Experimental Investigation of Detonation
Re-initiation Mechanisms Following a Mach
Reflection of a Quenched Detonation

by

Rohit Ranjan Bhattacharjee

Thesis submitted to the Faculty of Graduate and Postdoctoral Studies

in partial fulfillment of the requirements for the degree of

MASTER OF APPLIED SCIENCE
in

Mechanical Engineering

Ottawa-Carleton Institute for Mechanical and Aerospace Engineering
University of Ottawa
Ottawa, Canada

(© Rohit Ranjan Bhattacharjee, Ottawa, Canada, 2013



Abstract

Detonation waves are supersonic combustion waves that have a multi-shock front struc-
ture followed by a spatially non-uniform reaction zone. During propagation, a de-coupled
shock-flame complex is periodically re-initiated into an overdriven detonation following
a transient Mach reflection process. Past researchers have identified mechanisms that
can increase combustion rates and cause localized hot spot re-ignition behind the Mach
shock. But due to the small length scales and stochastic behaviour of detonation waves,
the important mechanisms that can lead to re-initiation into a detonation requires further

clarification.

If a detonation is allowed to diffract behind an obstacle, it can quench to form a
de-coupled shock-flame complex and if allowed to form a Mach reflection, re-initiation
of a detonation can occur. The use of this approach permits the study of re-initiation
mechanisms reproducibly with relatively large length scales. The objective of this study
is to experimentally elucidate the key mechanisms that can increase chemical reaction
rates and sequentially lead to re-initiation of a de-coupled shock-flame complex into an

overdriven detonation wave following a Mach reflection.

All experiments were carried out in a thin rectangular channel using a stoichiometric
mixture of oxy-methane. Three different types of obstacles were used - a half-cylinder, a
roughness plate along with the half-cylinder and a full-cylinder. Schlieren visualization
was achieved by using a Z-configuration setup, a high speed camera and a high intensity

light source.

Results indicate that forward jetting of the slip line behind the Mach stem can po-
tentially increase combustion rates by entraining hot burned gas into unburned gas.
Following ignition and jet entrainment, a detonation wave first appears along the Mach
stem. The transverse wave can form a detonation wave due to rapid combustion of
unburned gas which may be attributed to shock interaction with the unburned gas. Al-
ternatively, the Kelvin-Helmholtz instability can produce vortices along the slipline that
may lead to mixing between burned-unburned gases and potentially increase combustion
rates near the transverse wave. However, the mechanism(s) that causes the transverse

wave to re-initiate into a detonation wave remains to be satisfactorily resolved.
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Chapter 1

Introduction

1.1 The ideal detonation wave

A detonation wave is a supersonic combustion wave that propagates through a reactive
gaseous mixture of fuel and oxidizer, converting reactants into products [1]. Current
research devoted to detonation waves is motivated by applications of detonations to

propulsion, such as the pulse detonation engine, and to industrial safety.

The overpressures generated by detonation waves can be estimated accurately with
the Chapman-Jouguet (C-J) theory. The C-J theory applies a control volume around a
detonation wave and uses the governing equations of mass, momentum and energy to
determine the outflow conditions based on the given initial conditions [1]. Using the C-J
theory one can accurately predict various detonation parameters, including its steady
averaged velocity called the C-J velocity. However, the control volume approach gives
no insight into the structure of a detonation wave. This limits our understanding of the
underlying gas dynamics that influence how a detonation wave fails, is re-initiated and
propagates. The classical Zel’dovich-von Neumann-Doering (Z-N-D) theory provides a
model for the reaction zone structure and treats a detonation as an one dimensional,
steady, inviscid combustion wave. According to the Z-N-D theory, a supersonic deto-
nation combustion wave comprises a planar shock front followed by an induction zone,

which is followed by a reaction zone [1]; Fig. 1.1 shows a schematic diagram of this
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simplified model along with the temperature, pressure and density profiles across the
detonation wave.

The internal structure and propagation mechanism of an ideal detonation wave was
formally established by the Z-N-D theory [1]. From Fig. 1.1, the induction zone is a
thermally nearly inactive region, where shocked gas molecules dissociate to form active
radicals. Here, the temperature and pressure of the shocked reactants remain relatively
constant. When a sufficient concentration of these active radicals are produced, rapid
exothermic reactions are initiated converting reactants to final products. The exothermic
reactions in the reaction zone cause the temperature to rise while the pressure and density
decrease as the gas expands. Using the Z-N-D model, the propagation mechanism for
an ideal detonation wave can be described as follows. Gas particles, first shocked by
the shock front, begin to react in the reaction zone after some induction delay. During
these exothermic reactions, the gas is heated and expands. The expansion of the products
provides amplification to forward-facing compression waves that support the shock front.
In turn the shock front continues to process more reactants downstream, thus forming a

positive feedback loop.

1.2 The detonation cellular structure

The Z-N-D model was instrumental in providing a fundamental understanding of the
internal structure and propagation mechanism of a detonation wave. However, detona-
tion waves in nature, as shown in Fig. 1.2(a), are vastly different from the idealized
Z-N-D model; their structure is three dimensional, highly unsteady and have a “multi-
front” shock structure [1]. It is now well known that there are pressure, temperature and
velocity fluctuations with respect to the shock front caused by instabilities [2]. These
instabilities in real detonation waves are caused, in part, by the exponential temperature
dependence of the chemical reaction rates, as well as the hydrodynamic instabilities of
the reaction front [2]. The instabilities manifest themselves as the ubiquitous cellular
structure along with the transversely propagating shock waves, which occur in pairs and
propagate in opposite directions. Figure 1.2(a) clearly shows a transverse shock wave
trailing behind the detonation front like “whiskers”, while Fig. 1.2(b) shows a typical

detonation cellular pattern etched on to an aluminium foil covered by soot, after the
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detonation has passed over it. The cellular dynamics of a self-propagating detonation
wave have been well observed and studied by past researchers both experimentally and
numerically [3, 4, 5, 6, 7, 8, 9]. To help the reader understand this cellular behaviour,
Fig. 1.3 shows a schematic diagram that explains a typical sequence of events during a

single cell cycle in a self-propagating detonation wave.

Figures 1.3 (A) to (B) shows an incident wave propagating from left to right with its
strength weakening and the reaction zone de-coupled from the front (a de-coupled shock-
flame complex) as the triple points approach each other. In Fig. 1.3 (C) the converging
triple points are about to collide as the de-coupled shock-flame complex continues to
propagate towards the right. Following this collision, Fig. 1.3 (D) shows the de-coupled
incident wave has re-initiated into an overdriven Mach detonation wave (velocity greater
than the ideal Chapman-Jouguet velocity). From Figs. 1.3 (D) to (E) the triple points
diverge from each other while the overdriven Mach stem continues to expand rapidly.
From the above description it is clear that as a cellular detonation wave propagates, a de-
coupled shock-flame complex periodically re-initiates into an overdriven Mach detonation

at the start of each cell cycle following the triple point collision.

1.3 Present state of knowledge

1.3.1 Reactive shock reflections

To understand the factors that contribute to high combustion rates and cause re-initiation
into a detonation at the start of the cell cycle, it is crucial to have an insight of the gas
dynamic behaviour near the triple point behind the Mach shock. To elucidate this triple
point physics, consider Fig. 1.4 which shows a typical reactive single Mach reflection
propagating towards the right. A brief description of a triple point is presented here
while additional information can be found in G. Ben-Dor’s monograph [10]. As shown in
Fig. 1.4, a triple point is a confluence of three shock waves and a shear layer. The shock
waves are the incident wave, the Mach shock (or Mach stem) and the transverse wave.
The shear layer is called a slip line (or slipstream) and has a velocity gradient across it.
The slip line also separates two distinct states - one state behind the Mach shock and

the other state behind the transverse wave. While the pressure is kept constant across
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the slip line, the velocity, temperature and density vary almost discontinuously across it.

Austin [5] showed that just prior to the triple point collision, the slip line that sep-
arates the reacted gas behind Mach stem and the unreacted gas behind the transverse
wave is unstable due to the Kelvin-Helmholtz (K-H) instability. She also speculated
that the volute like structures produced by the K-H instability may cause mixing of the
burned and unburned gases. This presumably forms localized “hot spots” (isolated re-
gions of intense chemical reactivity) that “explode” to release energy in a short duration,

eventually contributing to the re-initiation into a detonation.

When a pressure gradient across a transverse shock interacts with a density gradient
across a reaction zone, this can produce vorticity through the baroclinic mechanism
leading to the formation of the Richtmyer-Meshkov (R-M) instability. Radulescu et
al. [7] suggested that mixing of burned and unburned gases by the vorticity present at
the reaction zone may give rise to an induction gradient that favours a synchronized
deposition of energy via hot spots (SWACER mechanism) and causes amplification of
compression waves. This in turn increases combustion rates and eventually leads to
re-initiation into a detonation [11]. However, they point out that their experimental
resolution was not sufficiently high to determine the origins of the final explosion leading

to re-initiation into a detonation.

At high Mach numbers, the slip line curves forward, as shown in Fig. 1.4, because
the streamlines in the state behind the transverse wave stagnate, either on a confining
wall or a line of symmetry. This stagnation point sets up a static pressure gradient
around it thereby deflecting flow away from it. This causes some of the flow to divert
downstream, with respect to the stagnation point, and thereby forcing the slip line to
curve forward [12, 13]. A mechanism that has been suggested to play a role in shock
reflections leading to re-initiation into a detonation is the jet formed in irregular shock
reflections [3, 12, 14]. The forward jetting of the shear layer in Mach reflections can
potentially re-inject combustion products of the trailing reaction zone into the unreacted
shocked gas behind the Mach stem, as proposed by Sorin et al. [15]. Indeed, very recent
numerical simulations of cellular detonations performed by Mazaheri et al. [16] have
shown that jet formation along shear layers plays a role in increasing the number of hot
spots (isolated regions of intense chemical reactivity) in the unburned gases behind the
Mach stem.
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Oran et al. [17] numerically studied the structure of two-dimensional detonation
waves using a reactive Euler model along with a detailed chemical reaction mechanism
for hydrogen-oxygen combustion. They showed that re-initiation into a detonation may
occur due to rapid release of high energy by: (a) the collision of transverse waves just prior
to the triple point collision; (b) the collision of the triple points themselves. However,
the mixture used for their model was a heavily diluted, low activation energy mixture
and therefore the mechanisms of re-initiation into a detonation may not be applicable to

high activation energy mixtures such as a stoichiometric methane-oxygen mixture [7].

Gamezo et al. [4] performed numerical simulations of two-dimensional C-J detona-
tions using reactive Euler equations with the Arrhenius law and showed that large pockets
of unreacted gas were observed in unstable detonations, especially for high activation en-
ergy mixtures. Evidence of these pockets of unreacted gas suggests that adiabatic shock
compression heating alone cannot be responsible for detonation propagation, particularly
for high activation energy mixtures, and that a mechanism that promotes mixing between
burned-unburned gases potentially plays a significant role [1]. They however point out
that the model cannot explain why detonation cells are formed and therefore are not
able to elucidate the mechanisms that cause re-initiation into an overdriven detonation

wave.

Despite identifying these important mechanisms, the sequence of events that clearly
show which mechanism(s) is responsible in increasing combustion rates and subsequently
causing re-initiation into a detonation is still lacking. This is because the spatial and
temporal scales of cellular detonations are very small to permit a clear visualization of
propagation of detonation waves as these waves periodically diffract, quench and are re-
initiated in every cell cycle. In addition, cellular detonation waves are highly stochastic,
unsteady and hence not very reproducible. This irregularity in cellular pattern was noted
by Ng et al. [18] where they numerically showed, using a two-step reaction mechanism
governed by the Arrhenius law in a 1D flow, that mixtures with high activation energies,
such as stoichiometric oxy-methane, are highly unstable due to the strong sensitivity of
the chemical induction time and energy release to initial perturbations. The irregularity
was clearly illustrated by Sharpe and Radulescu [19] who showed, using high resolution
numerical soot foils with a one-step Arrhenius reaction model in a 2D flow, that the

cellular dynamics become rapidly chaotic with an increase in activation energy.
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1.3.2 Detonation diffraction around obstacles

To better understand the detonation re-initiation process while addressing the stochastic-
ity and small length scale issues, the technique of allowing a detonation wave to quench
behind an obstacle and subsequently form a Mach reflection was adopted. It is now
well understood that when a self-propagating C-J detonation wave is allowed to expand
through the process of diffraction behind an obstacle or through an abrupt change in
area, the positive feedback mechanism between the reaction zone and cellular shock
front structure begins to weaken allowing the reaction zone to de-couple from the shock
front [20, 21, 22]. To help the reader understand this process of detonation diffraction
behind a full cylinder obstacle, Fig. 1.5 shows a schematic diagram that illustrates a

typical sequence of events.

Figure 1.5 (A) shows a stable cellular detonation wave propagating from left to right
and is about to collide against the full cylinder obstacle. Following this collision, Fig. 1.5
(B) illustrates the detonation wave diffracting around the downstream surface of the ob-
stacle which results in a velocity deficit. If this diffraction is allowed to continue, this may
result in a de-coupled shock-flame complex caused by weakening the positive feedback
mechanism [21, 22]. Figure 1.5 (C) shows that the detonation wave has now quenched
to form two de-coupled shock-flame complexes. Here both incident shock fronts form a
regular reflection off of each other. Following this regular reflection of the de-coupled
shock-flame complexes along the line of symmetry, a transition occurs which eventually
forms a Mach reflection as seen in Fig. 1.5 (D). Here a Mach shock front is formed and it
expands while propagating forward as the two triple points diverge from each other. It is
therefore evident that if the shock front of a de-coupled shock-flame complex is allowed
to reflect off a wall or another shock front along the line of symmetry behind an obstacle,
one can recover a Mach reflection similar to what is observed periodically at the start
of each cell cycle in a propagating detonation wave. This type of configuration presents
results on a larger scale than cellular dynamics with a higher degree of reproducibility

and therefore allows us to make detailed observations.

Teodorczyk, Lee and Knystautas [23, 24| studied the wall-reflection of a detonation
diffracted around a baffle using high speed Schlieren visualization. From their experi-
ments, they clearly correlated the re-ignition of the gas with the region behind the Mach

stem. These authors have also pointed out that mixing of hot reacted gases with colder
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unreacted gases along the slip-line emanating from the triple points may also have a

strong influence.

Ohyagi et al. [25] and Obara et al. [26] studied the diffraction and re-initiation
of detonation waves that take place behind a backward facing step and a slit plate
respectively. Their high speed Schlieren images and soot foils clearly indicated that re-
initiation into a detonation takes place behind the Mach stem. They provided evidence
that the re-initiation event is accompanied by transverse detonations. Such transverse

detonations have also been inferred from soot foils and open shutter photographs.

Open shutter photography by Radulescu and Maxwell [27] has shown evidence of in-
tense chemi-luminescence near triple points prior to re-initiation into a detonation. From
their analysis, as transverse detonations were ruled out, the evidence pointed towards
the possibility of mixing between burned and unburned gas. The experiments, however,
could not identify the true mechanism responsible for the intense chemi-luminescence

observed.

1.3.3 Summary of current state of knowledge

In summary, past research has played a crucial role in identifying key mechanisms that
cause re-ignition following a Mach reflection process. To date, five distinct mechanisms

have been proposed:

e high temperature behind the Mach stem leads to a significant reduction of the

ignition delays and rapid reaction of the gases;

e Kelvin-Helmholtz (K-H) instability along the slip line emanating from the triple
points promotes mixing between reacted and unreacted gases, leading to increased

burning rates;

e when transverse shocks interact with the density gradients in the flame interface,
the presence of the Richtmyer-Meshkov (R-M) instability can promote mixing and

enhance the burning rates;

e rapid energy release behind the transverse shocks lead to transverse detonations,

and;
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e the forward jetting slip line, formed behind the Mach stem, can enhance mixing
between burned-unburned gases and lead to the reaction of a substantial amount

of gases.

Whereas the first mechanism is commonly accepted, evidence in support for the other
four mechanisms remains inconclusive. This study is an experimental attempt to isolate
the key mechanisms that contribute to the acceleration of the reaction rates and cause
the re-initiation of a de-coupled shock-flame complex, following a Mach reflection, into

an overdriven detonation wave behind a cylindrical obstacle.

1.4 Problem definition and research objective

The objective of this research is to experimentally investigate the important mechanisms
controlling the re-initiation of the de-coupled shock-flame complex into an overdriven det-
onation, following a Mach reflection. To achieve this objective, a self-supported cellular
detonation wave is allowed to diffract around cylindrical obstacles and quench to obtain
a de-coupled shock-flame complex (see Fig. 1.5). The shock front of this de-coupled
shock-flame complex is then allowed to reflect off the wall or along the line of symmetry
to eventually form an irregular (Mach) reflection; the focus of this study will be on the
events that take place following the Mach reflection by varying the initial pressure and
obstacle used. The flow field evolution is visualized by using the Schlieren technique that

has a high spatial and temporal resolution.

1.5 Thesis outline

This thesis is organized as follows. Chapter 2 details the experimental setup used as well
as the procedure used for the experiments. Chapter 3 presents experimental Schlieren
images that illustrate the cellular behaviour of a self-propagating detonation wave with-
out the presence of an obstacle. Chapter 4 focuses mainly on the events following a Mach
reflection process of a quenched detonation behind an obstacle. Chapter 5 presents the

analyses carried out and discusses the findings. Finally, in Chapter 6 conclusions are
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drawn based on the qualitative and quantitative findings of this work followed by some
recommendations for future work. The appendices (Section A - G) include uncertainty
estimation, a brief description of the different computational tools used and analyses as

well as additional Schlieren images.

DETONA'I;ION WAVE
| 1
FINAL STATE INITIAL STATE
PRODUCT MIXTURE REACTANT MIXTURE
INDUCTION
ZONE A SHOCK
REACTION FRONT
ZONE 77
Temperature
Pressure, Density

Figure 1.1: A schematic diagram showing a Z-N-D detonation model propagating towards the
right and temperature, pressure and density profile across the detonation wave.
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Figure 1.2: Figure (a) shows a shadowgraph of a detonation front propagating from left to right in
a channel in CoH4+302+6N5 at an initial pressure py = 20 kPa. Figure (b) shows a soot foil from
another experiment showing the irregular cellular pattern in CoH4+3054-5N5 at an initial pressure
po = 20 kPa indicating that the cell width (\) is 15 mm. Photographs courtesy of J. M. Austin.
See also Ref. [5]

KELVIN-HELMHOLTZ
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ILITY I
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(B) (Q) (D) (E)

Figure 1.3: A schematic diagram illustrating the sequence of events in a single cell cycle for a
propagating cellular detonation wave with the direction of propagation for each shock wave shown:
(1) strong Mach stems; (2) weak incident wave; (3) transverse waves traveling towards each other;
(4) weak incident waves; (5) overdriven Mach stem; (6) transverse waves traveling away from each
other. Also labeled are the Kelvin-Helmholtz (K-H) instability and, the triple point path which is
not observed in the Schlieren images
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Figure 1.4: A schematic diagram of a reactive single Mach reflection, propagating towards the
right, identifying the key features - the Mach stem, the incident wave, the transverse wave, a slip

line, a triple point and the reaction zone.
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(A) (B) (C) (D)

Figure 1.5: A schematic diagram showing the diffraction of a detonation wave behind a full-
cylinder obstacle to form two de-coupled shock-flame complexes, which forms a Mach reflection
after interacting with each other. Description of the labels are as follows: (I) - Incident wave, (M) -
Mach stem, (T) - Transverse wave, (Tr) - Triple point, (s) - slip line, (R) - Reaction zone (or flame

interface)



Chapter 2

Experimental Setup

2.1 Flow facility

Figure 2.1 shows a schematic diagram of the 3.4 m long aluminium rectangular channel
used, henceforth referred to as the “shock tube”, with an internal height and width of
203.2 mm and 19.1 mm respectively. This internal width was found to be the optimum
value to suppress the transverse perturbations and thus approximating the flow as 2D;
additional details can be found in Drolet’s undergraduate thesis [28]. The shock tube
has three separate sections of equal length. This modular design allows for increased
versatility when initiating a detonation wave. Non-tempered glass panels are installed in
the third or “window” section, which permits Schlieren visualization. The obstacle was
placed in this “window” section. To ignite the mixture a spark plug is installed in the
first section of the shock tube. Dynamic pressure transducers were installed along the

top wall to record the arrival of the detonation wave and monitor its strength.

The schematic diagram shown in Fig. 2.2 shows a gas panel, which was designed for
multiple purposes - preparing the test mixture, filling and purging of shock tube channel.
The Swagelok needle valves on the bottom right corner are connected to different fuels
while the oxygen (O,) line is connected to the needle valve on the bottom left. Additional
valves are installed to avoid any accidental mixing, reverse-flow and to protect sensitive

instruments. The absolute static pressure in the shock tube is monitored in pound per

13
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square inch (psi units) by two OMEGA DPI32 programmable digital meters, with varying
degrees of accuracy. The type of pressure transducer installed is a piezoresistive OMEGA
transducer (model nos. PX409-015A5V and PX409-150A5V). The vacuum pressure in
the shock tube is measured using an OMEGA DVG-64 vacuum gauge (Pa units). Figure
2.2 shows a schematic diagram of the gas line connections between the gas panel and the
shock tube. The test mixture was fed into the shock tube from the mixing tanks, via the
gas panel, through Swagelok rubber insulated gas lines. The test mixture was prepared
in the mixing tank, by the method of partial pressures, and left to stand for a period
of approximately 24 hours. Ball valves connected onto the shock tube are used to seal

either a section or isolate the entire shock tube from the gas panel.

Before every test, the shock tube was first evacuated, to approximately 80 Pa, by a
Varian DS602 1PH rotary vane pump (model no. 9299335) to purge the shock tube of

any residual gas products left behind from the previous experiment.

Three obstacles were used for this study, all having a thickness of 19 mm. Figure
2.3(a) shows a half-cylinder obstacle, 305 mm in diameter, which was machined out
of polyoxymethylene thermoplastic (Delrin). Figure 2.3(b) shows a full-cylinder with
a diameter of 152.5 mm, which was machined out of aluminium. Figure 2.3(c) shows
a roughness plate, which was also machined out of the same thermoplastic, having a
length of 428.6 mm and a total height of 10 mm. The dimensions of each tooth on the
roughness plate are 3.2 mm by 3.2 mm; the teeth are separated by groves of length 3.2

mm. Additional details of the roughness plate can be found in the reference [29].

2.2 Measuring and data acquisition systems

The dynamic pressure changes during an experiment were monitored using high frequency
piezoelectric PCB pressure gauges, which were mounted along the top wall of the shock
tube. As Fig. 2.4 shows, the pressure sensors are housed in an aluminum casing while the
sensor diaphragm and face of the aluminum casing are placed flush against the internal
surface of the tube thereby mitigating any intrusion. Dynamic pressure sensors of two
different ratings were used - PCB Piezotronics 113A24 high frequency ICP pressure sensor

(measurement range of 1000psi with a sensitivity of 5mV /psi) and PCB Piezotronics
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113A27 high frequency ICP pressure sensor (100psi and a sensitivity of 50 mV /psi).

When the pressure sensors experience a dynamic change in pressure (e.g., passage
of a shock wave), a raw voltage signal is relayed through a coaxial cable that interfaces
with a PCB Piezotronics 482C05 signal conditioner. The improved signal-to-noise ratio
voltage signal from the conditioner is then transferred into a National Instrument DAQ
BNC-2110 card. Through a NI LabVIEW interface, the voltage signals can be calibrated
and converted into final pressure readings; the calibration specifications were provided
by the manufacturer. These final pressure readings are saved onto a computer hard drive
for future use. In addition, recording by the NI DAQ card begins when it is triggered by
a four channel BNC 575-4C digital delay/pulse generator, which also triggers all other

instrumentations at user defined interval delays.

2.3 Flow visualization systems

A Z-configuration Schlieren setup was used for visualizing all experiments as illustrated
in Fig. 2.5. The light source emits a high intensity flash that reflects off of two Edmund
Optics 32277533 optical grade parabolic mirrors, with enhanced aluminum coating, hav-
ing a diameter of 317.5 mm. The mirrors have an effective focal length of 2540 mm with

an aperture (f-stop inverse) of 8.0.

A brief description of our Z-configuration Schlieren setup is provided below and ad-
ditional details can be found in Settles’ book [30]. A bright flash from the light source
is incident upon the first mirror, which produces a parallel beam of light towards the
window section. The parallel beam of light is then refracted as it passes through the
window section, due to changes in the refractive index in the flow caused by density gra-
dients, before falling onto the second mirror. The light reflected from the second mirror
then falls onto a vertical knife edge (a razor blade) shown in Fig. 2.6, where a part
of the light is allowed to project onto the high speed camera sensor. For all Schlieren
visualization, a vertical knife edge was used, which permitted us to visualize horizontal
density gradients. Additional details on how to interpret the Schlieren images presented

in this work are provided in Section 2.10.

Two different visualization formats were used for two main purposes: a) high speed
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Schlieren videos; b) double-frame Schlieren images. The high speed videos allowed for a
clearer understanding of the sequence of events with a lower resolution while the double-
frame higher resolution permitted a much clearer visualization. Described below are the

different instruments used for both formats.

2.3.1 High speed Schlieren videos

A very high speed camera was used to record Schlieren videos of the experiments per-
formed. For most of the videos taken, the frame rate used was 77108 fps with a resolution
of 384 by 288 (horizontal by vertical). Figure 2.7 shows the Phantom high speed camera
(model no. V1210) manufactured by AMETEK Vision Research. The optical filter used
was a Biermann and Weber (B+W) 2x neutral density filter. This filter was chosen to
avoid overexposure from the luminous emission of the detonation wave. For velocimetry,
the Phantom Camera Control (PCC) application was used to calculate the shock wave
velocity after calibrating the video with a known reference length (e.g., height of the

channel).

A high intensity LED light source was used which produced a continuous high in-
tensity light for a duration of 2 sec. Figure 2.8 shows a picture of the LED light source
(part no. EL-P300W140D3-XT-ww) manufactured by EFFLED.

2.3.2 Double-frame Schlieren photographs

A very high resolution camera was used to capture two Schlieren images having a maxi-
mum resolution of 2112 by 2072 (horizontal by vertical) for each image. The inter-frame
time for all experiments visualized in this format was set at 11 psec. Figure 2.9 shows
the PCO-TECH Inc. double frame camera (model pco.2000) used to record these high
resolution images. The optical filter used was a Biermann and Weber (B4W) 2x neutral
density filter. For velocimetry, the ImageJ application was used after calibrating each

frame with a known reference length.

A two-in-line-spark high intensity flash system was used which can deliver sub-

microsecond duration flashes. To ensure both flashes were spatially stable across the
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electrode gap, argon gas was first flooded inside the housing of the system for a few sec-
onds before discharging the capacitors. Figure 2.10 shows a picture of the PalFlash501
system used, manufactured by PCO-TECH Inc. (formerly The Cooke Corporation).

2.4 Methods for gas ignition

Described below are methods used to ignite the test mixture and initiate a detonation

wave.

2.4.1 High voltage ignition (HVI) system

The high voltage igniter (HVI) shown in Fig. 2.11 was custom designed and built by Sev
Kamenskih from McGill University. The HVI is a compact ignition system that can be
charged to a voltage of approximately 30 kV. The main components of the HVI are the
two General Atomics 1 uF capacitors, the triggered spark gap (Perkin Elmer GP-41B)
and a TM-11A trigger module. The BNC pulse generator sends a voltage signal to the
module, which triggers the spark gap and allows the two capacitors to discharge into the
mixture (load), as seen in the circuit diagram shown in Fig. 2.12. The unit is capable
of storing up to a 1000J (at a charging voltage of V,=32 kV) of nominal energy and
releasing it with a response time of less than 2 us; additional details can be found in
Appendix B. For the majority of the tests, the capacitors were charged to 24 kV.

Following a rapid discharge of the HVI capacitors, a strong blast wave is produced
followed by a high speed deflagration wave. The wiremesh installed near the spark plug,
as shown in Fig. 2.13, accelerates the deflagration wave by inducing turbulence thereby
leading to a detonation initiation; this phenomenon is termed deflagration-to-detonation
(DDT) [1]. The overdriven detonation wave eventually stabilizes before reaching the
obstacle. To ensure a detonation wave was established before reaching the obstacle,
pressure plots recorded by the two transducers, mounted upstream with respect to the
obstacle, (see Fig. 2.1) provides the time of arrival. Knowing the distance between
these two transducers, the average velocity of the combustion wave can be estimated and

compared to the ideal C-J velocity.
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2.4.2 Shock tube with a diaphragm method

A different method, using a driver gas mixture, was used when the HVI system could
not initiate a detonation wave by itself; this occurred for low initial pressure mixtures
typically below 7 kPa. As shown in Fig. 2.14, the “driver” section of the shock tube
was filled with a more reactive mixture (e.g., stoichiometric oxy-acetylene). This driver
section was separated from the “driven” or test section, filled with the test gas, by a

plastic diaphragm having an average thickness of roughly 80 pm.

To initiate ignition, the BNC trigger sends a voltage signal to the HVI, which rapidly
discharges energy into the driver gas. The energy deposited from the spark plug initiates a
strong blast wave, which can form a detonation wave in the driver section. If a detonation
wave is formed, it ruptures the diaphragm and transmits into the driven section as a
strong shock wave. This strong shock wave then transitions into a detonation wave and

may eventually stabilize before reaching the obstacle.

2.5 Experimental procedure

2.5.1 Shock tube with a diaphragm installed

The shock tube and all gas lines connecting the mixing tanks, gas panel and shock tube
were first purged by evacuating them to 80 Pa. After the desired vacuum pressure was
achieved, the driven section was sealed and the driver section was first filled with the
driver mixture (e.g., 2CoHs + 502). Care was taken while filling the driver section by
avoiding the pressure difference across the diaphragm to exceed approximately 20 kPa as
a high pressure difference can rupture the diaphragm. Once the desired driver pressure
was reached, the driver section was sealed off by closing the appropriate valves. Before
filling the driven section, since the driver gas was usually different from the driven test
gas, all gas lines were purged by evacuating them to less than 60 Pa. After this, the driven
section was then filled with the test gas CH4+20,, which was used in all experiments.
After the pressure in driven section had reached its desired value, the shock tube was

then completely sealed and isolated from the gas panel and all gas lines were evacuated
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to less than 60 Pa. In the final step, the HVI was charged to 24 kV. The charging process

usually took less than 3 minutes after which the mixture was immediately ignited.

2.5.2 Shock tube without a diaphragm installed

The shock tube and all gas lines connecting the mixing tanks, gas panel and shock tube
were first purged by evacuating it to 80 Pa. Following this, the shock tube was carefully
filled with the test mixture (CH4+205) by controlling the flow from the needle valve on
the gas panel. Once the desired initial pressure was obtained, the shock tube was then
completely sealed and isolated from the gas panel and all gas lines were evacuated to less
than 60 Pa. In the final step, the HVI was charged to 24 kV after which the mixture

was immediately ignited.

2.6 First experimental series using a 305 mm diam-

eter half-cylinder

In the first series of experiments, a 305 mm diameter half-cylinder was placed in the
shock tube as shown in the Fig. 2.15.

The shortest distance between the top wall and the half-cylinder is described in this
work as the “gap size” and is denoted by d. For the 305 mm diameter half-cylinder in
the shock tube with an internal cross-sectional height of 203 mm, the gap size was dg¢

= 51 mm.

2.7 Second experimental series using a 305 mm di-

ameter half-cylinder followed by a roughness plate

From Fig. 2.16, a modification to the first experimental series was made by inserting the

roughness plate. One end of the roughness plate was placed flushed against the foot of
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the half-cylinder obstacle.

The objective of adding a roughness plate was to artificially introduce hot spots
(localized regions of chemical reactions), which were formed inside each groove. This
type of study can reveal how the energy release from these hot spots can affect the gas
dynamic behaviour behind the Mach shock, following an Mach (or irregular) reflection

of a de-coupled detonation wave.

2.8 Third experimental series using a 152 mm diam-

eter full-cylinder

Experiments were also performed using a full-cylinder obstacle with a smaller diameter.
From Fig. 2.17, the 152 mm diameter full-cylinder was positioned in the middle of the
flange separating the viewing section from the middle section. For the 152 mm diameter
full-cylinder in the shock tube with an internal cross-sectional height of 203 mm, the gap

size was dpc = 25.5 mm.

The objective of using a full-cylinder obstacle was to remove the influence, if any, of
the boundary layer behind the Mach shock following an Mach reflection of a de-coupled
detonation wave. Thus, this setup is more representative of the shock reflection process

observed in the cell cycle of a propagating detonation wave.

2.9 Sensitivity of the gas mixture

By keeping the composition and temperature constant of the test mixture (CH4+205),
the mixture sensitivity was controlled by changing only its initial pressure. With an
increase in pressure (density), the reaction rates in the mixture are faster and the mixture
is more sensitive. Previous correlations have shown that the reaction zone thickness and

cell size, vary approximately inversely proportional to the initial pressure as shown by
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the following relation [27, 31],
Aqjp o< A o< py® (2.1)

where, the half-reaction length or A/, represents the distance behind the shock front to

the point where half the energy is released, in a one dimensional Z-N-D model [27].

Figure 2.18 shows a compilation of experimentally measured cell width for stoichio-
metric oxy-methane mixture, with varying initial pressures (po) [32, 33, 34, 35, 36]. Also
shown in Fig. 2.18 is the initial pressure range used in this study, represented by the
vertical solid lines. The power law curve fit shown in the graph is given by the expression

A = 831.64p, 121 (where ) is expressed in mm and py in kPa).

2.10 Interpretating the Schlieren images

In an inhomogeneous gaseous medium, the density varies with the refractive index as per
the Gladstone-Dale equation. When a parallel beam of light is allowed to pass through
this inhomogeneous test section, it causes the light to refract at different angles. Before
the refracted light is incident upon the recording plane, it first passes through a cut-off
plane where a knife edge blocks a part of the refracted light. The light that is allowed
to pass through the cut-off plane forms a bright region (white lines) while the darker
regions (black lines) are formed because part of the light is incident upon the knife edge.
Since the Schlieren technique responds to the first spatial derivative of density, a sharp or
sudden change in density is represented by a thin line. Alternatively, a gradual change is
represented by a thicker line or region. As described in Section 2.3 we use a vertical knife
edge which allows one to visualize density gradients in the horizontal axis. To help the
reader understand how to interpret Schlieren images presented in this study, consider Fig.
2.19 which shows a typical Schlieren image with its corresponding schematic diagram on
the right. The Schlieren image shows a failed detonation wave as it diffracts around the

half-cylinder obstacle while propagating towards the right.

When traveling from point 1 to 2, a sharp black line is observed which represents a
sudden increase in density. A shock wave is a naturally occurring supersonic phenomenon

capable of causing a step increase in temperature, pressure and density. Therefore, the
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thin black line represents a shock wave traveling towards the right. If we consider the
X-axis positive towards the right, then the a shock wave traveling towards the right
represents a negative density gradient. Conversely, a shock wave traveling towards the

left represents a positive density gradient and will appear as a white line.

If a dark line traveling towards the right represents a negative density gradient, then
conversely a white line or region propagating in the same direction will represent a
positive density gradient. When traveling from point 2 to 3, a gradual decrease in density
is observed represented by the thick white region. A reaction zone represents an interface
that separates the heavier unburned gas (state 2) from the lighter burned products (state
3). Therefore, the thick white region represents the reaction zone traveling towards the

right. Conversely, a reaction zone traveling towards the left will appear as a dark region.
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(b2)

304.8 mm

(c1)
U T T T

28.6 mm

Figure 2.3: Photographs of different obstacles used for all experiments, shown with dimensions:

top view (al) and front view (a2) of the half-cylinder obstacle; top view (bl) and front view (b2)
of the full-cylinder obstacle; top view (c1) and front view (c2) of the roughness plate.

€))

PCB PRESSURE
SENSOR

PEBIPRESSURE S

PCB ALUMINUM| SENSOR
GAUGE PLUG DIAPHRAGM

Figure 2.4: Photographs of the PCB pressure sensor aluminum plug. Figure (a) shows the back
view of the PCB pressure sensor housed inside the aluminum gauge plug. Figure (b) shows the
front view of the PCB pressure sensor with its diaphragm placed flush against the surface of the

aluminum gauge plug.
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FIRST MIRROR

CAMERA

SECOND
MIRROR VERTICAL KNIFE
EDGE

HIGH INTENSITY
FLASH SYSTEM

Figure 2.5: A schematic diagram showing the Z-configuration Schlieren setup used for experi-
mental visualization. The high speed camera shown is the pco.2000 double frame camera and the
high intensity light source shown is the two-spark PalFlash 501 light source.

Figure 2.6: A photograph of the vertical knife edge, which resolves the horizontal density gradients
in the all Schlieren results obtained.
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Figure 2.8: A photograph of the high intensity LED light source, the focusing lens and the knife

edge pin hole.
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Figure 2.9: A photograph of the side view of the pco.2000 double frame high speed camera.

Photograph courtesy of L. Maley.

1
F%’HE
1l

ELECTRODES

Figure 2.10: A photograph of the two-spark PalFlash 501 high intensity light source, which uses
argon gas, the focusing lens and the knife edge pin hole. Photograph courtesy of L. Maley.

Figure 2.11: A photograph of the High Voltage Igniter (HVI) system.
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Figure 2.12: An electrical circuit diagram of the HVI system.

Figure 2.13: A photograph of a wiremesh installed to accelerate the flame in the driver section

and cause rapid initiation of a detonation wave.
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Figure 2.15: A photograph showing the position of the half-cylinder obstacle in the shock tube
for the first series of experiments.

Figure 2.16: A photograph showing the position of the half-cylinder and the roughness plate in

the shock tube for the second series of experiments.

Figure 2.17: A photograph showing the position of the full-cylinder obstacle in the shock tube
for the third series of experiments.
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Figure 2.18: Variation of detonation cell width with initial pressure in CH4+205. The black
vertical lines represent the range of initial pressures used for this work while the dashed line is a
fitted trendline given by A\ = 831.64pg~ 1215, As expected, by increasing the initial pressure of the
test mixture, the detonability (sensitivity of the mixture to detonation) increases, which is quantified
by a decreasing cell width A.

Figure 2.19: Figure a) shows a typical Schlieren image of a quenched detonation wave after it

has diffracted behind the half-cylinder obstacle to form a de-coupled shock-flame complex. Figure
b) shows a simple schematic diagram of the Schlieren image shown in Fig. a).



Chapter 3

Cellular Detonation Waves

3.1 The detonation cellular structure

As described at the end of Section 1.2, the process that allows a de-coupled shock-flame
complex to re-initiate into an overdriven Mach detonation occurs periodically at the start
of each cell cycle following a triple point collision; this essentially allows the detonation
wave to be self-propagating. While the cellular behaviour of a self-propagating detonation
wave has been well documented by past researchers, shown here is a particular example
taken from one of our experiments at an initial pressure of py = 3.5 kPa. This sequence

of Schlieren images clearly illustrates the cellular cycle in the detonation wave.

Figures 3.1 (a) to (d) depict an incident wave propagating towards the right with
its strength weakening and the reaction zone de-coupled from the front (a de-coupled
shock-flame complex) as the triple points approach each other. Also observed are the
shock fronts of the neighbouring (half) cells, which are stronger Mach stems with their
respective reaction zones closely coupled to the Mach shock. In Fig. 3.1 (e), the de-
coupled shock-flame complex continues to propagate forward with a velocity less than
the CJ velocity (~70% CJ velocity) while the triple points are just about to collide against
each other. In Fig. 3.1 (f), immediately following this collision, a Mach reflection with an
overdriven detonation wave (~110% CJ velocity) is observed. Notice that the de-coupled

incident wave has now re-initiated into an overdriven Mach detonation wave. Following

33
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this collision, Figs. 3.2 (g) to (1) show the triple points moving away from each other
while the overdriven Mach stem starts to expand rapidly. In addition, the shock fronts of
its neighbouring (half) cells have transformed from strong Mach stems to weak incidents

waves with thicker induction zones.

It is interesting to note from Figs. 3.2 (j) to (1) that the slip lines jet forward to form
“hook” like structures that point towards the Mach shock front. The slip lines appear as
a dark line moving towards the right because it separates the lighter burned gas behind
the Mach shock from the heavier unburned tongue of gas behind the transverse shock.
It is also interesting to note that large pockets of unburned gas are formed following the
collision, as seen in Figs. 3.2 (g) to (i), which lag behind the detonation wave. These have
been observed in the past [3]. In Figs. 3.2 (j) to (1), the trailing unburned gas pockets
eventually disappears, potentially due to heat and mass diffusion or due to interaction
through vortices [1, 4]. Finally, Figs. 3.1 (e) and 3.2 (1) show the volute-like structures
of the Kelvin-Helmholtz (K-H) instability along the slip lines.

3.2 The stochastic behaviour of a cellular detonation

wave

While the sequence of images above clearly illustrates the cell cycle process, what was
also clear from Figs. 3.1 (e) to (f) was that the length and time scales were too small to
discern which mechanism(s) was responsible for causing re-initiation into a detonation.
In addition, cellular detonation waves are highly stochastic, unsteady and hence not
very reproducible as discussed in Section 1.3.1. To help the reader better visualize this
stochastic behaviour of self-propagating detonation waves, consider Figs. 3.3 (al) to (c1)
and Figs. 3.3 (a2) to (¢2), which were obtained from two of our experiments using the
same initial conditions. Furthermore, both tests were recorded for the same distance
from the end of the shock tube. The comparison clearly demonstrates that the cellular
structure is considerably different, as there appears to be more cells in the second test,
i.e. Figs. 3.3 (a2) to (b2), than in Figs. 3.3 (al) to (bl) and therefore a direct comparison
cannot be made.
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Figure 3.1: Schlieren images of a self-propagating detonation wave in stoichimetric oxy-methane

mixture, at an initial pressure and temperature of py = 3.5 kPa and Ty = 300K respectively, showing:
(a) - (c) a weakening incident wave with the reaction zone de-coupled from it and the two triple
points approaching each other. Shown also are the stronger Mach stems, in the adjoining (half)
cells, with the reaction zone closely coupled to their respective shock fronts; (d) - (f) the triple
points are about to collide and then form an irregular (Mach) reflection immediately after collision
while the failed incident wave has re-initiated into an overdriven Mach stem. The channel height is
203.2 mm and the inter-frame delay is 11.53 pusec. Test ID: CH4+02-08-24-12(0.5psiTEST1)
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Figure 3.2: A continuation of the evolution of the flow field from Fig. 3.1 now showing: (g) -

(i) an overdriven Mach shock with the reaction zone closely coupled to it and the two triple points
moving away from each other. Note the neighbouring cells are now weaker incident waves with
their reaction zones de-coupled from the front; (j) - (I) the Mach stem rapidly expanding as the

triple points move away from each other. The inter-frame delay is 11.53 usec.



Cellular Detonation Structure 37

Figure 3.3: Figures (al)-(cl) were obtained from a test using stoichiometric mixture of methane-

oxygen with an initial pressure of 3.5 kPa and an initial temperature of 300K. Figs. (a2)-(c2) was
taken from a separate test using the same conditions but shows a very different cellular pattern thus

shedding light on the stochasticity of self-propagating cellular detonations waves



Chapter 4

Mach Reflection Process Behind An
Obstacle - Results

The experimental results presented here describes the behaviour of a self-sustaining det-
onation wave with the presence of a cylindrical obstacle, in contrast to Chapter 3. First,
the well understood process of detonation diffraction and quenching behind a cylindrical
obstacle is briefly discussed. This is then followed by experimental results that describe
the behaviour of a de-coupled shock-flame complex following a transient Mach reflection

process, which is the focus of this study.

4.1 Detonation diffraction around obstacles

It is very evident from Chapter 3 and from previous studies that self-sustaining detona-
tion waves exhibit a stochastic behaviour and that the length and time scales are very
small following the triple point collision. Thus, it is very challenging to distinguish be-
tween the mechanisms that contribute to the re-initiation into a detonation. Therefore,
as described in Section 1.3.2, the technique of using an obstacle to first quench a detona-
tion wave and subsequently allowing it form a Mach reflection was adopted. To clearly
illustrate this diffraction process, consider the Schlieren images shown Fig. 4.1 that was

recorded during one of our experiments having an initial pressure of py = 8.4 kPa.
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Fig. 4.1(a) shows a planar cellular detonation wave approaching the full-cylinder
obstacle. In Fig. 4.1 (b) the detonation wave reflects off the upstream face of the full-
cylinder obstacle, which sends a leftward moving shock wave, represented as a white line.
The detonation wave continues to propagate through a converging area along the surface
of the obstacle, on both sides, until it just passes the throat section, which is shown in Fig.
4.1(c). Following this, Fig. 4.1(d) shows the detonation wave now begins to propagate
through an expanding area, on either side of the full-cylinder obstacle. As the detonation
wave diffracts around the downstream surface of the obstacle, its curvature and velocity
decreases. If diffraction is allowed to continue, this may result in a de-coupled shock-
flame complex due to weakening of the positive feedback mechanism [20, 21, 22] and this

is precisely observed in Figs. 4.1(e) to (f).

The following sections shall now primarily focus on the behaviour of this de-coupled
shock-flame complex, following a Mach reflection behind different obstacles (see Section
2.1). The behaviour of this de-coupled shock-flame complex can vary depending on the

initial pressure of the gas mixture (see Section 2.9).

4.2 Detonation failure

At sufficiently low initial pressures, the detonation interaction with the half-cylinder
resulted in a de-coupled shock-flame complex. A typical example is shown in Fig. 4.2
which shows an evolution of the flow field at an initial pressure of py = 5.5 kPa. Note
that each image was recorded from separate experiments at different times-of-arrival for

the same initial conditions.

Figure 4.2 (a) shows the detonation wave, propagating towards the right, attenuating
as the reaction zone separates from the shock front. Figure 4.2 (b) shows a fully de-
coupled, or “quenched”, detonation wave where the reaction zone has clearly separated
from the shock front with a relatively longer distance. We also observe a regular reflection
on the bottom wall where the incident and reflected shocks are clearly identifiable. Figure
4.2 (c) shows, at a later time, that the regular reflection has transitioned into an irregular
or Mach reflection. Here we can clearly discern the Mach shock, incident wave and

transverse wave along with the reflected wave which has refracted at the flame interface.
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After some time interval, Fig. 4.2 (d) shows that the triple point has moved up and to
the right with the Mach shock expanding. We can now clearly see the forward jetting of
the slip line along the bottom wall. Also, the reflected wave travels faster in the burned
gas, owing to the higher sound speed, and eventually forms a Mach reflection off the
top wall. It should also be pointed out that no noticeable flame corrugation is observed
when the reflected wave refracts at the flame interface. In Fig. 4.2 (e), this reflected
wave moves further to meet with the original triple point and to form a quasi-steady
“quadruple point”. This “quadruple point” structure appears to be a confluence of four
shock waves and a shear layer - Mach shock, incident wave, transverse wave, the reflected
wave and the slip line. However, due to the transient nature of this “quadruple point” no
analyses were carried out. Figure 4.2 (e) also clearly shows the K-H instability along the
slip line. As the “quadruple point” continues to move upward and to the right, Fig. 4.2
(f) shows that the new triple point, formed due to the collision of the reflected wave with
the top wall and progressing downward and right, approaches the “quadruple point”.
We also continue to observe the volutes of the K-H instability along the slip line as well
as the forward jetting of the slip line near the bottom wall. We, thus, see that there is
no localized re-ignition immediately behind the Mach shock and thus characterize this

behaviour as a “detonation failure”.

For all velocity graphs presented in this work, the Y-axis represents the velocity of
the shock front. The shock front strength is given in terms of its Mach number (M) by
dividing the absolute shock velocity (Us) with the sound speed (¢) in the undisturbed
medium predicted by the NASA CEA equilibrium code. The absolute shock velocity (Us)
was measured from the sequential Schlieren images by knowing the inter-frame delay and
the distance traveled; the softwares used for velocimetry are mentioned in Section 2.3.
The X-axis represents the distance from the center of the obstacle (x), which is non-

dimensionalized with respect to the cylinder diameter (D) and is denoted by S.

Figure 4.3 shows a general trend of the incident and Mach shock velocities, measured
along the top and bottom walls respectively. Note that the shock speeds shown in Fig.
4.3 were measured between two successive frames for a given experiment, captured by
the double framing camera as described in Section 2.3.2. Figure 4.3 clearly shows that
both the incident and Mach shock decay with increasing distance from the half-cylinder
obstacle, with the Mach shock stronger that the incident wave. Figure 4.3 also shows

that when the detonation wave has failed, or quenched, the Mach shock strength is
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approximately half of the C-J detonation velocity, which is characteristic of complete
shock-flame de-coupling. Indeed streak photographs taken by Radulescu and Lee [37],
who experimentally studied the failure mechanisms of a detonation wave over a porous

wall, have also observed that a quenched detonation wave propagates at roughly 0.4M¢ ;.

A similar sequence of events leading to detonation failure was also observed in the
experiments using the full-cylinder (smaller diameter), albeit at lower initial pressures
- see Section 4.6 for scaling. Figures 4.4 and 4.5 shows an example of the detonation
failure behaviour using the full-cylinder at py = 3.5 kPa; only the main frames of interest
are shown here while Appendix G shows the remaining frames. Figure 4.4 (a) shows that
the front separates into a leading shock, which appears very smooth, and a de-coupled
reaction zone. The shock fronts then reflect, along the line of symmetry, to form a regular
reflection shown in Fig. 4.4 (b). This regular reflection eventually transitions into an
irregular or Mach reflection shown in Fig. 4.4 (c¢). Figures 4.4 (d) to (f) shows that,
owing to the low initial pressure, the sensitivity of the shocked reactants to ignition was
not sufficient to cause any re-ignition behind the Mach stem. The Mach shock front
expands as the two triple points move away from each other towards the top and bottom
walls. Figures 4.5 (g) to (i) shows evidence of the forward jetting of the slip line, the

K-H instability and islands of unburned gas can be seen trailing behind.

Figure 4.6 shows the velocity measurements of the shock front, for the experiment
shown in Figs. 4.4 and 4.5. The velocity of the Mach shock, measured along the center-
line, shows it is decreasing gradually as it diffracts. Similarly, the incident shock waves,
along the top and bottom walls, also decreases with increasing distance from the full-
cylinder. The error bars shown represent a maximum uncertainty of 21% of the measured

shock velocity (see Appendix A).

4.2.1 A comparison of the events following a Mach reflection

with and without an obstacle

Here some parallels are drawn by comparing the events following a Mach reflection pro-
cess between: a) a self-sustaining detonation wave following a triple point collision; b)
a de-coupled shock-flame complex formed behind an obstacle. For this consider Figs.

4.5(g) and 3.2(i). Firstly, the familiar triple point configuration, which is a characteristic
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feature of the Mach reflection process, is very obvious - the Mach shock, incident wave,
transverse wave and the slip line are all attached to the main triple point. Secondly,
pockets of unburned gas are observed in both cases that trail behind. Thirdly, the pres-
ence of the K-H instability is clearly observed along the body of the slip line and is more
prominent in Fig. 3.2(1). Fourth, the forward jetting slip lines are also observed. Finally,
the fifth comparison that may be drawn is the refraction of the reflected wave at the

flame interface which extends into burned products; this is clearly illustrated between
Figs. 4.4(e) and 3.2(i).

For a quantitative comparison consider the strength of the Mach shock. For the
self-propagating detonation wave case, the strength of the Mach shock was measured
approximately along the centerline between Figs. 3.1 (f) and 3.2 (g). The velocity of the
Mach shock, in terms of its Mach number, was measured to be 7.2. For the given initial
conditions, the ideal C-J Mach number was predicted to be 6.3 which implies the Mach
shock front is clearly overdriven by at least 10%. For the case following a Mach reflection
behind an obstacle, the velocity graph in Fig. 4.6 indicates that the strength of the Mach
shock front never reaches the ideal C-J velocity. Thus, it is evident that the strength of
the Mach shock front is much lower than that measured in a self-propagating detonation
wave. This is precisely the reason why the sensitivity of the gas shocked behind the
weaker Mach shock is much lower than that found in a self-sustaining detonation wave
and hence the reaction occurs after a much longer ignition delay. This permits us to
visualize the flow field evolution behind the Mach shock before any hot spot re-ignition

occurs.

4.3 Experiments using the half-cylinder and rough-

ness plate

Experiments were also performed at similar conditions as the detonation failure regime
by lining the bottom wall with a roughness plate, the details of which can be found in
Section 2.1. The plate permitted us to trigger ignition in the plate grooves, and use the
burned gas layer near the wall as a Lagrangian marker for the flow field in the failure
regime described above.
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Figures 4.7 and 4.8 shows an evolution of the flow field when a roughness plate is
added with the half-cylinder, for an initial pressure of py = 7 kPa. Figures 4.7 (a) to
(c) shows that following a Mach reflection of the de-coupled shock-flame complex behind
the half-cylinder obstacle, “hot spots”, which are localized regions of combustion, are
produced inside the grooves of the roughness plate. These hot spots burn and expand
the gas behind the foot of the Mach shock as it propagates towards the right. We also
observe shocklets generated due to the collision of the Mach shock against the edge of
each tooth. Figure 4.7(d) to Fig. 4.8(f) shows that as the hot combusted gas expands,
the forward jetting slip line appears to entrain the burned gas into unburned gas and
cause mixing. Also seen is a “backward propagating” shock wave and Figs. 4.8(g) to (h)
clearly shows this shock propagating into the tongue of unburned gas, behind the inert
transverse wave. Also clearly discernible is the corrugation of the tongue of unburned
gas, with active hot spot formation, possibly indicating an increase in chemical reaction

rates. A more thorough analysis of the forward jet is conducted in Chapter 5.

Figure 4.9 shows the velocity measurement of the incident and Mach shocks for the
roughness plate experiment shown in Figs. 4.7 and 4.8. Figure 4.9 shows that the
strength of the Mach shock stays relatively constant with an average Mach number of
My, = 4.5. This indicates that following jet entrainment and re-ignition behind the
Mach shock, the energy release from the coupled flame continues to support the Mach
shock as it diffracts, with increasing distance from the half-cylinder. This is in contrast
to Fig. 4.3 where there was no energy release to sustain the Mach shock thereby resulting
in a steady decline in its strength. However, from Fig. 4.9, the energy release was not
sufficient to increase the strength of the Mach shock beyond the C-J detonation velocity.
Additionally, the strength of the incident wave is lower than that of the Mach shock and

appears to decrease very gradually.

4.4 Hot spot re-ignition behind the Mach stem

For more sensitive mixtures at a higher initial pressure, localized re-ignition hot spots
were observed behind the Mach shock. Figures 4.10 and 4.11 shows an example obtained
at po = 10.3 kPa using the half-cylinder. Figures 4.10 (a) to (c) shows that following a

Mach reflection of a de-coupled shock-flame complex, the triple point travels right and
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up while the Mach shock propagates towards the right with an expanding curved front.
Figures 4.10 (d) to (e) show that re-ignition just occurs near the foot of the Mach stem,
close to the slip line, and appears to be entrained behind the Mach shock. Figure 4.10
(f) shows corrugation of the gas behind the Mach shock, following localized re-ignition.
Figures 4.11 (g) to (i) shows that following localized re-ignition, the flame couples behind
the Mach shock. Trailing pockets of unburned gas are also observed along the bottom
wall. Figures 4.11 (g) to (i) also shows, along the slip line, the volutes of the K-H
instability separating the burned gas, behind the reactive Mach stem, and the unburned

gas, behind the non-reactive transverse wave.

Figure 4.12 shows the velocity of the shock front measured from the localized re-
ignition experiment, using the half-cylinder, shown in Figs. 4.10 and 4.11. Figure 4.12
shows that the strength of the de-coupled incident shock, from the reaction zone, weak-
ens very gradually with increasing distance from the half-cylinder obstacle. Localized
combustion was observed behind the foot of the Mach shock, as shown in Figs. 4.10(d)
to (e), and the energy release appears to have lead to an increase in strength of the
Mach shock along the bottom wall. This is indicated by the sudden increase in velocity
to My, ~ 6 at S ~ 1.5 - 1.6. The increase in strength, however, was not sufficient to
overdrive the strength the Mach shock beyond the ideal C-J detonation velocity. Finally,
similar trends were observed in the numerical simulations performed by Lau-Chapdelaine

[38], using a one-step chemistry model at py = 10.3 kPa.

Figure 4.13 illustrates two sequential images obtained using the double frame camera,
that were recorded from another experiment having the same initial pressure of py =
10.5 kPa. Figures 4.13 (a) to (b) now clearly illustrates the corrugation of the tongue
of unburned gas with rapid growth of hot spot activity. An example of a growing hot
spot can be seen, in Fig. 4.13 (a), near the main triple point where, after a 11 usec
delay, in Fig. 4.13 (b) the hot spot grows to consume the unburned shocked gas around
it. Qualitatively, Fig. 4.13 (a) also clearly shows how the volutes of the K-H instability,
along the slip line, can entrain burned gas into unburned gas and potentially increase
combustion rates. This is evident in Fig. 4.13 (b) where we observe rapid thinning of
the vortex. These images look very similar to the photographs taken by Radulescu et al.
[9].

Figure 4.14 shows another example of hot spot re-ignition behaviour behind the Mach
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stem. Re-ignition is indicated by: a) the presence of the reaction zone structure immedi-
ately behind the Mach shock; b) the sharp density gradients along the slip line, indicative
of a burned-unburned gas interface. In this example, however, the camera resolution was
not sufficient to resolve the cause of re-ignition. Figure 4.14 (a) shows that a Mach reflec-
tion has just formed on the bottom wall following an irregular reflection of a quenched
detonation wave behind the half-cylinder obstacle. Figure 4.14 (b) shows the newly
formed triple point evolving in time and we can clearly discern the three shock waves
that confluence at the triple point. Figure 4.14 (c) now clearly shows that the Mach
shock has re-ignited to form a reactive wave with the flame coupled to the shock front;
due to the chosen sampling rate, no frames were captured between Figs. 4.14(b) to (c).
Finally in Fig. 4.14 (d), we see the the reactive Mach shock traveling towards the right,
along the bottom wall, and expands while a tongue of unburned gas trails behind the

non-reactive transverse wave.

Figure 4.15 shows the velocity profile for the half-cylinder spontaneous re-ignition
experiment, shown in Fig. 4.14. Here we find that the velocity of the Mach shock, as
measured along the bottom wall, remains relatively constant, close to the predicted C-J
detonation Mach number. This suggests that the Mach shock may have re-ignited even
before entering the field of view because it has a velocity of My, ~ 6, which is comparable

to the velocity profile described in Fig. 4.12.

Some degree of stochasticity was encountered such that hot spot re-ignition was also
observed at higher initial pressures of py &~ 12 kPa. To illustrate this, the experiment
shown in Figs. 4.16 and 4.17 is one example that shows Mach stem re-ignition, which
does not proceed to re-initiation into a detonation at these higher initial pressures. Figure
4.16 (a) shows Mach reflection has just formed following the reflection of a de-coupled
shock-flame complex. Figures 4.16 (b) to (c¢) shows the triple point moving up and to the
right with the Mach shock, incident wave and transverse wave clearly visible. We also
see the reflected wave refracting at the flame interface. As the Mach shock expands and
propagates towards the right with the triple point evolving in time, Figs. 4.16 (d) to 4.17
(g) now clearly shows localized re-ignition has occurred along the bottom wall behind the
foot of the Mach shock, where localized coupling between the flame and the shock front
takes place. In Fig. 4.17 (h) we begin to see that the forward jetting slip line appears
to entrain the flame. Figure 4.17 (i) now clearly shows the flame being entrained by the

forward jetting of the slip line behind the Mach stem. We can observe a “kink” along
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the Mach shock, which maybe indicative of initiation of the bifurcation process. Finally
at later times, we observe in Fig. 4.17 (j) a shock wave that propagates backwards into
the tongue of unburned gas behind the non-reactive transverse wave. Behind this shock
wave, we can also clearly observe corrugation in this unburned gas region caused due to
hot spot formation, which qualitatively suggests an increase in chemical reaction rates.
Figures 4.17 (k) to (1) shows a development of the corrugated unburned gas, particularly

closer to the bottom wall.

The velocimetry for Figs. 4.16 and 4.17 is shown in Fig. 4.18. Re-ignition behind
the Mach shock, along the bottom wall, may have occurred between Figs. 4.16(c) to (d)
as suggested by an increase in velocity to My, = 5.4 at S ~ 1.5. Following re-ignition
the Mach shock, supported by the energy release from the coupled flame, propagates

without much loss in strength but does not exceed the ideal C-J detonation velocity.

Using the double frame camera, it was challenging to obtain high resolution images
that showed the sequence of events leading up to localized hot spot re-ignition (or re-
initiation into a detonation) behind the Mach shock. Figure 4.19 shows two images
recorded from separate experiments at po = 10.4 kPa, which were recorded just prior to
full re-ignition of the Mach stem. Note that Figs. 4.19 (a) to (b) were not observed very
reproducibly. Fig. 4.19(a) shows localized combustion along the bottom wall behind the
Mach shock and the flame appears to couple near the foot of the Mach shock. We also
observe the slip line curved forward. Fig 4.19(b) now appears to show that hot burned
products are entrained behind the Mach shock in the vicinity of the forward jetting slip
line. Also, clearly visible from both frames are the compression waves present between

the propagating flame and the incident shock wave.

The hot spot re-ignition tests conducted with the smaller full-cylinder showed a very
similar sequence of events. Figures 4.20 and 4.21 shows one example of localized re-
ignition behind the Mach shock for an initial pressure of py = 8.4 kPa. Figures 4.20(a)
to (¢) shows that following diffraction and quenching behind the full-cylinder obstacle,
a de-coupled shock-flame complex is formed, which reflects to eventually form a Mach
reflection. Figures 4.20 (d) to 4.21 (g) shows that the Mach shock expands as the two
triple points move away from each other and towards the top and bottom walls of the
channel. During this Mach shock expansion, we observe the flame front of the receding

reaction zone approaching the Mach shock front along the line of symmetry, where the
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two forward jetting slip lines meet. From Figs. 4.21(h) to (i) a kernel of reacted gas is
evident immediately behind the Mach shock. A system of shocks is clearly evident as
originating from the explosion of this kernel. While a backwards facing shock interacts
with the tongue of unburned gas, localized bifurcations are also evident on the leading
Mach shock; a higher resolution image of a strong Mach stem bifurcation is shown in
Fig. G.48(c) recorded behind the half-cylinder obstacle.

Figure 4.22 shows the measured velocity of the Mach and incident shocks obtained
from the localized re-ignition experiment, using the full-cylinder, shown in Figs. 4.20
and 4.21. From the velocity profile, it is clear that the strength of the Mach shock
remains approximately constant due to the energy release behind it to compensate for
the diffraction process. However, this is not the case for the incident shock strength
measured along the top and bottom walls as there was no hot spot re-ignition in its

vicinity.

For a clearer visualization, the resolution was reduced and frame rate was increased to
focus on the events that take place along the line of symmetry local to the region where
the slip lines meet, which is illustrated in Figs. 4.23 and 4.24. Figures 4.23 (a) to (b)
shows the formation of a Mach reflection of a de-coupled shock-flame complex following
detonation quenching behind the full-cylinder obstacle. The two triple points formed
travel in opposite directions while the Mach shock expands as it progresses towards the
right. Figures 4.23 (c) to (d) shows the shocked region between the Mach shock front and
the slip lines having noticeable density gradients, particularly along the line of symmetry.
Figures 4.24 (e) to (f) shows the flame propagating along the line of symmetry, where the
two forward jetting slip lines meet, and “jets” into the shocked region behind the Mach
shock; this is very similar to what was observed in Figs. 4.20(e) to 4.21(g). Figures 4.24
(g) to (h) shows the flame continues to propagate forward until it couples with the Mach

shock front.

Figure 4.25 shows the Mach shock strength, measured approximately along the cen-
terline, for the experiment shown in Figs. 4.23 and 4.24. Similar to the Mach shock
velocity profile in Fig. 4.22, the Mach shock velocity in this Fig. 4.25 does not show any
noticeable increase in strength. Again, the strength of the Mach shock stays below the
ideal C-J detonation Mq; = 6.4.

Another example of hot spot re-ignition behind the Mach shock is illustrated in
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Fig. 4.26 at py = 10.5. As a reminder, re-ignition is indicated by: a) the presence of
the reaction zone structure immediately behind the Mach shock; b) the large density
gradients along the slip line, indicative of a burned-unburned gas interface. Similar to
Fig. 4.14, however, the camera resolution was not sufficient to resolve the cause of re-
ignition. In Figs. 4.26 (a) to (b), we observe a Mach reflection of a quenched detonation
wave, following which in Fig. 4.26 (c¢) shows a spontaneous ignition event that takes
place near the Mach shock front, which results in a fully coupled shock - flame wave
as seen in Fig. 4.26 (d). Due to the sampling rate selected, no frames were captured
between Fig. 4.26(b) to (c) while the low resolution could not resolve the event behind
the Mach shock. Figures 4.26 (e) to (f) shows that this reactive Mach shock continues
to expand and travel towards the right as the two triple points shown propagate away

from each other.

Figure 4.27 shows the velocity profile of the shock front for the experiment shown
in Fig. 4.26. The centerline velocity, which approximately represents the Mach shock
strength, is shown in Fig. 4.27 and it appears that the strength continues to increase until
we observe re-ignition between Figs. 4.26(c) to (d), which is supported by the increase
in velocity to M, = 5.5 at S ~ 1.5. The re-ignited Mach shock strength eventually
decreases due to diffraction as it expands, similar to what is observed in the cell cycle

process in a self-propagating detonation wave.

4.5 Re-initiation into a detonation along the Mach

shock and transverse shock

At still higher pressures than that described above, both the transverse and Mach waves
became self-supported detonation waves. Figures 4.28 and 4.29 are an example that
illustrates re-initiation into a detonation, using the half-cylinder obstacle, for py = 12.3
kPa. Figure 4.28 (a) shows that after the detonation quenches behind the half-cylinder
obstacle, the de-coupled shock-flame complex reflects to just form a Mach reflection.
Figures 4.28 (b) to (c) show the characteristic physical features of the Mach reflection
which grows, as time evolves, and the triple point moves towards the right and up. In
Figure 4.28 (d) we can see the forward wall jet effect of the slip line behind the Mach
stem. In Fig. 4.28 (e) re-ignition behind the Mach stem, near its foot, is clearly observed.
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Figure 4.28 (f) now shows localized combustion, following re-ignition, along with a re-
initiated detonation wave formed at the foot of the Mach stem. This qualitatively appears
to be a re-initiation into a detonation because of the very fine cellular structure. Figure
4.29 (g) now shows that following re-initiation into a detonation along the entire body of
the Mach stem, a highly exothermic chemical reaction takes places close the triple point,
characterized by the intense luminosity. Following this rapid chemical energy release
Fig. 4.29 (h) now shows other areas of the tongue of unburned gas around the transverse
wave ignites violently, again illustrated by the bright regions. This rapid ignition of the
tongue of unburned gas near the transverse wave is what leads to the re-initiation into
a transverse detonation wave as seen in Figs. 4.29 (h) to (i). Following this very violent
re-ignition of this tongue of unburned gas, Figs. 4.29 (h) to (i) show a strong shock wave

that propagates in all direction.

Figure 4.30 shows the velocity measurements of the incident and Mach shock, as
well as the triple point phase velocity, obtained from the re-initiation into a detonation
experiment shown in Figs. 4.28 and 4.29 with the half-cylinder. Between Figs. 4.28(d)
to (e) re-ignition may have occurred behind the Mach shock at its foot and this is
indicated in Fig. 4.30 by an increase in velocity to M, = 6 at S = 1.6. This is
immediately followed by re-initiation into a detonation, as seen in Figs. 4.28(e) to (f)
and quantitatively supported by another the increase in velocity to My, = 7 at S =~
1.7. For the given initial conditions, the C-J Mach number was found to be Mq; =
6.44 and the re-initiated Mach shock was estimated to be overdriven at 109%C-J. One
can approximate the transverse detonation velocity by measuring the triple point phase
velocity. The triple point phase velocity measured between Figs. 4.29 (h) to (i) was
estimated to be M;. = 4.6 at S ~ 2.0. For the state behind the incident wave, the
calculated C-J Mach number was Mc; = 4.1. This implies the transverse detonation

wave was also overdriven.

Figure 4.31 shows high resolution pictures of re-initiation into a detonation, which
were captured for py = 10.4 kPa. Figures 4.31 (a) to (b) were taken from different exper-
iments for the same initial pressure; note that the sequence of events illustrated in Fig.
4.31 were not observed very reproducibly. Figure 4.31 (a) shows that after re-initiation
into a detonation takes place along the Mach shock, a backward propagating shock wave
is observed. From a qualitative perspective, the detonation wave that re-initiates on the

Mach stem has a cellular structure and very thin induction zone. Furthermore, we also
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observe that the transverse wave is inert with a thick tongue of unburned gas behind
it. This configuration of an inert transverse wave and a re-initiated Mach shock was
also observed in numerical simulations by Radulescu et al. [9], Lau-Chapdelaine [38]
and Kessler et al. [39]. Figure 4.31(b) shows spontaneous ignition of the tongue of un-
burned gas near the transverse wave, due to rapid combustion after the Mach shock had
re-initiated, leading to re-initiation into a detonation along the transverse wave and a

shock wave propagating away from the explosion site.

Very high resolution images, obtained from the double frame camera, showing full
re-initiation into a detonation along the Mach stem and transverse wave are shown in
Fig. 4.32. The structures of the detonation waves formed along the Mach stem and
transverse waves are clearly seen. Figures 4.32 (a) to (b), clearly shows the Mach stem
and transverse wave have re-initiated because of the: distinct “whisker” pattern trailing
behind both waves; new triple points formation; no tongue of unburned gases behind the
Mach and transverse front. Also noticeable is the marked difference in appearance be-
tween the Mach stem and the incident shock front (along top wall), which clearly appears
to be de-coupled from its reaction zone. The transverse wave has also re-initiated into
a detonation wave, or “super detonation wave”, propagating into the shocked unburned
gases trapped between the incident shock front and the trailing reaction zone. Upon
careful observation in the vicinity of the triple point, the re-initiated transverse wave
appears to be separated from the detonation Mach stem and incident shock wave. This
triple point configuration was seen numerically by Kessler et al. [39] and Gamezo et al.
40].

A certain degree of stochasticity was observed such that re-initiation into a detonation
was also observed at relatively lower initial pressures i.e. pg = 10 kPa. This is illustrated
in Fig. 4.33, where we observe full re-initiation into a detonation behind the Mach shock
and transverse wave for an initial pressure of py = 10.5 kPa. Figure 4.33 (a) shows
rapid combustion behind the Mach shock, which appears to transition into a re-initiated
detonation wave at the foot of the Mach shock in Fig. 4.33 (b). Also noteworthy is what
appears to be a backward propagating shock wave observed in Fig. 4.33 (b). Following
this, Fig. 4.33 (c) shows intense chemical luminosity in the tongue of unburned gas near
the non-reactive transverse wave. This is indicative of rapid combustion rates, which
eventually lead to the transverse wave being re-initiated, as shown in Fig. 4.33 (d). In

Figs. 4.33 (e) to (f), the re-initiated Mach and transverse wave propagate rightwards
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and up respectively.

Figure 4.34 shows the velocity measured from experiment shown in Fig. 4.33. Re-
initiation into a detonation at the foot of the Mach shock was first noted in Fig. 4.33(b)
and this is quantified by the increase in velocity to roughly M, = 7.5 at S~ 1.4 - 1.5.
For the given initial conditions, the theoretical C-J detonation velocity is Mo, = 6.4
which implies that the re-initiated Mach shock is overdriven by approximately 17%. The
strength of the transverse wave can be approximated by determining the phase velocity
of the triple point. For the propagating transverse detonation wave observed in Fig. 4.33,
the triple point phase velocity was measured to be M, = 5.2 at S = 1.9. The measured
speed was then compared to the ideal C-J detonation velocity in the state behind the
incident shock, which was calculated to be My; = 4.4. This indicates that the transverse

detonation wave was also overdriven.

Similar sequence of events of prompt initiation into a detonation were also observed
in the full-cylinder tests. Figures 4.35 and 4.36 shows the re-initiation into a detonation
using a full-cylinder obstacle for an initial pressure of py = 16.8 kPa. Figures 4.35 (a) to
(c) shows that following diffraction around a full-cylinder obstacle, the detonation wave
partially quenches as this is evident with the presence of a triple point and a locally
coupled flame to the incident shock front running along the bottom wall of the shock
tube. Figures 4.35 (d) to (f) shows that immediately after a Mach reflection, the Mach
stem and transverse waves have re-initiated into a detonation. This is evident from the
fine cellular structure of the Mach shock front and the intense chemical luminous regions
near the transverse waves. These re-initiated transverse waves propagate through the
shocked unburned gas behind the incident waves thus forming super detonations. Figures
4.36 (g) to (i) shows that the re-initiated Mach stem expands and weakens such that the
fine cellular structure is now coarser. The re-initiated transverse waves propagate away
from each other until they collide against the top and bottom walls. After this collision,
two non-reactive shock waves travel towards each other, in the burned gas region, and

transversely with respect to the detonation front.

Figure 4.37 shows the velocity measurements of the incident and Mach shock, as well
as the triple point phase velocity, obtained from the experiment shown in Figs. 4.35 and
4.36 with the full-cylinder. The re-initiation into a detonation is clearly indicated by
the sudden jump in velocity to M, = 6.8 at S = 1.3. The re-initiated Mach shock was
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estimated to be overdriven with a strength of 105%C-J for a C-J velocity of Mg ; = 6.44.
Following re-initiation into a detonation of the Mach shock, the graph shows that the
wavefront velocity along the centerline (approximately) continues to stay overdriven as
the re-initiated Mach shock diffracts while moving rightwards. For the lower transverse
wave, re-initiation into a detonation was observed simultaneously with the Mach shock.
This is indicated by the increase in the triple point phase velocity to My.qns = 4. For a
C-J Mach number of Ms; = 4.3 in the state behind the incident shock, the re-initiated

lower transverse wave is approximately 92%C-J, which suggests it is a detonation wave.

Figures 4.38 and 4.39 shows an unusual case where one of the transverse wave had re-
initiated while the other transverse wave remained inert. Figures 4.38 (a) to (c) shows a
Mach reflection of a quenched detonation wave, following which Fig. 4.38 (d) to Fig. 4.39
(e) shows a spontaneous event that takes place behind the Mach shock, which results
in a fully coupled shock - flame reaction wave as seen in Fig. 4.39 (f). Figure 4.39
(g) shows that re-initiation into a detonation of the Mach stem and a transverse wave
occurs after a violent explosion takes place behind the transverse wave that is attached
to the lower triple point. The transverse wave on the opposite triple point remains non-
reactive. Figure 4.39(h) shows that after re-initiation into a detonation of one transverse
wave and the Mach shock occurs, the Mach detonation continues to propagate towards
the right and expand while the re-initiated transverse wave and non-reactive transverse

wave propagate away from each other towards the bottom and top wall respectively.

4.6 Summary

Figure 4.40 summarizes the different detonation regimes observed for the range of initial
pressures used in this study, for both the half-cylinder (dyc = 51 mm) and full-cylinder
(dpe = 25.5 mm) obstacles. To determine the gap size to cell width ratio (d/A), the cell
width predicted by the power law curve fit is used (see Fig. 2.18).

From Fig. 4.40, the detonation failure regime (e.g., Fig. 4.2) was observed when
po ~ 6 kPa and 3 kPa for the half and full cylinders respectively. Using the power law
curve fit, this implies a cell width of roughly A ~ 95 mm and 220 mm respectively or a

gap size to cell width ratio of (drc/A)yy; ~ 0.5 and (drc/A) .y = 0.1, respectively.
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Since few experiments were performed between pg ~ 6 - 10 kPa, Fig. 4.40 shows no
clear transition from failure to hot spot re-ignition (e.g., Fig. 4.10). Furthermore,
due to the stochastic behaviour noted earlier around py ~ 10 kPa, Fig. 4.40 shows
overlapping of all three regimes; this is especially true for the half-cylinder due to the
higher volume of experiments performed. Therefore, the hot spot re-ignition regime was
moderately observed for py &~ 10 kPa. This implies A &~ 51 mm or (dgc/)), ., ~ 1.0 and

(dFC/)\)reig ~ 0.5.

reig

From Fig. 4.40, the detonation re-initiation regime (e.g., Fig. 4.28) was observed
when py ~ 12 kPa (half-cylinder) and py ~ 16 kPa (full-cylinder) with a cell width of
A &~ 41 and 29 mm respectively. Therefore, detonation re-initiation was observed when
(duc/A),ein = 1.2 and (dpe/A),.;,, = 0.9. This suggests that by keeping the (d/\)
constant, both the gap size (d) and cell width (A) have to be scaled appropriately in

reimn ~
order to observe the same detonation re-initiation behaviour. Radulescu and Maxwell
[27] studied detonation attenuation through a porous bed media using an equimolar
mixture of oxy-acetylene. They found, from their experiments, detonation re-initiation
to occur for a gap size to cell width ratio between 1.3 to 2.5. The lower end of their

range appears to compare well with the findings here.

Figure 4.41 and Fig. 4.42 illustrates the propensity for observing a particular regime
when (d/)) is varied, for both obstacles. It was mentioned earlier that to observe the re-
initiation phenomenon, both the gap size and cell width have to be scaled appropriately
when using obstacles of different diameters. This is further shown when comparing Fig.
4.41 and Fig. 4.42. Thus, under different operating conditions if the gap size is fixed,
the (d/\) = 1.0 ratio may be used as a guideline to vary the initial pressure (and hence
cell width) when investigating the re-initiation regime. But it should be remembered
that this ratio is conservative at best due to - a) stochasticity, and b) fewer experiments

performed using the full-cylinder obstacle (about one-fifth of the half-cylinder).
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Figure 4.1: A sequence of Schlieren images of a self-propagating cellular detonation in stoi-
chiometric methane-oxygen mixture, at an initial pressure and temperature of 8.4 kPa and 300K,
respectively, showing how it diffracts around a 152.4 mm diameter full-cylinder obstacle to form a
de-coupled shock-flame complex devoid any triple point structure across its front. Also observed
are shock structures (white lines) that reflect off the full-cylinder and the confining wall and prop-
agate back. The channel height is 203.2 mm with an inter-frame delay of 23.06 usec. Test ID:
CH4+02-08-22-12(1.2psiTEST3)
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Figure 4.2: Schlieren images showing the evolution of a flow field of inert shock reflections of a
quenched detonation wave behind the half-cylinder obstacle. The initial pressure and temperature
was 5.5 kPa and 300K. Each image represents a different experiment at the same initial conditions
using the dual-frame camera. (a)Test ID: CH4+02 - 08-4-11(0.85psi)6; (b)Test ID: CH4+02
- 08-12-11(0.85psi)1; (c)Test ID: CH4+02 - 08-28-11(0.85psi)3; (d)Test ID: CH4+02 - 07-31-
11(0.85psi)1; (e)Test ID: CH4+02 - 01-15-11(0.8psi)1a; (f)Test ID: CH4+-02 - 07-31-11(0.85psi)3
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Figure 4.3: General velocity trend of the incident and Mach shock for the detonation failure case
with the half-cylinder; the solid line shows the CEA calculated C-J Velocity for pg = 5.5 kPa, Ty =

300K. Note that each data point was obtained from different experiments.
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Figure 4.4: A flow field evolution showing a quenched detonation wave failing behind the full-
cylinder obstacle. Since the detonation structure has quenched, there is no energy release in the
vicinity of the shock front. Shown clearly is the transition of this shock-flame complex from a
regular reflection to a Mach reflection with the important features identified. The initial pressure
and temperature was 3.5 kPa and 300K. See Fig. G.8 for remaining frames. Test ID: CH4+02-08-
20-12(0.5psiTESTI)
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Figure 4.5: Continuation of the flow field evolution shown in Fig. 4.4. The images show trailing
pockets of unburned gas as well as the K-H instability and forward jet along the slip line. The initial
pressure and temperature was 3.5 kPa and 300K. Test ID: CH4+02-08-20-12(0.5psiTEST1)
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Figure 4.6: Velocimetry of the incident shock (top and bottom walls) and Mach shock (centerline)

of a flow field showing inert shock reflections behind the full-cylinder obstacle. These values were

obtained from the experiment shown in Figs. 4.4 and 4.5.
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Figure 4.7: Flow field evolution showing re-ignition behind the Mach shock where a layer of burned

gas is formed over the roughness plate obstacle (Images courtesy of L. Maley and K. Dennis). As
the burned gas expands we also observe the slip line jetting forward. The initial pressure was 7 kPa.
All frames were obtained from the same experiment using the high speed video camera and the
remaining frames are shown in Figures G.6 and G.7. Test ID: CH4+02-07-13-12(1.0psi)roughness
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Figure 4.8: Continuation of the flow field evolution shown in Fig. 4.7. Shown here is the burned

gas being entrained with cooler reactants to form a vortex behind the Mach shock. Also shown is a
back propagating shock wave, which propagates through unburned gas behind the transverse wave.
In addition corrugation of the unburned gas, punctuated by hot spot formation, behind this shock
wave is clearly seen. The initial pressure was 7 kPa. Test ID: CH4+02-07-13-12(1.0psi)roughness
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Figure 4.9: Velocity profile of the incident shock (top wall) and Mach shock (bottom wall) for
the roughness test, where localized ignition events were observed behind the Mach shock. These

values were obtained from the experiment shown in Figs. 4.7 and 4.8.
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Figure 4.10: An evolution of a flow field showing re-ignition first at the foot of the Mach shock
for a smooth wall test using the half-cylinder obstacle. The initial pressure was 10.3 kPa. All frames

were obtained from the same experiment using the high speed video camera and the remaining
frames are shown in Fig. G.1. Test ID: CH4+02-07-27-12(1.47psiTEST7)
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Figure 4.11: A continuation of the flow field evolution shown in Fig. 4.10. The flame formed
behind the Mach shock eventually evolves in time to couple with the entire Mach shock front. Also
observable are the unburned gas pockets along the bottom wall and the K-H instability along the
slip line. The initial pressure was 10.3 kPa. Test ID: CH4+02-07-27-12(1.47psiTEST7)
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Figure 4.12: Velocimetry of the incident shock (top wall) and Mach shock (bottom wall) obtained
from the experiment shown in Figs. 4.10 and 4.11. The solid line shows the CEA calculated C-J
velocity for pp = 10.3 kPa.

Figure 4.13: Two sequential frames showing corrugation of the tongue of unburned gas due to
hot spot formation as well as thinning out of the volute of the K-H instability along the slip line for
po = 10.5 kPa. Both frames were obtained from the same experiment using the dual-frame camera.
Test ID: CH4+02 - 05-11-11(1.49psi3)
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Figure 4.14: Flow field evolution showing an spontaneous re-ignition event behind the Mach
shock, rather that a gradual sequence as seen in Fig. 4.10 for pgp = 9.8 kPa. All frames shown were
obtained from the same experiment using the high speed video camera and the remaining frames
are shown in Fig. G.2. Test ID: CH4+02-07-27-12(1.4psiTEST3)
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Figure 4.15: Velocimetry of the incident shock (top wall) and Mach shock (bottom wall) of a
flow field showing spontaneous ignition following a Mach reflection; the solid line shows the CEA
calculated C-J velocity for pg = 9.8 kPa. These values were obtained from the experiment shown
in Fig. 4.14.
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Figure 4.16: Sequence of images showing localized hot spot re-ignition behind the foot of the
Mach shock for a smooth wall test using the half-cylinder obstacle. The initial pressure was 12.3
kPa. All frames were obtained from the same experiment using the high speed video camera and
the remaining frames are shown in Fig. G.5. Test ID: CH4+02-07-24-12(1.75psiTEST4)
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Figure 4.17: A continuation of the flow field evolution immediately after Fig. 4.16(f). Following
re-ignition behind the Mach shock, the hot gas products appear to be entrained by the forward
jetting slip line. Also observable is a backward propagating shock wave. The initial pressure was
12.3 kPa. Test ID: CH4+02-07-24-12(1.75psiTEST4)



Results 70

H
H
H

Mach number
w0

T
R
R
e
R

—e— b

e

|

® Top wall Incident shock
1 [ A Bottom wall Mach shock N
_— C-J Velocity
0 | |

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Distance from center of cylinder (S)
Figure 4.18: Velocimetry of the incident shock (top wall) and Mach shock (bottom wall) of a
flow field showing re-ignition following a Mach reflection. These values were obtained from the

experiment shown in Figs. 4.16 and 4.17.

RE-IGNITION
BEHIND MACH

Figure 4.19: A general evolution of a flow field showing re-ignition of the Mach shock following
jet entrainment of hot burned gas with unburned gas behind the Mach stem, for pg = 10.4 kPa.
Each image represents a different experiment at the same initial conditions using the dual-frame
camera. (a)Test ID: CH4+02 - 08-3-11(1.49psi)3; (b)Test ID: CH4+02 - 08-2-11(1.49psi)2
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Figure 4.20: A flow field evolving in time showing re-ignition behind the Mach shock. The
sequence of images indicate the development of the forward jetting slip line as the flame front
approaches the Mach shock front. The initial pressure was 8.4 kPa. All frames were obtained from
the same experiment using the high speed video camera and the remaining frames are shown in Fig.
G.9. Test ID: CH4+02-08-14-12(1.2psiTEST1)
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Figure 4.21: A continuation of the flow field evolution shown in Fig. 4.20. Following the earlier
sequence of events, a strong coupling of the flame with the Mach shock front is observed. Also
shown is a strong bifurcation of the Mach shock to form two new triple points that are moving away
from each other. The initial pressure was 8.4 kPa. Test ID: CH4+02-08-14-12(1.2psiTEST1)
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Figure 4.22: Velocimetry of the incident shock (top and bottom walls) and Mach shock (center-
line) of a flow field showing re-ignition events following a Mach reflection behind the full-cylinder

obstacle. These values were obtained from the experiment shown in Fig. 4.20 and 4.21.
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Figure 4.23: A sequence of Schlieren images showing that following a Mach reflection, distinct
density gradients are observed behind the Mach shock. Also the flame interface, near the lower slip
line, begins to approach the Mach shock front. The initial pressure was 10.5 kPa. See Figs. G.10
and G.11 for remaining frames. Test ID: CH4+02-08-03-12(1.49psiTEST4)
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Figure 4.24: A continuation of the flow field shown in Fig. 4.23 where we observe re-ignition
behind the Mach shock. Here the familiar forward jet effect of the slip line is seen along with

the flame front until it couples with the Mach shock. The initial pressure 10.5 kPa. Test ID:
CH4+02-08-03-12(1.49psiTEST4)
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Figure 4.25: Velocimetry of the incident shock (top and bottom walls) and Mach shock (center-

line) of a flow field showing re-ignition events following a Mach reflection behind the full-cylinder

obstacle. These values were obtained from the experiment shown in Figs. 4.23 and 4.24.
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Figure 4.26: An evolution of a flow field showing spontaneous re-ignition behind the Mach
shock, instead of a gradual process as observed in Fig. 4.23 for the same initial conditions. The
initial pressure was 10.5 kPa. All frames were obtained from the same experiment using the high
speed video camera and the remaining frames are shown in Fig. G.12. Test ID: CH4+02-08-03-
12(1.49psiTEST2)
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Figure 4.27: Velocimetry of the incident shock (top and bottom walls) and Mach shock (center-
line) of a flow field showing spontaneous re-ignition events following a Mach reflection behind the

full-cylinder obstacle. These values were obtained from the experiment shown in Figure 4.26.
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Figure 4.28: Sequence of images showing detonation re-initiation of the Mach shock at its

foot for py = 12.3 kPa. All frames were obtained from the same experiment using the high
speed video camera and the remaining frames are shown in Fig. G.4. Test ID: CH4+02-07-25-
12(1.75psiTEST6)
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Figure 4.29: A continuation of the sequence of images shown in Fig. 4.28. Following detonation

re-initiation of the Mach shock rapid exothermic reactions near the transverse shock is observed.
This is followed by a transverse detonation wave. The initial pressure is pg = 12.3 kPa. Test ID:
CH4+02-07-25-12(1.75psi TEST6)
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Figure 4.30: Velocimetry of the incident shock (top wall), Mach shock (bottom wall) and triple
point phase velocity of a flow field showing re-initiation following a Mach reflection. These values
were obtained from the experiment shown in Figs. 4.28 and 4.29.
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Figure 4.31: A general evolution of a flow field showing re-initiation of the Mach shock followed
by re-initiation of the transverse wave. Also clearly observable are strong inert shock waves formed
after detonation re-initiation on the Mach and transverse shock, indicative of rapid chemical reaction
rates. The initial pressure was 10.4 kPa. Each image represents a different experiment at the same
initial conditions using the double frame camera. (a)Test ID: CH4+02 - 08-3-11(1.49psi)1; (b)Test
ID: CH4+02 - 08-2-11(1.49psi)1
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Figure 4.32: A reproducible flow field evolution showing a re-initiated Mach shock and transverse
wave propagating towards the right and up. The initial pressure was 12.0 kPa. Each image represents
a different experiment at the same initial conditions using the dual-frame camera. (a) Test ID:
CH4+02 - 03-12-11(1.72psi)4; (b)Test ID: CH4+02 - 03-12-11(1.72psi)6
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Figure 4.33: Flow field evolution showing rapid re-initiation first at the foot of the Mach shock.
This is followed by a violent detonation re-initiation event on the transverse shock. The initial
pressure was pg = 10.5 kPa. All frames were obtained from the same experiment using the high
speed video camera and the remaining frames are shown in Fig. G.3. Test ID: CH4+02-07-27-
12(1.5psiTEST2)
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Figure 4.34: Velocimetry of the incident shock (top wall), Mach shock (bottom wall) and phase
velocity of the triple point for a flow field evolution showing re-initiation following a Mach reflection;
the solid line shows the CEA calculated C-J velocity for pg = 10.5 kPa, Ty = 300K. These values
were obtained from the experiment shown in Fig. 4.33.
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Figure 4.35: A flow field evolution showing simultaneous detonation re-initiation of the Mach
shock and transverse wave for py = 16.8 kPa. All frames were obtained from the same experiment
using the high speed video camera and the remaining frames are shown in Fig. G.13. Test ID:
CH4+02-08-01-12(2.4psiTEST4)
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Figure 4.36: A continuation of the flow field evolution shown in Fig. 4.35 for pg = 16.8 kPa.
Test ID: CH4+02-08-01-12(2.4psiTEST4)
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Figure 4.37: Velocimetry of the incident shock (top and bottom walls), Mach shock (centerline)
and triple point phase velocity of a flow field showing re-initiation following a Mach reflection behind
the full-cylinder obstacle. These values were obtained from the experiment shown in Figs. 4.35 and
4.36. The initial pressure and temperature is 16.8 kPa and 300K.



Results 88

Figure 4.38: A flow field showing first a Mach reflection of a de-coupled shock-flame complex. A
spontaneous event occurs near the Mach shock, which cannot be well resolved. The initial pressure
and temperature was 16.8 kPa and 300K. All frames were obtained from the same experiment using
the high speed video camera. Test ID: CH4+02-08-01-12(2.4psiTEST5)
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Figure 4.39: A continuation of the flow field immediately following the event shown in Fig.
4.38(d). At a later time detonation re-initiation occurs at the Mach shock. However an unusual
case is observed where detonation re-initiation only occurs along the lower transverse wave while
the upper transverse shock remains non-reactive. This is indicated by the long trailing unburned

pockets of gas. The initial pressure and temperature was 16.8 kPa and 300K. Test ID: CH4+QO2-
08-01-12(2.4psiTEST5)
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Figure 4.40: A summary of all experiments showing the different gas dynamic behaviours observed

for different initial pressures.
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Figure 4.41: A histogram summary of all experiments illustrating the different detonation regimes
observed using only the half-cylinder obstacle. Note that experiments using the roughness plate have

been excluded.
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Figure 4.42: A histogram summary of all experiments illustrating the different detonation regimes

observed using only the full-cylinder obstacle.



Chapter 5

Analyses and Discussions

5.1 Sequence of the re-initiation process into a det-

onation wave

This section summarizes the phenomenological observations made in Chapter 4. Here
a sequence of events is provided, shown in Figs. 5.1 to 5.2, that illustrates a possible
process of re-initiation into a detonation following the Mach reflection of a quenched
detonation wave behind a cylinder. In doing so, we aim to identify specific events that

are unclear.

Firstly, from Figs. 5.1(A) to (B), the relative distance between the flame interface
and the Mach shock front decreases, following a Mach reflection of a de-coupled shock-
flame complex (see Fig. 4.24); for simplicity the reflected shock wave is not shown.
Figure 5.1(C) shows that the burned gas is then entrained by a forward jetting slip line,
behind the Mach shock, to form a vortex of burned and unburned shocked gases (see Fig.
4.8). In some cases a kink was formed along the Mach shock following this entrainment
(see Fig. 4.17). Next, after hot spot re-ignition occurs behind the Mach shock, Fig.
5.2(D) shows the flame appears coupled to the Mach stem and in some cases even causes
a bifurcation of the Mach stem to create new triple points (see Fig. 4.21). However,
for more reactive cases, Fig. 5.2(E) illustrates that the Mach shock re-initiates into a

cellular detonation wave (see Figs. 4.31 and 4.28) and velocimetry confirms that it is an

92
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overdriven detonation wave (see Fig. 4.30).

After the Mach shock has re-initiated into a detonation, Fig. 5.2(E) shows that in
some cases a back propagating shock wave was observed (see Fig. 4.31(a)). This shock
wave can interact with the tongue of unburned gas, behind a non-reactive transverse
wave, and may increase combustion rates. This was supported by the observations of
hot spot formation as shown in Figs. 4.8 (g) to (h), where a back propagating shock wave
corrugates the unburned gas in the region close to the roughness plate, and also in Fig.
4.17 (j) to (1). Also observed were the vortical structures of the K-H instability along
the slip line, as shown in Fig. 4.13, which may cause mixing locally. Figures 4.29(h)
and 4.33(c) strongly suggest that the origins of the re-initiation of the transverse wave
into a detonation was due to rapid combustion of the tongue of unburned gas behind it.
Finally, from Fig. 5.2(F) both the transverse and Mach shock propagate as re-initiated

detonation waves (see Fig. 4.32).

From the above description of the sequence of events, three main questions arises:

1. Can we attribute the accelerating burning rates that lead to hot spot re-ignition,

behind the Mach shock, to adiabatic shock compression alone?

2. Following hot spot re-ignition behind the Mach shock, was the flame observed lam-

mar or not?

3. From the previous two questions what role, if any, do the mechanisms that lead
to mizing between burned and unburned gas (forward jetting slip line, R-M and
K-H instabilities) play in hot spot re-ignition that may lead re-initiation into a

detonation?

5.2 Predicting ignition delay in smooth wall tests

As mentioned earlier, it is unclear what mechanisms are responsible for accelerating the
combustion rates and causing re-ignition to occur behind the Mach shock. To ascertain if
shock compression alone is responsible for the re-ignition event behind the Mach shock,

one can compare the presence of chemical reactions with predictions of ignition delay
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times. Since such predictions assume negligible mixing, i.e. heat and mass transfer, such
comparisons can be used to gauge the importance of mixing; a similar approach was used

by Radulescu et al. [9] and Kiyanda and Higgins [8].

The general definition of ignition delay times, denoted henceforth as 74, is the time
delay from when a combustible mixture is brought to critical ignition conditions (e.g.,
by adiabatic shock compression), until a flame is “observed” [41]; Gardner [42] gives an
excellent review of several techniques that are used to quantify when a flame is observed.
In this work, the predicted ignition delay time (T,-g th) was calculated by first estimating
the temperature and pressure behind the Mach stem of known strength, using NASA’s
CEA program (Appendix C) with frozen chemistry. Next, using the GRI mechanism
(GRI-Mech) version 3.0 and a Cantera package (see Appendix D), 74, was predicted,

for a constant volume, by tracking changes in the CH radical concentration.

From Chapter 4 it was observed that typically around py, ~ 10 kPa in the smooth
wall tests, the hot spot re-ignition regime was characterized by localized regions of igni-
tion kernels that occurred behind the Mach shock without artificially introducing them.
Therefore, starting with these smooth walled experiments it is of interest to know if shock
compression alone is a primary mechanism for causing ignition behind the Mach shock

without artificially promoting chemical reactions.

As an example for the hot spot re-ignition case using the half-cylinder obstacle,
consider the experiment shown in Figs. 4.10 and 4.11. Table 5.1 lists the predicted
ignition delay times for varying Mach shock strengths as it propagates from left to right

until ignition was observed in Fig. 4.10(e).

Table 5.1: Theoretical 7;,, values for Fig. 4.10 prior to and following localized ignition behind
the Mach shock using the half-cylinder obstacle.

Mach no. vN Temperature (K) vN Pressure (kPa) 7, (usec)

4.5 1100 250 1.3 x10*
5.1 1300 320 9.2 x10?
4.9 1200 290 2.1 x103

5.8 1600 420 5.1 x10!
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From Table 5.1, typically the ignition delay time was greater than 900 psec until
ignition occurs leading to a stronger Mach shock strength or a smaller ignition delay of
Tigy, = 01 psec. To get an upper-bound limit of the ignition delay from the experiments
Tigeap the inter-frame delay was added until hot spot re-ignition was observed behind the
Mach shock, as shown in Fig. 4.10(e). This was done because the ignition observed may
have occurred when particles, shocked at earlier times, propagated in the same direction
as the Mach shock and auto-ignited after some delay. Thus, from experiments we have

typically Tigeap < 100 psec which implies Tigeap < Tigth-

Similarly, for the full-cylinder obstacle, consider the experiment shown in Figs. 4.20
and 4.21. Table 5.2 lists the predicted ignition delay times for varying Mach shock
strengths as it propagates from left to right until ignition was observed in Fig. 4.21(g).

Table 5.2: Theoretical 7, values for Fig. 4.20 prior to and following localized ignition behind
the Mach shock using the full-cylinder obstacle.

Mach no. vN Temperature (K) vN Pressure (kPa) 7, (usec)

4.7 1200 220 5.1 x10°
4.6 1100 210 1.3 x10*
4.6 1100 210 1.3 x10*
4.7 1200 220 5.1 x103
4.4 1100 190 3.6 x10*
4.2 1000 170 1.0 x10°
4.0 960 160 3.1 x10°

Table 5.2 indicates that the ignition delay is at least of the orders of milliseconds.
From the experiments, to obtain an upper-bound limit of the auto-ignition delay time,
the inter-frame delay was added until Fig. 4.20(g) to yield Tigeap < 200 psec. Therefore,
the ignition delay parameter estimated from both experiments indicates that adiabatic

shock compression alone may not be responsible for the flame formed behind the Mach
shock.

Past researchers [42, 43] have noted that the ideal ignition delays predicted by the
GRI-Mech 3.0 database deviate from experimentally measured ignition delays for very

sensitive mixtures at low temperatures, particularly below 1300K. To account for these
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discrepancies Gardner [42], in her Ph.D. study of auto-ignition delay times for methane
mixtures, numerically modified a chemical kinetics tool (SENKIN), which uses the GRI-
Mech 3.0 thermochemical database to predict ignition delays, by adding a volume oscilla-
tion parameter. Variation of this parameter resulted in changes in volume of an element,
which was used to simulate periodic density (or temperature) fluctuations. These fluctua-
tions in densities would simulate the inhomogeneities commonly observed in the hot spot
re-ignition regime, where localized regions of intense chemical reactions can be found.
It was found that for a specific range of this parameter, the changes in temperature
with respect to constant volume estimations, were enough to recreate the experimentally
measured ignition delay times for her study. She concluded that the non-ideal ignition
behaviour (formation of hot spot ignition kernels) for methane mixtures at low temper-
atures can be attributed to the inhomogeneities in the flow field behind the reflected
shock. In addition, turbulence also plays an important role by accelerating the diffusive

processes thereby allowing the ignition kernels to grow.

5.3 Predicting ignition delay in the roughness tests

The auto-ignition delay calculations in smooth wall tests above showed that adiabatic
shock compression may not be solely responsible for forming the flame behind the Mach
shock. However, inhomogeneities in the flow field behind the Mach shock can sponta-
neously form localized hot spots owing to the strong sensitivity of the reaction rates
to temperature. Such erratic behaviour can cause significant stochasticity in the flow
field evolution and therefore throws some doubt on any predictive calculations. Indeed,
it was noted that irreproducibility was observed in the hot spot re-ignition regime for
the smooth walled tests. This served as a motivation to conduct experiments using the
roughness plate at lower initial pressures (detonation failure regime). The roughness
plate grooves can artificially introduce localized combustion behind the Mach shock and
the effect the energy release has on the flow field evolution can be studied with relatively

better reproducibility.

An experiment using the roughness plate and the half-cylinder obstacle is shown in
Figs. 4.7 and 4.8. Table 5.3 lists the 7;,,, parameter behind the Mach shock, as it
propagates towards the right. The strength of the Mach shock was measured from the
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time it enters the field of view until re-ignition was observed in Fig. 4.7(c).

Table 5.3: Theoretical 7;4,, values for Fig. 4.7 prior to and following localized ignition behind the
Mach shock using the half-cylinder and roughness plate.

Mach no. vN Temperature (K) vN Pressure (kPa) 7, (usec)

4.2 1000 150 8.7 x10*
4.5 1100 160 2.6 x10*
4.0 1000 130 3.2 x10°
4.5 1100 160 2.6 x10*
4.7 1200 180 8.3 x10°
4.2 1000 150 8.7 x10*

From Table 5.3, it is clear that typically the predicted ignition delay is approximately
larger than 8 milliseconds behind the Mach shock. As a reminder, to get an upper-
bound limit of the ignition delay from the experiments, the inter-frame delay was added
until re-ignition was observed behind the Mach shock, as shown in Fig. 4.7(c). This
was done, because, the ignition observed may have occurred when particles, shocked at
earlier times, propagated in the same direction as the Mach shock and auto-ignited after
some delay. Thus, from experiments we have typically Tigeap <100 psec, which implies
Tigeap<Tigih- This miss-match in time scales by two orders of magnitude suggests that
the flame observed behind the Mach shock may not have formed due to simple adiabatic

shock compression.

If shock compression alone was not responsible for hot spot re-ignition, then where
did the flame come from? To determine the origins of the flame behind the Mach shock,
the following calculations were carried out, as a first approximation attempt. Using Fig.
4.7(b), the measured strength of the Mach shock is My, =~ 4.5. From the known initial
conditions of the mixture py = 7 kPa and T, = 300K, the post shock conditions with

frozen composition were computed as shown in Table 5.4.
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Table 5.4: Temperature, pressure and density behind the Mach shock of known strength.

Mach no. vN Temperature (K) vN Pressure (kPa) Density p; (kg/m?)
4.5 1100 160 0.5

Next using the Python script shown in Appendix E, the equilibrated temperature
and density were calculated by assuming that a gas pocket, inside a groove, equilibrates
to the same post Mach stem pressure and maintains a constant enthalpy, as shown in
Table 5.5.

Table 5.5: Conditions behind Mach shock after equilibrating at constant pressure-enthalpy.

Temperature (K) Pressure (kPa) Density ps (kg/m?)
3200 160 0.1

From this, the expansion ratio was estimated to be approximately :j’—f = 3.8. Using
the dimensions of the each groove, which has an approximate height, width and depth
of 3.2 mm, 3.2 mm and 19.1 mm respectively, the final volume of the gas pocket, after

it has equilibrated at constant pressure-enthalpy, is shown in Table 5.6

Table 5.6: Final volume of the gas pocket after equilibrating at constant pressure-enthalpy.

Expansion ratio, 2 vy (mm?)  vy(mm?)

3.8 200 740

It was assumed that the burned gas pocket expands from the groove such that only
the height increases. An increase in this predicted height, measured from the bottom
surface of the groove, was estimated to be hy, = 12 mm. From Fig. 5.3, the distance
measured from the groove surface to the flame interface gives he,, ~ 8 mm, which is

comparable with the predicted value.

This first approximation analysis suggest that the flame was first formed due to

localized combustion inside the groves of the roughness plate. Following expansion, the
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hot burned products was then entrained by the forward jetting slip line to form the

vortex, which is clearly visible in the Fig. 4.8.

5.4 Flame speed calculations

The ignition delay analysis suggests that adiabatic shock compression alone may not
be responsible for combustion. Observations made in this work and by past researchers
3, 5,7, 8, 16] indicate that mixing of hot burned products with cooler shocked reactants
might increase reaction rates and lead to hot spot re-ignition behind the Mach shock.
The objective here is to quantify if the flame observed was laminar or not. A non-
laminar flame can accelerate to high velocities and, in extreme cases, spontaneously
transition into an overdriven detonation wave (deflagration to detonation transition or
DDT) [1, 44]. Therefore, to determine how non-laminar the flame observed was, one
first-approximation approach is experimentally measuring the speed of the flame behind
the Mach shock and comparing it with the predicted laminar flame speed (see Appendices
F and D for additional details).

5.4.1 Absolute flame speed measurements

First, Fig. 5.4 shows the two frames that were used for the flame speed calculations. To
estimate the absolute velocity of the flame tip points 1 and 2, as indicated in the Fig.
5.4, were selected. After calibrating the image, using the gap or tooth thickness of the
roughness plate as a reference length, the absolute velocity of the flame tip was measured
several times using Phantom’s PCC application. From this the average absolute flame
speed was estimated to be fme ~ 1600 m/s with the direction of the flame tip acting

at an approximate angle of 30°.

Knowing the magnitude and direction of the flame tip speed, the vertical and hor-
izontal components of the velocity vector, as shown in Fig. 5.5, were estimated. The
component of the absolute flame velocity acting vertically was estimated to be approxi-

mately Ufiamey, ~ 780 m/s. This value will subsequently be used to determine to relative
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velocity of the flame tip (see Section 5.4.3) in the vertical axis by using the formula,

Vflamey = Uflamey — Uparticley (51)

5.4.2 Post Mach shock estimations

Figure 5.6 shows both images taken from Fig. 5.4 that were superimposed and modified
to obtain an image where only the dark density gradients were retained. Also shown is
point 1 on the Mach stem, close to the flame tip, in order to measure the velocity vector
of the Mach stem.

Figure 5.7 shows a tangent was first drawn, at point 1, followed by a perpendicular
until it met the second Mach shock front, at point 2. This distance was then measured
between the two frames. With an inter-frame delay of 10 usec, the velocity of the Mach
stem was estimated. Using NASA’s CEA program (see Appendix C), the post shock
conditions were computed; the average post-shock temperature, pressure and particle
velocity were estimated to be T' ~ 970K, p ~ 130 kPa, tpartice ~ 1200 m/s acting at an
angle 25° measured counterclockwise from the horizontal. The absolute particle velocity
will be used to first calculate its vertical component and then determine the relative
velocity of the flame tip in the vertical axis. The averaged post Mach shock conditions
will be used as initial input conditions to predict the laminar flame speed in a 1D domain

(see Section 5.4.3) using a Cantera package.

5.4.3 Burning flame velocity

Equation 5.1 was used to determine the burning velocity of the flame tip acting in the
Y-axis denoted by vjfjamey . Using the post-shock particle velocity and it’s orientation,
one can estimate the particle velocity component in the Y-axis, denoted by wparticiey -
Thus, the average burning velocity of the flame tip acting in the vertical direction was

estimated from the experiment to be vigmey = 280 m/s.

The theoretical laminar burning velocity in a 1D domain was determined using the
GRI-Mech 3.0 database and Cantera object-oriented package (Appendix D) using the
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averaged post shock conditions of T" = 970K and p = 130 kPa. The laminar flame

velocity was predicted to be vyigme,, ~ 14.0 m/s.

Comparing v tiame,;, ~ 14 m/s with vamey, = 280 m/s, it is clear that the experimen-
tally measured flame tip speed is greater than the predicted laminar burning velocity by a
factor of 20. This first approximation analysis shows that the flame is indeed non-laminar
behind the Mach stem, which can also be seen from the pictures. From the experimental
results shown, this departure from a laminar flame structure could potentially be due to

the jet entrainment of burned gas with unburned gas by the forward jetting slip line.

5.5 Mechanisms that cause mixing between burned

and unburned gases

5.5.1 Forward jetting slip line

Figures 4.8, 4.19, 4.21, 4.24, 4.17 qualitatively show the forward jetting slip line(s) mixing
products with reactants prior to hot spot re-ignition behind the Mach shock. While this
study attempted to quantify that:

1. shock compression alone may not be a dominant mechanism;

2. the vortex formed is non-laminar following the forward jet effect,

no direct justification was provided if indeed the flame interface was being jetted forward
behind the Mach shock by a strong forward jet effect. Past researchers [12, 13] have
shown that when the jet effect of the slip line is severe it can reach the Mach shock and
cause it to form a “bulge”. This in turn can give rise to a “kink” in the Mach stem,

which eventually forms a triple point and hence bifurcating the Mach stem (Fig. 5.8).

Mach [12] investigated the bifurcation mechanism of a Mach shock reflection, over a
compressive ramp, for both inert shocks (see Fig. 5.9) and for irregular detonations. He

used an Euler model (reactive for detonations) with a perfect gas and constant specific
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heats and molecular weight. For his numerical study, three parameters were varied, as
shown in Fig. 5.9 - the strength of the incident shock (Mj), the ramp angle (6,,) and the
post shock specific heat ratio (7;). Overall, he noted that the propensity for the Mach
shock to bifurcate (hence strong jet effect) increased when the shock strength and ramp

angle were increased while decreasing the specific heat ratio.

Now consider Fig. 5.10, which shows a typical Mach shock reflection that follows
after a detonation wave diffracts behind the full-cylinder obstacle, as discussed several
times in Chapter 4; the Schlieren image was specifically selected from the experiment

shown in Fig. 4.20, which showed a strong Mach stem bifurcation.

Since the shock reflection process is almost symmetric about the reflective surface,
Fig. 5.11(a) shows only the upper half with the pertinent parameters labeled with the
reaction zone and reflected shock wave omitted for simplicity. The pertinent parameters
labeled are - the incident shock strength (M), the angle between the tangent to the
incident wave and the vertical axis (6;) and the specific heat ratio in state 1 (7). It was

assumed that the shock wave has negligible curvature near the triple point.

By rotating Fig. 5.11 (a) counter-clockwise by angle 6, the incident shock wave is
now vertical while the reflective surface makes the same angle ; with the horizontal.
Thus, comparing Fig. 5.11(b) with Fig. 5.9 (b) it is clear that angles 6; and 6,, are
equivalent. For the stated initial conditions of py = 8.4 kPa, T, = 300K, from Fig. 5.10

the following measurements were obtained:

e Incident shock strength (M;) ~ 3.5
e Incident shock angle (0;) ~ 30°

e CEA post shock specific heat ratio (y;) ~ 1.2

It should be noted that the measured shock strength and angle were approximated and
can vary (recall uncertainty of 21% for shock velocity). Figures 5.12 and 5.13 shows the
numerical simulation results of a non-reactive Mach shock reflection for incident shock
strengths of M; = 3 and M; = 4, respectively, with 6; = 30° and v; = 1.2.



Analyses and Discussions 103

As per Mach’s findings, by increasing the strength of the incident shock wave from
M; =3 to M; = 4, the forward jet effect of the slip line is more prominent in the latter
case. In regards to the severity of the jet effect, M; = 3 case does not bifurcate the
Mach stem. The M; = 4 case, however, appears to develop a distinct bulge on the foot
of the Mach stem but it does not cause a strong bifurcation, as shown in Fig. 4.21(h).
While no bifurcation is predicted for the given input velocity range, the bifurcating limit
for the non-reactive shock reflections appears to be close to the conditions that cause
re-initiation. However, this requires further investigation. In conclusion, this numerical
simulation confirms the existence of a strong forward jet effect of the slip line that can
develop a kink, as the foot of the Mach stem bulges, but not severe enough to bifurcate

it for the given input parameters.

5.5.2 Hydrodynamic instabilities

This work strongly confirmed the findings by past researchers (see Section 1.3.1) that
both the K-H instability and forward jetting slip line are present along the slip line behind
the Mach shock. While the findings of this study suggest that the forward jet effect of the
slip line behind the Mach shock appears to be an important mechanism in causing hot
spot re-ignition, it is unclear if both the K-H instability and forward jetting slip line act
simultaneously in causing detonation re-initiation. Figures 4.8 and 4.17 clearly showed
the corrugation of the tongue of unburned gas behind the transverse shock, punctuated
by hot spot formation. This, presumably, was indicative of an increase in combustion rate
behind the transverse shock as a back propagating shock wave processed it. However,
the presence of the R-M instability behind the transverse wave was not observed from
the experimental results. Therefore, without any quantitative analysis, it is unclear if
the R-M and K-H instabilities play a simultaneous role in causing rapid ignition that can
lead to re-initiation into a detonation.

5.6 Summary

The phenomenological observations made in Chapter 4 gave detailed insight into the flow

field evolution. This provided a possible sequence of events that clarified the process of
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re-initiation into a detonation. From these qualitative findings, three main questions were
posed that required quantitative clarification: a) Does adiabatic shock compression alone
lead to increased combustion rates?; b) How non-laminar is the flame observed behind
the Mach shock, following re-ignition?; ¢) How important are the mizing mechanisms in

increasing combustion rates that can lead to re-initiation into a detonation?

Using Cantera and the GRI-Mech 3.0 thermo-chemical database, the auto-ignition
time delay behind the Mach shock was predicted and compared to experimentally mea-
sured values. Results revealed that for both smooth and rough walled experiments the
ideal ignition delay time was orders of magnitude greater than the experiments indicated.
This strongly suggested that adiabatic shock compression alone may not be responsible
for the re-ignition observed behind the Mach shock.

From the roughness tests, following hot spot re-ignition and flame entrainment by
the forward jet behind the Mach shock, the flame morphology appeared to be non-
laminar. To quantify that this flame structure was indeed non-laminar, the measured
burning velocity of the flame tip was compared to the predicted laminar flame speed
calculated using Cantera and GRI-Mech 3.0 database. Results showed the measured
burning velocity was greater that the predicted laminar flame speed by a factor of 20

indicating the flame was non-laminar.

Earlier analyses showed that adiabatic shock compression may not be solely respon-
sible for causing ignition behind the Mach shock. Furthermore, the flame observed was
highly non-laminar following entrainment of burned gas with unburned gas by the for-
ward jetting slip line. However, there was no justification if a strong forward jet effect
is indeed causing the flame interface to jet forward. A strong forward jet can cause the
Mach shock to bulge and eventually bifurcate. To address this, a numerical simulation
of the Mach reflection process on a compressive ramp using a non-reactive Euler model
was reported, courtesy of Lau-Chapdelaine. The input parameters were the incident
shock strength, the ramp angle and the post incident shock specific heat ratio, which
were experimentally measured. Numerical results agreed with experiments by predict-
ing a strong forward jet effect that caused the Mach shock to bulge and form a kink.
However, it was not severe enough to bifurcate the Mach shock. Finally, since no quan-
titative analyses were performed to study the effect K-H and R-M instabilities have on

the mechanisms that lead to re-initiation into a detonation, no conclusions were drawn.
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Figure 5.1: A schematic diagram illustrating a possible sequence of events leading to re-initiation

of the Mach stem and transverse shock into a detonation. Note for simplicity the reflected shock
wave has been omitted. Label descriptions: incident shock (1); Mach stem (M); transverse shock
(T); triple point (Tr); slip line (s); reaction zone or flame interface (R); Kelvin Helmholtz (K-H)
instability; forward jet (FwJ); kink (k'); entrained products and reactants (1).
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Figure 5.2: A continuation from Fig. 5.1. Label descriptions: Mach detonation (D1); transverse
detonation (D2); rapid exothermic reaction (2); back propagating shock (3).
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Figure 5.3: Figure showing the height of a layer of burned gas, measured from the bottom surface

of the groove, after it has expanded.

Figure 5.4: Two sequential Schlieren images showing a flame growth behind the Mach shock over
the roughness plate behind the half-cylinder obstacle. The initial pressure and temperature was 7
kPa and 300K. Both successive images are 10usec apart and were recorded using the high speed

video camera.
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Figure 5.5: A Schlieren image showing the measured velocity component vectors of the flame tip
along the vertical and horizontal directions.



Analyses and Discussions 108

Figure 5.6: A modified Schlieren image wherein two sequential frames (Fig. 5.4) are superimposed
with the lighter density gradients subtracted. Also shown is the selected point on the Mach shock
front that is approximately close to the flame tip.



Analyses and Discussions 109

e
\

Figure 5.7: The modified Schlieren image now showing the perpendicular drawn to the tangent

on the first point that meets the second Mach shock front. These two points were used to measure
the displacement and hence calculate the local velocity of the Mach shock in the vicinity of the

flame tip.

Figure 5.8: A Schlieren numerical image showing the bifurcation of the Mach stem. Image
courtesy of P. Mach [12].
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Figure 5.9: A schematic diagram showing a Mach reflection of an inert shock over a compressive
ramp used in the bifurcating Mach shock study by P. Mach [12].

¥y 3 f
(N
L
V4. .
ket - = Reflective

surface

Figure 5.10: The Schlieren image on the left was taken from Fig. 4.20. The schematic diagram on
the right shows typical features of a reactive Mach reflection of a de-coupled shock-flame complex.
Labels shown are as follows: incident wave (l), triple point (TR), Mach stem (M), transverse wave
(T) and the de-coupled reaction zone or flame trailing behind.
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Figure 5.11: Figure (a) shows a schematic diagram that illustrates the Mach reflection process
with pertinent parameters labeled. Figure (b) shows a schematic diagram that illustrates the same
Mach reflection as Fig. (a) after rotating counter-clockwise by angle 6;. For simplicity the reflected
shock wave has been omitted from the schematic diagram.
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Figure 5.12: A Schlieren numerical simulation showing the forward jet effect of the slip line
behind the Mach shock. The input parameters are: M; = 3, 6, = 30° and v = 1.2. Here, the

forward jet is not strong enough to cause a distinct Mach shock bifurcation. Image courtesy of S.
S. Lau-Chapdelaine.
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Figure 5.13: A Schlieren numerical simulation showing the forward jet effect of the slip line behind
the Mach shock. The input parameters are: M; =4, 6,, = 30° and v = 1.2. Here, the forward jet
appears strong enough to cause a kink in the Mach shock. Image courtesy of S. S. Lau-Chapdelaine.



Chapter 6

Conclusions and Recommendations

6.1 Conclusions

During the propagation of a cellular detonation wave, a periodic process occurs at the
start of each cell cycle wherein a Mach reflection of a de-coupled shock-flame complex
is followed by an overdriven detonation wave. This study addressed this process of re-
initiation into a detonation by elucidating key mechanisms, identified by past researchers,
that can increase combustion rates and potentially lead to re-initiation of a quenched
detonation. For this experimental study, cylindrical obstacles of varying diameters were
used to quench the detonation wave into a shock-flame complex, which have been used
by past researchers to study the process of re-initiation into a detonation with better
reproducibility and higher spatial resolutions. The gas mixture used was stoichiometric

oxy-methane.

Re-initiation into a detonation was first observed along the foot of the Mach shock,
provided the initial pressure was sufficiently high. It was observed that the forward
jet effect of the slip line, behind Mach shock, appeared to play an important role by
entraining hot products into cooler reactants, potentially increasing reaction rates. This
observation was supported by qualitative findings using high resolution Schlieren images
from both smooth and rough walled experiments, where a roughness plate was placed

along the wall. In addition the measured ignition delay times differed from the predicted

112



Conclusions 113

auto-ignition delay time, by orders of magnitude. This strongly indicated that adiabatic
shock compression alone cannot account for the local ignition kernels present behind the
Mach shock, which past researchers have also found. Furthermore, comparison of the
measured flame speed, formed behind the Mach shock, to the predicted laminar flame
speed was found to be greater by a factor of 20 thus suggesting that the flame was indeed

very non-laminar.

When the Mach stem first re-initiated into an overdriven detonation, it had a very
fine cellular structure while the transverse shock wave remained non-reactive. Behind the
non-reactive transverse wave, a tongue of unburned gas was observed whose corrugated
structure appeared to be punctuated by hot spot formation. The Kelvin-Helmholtz in-
stability along the slip line was clearly evident. In addition, following rapid re-initiation
of the Mach shock into a detonation, in some cases, a back propagating shock wave
was observed which propagated through the density gradients of the unburned tongue of
gas. Such interactions may cause significant vorticity due to the baroclinic mechanism
to yield the Richtmyer-Meshkov instability. However, the findings of this work cannot
confirm the presence of the R-M instability. While past researchers have suggested that
such hydrodynamic instabilities can play a role in causing mixing between burned and
unburned gases, the findings of this study remain inconclusive regarding the true impact
these instabilities have on the process that cause re-initiation into a detonation. Never-
theless, the rapid reaction of this gas may be at the origin of the transverse detonations

observed in most experiments.

6.2 Recommendations for future work

The work presented here is exclusively based on a stoichiometric oxy-methane mixture.
This mixture is known for its high effective activation energy, irregular detonation cellular
pattern, unstable behaviour characterized by spontaneous transverse wave formation and
large fluctuations in the velocity amplitude during a single cell cycle [1, 2]. In contrast,
a mixture such as hydrogen-oxygen diluted with argon has a smaller activation energy,
a more regular cellular pattern, weaker acoustic transverse waves and little indication
of formation of large islands of unburned gas that is often found in irregular mixtures

during detonation propagation. Thus, it is believed that the propagation mechanism
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for a regular mixture might very well be different from that of an irregular mixture [7].
Hence, it is suggested that the series of experiments described here be performed on a
regular mixture to see if the forward jetting effect is found; Radulescu [31] lists different
gaseous mixtures along with their cellular regularity. It is further recommended to start
with a lower initial pressure (py < 7 kPa) to first obtain the failure regime such that the

flow field evolution without the complexity of any energy release may be studied.

Since all calculations originate from velocimetry of the shock front, it is of paramount
importance to develop more accurate methods of measuring the velocity at different
points along the body of the shock wave. This is especially important if the post-shock
flow field parameters are needed for a curved shock wave; the Mach shock formed follow-
ing an irregular reflection is always found to be curved. The issues with the technique
presented in Section 5.4.2 is that it is a highly approximated manual approach which is
susceptible to human error. Thus, it is recommended that an algorithm be developed
that can automate the task as well as accurately measure the shock strength, at differ-
ent points along the body of the shock front, by utilizing edge detection methods. It
should be noted that background subtraction should be carried out first before using

such algorithms to minimize edge detection errors.

Radulescu [31] experimentally studied the failure mechanisms of a detonation wave
in porous walled tubes and rectangular channels. He noted that for a heavily diluted
hydrocarbon mixture, if the internal width (w) of the channel was slightly smaller than
the cell width (), the transverse waves oscillated primarily along the channel height. If,
however, the internal width was much smaller than the cell width (w < %)\), the effect
of boundary layers begin to play a role in the propagation mechanism of the detonation
wave. For an internal width of 19 mm, this implies a cell width typically greater than 60
mm or an initial pressure typically lower than 10 kPa (see Fig. 2.18), which represents
the detonation failure regime in this work. While the shock tube was designed to suppress
the transverse perturbations to yield a 2D flow (see Chapter 2), the inevitable presence
of boundary layers along the channel walls add more non-idealities to the flow thus
making it 3D. In addition, when the reflected shock interacts with the density gradients
in the boundary layer, the vorticity generated by the R-M instability can cause mixing
thereby introducing more inhomogeneities to the flow field. It is therefore recommended
to investigate the 3D effects (boundary layers) might have on the process that leads to

re-initiation into a detonation.



Appendix A

Uncertainty Estimation

By knowing the inter-frame delay, the velocity of a moving shock wave can be determined
simply by measuring the distance traveled. Measuring this distance, however, was carried
out manually and this approach can introduce uncertainty because the shock wave has a
finite thickness (or finite number of pixels). This makes it challenging to choose the same
point on the shock wave between two frames. The uncertainty is further compounded
by poor camera resolution as choosing the same point becomes increasingly difficult if
the number of pixels per unit length (pixel/mm) is low. As a reminder, the high speed
video camera had a poorer resolution (384 by 288) as compared to the double-framing
camera (2112 by 2072). The following approach was used to determine the maximum
percentage uncertainty in velocity. To determine the maximum uncertainty, frames from

the high speed camera were used.

Firstly, several high speed videos were randomly chosen. Each video was then cal-
ibrated, within the PCC application, by manually measuring the height of the channel
(203.8 mm) as the known reference length. After calibrating, PCC automatically dis-
plays the mm/pixel scaling ratio. Note that since the reference length was measured
manually, the scaling ratio can vary. From the randomly selected videos, the maximum

scaling ratio was found to be 0.879 mm/pixel.

After determining the maximum scaling ratio to be 0.879 mm /pixel, a few frames from

one of the high speed videos was then chosen at random. The thickness of the Mach
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shock was determined by counting the number of pixels in the horizontal direction. The
number of pixels that contribute to the shock thickness was found to vary between 2 to
5 pixels; with 5 pixels, the deviation from the mean pixel is 2. Thus, one can obtain the

deviation in measuring the shock thickness as follows,

Uncertainty in thickness = no. of pixels x scaling ratio (A.1)
— 2% 0.879 (A.2)

pixel
= 1.758 mm (A.3)

To calculate the uncertainty in shock velocity measured between two frames, consider
as an example from TEST ID: CH4+02-08-03-12(1.49psiTEST/), the inter-frame delay

as 6.03 psec. Using this interval delay the uncertainty in velocity can be estimated as,

Uncertainty in thickness

Uncertainty in velocity = —— (A.4)
time interval
1.758 x 1073 m
= A5
6.03 x 1076 sec (A.5)
—291.5 - (A.6)
sec

Finally, the maximum percentage uncertainty in velocity was found by dividing the
velocity uncertainty with smallest measured shock velocity. From TEST ID: CH}+02-
08-03-12(1.49psiTEST4), this was found to be 1391 m/s. Hence, our maximum uncer-

tainty percentage was estimated as,

Uncertainty in velocity

Percentage uncertainty = Tvelocit x 100 (A.7)
measured velocity
291.5 =
_ sec 1 A.
1301 2 x 100 (A.8)
— 20.9% (A.9)

This maximum percentage uncertainty was rounded off to 21% and applied to data points

measured from the high speed videos.
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High Voltage Igniter (HVI) System

Appended below is the HVI manual prepared by Sev Kamenskih, who designed and built
the HVI system.

B.1 Description

The HV Igniter is a compact, versatile high voltage ignition system designed to provide a
high current pulse of a fast rise time. The main components of the HV Igniter are the high
voltage capacitor bank (consisting of 2 General Atomics capacitors #31158), the spark
gap (Perkin Elmer GP-41B) and the TM-11A trigger module for triggering the spark gap.
Although HV Igniter was designed for use as an initiation source for detonations/gas
dynamics research experiments it can be used in any high current pulsed application
such as electromagnetic launcher , pulsed high power laser, railgun and others. The unit
is capable of storing of up 1000J of energy and releasing that energy in a form of a high
current pulse (up to 35,000A) with a rise time less than 2us. In order to protect the user
from potentially lethal voltage and current levels HV Igniter has two important safety
features: the safe discharge grounding switch that safely grounds the terminals of high
voltage capacitor bank and the grounded aluminum frame surrounded by a steel cage
that houses all the internal components and prevents any charge transfer outside of the

System.
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B.2 Specifications

Electrical Input:
Voltage 0-32kVDC
Current 0.5-2.5mA
Power 80W

Electrical Output:

Voltage Range 15-32kV (based on use with GP-41B spark gap)

Peak Current 35,000A (@ Vi = 30kV)

Stored Energy up to 1000J (0.5C'V? @ 32kV)

Pulse width >3.5us (@ 1/3 of peak amplitude)

Rise Time <2us (measured from 10% to 90% points on leading edge of output pulse)

Mechanical:

Input Cable RG 8/U (for charging), Standard 110/230 VAC, 50/60Hz 3 wire cord (for
TM-11A trigger)

Output Cable RG 8/U

External Trigger BNC jack

Remote Trigger Jones plug receptacle

Ground Connection Braided grounding cable 4 gauge with 5/8" lug end.

Controls Off-On Safe Discharge Lever, Off-On trigger push button

Size 12 in. x 36 in. x 14 in.

Weight 70 1b

B.3 Operation

Warning! Do not handle the load or exposed high voltage terminals or at-
tempt to make or remove any connections to HV ignier until the load and/or
power supply has been discharged (grounded) . This is done by switching the
grounding lever into off position. Make sure there is a firm contact between
the lever and the terminals to be grounded. Always make certain that the

ground terminal of the HV igniter and the ground terminal of the power
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supply are connected to the ground.

B.3.1 Charging the capacitor

1. Switch the grounding lever to the ON (vertical) position.

2. Turn on the power supply and rotate the current control clockwise to the level of
<2.5mA . Rotate the voltage control clockwise to the desired level (15-30kV). Wait for
charging to complete. (i.e. when current level drops to zero).

3. For repeated firing leave the power supply ON for the next charging cycle to start
right after previous one is complete. For single firing turn OFF the power supply to

prevent capacitor recharge after firing. Move on to the discharge phase.

B.3.2 Discharging (firing) the capacitor

1. For detonation/gas dynamics experiments: make sure the output electrodes are iso-
lated in your chamber (ie. not in direct contact with any object, except the test mixture).
2. Fire the capacitor by either pushing the trigger button on the TM-11A trigger module
or by pushing the remote trigger button.

3. IMPORNANT: After the discharge is complete switch the grounding lever to the OFF
(inclined) position by firmly closing it. For safety avoid any personal ground contact dur-

ing this step.

B.3.3 Guidelines for high voltage work

e Dont work alone - in the event of an emergency another persons presence may be
essential.

e Know the emergency procedures to follow in case of an accident (dial 911).

e De-energize the equipment at least twice prior to beginning work. Make sure the
capacitor is discharged, or relieved prior to starting work that is the grounding switch is
firmly closed (inclined position).

e After you have discharged everything, only touch the circuit with the back of your
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hand first. This allows you to let go if you need to.

e Never enter alone into an area containing exposed electrical energy sources.

e Use only the test instruments, and insulated tools rated for the voltage and current
specified.

e Always keep one hand in your pocket when anywhere around a powered line-connected
or high voltage system.

e Wear rubber bottom shoes or sneakers.

e Dont wear any jewelry or other articles that could accidentally contact circuitry and
conduct current, or get caught in moving parts.

e Set up your work area away from possible grounds that you may accidentally contact.
e Know your equipment.

e If you need to probe, solder, or otherwise touch circuits with power off, discharge
(across) large power supply filter capacitors (at least 2 times). Monitor while discharging
and/or verify that there is no residual charge with a suitable voltmeter.

e If you must probe live, put electrical tape over all but the last 1/16" of the test probes
to avoid the possibility of an accidental short, which could cause damage to various
components. Clip the reference end if the meter or scope to the appropriate ground

return so that you need to only probe with one hand.

Source: http://euverc.colostate.edu/safetytests/High_Voltage_Safety_Manual.pdf

B.4 Testing

Testing of the circuit characteristics was performed using the CT-1025 current trans-
former for current measurement and VD-305A voltage divider for simultaneous measure-

ment of capacitor voltage. The testing circuit diagram is shown in Figure 2.12.

For testing purposes the load was a 4mm spark gap in air at atmospheric pressure.
In this case the LOAD can be replaced by the spark resistance of 0.01-0.030hm. The
Rcircuit is the total circuit resistance resulting from resistance of the connecting wires ,
triggered spark gap (TSG) and and capacitor plates. The L1 is the parasitic inductance

of the circuit.
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The voltage and current waveforms were recorded on the oscilloscope for various
initial voltages (20kV, 25kV and 30kV). The results are shown below in Figures B.1 to
B.6.

Initial Voltage V;, = 20kV

Current vs Time (4e “'sinwf)
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Figure B.1: Current Waveform (V[ = 20kV)
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Figure B.2: Voltage Waveform (1, = 20kV)
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Initial Voltage V, = 25kV

Current vs Time (Ae *'sinwf)

Current, kA

Figure B.3: Current Waveform (V[ = 25kV)
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Figure B.4: Voltage Waveform (V[ = 25kV)
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Initial Voltage V, = 30kV

Current vs Time {4¢ “'sinwf)
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Figure B.5: Current Waveform (1, = 30kV)
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Figure B.6: Voltage Waveform (V[ = 30kV)

B.5 Spark Energy

As seen in the ignition circuit diagram (Figure 2.12) the energy deposited inside the
sphere comes from the discharge of the high voltage capacitor bank. Total energy stored
in the capacitors (E7 = C'V?/2) could be used to estimate the energy required to detonate
a combustible mixture. However this estimate will only give the order of magnitude

approximation to the actual energy deposited in the sphere since it does not take into
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account energy loss in circuit components and loss via ohmic dissipation. The actual
energy deposited inside the mixture is found by integrating the square of current function
i(t)? multiplied by the spark resistance (Rs): Eg = [~ i*Rgdt. The ignition circuit in
Figure 2.12 can be simplified to an equivalent RLC circuit shown in Figure B.7(b).

(a)

(e}
Trigger e —— @‘?GOD

Module

[alTod | pp | Transtormer
Gap

=
= to O
i Switch
HV Power Capacitor :ggnd: 0 \ c § R
+ pa —_— s
Supply —‘— Bank Gap(R) | O C‘J) o il

PR s

Figure B.7: (a) Ignition Circuit Components Diagram; (b) Equivalent RLC Circuit

Thus for a damped oscillatory discharge the current can be described as: i(t) =

Ae *sin(wt) . Attenuation factor is equal to @ = Ryppai/2L1otar and frequency of the

discharge is equal to w = \/1/(LC)toml — (R/ZL)mtal2 = wpV1 —¢2 , where w, is the
natural frequency of the undamped discharge and ¢ is the damping factor. The total

circuit resistance (Ryopa = Reireuit + Rs) 18 a combination of the resistance of all the
circuit components R.;...;; and igniter spark gap resistance Rs. To estimate the energy
FEs deposited into the mixture from a trace of the current function on the oscilloscope,
the following procedure is outlined:

1. Natural frequency w, is determined using w and ¢ found from the current trace.

2. Total circuit inductance is found from Lie = 1/w2Ciotar

3. Total circuit resistance is found as follows Riptar = 2Liotai

4. Spark Resistance Rs is determined by subtracting Ryote; = Reirewit When the spark gap
is shorted out Ry ~ 0 from Ryyta1 = Reireuit + s when the spark is not shorted. Current
traces of the two cases are shown in Figure B.8 for capacitor initial voltage of 20kV.

5. Total Energy deposited into the mixture is found by numerically integrating the square
of the current multiplied by spark resistance Eg = [ i* Rgdt.

It should be noted that according to Knystautus et al. [45] only the energy deposited in
the first 1/4 of the discharge cycle is responsible for detonating the mixture. Thus the

test results summarized in Table B.1 include both the total energy and energy deposited
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in the first 1/4 cycle.

Table B.1: Discharge characteristics of the HVI system

Etotal 0.5CV?2 VO (kv) Ccircuit (,MF) Lcircuit (,”H) Rcircuit (Q) Rspark (Q) E1/4 cycle (J) Ecurve fit (J) Etotal (J)

400.0 20 2 1.04 0.096 0.011 5.426 5.375 32.2343
625.0 25 2 1.04 0.095 0.0095 8.3326 8.2951 54.1889
900.0 30 2 1.04 0.096 0.0079 11.2182 10.982 61.585

The shorted and open current waveforms are shown below for initial voltages of 20kV,
25kV and 30kV:

% 10 Current vs Time As™sinat

25 I T T T T T T T T
: Discharge Current(Shorted)
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Figure B.8: Current Waveform shorted and open spark gap (Vo = 20kV)
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w10t Current vs Time Ae¢™sinmt
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Figure B.9: Current Waveform shorted and open spark gap (Vp = 25kV)
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Figure B.10: Current Waveform shorted and open spark gap (Vo = 30kV)

As seen from Table B.1 the spark resistance is small. Increasing the distance between
the electrodes or using an exploding wire will increase the resistance of the spark gap
and thus increase the energy deposited in the spark gap.
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NASA Chemical Equilibrium
Application Program (CEA)

The current version of CEA is a product of over 40 years of development and revisions by
the NASA Lewis Research Center. CEA is used to calculate complex chemical equilib-
rium composition and thermodynamic properties of mixtures. Knowing these properties
allows one to define the state of a system in equilibrium. Presently, CEA solves the
chemical equilibrium problem by the minimization-of-free-energy formulation, such as
minimization of Gibbs free energy. CEA finds the theoretical solution to a given prob-
lem by iteratively solving equations; for the shock tube and detonation problem, CEA
uses the Newton-Raphson method. Additional details can be found in the NASA refer-
ence publication by Gordon and McBride 1994 [46].

Consider a shock tube problem to determine the conditions, in a stoichiometric mix-
ture of oxy-methane, behind an incident shock traveling at 1782 m/s (Mach 5). The
initial pressure and temperature are 3.5 kPa (0.5 psia) and 300K. Typical input and

output .txt files are shown below.

INPUT FILE

problem phi,eq.ratio=1.0,

127
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shock inc fr u1=1782.0, t,k=300.0, p,psia=0.5,
react
fuel=CH4
0xid=02
output
plot p t rho h u g s m mw cp gam son

end

OUTPUT FILE

skskok ok ok ok ok o ok ok ok sk sk sk sk sk sk ok sk ko ok sk sk sk sk sk sk ok sk ok ok ok sk sk sk sk sk sk sk sk s ok ok ok sk sk sk sk sk sk ok sk ok ok ok ok sk sk sk sk sk sk ok s ok ok ok sk sk sk sk ok sk
NASA-GLENN CHEMICAL EQUILIBRIUM PROGRAM CEA2, MAY 21, 2004
BY BONNIE MCBRIDE AND SANFORD GORDON
REFS: NASA RP-1311, PART I, 1994 AND NASA RP-1311, PART II, 1996
stk ok ok ok ok s ok ok ok sk sk sk sk ok sk ok s ok ko ok sk sk sk sk sk sk ok sk ook sk sk sk sk sk sk sk sk s ko ok sk sk sk sk sk sk ok sk ok ok ok sk sksksk sk sk ok s ok ok ok sk sk sk sk ok ok
problem phi,eq.ratio=1.0,
shock inc fr ul1=1782.0, t,k=300.0, p,psia=0.5,
react
fuel=CH4
oxid=02
output
plot p t rho h u g s m mw cp gam son
end
OPTIONS: TP=F HP=F SP=F TV=F UV=F SV=F DETN=F SHOCK=T REFL=F INCD=T
RKT=F FROZ=T EQL=F IONS=F SIUNIT=T DEBUGF=F SHKDBG=F DETDBG=F TRNSPT=F
T,K = 300.0000
TRACE= 0.00E+00 S/R= 0.000000E+00 H/R= 0.000000E+00 U/R= 0.000000E+00
P,BAR = 0.034474
WARNING!! AMOUNT MISSING FOR REACTANT 1.
PROGRAM SETS WEIGHT PERCENT = 100. (REACT)
WARNING!! AMOUNT MISSING FOR REACTANT 2.
PROGRAM SETS WEIGHT PERCENT = 100. (REACT)
REACTANT WT.FRAC (ENERGY/R) ,K  TEMP,K DENSITY
EXPLODED FORMULA
F: CH4 1.000000  0.000000E+00 0.00 0.0000
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0: 02

SPECIES BEING CONSIDERED
(CONDENSED PHASE MAY HAVE

C 1.00000 H 4.00000

1.000000

0 2.00000

LAST thermo.inp UPDATE:

g 7/97
g 4/02
g 8/99
tpis79
tpis9l
g 5/01
srd 01
g 1/00
g 6/00
g 7/00
srd 01
4/98
1/00
2/00
6/97
9/85
2/00
7/01
n10/93
n 4/88
n 4/88
n10/84
g 1/93
g 8/00
n 4/87
g 1/93
n10/85
g 8/00
g 1/93

0 08 0B 0B 09 0”9 B

*C

CH3

CH4

*CO

*C2
C2H2,vinylidene
HO(C0) 20H

C2H4

CH3COOH

C2H6

CH302CH3
C3H3,1-propynl
C3H4,propyne
C3H6,propylene
C3H60,acetone
C3H7,i-propyl
C3H80, 2propanol
C4H2,butadiyne
C4H6, 1butyne
C4H8,1-butene
C4H8, isobutene
C4H9,n-butyl
C4H9,t-butyl
*C5
C5H10,1-pentene
C5H11,t-pentyl
CH3C(CH3)2CH3
C6H50, phenoxy
C6H10,cyclo-

0.000000E+00

IN THIS SYSTEM
NAME LISTED SEVERAL TIMES)
9/09/04

tpis79
g11/00
g 7/00
g 9/99
g 6/01
g 4/02
g 7/01
g 8/88
srd 01
8/88
8/00
4/98
5/90
1/00
1/02
2/00
7/88
8/00
n10/93
n 4/88
g 8/00
n10/84
g12/00
g 5/90
g 2/01
n10/85
g 2/93
g 8/00
n 4/87

0 03 09 0”9 OB OB B 03 09

*CH

CH20H

CH30H

*C02

C2H

CH2CO ,ketene
C2H3,vinyl
C2H40, ethylen-o
OHCH2COCH
C2H50H

Cc20
C3H3,2-propynl
C3H4,cyclo-
C3H6,cyclo-
C3H60,propanal
C3H8

C302
C4H4,1,3-cyclo-
C4H6,2butyne
C4H8,cis2-buten
C4H8,cyclo-
C4H9,i-butyl
C4H10,n-butane
C5H6,1,3cyclo-
C5H10,cyclo-
C5H12,n-pentane
C6H2

C6H6
C6H12,1-hexene

g 4/02
g 7/00
srd 01
tpis9l
g 1/91
g 3/02
g 6/96
g 8/88
g 7/00
g 7/00
tpis79
g 2/00
g 3/01
g 6/01
g 7/01
g 2/00
g tpis
n10/92
g 8/00
n 4/88
g10/00
g 1/93
g 8/00
g 1/93
n10/84
n10/85
g11/00
g 8/00
g 6/90
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0.00 0.0000

CH2

CH30

CH300H

COCH
C2H2,acetylene
0(CH)20
CH3CO,acetyl
CH3CHO, ethanal
C2H5

CH30CH3

*C3

C3H4,allene
C3H5,allyl
C3H60, propylox
C3H7 ,n-propyl
C3H80, 1propanol
*C4
C4H6,butadiene
C4H6,cyclo-
C4H8, tr2-butene
(CH3CO0H) 2
C4H9,s-butyl
C4H10,isobutane
C5H8, cyclo-
C5H11,pentyl
CBH12,i-pentane
C6H5, phenyl
CE6H50H, phenol
C6H12,cyclo-
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n10/83 C6H13,n-hexyl g 6/01 C6H14,n-hexane g 7/01 CT7H7,benzyl

g 1/93 C7H8 gl12/00 C7H80,cresol-mx n 4/87 CT7H14,1-heptene
n10/83 C7H15,n-heptyl nl10/85 C7H16,n-heptane nl10/85 C7H16,2-methylh
n 4/89 C8H8,styrene n10/86 C8H10,ethylbenz n 4/87 C8H16,1-octene

n10/83 C8H17,n-octyl n 4/85 C8H18,n-octane n 4/85 C8H18,isooctane
n10/83 C9H19,n-nonyl g 3/01 C10H8,naphthale n10/83 C10H21,n-decyl

g 8/00 C12H9,o-bipheny g 8/00 C12H10,biphenyl g 6/97 x*H

g 1/01 HCO g 6/01 HCCO g 4/02 HO2

tpis78 *H2 g 5/01 HCHO,formaldehy g 6/01 HCOOH

g 8/89 H20 g 6/99 H202 g 6/01 (HCOOH)?2

g 5/97 *0 g 4/02 *0H tpis89 *02

g 8/01 03 n 4/83 C(gr) n 4/83 C(gr)

n 4/83 C(gr) g11/99 H20(cr) g 8/01 H20(L)

g 8/01 H20(L)
%+ INPUT FOR SHOCK PROBLEMS #x*
INCDEQ = F  REFLEQ = F INCDFZ = T  REFLFZ = F

U1l = 1.782000E+03
MACH1 = 0.000000E+00
0/F = 3.989263
EFFECTIVE FUEL EFFECTIVE OXIDANT MIXTURE
ENTHALPY h(2)/R h(1)/R hO/R
(KG-MOL) (K) /KG 0.00000000E+00 0.00000000E+00 0.00000000E+00
KG-FORM.WT. /KG bi(2) bi(1) b01i
*C 0.62334580E-01 0.00000000E+00 0.12493744E-01
*H 0.24933832E+00 0.00000000E+00 0.49974975E-01
*0 0.00000000E+00 0.62502344E-01 0.49974975E-01

SHOCK WAVE PARAMETERS ASSUMING
FROZEN COMPOSITION FOR INCIDENT SHOCKED CONDITI1ONS

CASE =
REACTANT WT FRACTION ENERGY TEMP
(SEE NOTE) KJ/KG-MOL K
FUEL CH4 1.0000000 0.000 0.000
OXIDANT 02 1.0000000 0.000 0.000
0/F= 3.98926 %FUEL= 20.043038 R,EQ.RATIO= 1.000000 PHI,EQ.RATIO= 1.000000

INITIAL GAS (1)
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MACH NUMBER1
U1, M/SEC

P, BAR

T, K

RHO, KG/CU M
, KJ/KG

, KJ/KG

, KJ/KG

, KJ/(KG) (K)
, (1/n)

Cp, KJ/(KG) (K)
GAMMAs

SON VEL,M/SEC

= 0 Q o m

SHOCKED GAS (2)--INCIDENT--FROZEN

U2, M/SEC
P, BAR
T, K
RHO, KG/CU M
, KJ/KG
, KJ/KG
, KJ/KG
, KJ/(KG) (K)
, (1/n)
Cp, KJ/(KG) (K)
GAMMAs
SON VEL,M/SEC
P2/P1
T2/T1
M2/M1
RHO2/RHO1
V2, M/SEC
MOLE FRACTIONS
CH4
*02

= 0 Q g m

5.0004
1782.00
0.03447

300.00

3.6874-2

-929.85
-1023.34
-3542.78

8.7098

26.680

1.1811

1.3584

356.4

249.99
1.0411
1271.04
2.6284-1
626.67
230.56
-11859.8
9.8238
26.680
1.9480
1.1904
686.7
30.201
4.237
1.0000
7.1282
15632.01

0.33333
0.66667
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Cantera and the GRI mechanism
(GRI-Mech) version 3.0

Cantera offers object-oriented tools that solves various problems involving transport pro-
cesses, chemical kinetics and thermodynamics [47]. When solving these problems for a
reactive system, the changes in the thermodynamic properties and chemical composition
needs to be accounted for, as the system approaches equilibrium. Therefore, Cantera
imports different thermochemical databases, such as the GRI mechanism version 3.0.
GRI-Mech 3.0 is essentially a database comprising the thermochemical and transport
properties of various species, elemental chemical reactions and their associated rate con-
stants [48]. Finally, using Python allows the user to script a variety of user defined

problems. In this study, the following two problems were addressed:

e Ignition delay following adiabatic shock compression, and;

e Adiabatic flame speed

132
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D.1 Ignition delay following adiabatic shock com-

pression

For this problem, it is assumed that the shock wave is planar with a uniform post-shock
flow field termed the “von-Neumann” region. The Python script used is given below
along with a brief description. After importing the Cantera package and the GRI-Mech
3.0 database, the von-Neumann temperature and pressure are provided as initial inputs
along with reactant composition. Then, the program calls a package which simulates the
combustion of our system in a constant volume environment; details of this package can
be found in Goodwin 2004 “Reactor Networks” [49]. As the simulation marches in time,
with a user defined time-step, the code tracks the molar concentration of the CH radical.
At every iteration, the time-step is added to the current time to produce an updated
time stamp. Once the concentration for the current iteration is lower than the previous

iteration, the earlier time is reported as the theoretical ignition delay parameter (Tig th).

from Cantera import *

from Cantera.Reactor import *

from Cantera.Func import *

gas = importPhase(’GRI30.cti’)

T1 = [1232.64000]

P1 = [295.24000]

delT = 1.e-6

for index in range (len(T1)):
print ’Initial Temp = ’, T1[index], ’K’
print ’Initial Press = ’, Pil[index], ’kPa’
gas.set(T = Ti1[index], P = P1[index]*1000.0, X = °CH4:1, 02:2°)
rl = Reactor(gas) #constant volume
sim = ReactorNet([r1])

time=delT
old=-1
tig=0.0

while time < 1:
sim.advance (time)
if rl.moleFraction(’CH’) > old:
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old=r1.moleFraction(’CH’)
tig=time

else:
break

time += delT

print ’Ignition Delay =’, tig*lef, ’microseconds’

b

print ’

D.2 Adiabatic flame speed

The Python script, used to determine the laminar flame speed, is given below along with
a very brief description. Additional details can be found in a document by Dr. Goodwin
[50]. The initial pressure and temperature are specified for a one-dimensional domain.
This domain is modeled having a length of 3 cm and is divided spatially into six points.
At each point a system of non-linear flow equations are solved iteratively. The iterative
method used is a hybrid of the Newton and time-stepping algorithm. After the final

solution is reached, the results are stored in a spreadsheet.

# ADIABATIC_FLAME - A freely-propagating, premixed methane/air flat
# flame with multicomponent transport properties

from Cantera import *

from Cantera.OneD import *

from Cantera.OneD.FreeFlame import FreeFlame
S s S

#

# parameter values

#

P = 133530 # unburned gas pressure
tin = 974.13 # unburned gas temperature
mdot = 0.04 # kg/m~2/s

comp = ’CH4:1, 02:2’° # premixed gas composition

initial_grid = [0.0, 0.001, 0.01, 0.02, 0.029, 0.03] # m
tol_ss = [1.0e-4, 1.0e-6] # [rtol atol] for steady-state
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# problem
tol_ts = [1.0e-4, 1.0e-6] # [rtol atol] for time stepping
loglevel =1 # amount of diagnostic output (O
# to 5)
refine_grid = 1 # 1 to enable refinement, O to
# disable

gas = GRI30(’Mix’)
#gas = importPhase(’gri30.cti’)
gas.addTransportModel (’Multi’)
# set its state to that of the unburned gas
gas.setState_TPX(tin, p, comp)
= FreeFlame(gas = gas, grid = initial_grid, tfix = 1200)
set the upstream properties
.inlet.set(mole_fractions = comp, temperature = tin)
.set(tol = tol_ss, tol_time = tol_ts)

.showSolution()

f

#

f

f

f

f.set(energy = ’off’)
f.setRefineCriteria(ratio = 10.0, slope = 1, curve = 1)
f.setMaxJacAge (50, 50)

f.setTimeStep(1.0e-5, [2, 5, 10, 20, 50])
f.solve(loglevel, refine_grid)
f.save(’h2_adiabatic.xml’,’no_energy’,

’solution with the energy equation disabled’)

f.set(energy = ’on’)
f.setRefineCriteria(ratio = 3.0, slope = 0.1, curve = 0.2)
f.solve(loglevel, refine_grid)
f.save(’h2_adiabatic.xml’,’energy’,

’solution with the energy equation enabled’)
print ’mixture-averaged flamespeed = ’,f.u() [0]

gas.switchTransportModel (’Multi’)
f.flame.setTransportModel (gas)
f.solve(loglevel, refine_grid)
f.save(’h2_adiabatic.xml’,’energy_multi’,
’solution with the energy equation enabled and multicomponent transport’)

# write the velocity, temperature, density, and mole fractions to a CSV file
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f.flame.grid()

£f.TO

f.u()

£.VO

fcsv = open(’adiabatic_flame.csv’,’w’)

writeCSV(fcsv, [’z (m)’, ’u (w/s)’, °V (1/s)’, ’T (K)’, ’rho (kg/m3)’]

+ list(gas.speciesNames()))

< & = N
o

for n in range(f.flame.nPoints()):
f.setGasState(n)
writeCSV(fcsv, [z[n], uln], V[n], T[n], gas.density()]
+list(gas.moleFractions()))
fcsv.close()
print ’solution saved to adiabatic_flame.csv’
print ’multicomponent flamespeed = ’,ul[0]
f.showStats()
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Constant pressure-enthalpy

combustion

Python script below was used to estimate the temperature and density of a gas pocket

that burns and expands, with a constant pressure-enthalpy process.

from Cantera imports*
gas = importPhase(’gri30.cti’);
T1 = [996,1099.51]
P1 = [110.1,164.12]
for index in range(len(T1)):
gas.set(T = Ti[index], P = P1[index]*1000.0, X = ’CH4:1, 02:2’)
print gas
print ’Initial State - Shocked, unburned gas inside groove’
print ’rhol’, gas.density(), ’kg/cu.m’
print ’pl’, gas.pressure()/1000.0, ’kPa’
print ’T1’, gas.temperature(), ’K’
gas.equilibrate(’HP’)
print ’Equilibrated State - Shocked, burned gas’
print ’rho2’, gas.density(), ’kg/cu.m’
print ’p2’, gas.pressure()/1000.0, ’kPa’
print ’T2’, gas.temperature(), ’K’
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Flame Speed Calculations

Details of the flame speed calculations, described in Section 5.4, for the roughness ex-

periment is given below.

F.1 Measurements

Table F.1 shows a data set with multiple measurements of the flame speed, in the absolute
frame of reference (ur), and the angle it makes with the horizontal (fr). The data set
was used to obtain an averaged flame speed, for the selected point shown in Figure 5.4,

in the absolute reference.
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Table F.1: Estimation of the the averaged absolute flame speed (ur) and the angle (6r) it makes

with the horizontal (6F), using the PCC application.

No. Absolute flame velocity, up (m/s) Angle, 0 (deg)
1 1565.4 30.5
2 1497.6 32.0
3 1565.4 30.5
4 1634.3 29.1
5 1634.3 29.1
6 1634.3 29.1
7 1674.3 31.4
8 1565.4 30.5
9 1565.4 30.5
10 1565.4 30.5
11 1565.4 30.5
12 1565.4 30.5
13 1565.4 30.5
14 1526.7 27.9
15 1597.3 26.6
16 1526.7 279
AVERAGE 1578.1 29.8

From these values, the components of the absolute flame velocity in the X and Y

axes can be determined as shown in Table F.2.

Table F.2: The components of the averaged absolute flame speed (uf) in the Y (vertical) and

X (horizontal) axes.

Parameter description

Units Value

Absolute flame velocity, up
Angle, O
Absolute vertical flame velocity, upy

Absolute horizontal flame velocity, ugx

m/s 1578.1
deg 29.8
m/s  784.1

m/s 1369.5
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Next, we calibrate the image by using the tooth thickness on the roughness plates as

a reference length. Table F.3 shows the values used for calibration in Adobe Hlustrator

(AD).

Table F.3: Image calibration in Adobe lllustrator (Al).

AT Units True Distance (mm)
17.7 28.6
1 1.6

After calibrating the image, Table F.4 shows that the strength of the Mach shock,

at the selected point as indicated in Figure 5.6, is calculated for each measurement, by

knowing the distance and the inter-frame time of 10 usec.

Table F.4: Estimation of the Mach shock strength (uj;) and the direction in which it acts (6as)

for several measurements.

No. Angle 0y, Al Units True distance (mm) Absolute
shock velocity, uys (m/s)
1 24.9 8.9 14.3 1431.2
2 24.7 8.9 14.4 1440.9
3 24.7 8.8 14.2 1416.6
4 24.4 9.1 14.6 1461.8
5) 25.1 8.8 14.2 1421.5
6 24.9 8.9 14.3 1431.2
7 25.5 8.7 14.0 1400.5
8 25.2 9.1 14.7 1471.5
9 25.5 8.7 14.0 1400.5
10 25.8 9.1 14.7 1466.7
11 24.7 8.9 14.4 1440.9
12 25.6 9.0 14.5 1450.5
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F.2 Initial state conditions

The initial state of the gas is summarized in Table F.5.

Table F.5: Table summarizing the initial conditions.

Parameter description Units Value

Pressure, pg psi 1.0
Temperature, T K 300.0
Sound speed, ¢ m/s 356.4

F.3 Post-shock conditions and burning velocity of

the flame tip

Using NASA’s CEA program (Appendix C), the flow properties behind the Mach shock,
local to the chosen point, can be computed as explained in Section 5.4.3. Table F.6

summarizes these results.
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Table F.6: A summary of the post shock conditions behind the Mach shock and the final averaged

vertical flame speed for each measurement obtained from experiment.

Absolute Temperature (K) Pressure (kPa)  Vertical particle Experimental vertical

particle velocity, u, (m/s) velocity, u,, (m/s) flame speed, Vpy (m/s)
1190.4 970.0 132.5 501.8 282.4
1199.9 977.9 134.4 502.2 282.0
1176.2 958.4 129.8 491.7 292.5
1220.4 994.9 138.5 503.6 280.6
1181.0 962.3 130.7 501.5 282.6
1190.4 970.0 132.5 501.8 282.4
1160.4 945.5 126.7 499.9 284.2
1229.9 1002.8 140.4 523.3 260.9
1160.4 945.5 126.7 499.9 284.2
1225.2 998.8 139.4 532.7 251.5
1199.9 977.9 134.4 502.2 282.0
1209.4 985.7 136.3 521.8 262.3

AVERAGE 974.1 133.5 277.3




Appendix G

Additional Schlieren Images

For the readers’ interest, the remaining images of the high speed Schlieren videos pre-
sented in the report, but not shown, are presented here. All images, obtained from the
high speed Schlieren videos, are presented in a sequence that shows the evolution i.e.

from left-to-right and top-to-bottom.
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G.1 Remaining frames from the high speed Schlieren

video results

Figure G.1: Schlieren images of a flow field evolution showing re-ignition behind the Mach shock.

The initial pressure and temperature was 10.3 kPa and 300K. All frames were obtained from the

same experiment using the high speed video format with an inter-frame delay of 12.97 usec. Test
ID: CH4+02-07-27-12(1.47psiTEST?)
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Figure G.2: Schlieren images of a flow field evolution showing re-ignition behind the Mach shock.
The initial pressure and temperature was 9.8 kPa and 300K. All frames were obtained from the same
experiment using the high speed video format with an inter-frame delay of 12.97 usec. Test ID:
CH4+02-07-27-12(1.4psiTEST3)
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Figure G.3: Schlieren images of a flow field evolution showing re-initiation behind the Mach and

transverse shock. The initial pressure and temperature was 10.5 kPa and 300K. All frames were
obtained from the same experiment using the high speed video format with an inter-frame delay of
12.97 usec. Test ID: CH4+02-07-27-12(1.5psiTEST2)




Appendix G 147

Figure G.4: Schlieren images of a flow field evolution showing detonation re-initiation of the

Mach shock and transverse wave, following an increase in chemical reaction rates behind the Mach
shock. The initial pressure and temperature was 12.3 kPa and 300K. All frames were obtained from
the same experiment using the high speed video format with an inter-frame delay of 12.97 usec.
Test ID: CH4+02-07-25-12(1.75psiTEST6)
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Figure G.5: Schlieren images of a flow field evolution showing re-ignition behind the Mach shock

following jet entrainment potentially due to forward jetting of the slipline. The initial pressure and
temperature was 12.3 kPa and 300K. All frames were obtained from the same experiment using
the high speed video format with an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-24-
12(1.75psiTEST4)
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Figure G.6: Schlieren images of a flow field evolution showing re-ignition behind the Mach shock,
following jet entrainment of hot burned gas with unburned gas over the roughness plate obstacle.
The initial pressure and temperature was 7 kPa and 300K. All frames were obtained from the
same experiment using the high speed video format with an inter-frame delay of 10 usec. Test ID:
CH4+02-07-13-12(1.0psi)roughness
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Figure G.7: Continuation of the flow field evolution shown in Figure G.6 above now showing a
back propagating shock wave. Test ID: CH4+02-07-13-12(1.0psi)roughness



Appendix G 151

Figure G.8: Schlieren images of a flow field evolution showing inert shock reflections of a quenched

detonation wave behind the full-cylinder obstacle. The initial pressure and temperature was 3.5 kPa
and 300K. All frames were obtained from the same experiment using the high speed video format
with an inter-frame delay of 11.53 usec. Test ID: CH4+02-08-20-12(0.5psiTEST1)
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Figure G.9: Schlieren images of a flow field evolution showing re-ignition behind the Mach shock
following jet entrainment potentially due to forward jetting of the slipline. The initial pressure and
temperature was 8.4 kPa and 300K. All frames were obtained from the same experiment using
the high speed video format with an inter-frame delay of 12.91 usec. Test ID: CH4+02-08-14-

12(1.2psiTESTI)
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Figure G.10: Schlieren images of a flow field evolution showing re-ignition behind the Mach shock
following jet entrainment potentially due to forward jetting of the slipline. The initial pressure and
temperature was 10.5 kPa and 300K. All frames were obtained from the same experiment using
the high speed video camera with an inter-frame delay of 6.03 usec. For a reference, the horizontal
length of the tape in the top-left side is 17.5 mm. Test ID: CH4+02-08-03-12(1.49psiTEST4)

Figure G.11: Continuation of the flow field evolution shown in Figure G.10 above. Test ID:
CH4+02-08-03-12(1.49psi TEST4)
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Figure G.12: Schlieren images of a flow field evolution showing spontaneous re-ignition behind

the Mach shock. The initial pressure and temperature was 10.5 kPa and 300K. All frames were
obtained from the same experiment using the high speed video format with an inter-frame delay of
12.97 psec. Test ID: CH4+02-08-03-12(1.49psiTEST2)
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Figure G.13: Schlieren images of a flow field evolution showing spontaneous re-initiation of the

Mach stem and transverse waves into a detonation wave. The initial pressure and temperature was
16.8 kPa and 300K. All frames were obtained from the same experiment using the high speed video
format with an inter-frame delay of 12.91 usec. Test ID: CH4+02-08-01-12(2.4psiTEST4)
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G.2 High speed Schlieren videos obtained from other

experiments

For the readers’ interest, shown here are images obtained from high speed Schlieren
videos that were recorded from other experiments which were not shown in the body of

the report. Images for all obstacles and regimes are shown below.
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G.2.1 Detonation failure regime using the half-cylinder obsta-

cle

Figure G.14: Schlieren images of a flow field evolution for pg = 5.5 kPa and Ty = 300K with an
inter-frame delay of 12.97 usec. Test ID: CH4+02-07-25-12(0.8psiTEST1)
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Figure G.15: Schlieren images of a flow field evolution for pg = 10.5 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-27-12(1.49psiTEST5)
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Figure G.16: Schlieren images of a flow field evolution for pg = 12.3 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-25-12(1.75psiTEST7)
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Figure G.17: Schlieren images of a flow field evolution for pg = 12.3 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-24-12(1.75psiTEST5)
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G.2.2 Experiments using the half-cylinder with the roughness
plate
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Figure G.18: Schlieren images of a flow field evolution for pg = 5.5 kPa and Ty = 300K
using the roughness plate with an inter-frame delay of 10 pusec. Test ID: CH4+02-07-13-
12(0.8psiTEST3)roughness
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Figure G.19: Continuation of the flow field evolution shown in Figure G.18. Test ID: CH4+02-
07-13-12(0.8psiTEST3)roughness
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Figure G.20: Schlieren images of a flow field evolution for pg = 5.5 kPa and T = 300K
using the roughness plate with an inter-frame delay of 12.34 usec. Test ID: CH4+02-07-13-
12(0.8psiTEST4)roughness
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Figure G.21: Continuation of the flow field evolution shown in Figure G.20. Test ID: CH4+02-
07-13-12(0.8psiTEST4)roughness
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G.2.3 Hot spot re-ignition regime using the half-cylinder ob-

stacle

Figure G.22: Schlieren images of a flow field evolution for pg = 10.3 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-27-12(1.47psiTESTS8)
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Figure G.23: Schlieren images of a flow field evolution for pg = 12.3 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-24-12(1.75psiTEST7)
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Figure G.24: Continuation of the flow field evolution shown in Figure G.23. Test ID: CH4+02-
07-24-12(1.75psiTEST7)
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G.2.4 Detonation re-initiation regime using the half-cylinder

obstacle

Figure G.25: Schlieren images of a flow field evolution for pg = 10.5 kPa and T = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-24-12(1.49psiTEST6)
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Figure G.26: Schlieren images of a flow field evolution for pg = 10.5 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-27-12(1.49psiTEST6)
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Figure G.27: Schlieren images of a flow field evolution for pg = 12.3 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-23-12(1.75psiTEST4)
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Figure G.28: Schlieren images of a flow field evolution for pg = 12.3 kPa and Tp = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-24-12(1.75psiTEST3)
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Figure G.29: Schlieren images of a flow field evolution for pg = 12.3 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-25-12(1.75psiTESTS)



Appendix G 173

Figure G.30: Schlieren images of a flow field evolution for pg = 11.9 kPa and Tp = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-07-27-12(1.7psiTEST1)
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G.2.5 Detonation failure regime using the full-cylinder obstacle

Figure G.31: Schlieren images of a flow field evolution for pg = 3.5 kPa and Ty = 300K with an
inter-frame delay of 11.53 usec. Test ID: CH4+02-08-20-12(0.5psiTEST4)
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Figure G.32: Continuation of the flow field evolution shown in Figure G.31. Test ID: CH4+02-
08-20-12(0.5psiTEST4)
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Figure G.33: Schlieren images of a flow field evolution for pg = 9.8 kPa and T, = 300K with an
inter-frame delay of 12.97 usec. Test ID: CH4+02-08-01-12(1.4psiTESTI)
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Figure G.34: Continuation of the flow field evolution shown in Figure G.33. Test ID: CH4+02-
08-01-12(1.4psiTESTI)
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G.2.6 Hot spot re-ignition regime using the full-cylinder obsta-

cle

Figure G.35: Schlieren images of a flow field evolution for pg = 5.5 kPa and T, = 300K with an
inter-frame delay of 12.91 usec. Test ID: CH4+02-08-14-12(0.8psiTEST3)
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Figure G.36: Continuation of the flow field evolution shown in Figure G.35. Test ID: CH4+02-
08-14-12(0.8psiTEST3)

Figure G.37: Schlieren images of a flow field evolution for pg = 10.5 kPa and T = 300K with
an inter-frame delay of 6.03 usec. Test ID: CH4+02-08-01-12(1.5psiTEST6)
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Figure G.38: Continuation of the flow field evolution shown in Figure G.37. Test ID: CH4+02-
08-01-12(1.5psiTEST6)

Figure G.39: Schlieren images of a flow field evolution for pg = 10.5 kPa and T = 300K with
an inter-frame delay of 6.03 usec. Test ID: CH4+02-08-01-12(1.5psiTESTS8)

Y&

Figure G.40: Continuation of the flow field evolution shown in Figure G.39. Test ID: CH4+02-
08-01-12(1.5psiTESTS)
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Figure G.41: Schlieren images of a flow field evolution for pg = 9.8 kPa and T = 300K with an
inter-frame delay of 12.97 usec. Test ID: CH4+02-08-03-12(1.4psiTESTI)
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Figure G.42: Schlieren images of a flow field evolution for pg = 7 kPa and Ty = 300K with an
inter-frame delay of 12.91 usec. Test ID: CH4+02-08-14-12(1.0psiTEST2)
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Figure G.43: Continuation of the flow field evolution shown in Figure G.42. Test ID: CH4+02-
08-14-12(1.0psiTEST2)
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Figure G.44: Schlieren images of a flow field evolution for pg = 14.0 kPa and Ty = 300K with
an inter-frame delay of 12.97 usec. Test ID: CH4+02-08-01-12(2.0psiTEST3)
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G.2.7 Detonation re-initiation regime using the full-cylinder

obstacle

Figure G.45: Schlieren images of a flow field evolution for pg = 16.8 kPa and Ty = 300K with
an inter-frame delay of 6.03 usec. Test ID: CH4+02-08-01-12(2.4psiTEST9)

G.3 Schlieren images obtained from other experi-

ments using the dual frame camera

Shown here are Schlieren images that were recorded using the double framing camera,
from experiments that were not presented in the body of the report. Images for all

regimes are shown below.
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G.3.1 Detonation failure regime using the half-cylinder obsta-

cle

Figure G.46: Schlieren images for py = 5.5 kPa and Tjy = 300K. (a)Test ID: CH4+02 - 08-4-
11(0.85psi)5; (b)Test ID:CH4+02 - 08-4-11(0.85psi)6; (c)Test ID: CH4+02 - 08-4-11(0.85psi)8;
(d)Test ID:CH4+02 - 08-12-11(0.85psi)1
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Figure G.47: Schlieren images for pg = 5.5 kPa and Ty = 300K. (a)Test ID: CH4+02 -
07-27-11(0.85psi)2; (b)Test ID: CH4+02 - 07-27-11(0.85psi)3; (c)Test ID: CH4+02 - 07-27-
11(0.85psi)5; (d)Test ID: CH4+02 - 07-31-11(0.85psi)5
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Figure G.48: Schlieren images for pg = 5.5 kPa and Ty = 300K. (a)Test ID: CH4+02 -
08-24-11(0.85psi)11; (b)Test ID: CH4+02 - 08-24-11(0.85psi)12; (c)Test ID: CH4+02 - 07-31-
11(0.85psi)4
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G.3.2 Hot spot re-ignition regime using the half-cylinder ob-

stacle

Figure G.49: Schlieren images for pg = 10.5 kPa and T, = 300K. (a)Test ID: CH4+02 - 08-24-
11(1.49psi)2; (b)Test ID: CH4+02 - 08-4-11(1.49psi)2; (c)Test ID: CH4+02 - 08-4-11(1.49psi)4;
(d)Test ID: CH4+02 - 08-3-11(1.49psi)2
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Figure G.50: Schlieren images for po = 10.5 kPa and T, = 300K. (a)Test ID: CH4+02 -
05-10-11(1.49psi4); (b)Test ID: CH4+02 - 08-2-11(1.49psi)5

Figure G.51: Schlieren images for pg = 10.5 kPa and T, = 300K. (a)Test ID: CH4+02 -
08-26-11(1.49psi)3; (b)Test ID: CH4+02 - 05-10-11(1.49psi3)
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G.3.3 Detonation re-initiation regime using the half-cylinder

obstacle

Figure G.52: Schlieren images for pg = 12.0 kPa and T, = 300K. (a)Test ID: CH4+02 - 03-13-
11(1.72psi)5; (b)Test ID: CH4+02 - 03-14-11(1.72psi)1; (c)Test ID:CH4+02 - 03-12-11(1.71psi)2
(top frame); (d)Test ID: CH4+02 - 03-12-11(1.71psi)2 (bottom frame)
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Figure G.53: Schlieren images for pg = 12.0 kPa and T, = 300K. (a)Test ID: CH4+02 -
03-12-11(1.72psi)7; (b)Test ID: CH4+02 - 03-13-11(1.72psi)4; (c)Test ID: CH4+02 - 03-13-
11(1.72psi)3; (d)Test ID: CH4+02 - 03-13-11(1.72psi)1
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