Chapter 1 ®)
Introduction Check for

Supersonic combustion in a scramjet engine has been investigated widely 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. The mechanisms 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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2 1 Introduction

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 acoustic modes 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 and mechanisms 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.
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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 the mechanism
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:

//p’(x,t)q’(x,t)dthz//ZLi(x,t)dth (1.1)
v V=i

where p’(x, t) is the pressure fluctuations, ¢’(x, t) is the heat release fluctuations,
L;(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.

The Rayleigh criterion shows the coupling between acoustic wave 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
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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 vibration mode. The heat release rate varies when the flame
is under different vibration mode, which can be observed from Fig. 1.3.
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Fig. 1.3 Flame cross-sectional intensity profiles extracted from time-averaged OH* images during;
a off-resonance, and b 1T mode excitation [5]



1.1 Interactions Between Acoustic Wave and Flame 7

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 energy must 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 experience with 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
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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
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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 upstream propagation of acoustic waves 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 air mass flow-rate oscillation
in the fuel injection region. For comparison, some acoustic admittance equations were
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
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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 and measure 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, Uy/8¢. 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 Uy/3y. 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:

S = fLsep/Uoo (1.2)

where f is the peak frequency of static pressure oscillation, Ly, 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.

Low- and high-speed
streamwise elongated
regions

2 Reflected shock
wave region
conforming to low-
and high-speed regions

Fig. 1.9 Volumetric representations of the instantaneous flow organization of the interaction: lower
region (z/3 = 0.1-0.6). Iso-surfaces of streamwise velocity are shown: relatively high-speed in red
(0.9 Uy), intermediate velocity in green (0.75 Uy ), and relatively low-speed in blue (0.55 Uy).
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 a model 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
mechanism dominates for strongly separated flows, and a combined mechanism (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 with Mach 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.

Compared with inlets and isolators, unsteady separation of supersonic flow is more
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 shock wave 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-
sure measurements indicated that a low-frequency, piston-like unsteady shock motion
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. Areduced-order model 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 ||Vp|| 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

2

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].
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 in mixing enhancement.
The main 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].
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.

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.

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 Géttingen, in
order to investigate the response of the HyShot II scramjet combustor to equivalence
ratios close to the critical value at which the onset of thermal choking occurred. 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 ¢ 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 NOy 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
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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
spinning motions 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.
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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 shock wave/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. The mechanism 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

Inlow speed inflow conditions, the researches were concentrated on both 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, ¢, is defined as specific heat at
constant pressure, p is the gas density, AT is the temperature rise due to combustion
and d, is the diameter equal to the quenching distance.

1
Emin = cp,oAT<87t>d3 (1.3)

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

E ar(L ) [ A T (1.4)
. f— —7'[ 5
min = PPEENG™ ) Le,p(S, — 0.16u)

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

Enin = copAT( 2 Bk 3 (1.5)
min = PPEENGT ) L e,0(Sr — 0.63u)) '

In Eq. (1.4), k is the thermal conductivity, Sy is the laminar burning velocity, Sy
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
decreases with 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
S7. 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

1 3 . 3
£ |:(67t)cp,aATstD :||: Oy } (1.6)

Pa% ¢ In(1 + By;)

where ¢, , and p, are the above mentioned nomenclatures for air, o is the density of
fuel, D is the droplet diameter, ATy, is the stoichiometry temperature rise, By, is the
stoichiometry mass transfer number, and ¢ 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].

The most important concept of the ignition energy is the minimum 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 1000 m/s and the recirculation flow velocity inside the cavity
is varied from approximately 0—200 m/s [78]. The velocity gradient from inside the
cavity to the core flow brings a significant challenge to the flame propagation, which is
likely to extinguish the weak flame during 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 flow phenomenon occurring in supersonic flows, such as the fuel/air mixing,
boundary layer separation and air stream shearing, the cavity ignition becomes a
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much more complicated physical process. As aresult, 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 inflow Mach 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
ignition method, and their pulse detonation igniter system is shown in Fig. 1.17. They
selected propane (C3zHg) and nitrous oxide (N,O) 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. [§9-91]
performed a lot of experiments in hydrocarbon fueled cavity based scramjets in Mach
6 flight conditions. They applied LIP method 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 s 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 of LIP to other ignition methods 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 ignition not only includes ignition acceleration, but also the mixing
enhancement and flame stabilization. Firsov et al. [98] conducted optimization of
electrical discharge (10 kW) geometry in a Mach 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 (12,4011 = 20% mgir) [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 CH,O, 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 firstignition point in the turbulent flame base.
Luetal. [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 Technique Inflow Year ER
method Mach
number
Sun et al. Spark Schlieren; high 1.92 2012 Hydrogen;
[113] speed photography 0.17,0.34
Denman Spark Wall-pressure 3.0-5.0 2016 Ethylene,
et al. [83] measurement; hydrogen;
RANS 0.58-0.71
Ombrello Pulse Formaldehyde 2.0 2017,2018 Ethylene;
etal. [87, detonation PLIF (100 kHz); 0.5-1.5
88] Schlieren; CH*
chemiluminescence
Yang et al. Laser-induce CH* and OH* 2.92 2018, 2017 Ethylene,
[90, 95] plasma chemiluminescence 0.15;
Kerosene,
0.23
Brieschenk | Laser-induce | PLIF; Schlieren 5.7 2014, 2013 Hydrogen
etal. [81, plasma
82]
Leonov Electrical Schlieren; High 2.0 2018 Ethylene;
etal. [102] discharge speed photography 0-0.2
Savelkin Electrical Schlieren; High 2.0 2015 Ethylene;
etal. [101] discharge speed photography 0-0.16
Kim et al. Plasma torch Schlieren; 2.0 2011 Hydrogen;
[114] Wall-pressure 0-0.1
measurement
Matsubara Plasma torch Wall-pressure 1.0,2.0, | 2011, 2013 Hydrogen;
etal. [115, measurement 2.5 0.06
116]
Lietal. [79, | Air throttling RANS 22 2015 Ethylene;
89] 0.6
Tian et al. Air throttling RANS:; Schlieren; 2.0 2015-2017 Kerosene;
[110-112] Wall-pressure 0.3,0.6, 0.8
measurement
Xi et al. Piloted Schlieren; High 2.52 2014 Kerosene
[117] speed photography (piloted
ethylene)
Situ et al. Hot jet Photography; 2.15 2001, 2002 Kerosene;
[118, 119] Wall-pressure 1.11-1.51
measurement
Lietal. Hot jet High speed 1.92 2012 Kerosene;
[120] photography; 0.3,0.5
RANS
Sung et al. Self Wall-pressure 2.5 1999 Hydrogen;
[121] measurement 0.6
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Auto-ignition-assisted flame — CH,0 auto-ignition, distributed reactions

upstream of flame base
diffusion

flame

thickened premixed

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].



32 1 Introduction

1.3.4 Summary

Basic concepts for the forced ignition was introduced, and the widely used ignition
methods in the scramjet combustor were 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 CO 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 flames with boundaries, and flame/vortex interactions. Tianetal. [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/u, on the
y* = 5 plane (greyscale flooded contours on the plane parallel to the wall);

(ii) the wall-normal vorticity w, 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 by OH* 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 ¢ ~ 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 or minimum 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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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
two different types: shear layer stabilization mode 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 fuel was in the shear layer, and the flame base moved
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 base was 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 can be 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 ¢ moves to rear of cavity
and floor fueled flame d extends to length of cavity [168]
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(a) (b) (c)

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 Ib/s, b Near rich ignition limit, 0.0047 Ib/s, ¢ Near rich blowout limit, 0.0089 1b/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 250 Hz,
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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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, Flow Dominating 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. A decoupling 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 combustion will be introduced in Chap. 4 typi-
cal ignition processes under diverse ignition methods 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 gas mixture 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 the mechanism
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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