatly enhanced and the flame could not be sustained and
quenches. Then the flame blows off and goes backward to the C0 cavity. The fuel
mixes with air along the distance and after a period, reignition occurs again. Thus a
low frequency combustion oscillation cycle is formed. It is mentioned that this type
of oscillation is only for the flow field without fixed precombustion shock trains and
any quasi-steady thermal throat.

Scheme 2 gives a fixed frequency oscillation using a concentrated injection.
Scheme 3 changes the mixing status using a distributed injection, but the distance
between these two injection locations Li f changes little. And the distance for mix-
ing is still enough to form a premixed region. Therefore, the oscillation frequency
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Fig. 2.44 Typical luminosity movie of flame fluctuation in cavity stabilized location for Scheme 5
[28]

does not change distinctly. Scheme 5 has a shorter mixing length Li f compared
to Scheme 2, which results in an increment in the radical frequency (from 150 to
183 Hz). For Schemes 4 and 5, the I11 injector is adjacent to the C0 cavity, which
results in a continuously self-sustaining flame in the C0 cavity (shown in Figs. 2.43
and 2.44). This flame fluctuation is similar to that of Scheme 6. For Scheme 4, I31
injection acquires a jet-wake stabilized flame at most times while I20 could not for
Scheme 5. This might be due to the combustor configuration. The divergence angle
of the upwall at I31 injection port is 2.5, which is smaller than that of I20 (3.5).
The smaller divergence angle leads to a quicker pressure rise and a larger separation
zone. The separation zone is pushed by the C0 flame zone and the continuous I31
flame self-sustenance becomes possible. For Scheme 5, the local velocity upstream
of I20 injection is greater and the heat release leads to a smaller separation, which
destroys the I20 jet-wake flame stabilization and finally a periodic extinction occurs.
Schemes 2–5 indicate the sensitivity of the mixing process on the DDT type oscilla-
tion. Note that the pressure data obtained from experiments are highly limited since
only one pressure sensor has been used in the current work. A group of pressure
sensors should be applied in the future work.

2.2.3 Numerical Analysis on Acoustic Oscillation

Tounderstand the underlyingmechanisms for the observed flowoscillations, Cui [32]
established a correlationmodel between flame position and pressure disturbance, and
estimated the pressure oscillation frequency in the super-combustion combustion
chamber by solving the quasi-one-dimensional control equations. Ma et al. [23] and
Lin et al. [24] considered various feedback loops in the subsonic region bounded by
the precombustion shock in the isolator and the thermal throat in the downstream
region of the flame zone. Three different mechanisms were identified, involving the
coupling of the flame zone with the precombustion shock and fuel injection.

2.2.3.1 Zero-Dimensional Numerical Analysis on Acoustic Oscillation
with a Quasi-steady Thermal Throat

In order to explain these observed frequencies characteristic, Ma et al. [23] first
identified two prospective mechanisms: interactions between the isolator shock and
flame, and interactions between fuel injection/mixing and flame. Then Lin et al. [24]
considered various feedback loops in the subsonic region bounded by the thermal
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throat in the downstream region of the flame zone and the precombustion shock in the
isolator. They identified three prospective mechanisms, which involves the coupling
of the flame zone with the precombustion shock and fuel injection, respectively, as
illustrated in Fig. 2.45.

The first and second mechanisms involves the response of the shock wave to flow
disturbances arising from the flame zone. Any acoustic wave generated by the heat
release fluctuation in the flame zone can propagate upstream to interact with the
shock wave in the isolator. Then the resultant flow oscillations in the isolator travels
downstream in two possible forms: they either propagate downstream in the form of
acoustic waves, or are convected downstreamwith the local flow velocity in the form
of vorticity and entropy waves, which then reinforce the unsteady motions in the
flame zone. Such phenomenon can be best characterized by the acoustic admittance
function (at the acoustic reflection coefficient) of a shock wave [33–35], expressed
as follows:

Ad =
(

u′/ā
p′/γ p̄

)

s

(2.5)

where u′ and p′ are respectively the velocity and pressure fluctuations immediately
behind the shock wave, and ā is themean speed of sound, p̄ is the mean pressure. The
subscript s denotes the shock location. The admittance function can be expressed in
terms of a dimensionless frequency defined as:

Ω = 2π f

ā

(
1

A

dA

dx

)−1

s

(2.6)

where f is the oscillation frequency, A is the cross-sectional area of the flow passage.
The acoustic reflection coefficient is related to the admittance function as:

Ω = 2π f

ā

(
1

A

dA

dx

)−1

s

(2.7)

Fig. 2.45 Acoustic-convective feedback loops and associated characteristic velocities in a scram-
jet combustor (first: shock–flame acoustic feedback, second: shock–flame acoustic-convective
feedback, and third: injector–flame feedback) [24]
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The above analysis was established based on the assumption of inviscid flow.
The shock acts as an effective acoustic damper absorbing disturbances arising from
the downstream region [33–36]. However, due to the presence of boundary layers
and their interactions with the shock wave, the acoustic reflection coefficient of a
shock may reach a considerable value. Furthermore, the oscillating shock in the
boundary layers may generate strong vortical waves. Shock-induced entropy waves
and airflow fluctuation may also occur [34, 35]. So purely acoustic and acoustic-
convective feedback loops between flame zone and the shock are established. And
characteristic times that can be estimated respectively as:

τs f 1 =
x f∫

xs

dx

a − u
+

x f∫

xs

dx

a + u
≈ Ls f

a− − u−
+ Ls f

a− + u−
= 2Ls f

a−(1 − M−
2)

(2.8)

τs f 1 =
x f∫

xs

dx

a − u
+

x f∫

xs

dx

u
≈ Ls f

a− − u−
+ Ls f

u−
= Ls f

a−M− (1 − M− )
(2.9)

a− and M− are the speed of sound and Mach number longitudinally averaged between

the shock and flame respectively, and xs and x f are the locations of the shock and
flame, respectively. The corresponding oscillation frequencies fs f 1 and fs f 2 are:

fs f i = 1/τs f i i = 1, 2 (2.10)

The thirdmechanism is associated with the acoustic-convective interactions in the
region between the fuel injection and the flame zone. The acoustic wave generated in
the flame zone propagates upstream and causes an airmass flow-rate oscillation in the
fuel injection/mixing region. The fuel/air mixture ratio then fluctuates according to
the local air flow rate if the fuel injection rate is fixed (e.g., through a choked nozzle).
The resultant oscillation is convected downstream to modify the stoichiometry in
the flame zone [33]. The ensuing fluctuation in the overall heat-release rate Q̇ can
be determined by the fuel consumption rate ṁ f . For longitudinal oscillations in a
quasi-one-dimensional flow, the specific heat-release q can be written as:

q = Q̇/ṁ = (ṁ f /ṁ)hc (2.11)

where ṁ is the mass flow rate of the fuel/air mixture at a given axial location, and
hc is the heat of combustion per unit mass of fuel. The mass flow-rate fluctuation
arising from the acoustic-pressure fluctuation is:

m ′

¯̇m = ρ ′

ρ
+ u′

u
= 1

γ

p′

p
− p′/ρa

Ma
=

(
1 − 1

M

)
1

γ

p′

p
(2.12)

The fluctuating heat release can be related to the acoustic oscillation as:
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q ′
q

∣∣∣∣
x f ,t

=
ṁ′

f
¯̇m f

∣∣∣∣∣
x f ,t

− ṁ′
¯̇m

∣∣∣∣
x f ,t

= − ṁ′
¯̇m

∣∣∣∣
xi ,t−τc

=
(

1

M̄
− 1

)
1

γ̄

p′
p̄

∣∣∣∣
xi ,t−τc

=
(

1

M̄
− 1

)
1

γ

p′
p̄

∣∣∣∣
x f ,t−τc−τa

(2.13)

where xi is the location of the fuel injector, τa is the time for the acoustic wave
propagating from the flame zone to the injector, and τc is the time for the fluctuating
mixture convected from the fuel injector to the flame zone. Note that the fuel injection
rate is assumed to be fixed in the above formulation. These two time scales are
determined by the local acoustic and convective velocities as follows:

τa =
∫ x f

xi

dx

a − u
≈ Li f

a − u
(2.14)

τc =
∫ x f

xi

dx

u
≈ Li f

u
(2.15)

The characteristic frequency for the acoustic-convective feedback loop between
the fuel injector and flame zone is:

fi f = 1/τi f = 1/(τa + τc) ≈
[

Li f

aM(1 − M)

]−1

(2.16)

2.2.3.2 Quasi-one-Dimensional Numerical Analysis on Acoustic
Oscillation

When the scramjet engine operates in the sub-combustion mode, the combustion is
intensified due to an increase in the fuel-air equivalence ratio, and the increase in
the combustion chamber area is insufficient to alleviate the thermal blocking effect
caused by the heating in the supersonic flow, and the gas stream forms a thermo-
dynamically blocked throat at a location downstream of the combustion chamber
flame zone. A large back pressure is generated in the combustion chamber, and a
pre-combustion shock train is generated in the isolation section. At this time, there
is a large range of subsonic velocity in the combustion chamber, and low-frequency
acoustic instability of acoustic coupling excitationmayoccur. Thedisturbance caused
by the unsteadyheat release of the downstreamcombustion zone can effectively affect
the upstream pre-combustion shock or fuel injection. The mixing process forms a
closed loop feedback. For this type of working condition, Cui [32] established a
correlation model between flame position and pressure disturbance, and estimated
the pressure oscillation frequency in the super-combustion combustion chamber by
solving the quasi-one-dimensional control equations.

For a flow process with a combustion reaction, the schematic diagram of the
quasi-one-dimensional theoretical model used in this paper is shown below.
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The quasi-one-dimensional governing equations considering fuel charging, chan-
nel cross-section change, chemical reaction exothermic and inviscid are as follows
(Fig. 2.46):

∂U

∂t
+ ∂F

∂x
= H (2.17)

And:

U =

⎡
⎢⎢⎣

ρ

ρu
ρe
ρYk

⎤
⎥⎥⎦ F =

⎡
⎢⎢⎣

ρu
ρu2 + p

(ρe + p)u
ρuYk

⎤
⎥⎥⎦ H =

⎡
⎢⎢⎢⎢⎢⎣

− ρu
A · d A

dx + 1
A · ∂ṁ f

∂x

− ρu2

A · d A
dx + u j cos θ

A · ∂ṁ f

∂x

− (ρe+p)u
A · d A

dx −
Ns∑
k=1

ω̇kh0f k + ht f
A · ∂ṁ f

∂x

− ρuYk
A · d A

dx + ω̇k + 1
A · ∂ṁ f k

∂x

⎤
⎥⎥⎥⎥⎥⎦

k = 1, 2, · · ·, Ns − 1, Ns is the total number of components.
U is a conservation variable, F is the non-viscous flux term, H is the source item;

p, ρ, u, e are the pressure, density, velocity and specific energy of the mixed gas
respectively; Yk is the mass fraction of the component; h0f k is the standard enthalpy
of production for component k (25 °C,1 atm), which can be checked; ω̇k is the net
mass production rate of component k in the unit volume due to chemical reaction; ṁ

′′′
f

is the rate of change in mass volume caused by fuel injection; ht, f is total enthalpy
of fuel; θ is the angle between fuel jet and axial direction; u j is the fuel jet velocity;
t is the time, x is axial distance, A is the cross-sectional area of the flow channel.

Fig. 2.46 The schematic diagram of the theoretical model
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For chemical reactions, the one-dimensional program adopts the equilibrium
chemical reaction hypothesis [37] By ignoring intermediate products and using sim-
plified one-step or multi-step (mostly two-step) total package reactions, the exother-
mic reaction of chemical reaction is added to the right end of the energy equation as a
source term, and the component mass fraction can be obtained under the condition of
element conservation. This method is applicable when there are fewer components
to be considered, but when there are more components to be considered, the method
of equilibrium analysis must also be used.

In this paper, by introducing the concept of flame, a chemical reaction model [23]
is established by correlating the mass generation rate w of chemical reaction with
the flame velocity of the fuel in unit volume.

ω̇ f = −[
ρu f W

/
cos θ

] · [
f
/

(1 + f )
]/

A (2.18)

W is the width of the engine runner, f is the combustion-air mass ratio of the flame
front, u f is the effective flame propagation speed, θ is the flame propagation angle.
Figure 2.47 shows the geometric relationship between turbulent flame velocity st ,
inflow velocity u and flame propagation angle. Obviously, flame propagation angle
can be obtained from the following formula:

θ = sin−1
(
u f

/
u
)

(2.19)

The effective flame propagation speed u f can be set in advance or calculated by
multidimensional numerical analysis. In this paper, θ = 30◦, sou f = sin θ ·u = u

/
2.

The derivation process of the chemical reaction model is given below:
The fuel mass density of the flame front is

ρ f = ρ
m f

m
= ρ

m f

m f + mair
= ρ

f

1 + f
(2.20)

So the fuel mass flow rate of the flame front is

ρ f u f = ρu f
f

1 + f
(2.21)

θ
u

ts
flame surface

θ

Fig. 2.47 The geometric relationship between turbulent flame velocity, inflow velocity and flame
propagation angle [32]
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Assuming that this part of the fuel is consumed within the flame propagation
distance L, then:

ω̇ f = dρ f

dt
= −ρ f

t
= − ρ f

L
/
u f

(2.22)

Considering the geometric relationship between flame propagation distance and
runner width and runner cross-sectional area, so

L = A

W
cos θ (2.23)

In order to further verify the practical calculation ability of the one-dimensional
program adopted in this paper, one-dimensional calculation of pressure distribution
along a certain working condition is carried out and compared with the experimental
results [38]. The one-dimensional calculation of pressure distribution in the concave
chamber of the combustor is basically consistent with the experimental results, which
shows that the chemical reaction model adopted in this paper can be applied to
the evaluation of the heating effect of the actual combustor combustion, and the
results obtained by quasi-one-dimensional calculation are reasonable. The calculated
pressure and test value are quite different between the expansion section and the
isometric isolation section of the combustor. The reason is that in actual conditions,
a pre-combustion shock train is generated between the combustion chamber and the
isolation section due to the combustion heating effect. The length can be evaluated
by the formula in the literature. The velocity of the incoming flow decreases and
the pressure rises after the pre-ignition shock train passes through. However, the
quasi-one-dimensional calculation program in this paper has not been established.
The model of pre-ignited shock train gives a positive shock wave (as shown in the
one-dimensional calculation of pressure step), such as the end shock of pre-ignited
shock train. In the expansion section at the end of the combustion chamber, the
pressure decreases with the increase of cross-section area, but in actual conditions,
the pressure decreases slowly because the incomplete combustion mixture continues
to burn and heat at the tail of the engine, which is different from the one-dimensional
calculation results.

Cui [32] found through analysis that it is workable to correlate changes in pres-
sure with changes in the position of the flame zone. For the oscillation mechanism
proposed by Lin et al. [24, 39] and the relationship between heat release fluctuation
and acoustic pressure disturbance, a correction coefficient is used to correlate flame
position oscillation with heat release.

x ′

xreac − xshock

∣∣∣∣
x f,t

= Cs
q ′

q

∣∣∣∣
x f,t

= Cs

(
1

M
− 1

)
1

γ

p′

p

∣∣∣∣
x f,t−�t

(2.24)

x ′, xshock and xreac respectively represent the flame position pulsation, shock position
and flame position (reaction position),and the correction factor CS is affected by
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various factors, such as local flow Mach number, cross-sectional area, area change
rate, etc., the forms are as follows:

CS = f (M, A,
d A

dx
, . . .) (2.25)

Before the quasi-one-dimensional numerical calculation using the above analyt-
ical model, the reaction location needs to be determined first. There are two ways to
determine the reaction position. One is that the cavity is usually used as flame sta-
bilizer in the experiment, and the high static temperature and long residence time in
the recirculation zone inside the cavity are used to maintain or stabilize the flame, or
as a necessary duty flame to ignite the upstream inflow premix. Usually the reaction
position is chosen according to the position of flame stabilizer or the average position
of flame front. Another is that according to Lin’s point of view [24, 39], the reaction
position is chosen at the turning point where the combustion chamber pressure begins
to decrease, which represents the average position area of the combustion flame. Cui
[32] adopted the latter point of view. The pressure distribution along the combustion
of the model engine is given in Fig. 2.48. The selection of relevant parameters such
as reaction position in this model is shown in Fig. 2.49.

According to the inflow conditions and the configuration of unilateral expanding
combustor in Sun’s experiment, the pressure oscillation process and its spectrum
results are obtained by quasi-one-dimensional numerical calculation under different
correction coefficients, respectively, as shown in Figs. 2.50, 2.51, 2.52 and 2.53.

T2T1 T1 T2

Fig. 2.48 Distributions of pressure under different injection schemes [32]

T1 T2

shock

X_injection
X_reactionX_mixingover

Fig. 2.49 The selection of relevant parameters (such as reaction position) [32]
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(a) the pressure oscillation process (b) the results of FFT 
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Fig. 2.50 Time history and frequency spectrum of pressure oscillation obtained by quasi-one-
dimensional numerical calculation under condition Cs = 1.8 [32]
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Fig. 2.51 Time history and frequency spectrum of pressure oscillation obtained by quasi-one-
dimensional numerical calculation under condition Cs = 1.9 [32]
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Fig. 2.52 Time history and frequency spectrum of pressure oscillation obtained by quasi-one-
dimensional numerical calculation under condition Cs = 2.0 [32]
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(a) the pressure oscillation process (b) the results of FFT 
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Fig. 2.53 Time history and frequency spectrum of pressure oscillation obtained by quasi-one-
dimensional numerical calculation under condition Cs = 2.1 [32]

The spectrum analysis of pressure oscillation data shows that the main oscillation
frequencies of 173, 244 318 and 493Hz are obtained respectivelywhen the correction
coefficients are 1.8, 1.9, 2.0 and 2.1. It can be found that the main frequency of
pressure oscillation increases with the increase of correction coefficient, and the
main frequency of pressure oscillation corresponding to correction coefficient 1.9 and
2.0 happens to be in the range of low frequency oscillation frequency distribution
(180–400 Hz) of acoustic coupling excitation in Sun’s experimental study. This
further indicates that the feedback loop between the pre-combustion shock wave
and the flame zone may be the dominant mechanism of low-frequency oscillation,
and the quasi-one-dimensional numerical calculation based on the above analysis
model is reasonable to study the thermoacoustic instability in the scramjet combustor.
Time history and frequency spectrum of pressure oscillation obtained by quasi-one-
dimensional numerical calculation under condition.

In order to further explore the regularity relationship between the correction coef-
ficient and the main frequency of the oscillation, Cui [32] expands the range of
the correction coefficient, as shown in Fig. 2.54. It can be seen that the oscillation
frequency has both high frequency and low frequency.

Figures 2.55 and 2.56 show the pressure distribution obtained by quasi-one-
dimensional numerical calculation under Cs = 1.9 and Cs = 2.0, respectively.
The pressure is non-dimensionalized by ρ0u20. And the axial length of the engine is
measured by the inlet height H of the isolation section. It can be seen from Figs. 2.55
and 2.56 that due to the chemical heat release, a large back pressure is generated in the
combustion chamber, and a positive shock wave is generated between the isolation
section and the combustion. At the same time, there is a large pressure fluctuation
between the zones between the positive shock wave and the downstream combustion
reaction in the combustion chamber, which further indicates that the low-frequency
combustion oscillation is caused by the feedback loop between the pre-combustion
shock and the flame zone. And the pressure is gradually increases to the maximum
value (at the combustion reaction position) from the injection position; then the
decompression effect plays a leading role and the pressure gradually decreases due
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Fig. 2.54 The regularity relationship between the correction coefficient and the main frequency of
the oscillation [32]
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Fig. 2.55 Pressure distribution cloud by quasi-one-dimensional numerical calculation under Cs =
1.9 [32]
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Fig. 2.56 Pressure distribution obtained by quasi-one-dimensional numerical calculation under
Cs = 2.0 [32]

to the expansion of the combustion chamber. The calculated pressure distribution is
basically consistent with the actual situation.

In summary, the model established in this section has certain research value in the
analysis of thermoacoustic instability. Quasi-one-dimensional numerical method can
be used to preliminarily evaluate combustion oscillation in combustor. The results
show that the acoustic-convective feedback cycle between the pre-ignition shock
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wave coupled with the acoustic wave and the flame zone is the source of pressure
oscillation. It should be pointed out that although the one-dimensional calculation is
small and economical, the simplification of the complex flow field of the scramjet
will inevitably lead to the absence of some influencing factors due to the neglect of
the radial parameter changes. Therefore, the analysis results obtained from the one-
dimensional calculation can only be used as a reference, and more complex experi-
ments, more precise two-dimensional and three-dimensional numerical calculation
are needed to explore the detailed combustion oscillation in the scramjet.

2.3 Summary

In this chapter, the acoustic oscillations in scramjet have been introduced. Based on
the related researches, a few conclusions can be drawn as follows:

Totally, it is believed amixed shear-layer/wake oscillationmode in the flow,where
these two modes occur alternately. The shear-layer mode and wake mode are driven
by vortex convection-acoustic feedback and absolute instability, respectively. The
combustion oscillations can mainly be attributed to two mechanisms. One is the
unsteady flame spreading from the cavity shear layer to the main stream, which is
greatly influenced by the interaction of the jet-with-cavity shear layer. This mecha-
nism leads to relatively low-frequency oscillations that correspond to the cavity-shear
layer oscillations. The other is the auto-ignition of the combustible fluid packets
formed around the fuel jet accompanied by the generation of the hairpin-like vor-
tices, which leads to relatively high-frequency oscillations that correspond to the jet
instabilities.

The low-frequency oscillations can be influenced by cavity parameters, mixing
status of fuel and air, and so on. It can be found that the influence of cavity length to
depth ratio L/D and the aft wall angle θ exists diversity when the flameholding cavity
position is different and can be recognized as unnoticeable compared to the impact
of the premixing distance; And the experimental results suggest that the oscillation
modes correlate with mixing status closely. For the cases with a quasi-steady thermal
throat or stable shock trains, flame fluctuation exists in a mode of thermo-acoustic
type oscillation with a broad frequency range. For the cases with a transient thermal
throat, if a fuel/air premixed region from the injection to the cavity flame holder
exists, a DDT-type low frequency oscillation can be formed.

To understand the underlying mechanisms for the observed flow oscillations,
Various feedback loops in the subsonic region bounded by the precombustion shock
in the isolator and the thermal throat in the downstream region of the flame zone were
considered. And three different mechanisms were identified, involving the coupling
of the flame zone with the precombustion shock and fuel injection. Except that, a
correlation model between flame position and pressure disturbance was established,
and the pressure oscillation frequency in the super-combustion combustion chamber
was estimated by solving the quasi-one-dimensional control equations.
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Chapter 3
Flow Dominating Instability
in Supersonic Flows

The shock-induced separation is a common phenomenon in supersonic combustion,
especially when the scramjet combustor works under high equivalence ratios. The
low-speed recirculation zone and strong heat release enable the separated region to
be an ideal place for flame stabilization. Asymmetric separation usually occurs in the
combustor with high backpressure [1, 2], which generates asymmetric combustion
combined with different flame stabilization modes. Oscillations of separated regions
induced by the shockwill lead to fluctuations of backpressure and heat release, which
is a certain cause of unsteady combustion [3]. Following a series of systematic studies
in this chapter, it is found that this kind of unsteady combustion is dominated by flow
instabilities.

3.1 Asymmetric and Dynamic Combustion Behaviors
in Strong Separated Flows

For a rectangular supersonic combustor with dual parallel cavities and near-cavity
fuel injections, flowfield structures generally transform from symmetry into asym-
metry as the increment of equivalence ratio. The asymmetric combustion flow-
field is accompanied by strong separation. Under an intermediate equivalence ratio
with threshold heat release, intermittent dynamic combustion occurs [3]. When
this unsteady combustion happens, the axial movement of shock train undergoes
a high-amplitude, low-frequency oscillation.
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3.1.1 Experimental Setup and Numerical Methodology
for High-Temperature Cases

3.1.1.1 Direct-Connected Test Facility and Supersonic Combustor

A direct-connected test facility [4] is used for the experiments. The facility is com-
posed of an air heater, a supersonic nozzle, and a scramjet combustor. The air heater
burns pure ethylalcohol and oxygen continuously to heat air from room temperature
up to 1480 K and increases the total pressure of vitiated air up to 3.6 MPa. The total
mass flow rate of vitiated air is 1.73 kg/s. The two-dimensional converging-diverging
Mach 3.46 nozzle, configured with a rectangular section, is adopted to provide the
designed inflow conditions. The repeatability of the experimental system has been
validated by a large number of experiments [5, 6].

The model combustor as shown in Fig. 3.1 has a total length of 2200 mm and
consists of one constant area section and three divergent sections with the expansion
angles of 2.5°, 3.5°, and 4°, respectively. The entry cross-section of the combustor is
54.5 mm in height and 75 mm in width. There are two cavity installations in the test
section. Here for brevity, we denote the upper cavity by ‘T1’ and the lower cavity
by ‘B1’. The distance is 978 mm and 962 mm respectively from T1 and B1 cavity
leading edge to isolator inlet. The parameters of the cavity are set to depth D =
15 mm, length to depth ratio L/D = 7, and the aft wall angle A = 45°. Figure 3.1
also shows fuel injection locations. Injectors I1 and I2 are mounted upstream of two
parallel cavities. Injector configuration (orifice number × diameter, 3 × 2.0 mm, the
distance between the orifices is 15mm) is conducted. The distance is 10mm from the
injector to cavity leading edge. The flowfield is visualized through the quartz window
(shown in Fig. 3.1) with a high-speed camera to capture flame chemiluminescence
and schlieren images. Static pressure distribution in the axial direction is measured
along the centerline of the combustor upper wall.

Fig. 3.1 Schematic of the supersonic combustor and cavity-injection installation [3]
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3.1.1.2 Unsteady RANS Method and Computational Grid

The computational domain includes the entire experimental flowfield without the
first section of the isolator, the axial length of which is 1.9 m. The configuration
and distribution of cavities are exactly the same as in the experiment. Furthermore,
the Mach number and the temperature of the gas in isolator entrance, along with
the injection pressure of the injectors are settled to be the same as their values under
experimental conditions. As 3Dmixing effect cannot be simulated in a 2D simulation
accurately, premixing injection is applied to compensate for the difference between
2D and 3D simulation. The premixing injection requires that the overall equivalence
ratio is kept as a constant parameter. The fuel and the air are premixed with overall
equivalence ratio and injected through the injector. Thus themass fraction of ethylene
is less than 1.0 in the jet, and the air added into I1 and I2 is less than 2% of total
mass flow rate of the vitiated air. The overall equivalence ratios of ethylene are 0.502,
0.375 and 0.261. No-slip and adiabatic boundary conditions are used for the top and
bottom walls.

Numerical simulations are implemented by using a RANS code with k-ω SST
model and an uncoupled non-equilibrium reaction solver [7, 8]. The finite-rate reac-
tion mechanism for ethylene–oxygen combustion consists of five reactive species
(C2H4 + 2O2 → 2CO + 2H2O, 2CO + O2 → 2CO2) and an overall reaction model
[9]. There are no expansions along the sidewalls of the entire text facility. A two-
dimensional structural grid is utilized for simulations, and the quasi-two-dimensional
phenomenon of combustion flowfield will be discussed in Sect. 3.1.2. The total nodes
of the grid are 3 × 105, and are refined in important areas such as the wall, shear
layer, etc., in order to improve local numerical precision (shown in Fig. 3.2). In
unsteady simulations, judging by the time scale of the chemical reaction (between
10−6 and 10−7 s approximately) and computational expense, the time step is set to

(a) Overall domain

(b) The grid refinement around the injection and dual cavities

Fig. 3.2 Computational mesh of model supersonic combustor [3]
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9 × 10−7 s. Two characteristic locations (shown in Fig. 3.1) are selected to capture
the static pressure oscillation history of the flow field. The axial locations of the
simulated points are settled at 10 mm and 50 mm upstream of I2, respectively.

3.1.2 Combustion Characteristics Under Different
Equivalence Ratios

The combustion flowfield shows apparently various structures under different equiv-
alence ratios. Ethylene is injected at the condition of stagnation temperature T0i =
300 K, stagnation pressure P0i from 1.06 to 2.14 MPa, and the combustion mode
gradually transfers from scramjet mode to ramjet mode. Figure 3.3a–c shows aver-
aged flame chemiluminescence images and instantaneous schlieren images at pure
scramjet mode, transition mode and pure ramjet mode, respectively. As depicted in
Fig. 3.3, oblique shock waves in the shock train are very thin, so the combustion in
these cases is a quasi-two-dimensional phenomenon. As expected, the flame bright-
ness is raised and the flame distribution zone is enlarged as the equivalence ratio

Fig. 3.3 Averaged flame chemiluminescence and instantaneous schlieren images at different equiv-
alence ratios: a symmetric flame in scramjet mode, b asymmetric flame in transition mode,
c asymmetric flame in ramjet mode [10]
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increases. For the scramjet mode (� = 0.26), flames in T1 and B1 are both stabilized
in shear-layer, and the flame structure is symmetric. The limited heat release is not
sufficient to choke the flow and the mainstream could still maintain supersonic. In
this mode, the limited heat release near parallel cavities has a weak influence on the
flow. There is no obvious separation on walls upstream of the injectors I1 and I2. As
the equivalence ratio rises, the flame structure becomes asymmetric under transition
mode (� = 0.34). The flame in T1 is stabilized in the jet-wake mode, while the
flame in B1 is stabilized in the cavity-assistance shear layer mode. The asymmetric
heat release region (separation zone) generates an oblique shock train. When the
operating mode in combustor reaches the pure ramjet mode (� = 0.51), the main
flow is decelerated to subsonic due to the strong heat release. The pre-combustion
shock train is pushed to an upstream location beyond the window. For this chock
mode, there is a thermal throat in the subsonic region. The most noticeable character
is that the strong pressure rise induces a large-scale recirculation zone on the upper
wall upstream of the injector I1. The flame T1 spreads into the region upstream of
the injector I1, indicating that some fuel has been transported to the upstream region
through separated flow. Though the injection stagnation pressure is the same, the
penetration heights of injectors I1 and I2 are significantly different. The fuel injected
through the injector I1 has a high penetration height and is approximately vertically
injected into the main flow.

The simulated asymmetric combustion is illustrated in Fig. 3.4b, and the symmet-
ric case under low φ is presented as a contrast. It is observed that the calculated flame
characteristics fit well with the flame chemiluminescence images in Fig. 3.3a, c.

As depicted in Fig. 3.4b, the asymmetric characteristics of the flow structure are
quite obvious. The fuel from I1 penetrates deeply into themain flow and forms a fully
developed separated region around T1. A large separated region enables the flame to
travel upstream and stabilize in the jet wake. On the other hand, the supersonic region

 (a) Symmetric combustion,   = 0.261                   (b) Asymmetric combustion,  = 0.502  

Fig. 3.4 Temperature contours of the symmetric and asymmetric combustion based on numerical
simulations [11]
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at the bottom wall bends the fuel jet to limited penetration depth and forms a shear-
layer flame. The cause of the asymmetric combustion can be explained as follows.
There are competitions between the two separated regions around the injectors at
the top and the bottom. When counteracting the backpressure, the boundary layer
becomes more easily separated at the expansion wall than that at the straight side.
The separated region induced by the pressure rise at the expansion wall forms a
high-temperature, low-momentum area around the top injector, which enables the
flame to stabilize in the jet-wake mode. As the large separated region forms at the
expansion wall, it suppresses the development of the separated region at the straight
wall. As a result, the supersonic flow attaches to the straight wall, which leads to a
shear-layer flame. Finally, the ‘top jet-wake combustion’ appears. The formation of
asymmetric combustion will be further discussed in Sect. 3.3.

Figure 3.5 displays the time-averaged static pressure distributions along the cen-
terline of the combustor upper wall under different operating modes (ramjet: φ =
0.502, transition: φ = 0.375, scramjet φ = 0.261). It is seen that the numerical results
correlate closely with the experiment results and precisely predict the peak of static
pressure. The average shock location at φ = 0.261 is better captured owing to the
weak unsteady behaviors at low φ. The overall reaction simplification contributes to
a higher reaction speed that forms a higher pressure peak around the cavities (clearly
shown in operating conditions of φ = 0.502 and 0.375). Due to the side wall effects
and intermittent combustion that occurs downstream, the experimental data tends

Fig. 3.5 Time-averaged static pressure along the upper wall centerline under different operating
modes/equivalence ratios [3]
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to be higher than the simulated results in the downstream expansion section of the
combustor.

3.1.3 Dynamic Combustion Under Intermediate Heat Release

When the combustion condition stays in the transition mode (equivalence ratio
0.375), the flame stabilized mode transfers between cavity shear layer stabilized
mode and jet wake stabilized mode randomly. The flow behaviors in combustor are
more complicated. Sometimes, the asymmetric flame stabilizes in one state, while
at other times, unsteady combustion occurs. The flame behaviors of the steady and
unsteady processes are exemplified in Fig. 3.6.

Images of the unsteady process are chosen from the experimental flame chemi-
luminescence images. The method of Wang et al. [12] is adopted to characterize the
flame zone, and a combustion iso-luminosity contour (shown in Fig. 3.7a) is cap-
tured. The streamwise location of the flame front is then obtained. The leading edge
of the cavity is selected as the reference location X. If the flame travels upstream of
X, this means that it stabilizes in the jet wake. Otherwise, the flame only appears in
the shear layer. The reaction zones of the dual parallel cavities exchange between
the jet wake and the shear layer during the dynamic process. These are depicted
in Fig. 3.7b. Figure 3.8a–f illustrates the experimental chemiluminescence images
in the flame switching process. The time of the first image is defined as T0, and
the interval between the two images is 0.5 ms. The reverse transition is depicted in
Fig. 3.8g–j.

As depicted in Fig. 3.9, during the transition of the flame stabilized mode, the
shock train travels along the streamwise direction. When the shock train travels
further upstream of the cavities, it stays on one side of the flow path. When the shock
train is located around the cavities, it is pushed up and down in the vertical direction,
which causes the switch of operating conditions. After the flame switching process,
one of the separated regions becomes fully developed and forms the ‘jet-wake flame’.
Meanwhile, the flame on the other side is suppressed in the shear layer and forms
the ‘shear-layer flame’. The entire switching process is illustrated in Fig. 3.9.

As shown in Fig. 3.9, the simulated flow fields Fig. 3.9a–j correspond to the exper-
imental images (Fig. 3.8a–j) in flow time. The numerical results fit the experimental
images very well in terms of both the shock train and the flame switching process.
A detailed analysis is introduced in several steps, as indicated below. We refer to the
back pressure of the shock train as ‘back pressure’ for short.

Figure 3.9a shows that the flame stays in the jet wake of I1 and the shear layer
of I2 at first (the flame can appear at the jet wake of I2 from the beginning as
well). A disturbance leads to a rise or fall of the back pressure. If the back pressure
falls, the shock train travels downstream. As the shock train moves downstream, it
becomes increasingly stronger and forms a more symmetric structure (Fig. 3.9b, c).
A more symmetric shock causes the large separated region at the top to be pushed
downstream, and the small separated region at the bottom to grow larger, as indicated
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(a) Steady process 

(b)  Unsteady process

Fig. 3.6 Characteristic operating conditions during the steady and unsteady process for φ = 0.375
[3]

in Fig. 3.9d. The larger separated region at the bottom promotes local combustion
intensity, and the pressure rise induced by the stronger heat release generates an
even larger separated region, which forms positive feedback. Finally, the separation
at the bottom is strong enough to drive the shock train to the top wall, and the
penetration of the injection at the bottom reaches its maximum value (Fig. 3.9e).
The back pressure increases owing to the strong heat release around the bottom
cavity, which enables the shock train to travel upstream. As the shock train moves
upstream, it becomes gradually weaker, which weakens the separation at the bottom
(Fig. 3.9f). The smaller separated region reduces the local fuel penetration depth and
heat release, which results in the fall of the back pressure. Finally, the shock train
stops at a certain point and travels downstream again (Fig. 3.9f, g). Figure 3.9g–j
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(a)  Contours of the flame zone at T0 and T0+2.0ms

(b) Oscillating histories of the leading edge of the flame zone for T1 and B1

Fig. 3.7 Contours of flame zones and their oscillation histories [3]

depicts the switching process of the jet-wake flame from the bottom to the top, whose
mechanism is similar to the previous description of Fig. 3.9a–e.

The following analysis is implemented based on the flame zone images obtained
in Sect. 3.1.2. The Fast Fourier Transform (FFT) was adopted in order to analyze the
oscillation history of the reaction zone (Fig. 3.7b), and the average frequency of the
flame oscillation from both cavities was calculated. The final results are illustrated
in Fig. 3.10. The peak frequency of the flame at the top is 156.750 and 180.961 Hz
at the bottom.

Figure 3.11 depicts the static pressure oscillations from two characteristic loca-
tions (shown inFig. 3.1) of the flowfield during the simulation of the dynamic process.
It is observed that the oscillations have periodic characteristics. The static pressure
oscillation histories of the different locations are similar due to the periodic wide
range movement of the shock train. The peak value of the pressure curve indicates
that a shock wave in the shock train has moved upstream of the characteristic loca-
tion, causing a pressure rise at that point, thereby indicating the occurrence of the
flame exchange. FFT analysis is adopted again in order to calculate the frequency of
the static pressure oscillation.

As demonstrated in Fig. 3.11, the peak frequencies of the two locations occur at
469.882 Hz and 445.605 Hz. During one cycle of unsteady combustion, the flame
from dual parallel cavities exchanges twice and forms two pressure peaks. Thus, the
frequency of the flame is only half of the static pressure. Based on Fig. 3.11, the
simulated average frequency of unsteady combustion is 228.871 Hz. Compared with
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(c) T0+1.0ms                                 (d) T0+1.5ms

(e) T0+2.0ms                                 (f) T0+2.5ms

(a) T0                                            (b) T0+0.5ms

(g) T1 (h) T1+0.5ms

Fig. 3.8 Experimental luminosity images in the flame switching process [3]
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(i) T1+1.0ms                                 (j) T1+1.5ms

Fig. 3.8 (continued)

the experimental frequencies, the relative errors are 31.5% (T1) and 20.9% (B1). The
cause of the errors is attributed to several factors. Firstly, the overall reaction simpli-
fication (for saving computational cost) may speed up the reaction and heat release,
which results in a higher simulated frequency. The premixing injection assumption
may shorten the mixing time, which contributes to shorter numerical cycle time.
Moreover, the intermittent unsteady process makes it even harder to attain a close fit
for the numerical and experimental results. In the experiments, the jet wake stabi-
lized flame shifts betweenT1 andB1 intermittently but not periodically. However, the
simulation attains a quasi-periodic oscillating process, while the intermittent process
could still be captured (e.g. t = 60–80 ms). This reveals that the URANS simulation
captures the key unsteady characteristics of the dynamic combustion procedure.

The analyses in the current section used RANS in turbulence simulations, so the
influence of eddies is eliminated. As a result, the cause of flame oscillation cannot be
the acoustic-eddy mechanism [13]. An intrinsic low-frequency oscillation (unsteady
behavior of the separation point) lies in the shockwaveboundary layer interaction [14]
which is a quasi-two-dimensional phenomenon. Such a low-frequency oscillation is
greatly influenced by the scale of the separated region and downstream disturbances.
The low-frequency oscillation of SWBLI is amplified by the large separated region
induced by heat release. When it is influenced by downstream pressure fluctuations,
these unsteady behaviors mentioned above appear.

3.2 Decoupling Analysis of the Unsteady Combustion

Strong coupling effects exist betweenflowand heat release in supersonic combustion,
andvarious influencing factorsmake it difficult to uncover themechanismof unsteady
combustion. Main impact factors of unsteady combustion in the current chapter are
summarized as four: flame, jet, back pressure, and cavity. In the current section,
these possible influencing factors of combustion instability are decoupled step by
step through controlling variable method. Characteristic phenomena of flowfields
with different decoupling schemes are listed in Table 3.1 [15].
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 3.9 Temperature and Mach number field distributions during the switching process of the
operating condition [3]



3.2 Decoupling Analysis of the Unsteady Combustion 125

(i)

(j)

Fig. 3.9 (continued)

Fig. 3.10 Spectral energy distributions for the experimental oscillating history of flame leading
edge for cavities T1 and B1 [3]

3.2.1 Impact Factors of the Separation Dominating Unsteady
Combustion

3.2.1.1 The Effect of Flame on Unsteady Combustion

Keeping the original cavity configuration and position unchanged, fuel jet was
replaced by air jet. A cylinder was located transversely at the average position of the
thermal throat to substitute for the pressure rise caused by heat release in combustion.
In the vertical direction, the cylinder was located in the channel center (equidistant
from the upper and lower walls). The effect of flame on combustion instability was
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Fig. 3.11 Simulated static pressure oscillation histories from two locations, and power spectra
calculated by FFT [3]

stripped. Figures 3.12 and 3.13 show that the flowfield without flame still presents
the basic characteristics of unsteady combustion flowfield, such as that large-scale
separation may occur on either side of the wall, accompanied by the large-scale axial
oscillation of shock wave train. The simulation results demonstrate the competition
between the two separation zones on the opposite side walls: when one separation
zone develops sufficiently, the other will be inhibited. Under the same initial and
boundary conditions, the two separation zones both have the possibility to develop
sufficiently and become dominant.

3.2.1.2 The Effect of Jet on Unsteady Combustion

Keep the configuration of combustor unchanged, and the influence of back pressure
was stripped by injecting air jet into the cold flow field with the mass flow rate of fuel
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Table 3.1 Operating conditions of decoupling analysis [15]

No. Effects included Effects decoupled Characteristic phenomena
of the flow field

Case 1 Injection, back pressure,
cavity

Flame Unsteady, large separation
exists on expansion wall,
the complex oscillation of
shock train

Case 2 Injection, back pressure,
cavity

Flame Unsteady, large separation
exists on a straight wall,
the complex oscillation of
shock train

Case 3 Injection, cavity Flame, backpressure Unsteady, symmetric
separation, periodical
oscillation of shock train

Case 4 Back pressure, cavity Flame, injection Unsteady, asymmetric
separation switches
between two walls,
complex oscillation of
shock train

Case 5 Injection Flame, back pressure,
cavity

Steady

Case 6 Back pressure Flame, injection, cavity Unsteady, asymmetric
separation switches
between two walls,
complex oscillation of
shock train

(a) t0 (e) t1

(b) t0+50ms                                                                  (f) t1+50ms

(c) t0+70ms                                                                (g) t1+87.5ms

(d) t0+115ms                                                              (h) t1+155ms

Fig. 3.12 Mach number contours of the unsteady process in cold case 1 (a–d), and case 2 (e–h) [15]



128 3 Flow Dominating Instability in Supersonic Flows

Fig. 3.13 Mach number
contours of the unsteady
process in cold case 3 [15]

(a) t0

(c) t0+120ms

(e) t0+196ms

jet in the combustion condition. In this case, the flowfield exhibits an obvious periodic
unsteady characteristic, which is similar to the symmetric combustion case under low
equivalence ratio. This typical process is shown in Fig. 3.13. A comparison of the
dynamic characteristics of the cold flow field with air jet injected and the combustion
flow field with an equivalent ratio of 0.261 is shown in Fig. 3.14. It can be seen from
the figure that the pressure oscillation is very regular in both the cold flow field
and the combustion flow field under symmetric combustion condition, which is also
confirmed by FFT analysis. However, whether the instability is dominated by the
jet alone or by the jet-cavity together, this question remains to be analyzed.

3.2.1.3 The Effect of Back Pressure on Unsteady Combustion

The geometrical configuration of the combustor remains the same, except that a cylin-
der is located at the average position of the thermal throat and there is no injection.
Numerical results in Fig. 3.15 show that the cold flow field driven by back pressure
can qualitatively reproduce all the important characteristics of combustion instabil-
ity under medium equivalence ratios (large oscillation of shock train, switching of
large-scale separation zones on upper and lower walls, the transformation between
symmetrical and asymmetrical flow structure). Thus, back pressure is an important
factor affecting combustion instability.
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a) Combustion case, Φ=0.261 b) Cold case with injection

c) Power spectra calculated by FFT

Fig. 3.14 Comparison of the static pressure oscillation histories and power spectra, from
combustion case � = 0.261 and cold case with injection [15]

3.2.1.4 The Effect of the Cavity on Unsteady Combustion

The cavity is removed, and the other conditions are the same as those in Sect. 3.2.1.3.
Figure 3.16 illustrates Mach number contours of the cold flow field with air jet
injected in the cavity-free combustor configuration. The results show that the
unsteady flow field does not appear in the cavity-free configuration, regardless of
whether the two jets are oppositely aligned or misaligned. This indicates that the
periodic unsteady phenomena in Sect. 3.2.1.2 are caused by the interaction between
the jets and the cavity, instead of the inherent instability of the jet.

Figure 3.17 illustrates Mach number contours of the unsteady process of a cold
flow field driven by back pressure (caused by cylinder) in the cavity-free combustor
configuration. It can be seen that the supersonic flow in the expanding channel will
undergo unsteady process characterized by the large axial oscillation of shock train
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(c.1) t2                                                                                                                               (d.1) t3

(c.2) t2+12ms (d.2) t3+36ms

(c.3) t2+24ms (d.3) t3+96ms

(c.4) t2+48ms (d.4) t3+150ms 

(c.5) t2+120ms (d.5) t3+210ms 

(c.6) t2+162ms (d.6) t3+300ms 

(c.7) t2+204ms (d.7) t3+330ms 

Fig. 3.15 Mach number contours of characteristic operating conditions in cold case 4 [15]

a) Parallel injection                                            b) Interlaced injection

Fig. 3.16 Mach number contours of different injection schemes in cold case 5 [15]

and switching of asymmetric separation zones between twowalls under the driving of
back pressure. Based on the numerical simulation results and analysis in this section
and Sect. 3.2.1.3, it can be concluded that back pressure is the determinant factor of
combustion instability at medium equivalence ratios.
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(a) t0                                                                            (f) t0+264ms 

(b) t0+36ms                                                                 (g) t0+312ms 

(c) t0+84ms                                                                   (h) t0+384ms 

(d) t0+120ms                                                                 (i) t0+408ms 

(e) t0+180ms                                                                (j) t0+432ms 

Fig. 3.17 Mach number contours of the unsteady process in cold case 6 [15]

3.2.1.5 The Influence of Decoupling Analysis on Frequency Behaviors

Figure 3.18 illustrates the effect of decoupling analysis on the frequency charac-
teristics of the flow field, in which all the cases can represent the typical process
and feature structures of the unsteady combustion flow field. The results show that
with the simplification of the influence factors by decoupling analysis step by step,
fewer and fewer frequency characteristics of unsteady combustion flow field can be
captured. Although various factors can be separated from the combustion flow field
by decoupling analysis, this method cannot represent the dynamic characteristics of
the flowfield (period, amplitude, etc.). In order to predict the oscillation frequency of
the combustion flow field more accurately, the decoupling analysis method should
be used cautiously.

3.2.2 Dynamic Behaviors in High-Temperature Separated
Flow Induced by Backpressure

In this section, typical cases of decoupling analysis in Sect. 3.2.1 are validated by
experiments. The original configuration of the combustor is retained, that is, a rectan-
gular single-side expanded combustor with parallel cavities for flame stabilization.
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Fig. 3.18 The effects of decoupling analysis on dynamic features (frequency of static pressure
oscillation) of the flow field [15]

A cylinder is located at the average position of the thermal throat in combustion
experiments to generate the backpressure. Both effects of fuel jet and flame are
excluded.

3.2.2.1 Symmetric Stable Separation Under Low Backpressure

Cylinders with different diameters were respectively located at the average posi-
tion of the thermal throat during combustion experiments. When the diameter was
16 mm, the cold flowfield is similar to that of the symmetric combustion under low
equivalence ratios. As shown in Fig. 3.19, the flow field structure is very similar to
the symmetric separation flow field formed by symmetrical combustion with the low
equivalent ratio of 0.261. The structure of the shockwave is stable, the shock train
has no significant oscillation and the unsteady effect is very weak.

The comparison of time-averaged static pressure along the upper wall centerline
is shown in Fig. 3.20. The peak pressure and the average position of the shockwave
of the cold case fit well with the combustion case. This indicates that symmetrical
combustion with low equivalence ratios can be regarded as a local choke dominated
by low backpressure. In this case, the leading edge of the shock train is offset, and
the flow field can be regarded as quasi-steady.
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I1

I2     
(a) Combustion case, =0.261                            (b) Cold case

Fig. 3.19 Comparison of the schlieren images from combustion and cold cases in symmetric
separation mode [15]

Fig. 3.20 Comparison of the time-averaged static pressure along the upper wall centerline, from
combustion case � = 0.261 and cold case [15]

The experimental results show that when the backpressure is low, it is not the
dominant factor of unsteadiness. Thus, it is validated indirectly that the periodic
oscillation of symmetric separation under low equivalent ratios is possibly caused
by the interaction between the jet and the cavity.
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3.2.2.2 Asymmetric Unsteady Separation Under Intermediate
Backpressure

When the diameter of the cylinder is 20 mm, intermittent switching of the separation
occurs in the cold flow experiment, which is the same as that in combustion case
under moderate equivalence ratios and the numerical simulation results. It can be
seen from Fig. 3.21 that the large separation zone switches between the two walls,
which confirms the previous conclusions obtained from the numerical simulation
analysis.

Figure 3.22 shows a comparison of the time-averaged static pressure along the
upper wall centerline of the combustor under the switching condition of the cold and
heat flow separation zone. It can be seen from the figure that the peak pressure under
the cold flow condition agrees well with the combustion condition, but the average
position of the shock wave is slightly lower than that under the combustion condition
(this is due to the fact that no jet is introduced into the cold flow experiment). The peak
pressure and shock location of the cold flow experiment are in good agreement with
the numerical simulation results, which verifies that the numerical simulation results
of cold flow under back pressure can reproduce the complex unsteady phenomena
in the switching process of separation zone under combustion conditions.

Generally speaking, the transient structure, transition process and time-averaged
pressure of the cold flow field merely driven by back pressure basically reflect the
main characteristics of the switching conditions in the separation zone of the combus-

a)  t0 b)  t0+2.3ms          c)  t0+8.6ms

d)  t0+16.6ms      e)  t0+17.5ms        f)  t0+20.1ms

Fig. 3.21 Schlieren images of the asymmetric separation switch process induced by backpressure
[15]
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Fig. 3.22 Comparison of the time-averaged static pressure along the upper wall centerline, from
combustion case � = 0.375 and cold case [15]

tion flow field under medium back pressure. It can be concluded that the intermittent
switching of asymmetric separated regions is driven by backpressure.

3.3 Cold Flow Analysis: Asymmetric Separation Induced
by Boundary Layer Transformation

Cold flow analysis [16] is applied in a model scramjet combustor to obtain insights
into the key physics of the symmetric/asymmetric combustion modes under differ-
ent equivalence ratios. Systematic experiments have been implemented in a single-
expanding duct with back pressure produced by a cylinder at Ma 3. Fine structures of
separated flowhave been gained by theNPLS system.Velocity profiles obtained from
PIVarevalidatedbynumerical simulations.The formationmechanismof asymmetric
separation is fully uncovered by a DNS study.
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3.3.1 Experimental Setup and Numerical Methodology
for Cold Flow Cases

3.3.1.1 Indraft Supersonic Wind Tunnel and Simplified Supersonic
Combustor

Experiments were conducted in an indraft supersonic wind tunnel [17] at Mach 3.0.
The upstream of the wind tunnel is the ambient atmosphere, and the downstream is a
vacuum tank. A schematic of the apparatus is shown in Fig. 3.23. The incoming air
of test section has 1 atm total pressure and 300 K total temperature. The air flows into
the test section with a 5 mm thick turbulent boundary layer. Figure 3.24 illustrates

Fig. 3.23 Schematic of the experimental apparatus [16]

Fig. 3.24 Schematic of the flowfield: a experimental domain; b computational domain (DES) [23]
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the single-expanding test section (120 mm in width) in detail, which has a cylinder
located 305 mm downstream of the nozzle exit. The diameter and position of the
cylinder are changeable for partial substitutionof pressure rise inducedbyheat release
in combustors (different diameters simulating the change in combustion intensity,
variation of position mimicking the fluctuation of the thermal throat and asymmetric
heat release). View section extends 25–205 mm upstream from the cylinder in the
axial direction.

The fine structures of separated flow were visualized by nano-based planar laser
scattering (NPLS) system [18, 19]. The mirror in the reflection section served as a
medium to change the direction of the laser sheet, which illuminated the symmetry
plane of the test section. Ten high-frequency pressure sensors were placed along
the centerline of expansion wall, whose axial locations were 50, 80, 110, 140, 170,
230, 260, 290, 320 and 350 mm downstream of the nozzle exit, respectively. The
acquisition frequency of the pressure signals was 20 kHz. Velocity profiles of the
flow field were obtained by particle image velocimetry (PIV) method, which had
been applied to a wide variety of supersonic experiments [20–22].

3.3.1.2 RANS Method for Characteristic Separated Flowfield
Simulation

Characteristic separated flowfield simulation was implemented by a RANS code
with k-ω SST model [8]. The Mach number, stagnation pressure and stagnation
temperature of test section entrance were set the same as experimental conditions.
Non-slip wall boundary conditions were used for the walls and cylinder. An isolator
of 157 mm in length was settled upstream the test section to generate the 5 mm
thick turbulent boundary layer from incoming flow. The flow field was quasi-two-
dimensional, therefore the spanwise width (Z direction) of the computational domain
was set as 5 mm. Grid was refined on the cylinder and both sides of walls. The size of
the grid was 120 × 303 × 15 in isolator section, 438 × 303 × 15 in the test section
(without cylinder region), and 465 × 105 × 15 in cylinder region, which had total
cells of 3.3 × 106.

3.3.1.3 DES Method for Separation Transition Process Simulation

Separation transition process simulation was implemented by a detached-eddy sim-
ulation (DES) code [24] with the Spalart–Allmaras (S–A) RANS model in the near-
wall region. The detailed description of this numerical approach can be found in
Wang et al. [25]. An isolator of 157 mm in length is settled again to generate the
5-mm-thick turbulent boundary layer from the incoming flow. The flowfield is quasi-
two-dimensional; therefore, the spanwise width (Z direction) of the computational
domain is set as 10 mm. The grid resolution is set to �y+ = 1 for the near wall
regions. Meanwhile, the grid points are coarsened in the X direction for the purpose
of saving the computational cost, especially in the pure RANS region (isolator). The
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grid resolution reaches the highest in the pure LES region (cylinder region) so that
the elaborate vortex structures around the backpressure cylinder are able to be well
captured. The size of the grid is 100× 335× 38 in the isolator section, 552 × 335×
38 in the test section (without cylinder region), and 516 × 112 × 38 in the cylinder
region, which have total cells of 1.05 × 107.

3.3.1.4 DNS Method for Turbulent Boundary Layer Simulation

The detailed transformation features of the boundary layer passing through an expan-
sion corner are simulated by solving the three-dimensional unsteady compressible
Navier–Stokes equations directly without anymodeling. The in-house DNS code has
beenpreviously used for studies of instability, transition, and turbulence in high-speed
flows [26]. The governing equations are solved using an entropy-splitting approach
for the Euler terms and fourth-order accurate finite differences for spatial discretiza-
tion. A third order Runge–Kutta scheme is used for marching in time. Details of the
governing equations and algorithm can be found in Touber and Sandham [27].

The digital filter inflow approach of Xie and Castro [28] is used. In the present
study, the streamwise characteristic length scales for the three velocity components
u, v and w are set to 0.65δi, 0.35δi, and 0.35δi (where δi denotes the 99% boundary-
layer thickness at the inflow), respectively. Mean and root-mean-square (RMS) pro-
files are created beforehand from the DNS database of Schlatter and Orlu [29] for
incompressible flat-plate TBLs.

The inflow parameters (shown in Table 3.2) are set in accordance with the Ma =
2.7 experiments of Sun et al. [30]. The bottom wall 99% boundary-layer thickness at
the inflow δi, which is used for all simulations as the reference length, is estimated
to be δi = 5.7 mm. A full list of cases conducted in the boundary layer simulation is
given in Table 3.3 and a sketch of the computational domain is shown in Fig. 3.25.

Table 3.2 Flow conditions for the simulations, including the dimensional boundary-layer (BL)
thicknesses and Reynolds number at the inflow [31]

Mach
number

Stagnation
temperature

Stagnation
pressure

BL 99%
thickness

Momentum
thickness

Reynolds
number

M∞ T0 P0 δi θ Reθ

2.7 300 K 100 kPa 5.7 mm 0.41 mm 3,600

Table 3.3 Grid numbers and stretching control parameters for different cases [31]

Case Domain size
Lx × Ly × Lz
(mm)

Grid number
Nx × Ny × Nz

Grid control
yb (mm), Nb
β

Grid spacing
Δx+ Δy+ Δz+

Flat/Expan2/Expan4 185 × 26 × 15 2305 × 241 ×
289

1.85, 88, 2.29 6.5 0.8-9.8 4.1
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Fig. 3.25 Sketch of the domain used for the simulations [31]

Viscosity is assumed to vary with temperature according to Sutherland’s law with a
reference temperature set as 122.1 K.

Non-slip boundary conditions were enforced on the bottom wall (shown in
Fig. 3.25). The wall temperature is fixed to the stagnation temperature of the
inflow. Outflow condition with an integrated characteristic scheme is applied to the
top boundary and exit boundary. Periodic boundary conditions are applied in the
spanwise direction.

3.3.2 Backpressure Induced Symmetric and Asymmetric
Separated Flowfield

Instantaneous flowfields of different separation modes visualized by NPLS system
are shown below. All the characteristic structures are illustrated in Fig. 3.26. The
intersection of two separation shocks is selected as a reference location for statistics
on unsteady behaviors, which will be further discussed in Sect. 3.4.2.2. The dark
zone in flowfield is the shadow of the cylinder, which represents both the location
and diameter of the back pressure cylinder. Transition zones are depicted in NPLS
images to demonstrate the impact of boundary layer transformation on separation

Fig. 3.26 NPLS image of symmetric separation mode, d = 10 mm, symmetric back pressure [16]
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patterns, which will be elaborated in Sect. 3.4.2.2. The location of the pressure sensor
for dynamic analysis is near the separation shock foot in each case. Numerical results
are demonstrated in each case serving as validations. Cold flowfields fully represent
typical separation modes of combustion cases [11], which are illustrated as follows.

3.3.2.1 Symmetric Separation

A symmetric separation mode forms when back pressure is relatively low (P/Pin =
4.18). A cylinder with a diameter of 10 mm is located at the center of flowfield. Back
pressure generated by the cylinder forms a bow shock,which leads the boundary layer
to separate from both sides of walls. When the separated region appears, the local
static pressure rises which results in the forward motion of shockwave. Separated
shock becomes graduallyweaker as itmoves upstream, and finally forms a symmetric
separation. The flowfield is quasi-steady in this separation mode.

Computed velocity magnitude contour for symmetric separation mode is shown
in Fig. 3.27, and the averaged experimental velocity magnitude contour obtained by
PIV is depicted as well. The view section in experiments is demonstrated by the
dash-dot-dot line in the computational flow field. Due to the dark zone (a shadow
of the cylinder) as shown in the NPLS image, an unreal low-speed region exists in
the center of the flow field. Artificial low-speed regions also appear on the edge of
boundary layers of both walls, which are caused by optical imaging and the reflected
light from side windows. Figure 3.28 illustrates the numerical average streamwise
velocity at two characteristic axial locations (nondimensionalized by the height of the
test section inlet), which are compared to experimental data. The data of the artificial
center low-speed region is omitted. It is observed that both the oblique shocks and
separated regions maintain symmetric under relatively low back pressure. However,

Fig. 3.27 Average velocity magnitude contour of symmetric separation mode [16] (top: experi-
mental data, bottom: calculated result)
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       a)  X=3.5H1                                                   b)  X=4.5H1

Fig. 3.28 Average streamwise velocity of symmetric separation mode [16] (line: calculated result,
symbol: experimental data)

velocity profiles show a slight asymmetry downstream (X = 4.5 H1), which means
the separated region on the straight side is a bit larger.

3.3.2.2 Asymmetric Separation

An asymmetric separation mode appears when back pressure is high (P/Pin = 4.69).
The cylinder still locates at the center of flowfield as shown in Fig. 3.29. Symmet-
ric back pressure itself forms an asymmetric flowfield, and a large separated region
dominates at the expansion side. The large separated region forces the shock foot at
the expansion side to move far more upstream than the straight side. Thus supersonic
core flow is suppressed to the straight side, which brings about flow reattachment.
Meanwhile, such a separation mode contains prominent unsteady behaviors, and the
size of the large separated region varies with the movement of shock foot. Typical
separation patterns of two transient flowfields during the unsteady process are illus-
trated in Fig. 3.29. Figure 3.30 represents the dynamic characteristics of flowfield,
and the variation of static pressure near shock foot can be as high as 100%. A broad-
band low-frequency oscillation is captured by a fast Fourier transform (FFT) analysis
of pressure signal.

The asymmetric flowfield is depicted clearly by average velocity magnitude con-
tour, which is shown in Fig. 3.31. The artificial low-speed region (in the downstream
center flow) in experimental contour is caused by optical imaging from the cylinder
and its upholder. Figure 3.32 illustrates the average streamwise velocity at two char-
acteristic axial locations. Numerical flowfield also shows a large separated region
which dominates at the expansion wall, and the oblique shock represents obviously
asymmetric structure as well. It is observed from Fig. 3.32a that the flow reattaches at
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a)  T0                                                  

b)  T1

Fig. 3.29 NPLS images of asymmetric separation mode, d = 12 mm, symmetric back pressure
[16]

a)  History of the pressure signal              b) Power spectra of the pressure signal

Fig. 3.30 History and FFT analysis of pressure signal for asymmetric separation mode [16]



3.3 Cold Flow Analysis: Asymmetric Separation Induced … 143

Fig. 3.31 Average velocity magnitude contour of asymmetric separation mode [16] (top:
experimental data, bottom: calculated result)

a) X=3.5 H1 b) X=4.5H1

Fig. 3.32 Average streamwise velocity of asymmetric separationmode [16] (line: calculated result,
symbol: experimental data)

the straight side. Two small separated regions, which are shown in Fig. 3.31, appear
upstream and downstream the reattached region at the straight wall.

3.3.2.3 Flow Structures of Typical Separation Modes

Figure 3.33 depicts the main flow features of two typical separation modes. Out-
lines of the symmetric separation mode are given in Fig. 3.33a. This mode occurs
when separated region locates downstream the expansion wave at a straight wall.
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a)  Symmetric separation

b)  Asymmetric separation

Fig. 3.33 Schematics of two separation modes [16]

The boundary layer with low turbulent intensity after expansion wave at the flat side
is illustrated by increased size and decreased number of patterns in the schematic
picture. Two balanced free shock separations (FSS) are induced by symmetric sepa-
ration shock. Boundary layer transformation at the expansion corner is highlighted in
both images, which shows the growth in thickness and reduction in turbulence inten-
sity. The boundary layer transformation will be discussed in detail in Sects. 3.3.3
and 3.4.2. To sum up, the flow structure of symmetric separation mode is quite sim-
ple. However, complicated wave structures exist in asymmetric separation mode.
The large separation zone (FSS) dominates at the expansion wall, which suppresses
the supersonic core flow to the straight side. Thus the high-speed flow forces the
separation at the flat wall to reattach downstream, which induces a restricted shock
separation (RSS). Due to its axial location, the RSS placed on the straight wall is
called “primary separation”. The large separation at expansion side is able to block
sizable part of the main flow (the blockage can be as high as 50% of local height),
which persistently compresses the supersonic flow. As soon as the compression wave
accumulates to be strong enough and forms a shock wave, a secondary separation
appears.
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3.3.3 Mechanism of Asymmetric Separation Based
on Boundary Layer Study

The formation of asymmetric separation is induced by different boundary layer
behaviors on expansion and straight walls. The pivotal role which the expansion
corner plays in boundary layer transformation is carefully studied in the current
section with DNS [31]. As a supersonic flow passes over an expansion corner, it
is accelerated through an expansion fan and the boundary layer becomes thicker
due to the decrease in density. After the expansion, the boundary layer experiences
a relaxation process, during which it exhibits different turbulence features from the
incoming equilibrium state. The suppression of turbulence during the expansion pro-
cess is a significant characteristic of supersonic flow passing an isolated expansion
corner, as reviewed by Knight et al. [32].

3.3.3.1 Transformation of Turbulent Boundary Layer Structures
Induced by Expansion Corner

The iso-surface of ut = 0.55 given in Fig. 3.34 shows the large scale structures in the
outer boundary layer. It is found that the streaks in the inner layer are not affected
significantly by the expansion, while the vortex structures in the outer layer respond
severely to the expansion. The near-wall quasi-streamwise vortices at the flat side
and the expansion side are both preserved, which indicates that the inner turbulence
exists in a state of local equilibrium. Meanwhile, in the outer layer of the boundary
layer, the coherent structures on the ramp are affected by the upstream flow history,
as well as the inner turbulence generation and its exchange with the outer layer. The
turbulence on the downstream ramp is especially affected by the history effect of the
turbulence decay in the vicinity downstream of the expansion corner. This determines
the formation of the two-layer structure in the boundary layer.

Fig. 3.34 Turbulence coherent structures visualized with the iso-surface of ut = 0.55 and coloured
by the wall-normal distance y/δ0 for the Expan4 case (left) and the flat plate (right) [31]
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3.3.3.2 Expansion Effects on Turbulent Perturbations

Figure 3.35 plots the turbulent kinetic energy (TKE) at different wall-normal loca-
tions along the streamwise direction. The TKE in the inner layer (y/δ0 = 0.0266)
demonstrates a quick recovery than the outer layer and TKE recovery gets slower
when the wall-normal location is larger. Certainly, this is a coarse estimation since
the TKE profile is related to y+ instead of y/δ0 and y+ changes along expansion ramp
when same y/δ0 is set with flat plate case.

TKE profiles at different streamwise locations of all cases versus y+ are shown
in Fig. 3.36. It is deduced that due to weakened turbulence in the outer layer, the
turbulence exchange of inner layer with the mainstream is greatly suppressed, which
results in a turbulent energy accumulation in the inner layer since turbulence in
the inner layer exists in a local equilibrium and its production is still ongoing. The
turbulence energy in the inner layer cannot transfer through the outer layer since
the suppressed exchange in the outer layer blocks the transfer. In summary, the two-
layer structure is due to the decay of the turbulence shear stress in the log-law region
of the boundary layer downstream of expansion corner, which blocks the exchange
between the turbulent structures in the inner layer and the mainstream and finally
leads to a quick recovery in inner layer and a slow recovery in outer layer.

Fig. 3.35 TKE versus x/δ0 at different y/δ0 locations of flat plate and Expan4 case [31]
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Fig. 3.36 TKE profiles of the flat plate (dash-dotted line) and Expan4 (solid line) at different
streamwise locations, including x/δ0 = 0.81 (symbol ▼), x/δ0 = 5.65 (symbol ▲), x/δ0 = 15.35
(symbol ◆) [31]

3.3.3.3 Turbulent Boundary Layer Separation Tendency Affected
by Expansion Corner

Previous studies [32, 33] concluded that a fuller streamwise velocity profile increases
the ability of a boundary layer to resist flow separation. For a supersonic expansion
flow, although the increase in the velocity leads to a fuller velocity profile in the outer
part of the boundary layer, the velocity in the inner part of the boundary layer for the
expansion cases decreases, which results in a thicker boundary layer compared with
the flat plate. It is difficult to quantify the fullness of the boundary layer after equilib-
rium regeneration on the expansion ramp. The resistance of a boundary layer to an
adverse pressure gradient is often evaluated by the shape factor. Usually, an increase
in the shape factor of a supersonic boundary layer indicates that flow separation is
more likely to occur on the wall.

The shape factor is defined as H = δ∗/θ , where δ∗ represents the displacement
thickness and θ the momentum thickness. They are defined as:

δ∗ =
∫ ∞

0
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a) shape factor                    b) closer view of the shape factor 
                  near the outlet

Fig. 3.37 Shape factor as a function of the streamwise location of different expansion cases [31]

Figure 3.37 shows the shape factor as a function of the streamwise location for all
three cases. It is clearly seen that the shape factor increases rapidly after the expansion
corner, followed by a sudden decrease in the recovery region and a slow increase
in the equilibrium section. Figure 3.37b gives a closer view of the shape factor in
the equilibrium region. The values of shape factor indicate that the fullness level of
velocity profile in the flat plate case is still higher than the 2° and 4° expansion cases.
The shape factor increases as the deflection angle are increased. A higher value of
shape factor means that the expansion supersonic flow has a lower resistance ability
to adverse pressure gradient or flow separations. This explains why large separation
always occurred on the expanded wall when the back pressure is large enough.

3.4 Cold Flow Analysis: Separation Transition
and Low-Frequency Unsteadiness

Dynamic features of the back pressure induced separation are further studied [23] in
the current section. Detached-eddy simulation represents the whole process of the
separated region development. Typical simulated transient flow phases are validated
by nano-based planar laser scattering images. High-frequency pressure signals are
acquired to study unsteady behaviors of the separation shock. The low-frequency
unsteadiness in separation is preliminarily discussed, and some controlling measures
are put forward.
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3.4.1 Symmetric/Asymmetric Separation Transition Under
Threshold Backpressure

The elaborate description of the symmetric/asymmetric separation transition process
is illustrated by the numerical density gradient magnitude contours below. Due to
the limitation of NPLS system, the interval between two images is 500 ms. Thus,
the entire transitional flow development cannot be captured in a sequence of experi-
mental images. Only several NPLS images for typical phases are selected to obtain
a qualitative validation to numerical results.

The formation of separated regions is named the ‘initial separation phase’, which
is only captured by numerical simulation (due to the limited temporal resolution
of experimental apparatus). Moreover, the other four typical phases are described
both computationally and experimentally. These five phases together constitute
the entire process of separation development. The ‘standard symmetric separation
phase’ appears when the separation zone stays in the ‘symmetric separation region’
(shown in Fig. 3.45). The separation pattern always sustains symmetric in this phase.
However, when the separated regions locate within the ‘separation transition zone’
(shown in Figs. 3.38, 3.39, 3.40, 3.41, 3.42, 3.43 and 3.45), two completely different
separation patterns coexist. As a consequence, two separation phases (‘symmet-
ric/asymmetric phase in separation transition’) are put forward for distinction. At
last, the ‘standard asymmetric separation phase’ occurs when the separation devel-

Fig. 3.38 Numerical schlieren of the initial separation phase: the bow shock-induced separation
[23]
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Fig. 3.39 Numerical schlieren of the initial separation phase: the relative acceleration of separation
shock on the expansion side [23]

Fig. 3.40 Typical flow structures for standard symmetric separation phase: (F) the experimental
NPLS image; (f) the numerical schlieren [23]
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Fig. 3.41 Typical flow structures for a symmetric phase in separation transition: (G1) and (G2) the
two experimental NPLS images to show the fluctuation of shock train in the vertical direction; (g)
the numerical schlieren [23]

opment reaches the ‘asymmetric separation region’ (shown in Fig. 3.45). It is a
phase where a large asymmetric separated region appears on the expansion wall all
the time. The division of ‘symmetric separation region’, ‘separation transition zone’
and ‘asymmetric separation region’ will be introduced in Sect. 3.4.2.2 (Fig. 3.44).
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Fig. 3.42 Typical flow structures for asymmetric phase in separation transition: (H) the experi-
mental NPLS image; (h) the numerical schlieren [23]

3.4.1.1 Initial Separation Phase

First of all, the oncoming flow meets the backpressure cylinder, which forms a bow
shock.A strong adverse pressure gradient is induced by the bow shock.Consequently,
the near wall flows (boundary layer) separate from both sides of walls due to the
adverse pressure gradient. It is seen in the contour of 10 ms (Fig. 3.38a) that the
turbulent boundary layer has not beenwell developed yet. For the flowfields later than
25 ms, the turbulent boundary layers upstream of the separation shock sustain nearly
the same. This suggests that the transient behaviors of boundary layers disappear. The
primary separated regions are the traditional triangular shape. When the separated
regions appear, the local static pressure rises which results in the forward motion
of shockwave. During the forward motion, the separation shocks from both walls
intersectwith the bowshock at the center of flowfield.At that time, shear layers appear
at the intersections of two separation shocks and the bow shock. These interactions
are shown in the contour of 45 ms (Fig. 3.38c). When the shock intersections move
upstream, the interactions between two separation shocks and the bow shock are
weakened, and the shear layer structures disappear gradually.

An important variation of shock speed happens when the separation shock feet are
near the boundary layer transformation region. The boundary layer transformation
and its effect on separation development will be carefully discussed in Sect. 3.4.2.
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Fig. 3.43 Typical flow structures for standard asymmetric separation phase: (I) the experimental
NPLS image; (i) and (j) the numerical schlierens for two well-developed asymmetric separation
fields [23]

Upstream of the transformation region, the separation shock of the expansion wall is
a bit more than the straight side (shown in the contour of 70ms, Fig. 3.39d). However,
the forward movement of shock foot on the expansion wall accelerates as it passes
through the boundary layer transformation region, and surpasses the shock foot on
the straight wall when it travels upstream of the transformation region (shown in
the contour of 80 ms, Fig. 3.39e). The acceleration of the shock movement on the
expansion wall will lead to the final formation of asymmetric separation.

Due to the limitation of the experimental system, the initial separation phase is
only depicted by numerical simulation. However, this phase poses a great impact on
separation development and configuration transformation. Specifically speaking, the
relative shock acceleration is a precursor of the separation transition phenomenon.
A detailed quantitative study of the relative axial shock acceleration will be carried
out in Sect. 3.4.2.1.
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Fig. 3.44 Relative streamwise speed of separation shock foots from twowalls during the numerical
transition process [23]

3.4.1.2 Standard Symmetric Separation Phase

After the initial separation phase, four characteristic phases in the separation tran-
sition process are illustrated with both experimental NPLS images and numerical
schlieren images. In NPLS images, the dark zone in the flowfield is the shadow of
the cylinder, which represents both the location and diameter of the backpressure
cylinder. The artificial vertical lines near the cylinder are caused by optical imag-
ing from the cylinder and its upholder. The experimental view sections are depicted
in all the computational flow fields. The separation ‘transition zone’ shown both
in numerical and experimental flow fields is a special region where symmetric and
asymmetric separation modes can coexist.

A typical symmetric separation mode always sustains when the intersection of
separation shocks locates downstream of the ‘transition zone’. The separation pat-
tern behaves completely symmetric, and a bow shock forms near the backpressure
cylinder. The two triangular separated regions with reattachment are the typical
flow structures of restricted shock separation (RSS), which is opposite to free shock
separation (FSS) of the large separated region in asymmetric separation (shown in
Figs. 3.42 and 3.43). Downstream of the two symmetric separated regions, the flow is
re-accelerated due to the decrease in blockage. Thus, the flow reattachment happens
on both sides of the walls. Due to the limitation of our DES approach, the simulated
separation development is slightly faster compared with the experimental results.
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Consequently, the reattachment phenomenon is not well captured by simulation,
although the location of the separation shock intersection is very close to the NPLS
image.

3.4.1.3 Symmetric Phase in Separation Transition

During the experiment, the symmetric/asymmetric separation transition occurs when
the backpressure is near the threshold (backpressure ratioP/Pin = 4.57). The diameter
of the cylinder (11.8 mm) is slightly smaller than the typical asymmetric separation
mode (12 mm).

When the separation shock intersection locates within the ‘transition zone’, the
transformation of separated regions’ configuration occurs, and two completely dif-
ferent phases appear. In the symmetric phase, the bow shock near the backpressure
cylinder turns sharp, and it becomes weaker than the typical symmetric mode. The
shock train is able to fluctuate in the vertical direction in this phase (shown in two
NPLS images G1 and G2), which means the flow unsteadiness increases.

3.4.1.4 Asymmetric Phase in Separation Transition

In the experimental asymmetric phase of separation transition (Fig. 3.42H), the flow
structure behaves exactly like the typical asymmetric separation mode. On the other
hand, even though the tendency of asymmetric transformation is clear, the asymmetry
of separation shocks in the numerical result is not as obvious as in the experimental
image. A probable reason for the discrepancy between computational and exper-
imental results is that the NPLS image may depict the flow structure in reverse
transition (from asymmetric to symmetric) process. In the experiment, the symmet-
ric/asymmetric separation transition process is bidirectional. However, the reverse
transition phenomenon is not captured by numerical simulation, due to the limitation
of present DES code.

3.4.1.5 Standard Asymmetric Separation Phase

When the separation shock intersection travels further upstream, the flow separation
turns into the typical asymmetric mode, and a large separated region always domi-
nates on the expansion wall. The large separated region forces the shock foot on the
expansion side to move far more upstream than the straight side. Thus, the super-
sonic core flow is suppressed to the straight side, which leads to the reattachment of
flow. Meanwhile, the flow asymmetry can also be illustrated by the configuration of
the bow shock. The symmetric bow shock (in Fig. 3.40) turns into asymmetric (in
Fig. 3.43) as the asymmetric separation forms.
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3.4.2 Mechanism of Separation Pattern Transition

3.4.2.1 Variation of Separation Shock Speed

The relative streamwise speedof separation shock feet frombothwalls is calculated to
show the forward movement of separation shocks in a quantitative way. The ‘relative
streamwise shock speed’ is the speed of separation shock relative to the free stream
velocity in the streamwise direction. Specifically speaking, it is a velocity of the
upstream development of the separation shock. The relative streamwise shock speed
can be treated as a precursor of the separation configuration transformation.

As is illustrated inFig. 3.44, the shockon the straight sidemoves a little fasterwhen
the initial separation appears. From then on, the forward motions of two separation
shocks are nearly synchronized between 20 and 60 ms. Undoubtedly, the separation
patterns will remain symmetric in this period of time. After that, sharp rises occur
in the relative streamwise velocity of separation shocks from both walls, and the
forward movement of separation shock foot on the expansion wall is always faster
than on the other side. The symmetric/asymmetric separation transition happens
exactly in this period of time (70–100 ms). When the asymmetric separation forms,
forward movements of two separation shocks are both slowed down, and the relative
streamwise shock speed of the expansion side is still faster. As a consequence, the
separation pattern stays asymmetric after the transition process. Actually, such a
shock speed variation is induced by boundary layer profile transformation, which
will be further discussed in Sect. 3.4.2.2.

3.4.2.2 Separation Transition Induced by Boundary Layer
Transformation

Figure 3.45 is drawn based on the quantitative analysis of boundary layer transfor-
mation, and some experimental results are gained fromGao et al. [16]. Moreover, the
data of the separation transition experiment (circle symbols) have been added. The
streamwise boundary layer thickness, shape factor and turbulent kinetic energy are
all demonstrated in Fig. 3.45, which is able to represent the boundary layer transfor-
mation in an all-around way. Figure 3.45 also shows the experimental relationship
between the shape and streamwise location of separated regions, which serves as
a validation to the analysis of boundary layer separation tendency. The reference
shock location (intersection of two separation shocks) mentioned in Sect. 3.3.1.1 is
obtained to make statistics of different separation modes in each case of experiments.
The origin locates at the intersection of the flowfield centerline and the downstream
boundary of the experimental view section, which is depicted in Fig. 3.24a. The
average height of test section H is chosen to non-dimensionalize the results. The X-
axis illustrates axial locations of separated regions, and the absolute value along the
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Fig. 3.45 The impact of boundary layer transformation on separation transition [23]
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�Y-axis indicates the degree of flowfield asymmetry. A negative value of the �Y-
axis means that a larger separated region appears on the expansion wall, whereas a
positive value stands for the opposite.

TheMach number contour of the single-expanded supersonic combustor (without
backpressure) is divided into three parts, which are named the ‘symmetric separation
region’, the ‘asymmetric separation region’ and the ‘separation transition zone’,
respectively. In the ‘asymmetric separation region’, the flow near the expansion wall
is of higherMach number. On the contrary, the flow near the straight wall has a higher
Mach number in the ‘symmetric separation region’. An expansion wave (generated
by the expansion corner) reaches and reflects on the expansion wall, which causes a
boundary layer transformation. Such a transformation region is called the ‘separation
transition zone’.

The turbulent kinetic energy of the expansion wall undergoes a sharp decrease
around the expansion corner, so it is lower than the straight side in the front part of the
combustor. When the expansion wave generated from upstream reaches the straight
wall, a sudden fall of turbulent kinetic energy happens on the flat side. The reflected
expansionwave on the straight wall enables the flow to be further accelerated. Specif-
ically speaking, the expansion of flow on the straight side is twice over the flow on the
expansion side. Meanwhile, the turbulent kinetic energy of the expansion side recov-
ers slightly because of the weak compression effects. This compression is caused by
the over expansion on the straight side (the local flow expansion of the straight side
exceeds the total expansion of geometry). The compression induced turbulence pro-
duction is a typical phenomenon in turbulent boundary layers, which has also been
observed in the supersonic case [34]. Thus, an interlaced turbulent kinetic energy
distribution happens, which is the very location of ‘separation transition zone’.

It is clearly observed from Fig. 3.45 that the expansion wave poses a great impact
on the boundary layer transformation, which further results in the transition of two
different separation modes. The shape factor of the boundary layer on the expansion
wall is always larger than the straight side in the ‘asymmetric separation region’.
Meanwhile, the boundary layer thickness is also larger on the expansion side. Thus,
the boundary layer is easier to separate on the expansionwall in this ‘asymmetric sep-
aration region’. Consequently, when the backpressure is high enough, an asymmetric
large separated region always appears on the expansion wall.

The incident and reflection expansion waves on the straight wall induce a sharp
rise of the shape factor on this side, which means the fullness of velocity/momentum
profile is greatly weakened. At the same time, the shape factor of the expansion wall
falls gradually, and an interlaced shape factor distribution appears in the ‘separa-
tion transition zone’. This interlaced distribution means that the separation tendency
of turbulent boundary layers from both walls exchanges in this region. Thus, it is
the interlaced shape factor distribution that leads to the bidirectional transition of
separation patterns. The boundary layer on the expansion wall is still thicker than
the straight side in the ‘separation transition zone’. Specifically speaking, the dif-
ference of boundary layer thickness between the two walls reaches a maximum in
the ‘separation transition zone’, which causes the relative streamwise acceleration
of separation shock on the expansion wall.
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When it comes to the ‘symmetric separation region’, the boundary layer thick-
nesses from both walls are almost the same. These nearly equal boundary layer
thicknesses enable the separated region to stay symmetric. Meanwhile, the larger
shape factor on the straight wall makes the separation shock on this side located
slightly upstream than the expansion side. The shape factor of the straight wall
slightly changed in the ‘symmetric separation region’, whereas an apparent decrease
of shape factor occurs on the expansion side.

The quantitative analysis of boundary layer separation tendency uncovers the key
impact factor of the symmetric/asymmetric separation transition phenomenon: the
fullness of the velocity/momentum profile in the boundary layer.

3.4.2.3 Schematic of Separation Transition

Figure 3.46 depicts a schematic of the separation transition mechanism. When the
supersonic flow passes through an expansion corner, the boundary layer of the expan-
sion wall becomes thicker [35, 36] due to the decrease of density. Meanwhile, the
favorable pressure gradient brings about the reduction of turbulent kinetic energy
(TKE) and Reynolds shear stresses [37, 38] in the boundary layer, which blocks
the momentum transportation from the mainstream to the near-wall region. A recent
DNS study [31] finds that the streamwise velocity actually reduces in the near-wall
region, even though the velocity of the main flow increases compared to the flat plate
cases. As a result, the fullness of the velocity and momentum profile in the bound-
ary layer is weakened, especially in the inner layer, which leads to a higher value
of boundary layer shape factor distribution along the expansion wall. The thicker
boundary layer and the weakened velocity/momentum profile fullness enable the
effects of backpressure to accumulate faster (forms a relative separation shock accel-
eration) on the expansion wall, so it always forms an asymmetric separation under
high backpressure.

In the ‘symmetric separation region’, the boundary layer thicknesses of both
walls are nearly the same, and the boundary layer along the straight wall has a larger

Fig. 3.46 Schematic of separation transition mechanism [23]
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shape factorwith lower turbulent kinetic energy. Consequently, a balanced symmetric
separation appears, and the separation shock foot on the straight wall locates slightly
upstream than the expansion side. This accounts for the symmetric separation mode
under low backpressure.

The expansionwave arrives at the straightwall and reflects,which results in a sharp
rise of boundary layer shape factor on the straight side. Thus, an interlaced boundary
layer shape factor distribution (separation transition zone) between the expansion and
straight walls is formed. The ‘separation transition zone’ divides the quasi-steady
symmetric separation mode and the unsteady asymmetric separation mode. It is a
region where the separation tendency of turbulent boundary layers from two walls
exchanges. As a result, a bidirectional separation transition phenomenon happens
when the separation locates within this region (under the threshold backpressure).

3.4.3 Low-Frequency Unsteadiness in the Separated
Flowfield

Low-frequency unsteadiness appears in several operating conditions of the separated
flowfield. Frequency and amplitude features vary under different separation modes,
which are introduced in the current section. A preliminary study of low-frequency
unsteadiness mechanism is carried out in the last Sect. 3.4.3.3.

3.4.3.1 Low-Frequency Unsteadiness of Different Separation Modes

The flow unsteadiness is only analyzed in unsteady and quasi-steady separation
modes. Both the asymmetric separation mode and the transition separation mode are
induced by symmetric backpressure, which has been introduced in Sects. 3.3.2.2 and
3.4.1. The quasi-steady separation mode is induced by asymmetric backpressure,
which will be further discussed in Sect. 3.4.4.1.

Locations of pressure sensors for fast Fourier transform (FFT) analysis are selected
within the intermittent region in unsteady cases (signal 5 in transition mode and sig-
nal 2 in typical asymmetric mode). Because the case with asymmetric backpressure
is quasi-steady, the oscillation of separation shock is so small that none of the pres-
sure sensors locates within the intermittent region. Thus, the pressure signal in the
asymmetric backpressure case (signal 6) records the static pressure history in primary
separated flow.

Figure 3.47 represents dynamic characteristics of three separation modes. The
variation of static pressure near the shock foot can be as high as 80–100% in unsteady
cases (transition mode and asymmetric mode). It is seen in Fig. 3.47a that the ampli-
tude of shock oscillation is fluctuant, and intermittent behaviors exist in the unsteady
process. The high-amplitude oscillation can be twice as low amplitude oscillation
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Fig. 3.47 Pressure signals for different separationmodes [23]: a oscillation history;b power spectra
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in static pressure variation. The FFT analysis in Fig. 3.47b depicts that a broad-
band low-frequency oscillation occurs in unsteady cases. In transitional separation
mode, the main frequency components range from 50 to 650 Hz, and the peak fre-
quency of oscillation is 103 Hz. Compared with the typical asymmetric separation
mode (194 Hz), this peak frequency is obviously lower. Moreover, high-frequency
components (higher than 1000 Hz) are suppressed. This phenomenon is consistent
with the theory in low-frequency unsteadiness of shockwave boundary-layer inter-
action, which states that a larger-scale motion of the separation shock foot leads to a
lower oscillation frequency [39]. There are no apparent unsteady behaviors in quasi-
symmetric separation mode (with asymmetric backpressure), which is also shown in
Fig. 3.47b.

3.4.3.2 Amplitude of Separation Shock Oscillation

There are many methods of shock train leading-edge detection, such as the pres-
sure ratio method [40], the pressure increase method [40], and the recently reported
differential pressure method [41]. Here we choose the standard deviation method
[41] to capture amplitude features of different separation modes. Normalized stan-
dard deviations of the static pressure for all pressure sensors are calculated, which is
illustrated in Fig. 3.48.

Fig. 3.48 Normalized standard deviation of the pressure signals for different separation modes
[23]
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The standard deviation of the pressure signal implies the amplitude of the static
pressure oscillation. For the purpose of normalizing the value of standard deviation,
the static pressure of inflow is selected as the reference pressure. As seen in Fig. 3.48,
the normalized standard deviation curves from all three separation modes reach a
high value near the backpressure cylinder (axial location X = 305 mm). This is
induced by the bow shock and its unsteadiness. The peak in asymmetric separation
mode indicates that an intense unsteadiness lies in the separation shock foot on the
expansion wall. The sharp rise and fall of the standard deviation curve in asymmetric
mode suggests that the intermittent region of separation shock foot locates within
the axial location from 50 to 110 mm.When it comes to the quasi-symmetric separa-
tion mode with asymmetric backpressure, the unsteadiness of flow can be neglected
upstream from the streamwise location of 230 mm. It is not until the region near the
backpressure cylinder that the unsteadiness of the flowfield becomes apparent. From
this standard deviation curve, it can also be concluded that the separation shock of
quasi-symmetric mode behaves quasi-steady. However, in the separation transition
mode, the standard deviation curve is widened and no manifest peak value appears.
The first rise at X = 170 mm indicates that the separation shock reaches this axial
location intermittently. Moreover, the obviously lower value compared with the peak
from asymmetricmode implies that the energy of shock oscillation is dispersive. That
is to say, the intermittent region is broadened in the streamwise direction.

3.4.3.3 Preliminary Statistical Study on Low-Frequency Unsteadiness

Since the separated related unsteady flow is evolved from shockwave boundary layer
interaction (SWBLI), two unsteady separation cases presented in the current chapter
(asymmetric and transition) have been compared with several typical SWBLI results.
The length of the intermittent region is chosen as the characteristic length to show
the amplitude of shock oscillation. Meanwhile, the peak frequency of power spectra
(pressure signal) is selected to depict temporal behaviors of separation shock. As
is illustrated in Fig. 3.49a, the profile of intermittent region length Li versus peak
frequency Fmax is quasi-linear in log coordinates. Although separation cases in the
current chapter have evidently larger intermittent regions and lower peak frequen-
cies, the quasi-linear relationship is still observed. The quasi-linear profile (in log
coordinates) in Fig. 3.49a suggests that an inversely proportional relationship exists
in these two parameters.

The dimensionless frequency (Strouhal number) is a canonical parameter in low-
frequency unsteadiness analysis of SWBLI problems. In traditional SWBLI cases,
the shock foot undergoes larger-scale motion and lower oscillation frequencies as
the scale of separation increases [39]. This trend has also been reported in forced
oscillations of shock train by Xiong et al [44]. However, the Strouhal number varies
little for different inflow conditions and separation patterns. Following the analysis in
SWBLI problems, Strouhal numbers of asymmetric and transition separation cases
have been calculated as well. It is seen in Fig. 3.49b that values of Strouhal numbers
from cases in the current chapter arewithin the range of typical SWBLI results. These
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Fig. 3.49 Low-frequency shock motion of several different turbulent separated flows [23]: a inter-
mittent region length Li versus peak frequency Fmax in log coordinates; b Strouhal number scaling
based on Li, Fmax and free stream velocity Ue. (The typical SWBLI results are obtained from studies
of Dolling et al. [42] and Gonsalez et al. [43])

results in Fig. 3.49b imply that a similar mechanism may lie in these unsteady flow
issues. Though the preliminary statistical study has gained interesting results, there
is still a long way to go in uncovering the specific mechanism of this broadband,
low-frequency shock unsteadiness.

3.4.4 Control of Unsteadiness

Unsteady phenomena are usually unwelcome in scramjets. As a result, two measures
are put forward in the current section to make a heuristic study of unsteadiness
controlling.

3.4.4.1 Asymmetric Back Pressure

When the cylinder deviates from the center of flowfield, separation remains quasi-
symmetric even under high back pressure. The cylinder in Fig. 3.50 is exactly the
same size as in Sect. 3.3.2.2 (back pressure ratio P/Pin = 4.69), but it deviates 8 mm
from the center location. Asymmetric back pressure restrains the forward movement
of shock train and development of the separated region. Meanwhile, the dynamic
features of the flowfield are greatly weakened. The power spectral density of FFT
analysis in Fig. 3.51 is one order ofmagnitude smaller than the asymmetric separation
mode in Sect. 3.3.2.2, which indicates that flowfield is quasi-steady.

Figure 3.52 illustrates the experimental and computational average velocity mag-
nitude contour for asymmetric back pressure. Just as in cases from Sects. 3.3.2.1 and
3.3.2.2, artificially low-speed region still exists in the downstream center flow due to
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Fig. 3.50 NPLS image of symmetric separation mode, d = 12 mm, asymmetric back pressure

 a) History of the pressure signal                     b) Power spectra of the pressure signal 

Fig. 3.51 History and FFT analysis of pressure signal for symmetric separation mode [16]

Fig. 3.52 Average velocity magnitude contour of separated flow under asymmetric back pressure
[16] (top: experimental data, bottom: calculated result)
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a)  X=3.5H1 b)  X=4.5H1

Fig. 3.53 Average streamwise velocity of separation under asymmetric back pressure [16] (line:
calculated result, symbol: experimental data)

the optical imaging from the cylinder. Numerical and experimental average stream-
wise velocity profiles at two characteristic axial locations are shown in Fig. 3.53.
It is observed that all these velocity profiles show slight asymmetry between two
separated regions. Due to the asymmetric back pressure, the separated region at the
straight side is a bit larger than that at the expansion side. However, no reattachment
is found on either side of walls, which means this separation mode is not a typical
asymmetric separation.

3.4.4.2 Decrement of Boundary Layer Thickness

Processes of transient flow with different boundary layer thickness [45] are shown in
Fig. 3.54. The simulation condition is all the same except the boundary layer thickness
of inlet (1 and 3 mm). Comparing these flow fields shown in Fig. 3.54, it appears
that the increment of the boundary layer thickness strengthens the instability of the
flowfield. When the boundary layer thickness is thin, the velocity profile of the fluid
close to the wall is relatively full and the flow is more resistant to the backpressure.
This restricts the development of the separation and forms of symmetric separated
regions. The flow field is quasi-steady in this condition. However, either of two
separated regions fully develops and forms asymmetric separation structure when
the boundary layer thickness increases to a certain threshold. The shock train moves
upstream and then oscillates in large amplitude along the flow direction.
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a) boundary layer thickness of inlet: 1mm            b)  boundary layer thickness of inlet: 3mm

Fig. 3.54 The unsteady flowfield with a different boundary layer thickness of inlet (d = 12 mm)
[45]

3.5 Validation on Reactive Flows with Different Geometry

Based on four sections above, it is found that a typical kind of asymmetric and
unsteady combustion in scramjets is dominated by back pressure induced separa-
tion. However, whether this flow dominating instability is universal in supersonic
combustion remains suspectable. For the purpose of proofing the universality of
flow dominating instability, experiments [46] are implemented in a combustor with
different geometry and inflow conditions.

3.5.1 Experimental Facility

Experiments are performed on the direct-connected supersonic combustion facility,
as shown schematically in Fig. 3.55. The air is heated by an air/O2/alcohol vitiator
which could heat the air up to approximately 1429 K and the mass fraction of O2 in

Fig. 3.55 Schematic of combustor and distribution of transducers [46]
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a) Integrated fuel injector and 
cavity flame holder.

b) Sketch of the cavity geometry.
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Fig. 3.56 Fuel injection schemes and cavity geometry [46]

the blend air is added up to 23%. The total pressure is 1980 kPa and themass flow rate
is 2 kg/s. A two-dimensional nozzle (Ma 2.92 in the combustor entrance) was used
to accelerate the blend air to supersonic flow, simulating flight Mach number of 6.0
with a static pressure of about 54.5 kPa. The scramjet flow path consists of a heat-sink
rectangular isolator and a rectangular combustor with dual parallel recessed-cavities
and flush-mounted injectors normal to the wall. The isolator has a rectangular cross-
sectional area with a height of 54.5 mm, a width of 75 mm, and a length of 850 mm.
The combustor consists of two diverging sections and the divergence angles are 0.4°
and 0.72°, respectively. The combustion products are exhausted into the atmosphere
through the exhaust section with slightly expansion angle of 0.72°.

Symmetric dual parallel recessed-cavities flameholder are located on the divergent
top and bottom walls separately. Figure 3.56 shows the integrated injection unit
and cavity flameholder. The cavity has a forward-facing ramp that could effectively
interact with the shear layer originating from the cavity leading edge. In each run
of the experiment, the fuel is injected simultaneously from both sides at the same
position (e.g. injected from f3 and f6). The depth of the cavity is 25 mm, length to
depth ratio (L/D) is 5 and the aft angle is 45°, as shown in Fig. 3.56b. The leading
edge of the cavity is located 483mm downstream of the combustor entrance. And the
height of the flow path at the cavity leading edge is 67 mm. The spark plug located
at the base of the cavity was used as the baseline ignition source. Gaseous ethylene
was used as the main fuel and could be injected form location f1/f2/f3, which are
95, 60 and 25 mm upstream the cavity leading edge. There are 3 orifices with a
diameter of 1.5 mm on each injection location. Meanwhile, there are also injection
ports with a diameter of 2 mm located 85, 50 and 15 mm upstream the cavity leading
edge. Different injection sites and the orifices are selected to evaluate the effects of
injection location and fuel/air equivalence ratios on the combustion.

Wall static pressure along the facility is captured by an electronic pressure scan-
ning system at 1000 Hz at sixteen locations (k1–k16) in the isolator and combustor,
as shown in Fig. 3.55. There are 4 positions (p1–p4) on side wall available for 2 high-
frequency pressure transducers (PCBmodel 064B02) depending on the experimental
requirements. The acquisition frequency of the high-frequency sensor is 500 kHz.
High-speed flame luminosity images are captured 4000 frames per second with an
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exposure time of 0.2 ms to investigate the flame oscillations. And the resolution of
the image is 1024 × 512 pixel which could cover window1 and window2 as shown
in Fig. 3.55. Schlieren system is used to visualize the shock waves in the combustor
with the image resolution of 896 × 848 pixel which covered only window1. The
exposure time was 1 μs and the frame rate was 10000 fps.

The test sequence for each run started with the steady vitiator operating condition.
Hydrogen was used as pilot fuel and was injected into the main flow at the entrance
of the combustor on the top wall. The spark plug started working after the injection
of hydrogen, then followed the injection of ethylene. Pilot fuel was closed with
spark plug after ethylene fuel was ignited. The camera and PCB were triggered
simultaneously before the injection of ethylene.

3.5.2 Variation of Combustion Modes Under Different
Equivalence Ratios

Similarly to Sect. 3.1.2, combustion mode transfers from scramjet mode to ramjet
mode as the increment of equivalence ratio.Due to the lower inflowMach number and
weaker geometric expansion compared with previous experiments, the symmetric
combustion in scramjet mode combustion is not observed.

3.5.2.1 Scramjet Mode Combustion with Asymmetric Flame: Strong
Unsteadiness

The scramjetmodewith asymmetric flame in current section qualitatively reproduces
the dynamic combustion in Sect. 3.1.3.

It is clearly seen in Figs. 3.57 and 3.58 that typical structures of combustion
flowfield are very close to Sect. 3.1.3. An asymmetric jet-wake stabilized flame is
able to appear at either side of walls. When this jet-wake flame appears, the large
separated region suppresses the supersonic core flow to the other side. As a result,
a shear layer stabilized flame occurs. During the dynamic process, the shock train
oscillates with large amplitude in the axial direction. Meanwhile, the switch of the

Fig. 3.57 Flame luminosity images of unsteady scramjet mode combustion, � = 0.27
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Fig. 3.58 Schlieren images of unsteady scramjet mode combustion, � = 0.27 [46]

asymmetric jet-wake flame is accompanied by the vertical movement of the shock
train. Still similar to Sect. 3.1.3, the switch of the asymmetric flame is intermittent,
not periodically. This intermittent flame switch phenomenonwill be further discussed
in Sect. 3.5.3.

3.5.2.2 Transition Mode Combustion with Asymmetric Flame: Weak
Unsteadiness

As the increment of equivalence ratio, the combustion mode in combustor gradually
transfers from scramjet mode to ramjet mode. During this ram-scram transition pro-
cess, a special mode is defined, which is named as “transition mode” (also called
dual mode). In this operation condition, the shock train appears in the flame stabi-
lized region occasionally. The averaged leading-edge of shock train locates further
upstream due to the stronger heat release compared with scramjet mode. In this tran-
sition mode, the asymmetric flame structure still exists, however, the switch of two
flames from both walls are rather rare. The flow unsteadiness is still obvious, but it
is much weaker than the scramjet mode (Fig. 3.59).

3.5.2.3 Ramjet Mode Combustion with Symmetric Flame:
Quasi-steady

When the equivalence ratio passes a certain threshold, the strong enough heat release
will choke the flame stabilized region to pure subsonic. This operation condition is
called the ramjet mode. It is demonstrated in the schlieren image of Fig. 3.60, the
shock structure completely disappear in the current combustion mode. Both fuel
injections and flames from two walls are generally symmetric, and the combustion
flowfield is quasi-steady.
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a) Jet-wake flame on the upwall

b)  Jet-wake flame on the downwall

Fig. 3.59 Flame luminosity and schlieren images of unsteady transition mode combustion, � =
0.47 [46]

Fig. 3.60 Flame luminosity and schlieren images of quasi-steady ramjet mode combustion, � =
0.70 [46]

3.5.3 Quantitative Descriptions of Unsteady Combustion

Flame front oscillation histories for different combustion modes are illustrated in
Fig. 3.61. These profiles are calculated based on the same procedure as Fig. 3.7. It
is depicted that the unsteadiness of flowfield gradually decreases as the increment
of the equivalence ratio. The switch of asymmetric flame in the case of � = 0.47 is
relatively infrequent comparedwith the case�=0.27.The symmetric flame structure
of ramjet mode can also be illustrated in the profile of flame front oscillation history
(Fig. 3.62).
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a) Φ=0.27 b) Φ=0.47

c) Φ=0.7

Fig. 3.61 Flame front oscillation histories for different combustion modes [46]

The time-averaged static pressure distribution and the related standard deviation
along the upper wall centreline are demonstrated in Fig. 3.61. Both of these pressure
profiles are normalized by the total pressure of inflow P∗

in. The axial location is
normalized by the local height H of combustor at the leading edge of dual parallel
cavities. The origin of X-axis locates rightly at these two leading edges. From these
standard deviation profiles, it is also clearly seen that the unsteadiness of combustion
flowfield decreases as the increment of equivalence ratio. In the ramjet mode, the
symmetric flame in subsonic region behaves quasi-steady in general. Fluctuations
mostly concentrate in the upstream location of dual cavities (x/H about−6.5), which
is the leading-edge of shock train.

In general, the dynamic combustionmode inSect. 3.1.3 is qualitatively reproduced
in a different combustor under a different inflow condition. This suggests that the
flow dominating instability is a universal source in unsteady supersonic combustion.
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Fig. 3.62 Normalized averaged static pressure and standard deviation of pressure signals for
different combustion modes [46]
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3.6 Summary

In this chapter, a study of combustion unsteadiness dominated by backpressure
induced separation is implemented systematically.

For a single-expanded rectangular supersonic combustor with dual parallel cav-
ities and near-cavity fuel injections, flowfield structures generally transform from
symmetry into asymmetry as the increment of equivalence ratio [11]. Under an
intermediate equivalence ratio [3], intermittent dynamic combustion occurs with a
high-amplitude pseudo-shock oscillation in the streamwise direction. A decoupling
analysis [15] is carried out to discover the key impact factor of this unsteady com-
bustion. It is found that flame, fuel jet as well as cavity flameholder do not play a key
role in this issue, and only the backpressure is the pivotal factor that really matters.

Thus, cold flow analysis [16] is applied, and typical flame structures are fully
reproduced by the backpressure induced separated flowfield. Specifically speaking,
a symmetric separation under low backpressure generates symmetric combustion,
while an asymmetric separation under high backpressure results in asymmetric com-
bustion. It is found that the thicker boundary layer, the weaker velocity/momentum
profile fullness (larger shape factor), and the lower turbulent kinetic energy on the
expansionwall altogether leads to the asymmetric separation. Based on the detached-
eddy simulation, the whole process of symmetric/asymmetric separation transition
[23] (occurs under threshold backpressure) is captured. Boundary layer separation
tendency analysis shows that an interlaced shape factor distribution of boundary
layers from both walls accounts for the switch of separation modes.

Typical dynamic combustion behaviors mentioned above are reproduced in a
combustor with a different geometry [46], which operates under a different inflow
condition. It is concluded that the flow dominating instability is a universal source
in unsteady supersonic combustion.
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Chapter 4
Cavity Ignition in Supersonic Flows

Scramjets are promising propulsion systems for hypersonic flight vehicles. Develop-
ment of scramjets relies on sufficient understanding of the complex mixing, ignition
and combustion processes inside a scramjet combustor. Current scramjets usually
require flame holding devices which provide subsonic environments to facilitate
flame ignition and stabilization, because the ignition delay time of hydrocarbon
fuels is long relative to their residence time in the combustor. The most common
flame holding device is a cavity with a slanted rear wall. This flame holder scheme
is generally combined with transverse injection in supersonic combustors.

The ignition process in supersonic flows is complicated, and depends on many
factors such as the local fuel equivalence ratio, the flame holder configuration, the
fuel auto-ignition ability, the ignition energy and the flow conditions near the ignition
location. For cavity-based supersonic combustors, a major concern regarding the
ignition is how to establish stable subsonic combustion regions around and inside
cavities, which motivates researches on chemical and physical phenomena on cavity
ignition. This chapter introduces our studies through four aspects, involving diverse
ignition methods, flame behaviours during ignition, ignition mechanisms and auto-
ignition effects.

4.1 Ignition Processes Under Different Ignition Methods

Interactions between turbulence and chemical reactions are vital for ignition process.
In cavity-based scramjet combustors, the core flow of supersonic inflows usually has
a velocity of 1000 m/s, and the velocity of the recirculating flow inside cavities
often varies from 0 to 200 m/s. The core flow and the shear layer over cavities
trigger strong turbulent dissipation which challenges the initial flame propagation,
although cavities provide an ignition-friendly environment. Therefore, the cavity
ignition process presents many unique characteristics. These characteristics may
even change as different ignition methods are used, which is not fully understood
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yet. This section sketches typical ignition processes with respect to diverse ignition
methods.

4.1.1 Spark Ignition

Amongmanymethods for cavity ignition, spark ignition is still themost widely used.
Themain shortage for spark ignition is the low ignition energy. Spark ignition is often
used to ignite cavity-based scramjets that utilize hydrogen or gaseous hydrocarbons
as fuels. For liquid kerosene that requires larger ignition energy, however, employing
spark ignition without aid of other methods is less reported.

Figures 4.1 and 4.2 demonstrate a typical spark ignition process via high-speed
imaging and schlieren in a direct-connected test facility fueled by hydrogen [1].
The inflow conditions were Ma = 1.92 with stagnation state T 0 = 846 K and
P0 = 0.7 MPa. As shown in Fig. 4.1, the initial flame kernel induced by spark
appears around the igniter which is near to the front wall of the cavity. The injection
valve opens at t = 0.0 ms, and simultaneously the spark plug in the upper cavity is
triggered. The spark brightness is identified in Fig. 4.1b and c with white circles.
Before t = 0.5 ms the initial flame kernel grows slow, but the flame propagation
suddenly speeds up, as shown in images of t = 0.5 ms and t = 0.75 ms. In this short
period, the flame speed approximately reaches 400 m/s. A reasonable explanation
for this high flame speed is that the flame kernel penetrates the cavity shear layer
and ignites the fuel in the shear layer, and the high-speed shear layer transfers flame

Fig. 4.1 High-speed images of spark ignition process of hydrogen [1]
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Fig. 4.2 High-speed schlieren images of spark ignition process of hydrogen around the T2 cavity
with T2 ignition [1]

downstream very quickly. Images of t = 0.75 ms to t = 2.25 ms show that after the
fuel downstream of the upper cavity being ignited, the flame propagates upstream
due to the pressure increase caused by heat release. Meanwhile, the flame spreads
transversely, igniting the fuel in the core flow. During this period, the flame appears
distortion which might result from shockwave incidence from the bottom cavity. At
t = 4.00 ms, the flame begins stabilizing and the flame front extends to the injection
location.

Schlieren images during the ignition process are shown in Fig. 4.2. Figures 4.1
and 4.2 are from two individual ignition experiments whose operating conditions are
identical. In Fig. 4.2 the cavity shear layer and heat release region can be recognized
clearly. The shock trains and flame bounds change hugely owing to unsteadiness of
the ignition process.

4.1.2 Piloted Ignition

Piloted ignition is widely applied in practical scramjets in which utilizing spark
ignition only is unable to achieve reliable ignition, for example when the fuel is
kerosene. Piloted ignition refers to establishing initial combustion with the help of
pilot flame which is formed by igniting chemically active fuels, such as hydrogen
and ethylene. In piloted ignition, the spray usually starts as immediately as the pilot
flame is established. Thus the spray and the pilot injection coexist for a short period.
The pilot injection terminates once the spray flame is stabilized.



180 4 Cavity Ignition in Supersonic Flows

Compared with direct spark ignition in the cavity, piloted ignition could broaden
ignitable conditions. This is because the pilot flame not only supplies vast heat and
active radicals, but also induces pre-combustion shock trains upstream of the cavity,
which enhances mixing of the spray and the core flow. The mixing enhancement
pertaining to the precombustion shock trains was observed in Ref. [2] which exper-
imentally investigated the ignition transition phase in model supersonic combustor.
In the experiment three types of ignition processes were compared: spark ignition of
ethylene, spark ignition of kerosene, and piloted ignition with kerosene as the spray
fuel and ethylene as the pilot fuel.

The left column of Fig. 4.3 records the density field variation around the cavity,
and the right column corresponds to a region in the isolator upstream of the cavity.
The leading junction of the shock train is tracked from the left column to the right
column, as indicated by the time steps. Ethylene is transversely injected from the
location denoted by the arrow, under a injection pressure of 2 MPa. The fuel trace
and the bow shock are clear in the image of t = 0 ms. There exist irremovable
reflected shockwaves in the isolator, which are attributed to small gaps between
different sections. But those shockwaves are too weak to affect the bulk velocity
of supersonic primary flow. Following the spark at t = 0 ms, the first shockwave
intersection appears at t = 3.5 ms, and then it is pushed upstream to the isolator, as

Fig. 4.3 Schlieren images showing evolution of precombustion shock train during spark ignition
of ethylene [2]
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shown in the right column. The speed at which the shockwave intersection moves
upstream is estimated to be 50–100 m/s, according to the camera’s frame rate. This
speed is close to the flame propagation speed in conditions of high temperature and
turbulence, but much less than the detonation speed (1 km/s or above). The moving
of shockwave intersection is caused by separation of boundary layers on walls, and
this separation results from local heat release. It is then conclude that the initial flame
development is a subsonic flame propagation dominated by expansion of the cavity
flame.

Figure 4.4 reports the density field change in the isolator during piloted ignition.
The camera setup is similar to that used in Fig. 4.3a. At t = 0 ms, the leading shock-
wave induced by the cavity flame has reached the right side. Nevertheless, the leading
shockwave is pushed down when the fuel touched the downstream ethylene flame
owing to heat-absorbing effect of cold fuel droplets. At t = 1.8 ms, the kerosene
flame first appears. From images of t = 1.8 ms to 3.2 ms, the effect of the precom-
bustion shock train on the spray can be clearly observed. The spray lifts and the fuel
evaporates immediately when swept by the leading shockwave, which enhances the
mixing and combustion processes. This effect is also verified by the experimental

Fig. 4.4 Schlieren images showing evolution of piloted ignition with kerosene as the spray fuel
and ethylene as the pilot fuel [2]
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cases that a weak flame without a generated shock train cannot lead to a successful
piloted ignition event [2].

4.1.3 Gliding-Arc-Discharge (GAD) Ignition

For the spark ignition discussed in Sect. 4.1.1, the discharge produces thermal equi-
librium plasmas so that the ignition is caused by heating of fuel-oxidizer mixture
in a small-volume around the arc channel. In recent decades, nevertheless, utilizing
non-equilibriumplasmas for ignition has gained increasing interest. Non-equilibrium
plasmas could effectively generate active radicals substantially reducing the ignition
delay time, which greatly facilitates combustion organization in scramjet engines.

GAD refers to plasmas generated between separated electrodes in a fast gas flow.
The gliding arc is stretched in the flow field, changing from the equilibrium state to
the non-equilibrium state. In the non-equilibrium state, up to 70–80% of the gliding
arc power is dissipated, which means that the GAD has the potential to efficiently
stimulate nonequilibrium chemical reactions significant for the ignition process.

Figure 4.5 illustrates a typical ignition process using theGAD [3]. The experiment
was implemented in a cavity-based scramjet combustor. The inflow had a stagnation
temperature of 1600 K and a stagnation pressure of 1.65 MPa. The GAD power
supply had an average power of 2 kW and a maximum peak voltage of 20 kV.

In Fig. 4.5 multiple flame kernels first appear but are then blown off, from
t = −8075 µs to t = −8025 µs. At t = 0 µs, a flame kernel appears again and

Fig. 4.5 High-speed images for gliding-arc-discharge ignition [3]
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Fig. 4.6 Comparison of CH* chemiluminescence images related to spark ignition andmultichannel
plasma ignition [4]

then successfully spreads. The flame kernel is wrinkled anti-clockwise which agrees
with the flow pattern inside the recirculation zone. The flame further propagates,
filling the cavity at t = 1075 µs. Then the fuel in the cavity shear layer is ignited at
t = 1125 µs, following that flame in the cavity begins to dissipate at t = 1250 µs.
Finally, the flame stabilizes at t = 1625 µs. During the whole ignition process, the
GAD continuously induces flame kernels inside the recirculation zone, which speeds
up the ignition process. It costs 131 ms to form a stabilized flame from the discharge
beginning.

It is experimentally observed that the GAD triggers initial flame kernels when it
reaches the maximum length. This phenomenon is consistent with the state transition
and energy dissipation of GAD. As above mentioned, the GAD in non-equilibrium
state could generate active radicals helpful for formation of initial flame kernels.
Also, the instantaneous power of GAD increases as the arc is continuously stretched,
according to the voltage and current records during the ignition process.

A relatively large kernel can be realized by utilizing multi-channel plasma igniter
(MCPI) powered by a conventional ignition power supply [4]. Fig. 4.6 compares the
flame kernel developments of spark ignition (SI) and MCPI in a scramjet combustor
with inflow conditions ofMa = 2.52, stagnation pressure P0 = 1.6 MPa and stagna-
tion pressure T 0 = 1600 K. Figure 4.6 shows that the flame kernel of MCPI is much
larger than that of SI. For MCPI the flame takes 900 µs to fill the cavity and reach
the shear layer, but for SI the time is 1000-µs longer.

4.1.4 Laser-Induced Plasma (LIP) Ignition

Ignition through LIP can be classified as laser thermal ignition, laser-induced pho-
tochemical ignition, laser-induced resonant breakdown ignition, and laser-induced
spark ignition [5]. Non-resonant breakdown is the most common, because it does not
require a wavelength to photo-dissociate particular target species. Compared with
ignition methods based on electrical discharge, LIP ignition can precisely control
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the rate and amount of energy decomposition, and flexibly modify the ignition posi-
tion. Through synchronizing the laser and advanced optical diagnostic systems, the
instantaneous ignition process could be investigated intensively in the time scale
of nanoseconds (or even picoseconds), which is fascinating for ignition studies in
a supersonic flow. Disadvantages of LIP ignition chiefly include complication and
incompactness of laser systems, necessity to design optical paths for laser beams, and
impossibility to provide uniform energy decomposition in a relatively large volume.

Figure 4.7 shows the LIP ignition process in a cavity-based supersonic combustor
with ethylene as the fuel [6]. The inflow’s Mach number is 2.1, the stagnation tem-
perature is 947 K and the total pressure is 0.65 MPa. A 1064-nm laser beam, which
came from a Q-switched Nd:YAG laser source running at 10 Hz and had 940 mJ

Fig. 4.7 High-speed images for evolution of the flame kernel induced by LIP ignition [6]
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per pulse, was focused into the cavity for ignition. The laser was directed into the
upstream cavity at t = 0 µs.

The image of t = 50 µs in Fig. 4.7 shows a bright and white light emitted in
the bremsstrahlung process of LIP. The ionized plasma is almost round at the start,
but then wrinkles due to the turbulence, as shown in the image of t = 100 µs. The
yellow light arises, because the combustion chain reactions are initiated and the
flame kernel is formed. From t = 275 µs to 375 µs, the top of the flame kernel is
entrained into the cavity shear layer, and then quenches out due to the high strain rate.
The left flame kernel rotates anti-clockwise owing to the entrainment of circulation
zone inside cavity. The flame kernel reaches to the front wall at t = 725 µs and is
stabilized at the corner for about 200 µs. At t = 925 µs, the flame begins to spread
downstream in the cavity via the bottom of the shear layer. Then the flame fully fills
the cavity at t = 1950 µs. When the shear layer impinges on the cavity ramp, the
burning combustible mixture in cavity shear layer is transported into the core flow,
following that the cavity shear layer stabilized flame is formed. The images of t =
2300 µs to t = 2950 µs further show the establishment of stabilized flame in the
cavity downstream.

Ignition process by two-pulse laser-induced plasma is shown in Fig. 4.8 [7]. In
the experiment, the second laser pulse was triggered 200 µs after the first one. This
200-µs delay approximately equals to the time inwhich the flame kernel produced by
the first laser pulse was transported to the cavity corner. Note that the flame structures

Fig. 4.8 Instantaneous distribution of OH* chemiluminescence during ignition by dual-laser laser-
induced plasma [7]
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represented by OH* chemiluminescence were obtained from different test runs, due
to low frame rate of the used ICCD camera.

The ignition process resembles that using a single laser pulse. Themain difference
is that the two laser pulses are combined to form the initial flame kernel. As reported
in Fig. 4.8, the two kernels merge together at t = 500 µs. The flame kernel triggered
by the second laser pulse is weaker than that by the first one, because the first pulse
improves the temperature and reduces the flow density in the laser focus, decreasing
the absorbed energy of the second pulse. From t = 500 µs to 1900 µs, the flame in
the recirculation zone then enters into a quasi-stable state. Further, the flame spreads
downstream to fill the whole cavity from t = 1900 µs to 2600 µs. Finally, the flame
is stabilized along the shear layer over the cavity, as shown in the image of t = 3200.

4.2 Flame Behaviors During Ignition

Since the ignition process is affected by many factors and partially stochastic, the
flame usually behaves differently from one ignition event to another, even with iden-
tical configurations. The flame behaviors during ignition directly determine ignition
results and closely correlate to the ignition mechanism. In this section, studies of
flame behaviors during processes of the flame kernel formation and the initial flame
propagation are introduced accordingly.

4.2.1 Experimental and Numerical Setups

The studies about the flame kernel formation and the initial flame propagation are
based on different setups. During the flame kernel formation, flame behaviors are
investigated in a single-cavity supersonic combustor ignited by LIP, since the rate,
amount and position of ignition energy injection can be altered flexibly. During the
initial flame propagation, nonetheless, flame behaviors are studied in a single-cavity
combustor and a multi-cavity one, both with the spark ignition. Configuration used
in these studies are outlined in this section for reference.

4.2.1.1 LIP Ignition in a Single-Cavity Supersonic Combustor

A direct-connected test facility composed of an air heater, a supersonic nozzle and a
scramjet model combustor was used for experiment. Through the air heater burning
pure ethanol and oxygen, the air at a mass flow rate of 1 kg/s was continuously
heated to a stagnation temperature of T 0 = 1650 K and a stagnation pressure of P0 =
2.6 MPa. The mole fraction of oxygen in the vitiated air was 21%. The outlet of air
heater was equipped with a two-dimensional Larval-nozzle to accelerate the heated
air toMa = 2.92.
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Shown in Fig. 4.9 is the model scramjet engine. A constant-area 315 mm long
isolator with height of 40 mm and width of 50 mmwas directly connected to the exit
of nozzle, followed by a 512-mm-long combustor whose lower wall diverges at an
angle of 2.25°. A 220 mm long expansion section with a single-side expansion angle
of 3° was at the end of the combustor. One cavity was installed on the lower wall.

As illustrated in Fig. 4.10, the cavity depth D = 15 mm, cavity length to depth
ratio L/D = 7, and the aft ramp angle was 45°. Ethylene at room temperature was
injected through 2-mm-diameter orifice at 10-mmupstream of the leading edge along
the central plane. The injection pressure of ethylene before was 2.5MPa. The overall
equivalent ratio was kept at 0.152 for all the tests. A Q-switched Nd:YAG laser
system (Vlite-500) was used for ignition. The laser system provided 532 nm laser
pulses with a 10-ns width, a 12-mm diameter and 350-mJ maximum pulse energy.
Nonetheless, only 85% of the laser pulse energy passed through the lens and the
quartz window of the combustor. The laser pulses were focused by a convex lens (f
= 150 mm) to produce the plasma for ignition. The breakdown region denoted by
red spots had a cone shape. The shape size given in the figure was estimated when
the laser pulse energy approximately equalled 300 mJ. There existed three different
ignition positions that all of them located in the central plane, with a 5-mm distance
above the cavity bottom. Along the streamwise direction, their distances to the front
wall of the cavity were 22.5 mm, 45.0 mm and 67.5 mm, respectively. Hereafter, the
three positions are separately referred to as “P1”, “P2” and “P3”.

Fig. 4.9 Schematic of the model scramjet engine and the cavity [8]

Fig. 4.10 Schematic of the
cavity and the optical
configuraiton [8]
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For the purpose of marking flame locations, CH* and OH* chemiluminescence
were captured simultaneously. The CH* chemiluminescence was recorded by a high-
speed camera (Photron SA-Z) with a Nikon 85 mm f/1.8 lens and a bandpass filter
(centered at 430 nm, with a 10 nm FWHM). The frame rate of the camera was set
at 25,000 frames per second (fps) with an exposure time of 40 µs, and the spatial
resolution was 240-µmper pixel. An intensified charge-coupled device (ICCD) cam-
era equipped with a UV lens (95 mm focal length and f/4.1) and a bandpass filter
(centered at 311 nm, with a 10-nm FWHM) was applied to acquire OH* chemilu-
minescence. The ICCD camera operated at 3 fps with a shutter time of 2 µs, with a
spatial resolution of 250-µm per pixel. As the cameras were mounted on the same
side, neither of them oriented normal to test section precisely. The consequent image
distortion was then corrected by an image processing program.

4.2.1.2 Spark Ignition in a Single-Cavity Supersonic Combustor

Main components of the direct-connected test facility and their functions have been
given in the last section, and in this section only the differences are mentioned.
As shown in Fig. 4.11, The cavity flame-holder along was mounted on the bottom
wall which had an expansion angle of 1°. The plug was located in the middle of
the cavity. The impulse excitation energy of the plug was 5.0 J and the excitation
frequency was 50 Hz [9]. A quartz window with a 162-mm length and a 38-mm
width was embedded into the top wall of the combustor. Meanwhile another four
quartz windows with a 148-mm length and a 90-mm width were embedded into the
side walls of the combustor, as plotted in Fig. 4.12. The cavity bottom length L and
aft ramp angle A were 80 mm and 45° respectively. The model scramjet combustor
widthwas 50mm. The cavity bottom length L and aft ramp angle Awere respectively
80mm and 45°. Themodel scramjet combustor had a width of 50mm. As the leading
edge height D1 of 20 mm is taller than the rear wall height D2 of 16 mm, this kind
of cavity is often called the real-wall-expansion cavity [10–13].

The experiment involved three cavity geometriesA, B andCwith rearwall heights
of 16 mm, 12 mm and 8 mm, respectively. Two groups of porthole injectors, repre-
sented by red spots in Fig. 4.12, were located 10-mm and 30-mm upstream of the
front wall of the cavity, separately. Each group consisted of three injectors evenly
spaced along the spanwise direction.

Fig. 4.11 Schematic of the scramjet engine and the cavity [12]
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Fig. 4.12 Rear-wall-expansion cavity combustor [14]

The ignition and flame propagation were visualized by two high-speed cameras,
one camera capturing flame chemiluminescence from the side view while the other
from the top view. The cameras worked at 20,000 fps with a shutter time of 1/20683 s
and an aperture number of 1.4. The pressure along the combustor’s bottom wall was
recorded by 32 static pressure taps in a sample frequency of 100 Hz with ±0.5%
uncertainties.

4.2.1.3 Spark Ignition in a Multi-cavity Supersonic Combustor

Figure 4.13 shows the two cavity configurations adopted in the direct-connected test
facility. Flame was observed through the glass windows embedded in the side wall,
by a high-speed camera with an imaging frequency of 5,000 fps and an exposure
time of 1/6 ms. In the parallel dual-cavity configuration, two cavities were oppo-
sitely installed on the top and bottom walls. Nevertheless, the tandem dual-cavity
configuration adopted two cavities which adjoined along the streamwise direction.
Sharing the same size, all the cavities had a cavity depth of 8 mm, a length-to-depth
ratio of 7 and an rear wall angle of 45°. Hydrogen injectors were located in the
central plane with a 10-mm distance upstream of the leading edges. Each injector
exit had a dimeter of 2 mm. It is noticed that there were two injectors for the parallel
dual-cavity configuration but only one for the tandem dual-cavity configuration. The
injection pressure in the former configuration was twice that in the latter, in order to
keep the same global equivalence ratio.

The combustion processes corresponding to the two configurations were also
numerical investigated. Figure 4.14 plots the xy-plane projection of the combustor
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Fig. 4.13 Supersonic combustors with tandem and parallel dual-cavity [15]

Fig. 4.14 Schematic of computational domain of dual-cavity combustor [15]

in the simulation with key sizes. Along the z-axis the size of the combustor was
25 mm. The total grid points were about 10.3 million and 11.5 million for the par-
allel dual-cavity and the tandem dual-cavity configurations, respectively. In focused
computational region, the grid had a resolution of �x+ ≈ 1–50, �y+ ≈ 1–30 and
�z+ ≈ 20–50, on basis of the wall stress τw at the inlet bottom floor. It may be coarse
for a wall-resolved LES, but is suitable for a hybrid approach. The inflow boundary
layers on the top and bottom walls had a thickness of 3 mm, which aimed to simulate
the flow condition at the isolator exit in experiments.

In the simulation, the fifth-order Weighted Essentially Non-Oscillatory (WENO)
scheme [16]was adopted for inviscid fluxes, and viscous fluxeswere calculated by the
2nd-order central scheme. Temporal integration was performed by a second-order
dual time-step approach, with the inner iteration achieved by a lower-upper sym-
metric Gauss-Seidel (LU-SGS) method. The Spalart-Allmaras Reynolds-Averaged
Navier-Stokes (RANS) model and the Yoshizawa sub-grid scale (SGS) model were
blended in the hybrid RANS/LES method. One equation S-A RANS model and one
equation Yoshizawa SGS model for LES were used in near-wall regions and the
regions away from the solid wall, respectively. The turbulence modelling process
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Table 4.1 Experiment and simulation condition

Ma T0
/
K P0

/
MPa YO2 YH2O YN2 and YCO2 YH2

Air inflow 2.52 1486 1.6 0.2338 0.0622 0.704 0.0

Hydrogen jet 1.0 300 0.63, parallel
1.26, tandem

0.0 0.0 0.0 1.0

was detailed in Ref. [17]. This simulation choose the H2-Air reaction mechanism
proposed by Jachimowski [18] and including 9 species and 19 steps. An assumed
sub-grid Probability Density Function(PDF) closure model was adopted the LES
region. The modelling approach had been detailed in Ref. [19] and tested in previous
works [20, 21]. The detailed NS equations could be referred to Ref. [15].

The air stream and fuel jet parameters for experimental and numerical studies are
reported in Table 4.1. In the simulation, the CO2 (mainly produced by the air heater)
in the air flowwas treated as nitrogen, since the adopted reactionmechanism neglects
nitrogen oxidation. Based onTable 4.1, the calculation is normalized by the following
reference parameters, Lre f = d = 2 mm (d denotes the injector exit diameter),
Uref = uin f = 1368.2 m/s, Tref = Tin f = 753.8 K, ρre f = ρin f = 0.3832 kg/m3,
and pre f = ρre f U 2

re f = 715.3 kPa.

4.2.2 Formation of the Flame Kernel

The supersonic combustor is ignited at various ignition energies and positions. The
CH* and OH* chemiluminescence are then captured to investigate the effects of
ignition energy and position on formation of flame kernel. Section 4.2.1.1 gives the
experimental setup.

4.2.2.1 Effect of Ignition Energy

The effect of ignition energy on ignition was studied with the ignition position at
P2. A representative set of CH* chemiluminescence images are shown in Fig. 4.15
with ignition energies E1 = 303.6 ± 7.4 mJ and E2 = 230.7 ± 6.0 mJ. The intensity
of each pixel is normalized by the maximum intensity of all the pixels during the
ignition process.

As shown in Fig. 4.15, for the ignition energy E1, the flame kernel at 40 µs is
bright and located in the cavity middle. The flame kernel follows the flow direction
in the recirculation zone, and by 120 µs it has moved to the leading edge, becoming
smaller and less bright. After being anchored there, its strength grows slightly from
120 to 200µs. Then it begins propagating to the downstream at 200µs, and has filled
the cavity by 560 µs. After 80 µs, the flame kernel spreads into the mainstream from



192 4 Cavity Ignition in Supersonic Flows

Fig. 4.15 CH* chemiluminescence images of ignition processes with ignition energies E1 =
303.6 mJ and E2 = 230.7 mJ [8]

the rear wall. At last, the combustor settles into the quasi-stable burning process by
720 µs.

When the ignition energy is reduced toE2 the initial flame kernel becomes smaller.
It takes 1120µs for the flame kernel to fully fill the cavity and propagate to the main-
stream, which is 400 µs longer than the ignition process of E1. It is also noteworthy
that the flame kernel is suppressed in the cavity during most time of the ignition pro-
cess, because the high-speed flow and consequent high strain rate in the mainstream.
In the quasi-stable burning process, besides, the flame intensity in the shear layer is
much stronger than that elsewhere, because the air-ethylene mixture is rich in the
shear layer.

4.2.2.2 Effect of Ignition Position

As represented by red spots in Fig. 4.10, three different ignition positions P1, P2
and P3 were used to investigate the effect of ignition position on formation of the
flame kernel. The corresponding tests are then abbreviated as “Case P1”, “Case P2”
and “Case P3”, respectively. All the tests shared an ignition energy of E1 and a laser
pulse frequency of 3 Hz.

A series of typical images are given in Fig. 4.16 to depict the flame spread pro-
cesses with ignition positions at P1, P2 and P3. In Case P1 the initial flame kernel
is adjacent to the leading edge, but it does not propagate downstream until 440 µs
after the laser pulse, which is 200 µs later than the Case P2. Then it takes another
520µs for the flame kernel to fully fill the cavity. By 1040µs, a quasi-stable burning
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Fig. 4.16 CH* chemiluminescence images of ignition processes with ignition positions at P1, P2
and P3 [8]

process is achieved finally. If the ignition position is altered to P3, the initial flame
kernel is the largest among these three cases. However, as the flame kernel spreads
upstream, it shrinks in size and intensity strikingly, and arrived at the leading edge
of the cavity by 200 µs. During the subsequent 320 µs, the flame kernel is anchored
there without significant growth in size. Nevertheless, it begins propagating rapidly
at 720 µs. Additionally, the ignition position does not influence the flame structure
in the quasi-stable burning process.

During the experiment the laser system operated at 3 Hz, which means that for
two successive laser pulses the time interval was about 333 ms. Since this interval
is much longer than the typical residence time (~1 ms) in scramjet combustors, the
flowfields at different ignition moments were independent of each other, provided
that the combustor was not ignited by the former laser pulses. Analyzing successful
and unsuccessful ignition events provides more insights. Table 4.2 reports ignition
probability for 4 cases and 32 tests (each case was repeated for 8 times), where
ηi (i = 1, 2, and 3) represents the probability that the combustor is successfully
ignited by the i-th laser pulse. Assume ηs as the ignition probability for a single laser
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Table 4.2 Ignition probability at different ignition energies and positions

Energy/position η1 η2 η3 ηs

303.6 ± 7.4 mJ/P2 0.875 0.125 0 0.87

230.7 ± 6.0 mJ/P2 0.375 0.500 0.125 0.42

303.6 ± 7.4 mJ/P1 0.500 0.375 0.125 0.50

303.6 ± 7.4 mJ/P3 0.625 0.375 0 0.62

pulse, then ηs = η1, (1 − ηs) ηs = η2, and (1 − ηs)2 ηs = η3. According the values
of η1, η2 and η3 given in the table, the ignition probability ηs for each case can be
estimated via the least square method. As the ignition energy increases from 230.7
to 303.6 mJ, the estimated value of ηs is doubled. This indicates that with the current
configuration, ignition in the cavity middle is superior among the three positions.

4.2.3 Flame Propagation in the Single-Cavity Supersonic
Combustor

With the experiment setup described in Sect. 4.2.1.2, fifteen ignition cases are con-
ducted as listed in Table 4.3 and each case is executed twice for ensuring repeatability.
In the table, A, B and C represent three cavities with different rear wall heights. Each
cavity pertains to five cases, in order to study the features of combustion flowfield
and the effects of equivalence ratio.

Table 4.3 Experimental test
conditions

Case Pi (MPa) φ Ignition state

A1 0.96 0.14
√

A2 1.30 0.20
√

A3 2.05 0.31
√

A4 2.69 0.40
√

A5 3.56 0.53
√

B1 0.94 0.14
√

B2 1.28 0.19
√

B3 1.94 0.29
√

B4 2.66 0.39
√

B5 3.46 0.53
√

C1 1.03 0.15 ×
C2 1.44 0.22 ×
C3 2.03 0.30

√
C4 2.74 0.41

√
C5 3.58 0.54

√
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Previous numerical studies [10, 22] have revealed that the flowfield structure in
the combustion with the rear-wall-expansion cavity would change greatly, and the
cavity shear layer moves towards the bottom wall of the cavity, resulting in stronger
turbulent dissipations and a smaller recirculation zone in the cavity. Thus, in the rear-
wall-expansion cavity, the ignition environment would be exacerbated. As listed in
Table 4.3, C1 and C2 failed to form a stable flame in the combustor, which indicates
that for cavity C, it would be rather hard to achieve successful ignition when the
equivalence ratio is lower than 0.3. This also demonstrates that the cavities A and B
own a better ignition performance than C under low equivalence ratios.

4.2.3.1 Flame Propagation Routine

Figure 4.17 taken from the top view illustrates the flame propagation routine. The
initial flame first propagates towards the leading edge of the cavity. After a short
time, the initial flame grows stronger and propagates back towards the rear wall of
the cavity. Finally, a steady flame is formed in the cavity. From t = 0.6 ms to t =
0.7ms, it is noted that the initial flames near two sidewalls propagate faster than those
in the middle part. This might be attributed to integrated effects of local equivalence
ratios and turbulent flowfield in the cavity, which should be further investigated. The
flame propagation routines of cases A3 and B3 present similar behaviors with that
of case C3. However, the corresponding time spans of establishing a stable flame in
the cavity are different, as shown in Fig. 4.18.

Figure 4.18 shows the difference of flame propagation among casesA3, B3 andC3
at t= 0.8 ms. All the three cases achieve successful ignitions at the equivalence ratio
of 0.30. Nonetheless, both the flame propagation distance and the flame luminosity
decrease from the topdown,which indicates that lowering the rearwall height reduces

Fig. 4.17 Flame luminosity
images (top view) of the
flame propagation process of
case C3 [14]
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Fig. 4.18 Comparison of the
flame propagation of cases
A3, B3 and C3 at t = 0.8 ms
[14]

the initial flame propagation. One possible reason is that lowering the rear wall height
decreases the recirculation zone in the cavity and reduces the fuel entrained into the
cavity. Therefore, the cavitywith a large rearwall height ismore favorable for ignition
and flame propagation in a cavity-based supersonic combustor.

4.2.3.2 Reaction Zones Flashback Phenomenon

During the flame propagation process of cases A5, B5 and C5with equivalence ratios
close to 0.53, the reaction zone flashback phenomenon is observed. Figure 4.19 gives
an example for the phenomenon captured in case C5. The brightest zones correspond
to the most intense reaction zones. From t = 1.2 ms to t = 1.5 ms, the flame far
downstream the cavity (the left side of the left window) grows thick, then the most
intense reaction zones move upstream gradually. From t = 2.7 ms to t = 3.3 ms, the
flame above the cavity becomes thick. As a result, a more evenly distributed flame
is established in the combustor.

Widely existing in real scramjets, the reaction zones flashback phenomenon is a
complex physical process closely related to the boundary layer separations. The phe-
nomenon is probably induced by the upstream propagation of the combustion region
with boundary-layer separation in the downstream weak combustion region [23]. It
starts where the shockwave from the cowl lip crossed over the weak combustion
region downstream the cavity at the initial phase of the ignition process. The transi-
tion is driven by the combustion-induced pressure rise. So the phenomenon usually
occurs in the flame propagation process. Also, the combustion-induced pressure rise
increases as the equivalence ratio becomes larger, which explains why the flashback
phenomenon is clearly captured in cases A5, B5 and C5.
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Fig. 4.19 Reaction zone flashback phenomenon during the flame propagation process of case C5
[14]

4.2.4 Flame Propagation in the Multi-cavity Supersonic
Combustor

The ignition transients of hydrogen flame in a model scramjet combustor with par-
allel and tandem dual-cavity are separately simulated, along with the experimental
observation on flame structure evolution. The numerical and experimental setups are
given in Sect. 4.2.1.3.

4.2.4.1 Transient Process of Flame Stabilization in A parallel
Dual-Cavity

Before reaching robust combustion, the cavity-stabilized jet flame would experience
a transformationwith the flame basemoving around the cavities. For the parallel-dual
cavity, a movement of flame observed experimentally is reproduced in simulation,
as shown in Fig. 4.20.

In the transient process the reaction zone moves upstream, which is evident both
from the flame luminosity images captured by a high-speed camera and the instan-
taneous temperature contours obtained in the simulation. Figure 4.20 shows three
stages of flame structure during the stabilization process. Stage 1 relates the state just
after the successful ignition, and stage 3 presents a periodic steady state. The time
span for the three experimental images is 0.8 ms, and in the simulation changing
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Fig. 4.20 Flame luminosity images captured by experiment (left) and instantaneous temperature
contours in the central plane obtained by calculation (right) [15]

from stage 1 to stage 3 costs 487.5 Lref /Uref ≈ 0.713 ms. Therefore, the time scale
for the transient process is of the order of magnitude of 1 s.

In regard of the transient process, the simulation coincides well with the experi-
ment. The yellow arrowheads marked on the flame luminosity images indicate ten-
dency of flame development. The flame stabilized by the cavities eventually extends
its leading front to the region around the jet exit, and then a small combustion zone
emerges and stabilizes in the recirculation zone upstream of the jet exit. The existence
of this combustion zone makes the hydrogen jet penetrate deeper into the core flow.
During the flame stabilization transient process, the reaction zone downstream of
the cavity is reduced, and at the dual-cavity the flames gradually bulge to compress
the core flow passage. It is observed that the flame structure shown in stage 3 is
quasi-steady on the given condition for both the experiment and the simulation, and
the temperature of the main combustion zones exceeds 2400 K. Hot products within
cavities contributes heat and active radicals to fuel-jet mixing regions.

The spatiotemporal evolution of the non-dimensional heat release rate (HRR) flux
in Fig. 4.21 explicitly reveals the movement of reaction zone upstream towards the
leading edge of the cavity during the transient. HRR flux is denoted as

FluxHRR(x) = 1

�t

�t∫

0

∮

A(x)
HRR(x, y, z, t)dydzdt

where �t represents a time step and A(x) the combustor sectional area at location x.
HRR flux helps to quantify the evolution of combustion intensity and heat release in



4.2 Flame Behaviors During Ignition 199

Fig. 4.21 Spatiotemporal distribution of non-dimensional heat release rate flux along the
streamwise direction [15]

the combustor. In Fig. 4.21, the time set begins from t0 to ts between which the whole
transient process is captured, and ts is in stage 3 afterwhich there exists no remarkable
change in the distribution andmagnitude ofHRRflux, i.e., a quasi-steady combustion
state has been reached. The HRR rate is computed with �t = 55.25 Lref

/
Uref .

As plotted in Fig. 4.21, the magnitude of heat release rate increases rapidly during
the upstream extending of the cavity-stabilized flame zone. HRR flux starts from 1.0
at t0, and then grows to about 4.0 at ts, arriving at a ‘heat peak’. The HRR flux history
indicates the combustion becomes stronger during the transient process. After t4, the
combustion mainly concentrates in the middle of the cavity, and then spreads over
the front part. In addition, there is an increment of HRR flux around the Hydrogen
jet exit, which is attributed to the ignition and flame stabilization upstream of the
injection location.

Figure 4.22 illustrates the streamlines and pressure contours of different stages
in the transient process. The first subfigure presents the central plane in stage 1
when the hydrogen jet is successfully ignited and the early-stage flame zone is being
established. In stage 1, the pressure of the flowfield rises slightly, and the recirculation
flow within the cavities is weak. At this moment, the flame anchors at the rear part
of the cavity and squeezes the streamlines, thus the core flow fails to reattach the
combustor floor downstream of the parallel cavities.

The second subfigure corresponds to stage 2 where the transient process is under-
going. The pressure rises around the cavities and a quite high-pressure region (240–
280 kPa) appears in the core flow. The streamlines evidently show that a major vortex
grows under/above the cavity shear layer and predominates the flow in the recircu-
lation zones. The vortex cores near the high-pressure region compress the incoming
flow. In contrast to stage 1, the core flow in this stage reattaches the rear walls.

The third subfigure presents an approximately steady state of the cavity-stabilized
flame. An region with higher pressure can be observed in the core flow, indicating
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Fig. 4.22 Calculated
pressure contours together
with streamlines in the
central plane of three stages
[15]

stronger combustion overall. The high-pressure region, compared with that at stage
2, moves toward the combustor inlet. This movement coincides with the combustion
region change shown in Fig. 4.20. Similarly, the predominating vortices in the recir-
culation zones experience a transformation and then lift the cavity shear layers. It
is noteworthy that the flow and combustion in parallel cavities perform asymmetric
characteristics provided with the same geometry, mesh and simulation conditions for
the two cavities.

The profiles of streamwise velocity and temperature related to the transient process
are shown in Fig. 4.23. The figure includes the data at axial locations x/d = 20 (the
leading edge of the cavity) and x/d = 44 (the bottom edge of the rear wall), in order
to emphasize the variations of core flow from stage 1 (blue) to stage 3 (red). From
Fig. 4.23a and c, the faster and cooler inlet gas is compressed from y/d = 2 ~ 18 at
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(a) Streamwise velocity, x/d =20 (b) Temperature, x/d =20

(c) Streamwise velocity, x/d =44 (d) Temperature, x/d =44

Fig. 4.23 Calculated profiles of streamwise velocity and temperature at two streamwise locations
in the centralplane [15]

stage 1 to y/d = 4 ~ 16 at stage 3, and at the same time the core flow expands near
the rear wall of the cavity. As plotted in Fig. 4.23c, the streamwise velocity at stage
1 regains 90% of uinf in y/d = 5–15, but at stage 2 the range varies to y/d = 0–20.
Figure 4.23d further denotes that the hot combustion region (around 2500 K) gets
closer to the cavity floor. The whole behaviors are consistent with the observation in
Fig. 4.20.

Figure 4.24 shows composition concentrations and non-dimensional HRR in the
spanwise plane at the middle of the parallel cavities. The region with high HRR
mainly concentrates in the jet shear layer. Further, both the region size and the HRR
rise as the fuel jet penetrates deeper during the transient process. As plotted in the
bottom left subfigure, hydrogen concentration gets weaker and the hydrogen spreads
more widely around the cavities, denoting much fuel is consumed upstream of this
spanwise plane and more fuel is entrained into the cavities. According to the bottom
right subfigure, it is noted that the OH radicals chiefly appear in the recirculation
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Fig. 4.24 Heat release distribution and OH, H2 mass fractions in plane x/d = 32 [15]

zones at stage 1, then the concentration decays quickly within the two cavities during
stage 2, and eventually in the shear layers are found the OH radicals at stage 3. This
shift reflects the transient behaviors within recirculation zones.

Based on the above discussion from Figs. 4.20, 4.21, 4.22, 4.23, 4.24, it is illus-
trated in Fig. 4.25 that the mechanism of the transient process from ignition to flame
stabilization, with respect to the dual-cavity. The flame evolution during the tran-
sient process may be attributed to positive feedbacks among the three sub-processes,
involving (1) the strong heat release and hot products generating from jets and shear
layers, (2) the recirculation zones where the major vortices stir whilst transfer active
radicals, and (3) highly-pressurized combustion zones extending and compressing
the incoming core flow. During the whole transient process, reaction keeps robust in
the shear layers and the high-temperature reactants are continuously transferred into
the recirculation zones. The initial flame caused by successful ignition is anchored
near the rear parts of the parallel cavities, which helps to accumulate active radicals.
Meanwhile, the major vortices are being built, and then accelerate the transport of
energy and reactive chemicals into the fresh premixing fuel/air gas around the leading
edges. Also, high pressure in the recirculation zones further enhances the combus-
tion in them. As time pushes forward, therefore, larger robust combustion zones
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Fig. 4.25 Schematic of flame stabilization transient process in parallel dual-cavity [15]

are established in the parallel cavities. With the interaction of flame and shockwave
developing from the two cavities, strong reaction regions quickly move upstream
along the shear layers, consuming more fuel within a short distance downstream of
the jet exits. On the other hand, the expanding recirculation zones also compress
and slow down the core flow, in turn enhancing the premixed or partially-premixed
combustion in the jet wakes. The process witnesses a quick lift of jet penetration,
and a significant upstream movement of strong combustion zones in the dual-cavity.
After that, dual-cavity-stabilized flame climbs over the leading edges, finally getting
stabilized in the separation zones of the two jet exits.
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4.2.4.2 Transient Process of Flame Stabilization in A tandem
Dual-Cavity

For the tandem dual-cavity, dynamic characteristics of the flame transients are also
well captured using the simulation approach, as shown Fig. 4.26. The three images on
the left and right have a time interval of 0.6 and 0.665ms, respectively. Both the exper-
iment and the simulation reveal that the flame front displaces from the downstream
cavity to the upstream cavity, during which the ‘stabilization base’ for combustion
seems to propagate through the region between the two cavities. According to the
experimental images, during the transient process flame is initially stabilized along
the downstream cavity shear layer, and is then pushed forward. At the same time,
a flame packet anchored by the upstream cavity emerges, as plotted in the left mid-
dle image. After that, in the combustor presents a robust flame throughout the two
cavities.

Nonetheless, there is a minor distinction between the experiment and the sim-
ulation. As shown in Fig. 4.26, flame in the experiment is totally invisible in the
upstream cavity at stage 1, but in the simulation the flame is evident that there is a
small high-temperature region near the rear wall. This distinction may be attributed
to a combination of several factors, including the limited resolution in experiment,
the reduced-chemical mechanism, the mesh quality in simulation, etc. Although the
simulation fails to accurately reproduce the transient process, it roughly captures
the related phenomena. The major reaction zones in the tandem dual-cavity show a
relatively lower temperature than in the parallel dual-cavity, via the comparison of
instantaneous temperature between Figs. 4.18 and 4.26. This may demonstrate that
the parallel dual-cavity configuration together with the opposite fuel injections could
strengthen combustion around cavities.

Existence ofOH radicals in the hydrogen/airmixture can be viewed as an evidence
for presence of combustion. Figure 4.27 shows the OH mass fraction distribution in
the plane y/Lref = −1 within the upstream cavity (left) and the downstream cavity

Fig. 4.26 Flame luminosity images captured by experiment (left) and instantaneous temperature
contours in the central plane obtained by calculation (right) [15]
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Fig. 4.27 The development of OHmass concentration in two vertical slices with the tandem cavity
[15]

(right), respectively. Both the planes have a 2-mm distance below the cavity lips,
as labelled in the figure. The OH mass fraction variation clearly depicts how the
combustion is organized within the recirculation zones of the two cavities during the
transient process. Specifically, there is a plenty of OH radicals in the downstream
plane, indicating the initial flame observed both in the experiment and the simulation.
From stages 2 to 3 the transient process occurs with the combustion region expanding
spanwisely and toward the front parts of the two cavities.

In order to display the translational flame motion in the tandem dual-cavity,
Fig. 4.28 shows the 2000 K temperature iso-surfaces where the colors represent
the HRR. Variation of the high-temperature iso-surface between different stages
delineates the development of main reaction regions from the downstream cavity to
the upstream cavity. During the transient process, high-temperature regions caused
by jet flame quickly roll up, enlarging themselves streamwisely and spanwisely. It
takes less than 1 ms for the flame to conquer the upstream cavity. At stage 3, a
strong combustion is stabilized by the two tandem cavities, and the high temperature
regions further expand along the streamwise direction from the upstream cavity to
the computational combustor exit. The HRR magnitude shown on the iso-surfaces
reveals evolution of chief heat release regions. At stage 1, the heat release mainly
concentrates near the downstream cavity and comes from initial flame packets. Then
the strong heat release regions quickly move upstream, as plotted in the middle iso-
surface. At stage 3, the core heat source is situated downstream of the fuel jet, and
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Fig. 4.28 Temporal growth of 2000 K iso-surface where the colour represents HRR [15]

stabilized by the upstream cavity. Figure 4.28 agrees well with flame luminosity
images obtained by high-speed cameras.

Figure 4.29 shows HRR flux along the streamwise direction throughout the com-
putational combustor. For stage 1, HRR flux has large values in 100 < x/d < 120,
near the rear wall of the downstream cavity. At stage 2, HRR flux then concentrates
in 50 < x/d < 80, between the two cavities. When stage 3 is reached, HRR flux peaks
around x/d = 65. The results reveal where the strongest combustion exists and how
it is established in the transient process lasting about 1 ms.

A plausible mechanism is illustrated in Fig. 4.30 to explain phenomena observed
in the transient process. In the downstream cavity, initial flame generates a heated
region with increasing pressure around it. This hot and active region combines with
small flame packets anchored at the rear wall of the upstream cavity to produce larger
flow separation between the two cavities. The separation zone has more appropriate
conditions for combustion, the fuel ignition delay in the zone being reduced. As
more hydrogen is consumed in the downstream cavity, the flame begins to propagate
upstream, then merges with the flame in the upstream cavity, finally forming a robust
flame. Though flame exists in the upstream cavity, the entire flame development is
dominated by the combustion in the downstream cavity. In the separation zone the
appropriate conditions, possibly ascribed to heat and radical transfer from the two
cavities and the pressure rise, accounts for the fast flame motion.
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Fig. 4.29 Streamwise HRR flux distribution of three stages in the transient process of the tandem
dual-cavity [15]

Fig. 4.30 Schematic of mechanism of the flame transients in the tandem dual-cavity [15]

4.3 Ignition Mechanism Analysis

The main purpose of studying the ignition process in a supersonic flow is to com-
prehensively reveal the ignition mechanism explaining diverse ignition behaviors.
In this section, the ignition mechanism is clarified by introducing ignition stages as
well as ignition modes.
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4.3.1 Experimental and Numerical Setups

The supersonic inflow conditions and experimental facility have been introduced in
Sect. 4.2.1.1. Details of the test facility can be found in Refs. [20, 24]. Information
about the injectors are referred toRef. [25]. The experiments conducted in Sects. 4.3.2
and 4.3.3 are based on LIP ignition and share the same cavity geometry, but with
different imaging systems.

4.3.1.1 Experimental Setups

A photo for the LIP ignition experiments in Sect. 4.3.2 is presented in Fig. 4.31.
The combustor was equipped with a typical rear-wall-expansion cavity. As shown
in Fig. 4.32a, the leading edge depth, rear wall depth, floor length and aft ramp
angle of the cavity were 20 mm, 10 mm, 90 mm and 45º, respectively. The upstream
wall of the cavity was in parallel with the downstream wall. Two porthole injectors
with a diameter of 2 mm were situated 10-mm upstream of the cavity, dividing the
spanwise plane equally. Ethylene fuel was injected vertically to the inflow at the
room temperature. The global equivalence ratio was respectively set to 0.16, 0.30
and 0.48, corresponding to the fueling stagnation pressures of 0.8 MPa, 1.5 MPa and
2.4 MPa. The fuel injection lasted for 1 s. Two quartz windows with a thickness of
20 mm were embedded into the side walls of the combustor.

Figure 4.32a plots the LIP ignition positions in the central plane. Ignition positions
a-1, b-1, c-1, d-1, e-1, and f-1 have different horizontal distances to the leading edge,

Fig. 4.31 Photo of the LIP ignition experiment facility [26]. The upper-left photo shows the
combustor with incident laser
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Fig. 4.32 Schematic of a the LIP ignition positions and the cavity, and b optical arrangement of
LIP ignition experiments [26]

but their vertical distances to the cavity floor are all 1 mm. Ignition positions d-1,
d-6, d-12 and d-18 are aligned vertically with different heights. Two fuel injectors
were placed symmetrically about the central plane, and the distance of each injector
to the central plane equals 8.4 mm.

The optical arrangement for the LIP ignition is shown in Fig. 4.32b. A frequency
doubling Nd:YAG laser output 532-nm laser pluses with a pulse duration of 10 ns
for ignition. After guided by several high-reflectivity (HR) mirrors, the laser beams
were focused by a spherical lens (SL, f= 130 mm) in the central plane and above the
cavity. Since the major laser energy is absorbed by the mixture, the energy reflected
by the bottom wall is negligible. The laser pulse energy was kept at 300 mJ, and the
absorbed energy approximately equalled 250 mJ.

The ignition and flame propagation processes were visualized by a high-speed
camera (FASTCAM SA-X2) with a f/1.4 Nikkor lens. The camera worked at 50 kHz
with a resolution of 768 × 328 pixels and an exposure time of 18 µs. A 10-nm
bandpass filter centered at 431 nm was mounted before the camera to collect CH*
chemiluminescence.The laser system and the camera were synchronized via a digital
delay generator (DG645).

TheLIP ignitionprocesswas also characterizedby a schlieren systemcomposedof
a high-speed camera (FASTCAMSA-X2) equipped with a Nikkor lens (f= 200mm,
f/4). Both the two high-speed cameras share the same settings. Additionally, the wall
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Fig. 4.33 Schematic of the experimental setup [28]

pressure along the combustor floor was measured through 32 static pressure taps
with a sampling frequency of 100 Hz. The pressure transducers had an uncertainty
of ±0.5% FS (full scale) [27].

The experimental setups in Sect. 4.3.3 are illustrated in Fig. 4.33. Configurations
of the laser system and the optical paths were similar to that in Sect. 4.3.2. The
laser beams were focused 1 mm above the cavity floor. The laser pulse energy was
set as 200 mJ/pulse or 300 mJ/pulse. The efficiency of laser energy absorption was
approximately 80%. It is noteworthy that two high-speed cameras simultaneously
and respectively capturedCH* andOH* chemiluminescence from two opposite sides
of the combustor. The first camera (FASTCAM SA-X2) was equipped with a Nikkor
lens (f = 50 mm, f/1.4) and a bandpass filter (centered at 431 nm, with a 10-nm
FWHM). Another camera (FASTCAMSA-Z) utilized a camera intensifier (Invisible
version UVi), a UV lens (f= 95 mm, f/4.1) and a bandpass filter (centered at 311 nm,
with a 10-nm FWHM) to capture the OH* chemiluminescence. Both the cameras had
an image frequency of 10 kHz, a resolution of 1024 × 512 pixels and an exposure
time of 98µs. A digital delay generator (DG645) synchronized the laser systemwith
the two cameras to make the LIP ignition process be recorded precisely.
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Schlieren imaging were widely employed to reveal the flow structures in super-
sonic flowfield [29, 30]. In Sect. 4.3.3, the flow structures during LIP ignition process
were then visualized via schlieren imaging. The schlieren system consisted of a high-
speed camera (FASTCAMSA-X2)with a Nikkor lens (f= 200mm, f/4). The camera
operated at a frame rate of 50 kHz, with a resolution of 768 × 304 pixels and an
exposure time of 18 µs.

4.3.1.2 Numerical Setups

In Sect. 4.3.2, the fuel/air mixing and the flow structures before LIP ignition were
studied through the large eddy simulation (LES). The LES equations were solved
by Scramjet Foam [10], a solver modified from Open FOAM [31]. The solver uti-
lized the Euler backward scheme for temporal integration and a second-order Gauss
filtered linear scheme to discretize the diffusion terms. In the solver, the convective
terms were discretized using the Kurganov and Tadmor scheme with the Van Leer
Limiter. Thus, second order accuracy in both time and space could be achieved. The
normalized grid resolution in the cavity where the mixing took place was �x+ ≈
1–60, �y+ ≈ 1–40 and �z+ ≈ 20–60.

A 3D structured grid with a size of 11,690,775 was used. The cavity region where
mixing tookplace hadnormalizedgrid resolutions of�x+ ≈1~60,�y+ ≈1~40and
�z+ ≈ 20 ~ 60. The inflow condition was in accordance with that in the experiments.
The ethylene injection had a stagnationpressure of 1.5MPa, corresponding to a global
equivalence ratio of 0.3. References [10, 11, 22, 32] detailed the numerical methods.

4.3.2 Four-Stages Dominated Ignition Process

Spark ignition and flame motions in the scramjet combustor with a rear-wall-
expansion geometry has been studied both experimentally and numerically [12, 13,
32, 33]. In this section, experiments were performed to investigate LIP ignition pro-
cesses in a rear-wall-expansion cavity model scramjet combustor with an inflow of
Ma = 2.92. The LIP ignition and related combustion dynamics were investigated
using CH* chemiluminescence imaging at 50 kHz. The results indicate that the igni-
tion and flame stabilization are sensitive to the LIP location. To further understand
the LIP ignition process in the combustor, large eddy simulations were conducted
to characterize the mixing field and the flow dynamics. On basis of the experiments
and the simulation, the LIP-assisted ignition in a cavity-based scramjet combustor is
explained fundamentally.
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4.3.2.1 Ignition Process in the Cavity

First, the initial flame propagation process within the rear-wall-expansion cavity
is examined. The LIP ignition experiment was executed two times to observe the
repeatability in each ignition position. The ignition results are presented in Fig. 4.34,
where the red dots indicate the locations at which successful ignition and sustained
combustion are achieved, and the back dots denote ignition failure. In f-1 and d-18,
the ignition failed at all global equivalence ratios (�), but in ignition positions a-1
and b-1 the ignition was unsuccessful only at � = 0.16. Successful ignition was
achieved at all equivalence ratios for c-1, d-1, e-1, d-6 and d-12.

Processes of ignition and initial flame propagation were visualized through the
high-speed imaging of CH* chemiluminescence and schlieren. CH* has been shown
as a goodmarker of local reaction zones [34]. The high-speed imaging of CH* chemi-
luminescence shows the flame-front and heat-release regions on a time-resolved basis
without spatial blurring, and the schlieren images indicate the density gradient.

Figure 4.35 gives the experimental observation with LIP ignition at e-1. The LIP
ignition (with a laser pulse of 10 ns) event happens at t = 0 µs. It is seen that
20 µs after the LIP ignition, a rather large region of high CH* chemiluminescence
appears around the ignition position where the schlieren image shows a white zone
with saturated pixel intensities. The LIP energy focused on the ignition position
results in an ultra-high temperature region (e.g. with a temperature possibly as high
as 4000–16,000 K [35]) where the gas molecules undergo complex processes such
as dissociation, atomization, ionization and excitation. Due to the large temperature
and concentration gradients across the boundary of LIP ignition region, the high

Fig. 4.34 Schematic of the LIP ignition results [26]
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Fig. 4.35 Images of CH* chemiluminescence and schlieren after LIP ignition at e-1 with� = 0.30
[26]

temperature gas around the region diffuses into the ambient colder fuel/air mixture.
This diffusion cools the region and reduces the intensity of CH* chemiluminescence,
as shown at t= 80µs. The region enclosed by the white ellipse shows finer structures
with variation of density gradients than that the ambient, which denotes in this region
significant heat andmass transfer.Moreover, this region ismuch larger than the region
where exists observable CH* chemiluminescence.

It is expected that the temperature in the surrounding gas could initiate the chem-
ical reactions, which is confirmed in the schlieren and CH* chemiluminescence
images at 140 µs that some signals are detected outside the main signal region. As
shown in the subfigures from 140 to 500 µs, the region of CH* radicals develops
inside the cavity toward the injector. At 740 µs after LIP ignition a flame is then
well stabilized. This observation is consistent with the results in Ref. [8], where
the initial ethylene flame propagated first towards the leading edge and then spread
downstream, regardless of the LIP ignition position in the cavity.

As depicted in Fig. 4.35, during 500 and 620 µs the CH* signal is found in nearly
the entire cavity, which means the fuel in the cavity is consumed quickly. Thereafter,
the main combustion occurs in the shear layer. As a result, the fuel entrained into
the cavity becomes much less. The cavity then acts as a reservoir filled with hot
products and radicals (e.g. OH) that stabilizes the flame in the shear layer [22]. This
is confirmed by the signal distribution at 740 µs.

Figure 4.36 plots the integration of signals over each CH* chemiluminescence
image during the ignition, with respect to different fuelling rates. The integrated
signals are normalized by the mean value obtained at the stable flame stage. Very
high integrated signal appears before 50 µs, corresponding the LIP ignition event.
When� = 0.30, the integrated signal increases from 50µs and then peaks at 600µs.
In this period, as shown in Fig. 4.35, the flame propagates into and fills the entire
cavity. Thereafter, the integrated signal initially decreases and then oscillates around
the mean value after 740 µs, since a flame has been stabilized in the shear layer.
With different fuelling rates, the integrated signal presents similar trends. However,
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Fig. 4.36 Integrated CH* chemiluminescence intensity against time after LIP ignition at e-1 with
� = 0.16, 0.30 and 0.48 [26]

the flame development with a higher fuelling rate (� = 0.48) takes a shorter time
(from 50 to 420 µs), possibly because the fuel-richer mixture in the cavity is more
in favor of ignition process. Another perceptible difference in the ignition process
for the three fuelling rates is shown in Fig. 4.37. With a lower fuelling rate (� =
0.16), there is no CH* chemiluminescence observed in the bottom right of the cavity.
This phenomenon is mainly due to the low local equivalence ratios, which will be
discussed in next section.

Fig. 4.37 CH* chemiluminescence images after LIP ignition at e-1 with � = 0.16, 0.30 and 0.48
[26]
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4.3.2.2 Mechanism of Cavity Ignition

Exploring the mixing field and the flow structure in the cavity helps to understand
key factors leading to ignition of mixture in the cavity. Figure 4.38 shows contours
of the velocity, the Mach number and the local equivalence ratio in the cavity and
the shear layer prior to the LIP ignition event. The contours come from LES of the
case � = 0.30. Detailed LES results will be given in the next section, where the
numerical accuracy and comparison with experiments are presented, as well as the
three-dimensional mixing field and enstrophy field.

According to Fig. 4.38, the flow decelerates rapidly across the shear layer. The
flow velocity decreases fromMach numbers greater than 1 in the free stream outside
the cavity to rather low Mach numbers inside the cavity. Meanwhile the flow inside
the cavity forms a large recirculation zone. Partial fuel/air mixture in the shear layer
entrances into the cavity along the rear wall, and then flows towards the leading edge,
and finally moves upward to the free stream. The recirculating flow inside the cavity
convects the plasma/gas mixture from the LIP ignition position e-1 (illustrated in
Fig. 4.32) to the leading edge. The hot mixture acts as a heat and radical source
that eventually ignites the flammable mixture inside the cavity. Once the mixture
inside the cavity is sufficiently burned, the cavity functions as a flame holder that
continuously ignites the fuel/air mixture in the shear layer.

Fig. 4.38 Distributions of a velocity vector, b Mach number, and c local equivalence ratio. The
results are from LES with � = 0.30 [26]
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Since the LIP positions d-18 and f-1 are located outside the recirculation zone, the
generated plasma/gas mixture is convected directly downstream and then quenched
due to the locally high Mach number. This explains the ignition failures for LIP
ignition at d-18 and f-1. The LIP positions d-6 and d-12 are in the recirculation zone
and thereby a stable flame is formed. Although the LIP positions a-1 and b-1 are
inside the recirculation zone, the plasma/gas mixture formed in the two positions has
a much shorter resident time in the cavity than the other cases, since the positions
are close to the leading edge. Such short resident time limits the heat released by
interaction of the plasma, the fuel and the air in the cavity, especially when the local
equivalence ratio is low. This might explain why the LIP ignition at a-1 and b-1 with
� = 0.16 fails, since the small amount of heat release is unable to ignite the shear
layer.

To confirm the above discussion, the CH* chemiluminescence images with LIP
ignition at a-1 and � = 0.30 are shown in Fig. 4.39. The initial signal from the
LIP around a-1 lasts for 260 µs. From 320 to 580 µs, the CH* chemiluminescence
quenched when the hot plasma/air mixture is convected to the shear layer along
the leading edge. From 720 to 860 µs, the mixture inside the cavity is re-ignited.
It is inferred that the radicals and heat form LIP is partially re-circulated into the
cavity, which eventually initiates the auto-ignition in the cavity. A similar initial
flame development for the LIP ignition at c-1 is given in Fig. 4.40. After a LIP
ignition at c-1, the initial flame quenches at 140 µs and it takes a longer time (from
140 to 820 µs) for the mixture in the cavity to be re-ignited.

Fig. 4.39 CH*
chemiluminescence images
after LIP ignition at a-1 with
� = 0.30 [26]



4.3 Ignition Mechanism Analysis 217

Fig. 4.40 CH*
chemiluminescence images
after LIP ignition at c-1 with
� = 0.30 [26]

Figure 4.41 shows the integration of intensities over CH* chemiluminescence
images obtained in the cases with � = 0.30. From Figs. 4.35–4.37 and Figs. 4.39–
4.41, it is clear that the ignition process in the cavity at various LIP positions can be
summarized as four stages. The first stage is the ‘plasma ignition’ stage (I), during
which the residual thermal and plasma effects of the laser are important. The second
stage is the ‘plasma quenching’ stage (II), during which the cooling from the ambient
cold gas results in quenching of the chemical reactions introduced by the plasma.
A lower CH* chemiluminescence signal indicates low chemical reaction rates. The
third stage is the ‘re-ignition’ stage (III), during which the residual gas from the LIP
initiates auto-ignition of the mixture. This stage can be characterized with the onset
of CH* chemiluminescence. The final stage is the ‘stable flame’ stage (IV), during
which the ignition process in the cavity has completed and a stable flame has been
established in the shear layer.

The ignition time may refer to the time interval from the LIP ignition event to the
moment at which the integrated signal of CH* chemiluminescence image reaches
its maximum (at the end of stage III). As plotted in Fig. 4.41, the ignition time is
sensitive to the LIP ignition positions. The ignition time first increases when the LIP
position varies from a-1 to c-1, then decreases when the LIP position changes from
d-1 to e-1. Furthermore, the ignition time increases when moving the LIP position
vertically from d-1 to d-12. Therefore, e-1 is preferred as the LIP ignition position
since it has the shortest ignition time.
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Fig. 4.41 Integrated CH*
chemiluminescence against
time after LIP ignition at
different positions with � =
0.30 [26]

4.3.2.3 Fluid Flow and Mixing in the Cavity

To further explore the LIP ignition process in the cavity, LES of the mixing process
prior to the LIP ignition is carried out. The grid independency analysis adopts two
grids: a moderate grid with 11,690,775 cells and a refined grid with 17,536,163 cells.
Figure 4.42 plots the wall-pressure distributions from the numerical simulations and
experiments when � = 0.30. Here, x = 0 denotes the combustor inlet. The cavity
is located in x = 410–520 mm. It can be seen that the numerical results match the
experimental data reasonably well, except that around x= 600 mm the wall pressure
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Fig. 4.42 Wall-pressure distribution along the combustor floor with � = 0.30 from experiment
(Exp.) and LES using two different grids, a moderately fine grid and a refined grid. A two-
dimensional distribution of the density gradient (numerical schlieren) is also shown at the top
[26]

is overestimated. Additionally, the refined grid leads to only a slight difference in the
wall-pressure distribution. Thus the moderate grid with is chosen in the simulation.

There are two sources of errors in the simulations, namely numerical error and
systematic error. The numerical error can be caused by the inaccuracy of temporal
integration and spatial discretization, the spatial resolution, and the time duration of
the numerical simulation to achieve a statistically stationary flow. The systematic
error is often caused by the inaccuracy in the physical models such as the turbulent
model and the boundary conditions. In the LES presented in this section, the time-
averaged flow properties such as wall-pressure distribution shown in Fig. 4.42 are
converged. So the numerical error is considered not significant. Considering the
boundary-layer separation zone revealed in the numerical schlieren contour around
x = 600 mm, the discrepancies in Fig. 4.42 are most likely ascribed to the slip
wall boundary condition applied to the combustor top wall and the inaccuracy of
inflow turbulent boundary conditions. The difference is nevertheless acceptable as
the pressure distribution along the wall from the simulations is in a good agreement
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with that in the experiments. Based on the comparison of results and other related
validation works [10, 11, 22, 32], it can be concluded that the present numerical
solver can capture the non-reacting supersonic flow-field successfully.

Figure 4.43 shows the time-averaged local equivalence ratio with isolines of sto-
ichiometric mixture in seven spanwise planes along the streamwise direction. The
velocity fields in two representative slices are also plotted. From Figs. 4.43, 4.38 and
4.42, the mixing field and flow structures in the combustor can be understood. The
fuel injections generate a pair of roll-up vortices that are convected downstream in
the cross flow. Owing to the expansion of the combustor geometry the fuel is directed
toward the cavity. A rather uniform distribution of equivalence ratio can be found in
the four downstream spanwise planes. There exists a strong shockwave in the leading
edge of the cavity, which is deflected at the top wall. Another weaker shockwave is
formed at the trailing edge of the cavity.

It is obvious that fuel entrainment depends on the shear layer of the cavity and the
recirculation zone structure. As plotted Fig. 4.38, the fuel stream is recirculated into
the rearward of the cavity, in accordance with Ref. [36].The local equivalence ratios
in the cavity rearward reveal a fuel-rich environment formed there. We have found in
Sect. 4.3.2.2 that a shorter ignition time is obtained when implementing LIP ignition
at e-1 and d-1. Then it is deduced that local fuel-rich environment contributes to
successful ignition inside the cavity.

Figure 4.43 reveals that the stoichiometric lines are mainly above the fuel plume
and in the outer edge of the shear layer. Inside the cavity, the stoichiometric lines exist
in the bottom right corner where the equivalence ratios are low. This local fuel-lean
environment agrees well with the discussion about failures of LIP ignition at a-1 and
b-1 when � = 0.16.

Figure 4.44 presents the distribution of enstrophy (�2, where � is the magnitude
of the vorticity) near the cavity. Enstrophy represents the production of turbulence,
and turbulent kinetic energy reflects the fuel/air mixing rate. As shown in Fig. 4.44a,
two large-scale fuel-plumes are convected downstream during which the plumes
continuously break into smaller fuel-rich pockets. It is observed that the pair of roll-
up vortices transports partial fuel into the cavity. The high enstrophy around the fuel
plumes denotes strong turbulence and turbulent mixing in the shear layer. As plotted
in Figs. 4.43b and 4.45, the enstrophy, scalar dissipation rate and turbulent kinetic
energy tend to rise along the streamwise direction. This means as the plumes cross
the cavity, the mixing rate increases and then more fuel would be entrained into
the cavity, which explains the equivalence ratio distribution in the cavity shown in
Figs. 4.38c and 4.43a.

According to the sonic lines plotted in Fig. 4.45, all LIP positions except d-18
are situated in the subsonic region. Obviously, the LIP position d-18 is inappropriate
for ignition owing to the flow conditions. The present results show that LIP ignition
site inside the subsonic zones is necessary to achieve a successful ignition in a
scramjet combustor. Figure 4.45 also reveals the turbulent conditions in the cavity
reward. The failure at f-1 can be seen as a combination of strong dissipation rate
and turbulent kinetic energy. Considering the flow direction, the turbulent conditions
and the equivalence ratios around e-1, it is in favor of the re-ignition stage (stage
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Fig. 4.43 a Time-averaged local equivalence ratio distribution and b velocity fields in different
streamwise planes. The results are from LES with � = 0.30 and the moderate grid [26]
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Fig. 4.44 Enstrophy distributions fromLESwith themoderate grid and� = 0.30 [26]. aRepresen-
tative instantaneous iso-surface with ethylene mass fraction being 0.15. b Time-averaged enstrophy
field with sonic lines in the central plane

III). On the other hand, both the scalar dissipation rate and turbulent kinetic energy
are higher at LIP ignition site f-1, which will enhance the plasma quenching stage
(stage II) and less favorable to re-ignition stage (stage III), and possibly leading to
LIP ignition failure.

4.3.3 Ignition Modes

As listed in Table 4.4, four ignition cases were conducted and each case was exe-
cuted at least five times. In the table, Pi represents the fuel injection pressure and
� the global equivalence ratio. The cavity fuelling rate is changed by altering the
injection pressure. LIP ignitions in all the cases are successful.When the equivalence
ratio is less than 0.15, however, successful LIP ignition could not be achieved. The
global equivalence ratio in Case 1 is just above the lean ignition limit in the present
supersonic combustor.
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Fig. 4.45 Instantaneous local scalar dissipation rate and turbulent kinetic energy in the rearward
of the cavity, obtained from LES with the moderate grid with � = 0.30 [26]. a Representative
instantaneous scalar dissipation rate with sonic lines. b Representative instantaneous turbulent
kinetic energy with sonic lines

Table 4.4 Experimental
arrangements of all test cases

Test case Pi (MPa) φ Laser energy (mJ/pulse)

Case 1 0.75 0.15 200

Case 2 1.14 0.23 200

Case 3 1.15 0.23 300

Case 4 2.00 0.40 200
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Fig. 4.46 Schlieren images of LIP motions in quiescent (left) and supersonic (right) air flow [28]

Figure 4.46 presents a series of Schlieren images for the laser excitation in qui-
escent and supersonic air flows. The LIP regions, with noticeable density gradients
caused by thermal effects of the LIP, are clearly seen in the images. In the quiescent
air flow the thermal region grows as the laser energy increases, which is plotted in
the left column. In the supersonic air flow, the LIP region formed by a laser energy
of 300 mJ disappears within a time span of 0.2 ms, demonstrating the strong turbu-
lent heat transfer in the cavity. The CH* has been proved as a good reaction zone
marker which could trace regions of flame front and heat release [34]. In addition, the
high-temperature product zones can be traced by the OH* [37]. Figure 4.47 presents
consecutive images of CH* and OH* chemiluminescence, and the corresponding
Schlieren images for case 1. The LIP event begins at t = 0 ms.

The transition from LIP excitation to the establishment of a stable flame can
be described as two main regimes. The first is the LIP initiation regime shown in
Fig. 4.47when t < 0.8ms. The initial signals of CH* andOH* chemiluminescence are
from the LIP excitation. Between t = 0.1 ms and t = 0.8 ms, the chemiluminescence
intensities decrease rapidly because of the turbulent heat transfer shown in Fig. 4.46.
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Fig. 4.47 Simultaneous CH*/OH* chemiluminescence and Schlieren images during the LIP
ignition process for case 1 [28]

The second is the transient ignition reaction regime. After t = 0.8 ms, the chemi-
luminescence intensities start to increase, denoting the onset of the ignition. Before t
= 2 ms, the CH* mainly lies in a narrow region in the shear layer near the front wall
of the cavity. The OH* signals are found in a larger area than the CH*, since the life
time of OH* is much longer in reactive flows [38]. It appears that the thermal effect
of the LIP provides favorable thermal and chemical environment for the ignition
process. When a stable flame is established at t = 2.0 ms, the CH* and OH* regions
overlap each other with the OH* distribution slightly deeper into the cavity.

Figure 4.48 shows the CH* and OH* chemiluminescence images during the LIP
ignition process for case 4. The two-regime ignition process discussed earlier for
case 1 can be identified in the figure as well. It takes a shorter time to establish a
stable flame due to the higher equivalence ratio in case 4 than in case 1. The first
regime (the LIP initiation) ends at t= 0.4ms, duringwhich the intensities of CH* and
OH* chemiluminescence attenuate because of the turbulent heat transfer. The onset
of the ignition can be observed at t = 0.5 ms when the chemiluminescence starts to
increase. Compared with case 1, in case 4 the transient ignition reaction regime is

Fig. 4.48 Simultaneous CH*/OH* chemiluminescence images of the LIP ignition process for case
4 [28]
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shorter and the CH* region is much wider. The CH* and OH* regions overlap rather
well in case 4. It is clear that the equivalence ratio has a significant impact on the
ignition process in the cavity-based supersonic combustor.

In order to characterize the two-regime LIP ignition process of the four cases,
the intensities of CH* and OH* chemiluminescence images are integrated in each
frame and the results are shown in Fig. 4.49. The integrated intensities in each case
are normalized by its mean intensity at the stable flame period [39]. As discussed in
Fig. 4.41, the LIP-assisted cavity ignition process is classified into four stages, involv-
ing ‘initial plasma ignition’, ‘plasma quenching’, ‘re-ignition’ and ‘stable flame’. It
is obvious that the two-regime LIP ignition process discussed in Figs. 4.47 and 4.48
is consistent with the four stages. The first laser initiation regime corresponds to
stage I and the first part of stage II, whereas the transient ignition reaction regime
relates to the later part of stage II and stage III. However, stages II and III in cases
3 and 4 are much shorter than in cases 1 and 2, because case 3 has a higher laser
energy and case 4 a larger fuelling rate (equivalence ratio).

The impacts of the fuelling rate and the laser energy on the cavity ignition process
can be explained using the two-regime ignition mechanism. With a low fuelling rate
(e.g., the global equivalence ratio is lower than 0.15), the heat release and radicals
[40] formed from theLIP initiation regime are not sufficient to survive in the turbulent
heat transfer, which results in the ignition failure. As the fuelling rate increases, the
heat release in the upstream half cavity is larger, and then the reactions would not
be quenched, the mixture in the rearward of the cavity therefore being ignited. With
further increase in the fuelling rate or the laser energy, the onset of the ignition in
the cavity rearward becomes faster and a stable flame can be established in a shorter
time.

Figure 4.50 is plotted to further characterize the ignition process in the cavity. For
each case the CH* chemiluminescence intensities in a frame are integrated respec-
tively in the half cavity (from the front wall to the middle of the cavity) and the whole
cavity. Then the integrated intensities are normalized by the time-averaged intensity
of the whole cavity. The two normalized intensities are nearly the same during the
LIP initiation regime, since the hot LIP gas is mainly found in the upstream half of
the cavity. In the final stable flame stage, nevertheless, the normalized intensity in
the upstream half of the cavity is much lower, showing that the chemical reactions
chiefly occur in the downstream half.

Inspecting the differences of chemiluminescence images among diverse cases
from Figs. 4.47, 4.48 and 4.50, it is evident that for the LIP ignition process there
are two modes. In the weak ignition mode (case 1), the initial flame kernel anchored
near the cavity shear layer is too weak to directly ignite the fuel in the rearward of the
cavity. As in the whole cavity the environment is fuel-lean, the initial flame transits
gradually from the upstream cavity to the rearward. This mode exists in the fuel-lean
cavity. In the intense ignition model (case 4), a strong flame is formed immediately
after the laser excitation owing to the favorable environment. Then following the
recirculation flow the initial flame spreads quickly to the upstream cavity corner.
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Fig. 4.49 Normalized CH* and OH* chemiluminescence intensity against time for different cases
[28]. Each normalized intensity is a time-averaged result of repeated experiments for the same case
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Fig. 4.50 Normalized CH* chemiluminescence intensity against time for different ignition modes
[28]

Since the initial flame is robust enough to ignite the fuel in the rearward of the cavity,
it only takes a rather short residence time before a stable flame is achieved. It is
observed that there also exist transitional behaviors of the initial flame between the
weak and the intense ignition modes, e.g. cases 2 and 3.

Figure 4.51 illustrates the schematic of the flowfield, fuel/air mixing and reaction
zone structure based on the previous works in Refs. [10, 41, 42]. It is inferred that
the ignition process is mainly assisted by the cavity recirculation zone in the weak
ignition mode. But in the intense ignition mode, the initial flame directly leads the
ignition process. For the transition between the two modes, the ignition process is
dominated both by the cavity recirculation zone and the initial flame. It should be
noted that in the intense mode the occurrence of the cavity recirculation zone is still
favorable, because it also provides the flow field and mixing environments friendly
for ignition.
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Fig. 4.51 Schematic of the
reaction zone structure of the
strong and weak ignition
modes [28]

4.4 Auto-Ignition Effects

As the stagnation temperature increases, the effects of auto-ignition on combustion
characteristics in the cavity-based scramjet combustor need more consideration. In
this section, hydrogen was transversely injected upstream of the cavity. The effects
of auto-ignition were investigated experimentally under stagnation temperature of
1400 K and 1600 K, respectively imitating the flight Mach numbers 5.5 and 6.

4.4.1 Experimental Setup

The experiments were carried out in a recently developed direct-connect test facility.
Pure ethanol and oxygenwere burned continuously to heat the air, providing a vitiated
air stream ofMach 2.52 with the stagnation temperatures of 1400 K and 1600 K. The
fuel injection last 1.5 s, and during this period the fueling rate was steady according
to the mass flowmeter. Table 4.5 reports the operation conditions.

Schematic of the test section is plotted in Fig. 4.52. The combustor had a width
of 50 mm and a height of 40 mm. Installed on the bottom wall was a cavity with the
depth D = 8 mm, the length-to-depth ratio L/D = 7 and the rear wall angle A = 45°.
A spark ignition plug was mounted 10-mm downstream of the leading edge of the
cavity. An injector with an orifice diameter of 2 mm was fixed 160-mm upstream of
the cavity. High-speed imaging of flame luminosity and schlieren were introduced
in the test section. The frame rate was set to 15000 frame/s with an exposure time of
0.067 ms. The pressure distribution along the centrelines of the top and bottom walls
in the test section was measured by a pressure scanner with a 100-Hz acquisition
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Table 4.5 Experimental
conditions

Parameter Scheme 1 Scheme 2

Air T0, K 1600 1400

P0, MPa 1.65 1.55

Ma 2.52 2.52

YO2 , % 23.38 23.38

YH2O , % 7.13 5.92

YCO2 , % 11.67 9.68

YN2 , % 57.82 61.0

H2 P0 jet , MPa 3.5–5.0

Equivalence ratio (�) 0.22–0.32

YH2 , % 99.5–99.8

Yother , % 0.2–0.5

Fig. 4.52 Schematic of the test section (top) and zoomed views around the injector and the cavity
(bottom) [43]. The red arrow denotes the fuel injection location

frequency and 0.25% full scale accuracy.More details about the experimental facility
can be obtained from the previous works [12, 44].

There is a concern on the OH concentration in the vitiated air produced by the
ethanol/O2 combustion, since OH radicals have a significant role in the H2/O2 auto-
ignition. The OH-PLIF results, however, showed that the OH concentration was
actually low and can be negligible, as discussed in Ref. [45].
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Fig. 4.53 a Comparison of
the time-averaged pressure
along the centerlines of
bottom wall and top wall in
the combustor, and b the
dynamics of the flame front
from 400 to 500 ms after the
fuel injection begins [43]

4.4.2 Auto-Ignition in the Ignition Process

Table 4.6 lists the ignition schemes and combustion stabilization modes at the equiv-
alence ratios from 0.22 to 0.32 under the stagnation temperature T0 of 1400 K and
1600 K, respectively. When T0 = 1400 K, the fuel could be ignited successfully only
by the spark ignition.When T0 = 1600 K, however, auto-ignition was achieved in the
combustor. Obviously, auto-ignition would be more significant with increasement of
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Table 4.6 Ignition schemes and combustion stabilization modes

T0, K P0jet, MPa � Ignition scheme Combustion stabilization mode

1400 3.5–5.0 0.22–0.32 Spark Jet-wake stabilized mode combined with
cavity stabilized mode

1600 3.5–5.0 0.22–0.32 Auto-ignition Jet-wake stabilized mode

the stagnation temperature. It provides some new ideas for designing the ignition
schemes for scramjet under high flight Mach numbers.

As reported in Table 4.6, the jet-wake stabilized mode is obtained under both
stagnation temperatures. Figure 4.54a shows the time-averaged pressures along the
combustor walls; Fig. 4.54b presents the dynamics of flame fronts against times.
The pressure when T0 = 1600 K is lower from X = 0 mm to X = 100 mm than in
T0 = 1400 K, which suggests that the time-averaged flame in the jet is less intense
in the former. On the contrary, the flame front is more stable in the jet wake with

Fig. 4.54 High-speed flame
luminosity images in the
initial phase of the
combustion with
auto-ignition [43]
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T0 = 1600 K. With T0 = 1400 K, the flame front fluctuates between X = −50 mm
(upstream of the injector) and X = 180 mm (in the cavity). It is then concluded that
the combustion is accompanied by intermittent blow-off and restabilization in the
jet wake. During the unsteady process an interesting phenomenon was repeatedly
observed that an individual flame appeared in the jet upstream of the original flame
in the cavity. This phenomenon took place under different equivalence ratios from
0.22 to 0.32.

Figure 4.54 presents the instantaneous flame luminosity images with T0 = 1600K
and � = 0.22. The initial flame core initially appears close to the rear wall of the
cavity because of auto-ignition. Then the flame core develops in the recirculation
zone of the cavity. Following that the jet around the cavity is ignited, and then the
flame propagates upstream. Finally, a jet-wake stabilized flame is formed, as shown
in the bottom subfigure.

Figure 4.55 shows the typical loop from blow-off to restabilization under the
stagnation temperature of 1400 K. The loop begins at t = 477 ms and ends at t =
481 ms, as plotted in Fig. 4.53b. As shown in Fig. 4.55, the flame is first stabilized in
the jetwakewith theflame front close to the injector. The precombustion shock train is
located upstream of the injector. Then, the flame is blown downstream along with the

Fig. 4.55 Typical loop from blow-off to restabilization with T0 = 1400 K [43]. a Instantaneous
high-speed flame luminosity images. b Simultaneously instantaneous high speed schlieren images
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shock train.When theweakflame reaches the cavity, the shock train remains upstream
of the cavity, compressing the mixed gas and increasing the static temperature. At t=
480.1 ms, there exists no flame observed in the jet wake and the flame is completely
stabilized in the shear layer of the cavity. At t= 480.2 ms, a new flame core suddenly
occurs and then develops into an individual flame in the upstream of the cavity. The
new flame alters the shock structures and then combines with the original cavity-
stabilized flame. The combined flame further propagates upstream, eventually the
flame being re-stabilized in the jet wake.

Figure 4.56a shows dynamics of the flame front in the typical loop from blow-
off to restabilization. The time interval between adjacent subfigures is 0.067 ms
whereby the flame-front-propagation speed is calculated, as plotted in Fig. 4.56b. At
t = 480.1 ms when the new flame appears, the instantaneous speed would be over
1000 m/s if we assume that the new flame is ascribed to the flame propagation from
the cavity. This flame speed is far beyond the turbulent flame propagation limits.
Therefore, the new flame is caused by auto-ignition. The different flame behaviors
and flame-stabilizedmodeswith T0 = 1400K andT0 = 1600Kdemonstrate the auto-
ignition has significant influences on ignition process and combustion stabilization,
especially when the stagnation temperature is high.

4.5 Summary

Cavities are often used in practical scramjets owing to their minimal system com-
plexity, small total pressure losses and the good performance in flame holding. The
cavities could hold the flame because they provide subsonic regions where recircula-
tion zones form and successively furnish the core flowwith heat and radicals vital for
combustion. Considering the inflow conditions, ignition of cavity-based scramjets
aims to initialize the combustion in the cavities, since in other places the turbulent
dissipation is usually too severe to maintain the initial flame.

Ignition is to inject a certain amount of energy into the fuel/air mixture, with the
purpose of triggering oxidation reactions which could further propagate in the com-
bustor. Variables concerned in the energy injection process includes how to inject
energy, the ignition energy amount, the ignition position, and the inflow conditions.
These variables and their influences are usually the intents of studies about cavity
ignition. Since cavity ignition is intrinsically and partially stochastic, it is of signifi-
cance that the dynamics during the ignition process. Both experimental and numerical
investigations show that the cavity ignition process is a strong coupling of subsonic
flow, supersonic flow, heat and molecular transfer, and chemical reactions.

There are various ignition techniques corresponding to different ways to inject the
ignition energy. Spark ignition, piloted ignition, GAD ignition and LIP ignition are
introduced. Except for the piloted ignition, the other three techniques are all based on
plasmas. In the spark ignition and theLIP ignition, equilibriumplasmas are produced,
thus the mixture being ignited mainly by the heat effects of the plasmas. Nonethe-
less, the GAD generates nonequilibrium plasmas which could selectively stimulate
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Fig. 4.56 a The dynamic of
the flame front in the typical
loop from blow-off to
restabilization; b the
propagation speed of the
flame front during the loop
[43]

nonequilibrium chemical reactions important for the ignition process. Instead of plas-
mas, the piloted ignition is based on the combustion of piloted fuel (often Hydrogen)
and air. Further, the generated heat and radicals are distributed in both in and out the
cavity, very different from the other ignition techniques. Among the four techniques,
the piloted ignition could provide a large amount of ignition energy just by increas-
ing the mass flow rate of piloted fuel; however, the LIP ignition is most suitable for
studying the flame kernel formation because this technique has the highest accuracy
in manipulating the ignition energy, position and timing.
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After the ignition energy is injected into the cavity at a specific region and initial
chemical reactions are triggered there, the flame kernel formation is primarily domi-
nated by confrontation between the chemical reactions and the turbulent dissipation.
A success cavity ignition requires that the chemical reactions in the cavity produce
enough heat and radicals which ignite the fuel/air mixture in the shear layer. Accord-
ing to the flow direction and the fuel distribution in the cavity, the ignition position
matters. Ignition near the rear wall of the cavity is preferred: first the equivalence
ratio is high there; second the hot plasmas have enough time to fully contact with
the fuel/air mixture in the cavity. If the ignition position is close to the front wall,
the hot plasma would be quickly transferred into the shear layer and then quenched.
Then the reduced heat release and radical generation might fail to ignite the fuel/air
mixture in the shear layer. Increasement of the ignition energy enhances the chemical
reactions in the cavity and thus promotes the cavity ignition.

The whole ignition process can be divided into four stages. The first stage begins
with the ignition event and endswhen the plasmas quench, meaning that the energy in
the plasmas is transferred to the mixtures in the cavity. The second stage corresponds
to an accumulation of heat and radical in the cavity. After a period of time the fuel/air
mixture in the cavity would starts to combust and themixture in the shear layer would
be ignited, which is the third stage. In the final stage the flame is mainly in the shear
layer, and partial high-temperature products are transported from the rear wall of the
cavity to the front wall, and finally into the shear layer. As duration of the second
stage decreases, the cavity ignition becomes stronger.

It is noteworthy that the fuel/air mixture might auto-ignite. If the stagnation tem-
perature is improved to a critical value, there is no need for forced ignition. The
oxidation reactions happen spontaneously when the fuel/air mixture passes through
the isolator and the combustor, and then the heat and radicals accumulate in the
cavity. After some accumulation there would be auto-ignition in the cavity. Slightly
lowering the stagnation temperature and utilizing forced ignition in the cavity, the
auto-ignition could occur upstream of the cavity. A possible position of auto-ignition
is the downstream separation zone induced by the fuel jet. This kind of auto-ignition
is able to bring about combustion unsteadiness.
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Chapter 5
Flame Flashback in Supersonic Flows

Non-stationary flame propagation against the incoming supersonic flow in scramjet
engines has been in focus of numerous experimental and computational studies.
In this chapter, we give the research work of the flame flashback phenomenon in
scramjet combustor under a condition of flight Mach 4 and Mach 5.5.

5.1 Flame Flashback Phenomenon in a Flight Mach 4
Condition

This part experimentally investigates the flame flashback in scramjet combustor with
a cavity flameholder under a condition of flight Mach 4 adopted to gain additional
insights into the driving mechanism of combustion instability in this special con-
dition. Section 5.1.1 presents experimental investigation of flame flashback phe-
nomenon and the calculated flashback flame speed. Section 5.1.2 presents the injec-
tion parametric study of flame flashback which includes fuel-equivalence ratio and
injection schemes.

5.1.1 Flashback Flame in a Single-Side Expansion Scramjet
Combustor

In scramjet combustors, Reynold’s number is huge and the boundary layer is very
thin. The high compressibility of supersonic flows suppresses the developments of
instabilities. Under such conditions, the mechanism of flame propagation is still not
clear, which concerns especially flame flashback against the supersonic flow. Wang
et al. [1] have observed flame propagation against the incoming supersonic flow
under certain mixing state with a fixed fuel equivalence ratio. In this part, Sun et al.
[2] obtain strong variations the flame flashback parameters at various equivalence
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ratio in an ethylene-fueled model scramjet combustor with inflow M = 2.1 and
stagnation temperature T0 = 846 K, which simulates Mach 4 flight condition. The
results obtained allow obtaining more efficient heat release in the scramjet.

5.1.1.1 Experimental Description

The model combustor shown in Fig. 5.1 has a total length of 2200 mm and consisted
of one constant area section and three divergent sections with the expansion angles of
2.5°, 3.5°, and 4°, respectively. The entry cross section of the combustor is 54.5 mm
in height and 75mm in width. There is one cavity (denoted as ‘T1’) installation in the
topwall of the test section. The distance from the cavity leading edge to the combustor
inlet is 544mm.The cavity depth isD= 15mm, length to depth ratioL/D= 7, and the
aft wall angle A= 45°. Figure 5.1 shows also the optional fuel injection locations: I1,
I2 denote the injection locations set upstreamwith a distance of 250mm and 260mm
to T1 cavity leading edge, respectively. The injector configuration (orifice number×
diameter, 3 × 2.0 mm, the distance between the orifices is 15 mm) is conducted on a
module which could be uninstalled. A high-frequency voltage signal corresponding
to wall pressure change was acquired by a water-cooled high-frequency sensor (PCB
model 112A05) at the point on the side wall where the location is 240 mm, 120 mm,
0 mm and−115 mm upstream of the T1 cavity leading edge respectively and 36 mm
above the bottom wall (shown in Fig. 5.1). The acquisition frequency of the pressure
signal is 50 kHz. The flowfield is visualized through two quartz window for high
speed imaging camera with 8000 frames per second. The Schlieren system uses a
laser light and the shutter time is 1/120,000 s. In the present work, the test facility has
been operated twice for each scheme in Table 5.1 to allow comparison between the
flamephotos and theSchlieren images. Theflowconditions of the scramjet combustor
entry areM = 2.1 and stagnation temperature T0 = 846 K, which simulates Mach 4
flight condition.

Table 5.1 shows the detailed injection schemes, where ṁf represents the fuel mass
flow rate and P0i is the injection stagnation pressure. Schemes 1–5 were employed to
compare the combustion instability features for injection with various fuelling rates
and demonstrate different flame dynamics regimes. Ethylene was injected at the
condition of stagnation temperature T0i = 300 K. For Scheme 1, the flame quenches

Isolator

Combustor

2.5°

Injector T1
3.5°

stage 1 stage 2 stage 3

4°

695mm
480mm 701mm 344mm

Window 1 Window 2 Window 3 Window 4

Fig. 5.1 Schematic of test section and cavity installation scheme [2]
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Table 5.1 Injection schemes and flame dynamics phenomena [2]

Injectors P0i (MPa) ṁf (g/s) Flame dynamics

Scheme 1 I1 + I2 4.0 65.3 Extinction

Scheme 2 I1 + I2 3.0 55.0 Oscillating

Scheme 3 I1 + I2 2.0 39.5 Oscillating

Scheme 4 I1 3.0 28.2 Oscillating

Scheme 5 I1 2.0 19.1 Weak flame

immediately after forced-ignition is turned off; quenching happens due to the higher
injection penetration, which causes little fuel entrained into the cavity shear layer
and the flame cannot be stabilized. For Schemes 2–4, oscillating or fluctuating flames
are obtained. For Scheme 5, we observe a weak flame in the T1 cavity. It is inferred
from Table 5.1 that ṁf plays an important role in the flame dynamics.

5.1.1.2 Results and Discussion

Figure 5.2 shows high-speed flame luminosity images of Scheme 2. The images
demonstrate the details of the flame flashback (from T1 cavity to injection location)
and flame blow-off. It is seen from Fig. 5.2a–c that, with support of the pilot flame in
the cavity shear layer, explosive combustion develops the in supersonic flow down-
stream of the cavity. During this process the flame in the main flow becomes bright,
which indicates considerable increase of the combustion intensity. At this stage the
flame propagates against the incoming supersonic flow and spreads from the bound-
ary layer to the bulk flow. In Fig. 5.2d–f, the flame base moves upstream of the
cavity into the wake of the fuel jet very quickly until it goes through the jet injection
location. In Fig. 5.2g–j, the flame quenches and is blown off downstream in a short
time to the cavity location where flame is sustained again in the cavity shear layer.
In Fig. 5.2k–i, burning stabilized in the cavity shear layer acts as a pilot flame, and
reignites the bulk of the fuel/air mixture after certain time (about 1.9 ms averagely).
From the Schlieren images in the first window, it is found that the pre-combustion
shock train is pushed forward and the I1 and I2 injection has a higher penetration
height during the flame flash-back. When a transient thermal throat is formed near
the injection location, the fuel-air mixing is strongly enhanced and the combustion
region transversely expands to the whole flow.

For Schemes 3 and 4, the flame stabilized in T1 cavity shear layer can flash
back, while the leading flame is mostly stabilized in the I1 jet wakes and fluctuates
intermittently within a short distance downstream of the I1 injector. The flame is not
able to flash back through the jet injection location. For Scheme 5, a weak flame is
always stabilized in the cavity shear layer and no flame flashback occurs in the whole
procedure.

Figure 5.3 shows the measured pressure histories of different PCB sensors and
the calculated flashback flame speed. The pressure signal of Scheme 2 has an intense
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(f) t=2.5ms

(e) t=2.0ms

(d) t=1.5ms

(c) t=1.0ms

(b) t=0.5ms

(a) t=0.0ms

(g) t=3.0ms

(h) t=3.5ms

(i) t=4.0ms

(j) t=4.5ms

(k) t=5.0ms

(l) t=5.5ms

Fig. 5.2 Typical luminosity and schlieren movies of flame flash-back and blow-off event for
scheme 2 (the left side are luminosity images and the right side are schlieren images) [2]
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a) Histories of pressure signals of different schemes measured by PCB1 

Scheme 2

Scheme 3

Scheme 4

Scheme 5

b) Pressure histories of PCBs 1-4 of Scheme 2     c) flashback flame speed range 

Δt

Fig. 5.3 Pressure histories inside the combustor and the calculated flashback flame speed [2]

magnitude with transition between the pressure peak and the minimum point hap-
pening very quickly. For Scheme 4, an intermittent character of pressure pulsations
is observed with much lower pulsation amplitudes as compared to Scheme 2. For
Scheme 3, the oscillations develop in a hybrid mode of Schemes 2 and 4; in that
case leading flame is stabilized in the I1 jet wakes at most of time, while intermittent
pressure drops sporadically occur. Scheme 5 has the lowest pressure fluctuations
among Schemes 2–5. During the flame flashback in Scheme 2, the shock movement
ahead of the flame leads to a specific shape of the pressure signal in the oscillation
period, with extremely sharp start and subsequent relaxation as shown in Fig. 5.3a.
We believe that, as the equivalence ratio increases, the flame in the cavity T1 ignites
the fuel/air mixture in the main stream and produces an intense heat release, which
leads to explosive combustion. The unstable flame propagates through the premixed
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region, which increases considerably energy release in the process and, in turn, pro-
motes fast flame propagation. For Scheme 4, the mixing equivalence ratio is lower
and the ignition cannot produce an explosive combustion. Even if the flashbacks
occur, the flame propagation cannot produce sufficient energy release in the process
and the amplitude of flame oscillations remains moderate. In that case the flame front
cannot go through the premixed region sufficiently fast, and the flame base remains
stabilized in the low speed region of the jet-wake with a proper local equivalence
ratio. In Scheme 4, the pressure drops are presumably related to large enough flow
fluctuations able to extinguish the flame, which is then convected downstream to the
cavity stabilized location. As the fuel equivalence ratio increases, the energy of the
instantaneous heat release is increased too, and hence the amplitude of the flame
flashback oscillations becomes larger.

As shown in Fig. 5.3b, the pressure peaks are recorded in sequence when the
flame front or the leading shock passes by the PCB transducers. No obvious phase
difference is observed for the peak pressure for PCB 3 and 4. However, the pressure
peak of PCB 1 and 2 give obvious time shifts �t, which means acceleration of the
flamefront as well as increase in the propagation speed and amplitude of the leading
shock. Here we remind that PCBs 3–4 are located in the downstream region and
PCBs 1–2 are placed upstream of the cavity T1.

Since the flame is stabilized/propagates in the supersonic flow, the flame prop-
agation speed with respect to the flow during the flash-back is comparable to the
speed behind the oblique shock wave. Then the average flame speed relative to
a fixed observer or walls is calculated as two instantaneous pressure peak signals,
uav = 1

n

∑n
i

�L
�ti

, where n is the number of pressure peaks,�L is the distance between
the two PCB transducers, and �ti is the time interval of two step signals shown in
Fig. 5.3b. For Schemes 2–4, the flame speed relative to the walls is approximately
318.3 m/s, 218.2 m/s and 207.7 m/s, respectively. The shocks ahead of the flame are
oblique instead of normal, and the flow velocity behind oblique shocks is somewhat
higher than the local sound speed. Here we take the local sound speed c1 as the
lower limit to evaluate the flame speed, that is uav + c1. The upper limit of the flame
speed relative to the walls is taken as uav + u0, where u0 is the normal shock veloc-
ity relative to the incoming flow. Figure 5.3b shows the flame speed range and the
respective speed for the Chapman–Jouguet (CJ) detonation and deflagration versus
the ethylene-air equivalence ratio. The CJ deflagration speed relative to the walls is
evaluated as [3, 4]

(uCJ )deflagration ≈ γ (γ − 1) + 2(γ + 1)

2(γ + 1)2

√
2
(
γ 2 − 1

)
Q (5.1)

where Q is the chemical energy release in the ethylene-air mixture and γ is the
specific heat ratio.

As shown in Fig. 5.3c, the estimated flame speed range is well located in between
theCJ detonation and deflagration speed,withmuch better correlation to theCJ defla-
gration regime. This correlation indicates that the observedflameflashback process in
Schemes 2–4 hasmuch in commonwith the final stages of deflagration-to-detonation
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transition (DDT) in channels, for which the quasi-stationary CJ deflagration acceler-
ates due to explosive run-away just ahead of the front and goes over to CJ detonation
[3, 4]. We infer that the observed flame flashback demonstrates also similar features
with strong flame acceleration (FA) in a tube filled with premixed gas [5]. During
the flame flashing back to the I1/I2 injectors, the energy release rate appears to be
sufficiently high and generates explosive compression, resulting in fast flames prop-
agating at speed exceeding the CJ deflagration speed relative to the incoming flow
between PCB 1 and PCB 2, see Fig. 5.3c. Though flame acceleration is the initial
and the most important part of DDT [3, 4], it does not necessarily mean that flame
acceleration always leads to DDT. In the present experimental conditions, the DDT
process is presumably moderated and interrupted when flame reach to the injectors
by the insufficient mixing. For the present conditions, the distance between the I1/I2
injectors and the T1 cavity is not long enough to establish the run-up distance for
detonation. The flame front cannot propagate upstream of the injectors, which hence
leads to flame extinction and blow-off. Still, for Scheme 2, quasi-detonation may be
expected with higher equivalence ratio.

For Scheme 3, the weak flame sustained in the cavity shear layer corresponds to
the case of weak FA [5]. Due to the limited heat release, the flame is not able to
generate strong compression and propagate backwards. Compared to Schemes 3–5,
it can be inferred that there is a critical fuel mass flow rate between 19.1 and 28.2 g/s,
for which the flame flash-back can occur.

5.1.2 Injection Parametric Study in a Single-Side Expansion
Scramjet Combustor

In addition to observe the detailed transient process of the flame flashback in a
single-side expansion scramjet combustor. Ouyang et al. [6] had carried out a series
of comparative experiments on different conditions for the injection parametric study
of combustion oscillation in a single-side expansion scramjet combustor with inflow
M = 2.1 and stagnation temperature T0 = 947 K, which simulates Mach 4 flight
condition.

5.1.2.1 Experimental Description

The facility is composed of air heater, supersonic nozzle and scramjet combustor. The
model scramjet combustor is directly mounted downstream the supersonic nozzle of
the air heater which heats the air by means of air/ethanol/O2 combustion. A weight
sensormountedon the foreheadof the air heaterwas used tomeasure the facility thrust
changes during the experiments [7]. This system yielded amaximum force reading of
10,000 N with an uncertainty of 0.5%. The flow conditions of the supersonic nozzle
exit, that is the scramjet combustor entry, are listed in Table 5.2
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Table 5.2 Flow conditions at the scramjet combustor entry [6]

Ma P (kPa) T (K) P0 (MPa) T0 (K) Yo2

2.1 71 528 0.65 947 23.3%

2.5°

Isolator Combustor

PCB1 PCB2 PCB3

Windows1 Windows2 Windows3

T1

450mm

240mm 200mm

i11&i12

695mm 180mm 875mm

i21&i22 i31&i32

230mm 190mm

B1

360mm

i41&i42

Fig. 5.4 Schematic diagram of the scramjet combustor model [6]

As Fig. 5.4 shows, the model scramjet combustor consists of a constant cross-
section isolator and a single-side expansion combustor. The entry cross section of the
combustor is 54.5mm in height and 75mm inwidth. The combustor has an expansion
angle of 2.5° on the upside wall. The T1 cavity is arranged in the expansion-side
wall (upside) and the B1 cavity is arranged in the straight-side wall (downside). The
parameters of the cavities are set to depthD = 15 mm, length to depth ratio L/D = 7,
and the aft wall angleA= 45°. Figure 5.1 also shows the fuel injection locations. Four
group injectors named i1, i2, i3 and i4 respectively, will be used in the experiments.
Every group contains two rows injectors (orifice number × diameter, 3 × 2.0 mm
in every row, the distance between the two rows is 15 mm), named im1 and im2, m
denotes group name. The distance between groups is shown in Fig. 5.4.

The ethylene flame behavior is captured by a high speedmovie camera through the
three quartz windows on the model scramjet combustor, for which 4000 fps (frames
per second) is chosen with a resolution of 1024 × 512 pixels and a shutter time of
1/5000 s. The flow structure is obtained with the schlieren system using a laser light
and the shutter time is set 1/148,000 s with a frequency of 9300 fps. The pressures
of combustor along the centerline of the upside wall in the test section are measured
by a series of strain-gauge pressure transducers through taps with the diameter of
0.5 mm distributed on the upside wall. Furthermore, a high-frequency voltage signal
corresponding to wall pressure change is acquired by a water-cooled high-frequency
sensor (PCB model 112A05) at the points on the sidewall (shown in Fig. 5.4). The
acquisition frequencies of the pressure signals are 50 kHz.

5.1.2.2 Effect of Fuel-Equivalence Ratio

In order to investigate the effect of equivalence ratio on the combustion oscillation
in scramjet combustor,two group comparative experiments have been carried out
which are listed in Table 5.3. The first group experiments are conducted when the
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Table 5.3 Comparison experiments about effect of varying equivalence ratio [6]

Group no. Scheme no. Fuel Injector Cavity F Net thrust

1 Scheme 1 Ethylene i11 + i12 T1 0.266 303

Scheme 2 0.4 408

Scheme 3 0.533 515

2 Scheme 4 i41 + i42 B1 0.266 Extinction

Scheme 5 0.4 361

Scheme 6 0.533 571

injectors and flame-holding cavity are mounted on the expansion-side wall (upside),
and the second group on the straight-side wall (downside). The thrust increment
of different schemes are also listed in Table 5.3, which is calculated from only the
air heater working status to the scramjet engine plus air the heater working status
[7]. The thrust increment can be used as one target parameter for the combustor
performance assessment. Figure 5.5 shows the high-frequency pressure-time history
of all available PCB transducers and for a detailed analysis of periodic characteristics,
the frequency spectrum of all available PCB transducers is obtained using FFT (Fast
Fourier Transform). The corresponding FFT transformed results are also displayed
in Fig. 5.5.

Firstly, the results of first group experiments will be discussed. It can be found that
when the global equivalence ratio is 0.266 (scheme 1), the irregularity of the pressure
peak period is obvious, the combustion behaves as an intermittent oscillation. When
the global equivalence ratio increases to 0.4 (scheme 2), however, the surprising
change happens. The PCB results become regular and periodic, and it is easy to
identify a clear principal frequency according to the frequency spectrum, which is
about 126 Hz. The results when the global equivalence ratio is 0.533 (scheme 3) are
analogous to scheme 2, its principal frequency is about 118 Hz. As the equivalence
ratio is raised, the combustion oscillation becomes regular and its intensity becomes
higher, mainly attributed to an increase in the combustion heat release, which can be
validated by the net thrust in Table 5.3.

As to the second group results, when the global equivalence ratio is 0.266
(scheme 4), the flame cannot be hold and extinct, and when the global equivalence
ratio is 0.4 (scheme 5), the result is analogous to scheme 1 instead of scheme 2, when
the global equivalence ratio increases to 0.533 (scheme 6) in the end, the obvious
periodic combustion oscillation achieved in the first group experiments cannot yet
be observed, but the combustion oscillation is more frequent than scheme 5.

Comparing the two group experiments, we can found some similar and different
results. The similar results contain two sides. On the one hand, as the global equiva-
lence ratio increases, the combustion oscillation becomes more regular and frequent.
It implies that the local thermal choking should be responsible for the combustion
oscillation process. As Fig. 5.6 shows, the cavity-hold flamewill be strengthened and
expand transversely to the main flow before upstream propagation, and the ensuing
flame upstream propagation exists in the bulk of flowpath instead of the vicinity of
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(a) scheme 1

(b) scheme 2

Fig. 5.5 Histories and power spectra of high-frequency pressure signal of scheme 1–3, 5–6 [6]
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(c) scheme 3

Fig. 5.5 (continued)
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(d) scheme 5

(e) scheme 6  

Fig. 5.5 (continued)
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Fig. 5.6 Flame frames of one typical oscillation period in scheme2.Timebetween images: 1/2000 s.
Figure must be read from left to right and then, top to bottom [6]

wall. On the other hand, the combustion oscillation in the vicinity of the upstream
PCB transducers is more intense at all global equivalence ratios which maybe be
attributed to the intensive interaction between jet and combustion, which is shown
as Fig. 5.7. The different result can be summarized that the regular and periodic

Fig. 5.7 Schlieren images of one typical oscillation period in scheme 2. Time between images:
3/3100 s. Figure must be read from left to right and then, top to bottom [6]
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Fig. 5.8 Comparison of wall
static pressure of scheme 1–6
[6]

combustion oscillation is more possible when the injectors and flame-holding cavity
are mounted on the expansion-side wall (upside). This difference is related to the
formation of the low-speed separation zone. Figure 5.8 shows the time-averaged
upside static pressure of the six schemes. It can be found that when the injectors
and flame-holding cavity are mounted on the expansion-side wall (upside), the main
combustion heat zone is between injectors and cavity. However, when the injectors
and flame-holding cavity are mounted on the straight-side wall (downside), the main
combustion heat zone concentrates in the vicinity of cavity even the flame cannot
be hold, which means the low-speed separation zone in front of cavity B1 has been
suppressed, which can be deduced from Fig. 5.9. In Fig. 5.9, the injecting bow shock
and its reflect shock exist most of the time, which indicates the flowfield maintain
supersonic, so the improvement of the fuel jet penetration characteristic is not obvi-
ous. However, most of the flowfield in Fig. 5.7 is decelerated to subsonic when the
flame upstream propagates to the vicinity of the fuel jet, which is identified by the
disappearance of the injecting bow shock and its reflect shock. As Fig. 5.7 shows, it
even can deflect towards incoming flow, which means that the flow or combustion
instability reaches sufficient amplitude, and reversal of the flow occur which results
in the low-speed separation zone spreads to the upstream of the injectors. Compared
the shockwave structures in Figs. 5.7 and 5.9 carefully, some surprised difference
can be find. In Fig. 5.7, as the flame propagates upstream, the pre-combustion shock
wave (which has been marked with red ellipse in Fig. 5.7) appears close to down-
side, which will be strengthened and pushed upstream subsequently. This indicates
that the flame upstream propagation should be attributed to the downstream thermal
choking, which is in line with the standpoint of Laurence et al. [8–13]. As Fig. 5.9
shows, however, when the injectors and flame-holding cavity are mounted on the
straight-side wall (downside), as flame propagate upstream, the boundary layer sep-
aration shock (which has been marked with white ellipse in Fig. 5.9) instead of the
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Fig. 5.9 Schlieren images of one typical oscillation period in scheme 5. Time between images:
3/3100 s. Figure must be read from left to right and then, top to bottom [6]

pre-combustion shock wave will appear close to upside, which will be strengthened
and pushed to fuel jet subsequently. The strengthened separation shock will act on
the fuel jet. The action will expand the jet wake, thus improve the penetration and
mixing effect notably, which has been pointed out by the white arrowhead in Fig. 5.9.
Subsequently, the improved mixing fuel will promote the downstream combustion
and result in the pre-combustion shockwave (which has beenmarkedwith red ellipse
in Fig. 5.9). The promoted combustion will only cause transient local thermal chok-
ing, which can be revealed by the successive schlieren images in Fig. 5.9. Unlike
Fig. 5.7, in this operating condition, the flame upstream propagation should result
from the boundary layer separation, which is corresponding to the perspective of
Frost et al. [14–16]. The different mechanisms of flame upstream propagation lead
to the different combustion oscillation characteristics, as the PCB results in Fig. 5.5
shows.

5.1.2.3 Effect of Injection Schemes

The former numerical study [17] has indicated that fuel injection scheme has impor-
tant influence on ethylene reacting flowfiled. So it is necessary to investigate the
influence of injection scheme on the combustion oscillation in scramjet combustor.
Six comparative experiments have been considered in this investigation, as shown
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(a) scheme 7

(b) scheme 9

(c) scheme 10

(d) scheme 11

Fig. 5.10 Power spectra of pressure signal of scheme 7, 9–11 [6]
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Fig. 5.11 Flame frames of one typical oscillation period in scheme 7. Time between images:
3/4000 s. Figure must be read from left to right and then, top to bottom [6]

Table 5.4 Comparison experiments about effect of varying injection schemes [6]

Group no. Scheme no. Fuel Injectors Cavity F Net thrust

Group 1 Scheme 2 Ethylene i11 + i12 T1 0.4 408

Scheme 7 i21 + i22 374

Scheme 8 i31 + i32 Extinction

Group 2 Scheme 9 i11 + i31 286

Scheme 10 i21 + i31 256

Scheme 11 i11 + i21 394

in Table 5.4. The group 1 can be considered as centralized injection and group 2 as
distributed injection. The thrust increment of different schemes is listed in Table 5.4,
and for brevity, the PCB results are omitted in this section.

The result of group 1 shows that as the injectors are installed more closely to
the inlet, the thrust increment become more remarkable. That is to say, increasing
premixing distance will improve ethylene combustion characteristic. According to
the FFT and flame results, however, we can found that the centralized injection will
result in combustion oscillation in scramjet combustor. The principal frequency is
about 150 Hz in scheme 7, which is higher than that of scheme 2, but its intensity
of the FFT signal is lower. It indicates that although the longer premixing distance
can increase thrust, it will increase the oscillation period and intensity. The extinc-
tion of scheme 8 may be not only because of the lacking of premixing but also the
combustion oscillation, which reveals that the combustion oscillation in scramjet
combustor can cause working uncertainty and instability. Thus, in order to avoid the
combustion oscillation, the distributed injection in group 2 is considered. The inten-
sity of the FFT signal of group 2 is lower than that of group 1 and the intensity of the
FFT signal of case 9 is the lowest, which indicate that increasing the streamwise dis-
tance between injectors can relieve the combustion oscillation in scramjet combustor.
Fig. 5.10 shows the comparison of combustion oscillations between the two injection
schemes, and Fig. 5.11 shows one typical flame oscillation period of the distributed
injection. As Fig. 5.12 shows, the separation of injectors will divide the flame into
two parts, the upstream part and downstream part. It can be inferred that the insuffi-
ciently combustion hot products in upstream act as the plot flame of the downstream
combustion, and thus the downstream combustion will result in sufficient adverse
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(a) scheme 9

(b) scheme 10

(c) scheme 11

t=1.05ms t=1.10ms t=1.15ms

t=1.15mst=1.05ms t=1.10ms

t=1.05ms t=1.10ms t=1.15ms

Fig. 5.12 Flame frames of scheme 9–11 [6]

t=1.05ms t=1.10ms

t=1.15ms t=1.20ms

Fig. 5.13 Schlieren images of scheme 10 [6]

pressure gradient and cause local thermal choking, which can contribute to the stabil-
ity of low-speed separation zone as Fig. 5.13 shows in which the injecting bow shock
and its reflect shock is not visible through the observation windows. Thus, the stabi-
lized divided flame has formed. Unlike the distributed injection, as Fig. 5.11 shows,
the centralized injection will cause the generation and disappearance of low-speed
separation zone periodically, which will result in combustion oscillation. According
to the comparison between group 1 and group 2, it can be found that the distributed
injection can avoid the combustion oscillation effectively as shown in Fig. 5.10.

5.2 Flame Flashback Phenomenon in a Flight Mach 5.5
Condition

This part experimentally investigates the combustion oscillation in scramjet com-
bustor with a cavity flameholder under a condition of flight Mach 5.5. Especially, a
combined numerical, and theoretical approach is adopted to gain additional insights
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into the driving mechanism of combustion instability in this special condition. The
subchapter is organized as follows. Section 5.2.1 presents experimental investigation
of flame flashback phenomenon. Section 5.2.2 presents numerical models and dis-
cusses the influencing factors of flame flashback, such as the boundary-layer effects,
thermal disturbance, or local mixing degree. Section 5.2.3 introduces a simplified
combustion opening systemmodel to illustrate flame flashbackmechanisms. In addi-
tion, a theoretical analysis model of the auto-ignition was established to investigate
whether there is auto-ignition behaviour.

5.2.1 Experimental Investigations on Flame Flashback

Supersonic flame flashback is an important sub-process in the combustion oscillation
process. Although flame flashback has been demonstrated in many experiments, the
academic community has not yet reached a unified understanding of the exact factors
that cause supersonic flame flashback. In order to improve the combustion efficiency
of the scramjet engine while taking into account the reliability and robustness of the
combustion chamber, this chapter uses the high-speed photography and schlieren
technology, combinedwith the quantitative analysismethod to simulate the flashback
dynamic process and triggering factors in the combustion chamber of the scramjet
engine. Systematic experimental studies, from injection parameter changes (total
fuel equivalent ratio, fuel premixing distance, nozzle angle of incidence and number
of nozzles) and cavity parameters (cavity length to depth ratio, cavity trailing edge
inclination and cavity downstream air Throttling) two major aspects of discussion.

5.2.1.1 Experimental Description

The experiments are carried out in a direct-connected test facility, as detailed by
Wang et al. [18], which is composed of an air heater, a supersonic nozzle, and
a scramjet combustor. The air heater burns continuously pure ethyl alcohol and
oxygen, and heats the gas to imitate flight Mach 5.5 conditions. As a result, we
obtained a Mach 2.52 flow at the combustor entrance with a mass flux of about
1 kg/s. The detailed operation status at the nozzle and fuel injection are listed in
Table 5.5. Ethylene is injected at the condition of stagnation temperature T0 = 300K
and stagnation pressure P0 = 2.1, 2.4, 2.7MPa, respectively. The corresponding

Table 5.5 Experimental conditions

Parameter T0
(K)

P0 (MPa) Ma YO2

(%)
YH2O
(%)

YCO2

(%)
YN2

(%)
YC2H4

(%)

Air 1480 1.6 2.52 23.38 6.22 10.16 60.24 0.0

f1/f2 jet 300 2.1/2.4/2.7 1.0 0.0 0.0 0.0 0.0 100.0
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global equivalence ratio, φ = 0.28, 0.34, 0.37. The fuel–air equivalence ratio of
a system is defined as the ratio of the fuel-to-oxidizer ratio to the stoichiometric
fuel-to-oxidizer ratio. Mathematically,

φ = mC2H4/mO2(
mC2H4/mO2

)
st

(5.2)

where, m represents the mass, suffix st stands for stoichiometric conditions. It is
important to note that the local equivalence ratios in the field near the upper wall
are higher since only the upper wall injection is conducted. Local equivalence ratios
in the field near the upper wall are higher since only the upper wall injection is
conducted.

Figure 5.14 shows a schematic of the test section. A constant 200mm long isolator
is directly connected to the 40 mm high and 50 mm wide nozzle exit, followed by
the 680 mm long test section consisting of a constant area section and a diverging
section with expansion angle of 10°. A cavity ‘T1’ is located on the top wall 220 mm
downstream of the combustor entrance. The cavity is D = 12 mm in depth, L =
56 mm in length, with the aft wall angle θ = 45°. Two pair fuel injectors (f1/f2) are
fixed L1 + L2 mm and L2 mm upstream of the cavity leading edge, respectively.
Unless specified, L1 equals 20 mm and L2 equals 150 mm; each of injectors has 3
orifices at an angle of ϕ to the wall; each orifice is 1.0 mm in diameter with 10 mm
interval distance in the transverse direction. To maintain a total constant jet area, the
equivalent injector diameter of dual-jet case is 1.7 mm. A spark plug is fixed on the
cavity floor to assist ignition. Its supply voltage is 220 V; however, the instantaneous
discharge voltage is nearly 2000 V. The spark rate is 100 Hz.

The flow field is visualized by high speed imaging camera and schlieren system,
through the quartz window which is 140 mm × 60 mm for photograph camera and
schlieren observation. The schlieren system utilizes the semiconductor continuous
laser as light source. Thewavelength of the laser is 532 nm. To eliminate the influence
of combustion radiation, a 532 nm single pass filter is installed in front of the image
recorder. To observe the flame dynamics, the high-speed imaging and schlieren image

Window 1
10°

T1

Window 2

200 mm

Isolator Combustor

400 mm 280 mm
Stage 1 Stage 2

L2

L1

40 mm

50 mm

L3

L4

f1 f2
φ φ

f3 f4
φ φ

D
L

θCavity T1
f1 f2

φ φ
2  1.7 mm× Φ 6  1 mm× Φ 6  1 mm× Φ

Ignitor
L0

Fig. 5.14 Schematic diagram of test section and zoom diagram of injector and cavity
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Table 5.6 Comparative experiments of the influence of injection parameters

Case Total injection
pressure/fuel-equivalence
ratio

f1 and f2 injector Outcome

1 Pjet = 2.1 MPa/� = 0.28 ϕ = 60° L2 = 150 mm Stable combustion

2 Pjet = 2.4 MPa/� = 0.34 ϕ = 60° L2 = 150 mm Periodic oscillation

3 Pjet = 2.7 MPa/� = 0.37 ϕ = 60° L2 = 150 mm Periodic oscillation with
inlet unstart

4 Pjet = 2.1 MPa/� = 0.28 ϕ = 90° L2 = 150 mm Periodic oscillation

5 Pjet = 2.1 MPa/� = 0.28 ϕ = 90° L2 = 110 mm Periodic oscillation

6 Pjet = 2.1 MPa/� = 0.28 ϕ = 120° L2 = 110 mm Periodic oscillation

7 Pjet = 2.7 MPa/� = 0.37 Dual-jet ϕ = 60° L2 =
170 mm

Stable combustion

cameras are set with 10000 fps (frames per second) 1024 × 256 pixels and shutter
time of 1/25000 s. A pressure scanner is introduced to obtain the pressure along the
combustor centerline of the top wall in the test section through taps with 1.0 mm
diameter. The acquisition frequencyof the pressure scanner is 100Hz,with 0.25%full
scale accuracy. The repeatability of the experimental procedure has been validated
using numerous experiments [18–20].

5.2.1.2 Effect of Injection Parameters

The effects of equivalence-ratio, injection angle, and jets number on combustion
oscillation phenomenon are investigated. The detailed flow conditions and outcomes
are listed in Table 5.6.

Figure 5.15 shows the average pressure distribution along the model combustor
upper wall. There are no combustion oscillation phenomena in cases 1 and 7, only
stable flames anchored at the cavity. The combustions are concentrated mainly in
the cavity and the boundary layer downstream of the cavity, with a peak pressure of
about 240 kPa. In contrast, combustion oscillation occurs in other cases. As expected
in case 3, the higher equivalence ratio causes the pressure profiles to increase. Violent
combustion leads to increased pressure in isolator which leads to inlet unstart. But
the pressure decreases in the cavity and downstream of the cavity, which indicates
that the combustion is subsonic. For the rest cases, it is seen that the isolators almost
keep the flow steady, and pressure fluctuations only start at the fourth measurement
point. Due to the moderate combustion, the pressure decreases in the cavity and
downstream of the cavity, with the peak pressure corresponding to about 350 kPa.
Scram-ram transition occurs in types of periodic oscillation cases, when the pressure
profile abruptly increases from stable combustion case (scram) to periodic oscillation
with inlet unstart case (ram).

The effect of fuel-equivalence ratio
Firstly, the influence of injection pressure (or the global equivalence ratio) has been
studied by the comparative experiments listed in Table 5.7. It should be noted that
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Fig. 5.15 Wall pressure
distribution for different
cases along the upper wall

Table 5.7 Comparative experiments of the influence of global equivalence-ratio

Case Total injection
pressure/fuel-equivalence
ratio

f1 and f2 injector Outcome

1 Pjet = 2.1 MPa/� = 0.28 ϕ = 60° L2 = 130 mm Stable combustion

2 Pjet = 2.4 MPa/� = 0.34 ϕ = 60° L2 = 130 mm Periodic oscillation

3 Pjet = 2.7 MPa/� = 0.37 ϕ = 60° L2 = 130 mm Periodic oscillation with
inlet unstart

the dark shadow between two quartz glass windows is the supporting structure of
test section. As Fig. 5.16 shows, the pressure of injection is too weak to yield a high
global equivalence ratio, the lower equivalence ratio cannot produce an explosive
combustion in the premixed region. Hence, there is no combustion oscillation. In
addition, the injection bow shock and its reflect shock exist all the time, which
indicates the flow field maintains supersonic. The separated boundary layer is too
thin to hold flame. Hence, the flame is stable in cavity shear layer.

Figure 5.17 shows the combustion oscillation for case 2, it can be seen that the
large-amplitude combustion oscillation can be divided into three distinctive stages
consisting of flame flashback, flame blown off, and flame re-holding. Compared with
case 1, the higher injection pressure leads to the much more fuel injection and higher
global equivalence, and more intense combustion occurs in the cavity and down-
stream boundary layer. By accumulating the energy from the exothermic reactions,
the combustion intensity in the separated boundary layer is gradually enhanced.When
energy exceeds a certain threshold level, the separated boundary full of flames occu-
pies the flowchannel. Then, the flamebegins to propagate from the leading edge of the
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Fig. 5.16 Luminosity and schlieren visualizations of stable combustion for low equivalence-ratio.
The time interval between two consecutive images is 1 ms [21]

cavity wall to the fuel injectors. As schlieren images show (Fig. 5.17i–l), the oblique
shocks created by the impingement of the fuel injection are compressed and become
a set of shock trains. The presence of shock trains indicates that thermal choking has
occurred. Sharing the same standpoint with Laurence et al. [11, 13, 22], the thermal
choking is the necessary condition of the flashback, and it results in large low-speed
separation zone which plays a crucial role in the stability of flame combustion and
in the enhancement of the combustion intensity. Along with more combustion heat-
release going into heating the air flow, the pre-combustion shock trains near the fuel
injector are gradually pushed forward, accompanying with enhancement of combus-
tion. During the flame flashback process, the shock waves confine a high-pressure,
high-temperature, low-speed region. The increased residence time promotes fuel
mixing, thus enhancing combustion. It is also clearly seen in schlieren images that
the low-speed promotes deeper jet penetration depth. All these effects lead to higher
combustion intensity downstream of the cavity. The increased heat release rate forces
the flame to propagate upstream, and the strengthened pre-combustion shock trains
are subsequently pushed upstream. The flame core moves upstream very rapidly
along the combustor wall, until it reaches the fuel injector locations.

After this stage, due to the lack of the fuel premixing effect, the local equivalence
ratio is lost. Hence, the flame surrounding the injector cannot be sustained, and
it is blown quickly back to the cavity. The flame then is re-stabilized in the rear
of the cavity and the cavity shear layer, forming the cavity stabilized mode flame
again. According to the corresponding schlieren images (Fig. 5.17m–p), the bulk
flow is subsonic during most of this stage, and then recovers to supersonic, once the
separation zone is pushed downstream owing to lack of heat release blockage. At
the end of this stage, the bow shock (at the upper wall) re-appears upstream, and
the flame is held in the cavity shear layer again, preparing for triggering of the next
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Fig. 5.17 Luminosity and schlieren visualizations of combustion oscillation for medium
equivalence-ratio. The time interval between two consecutive images is 0.4 ms [21]

combustion oscillation period. Hence, a closed-loop of the flame stabilized mode is
completed over one typical oscillation period.

Actually, the periodic oscillation period is a mutual transformation of scramjet
and ram mode which is the same standpoint of Fotia and Driscoll [8]. Along with
more combustion heat-release going into heating the air flow, the shock trains are
pushed to propagate upstream as the flame propagates upstream and disappeared
from the quartz windows. The combustor mode is changed from the scram mode to
ram mode. Eventually, the shock trains are visualized again accompanying with the
combustor mode changing from the ram to scram.

As Fig. 5.18 shows, the jet penetration is deeper because of the higher injection
pressure. The higher equivalence ratio promotes more intense combustion leading to
flame flashback to upstream of injector even to isolator, which can be proved by wall
pressure distribution in Fig. 5.15. As schlieren images show, the shock trains cannot
be visualized through the quartz windows, which is accompanied by the weak bow
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shock. It indicates that the flow has transitioned from a confined supersonic core flow
to a pseudo shock accompanied subsonic flow, thus, combustor mode changing from
the scram to ram.

The flame structures of the cases from 4 to 6 are analogous to case 2 and can
also flashback to injectors. Hence, it only gives initial schlieren image in rest of the
subsections for purpose of avoiding repetition.

In order to quantitatively investigate the experimental flame oscillation character-
istics, Following the method of Micka [23], 42,000 total images were analyzed for 7
cases to characterize the combustion zone outline by iso-luminosity contours of gray
value= 40. The averaged streamwise locations of the flame front are then calculated
in range of y = 20–40 mm. The flame propagation speed can be obtained by the
flame front positions and the corresponding time intervals. The probability density
of flame propagation speed can be obtained by statistics of a number of discrete
flame propagation speeds within the certain width interval of 50 m/s. The power
spectrum of flame front oscillation frequency obtains by Fast Fourier Transform
(FFT). Although the existence of error caused by the discontinuity and limitation of
the quartz windows, the general trend should not change qualitatively.

Figure 5.19 is the global view of time history of flame front position. For the
convenience of analyzing, only zoom views are given below. Some interesting trends
are observed. For case 1 (as seen in Fig. 5.20), since there is only a stable combustion
downstream of the cavity, the flame front is maintained at the rear of the cavity
and the cavity shear layer. The propagation speed relative to the combustor (see
Fig. 5.21) is concentrated within the 100 m/s region corresponding with the small
spatial movements of the flame front. For cases 2 and 3, the increasing proportion of
flame front surrounding the injector demonstrates that the flame can be held around

Fig. 5.18 Luminosity and schlieren visualizations of combustion oscillation for high equivalence-
ratio. The time interval between two consecutive images is 1 ms [21]
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Fig. 5.19 Global view of time history of flame front position [21]

Fig. 5.20 Time history of
flame front position in cases
1–3 [21]

the injector easily. The main values of propagation speed focus on the range between
−400 and 400 m/s. Although the speed histogram of cases 2 and 3 is similar, case 3
has slightly higher probability in range of−100 to 100m/s. The same conclusion can
be found in the propagation speed graph (Fig. 5.22), in which the distinct dominant
frequency of case 3 is higher than case 2.

The effect of pre-mixing distance
In this part, effects of the different fuel mixing distances on combustion oscilla-
tion are investigated (Table 5.8). From schlieren visualizations (see Fig. 5.23), the
position and structure of the bow shocks in the two cases exhibit huge differences
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Fig. 5.21 Probability
density of flame propagation
speed in cases 1–3 [21]

Fig. 5.22 Power spectral
density of flame front
oscillation in cases 1–3 [21]

Table 5.8 Comparative experiments of the influence of pre-mixing distance

Case Total injection
pressure/fuel-equivalence ratio

f1 and f2 injector Outcome

4 Pjet = 2.1 MPa/� = 0.28 ϕ = 90° Periodic oscillation

5 Pjet = 2.1 MPa/� = 0.28 ϕ = 90° L2 = 110 mm Periodic oscillation
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Fig. 5.23 Schlieren visualizations of combustion oscillation in cases 4 and 5 [21]

Fig. 5.24 Time history of
flame front position in cases
4 and 5 [21]

because of the different premixing distances. From the second quartz window, the
pre-combustion shock trains exist in the upstream of cavity, which push the bow
shock closer to the upstream in case 5. From Fig. 5.24, the reason for different flame
front position may be explained as follows. Owing to longer premixing distance in
case 4, the more effective fuel-mixing promotes the combustion which holds the
flame around the injector for sufficiently long time. Hence, the flame propagation
speed in case 4 is lower than case 5 (Fig. 5.25). The corresponding distinct dominant
frequency can be obtained, which are about 64 and 335 Hz (see Fig. 5.26).

The effect of injection degree
In the present section, Table 5.9, Figs. 5.27, 5.28, 5.29 and 5.30 compare the effect of
injection degree. As explained by Ref. [24], the recirculation upstream of the injec-
tors is caused by the suction of injection. Comparing the schlieren images carefully,
it can been find that increasing the injection angle leads to a stronger bow shock and
a bigger separation region. The sharper injection angle promotes the larger recircu-
lation region, and more injection mess enter the thick the boundary layer, resulting
in higher fuel mixing. The recirculation region plays a vital role on mixing and con-
sequently cases 4, 5, and 6 show better mixing performance. Under this effect, the
combustion intensity in the cavity and separated boundary layer downstream of the
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Fig. 5.25 Probability
density of flame propagation
speed in cases 4 and 5 [21]

Fig. 5.26 Power spectral density of flame front oscillation in cases 4 and 5 [21]

cavity is gradually enhanced, forcing the pre-combustion shock trains and the bow
shock to move forward. Under the interaction between combustion and separation
region, the flame occupies the flow channel and forms a thermal throat, thus trig-
gering flame flashback. It is worth emphasizing that case 6 not only generates the
stronger bow shock, but also the compression to the bulk flow, where the fluctuation
frequency and flame propagation speed are lower.
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Table 5.9 Comparative experiments of the influence of injection degree

Group Case Total injection
pressure/fuel-equivalence
ratio

f1 and f2
injector

Outcome

1 1 Pjet = 2.1 MPa/� = 0.28 ϕ = 60° Stable
combustion

4 Pjet = 2.1 MPa/� = 0.28 ϕ = 90° Periodic
oscillation

2 5 Pjet = 2.1 MPa/� = 0.28 ϕ = 90° L2 =
110 mm

Periodic
oscillation

6 Pjet = 2.1 MPa/� = 0.28 ϕ = 120° L2
= 110 mm

Periodic
oscillation

Fig. 5.27 Schlieren visualizations of combustion oscillation in cases 1, 4, 5, and 6

Fig. 5.28 Time history of flame front position in cases 1, 4, 5, and 6 [21]
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Fig. 5.29 Probability density of flame propagation speed in cases 1, 4, 5, and 6 [21]

Fig. 5.30 Power spectral density of flame front oscillation in cases 1, 4, 5, and 6 [21]

The effect of jets number
In the present section, Table 5.10, Figs. 5.31, 5.32, 5.33 and 5.34 compare the effect
of jets number. Compared with case 1, despite the higher fuel-equivalence ratio, the
single-jet case only promotes the lower jet penetration depth, where the weaker bow
shock exists. According to Pudsey and Boyce [25], the multi-jets act to enhance the
near field mixing, thus improving overall mixing efficiency when compared with
the dual-jet case. Compared with case 3, although the longer premix distance, case 7
only exhibits the stable combustion anchored in cavity layer, without interacting with
boundary-layer. The weaker combustion could not generate pre-combustion shock
trains in flow field.
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Table 5.10 Comparative experiments of the influence of jets number

Case Total injection
pressure/fuel-equivalence
ratio

f1 and f2 injector Outcome

3 Pjet = 2.7 MPa/� = 0.37 ϕ = 60° Periodic oscillation with
inlet unstart

7 Pjet = 2.7 MPa/� = 0.37 Dual-jet ϕ = 60° L2 =
170 mm

Stable combustion

Fig. 5.31 Schlieren visualizations of combustion oscillation in cases 3 and 7 [21]

Fig. 5.32 Time history of
flame front position in cases
3 and 7 [21]

5.2.1.3 Effect of Cavity Parameters

The detailed flow conditions and outcomes are listed in Table 5.11. Three groups of
comparative cases respectively investigate the effects of cavity length-to-depth ratio,
aft ramp angle of the cavity, and air throttling distance downstream of the cavity on
combustion oscillation phenomenon.

In Fig. 5.35 there is no combustion oscillation for case 1, only the stable com-
bustion is maintained downstream of the cavity. An expansion wave (as indicated in
the schlieren photograph by its light colour) is observed at the separation corner of
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Fig. 5.33 Probability
density of flame propagation
speed in cases 3 and 7 [21]

Fig. 5.34 Power spectral
density of flame front
oscillation in cases 3 and 7
[21]

leading edge of the cavity. In addition, the injection bow shock and its reflect shock
exist all the time, which indicates the flow field maintains supersonic. From the sepa-
ration of the boundary layer at the leading edge of the cavity, a shear layer is formed,
which extends toward the cavity floor. The separated boundary layer upstream of
the cavity is too thin to hold flames. Hence, the flames are stable in cavity shear
layer. Note that the core flow direction in all photographs is from left to right. The
shadow between the two quartz windows is the combustor supporting structure. Due
to the limitation of experimental equipment, schlieren image only shows the region
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Table 5.11 The cavity parameters of comparative cases

Group Case Total injection
pressure/fuel-equivalence
ratio

Cavity aft ramp
angle/cavity
length/N2
injector distance

Outcome

1 1 Pjet = 2.4 MPa/φ =
0.34

L = 40 mm Stable
combustion

2 Pjet = 2.4 MPa/φ =
0.34

L = 56 mm Periodic
oscillation

2 3 Pjet = 2.1 MPa/φ =
0.28

θ = 45° Stable
combustion

4 Pjet = 2.1 MPa/φ =
0.28

θ = 90° Periodic
oscillation

3 5 Pjet = 2.1 MPa/φ =
0.28

PN2 =
0.5 MPa/L4 =
30 mm

Stable
combustion

6 Pjet = 2.1 MPa/φ =
0.28

PN2 =
0.5 MPa/L3 =
10 mm

Periodic
oscillation

Fig. 5.35 Luminosity and schlieren visualizations of stable combustion for case 1. The time interval
between two consecutive images is 2 ms [27]

between fuel injectors and leading edge of cavity. The flame frames of case 3 and
case 5 are analogous to case 1, so they have been omitted to avoid repetition.

Figure 5.36 shows the large-amplitude combustion oscillation which can be
divided into three distinctive stages such as flame flashback (Fig. 5.36a–c, i–k, q–s),
flame blown off (Fig. 5.36d–g, l–o, t–w) and flame re-holding (Fig. 5.36h, p, x). At
the beginning, the flames are maintained in the cavity and downstream of the cav-
ity. For some reasons (which will be detailed investigated in following subsections),
the intense combustion occurs in the cavity and boundary layer downstream of the
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Fig. 5.36 Luminosity visualizations of combustion oscillation for cases 2, 4 and 6 (Each column).
The time intervals between two consecutive images for each case are 0.4, 0.5 and 1 ms [26]

cavity. By accumulating the energy from the exothermic reactions, the combustion
intensity in the separated boundary layer is gradually enhanced. The flames occupy
the flow channel forming a thermal throat. Then, the flames begin to propagate from
the leading edge of the cavity wall to the fuel injectors. The flame core rapidly moves
upstream along the combustor wall, until reaches the fuel injectors location.

As schlieren images at the flame flashback stage (Fig. 5.37a–c, i–k, q–s) show,
pre-combustion shock trains near the fuel injector are gradually pushed forward, and
jet penetration depth are increased. During the flame flashback process, as we know,
the shock waves confine a high-pressure, high-temperature, low-speed region. The
increased fuel residence time promotes fuel mixing, leading to enhanced combustion
intensity downstream of the cavity. The increased heat release rate leads to separated
boundary layer enlarged. So far, the thermal throat is formed and forces the flames
propagate upstream. After the flame flashback stage, due to the lack of the fuel
premixing effect, the local equivalence ratio is lost. Hence, the flames surrounding
the injector cannot be sustained, and they are blown quickly back to the cavity. The
flames then are re-stabilized in the rear of the cavity and the cavity shear layer,
forming the cavity stabilized mode flames again. According to the corresponding
schlieren images (Fig. 5.37l–o, t–w), the core flows are supersonic during flame
blown off stage. In contrast, Fig. 5.37d–g show a subsonic flow. At this stage, the
separation zone is pushed downstream owing to lack of heat release blockage. At the
flame re-holding stage, the flames are held in the cavity shear layer again, preparing
for triggering of the next combustion oscillation period. Hence, a closed-loop of
the flame stabilized mode is completed over one typical oscillation period. It can
be concluded that, the boundary layer separation is the necessary condition of the
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Fig. 5.37 Schlieren visualizations of combustion oscillation for cases 2, 4 and 6 (Each column).
The time intervals between two consecutive images for each case are 0.4, 0.5 and 1 ms [26]

flashback, and it will result in thermal throat which plays a crucial role in the stability
of combustion and in triggering flame flashback.

In order to quantitatively investigate the experimental combustion oscillation char-
acteristics, following the method of Micka [23], 36,000 total images are analyzed for
6 runs to characterize the combustion zone outline by iso-luminosity contours of gray
value = 40. The average streamwise location of the flame front is then calculated for
y = 20–40 mm. In the following analysis, figures show the streamwise position of
the flame front (Fig. 5.38) the streamwise propagation speed of the flame front calcu-
lated by flame front position and corresponding time interval (Fig. 5.39) and power
spectrum of flame front oscillation frequency obtained by Fast Fourier Transform
(FFT) (Fig. 5.40). Although the existence of error caused by the discontinuity and
limitation of the quartz windows, the general trend should not change qualitatively.

For cases 1, 3 and 5, since there are only stable combustions downstream of the
cavity, the flame fronts aremaintained at the rear of the cavity. The propagation speeds
relative to the combustor are concentrated within the 100 m/s region corresponding
with the small spatial movements of the flame front. The corresponding dominant
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Fig. 5.38 Time history of
flame front position in
different cases [26]

Fig. 5.39 Probability
density of flame propagation
speed in different cases [26]

frequency cannot be distinguished. For cases 2, 4 and 6, the increasing proportion of
flame front surrounding the injector demonstrates that the flames can be held around
the injector easily. The combustion oscillation frequency appears as the opposite trend
compared with flame front. However, the flame speeds in these cases are similar, both
flame flashback and flame blow-off speeds are stable within 300 m/s relative to the
combustion chamber.

Figure 5.41 shows the average pressure distribution along the model combustor
upper wall. For all cases, the isolator keeps the flow steady, and pressure fluctuations
only start at the fifth measurement point. In cases 1, 3 and 5, stable combustions
are mainly concentrated in the cavity and the boundary layer downstream of the
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Fig. 5.40 Frequencies
spectral density of flame
front oscillation in different
cases [26]

Fig. 5.41 Wall pressure
distribution for different
cases along the upper wall
[26]

cavity, with a peak pressure of about 240 kPa. In contrast, as will be discussed in
following section, the larger length-to-depth ratio, stronger cavity aft ramp angle and
closer air throttling downstream of the cavity induce flame flashback. The increasing
proportion of flame front sustaining near injectors causes the pressure increase near
injectors, whose corresponding peak pressure is about 350 kPa, whereas the pressure
in cavity and downstream of it is a little bit lower.

The effect of cavity length-to-depth ratio
In this subsection, the effects of the different cavity length-to-depth ratio on com-
bustion oscillation are investigated as the first group. For case 1, although the total
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injection pressure improves to 2.4 MPa (φ = 0.34), there is no combustion oscilla-
tion, only a stable combustion is maintained in cavity shear layer and downstream
of the cavity. However, the combustion oscillation accompanying with rapid flame
flashback occurs in case 2. As reference analysed [18, 27], We suppose that cavity
length will act on the combustion oscillation mainly through the recirculation vol-
ume in the cavity and the mass and heat exchange between cavity shear layer and
the core flow. With L = 40 mm in cavity, the shorter length limits the hear release in
the cavity and mass and heat exchange which leads to a stable flame anchored at the
cavity. As Luminosity and schlieren images show, the longer cavity length promotes
the heat release and the mass and heat exchange between cavity shear layer and the
core flow. Compared with case 3, the higher injection pressure leads to the higher
global equivalence ratio further the more intense combustion. All above factors will
generate intense combustion in cavity and downstream of the cavity, where the flame
interacts with boundary layer and gradually occupies the flow channel further form-
ing a thermal throat to trigger flame flashback phenomenon. At flame flashback and
flame blown off stages, as schlieren images show, pre-combustion shock trains near
the fuel injector are gradually pushed forward, disappear and re-appear upstream.
The flame front in case 2 can flashback from cavity to injector, however it cannot
be sustained surrounding the injector, and is blown off quickly back to the cavity.
Hence, the proportion of flame front surrounding the injector in case 2 is lower than
other flame flashback cases. The corresponding dominant frequency is higher than
other cases.

The effect of cavity aft ramp angle
In this subsection, the effects of aft ramp angle are studied by the comparative
experiments listed in group 2. Compared with case 3, the sharper cavity aft ramp
angle in case 4 leads to combustion oscillation. We suppose that cavity aft ramp will
act on the combustion oscillation mainly through the impinging shock wave in the
cavity aft ramp and the mass and heat exchange between cavity shear layer and the
core flow. When the angle turns from 45° to 90°, however, it will maybe result in
significant strong impinging shock wave. As Zare-Behtash et al. [28] analyze, the
impinging shock occurs over the cavity and on the shear layer, however the interaction
results in a similar interaction as with the boundary layer [29], namely the lifting of
the shear layer. On the other hand, with sharper cavity aft ramp, a region of reversed
flow near shear layer is sometimes created. The roll-up and fall-off derived from the
velocity deviation between cavity shear layer and the core flow promote the mass
and heat exchange between cavity shear layer and the core flow. From Fig. 5.38, the
increasing proportion of flame front surrounding the injector demonstrates that the
flames can be held around the injector easily. The same conclusion can be found in
the propagation speed spectra (Fig. 5.40).

The effect of air throttling downstream of the cavity
Group3 investigates the effects of the air throttling locations downstreamof the cavity
on combustion oscillation. As reference analysed [30], air throttling can enlarge wall
boundary and decrease the flow velocity. For case 5, owing to air throttling far away
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from downstream of the cavity, the separated boundary layer doesn’t significantly
interact with combustion. There is no thermal throat to introduce flame flashback
phenomenon. Hence, only stable flames anchor at the cavity. For case 6, the closer
air throttling is loaded near downstream of the cavity. The improved fuel/air mixing
in the separated boundary layer leads to the combustion intensity in the cavity and
separated boundary layer downstream of the cavity gradually enhanced. The flames
occupy the flow channel and form a thermal throat thus triggering flame flashback.
It is worth stressing that, by means of air throttling, the boundary layer separation in
case 6 is easier and can sustain longer. Hence, case 6 has more proportion of flame
front surrounding the injector and lower fluctuation frequency.

5.2.2 Numerical Investigations of Flame Flashback

5.2.2.1 Numerical Condition

In the present study, the fifth-order weighted essentially non-oscillatory scheme
developed by Jiang and Shu [31] is used for inviscid fluxes and the second-order
centre scheme is used for viscous fluxes. To improve the computational efficiency,
time integration is performed using a second-order implicit dual-time-step approach
[32], the inner iteration of which is achieved through a lower upper symmetric
Gauss-Seidel method. The acoustic CFL number is 0.5.

Geometry and boundary conditions
A sketch of the computational domain is shown in Fig. 5.42. The isolator is set to
200 mm long for better turbulent boundary. For purpose of reducing computational
burden, the computational domain has a constant width of 10 mm. For illustrative
purpose of effect of wall boundary condition on flame flashback mechanism, a no-
slip, no-penetration adiabatic condition or symmetry boundary condition which does
not impose boundary layer is set at upper wall, a periodic condition is used on
both sides and a no-slip, no-penetration adiabatic condition is imposed at all lower
walls. The fuel is injected sonically from two 1-mm-diameter injectors located 110

Fig. 5.42 Schematic diagram of the computation domain and boundary conditions [33]



5.2 Flame Flashback Phenomenon in a Flight Mach 5.5 Condition 281

and 130 mm upstream of the cavity leading edge. A turbulent boundary-layer with
δinf = 3 mm is adopted for the present study. This thickness is estimated based on
an advanced two-dimensional RANS simulation.

The entire domain is divided into 44 blocks for parallel computing, consisting of
40 blocks in the main flow and 4 blocks in the cavity.

Turbulence models
The governing equations have beenwell described in the previous literatures [34] and
omitted here for brevity. A hybrid LES/RANS method [35] is adopted. This method
combines the Spalart-Allmaras (S-A) RANS model [36] which is used for near-
wall regions and the Yoshizawa sub-grid scale model [37] which is used for regions
away from the wall. While the interaction between the turbulence and chemistry is
neglected in the RANS region. The basic assumption in the present hybrid method is
that theRANS region is considerably thin (~0.1δinf,where δinf is the inflow thickness).
Therefore, only a significantly small portion of the combustion may occur in the
RANS region. Neglecting the interaction between the turbulence and chemistry in
this region is believed to negligibly influence the results. An assumed sub-grid PDF
(Probability Density Function) closure model [38] is used for turbulence-chemistry
interaction.

A recycling/rescalingmethod is used to treat the turbulent inflow condition, which
is considered to be a promising way to prescribe time-dependent turbulent inflow
conditions for LES or hybrid RANS/LES of spatially developing turbulent flows
[39–42]. In the present study, a method similar to that of Xiao et al. [41] is used.

5.2.2.2 Effects of Chemical Kinetic Mechanism

To reduce computation costs and identify the most important chemical paths, the
reduced chemical kinetic mechanism of seven species and three steps for ethylene/air
combustion [43] (denotes as OriginalMechanism) is used and outlined in Table 5.12.
Note that accurate prediction of the reaction process and flame temperature is not
expected. Nonetheless, at the very least, reasonable macro-effects of heat release on
combustion should be obtained.

Figure 5.43 presents the ignition delay time of ethylene/air mixtures obtained
using CHEMKIN 4.1 with the reduced chemical kinetic mechanism [44]. This figure

Table 5.12 Reduced
chemical kinetic mechanism
of seven species and three
steps for ethylene/air
combustion

Reaction A (cm3/mol s) b Ta (K)

C2H4 + O2 ⇔
2CO + 2H2

2.100E+14 0.0 18015.3

2CO + O2 ⇔ 2CO2 3.450E+11 2.0 10134.9

2H2 + O2 ⇔ 2H2O 3.000E+20 −1.0 0.00
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Fig. 5.43 Comparison of
experimental ignition delay
data with calculated data
using different reaction
mechanism and calculated
ignition delays with the
C2H4/O2/Ar mixture at ϕ =
1, Ar = 96% , P ≈ 3 atm

compares the calculated ignition delays of the C2H4/O2/Armixture with experimen-
tal data reported by Kalitan et al. [45], Baker et al. [46], and Konnov [47], validat-
ing the reduced chemical kinetic mechanism. The maximum of pressure gradient
is used as the ignition criterion in accordance with the experimental counterpoint.
Within a range of 1100–1900 K, the ignition delay time is overestimated or underes-
timated using the original and the first modified ethylene/air chemical kinetic mech-
anism (denotes as M1 Mechanism in which the pre-exponential factor is modified
as A∗

1 = 10 × A, where A stands for pre-exponential factor of Original mechanism),
respectively. Hence, a considerable longer or shorter time is required to reach the
reaction temperature. In particular, when the temperature decreases, the ignition
delay time shows a big difference from the experimental value. The ignition delay
time for the second modified ethylene/air chemical kinetic mechanism (denotes as
M2 Mechanism in which the pre-exponential factor is modified as A∗

2 = 2 × A)
remains different from the experimental value; nonetheless, the difference is signif-
icantly reduced. Thus, the M2 ethylene/air chemical kinetic mechanism is adopted
in the following sections.

5.2.2.3 Effects of Boundary-Layer Conditions

In this section, the boundary-layer effect on flame flashback will be investigated. The
boundary, disturbance and flame flashback status are listed in Table 5.13.

Based on the above analysis, it is apparent that the cavity is a key component for
promotion of stable combustion. In addition, different boundary conditions affect
the flame flashback phenomenon in the combustor with the cavity flameholder. As
is apparent from Fig. 5.44, the result of case 1 exhibits a strong flame flashback
phenomenon. Owing to the increasing boundary-layer effects, the large separated
boundary-layer on the upper wall enhances the main flow compression. The flame
mainly develops from the boundary-layer downstream of the cavity. During the flame
flashback process, owing to the interaction of the separated boundary-layer and the
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Table 5.13 Concise descriptions of two cases

Case Up wall Down wall Disturbance
condition

Outcome

No. 1 Turbulent
boundarya

Turbulent
boundarya

No disturbance Flame flashback

No. 2 Symmetric
boundary

Turbulent
boundarya

No disturbance No flame flashback

aTurbulent boundary-layer with 3-mm thickness

Fig. 5.44 Instantaneous temperature distribution for case 1 (The non-dimensional time interval
between two images is �t = 60 × D/U∞; unit K) [33]

flame, the combustion intensity downstream of the cavity increases. By accumulating
the energy from the exothermal reactions, the flame is gradually enhanced, further
occupying the flow channel. When the energy exceeds a threshold level, the forming
thermal throat triggers flame flashback phenomenon. When the downstream flame
spreads to the cavity, the flame in the cavity interacts with the downstream flame
and further accelerates itself, until it reaches the injection area. In contrast, there is
no boundary-layer in upper wall because of the symmetric boundary condition as
presented in Fig. 5.45. Hence, the compression of main flow is too weak to form a
thermal choking. A stable combustion, therefore, is maintained downstream of the
cavity.

Fig. 5.45 Instantaneous temperature distribution for case 2 (�t = 60 × D/U∞; unit K) [33]
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Although it is known that the boundary condition of case 1 causes the flame
flashback phenomenon, the detailed mechanism underlying the flame flashback phe-
nomenon remains unclear, since both temperature and pressure in the flow field differ
from those in case 2. In this section, we will clarify what the sensitive parameter is.
Where the sensitive region is. Figure 5.46 shows the distributions of average pressure
and temperature at different y-z slices along X-axis, it is apparent that the difference
of temperature is more obvious than pressure. Figure 5.47 shows the dimensionless
temperature distribution along the model combustor lower wall, which also confirms
the notable temperature difference downstream of the cavity. Therefore, it can be

Fig. 5.46 Distributions of
average dimensionless
parameter along the
downside wall [33]

Fig. 5.47 Distributions of
dimensionless temperature
along downside wall [33]
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concluded that the flame flashback phenomenon is sensitive to temperature fluctu-
ation rather than pressure fluctuation, and the boundary-layer downstream of the
cavity is the area sensitive to the flame flashback phenomenon.

5.2.2.4 Effects of Thermal Disturbances

Based on the above analysis, it is apparent that temperature is the sensitive parame-
ter and the downstream region of the cavity is the sensitive area for flame flashback
phenomenon. In this section, an additional thermal disturbance is loaded at down-
stream of the cavity to simulate the fluctuation of the local parameters. In addition,
the fluctuation locations in the sensitive area should also be investigated. The bound-
ary, disturbance and diffusion conditions, and flame flashback status are listed in
Table 5.14.

Figures 5.48 and 5.49 show the instantaneous temperature distribution results for
different cases. For case 3, the 30-mm-long thermal disturbance (T = 2500 K) is
located at 72 mm downstream of the cavity, which is 12 mm upstream of the outflow
boundary. For case 4, the 15-mm-long thermal disturbance (T = 2500K) is located at
36 mm downstream of the cavity, which is 72 mm upstream of the outflow boundary.
Although the thermal disturbance energy in case 3 is larger than case 4, the residence
time of the disturbance is too short to induce the flame flashback phenomenon. This
is because the thermal disturbance is close to the outflow boundary and easily blown
out of the flow channel. In contrast, once the accumulated energy exceeds a cer-
tain threshold as the residence time of the disturbance increases, the small thermal

Table 5.14 Concise descriptions of three cases

Case Up wall Down wall Disturbance and
diffusion condition

Outcome

No. 3 Symmetric
boundary

Turbulent
boundarya

Disturbance
(30 mm long)
located at 72 mm
downstream of
cavity

No flame flashback

No. 4 Disturbance
(15 mm long)
located at 36 mm
downstream of
cavity

Flame flashback

No. 5 Increasing
diffusion
coefficient
downstream of
cavity

Flame flashback

aTurbulent boundary-layer with 3-mm thickness
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Fig. 5.48 Instantaneous temperature distribution for case 3; Disturbance (30 mm long) located at
72 mm downstream of cavity (�t = 50 × D/U∞; unit K) [33]

Fig. 5.49 Instantaneous temperature distribution for case 4; Disturbance (15 mm long) located at
36 mm downstream of cavity (�t = 50 × D/U∞; unit: K) [33]

disturbance in case 4 is amplified and spreads throughout the entire fluid flow, induc-
ing the flame flashback phenomenon under the same incoming flow and boundary
conditions. It can be demonstrated that the thermal disturbance in the sensitive area
induces fluctuation of the local parameters, further enhancing the combustion. This
also indicates that, with increasing residence time of the thermal disturbance, the
combustion fluctuation downstream of the cavity is enhanced. Compared with the
temperature distribution in case 1, although a thermal disturbance is loaded, the speed
of flame flashback in case 4 is slower than case 1. As a result, when the flame front
reaches the injectors location, the flame front in case 4 remains a certain distance
from the injectors location.

Adjusting the diffusion coefficient of the species in the sensitive area to improve
the local mixing degree is another approach to induce flame flashback. Figure 5.50
shows the temperature distribution results for case 5. The diffusion coefficient is
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Fig. 5.50 Instantaneous temperature distribution for case 5; Increasing diffusion coefficient
downstream of cavity (�t = 50 × D/U∞; unit: K) [33]

magnified to seven times bigger than original at downstream of the cavity. At the
fuel and air interface, the amplified diffusion coefficient improves the mixing speed.
This enhanced mixing efficiency promotes the combustion intensity. In contrast to
the intense flame flashback, twice as much time is required for energy accumulation
as in case 4, owing to the simply amplifying diffusion coefficient downstream of the
cavity.

5.2.2.5 The Detailed Investigation of Representative Case

In the following section, detailed analyses are conducted with different methods to
investigate the combustion characteristics of case 4. Figure 5.51 shows the instanta-
neous heat release distribution with a sonic line. Initially, the heat releases are located
in the jet-with-cavity shear layer and boundary-layer downstream of the cavity, con-
centrating on the sonic line. During the flame flashback process, as the thickness
of separated boundary-layer increasing, the heat release rate gradually increases.
The heat release mainly distributes on the flame front and propagates forward from
downstream of the cavity to injectors. As we can see, part of strong heat release
distributes outside of the sonic line, owing to the strong interaction of turbulence and
vortex. This strong heat release forms a thermal throat when the flame spreads to the
cavity position and further accelerates itself, inducing flame flashback by means of
interaction with a large separated boundary-layer. Under this process, the interaction
between flame and separated boundary-layer gradually intensifies the combustion
intensity.

Firstly, Fig. 5.52 shows the speed distribution and the coloured streamline with
pressures. Figure 5.53 gives the instantaneous pressure distribution. Compared with
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Fig. 5.51 Instantaneous heat release distribution with sonic line for case 4 (�t = 50 × D/U∞)
[33]

Fig. 5.52 Instantaneous speed distribution and streamline coloured with pressure for case 4 (�t =
50 × D/U∞; unit: m/s) [33]

Fig. 5.53 Instantaneous pressure distribution for case 4 (�t = 50 × D/U∞; unit: KPa) [33]
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Fig. 5.49, it can be found that the most of flame is located in the low speed region.
During the flame flashback process, the shock wave confines a high-pressure, high-
temperature, low-speed region. All these effects lead to higher combustion intensity
downstreamof the cavity. The back pressure generated from the heat release promotes
the boundary-layer to separate. Conversely, the back pressure accompanying the
separated boundary-layer gradually occupies the main flow and the forms thermal
throat to trigger flame flashback.

As shown in Fig. 5.54, the high pressure appears at downstream of the cavity.
Owing to the enhancement of combustion intensity, the pressure peaks which are
located at the flame front at the upper and lower wall increase. During the flame
flashback process, themagnitude of pressure peaks in upper and lowerwallsmayhave
the same order of the fuel injection. It is indicated that, since the thermal disturbance
enhances the heat release downstream of the cavity, the higher pressure causes the
bulk flow to be compressed. It is apparent in Fig. 5.55 that the main distribution
of the heat release concentrates on the flame front. The interaction between flame

Fig. 5.54 Non-dimensional pressure distributions in three vertical positions for case 4 (�t =
50 × D/U∞) [33]
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Fig. 5.55 Isolation surfaces of heat release rate, coloured with temperature and density gradients
in the centre section for case 4 (�t = 50 × D/U∞) [33]
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and separated boundary-layer forms a thermal throat when the flame spreads to the
cavity position and further to accelerate the flame front, inducing flame flashback
phenomenon.

Figures 5.56 and 5.57 illustrate the X-axial slices for the instantaneous tempera-
ture contours and the isolation surface of the λ2 = −0.1 vortex structure. Initially,
the flames are distributed in the jet-with-cavity shear layer and downstream of the
cavity, where the subsonic region is located. During the flame flashback process,
the flames gradually close even over to the sonic line. It is obvious that a thermal
throat accompanied with intense combustion accelerates the flame front to propagate
forward. It is apparent from Fig. 5.57 that the hairpin-like vortices near the injectors
tense and fracture when they spread to downstream of the cavity, where the subsonic

Fig. 5.56 Oblique views of
axial slices for instantaneous
temperature contours for
case 4 (blue line:
stochiometric equivalent
ratio; black line: sonic line;
pink line: stagnation line for
flow speed
�t = 50 × D/U∞) [33]
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Fig. 5.57 Isolation surface
of λ2 = −0.1 vortex
structure coloured with
temperature for case 4
(�t = 50 × D/U∞) [33]

combustion zone is located. The flame flashback phenomenon is a development pro-
cess of the energy accumulation. During the reaction procedure, the vortices coloured
with high temperaturesmove forward against the flow. The separation zone gradually
increases.

As suggested by Bilger [48], we define a mixture fraction to further evaluate the
flame index factor, which is derived from C, H, and O elements are as follows

Z = 2
(
YC − YC,2

)
/MC + (

YH − YH ,2
)
/MH − (

YO − YO,2
)
/MO

2
(
YC,1 − YC,2

)
/MC + (

YH ,1 − YH ,2
)
/MH − (

YO,1 − YO,2
)
/MO

. (5.3)
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where Yj andMj are the elemental mass fractions and atomic masses for the elements
carbon, hydrogen and oxygen and the subscripts 1 and 2 refer to values in the fuel
and air streams, respectively.

The flame index factor can be defined by combining the mixture fraction and
component gradient:

I = Z − Zst
|Z − Zst |

1

2

(

1 + ∇YC2H4 · ∇YO2∣
∣∇YC2H4 · ∇YO2

∣
∣

)

, (5.4)

where Zst represents the mixture fraction at the stoichiometric equivalent ratio. From
the flame index factor defined by Eq. (5.3), it is apparent that the combustion pat-
tern can be divided into three categories in the combustion process. For fuel-rich
premixed combustion, Z − Zst > 0, Irich = 1. For fuel-lean premixed combustion,
Z − Zst < 0, Ilean = −1. For diffusion combustion, Idiffusion = 0.

The change in the combustion mode in case 4 can be studied using the flame
index factor. Figure 5.58 shows the development of the initial flame kernel inside the
cavity. The red, yellow and brown areas denote the fuel-rich premixed, the diffusion

Fig. 5.58 Development of combustion modes for case 4 (�t = 50 × D/U∞) [33]
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the fuel-lean premixed combustion zones, respectively. The black line denotes the
stoichiometric line. Initially, most areas in the cavity and the jet-with-cavity shear
layer are located in the fuel-rich premixed combustion zone.Theflamedownstreamof
the cavity mainly exhibits the forms of a fuel-rich premixed environment. The flame
front spreads near the wall and the flame exhibits a fuel-rich premixed combustion
mode. However, the flame located in the shear layer close to the main flow, rapidly
changes into the diffusion combustion mode. The flame located in the fuel-rich
premixed environment continues to react with the inflowing air, thus the diffusion
combustion zone is formed. Additionally, the diffusion combustion zone unceasingly
expands, where the vortex structure changes drastically. The entrainment effect can
change the fuel or air gradient, which affects the distribution of the lean premixed
combustion near the diffusion combustion area.

To quantitatively investigate the experimental and numerical calculation of the
flame flashback speeds, a combustion iso-luminosity contour is used to characterise
the combustion zone outlines for each flame image. The instantaneous speed of the
flame front relative to the wall of the combustion chamber can be calculated using the
change of the flame front position and the corresponding time interval. Figure 5.59
shows the combustion distribution at three different times.

Pressure distribution in the X-axial direction is obtained using pressure transduc-
ers installed along the centreline of the combustor lower walls. The measured aver-
aged pressure distribution when flame front propagates to the injectors is presented
in Fig. 5.60. Compared with the experimental results, the numerical curve of instan-

Fig. 5.59 Flame images at three different times with a consistent time step (�t = 15 × D/U∞)
[33]
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Fig. 5.60 Experimental and
numerical dimensionless
wall pressure on lower wall
[33]

taneous pressure which is smoothed by Tecplot shows relatively good agreements,
indicating the reliability of numerical method. The curves succeed to accurately pre-
dict the wall pressure upstream of the injectors. The heat-release causes a sharp rise
of pressure upstream of the primary injectors. The pressure reaches a plateau in the
cavity and rises again due to compression on the ramp wall of the cavity. Because of
accumulated energy from the intense heat release, the pressure peak of flame front is
slightly higher. These differences further demonstrate that the pressure fluctuations
are strongly correlated with the flame flashback.

A series of schematic images are provided in Fig. 5.61 that show the flame flash-
back process based on the previous analysis in this paper. In typical cavity shear-layer
stabilized combustion mode, the flame is anchored in the cavity shear layer, and the
main combustion zone is also confined within the shear layer. The strong interactions
between flame and boundary-layer greatly enhance the reaction. Then, the combus-
tion fiercely heats the boundary layer downstream of the cavity, which leads to the
present of the separated recirculation zone and compresses the bulk flow. In turn, the
formed thermal throat induces the flame flashback phenomenon.

5.2.3 Theoretical Analyses

5.2.3.1 Mechanism of Flame Flashback

A simplified combustion opening system model is constructed (Fig. 5.62) based on
the following assumptions:

1. The control volume is a tube, open at both ends, and the outer wall of the fluid
container is adiabatic. V is the volume and L is the length.
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Fig. 5.61 Schematics of flame flashback from the cavity to the injectors for case 4 [33]

Fig. 5.62 Control volume for theoretical analysis

2. The initial temperature is T 0, the initial molarity of the premixed gases is C0,
and the mass flow rate is q (kg/s).

3. The temperature of the control volume rises toT, and themolarity of the premixed
gases drops to C after the time period of δt . The temperature of the control
volumes T and the molarity of the premixed gases C are equal throughout the
control volume.

4. There is an n-order reaction model in the control volume.

The energy balance equation is expressed as:

ρVcp
dT

dt
= (�H )VCnk0 exp

(

− E

RT

)

− qcp(T − T0) (5.5)

where�H denotes the reaction heat. k0 and E denote the rate constant and activation
energy in Arrhenius equation. The mass balance equation is given as:
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dC

dt
= Cnk0 exp

(

− E

RT

)

− q

Vρ
(C0 − C) (5.6)

The heat released by the premixed gases in the control volume are used to heat
the gases and are released from the system. The product generation is equal to the
consumption of the premixed gases. So, the Eqs. (5.4) and (5.5) can be written by:

(�H )VCnk0 exp

(

− E

RT

)

= qcp(T − T0) (5.7)

Cnk0 exp

(

− E

RT

)

= q

Vρ
(C0 − C) (5.8)

Define the dimensionless number: dimensionless heat release rate ε1 =
(C0 − C)/C0 refers to the portion of the chemical energy in the premixed com-
bustible gas that has been converted to heat divide the chemical energy that the
entire premixed gas has in a unit volume; dimensionless heat dissipation rate
ε2 = (

ρcp(T − T0)
)
/qC0 refers to the portion of heat carried out of the product by the

product (the portion of the reaction heat used to heat up the product) divide the chemi-
cal energy of the entire premixed gas in a unit volume; The dimensionless action time
(τd = τ1/τ2 = (

ρVk0Cn−1
)
/q). Where τ1 = L/v = (ρV )/q is premixed gas resi-

dence time in the control volume, and τ2 = 1/
(
k0Cn−1

)
is the time which is required

for completely chemical reaction of premixed gas; The dimensionless temperature
θ = (RT )/E; and dimensionless total heat release value ψ = (�HRC0)/

(
ρcpE

)
.

The five dimensionless parameters are inserted into Eqs. (5.6) and (5.7), and the
equations are then rearranged to yield

ε1 = 1

1 + exp( 1
θ )

τd

(5.9)

ε2 = 1

ψ
(θ − θ0) (5.10)

For the purposes of discussion, typical values are obtained using the weighted
average method: C0 = 0.005, �H = 10000, E = 80000, ρ = 0.7, cp = 2.0,
T0 = 1150, and τd = 1.2. τ2 is calculated using a software package (CHEMKIN
[44]).

Figure 5.63 shows that the straight line representing ε2 cuts the curve representing
ε1 at two points. The lower point is the stable point of combustion, while the upper
point is the threshold value for flame flashback. The combined effects of dimen-
sionless heat release and heat dissipation affect the system stability and forms the
thermal fluctuation. When the temperature fluctuates over the upper point, the heat
release continuously exceeds the heat dissipation and the system temperature cannot
self-stabilise. After this stage, the combustion increases widely and the flame in the
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Fig. 5.63 Dimensionless
heat release rate ε1 and heat
dissipation rate ε2 as
functions of dimensionless
temperature θ [33]

separated boundary-layer spreads into the mainstream, forming a thermal throat and
further trigger flame flashback.

Figures 5.64, 5.65, and 5.66 show ε as a function of θ under different conditions.
For brief discussion, the x-axis is converted to temperature in following figures.
Figure 5.64 shows the effect of the dimensionless initial temperature on dimen-
sionless heat dissipation rate. When the initial dimensionless temperature increases
from θ01 to θ02, the dimensionless heat dissipation rate ε2 decreases, leading to the
temperature fluctuation threshold decrease. For case 1, due to additional turbulent
boundary-layer, the increased compression effect enhances the initial temperature.
Hence, the flame flashback phenomenon can be easily triggered under the reduced

Fig. 5.64 The effect of
dimensionless initial
temperature on
dimensionless heat
dissipation rate [33]
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Fig. 5.65 The effect of
dimensionless action time on
dimensionless heat release
rate [33]

Fig. 5.66 The effect of
dimensionless total heat
release value on
dimensionless heat
dissipation rate [33]

temperature fluctuation threshold condition. For case 4, additional thermal distur-
bance downstream of the cavity increases the temperature fluctuation range. Hence,
the fluctuating temperature can easily exceed the upper unstable point, inducing the
flame flashback phenomenon.

Figure 5.65 shows the effect of the dimensionless action time on dimensionless
heat release rate. The added thermal disturbance in cases 3 and 4 interacting with
flame downstream of cavity can prompt boundary layer separation and compressing
the bulk flow. This compression effect increases the dimensionless action time of
flame which acts on the dimensionless residence time of fuel τd . Increasing the
dimensionless action time enhances the heat release rate and reduces the temperature
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fluctuation threshold. Although the energy of the thermal disturbance in case 3 is
larger than case 4, the patched high temperature close to outflow is rapidly blown
out of the flow channel. The residence time of the disturbance is too short to trigger
flame flashback phenomenon.

Figure 5.66 shows the effect of the dimensionless heat value on dimensionless
heat dissipation rate. Generally, the improvement of local fuel mixing can change
dimensionless total heat release value. For case 5, the amplified diffusion coefficient
improves the mixing efficiency at the boundary-layer surface between fuel and air,
further decrease temperature threshold value. In addition, the appropriate local equiv-
alence ratio can enhance combustion greatly, increasing the temperature fluctuation
range.

5.2.3.2 One Dimensional Analysis in the Competition of Auto-ignition
and Flame Propagation

To identify the auto-ignition issue under such high total temperature, the one-
dimensional analysis method is introduced in this section. Figure 5.67 shows the
streamwise distributions of pressure, temperature and velocity from different longi-
tudinal positions at a certain time instant. The heat release within the flame region
can substantially increase the temperature and pressure, compressing the incoming
flow and generating shock waves. As the compressing effects spread upstream, tem-
perature and pressure are raised, and velocity is decreased. Near the lower wall, the
pressure and temperature rise after the injection (x = 215 mm, x = 235 mm) due
to bow shock wave. The abrupt changes are caused by the oblique shock wave. For
velocity, the low speed separation and back flow regions appear near lower wall. The
velocity in main flow is closer to inflow speed.

As shown in Fig. 5.68, auto-ignition delay times under different temperature
and pressure is estimated by CHEMKIN [44] using the seven species and three
steps M2 ethylene/air chemical kinetic mechanism. The auto-ignition delay time
rapidly decreases from ~10−2 s at 1000 K to ~10−5 s at 1800 K, indicating that
the auto-ignition behaviour is sensitive to the change of temperature in the range of
1000–1800 K.

To estimate the ignition (flame front) position, as Knop et al. [49] and Colin
et al. [50] did, tabulation of auto-ignition delay times based on local pressure and
temperature is presented. By defining the rate of auto-ignition progress ϕ, the auto-
ignition delay distance is provided with the local pressure, temperature and velocity
data. The auto-ignition delay position xa is

xa =
1∫

0

τa(x) · υ(x)dϕ (5.11)
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Fig. 5.67 Streamwise distribution of flow parameters at a certain time instant [33]

Fig. 5.68 Auto-ignition
delay time [33]
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Fig. 5.69 relative distance
between auto-ignition
position and flame front
position at different
instantaneous [33]

τa(x) is the local ignition delay time calculated by tabulation of pressure and
temperature at point x. υ(x) is the local velocity. The auto-ignition is accomplished
and a flame appears when ϕ = 1. The integral started at x = 200 mm position, as
auto-ignition occurs when the fuel and hot air are mixed. The relative distance (xr)
between auto-ignition position and flame front position xf is defined

xr = xa − xf (5.12)

As shown in Fig. 5.69, the estimated relative distances are positive, indicating that
the auto-ignition position is located in downstream region of flame front. It can be
demonstrated that there are no auto-ignition issues for ethylene under this condition.

5.3 Summary

Flame flashback phenomenon inside an ethylene-fueled scramjet combustor is exper-
imentally investigated in Mach 2.1 facility which simulates Mach 4 flight condition.
Experimental and numerical investigations of flame flashback phenomenon have
been carried out inside an ethylene-fueled scramjet combustor with a cavity flame-
holder under the condition of flight Mach 5.5. Some results exhibit quasi-periodic
combustion oscillation in the combustion chamber.

1. The experimental results exhibit some factors can separate the boundary layer.
The interaction between combustion and separated boundary layer forms a ther-
mal throat which induces thermal chocking, thus induce the flame flashback
phenomenon.
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2. The flashback develops explosively from the cavity pilot flame at regular inter-
vals. Analysis of the experimental data suggests that the flame flashback is related
to flame acceleration similar to deflagration-to-detonation transition.

3. Factors like higher fuel equivalence ratio, sharper injection angle, longer premix-
ing distance, multi-jets, the higher cavity length-to-depth ratio, sharper cavity aft
ramp angle, the closer air throttling can induce flame flashback phenomenon. The
flame front distributions, flame propagation speeds and quasi-periodic oscilla-
tion frequencies obtained by the iso-luminosity contourmethod shows significant
differences in different cases.

4. The centralized injection scheme will result in combustion oscillation in scram-
jet combustor whose period and intensity will increase as the premixing dis-
tance becomes longer. It has been confirmed that distributed injection scheme is
an effective method to avoid the combustion oscillation in scramjet combustor,
which can induce two parts interacting stable flame.

5. In addition, a simplified combustion opening sys-temmodel has been established
to analyse combustion oscillationmechanisms, which theoretically demonstrates
that above factors can destroy the balance of heat release and dissipation, causing
the system cannot self-stabilise once certain temperature fluctuation thresholds in
sensitive areas are exceeded. At the same time, the auto-ignition model excludes
the possibility of flame flashback generated by auto-ignition effect.
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Chapter 6
Flame Behaviors Near Blowoff
in Supersonic Flows

Blowoff limits, including rich blowoff limit (RBO) and lean blowoff limit (LBO),
are the boundaries between stable combustion and flame blowoff. The blowoff limits
usually depend on the conditions of inflow, fuel types, fuel injection patterns, and the
configuration of the cavity. In the flame extinction stage, the dynamic behaviors near
blowoff are very important to understand the blowoff mechanisms [1]. However, the
detailed studies in the supersonic flow are rare in the existing literature.

A comprehensive understanding of flame behaviors near blowoff in scramjet is
of great significance for designing the cavity configuration and injection schemes
in academic and engineering fields. In this chapter, the blowoff limits of supersonic
combustion are analyzed and modeled, the characteristics near flame blowoff as well
as the flame blowoff and reignition are analyzed using numerical simulation and
experiments.

6.1 Blowoff Limits of Supersonic Combustion

In order to understand the unsteady flame behaviors near blowoff, the physics mech-
anisms of the blowoff limits were analyzed theoretically in this section. Based on the
shear-layer combustion stabilization mode and three-dimensional flowfield struc-
ture in the cavity, we analyzed the penetration and mixing model of transverse
jet and the entrainment process and the mass exchange between the jet and shear-
layer/recirculation zone. Then the Damkohler number and the effective equivalence
ratio are redefined for modeling the criteria for blowoff limits.

6.1.1 Physical Interpretation of Blowoff Limits

Hydrogen is injected upstream of the cavity when approaching to blowoff limits. The
OH* spontaneous emission photographing and the structure of the reaction zone in
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(a) OH* spontaneous emission photographing (b) Schematic of the the structure of the reaction zone

Fig. 6.1 Combustion flow field structure of the cavity shear-layer combustion stabilization mode
[2]

Fig. 6.2 Schematic of the distribution of the components and the combustion process in the cavity
at the rich blowoff limit [3]

the cavity shear-layer combustion stabilized mode are shown in Fig. 6.1. There is
almost no combustion in the cavity recirculation zone, and the heat release is weak.
The recirculation zone is mainly filled with high-temperature products.

According to the observation inFig. 6.1, it is assumed that the combustion structure
can be described as that shown in Fig. 6.2.

This model considers the three-dimensional effect of the flame distribution at the
rich blowoff limit, as shown in Fig. 6.2. The cavity consists of the high-temperature
products and surplus fuel. The flame base is located in the shear layer below the main
stream near the trailing edge of the cavity, with the mixing fraction is approaching
to the stoichiometric contour f s.

Near the rich blowoff limit, the flame lift distanceh (the distance from the upstream
injector to the flamebase) increases as themass flow rate of the injected fuel increases,
so that the flame base moves downstream to the vicinity of the trailing edge of the
cavity, thereby achieving rich blowoff limit. There are:

h = LRZ + s (6.1)

where LRZ is the length of the recirculation zone, which can be considered as the
length of the bottom wall of the cavity (L) in the model; s is the distance from the
leading edge of the cavity to the injector; dl is the distance from the flame base to
the leading edge of the cavity, there is dl = LRZ for the rich limit.
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Fig. 6.3 Schematic of the distribution of the components and the combustion process in the cavity
at the lean blowoff limit [3]

For the lean blowoff limit, the combustion flow field is shown in Fig. 6.3. There
are products and surplus air in the cavity, and the flame base exists in the shear layer
below the jet.

Driscoll defined the flammable zone length, the definition is:

L f = β1
mF

ρ jUAδL
(6.2)

where β l is the empirical constant,mF is the fuel mass flow rate, ρ j is the fuel density
at the injector, δL is half of the thickness of the shear layer at the position Lf away
from the injector.

When the fuelmassflow rate decreases near the lean blowoff limit, the combustible
zone retracts upstream. When the length of the combustible zone Lf is closer to the
upstream injector than the position where the flame base may be stable, the lean
blowoff limit is reached, at this time:

L f = h (6.3)

6.1.2 Modeling of Blowoff Limits

In order to measure the degree of lean/rich combustion, it is necessary to define an
effective equivalence ratioΦ0, which mainly indicates the characteristic equivalence
ratio near the flame base:

φ0 = (
m∗

F

/
m∗

A

)
r−1
s (6.4)

In the formula, m∗
F is the effective fuel mass flow rate and m∗

A is the effective air
mass flow rate. rs is the stoichiometric fuel-air mass ratio.

In this section, the Damkohler number is defined by the following formula:
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Da = LRZ
/
UA

τ f
(6.5)

In the formula, UA is the upstream inflow velocity and τ f is the flame time scale.
The flame time scale of fuel-rich state:

τ f = α0

S20
C−2

T,r

( p

1 atm

)−0.6
(
1 − fs

fRZ

)
LRZ

LRZ + s
αφ−1

0 β2 (6.6)

CT,r =
(
YP,RZ

TAD − T0F
300K

+ T0F − T0A
300K

)
fs
fRZ

+ T0A
300K

(6.7)

The flame time scale of fuel-lean state:

τ f = α0

S20
C−2

T,l

( p

1 atm

)−0.6 fs
fup

L RZη

dl
αφ0β3 (6.8)

CT,l =
(
YP,RZ

TAD − T0A
300K

+ TAD − T0,up
300K

)(
1 − fs

fup

)
+ T0,up

300K
(6.9)

In Eqs. (6.6–6.9), S0 is the laminar combustion rate and α0 is thermal diffusivity of
the fuel under the pressure of 1 atm and the temperature of 300K. TAD is the adiabatic
combustion temperature. T 0A is the total temperature of the inflow and TOF is the
total temperature of the fuel. T 0,up and f up are the total temperature and the mixing
fraction of the upper edge of the shear layer at the flame base at the lean blowoff
limit, respectively. f up can be calculated through the conversion relation between the
mixing fraction and the mole fraction fc = Ccrm

c j+(rm−1)Cc
, Cc and Cj are the molar

fraction of the fuel at the center trace and the injector, respectively. For the pure fuel
injector, Cj = 1. rm is the fuel-air molar mass ratio. YP,RZ is the mass fraction of
combustion products in the cavity recirculation zone. p is the static pressure of the
inflow above the cavity. α = (1 + Ma2(γ+1)/2)−1; η = γ + 1−γ

b (yc − δl − δel),
and it is a velocity attenuation factor, where δl is half of the thickness of the shear
layer at the flame base and δel is the offset of the shear layer at the flame base
at the lean blowoff limit. yc is the height of the jet center trace at that position,
γ = 1 − c5(r j/rA)0.5(L f /d)−1. dl is the distance between the flame base and the
cavity leading edge. s is the distance between the cavity leading edge and the fuel
injector; β0 and β3 are empirical constants.

The boundaries of rich and lean blowoff limits are given as follows,
Rich blowoff limit:

Da = LRZ
/
UA

τ f
= φ0 (6.10)
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Lean blowoff limit:

Da = LRZ
/
UA

τ f
= φ−1

0 (6.11)

In conclusion, this model can characterize the unsteady flame behaviors near
blowoff limits in scramjet.

6.2 Mixing and Combustion Characteristics Near Blowoff

It can be concluded that the flame stabilization behaviors are very sensitive to the
parameters near blowoff from Sect. 6.1. In this section, we interpreted the blowoff
limits and studied the mixing and combustion characteristics with different injection
schemes in low equivalence ratio conditions experimentally and numerically.Mixing
efficiencies, combustion efficiencies and the oscillations of the flame base are also
analyzed.

The experimental facility is composed of an air heater, a model scramjet engine,
a fuel supply system and a measure control system. A Ma = 2.52 nozzle is installed
behind the air heater which heats air from room temperature to 1600 K and increases
the stagnation pressure of vitiated air up to 1.65 MPa through air/O2/alcohol com-
bustion to simulate flight Ma = 6 conditions. The total mass flow rate of vitiated air
is about 1.0 kg/s. 99.5–99.8% pure C2H4 [4] with room temperature is used in all the
experiments. The run time is 6–7 s for the air heater and 1.8–2 s for the fuel injection.
The non-cooling supersonic combustor walls are directly exposed to the atmosphere.
Detailed flow conditions at the nozzle and fuel jet exits are listed in Table 6.1.

The schematic of the test section is shown in Fig. 6.4. The entrance section of

Table 6.1 Inflow and fuel jet conditions of all the test cases [5]

Parameter T0 (K) P0
(MPa)

Ma YO2

(%)
YH2O
(%)

YCO2

(%)
YN2

(%)
YC2H4

(%)

Air 1600 1.65 2.52 23.0 7.1 11.6 58.3 0

Fuel jet 300 0.8/1.8 1 0 0 0 0 100

315mm 512mm 270mm

Cavity
3.1º 3º

Isolator Combustor Expansion section

40mm

Injector with 1 nozzle Injector with 4 nozzles

Quartz window Quartz window

Fig. 6.4 Schematic of the test section and local diagram of the cavity and injectors [6]
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270315 512
Isolator Combustor Expansion section

Cavity 3.1º 

40
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Fig. 6.5 Schematic diagram of the test section [6]

the combustor is a rectangle with a width of 50 mm and a height of 40 mm. Quartz
glass windows can be mounted on both sides and top of the combustor to allow
optical access. An integrated fuel-injection/flame-holding cavity can be installed on
the lower wall of the combustor. The installation scheme is shown in Fig. 6.5. The
divergence angle of the combustor lower wall is 3.1°, which starts behind the trailing
edge of the cavity. Fuel injection schemes and cavity specific parameters are given in
Fig. 6.6. The diameter of pressure tap is 0.5 mm. Two kinds of injection schemes are
considered: single-orifice injection and multiple-orifice injection. The diameter for
multiple orifices is 1 mm, as shown in Fig. 6.6a, and the diameter for single orifice
is 2 mm, as shown in Fig. 6.6b, which can make sure that the global equivalent ratio
is the same when the injection pressure is equal. In the experiments, the injection
pressure varies from stable combustion states to blowoff states, different injection
schemes and distances are considered and C2H4 with room temperature is used.

The flame propagation and blowoff process are visualized by high-speed photog-
raphy. In order to capture the dynamic process of the lean flame blowoff, the camera
is set at 20000 fps with a shutter time of 1/20416 s and an aperture of 1.4. Besides,
static pressure taps with a sampling frequency of 100 Hz are installed along the lower
wall of the combustor, as shown in Fig. 6.6, to obtain the wall-pressure distribution.
The pressure transducers have uncertainties of ±0.5% in this section [7].
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Fig. 6.6 Schematic diagram of cavity and injection configurations [6]

The three-dimensional Reynolds-averaged Navier-Stokes (RANS) equations [8]
and the SST k-ω turbulence model [9] are used with density-based (coupled) double
precision solver of Fluent for numerical simulation.

A schematic of the computational domainwith a cavity studied here is presented in
Fig. 6.7. As with the experimental condition, the width of the computational domain

46mm 64mm
16mm

66mm

40mm 43.6mm

16mm 16mm

3.1ºInflow Outflow

36mm

No-slip wall

X

Z

Injector

Fig. 6.7 Schematic of the computational combustor with a cavity [6]
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Table 6.2 Fuel jet arrangements of all the test cases

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Equivalent ratio 0.08 0.08 0.18 0.18 0.06 0.04

Injection pressure (MPa) 0.8 0.8 1.8 1.8 0.6 0.4

Numbers of injection orifices 1 4 1 4 1 4

Diameter of injection orifices (mm) 2 1 2 1 2 1

is 50 mm and the side walls are set to the solid walls. No-slip and adiabatic boundary
conditions are applied at all the solid walls by setting the heat flux to zero. The
pressure inlet condition is used for the inflow conditions of the airstream and the
fuel. All parameters are set according to the experiments except the species mass
fractions of airstream inflow, which are 23% O2 and 77% N2. The pressure outlet
condition is used for the outlet, but it does not have an effect on the flow field of
the combustor for the reason that the flow is supersonic at the outflow. All the test
conditions in this section are listed in Table 6.2.

6.2.1 Interpretation of Blowoff Limits

In this section, the lean blowoff limits are defined as the minimum injection pressure
that can keep continuous combustion. The lean blowoff limits are gained by decreas-
ing the injection pressure at the steps of 0.2 MPa from stable combustion states. The
injection pressure is controlled by a pressure reducing valve and an electronic pres-
sure displayer with minimum display unit of 0.1 MPa. At the lean blowoff boundary
shown in Fig. 6.8 with the solid lines, the flame can always be stabilized by the cavity
as long as the fuel supply is constant. Below the lean blowoff boundary shown in

Fig. 6.8 Lean blowoff limits
for different injection
distances and orifices [6]
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Fig. 6.8 with the dashed line, the flame cannot be ignited or will be blown off even if
the fuel is served continuously. More accurate lean blowoff boundary should in the
area between the dashed line and solid line.

As shown in Fig. 6.8, lean blowoff limits increase with increasing injection dis-
tances and which for the single-orifice cases are found to be higher than that for the
multiple-orifice cases. The jet penetration deep calculation formula [10] shows that
with increasing of injection distance, fuel jet penetration above the cavity becomes
larger, and less fuel enters into the shear layer via the interaction between the jet
and cavity shear layer. So the lean blowoff limits increase with increasing injection
distance. The research ofWang et al. [11] shows that the interaction between the fuel
jet and the cavity can promote the transportation of fuel into the cavity recirculation
zone. When fuel is injected closer to the cavity leading edge, the interaction between
the fuel jet and the cavity is stronger. This may explain why in the single-orifice cases
the lean blowoff limits for the injection distance of 10 mm are much lower.

The experimental studies show that the flame behaviors can be different for differ-
ent injection schemes. The flame is basically steady for themultiple-orifice cases, but
the flame shape changes violently and the combustion is quite unsteady for the single-
orifice cases. There are no obvious changes in the flame behaviors with increasing
injection distance under the present conditions. Only the caseswith injection distance
of 10 mm are displayed to be analyzed.

6.2.2 Mixing Characteristics

To explain the combustion characteristics in a cavity-based supersonic combustor
with different fuel injection schemes, the mixing characteristics should be firstly
analyzed. Figures 6.9 and 6.10 show the vorticity magnitude and fuel distributions
for different injection schemes under an injection pressure of 1.8MPa in non reacting
flowfield. As depicted in the figures, the origin of coordinates (0, 0, 0) are set at point
O, and the spanwise planes are the plane of y = 25 mm in the single-orifice case and
the plane of y = 20 mm in the multiple-orifice case, respectively. The streamlines in
the spanwise planes illustrate that the core of the cavity recirculation is deeper inside
the cavity in the multiple-orifice case. It indicates that the cavity shear layer develops
deeper into the cavity. Besides, it can be seen that more fuel is transported into the
cavity in the multiple-orifice case. Moreover, the spanwise distributions of fuel are
more uniform because four injection orifices are interval distributed spanwisely.
Vorticity gives an indication of the turbulence eddies in the flow field, and it is an
important parameter in evaluating the fuel transport and mixing processes [7]. It
can be seen that the peak value of the vorticity magnitude concentrates in the shear
layer of the cavity and around the fuel jet. The vorticity magnitude decreases along
the streamwise. Either in or close to the cavity, the vorticity is much larger in the
multiple-orifice case than that in the single-orifice case. From the fuel and vorticity
magnitude distributions, it can be expected that multiple-orifice cases have better
mixing effects near the fuel injection orifice and above the cavity.
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Fig. 6.9 Vorticitymagnitude and fuel distributions in the single-orifice case 3. aVorticitymagnitude
contours in spanwise plane; b vorticity magnitude and fuel mass fraction contours in streamwise
planes; c streamlines and fuel mass fraction contours in spanwise plane [5]

In order to demonstrate the different mixing processes between the multiple-
orifice case and the single-orifice case, the iso-surface of stoichiometric mixture
fraction colored by vorticitymagnitude in caseswith an injection pressure of 1.8MPa
for different injection schemes are shown in Fig. 6.11. The iso-surface of the sto-
ichiometric mixture fraction shows that the interface is larger between the fuel jet
and the air flow in the multiple-orifice case. Furthermore, the vorticity magnitude in
the iso-surface of stoichiometric mixture fraction decreases along the streamwise,
and above the cavity it is higher in the multiple-orifice case than that in the single-
orifice case. Therefore, the larger interface between the fuel jet and the airflow and
the higher vorticity magnitude in the multiple-orifice case may play important roles
in the mixing process.

The mixing efficiency is introduced here to evaluate the mixing performance in
the combustor. It is defined as the ratio of the mixed mass flow rate of fuel to that of
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Fig. 6.10 Vorticity magnitude and fuel distributions in the multiple-orifice case 4. a vorticity
magnitude contours in spanwise plane; b vorticity magnitude and fuel mass fraction contours in
streamwise planes; c streamlines and fuel mass fraction contours in spanwise plane [5]

(a) Single-orifice case (Case3) (b) Multiple-orifice case (Case4)

X
Y

Z

0    50000  100000  150000  200000

Vorticity Magnitude

X
Y

Z

0    50000  100000  150000  200000

Vorticity Magnitude

Fig. 6.11 Iso-surface of stoichiometric mixture fraction colored by vorticity magnitude [5]
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the total one at the local cross-sectional plane at the given stream-wise location x .
The formulas of mixing efficiency can be expressed as follows [9]:

ηm(x) =
∫
A(x) Yreactρud A∫

A(x) Yρud A
(6.12)

And

Yreact =
{
Y Y ≤ Ystoic
Ystoic

(
1−Y

1−Ystoic

)
Y > Ystoic

(6.13)

where Y, Ystoic, Yreact donate the fuel mass fraction, the fuel stoichiometric mass
fraction and the fuel mass fraction mixed in a proportion that can react, respectively.
ρ and umean the local density and velocity, respectively.A(x) represents the sectional
area at streamwise location x.

The mixing efficiencies calculated based on the time-averaged nonreacting field
are shown in Fig. 6.12. It is noticeable that mixing efficiencies in multiple-orifice
cases are higher than that in single-orifice cases. It is consistent with the foregoing
that the interactions between the fuel jets inmultiple-orifice cases promote themixing
process. The multiple-orifice cases have better mixing effects near the fuel injection
orifice and above the cavity. Furthermore, the mixing efficiencies of the cases with
lower injection pressure are higher. The quicker mixing process may be caused by
the lesser total fuel mass with lower injection pressure.

Fig. 6.12 Mixing
efficiencies from the
nonreacting numerical
simulations [5]
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6.2.3 Combustion Characteristics

In order to analyze the combustion characteristics, both numerical and experimental
results are displayed in this section. Figure 6.13 shows lower wall pressure distribu-
tions of case 1, case 2, case 6 and the cold flow without injection. The figure in the
top right corner of Fig. 6.13 shows the pressure changes over time in this four cases
of position A and indicates that the accuracy of pressure measurements almost have
no influence on the interpretation of results in this paper. The rise of the pressure
caused by the combustion is slight in all cases as shown in Fig. 6.13. With the more
intense combustion, the pressure is higher [12, 13]. With the same injection pressure,
the multiple-orifice case appears to have higher pressure rise in the cavity and lower
pressure rise downstream of the cavity. It indicates that the flame is more upstream in
the multiple-orifice cases. For the cases of lean blowoff boundaries, the pressure rise
in the single-orifice cases is higher. This indicates that to maintain the flame exist
constantly, the greater combustion intensity is needed for the single-orifice cases. In
a word, the lower wall pressure distributions illustrate that the flame is more stable
for the multiple-orifice cases.

Figure 6.14 shows the calculated temperature and fuel distributions for multiple-
orifice cases and single-orifice cases, respectively. For the multiple-orifice cases, the
temperature of the whole cavity volume is relatively high, the spanwise distribution
is more uniform and the fuel jet is closer to the cavity. So when the combustible
mixture passes the cavity, it can be ignited more readily. For the single-orifice cases,
the high-temperature region only exists in the latter part of the cavity volume, the fuel
concentrates in the jet wake and it is more far from the cavity, so it is harder to ignite
the combustible mixture. The results of the calculation well explain the experimental

Fig. 6.13 Lower wall
pressure distributions of the
combustor in experiments [6]
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Fig. 6.14 Temperature and fuel distributions contours from the reacting numerical simulations.
a Streamlines and temperature contours in spanwise plane; b temperature contours in streamwise
planes; c stoichiometric line and fuel mass fraction contours in spanwise plane [6]

phenomenon that the lean cavity flame for the multiple-orifice cases is more stable
than that for the single-orifice cases.

Figure 6.15 shows the temperature and mass fraction of C2H4 contours from the
reacting numerical simulations with a fuel injection pressure of 1.8 MPa. In the
single-orifice case, the fuel concentrates near the center line of jet stream and there
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Fig. 6.15 Temperature and fuel distributions contours from the reacting numerical simulations [5]
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is little fuel in the cavity shown in Fig. 6.15a. Moreover, the temperature is higher
than 3000 K in only a little region that below the fuel jet while it is lower than
2500 K in most regions of the cavity. By contrast, it can be seen from Fig. 6.15b,
the temperature in almost all the regions of the cavity is higher than 2500 K and
the most area is higher than 3000 K shown in the multiple-orifice case. Therefore,
the temperature in the cavity in the multiple-orifice case is higher than that in the
single-orifice case in reaction flow conditions. In addition, there is still much fuel in
the cavity in the multiple-orifice case except the fuel that concentrates near the center
line of jet stream like the single-orifice case. Therefore, the cavities are filled up with
high-temperature mixture of fuel and combustion products in the multiple-orifice
case, however, the cavities are filled with high-temperature mixture of inflow gases
and combustion products in the single-orifice case.

To analyze the flame stabilization process in the combustor quantitatively, the
combustion efficiencies are calculated along the axial direction. It is defined as the
ratio of the burned mass flow rate of fuel at the local cross-sectional plane at the
given streamwise location to the total mass rate of the ethylene jet that injected from
the injection orifices. This parameter reveals the fuel consumption by the chemical
reaction along the streamwise direction and a larger combustion efficiency could
also represent a more stable flame stabilization process in the combustor [8]. The
combustion efficiency is calculated as follows [14]:

ηc(x) = ṁ jet − ∫
A(x) ρYud A

ṁ jet
(6.14)

Here ṁ jet represents the total mass rate of the ethylene jet that injected from the
injector.

The combustion efficiencies calculated based on the time-averaged reacting field
are shown in Fig. 6.16. It is obvious that multiple-orifice cases have higher com-
bustion efficiencies in the same streamwise position. Moreover, the slopes of the
combustion efficiencies curves above the cavity are much higher in multiple-orifice
cases. It reveals that more fuel is burned above the cavity inmultiple-orifice cases and
it is consistent with the foregoing that temperature in the cavity in multiple-orifice
cases is higher than that in single-orifice cases in reaction flow conditions. It is owing
to the nonreacting flow characteristics that more fuel is transported into the cavity
and the mixing efficiencies are higher in multiple-orifice cases. Also, the cases with
lower injection pressure have higher combustion efficiencies than that with higher
injection pressure and they may due to that the cases with lower injection pressure
have higher mixing efficiencies.

Figure 6.17 shows flame luminosity images formultiple-orificewith fuel injection
pressures of 0.4 and 0.8 MPa. It can be seen from the images that the flame is
mainly stabilized in the cavity shear layer. Decreasing the injection pressure, the
flame becomes weaker and smaller, though it still remains stable. When the lean
blowoff limit is approached, the flame only exists below the cavitymouth. Figure 6.18
shows flame luminosity images for single-orifice with fuel injection pressures of 0.8
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Fig. 6.16 Combustion efficiencies from the reacting numerical simulations [5]

Fig. 6.17 Flame luminosity images for multiple-orifice cases with different injection pressures.
The time intervals of adjacent images are 0.05 ms. a Case 2, b case 6 [6]

and 1.8 MPa. It can be seen that the flame is also stabilized in the cavity shear
layer. Decreasing the injection pressure, the flame becomes more unstable, and local
extinction takes place intermittently in the cavity shear layer. Compared to that for
multiple-orifice cases, the robustness of the lean flame for single-orifice cases seems
relatively poor.

Figure 6.19 depicts the time-averaged flame luminosity images in the combustor
from the experiments, which are calculated by ten thousand images that represent
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Fig. 6.18 Flame luminosity images for single-orifice cases with different injection pressures. The
time intervals of adjacent images are 0.05 ms. a Case 1, b case 3 [6]

Fig. 6.19 Time-averaged flame luminosity images from the experiments [5]
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500 ms from the stable combustion stage. The intensity of each pixel is normalized
by the maximum intensity of all the pixels during combustion processes [15]. And,
these images are displayed in false-color to provide good contrast. The white line is
the iso-luminosity line, the averaged gray of each time-averaged flame luminosity
image, and it is used to characterize the combustion zone outline. Furthermore, the
flamebase is defined as the leading axial position of the combustion zone. It is obvious
that the combustion zones are deeper in the cavity in multiple-orifice cases and the
flame bases are closer to the cavity leading edge.Moreover, the flame intensities with
higher injection pressure are stronger due to the higher equivalence ratio.

To analyze the unsteady combustion process, histories of flame base oscillations
[9] from the experiments are shown in Fig. 6.20. It can be seen that the flame bases
oscillate dramatically between the cavity leading edge and trailing edge in single-
orifice cases (Case 1 and Case 3). However, the flame bases oscillate slightly in the
cavity shear layer just downstream of the leading edge inmultiple-orifice cases (Case
2 and Case 4). Moreover, the oscillation amplitudes under the injection pressure of
0.8 MPa are larger than those under the injection pressure of 1.8 MPa in multiple-
orifice cases. Even so, the oscillations in multiple-orifice cases are much weaker
than those in single-orifice cases. As a result, with the advantages of closer fuel jets
to the cavities, higher mixing efficiencies and temperature in the cavities, the flame
bases in multiple-orifice cases will be more stable. However, these conditions are not
available in single-orifice cases, so the flame bases oscillate dramatically.

Figure 6.21 shows frequency spectra of flame base oscillations obtained by Fast
Fourier Transform (FFT) [9, 16] from the experiments. The flame base shows a
widely distributed spectra of oscillations, indicating that the flame does not couple
with the acoustics within this frequency range. Also, the power spectral density of
flame base oscillations are large in the frequency 0–1 kHz. However, there is not a
fixed dominant frequency in all cases.
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Fig. 6.20 Histories of flame base oscillations from the experiments [5]
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Fig. 6.21 Frequency spectra of flame base oscillations from the experiments [5]

6.3 Near Blowoff Flame Dynamics

In subsonic flows, the dynamic behaviors near flame blowoff are different from the
stable combustion. In scramjet combustors, due to the complex structures induced
by the interaction between jet and cavity, the mechanisms of dynamic behaviors near
flame blowoff are not clear. Very lean or rich flames may exist at certain stages or
in some local regions even if the global equivalence ratio is close to unity. Thus, the
near-blowoff characteristicsmaybe crucial to the stabilization of the entire flame.The
characteristics of the flame blowoff process need to be clarified, and it is necessary
to understand the mechanism. Therefore, this section studied the blowoff process of
the non-premixed flame and the premixed flame.
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6.3.1 Non-premixed Flame

Lean blowoff characteristics of an ethylene-fueled model scramjet combustor with
cavity flameholder are investigated experimentally and numerically. Near-blowoff
dynamics and blowoff process for the single-orifice cases are captured and analyzed.
The experimental facility and the numerical analysis method are the same as those
described in Sect. 6.2.

6.3.1.1 Blowoff and Reignition

At the lean blowoff boundary shown in Fig. 6.8, the robustness of flames for the
single-orifice cases are poor and the cavity shear-layer flames disappear intermit-
tently. Since all the dynamic processes are similar, case 1 is taken for detailed
analysis.

The time of the first image in Fig. 6.22 is defined as 0.00 ms. The flame in the
shear layer becomes weaker from 0.00 to 0.15 ms. The possible reason is that the
shear layer moves down due to the disturbance of the inflow, and which is not fully
discussed here and ought to be investigated further. The unsteady characteristics
bring about a large stretch of flames [4]. When the stretch rate near the trailing edge
is larger than that the flame can withstand, the flame is extinguished. So the flame is
partially extinguished there and the flame is broken down into two parts at 0.20 ms.
Then the flame downstream of the cavity is blown off and the other part of the flame
shrinks into the cavity at 0.25 ms. Later, the flame in the cavity spreads downstream
of the cavity from 0.30 to 0.45 ms, but the flame at 0.45 ms is not as strong as that
at 0.00 ms. At 0.50 ms, the flame is locally extinguished and broken down again,
similar to that at 0.25 ms. However, the flame is much weaker, so it cannot reignite
the mixture in the cavity shear layer immediately. Due to the weakening of the flame
around the cavity, the cavity shear layer lifting caused by combustion is weakened
and the interaction between the shear layer and the trailing edge is enhanced. As a
result, more fuel is entrained into the cavity recirculation zone, and the combustion

0.00ms 0.30ms 0.35ms

0.60ms 0.65ms 0.70ms

0.90ms 1.00ms 1.05ms 1.10ms 1.15ms0.85ms

0.45ms 0.50ms 0.55ms

0.15ms 0.20ms 0.25ms

Fig. 6.22 Local extinction and reignition of the cavity flame with the injection pressure 0.8 MPa
for single-orifice case 1 [6]
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within the cavity is intensified. From 0.65 to 1.00 ms, the flame becomes stronger
and larger. Later, the flame spreads into the main stream and becomes similar to that
at 0.00 ms.

6.3.1.2 Blowoff Process

Flames for themultiple-orifice cases are always stable andnoblowoff process is found
in our experiments when the fuel supply is constant. When the injection pressure
is lower than the lean blowoff boundary, spark ignition cannot ignite the mixture.
Although the flame of hydrogen is used to ignite the ethylene, the flame of ethylene
is extinguished while the hydrogen is cut off. The blowoff processes without cutting
off the fuel are observed only in the single-orifice cases.

The blowoff process of the cavity flame is shown in Fig. 6.23 and the time marked
in the diagram is the moment before the flame is extinguished. Like the process from
0.00 to 0.25 ms in Fig. 6.22, the flame goes through a similar process from 0.60 to
0.40 ms in Fig. 6.23. Since the injection pressure in Fig. 6.23 is lower than that in
Fig. 6.22, there are less fuel in the shear layer and there are fewer energy sources
in the cavity recirculation zone. After the flame shrinks into the cavity, the mixture
in the shear layer cannot be reignited. From 0.35 ms to the time when the flame is
extinguished completely, the flame moves to the front half part of the cavity after a
short stay in the latter part of the cavity and then disappears.

Comparing the two processes in Figs. 6.22 and 6.23, it is found that the cavity
flames are partially extinguished near the trailing edge firstly, and then the flames
shrink into the cavities in these two cases. If the injection pressure is higher, there is
always a flame in the latter part of the cavity and the mixture in the shear layer can
be reignited soon. If the injection pressure is low enough, after the flame shrinks into
the cavity, the flame cannot reside in the latter part of the cavity steadily but moves to
the front half part of the cavity. The flame in the front half part of the cavity probably
cannot reignite the mixture in the shear layer and after a while it is extinguished
completely. From the above analysis, the blowoff process of cavity flames can be
divided into five steps—the shear layer flame becomes weaker, the flame is partially
extinguished near the trailing edge, the flame shrinks into the latter part of the cavity,

0.50ms

0.30ms 0.25ms

0.55ms0.60ms

0.15ms

0.45ms

0.20ms

0.35ms

0.10ms

0.40ms

0.05ms

Fig. 6.23 Blowoff process of the cavity flame with the injection pressure 0.6MPa for single-orifice
case 5 [6]
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Fig. 6.24 Temperature and velocity magnitude distributions for single-orifice case in nonreacting
flows [6]

the flame moves to the front half part of the cavity and the flame is extinguished
completely.

As shown in Fig. 6.24, comparing the three regions that flames can exist, there
are the highest velocity and the lowest static temperature in shear layer, the highest
static temperature and the lowest velocity in the front half part of the cavity, and the
temperature and velocity are moderate in the latter part of the cavity. In the blowoff
process of the cavity flame, it transfers from the shear layer to the region that is more
combustible.

6.3.2 Premixed Flame

Near-blowoff characteristics of cavity-stabilized premixedflames in supersonic flows
are investigated. It is crucial to understand the flameholding process and important
for the design of flameholding schemes in scramjet combustors.

In this section, numerical simulations are carried out to investigate the near-
blowoff characteristics of cavity-stabilized combustion in supersonic flows. In order
to avoid the complicated effects of fuel injection and mixing on the near-blowoff
physics, premixed flames are considered in the present section. The equivalence
ratio of the freestream is changed to obtained stable, near-blowoff or blowoff con-
ditions, respectively. The flow and reaction structures under different conditions are
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discussed, and the near-blowoff behaviors and blowoff process of cavity flames in
supersonic flows are characterized.

6.3.2.1 Geometry and Nonreacting Cavity Flow

A cavity with depth of D = 8.9 mm and length-to-depth ratio of L/D = 3 that was
experimentally studied byGruber et al. [17] is considered. The supersonic freestream
is an unheated flow of Mach 2.0, and the total pressure and total temperature are
690 kPa and 300K, respectively. These conditions are similar to those of Gruber et al.
[17] except that the Mach number is changed. The schematic of the computational
cavity is shown in Fig. 6.25. A no-slip, no-penetration adiabatic condition is imposed
at all walls and a zero-gradient condition is enforced at the outflow boundary. For
supersonic inflow boundary, just physical boundary conditions are employed. For
the fifth-order WENO scheme, three extra points (called ghost points) are needed for
the requirements of the spatial derivatives near boundaries.

The grid points are respectively 331 × 91 and 151 × 91 for the regions outside
and inside the cavity, which is chosen based on grid sensitivity analysis. The time-
averaged temperature contours overlapped with streamlines for nonreacting cavity
flow is shown in Fig. 6.26. It is observed that the temperature within the cavity is
close to but slightly lower than the stagnation temperature of the freestream.Basically,
there exist two eddies within the cavity recirculation zone (RZ): a primary eddy (PE)
in the aft region of the cavity volume; and a secondary eddy (SE) between the PE
and the cavity front wall.

Figure 6.27a shows the pressure history at the cavity aft corner together with the
histories of mass-averaged temperature within the cavity, and Fig. 6.27b shows the
frequency spectra of the data in Fig. 6.27a. Three kinds of temperature are considered
here, i.e. temperature within the cavity, 〈Tcav〉, temperature within the PE, 〈TPE 〉, and
temperature within the SE, 〈TSE 〉. The mass-averaged temperature within the cavity
is defined as:

〈Tcav〉 =
˜

cavi t y ρ(x, y)T (x, y)dxdy˜
cavi t y ρ(x, y)dxdy

(6.15)

Fig. 6.25 Schematic of the computational cavity [18]
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Fig. 6.26 Average temperature contours overlapped with streamlines for nonreacting cavity flow
[18]

(a) Pressure and temperature histories (b) FFT results

Fig. 6.27 Pressure and temperature oscillations for nonreacting cavity flow [18]

The definitions of 〈TPE 〉 and 〈TSE 〉 are similar except that their domain of
integration respectively include the first third and last third of the cavity volume.

It is observed that the pressure oscillations are quite strong but the temperature
oscillations are relatively weak under nonreacting conditions. The calculated dom-
inant frequencies, i.e. 10.5 and 15.5 kHz, compare well with the second and third
modes predicted by the modified Rossiter relation [19]:

fn = u∞
L

n − α

M∞
/√

1 + [
(γ∞ − 1)/2

]
M2∞ + 1/Kv

(6.16)

where f n is the resonant frequency corresponding to the nth mode; u∞ is the free-
stream velocity; L is the cavity length; α = 0.25 and Kv = 0.57. That is, the pressure
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and temperature fluctuations under nonreacting conditions mainly result from the
self-excited oscillations of the cavity.

6.3.2.2 Impact of Equivalence Ratio on the Flowfield

Firstly, a casewith equivalence ratio�= 0.5 is run and stable combustion is obtained.
Then the equivalence ratio is either increased or decreased to obtain different com-
bustion regimes. Here, the results of four cases will be presented and analyzed, i.e.
� = 0.55, 0.5, 0.45 and 0.4. � = 0.55 and 0.5 correspond to stable conditions while
� = 0.45 and 0.4 respectively represent near-blowoff and blowoff conditions. At
the beginning, a simulation is run for � = 0.5. When the flow reaches a periodic
state, the other three simulations for � = 0.55, 0.45 and 0.4 are initiated using the
flowfield of � = 0.5 and then the four simulations are continued. The histories of
mass-averaged temperature within the cavity are shown in Fig. 6.28.

It is observed from Fig. 6.28 that, under stable conditions, i.e. � = 0.55 and 0.5,
there exist moderate temperature fluctuations in the cavity, which may be caused
by the essentially unsteady characteristics of the cavity shear layer and recirculation
zones within the cavity. When the lean blowoff limit is approached by decreasing
the equivalence ratio to � = 0.45, the temperature fluctuations within the cavity are
greatly intensified, accompanied by local extinction and reignition, as will be shown
later. When the equivalence ratio is further decreased to � = 0.4, a final blowoff
occurs with nearly monotonic decrease of the cavity temperature. Detailed analysis
of these processes will be presented later.

Figure 6.29 and Fig. 6.30 respectively show the time-averaged heat release rate
(HRR) and hydrogen mass fraction contours overlapped with streamlines for � =

Fig. 6.28 Time histories of
mass-averaged temperature
within the cavity for different
equivalence ratios [18]
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Fig. 6.29 Average heat release rate contours overlapped with streamlines, from top to bottom
� = 0.55, 0.5 and 0.45 [18]
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Fig. 6.30 Average fuel mass fraction contours overlapped with streamlines, from top to bottom
� = 0.55, 0.5 and 0.45 [18]
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0.55, 0.5 and 0.45. As for� = 0.4, since there is no periodic state during the blowoff,
the time-averaged results for this equivalence ratio are not given. It is observed that,
in the reacting flow, the PE slightly shrinks while the SE seems plumper and directly
comes into contact with the freestreamwhen compared to its nonreacting counterpart
shown in Fig. 6.26. However, the cavity RZ pattern seems insensitive to the equiva-
lence ratio under the present conditions. As can be seen from Fig. 6.29, heat-release
reactions marked by the high HRR contours basically exist in two regions: the cavity
shear layer and its extension in the downstream near-wall regions; and the cavity
RZ, especially the regions within/along the PE. As the equivalence ratio is decreased
from 0.55 to 0.45, the combustion is obviously weakened, especially in the regions
downstream of the cavity.Within the RZ, the heat-release reactions also tend tomove
from the PE to the regions between the PE and SE with decreasing equivalence ratio.
It can be seen from Fig. 6.30 that the unburned fuel enters the RZ from the cavity
trailing edge and then is transported upstream along the PE. More unburned fuel
is accumulated around the PE as the equivalence ratio is decreased. Under stable
combustion conditions, i.e. � = 0.55 and 0.5, unburned fuel only survives in the
boundary of the PE. Under near-blowoff conditions, however, unburned fuel may
intrude into the center of the PE, resulting in intermittent thorough extinction in the
PE as will be seen below.

6.3.2.3 Stable Combustion Characteristics for � = 0.5

Here, we take� = 0.5 as an example to analyze the stable combustion characteristics
of cavity-stabilized premixed flames. Figure 6.31a shows the pressure history at the
cavity aft corner together with the histories of mass-averaged temperature within the
cavity, and Fig. 6.31b shows the frequency spectra of the data in Fig. 6.31a. When
compared with Fig. 6.27a, it is found that the pressure oscillations are weakened

(a) Pressure and temperature histories (b) FFT results

Fig. 6.31 Pressure and temperature oscillations for � = 0.5 [18]
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while the temperature oscillations within the cavity are intensified. Further obser-
vation shows that the amplified temperature oscillations mainly result from those in
the PE while the temperature oscillations in the SE are comparable to those under
nonreacting conditions. Furthermore, it is observed that the pressure oscillations shift
to higher frequencies while the temperature oscillations shift to lower frequencies.
The weakened pressure oscillations can be explained by the changed behaviors of
the cavity shear layer. It is well known that the energy of the cavity oscillations in the
Rossiter mode [19] basically comes from the impingement of the high-speed shear
layer on the cavity rear wall.When combustion is stabilized in the cavity, heat release
can push the shear layer towards the freestream as can be seen from the streamlines
in Figs. 6.26 and 6.29. As a result, the impingement of the shear layer and the cav-
ity rear wall is attenuated and thus the energy supplied to the oscillation system is
decreased. However, the reason for the shift of the pressure oscillation energy to
higher frequencies is not clear.

Figure 6.32 and Fig. 6.33 respectively show the instantaneous heat release rate
(HRR) and hydrogen mass fraction contours overlapped with streamlines at four
typical instants. It is found that the reaction layer in the cavity shear layer is thin and
intermittently wrinkled by the large-scale vortices. However, the reaction within the
RZ is relatively distributed, and the position and amount of heat release to a large
extent determined by fuel distribution, as can be seen from Fig. 6.33. Therefore,
the temperature oscillations within the cavity are attributed to the fluctuating heat
release there and the accompanied intermittent leakage of low-temperature, com-
bustible mixture from the cavity shear layer into the RZ. Under the stable conditions,
the low-temperature, combustible mixture entering into the RZ burns soon as it is
transported along the PE due to the hot and activated environment. In general, the fuel
is completely consumed before it is entrained again by the cavity shear layer and the
PE is never filled up with cold mixture. This is a key condition for stable combustion
since the hot and activated RZ is crucial to the stabilization of the shear-layer flame.

6.3.2.4 Near-Blowoff Behaviors for � = 0.45

Decreasing the equivalence ratio to � = 0.45 leads to intermittent/local extinction
of the cavity flame. Figure 6.34a shows the pressure history at the cavity aft cor-
ner together with the histories of mass-averaged temperature within the cavity, and
Fig. 6.34b shows the frequency spectra of the data in Fig. 6.34a. When compared
with Fig. 6.34a, it is found that the temperature in the PE, 〈TPE 〉, decreases greatly
and sometimes even approaches the nonreacting value shown in Fig. 6.27a, indi-
cating total extinction in the PE. Meanwhile, the temperature within the SE, 〈TSE 〉,
may also dramatically decrease at some stages, which is caused by the intrusion of
cold mixture into the SE, as will be seen later. The pressure oscillations are slightly
augmented especially in extinction period of the PE. As has been pointed out above,
the amplitude of the pressure oscillation is mainly determined by the impingement
between the shear layer and the cavity rear wall. Once the heat release in the RZ is
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Fig. 6.32 Instantaneous heat release rate (HRR) contours overlapped with streamlines for � = 0.5
[18]
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Fig. 6.33 Instantaneous fuel mass fraction contours overlapped with streamlines for � = 0.5 [18]
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(a) Pressure and temperature histories (b) FFT results

Fig. 6.34 Pressure and temperature oscillations for � = 0.45 [18]

reduced, this impingement will be amplified, leading to stronger self-excited oscilla-
tions. Since there exist intermittent/local extinction of the cavity flame, the pressure
oscillation frequencies are more distributed. The temperature oscillations are still
located around O(1 kHz), similar to those for � = 0.5, but with greater amplitude.

Figure 6.35 and Fig. 6.36 respectively show the instantaneous heat release rate
(HRR) and hydrogen mass fraction contours overlapped with streamlines for � =
0.45. These snapshots are taken at the time corresponding to the numbered markers
in the temperature history shown in Fig. 6.34a and shows a typical cycle of extinction
and reignition of the PE. During this period, local extinction and reignition occur
intermittently in the SE.

At instants 1 and 2, the combustion is stabilized in the shear layer and in the
PE, and the fuel entering into the RZ is nearly consumed as it is transported along
the PE and the PE is not filled up with cold mixture, similar to that observed for
� = 0.5. At instants 3 and 4, much cold mixture transported by the PE is left
unburned when it passes the regions between the PE and SE. Then a portion of
this cold mixture is re-entrained by the shear layer, leading to local extinction in
the downstream part of the cavity shear layer. As a result of this local extinction in
the shear layer, more cold mixture subsequently enters the PE via the impingement
between the shear layer and the cavity rear wall. Accordingly, more cold mixture is
accumulated in the PE and leads to local extinction there. At instant 5, the PE is filled
up with cold mixture, resulting in entire extinction in the PE and in the shear layer
adjacent to the PE. Meanwhile, the combustion regions within the RZ are pushed
towards the SE and heat-release reactions mainly take place at the interface between
the cold, combustible mixture in the aft region of the cavity volume and the hot,
activated products in the front region of the cavity volume. At instants 6–8, the cold,
combustible mixture enters the SE and burns there, acting as an ignition source.
The shear layer adjacent to the PE is intermittently ignited by this ignition source.
However, the PE is not successfully ignited yet at these instants. At instant 9, the
PE is finally reignited and the combustible mixture accumulated there begins to be
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Fig. 6.35 Instantaneous heat release rate (HRR) contours overlapped with streamlines for � =
0.45 [18]

consumed. At instant 10, the fuel in the SE runs out and the heat-release reactions
there cease. The combustion is again stabilized in the cavity shear layer and in the PE.
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Fig. 6.36 Instantaneous fuel mass fraction contours overlapped with streamlines for� = 0.45 [18]

The local extinction and re-stabilization process described above indicates that
the SE seems to have better flameholding performance than the PE does. This fact
may be explained as follows. Firstly, the PE is mainly driven by the high-speed shear
layer while the SE is driven by the PE, so the velocity in the SE is lower, which is
beneficial to flameholding. Secondly, the SE usually has higher temperatures, as can
be seen from Figs. 6.27a, 6.31a and 6.34a, which is useful to accelerate chemical
reactions. Thirdly, the flowfield in the SE is more stable than that in the PE, which
also favors combustion stabilization. In fact, the re-stabilization of combustion in
the cavity shear and in the PE is similar to the forced ignition process in scramjet
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Fig. 6.37 Pressure and temperature histories for � = 0.4 [18]

combustors. Thus, it is better to locate the ignition source in the SE, provided the
same ignition energy and free-stream conditions.

6.3.2.5 Blowoff Process for � = 0.4

Further decreasing the equivalence ratio to � = 0.4 leads to the entire blowoff of the
cavity flame. Figure 6.37 shows the pressure history at the cavity aft corner together
with the histories of mass-averaged temperature within the cavity. It is found that
the temperature in the PE, 〈TPE 〉, decreases nearly monotonously in the blowoff
process while the temperature within the SE, 〈TSE 〉, falls with apparent fluctuations.
The amplitude of the pressure oscillations rapidly approaches to the nonreacting one
shown in Fig. 6.27a once the PE is extinguished.

Figure 6.38 and Fig. 6.39 respectively show the instantaneous heat release rate
(HRR) and hydrogen mass fraction contours overlapped with streamlines for � =
0.4. These snapshots are taken at the time corresponding to the numbered markers
in the temperature history shown in Fig. 6.37 and shows the combustion and flow
structures during the blowoff process. Similar to those observed for� = 0.45, the PE
and the shear layer adjacent to it are firstly extinguished, and then the cold mixture
enters into the SE and burns there. However, the heat-release reactions taking place
in the SE cannot ignite the PE unlike that for � = 0.45. The residual flame in the
SE may survive for quite a while but is finally extinguished, leading to the entire
blowoff of the cavity flame.
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Fig. 6.38 Instantaneous heat release rate (HRR) contours overlapped with streamlines for � = 0.4
[18]

In sum, blowoff of the cavity flame is found to occur in multiple steps—local
extinction in the cavity shear layer and in the PE, entire extinction of the PE and its
adjacent shear layer, local extinction in the SE, and a final blowoff. Under certain
conditions (e.g. � = 0.45 in the present section), the cavity flame can persist with
certain levels of local/intermittent extinction, whereafter the residual flame in the SE
may reignite the entire flame. Further decreasing the equivalence ratio (e.g. � = 0.4
in the present section) leads to extinction of the residual flame in the SE and entire
blowoff of the cavity flame.
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Fig. 6.39 Instantaneous fuel mass fraction contours overlapped with streamlines for � = 0.4 [18]

6.4 Summary

This chapter systematically studies the blowoffmechanisms of the flame in the scram-
jet combustor with transverse injection and a cavity as a flameholder. The blowoff
limits model describing the injection of fuel upstream of the cavity in the supersonic
flow is theoretically established. Using the assumption of the flame base in the shear
layer, the blowoff limits model is correlated with flow condition, injection param-
eters and cavity configuration. Then the characteristics of mixing and combustion
near blowoff limits are studied. In both nonreacting flow conditions and reacting
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flow conditions, multiple-orifice cases have higher mixing efficiencies and combus-
tion efficiencies than single-orifice cases. The flames for the multiple-orifice cases
are more stable. Finally, flame dynamics near blowoff is studied. The lean blowoff
process including the shear-layer flame becomes weaker, the flame is partially extin-
guished near the trailing edge, the flame shrinks into the latter part of the cavity, the
flame moves towards the cavity front wall and is subsequently extinguished com-
pletely. For non-premixed flame, when the lean blowoff limit is approached, the local
extinction and reignition process takes place in the single-orifice injector cases. In
the multiple-orifice cases, the flame is more stable. For premixed flame, the equiva-
lence ratio of the freestream is gradually reduced to obtained stable, near-blowoff and
blowoff conditions. Under stable conditions, heat-release reactions basically exist in
two regions: the cavity shear layer and its extension in the downstream near-wall
regions; and the cavity recirculation zone, especially the regions within/along the
primary eddy. As the equivalence ratio is decreased, the heat-release reactions in
the cavity recirculation zone tend to move from the region of the primary eddy to
the regions between the primary eddy and the secondary eddy or even to regions of
the secondary eddy. When compared with the nonreacting case, the pressure oscilla-
tions are weakened and shift to higher frequencies while the temperature oscillations
within the cavity are intensified and shift to lower frequencies around 1 kHz. Under
near-blowoff conditions, the cavity flame may experience local extinction and re-
stabilization process, in which the primary eddy and its adjacent shear layer may be
completely extinguished and then reignited by the residual flame in the secondary
eddy. During this period, local extinction and reignition occur intermittently in the
secondary eddy. The pressure oscillation frequencies are more distributed. The tem-
perature oscillations are still located around 1 kHz, but with greater amplitude. Entire
blowoff of the cavity flame is observed for blowoff conditions and is found to occur
in multiple steps—local extinction in the cavity shear layer and in the primary eddy,
entire extinction of the primary eddy and its adjacent shear layer, local extinction in
the secondary eddy, and a final blowoff.
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