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Abstract

The present work investigates the structure of supersonic turbulent deflagration typ-

ically observed as precursors to the onset of detonation. These high-speed flames are

obtained after detonation interaction with cylindrical obstacles. Two mixtures hav-

ing the same propensity for local hot spot generation were used, namely stoichiometric

hydrogen-oxygen and methane-oxygen. It was shown that the methane mixture sus-

tained turbulent fast flames, while the hydrogen mixture did not. Three visualization

techniques, Schlieren, shadowgraph, and direct chemi-luminescence were implemented

to record the evolution of the structure following the detonation interaction with the

obstacle. Detailed high-speed visualizations of the nearly two-dimensional flow fields

permitted the identification of the key mechanism involved.

It was found that the shock reflections in methane permitted strong forward jets

behind periodically formed Mach shocks on the front of the deflagration. These hot

spots in the re-circulation zones of the jets provided local enhancement of the reactivity

through mixing, supporting the formation of new generations of new hot spots.

The hot spot formation was identified as the prominent difference between the dif-

ferent mixtures. These reactive pockets further sustained the shock reflection processes.

As the methane-oxygen fast flame propagates along the channel, the wave front was

observed to organize into fewer modes and eventually led to a reflection capable of the

transition to detonation.

In the hydrogen mixtures, at similar thermo-chemical parameters, self-sustained fast

flames were not observed. Following detonation interaction in the hydrogen mixture,

reactive reflections were observed. As the wave propagated downstream after a limited

number of reactive reflections, the wave developed a planar wave front and decayed as the

reaction zone trailed with an ever-increasing distance. It is postulated that the absence

of the forward jets did not allow such fast flames to establish.

This jetting slip line instability in methane shock reflections was recently found to be

correlated with the low value of the isentropic exponent and its control of Mach shock

jetting described by Mach & Radulescu [1]. The lack of the forward jetting of the slip line

in the hydrogen mixture with the higher value of the isentropic exponent is in agreement

with the Mach & Radulescu.
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Chapter 1

Introduction

1.1 Problem Definition

Flame acceleration in reactive gas mixtures poses serious concerns in many areas. One

common area of interest is accidental industrial or residential gas leaks. In an envi-

ronment where a reactive gas and an ignition source are present, the type of possible

combustion is of great concern. This work seeks to augment the understanding of flame

acceleration, focusing on supersonic deflagration waves, the fast flames, and the transi-

tion to detonation in order to gain a predictive capability.

The fast flame is a quasi-steady combustion wave travelling at speeds which lie be-

tween classical detonation, the Chapman-Jouguet (CJ) velocity, and deflagration veloc-

ities. The fast flame is similar in basic structure to the detonation, as seen in Figure

1.1. Composed of a shock wave supported by a trailing reaction zone, yet it travels at

approximately half the ideal CJ detonation velocity. The fast flame has been seen to dis-

play a very turbulent structure coupled with significant transverse pressure oscillations,

as will be discussed in detail.

Current theories are unable to predict the extent of flame acceleration or explain

the final high-velocity stage of the deflagration to detonation transition (DDT) process,

known as the fast flame. This study will attempt to clarify the underlying properties and

mechanisms responsible for the fast flame propagation. Using state of the art visualiza-

tion techniques, coupled with theoretical calculations, this study examines the structure

of the fast flame to determine the controlling mechanism which is responsible for the

behaviour of the fast flame as a phenomenon.

1
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Unburnt GasBurnt Gas

Lead Shock WaveReaction Zone

Shocked unburnt gas

Transverse pressure waves

Figure 1.1: Sketch of the structure of the fast flame in a channel.

1.2 Background and Motivation

Reactive gases, typically fuel/oxidizer mixtures, have two very different combustion

regimes, the detonation and the deflagration. A deflagration wave is a diffusion con-

trolled flame, with typical burning velocities of a few metres per second and low-pressure

changes. A detonation is a supersonic reactive compression wave dominated by auto-

ignition, where a shock wave is in-phase with the closely coupled reaction zone through

the chemical induction delay, typical burning velocities of two- to three-thousand meters

per second with twenty- to thirty-times pressure increase across the wave. Partly due

to the very high-speeds and large pressure jumps across the detonation wave, there is a

lack of predictive understanding about these waves and their origin [2][3].

A detonation can be directly initiated by a large energy deposition or can undergo a

process known as deflagration to detonation transition (DDT). The mechanisms control-

ling DDT are largely understood qualitatively especially at the low speed stages [4][5].

The high-speed regimes and quantitative aspects of the DDT process remain to be fully

understood. The final high-speed stage of the DDT process, known as the fast flame, is

a meta-stable regime which consists of a shock wave supported by a reaction zone. This

has been observed to persist for many tube diameters yet the propagation mechanism

remains a topic of debate [6]. During flame acceleration this regime is terminated by

the onset of a detonation. Several mechanisms have been identified that enable the final

transition to take place [7]. The understanding of the fast flame stage remains to be

clarified.
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Figure 1.2: Experimental Schlieren images illustrating different stages of low-velocity

flame acceleration adapted from Lee [12], images taken by Marksein [13]

1.2.1 Review of Flame Acceleration

The early, low-velocity stages of the transition process have been the subject of a sub-

stantial amount of investigation to clarify the physical mechanisms responsible for the

flame acceleration. It has been observed that flame acceleration is heavily dependant on

geometry and boundary conditions [8]. For simplicity, we will illustrate flame acceleration

in a smooth channel.

When a flame is ignited at the closed end of a tube the hot products expand, sending

out pressure waves. These pressure waves begin to perturb the flow ahead of the flame.

Velocity gradients begin to form causing the center of the flame to accelerate. This results

in a flame similar to that in frame (A) of Figure 1.2. These gradients begin to stretch and

fold the flame, similar to that seen in frame (B) of Figure 1.2. As the flame stretches and

folds, the surface area increases and the burning rate increases [9]. As the burning rate

increases, the production of expanded burnt products increases, sending more pressure

waves forward which in turn creates larger velocity gradients. This creates a positive

feedback loop between the increasing burning rate and the flame stretching [4][3][10][11].

The flame acceleration process has been observed to be enhanced in rough-walled or
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Figure 1.3: Fairweather’s illustrations of flame acceleration depicting different time steps

for comparison in (A) smooth tube, (B) obstacle-laden tube [11]

obstacle-filled channels, as shown in Figure 1.3. It has been postulated that the roughness

introduces intense turbulence to the flame [14] through flame folding and pressure wave

generation which enhances the burning rate [15]. The increased flame velocity induced by

the roughness is illustrated by the time steps in frame (B) of Figure 1.3 compared to the

time steps in frame (A) for the smooth channel. Pressure wave generation has been seen

to enhance burning rates in gases with higher chemical sensitivities, usually gases which

display irregular detonation patterns [16]. Researchers such as Schelkin, Teodorczyk and

Ciccarelli have observed that placing a periodic obstacle, such as a long spiral wire or

sand [17][18][16], along the walls of the channel can greatly reduce the length required

for DDT to occur [15][19].

The pressure waves sent ahead of the flame are able to eventually coalesce into a shock

wave. The flame continues to strengthen the shock wave, and the shock wave further
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pre-conditions the un-burnt gas by increasing the un-burnt pressure and temperature.

This pre-conditioning results in a higher burning rate, which in turn gives rise to larger

velocity gradients, causing more flame folding and stretching. As the stretching and

folding of the flame increases, the flame consumes more gas per unit projected area thus

increasing the burning rate. This generates a positive feedback loop. As the velocity

gradients increase, the Reynolds number of the flow can reach a critical value and can

lead to transition to a turbulent flame [4]. The turbulent pre-conditioned state of the

un-burnt gas rapidly increases the burning rate, accelerating the flame. The turbulent

flame accelerating in the pre-conditioned gas continues to emit acoustic pressure waves

forward into the un-burnt gas. These waves further strengthen the lead shock wave [20].

As these pressure waves pass ahead of the reaction zone they pre-condition the state

and can cause local gradients in the induction delay at the small scales. These gradients

can locally amplify the pressure waves through the Shock Wave Amplification due to

Coherent Energy Release or SWACER mechanism [21].

Eventually the combustion wave then reaches the fast flame stage. The fast flame is

very poorly understood and is generally short-lived. When the appropriate conditions

are present the flame will reach a critical point where transition to detonation will occur.

Figure 1.4 shows these later stages of the DDT process beginning with the turbulent

flame brush coupled shock wave where a detonation is initiated from the flame brush,

overtaking the lead shock wave.

Several different pathways of transition from the fast flame to detonation have been

identified in the past [2]; for example, precursor shock initiation, hot spot initiation,

compression initiation from the turbulent flame brush and progressive transverse wave

amplification. The final transition has been observed to depend on the pattern of the

shock fronts which developed during the turbulent flame acceleration phase [7]. Regard-

less of the exact mode of transition, it is common for the transition to take place through

one of two distinct mechanisms, shock initiation or SWACER. Shock initiation occurs

when a strong shock reflection is able to directly initiate an overdrive detonation at a

discrete location. Conversely, the SWACER mechanism occurs if local gradients of igni-

tion delay can synchronize with the passage of a shock wave. This acceleration can form

a local detonation [21]. Regardless of the mechanism, the detonation then expands and

engulfs the entire flame front developing into a self-sustained detonation.
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Figure 1.4: Stroboscopic schlieren record of the onset of detonation in H2 + O2 at Po =

11.1kPa, with the localized auto-explosion originating in the vicinity of the turbulent

flame brush taken by Oppenheim [7]
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1.3 The Fast Flame

In order to complete the understanding of the DDT process, researchers have recently

turned their attention to the fast flame. Attempts have been made to isolate this stage

of the DDT process in order to better understand the phenomenon. Different paths have

been taken to isolate the fast flame and they will be discussed here.

1.3.1 The Fast flames in Obstacle-Laden Channels

Ciccarelli and colleagues have observed that as a combustion wave accelerates in an

obstacle-laden channel the velocity approaches the speed of sound of the products. In

some cases the flame is choked and the velocity does not increase further. Some gas

mixtures have been observed to display an increase in velocity to half the CJ velocity.

Experiments conducted in channels with periodic obstacles have been shown to sustain

these high-velocity shock flame complexes for longer distances. Figure 1.5 taken from

Ciccarelli et. al. illustrates a good example of these waves. The obstacles are thought

to promote shock-flame interactions leading to higher flame velocities than possible in a

smooth channel [22].

Ciccarelli et. al. recently clearly showed this increased velocity of the combustion

waves in the presence of rough boundary conditions [16]. They observed that a globally

quasi-steady combustion wave, described in the past as a fast flame, travelling at speeds

between the speed of sound in the products and the ideal Chapman-Jouguet velocity,

was able to develop in the presence of the rough walls. The roughness is thought to be

able to promote turbulence and transverse pressure wave activity similar to Figure 1.6.

Ciccarelli also linked the increased transverse wave activity to this development of the

fast flame.

Researchers have also conducted experiments in rough walled channels with porosity

[16]. The addition of porosity effectively damped the transverse wave action, similar

to experiments done with irregular detonations [23]. With the lack of transverse wave

action, the fast flames showed a significantly lower maximum velocity, agreeing that

flame acceleration is significantly enhanced by transverse pressure waves.

1.3.2 Shock Flame Interactions

In order to study the fast flame without relying on the low-velocity stages of the flame

acceleration, Thomas examined the interaction between laminar flame bubbles and shock
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Figure 1.5: Series of schlieren images obtained from tests with 0.33 blockage ratio obsta-

cles. Inter-frame time is 33 µs. Taken by Ciccarelli et. al. [22]

Figure 1.6: Passage of a fast flame over a rough surface along the bottom wall. Transverse

waves can be seen clearly reflecting off the roughness. Taken by Ciccarelli et. al. [16]
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waves [24]. Thomas noted that these waves seemed to rely on diffusion and turbulence

and observed strong pressure oscillation accompanying the waves. However, he observed

that these waves do not fit the description of a detonation as the fast flames travel quasi-

steadily at half the Chapman-Jouguet (CJ) velocity. He described them as a “Strange

wave.”

1.3.3 The Fast Flames in Smooth Channels

Other researchers have conducted experiments on detonation interaction with obstacles

to quench the detonation which can form the half-CJ waves, the fast flame. Detonation

interaction with different obstacles has been studied for many purposes in the past,

originally to study detonation behaviour and limits.

When the detonation wave interacts with the obstacles blocking its path, the lead

shock is reflected and transmitted with the decoupled reaction zone around the obsta-

cle. Different types of obstacles have been tested in the past, some examples including:

steps [25], converging-diverging ramps [26][27], porous plates [28][29][6], porous mediums

[14][30], cylinders [31][32], and sudden area changes [33][34]. Regardless of the specific

shape of the obstacle, the global behaviour remains the same; detonation attenuation

leading to detonation failure and decoupling of the shock and reaction zone. The goal

of many of these studies was to examine detonation limits and detonation re-initiation

behaviour. However, increased attention has been paid to the fast flames produced by

these experiments in recent years.

Chao, in her PhD work, conducted experiments using detonation interaction with a

porous plate [29]. Using streak self-luminous and streak Schlieren imaging, she was able

to examine the behaviours of the waves resulting from the detonation-plate interaction.

If the mixture was sensitive enough, the detonation would drive strong shock waves

through the plates and the detonation would continue to propagate. At lower pressures,

i.e. a less sensitive mixture, the detonation would fail when passing through the plate.

The resulting wave would travel at half CJ velocity, seen in Figure 1.8 (A). She observed

that in unstable mixtures these waves would continue many tube diameters at a constant

velocity before detonation initiation. Under certain conditions it was found that the half

CJ wave would suddenly transition to a detonation as seen in Figure 1.8 (B). It was

concluded that the transverse pressure fluctuations were vital in maintaining the fast

flames, potentially through an increased turbulence but this remained unclear. Her work

was in good agreement with Thomas’ observation of strong pressure in the reaction zone.
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Figure 1.7: Schlieren images of two distorted flame bubbles as they are traversed by the

reflected shock wave producing what is described as a “strange wave.” Mixture C2 H4 +

3O2 + 4N2. Incident shock Mach number 1.7, frame interval 50 µs.
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Figure 1.8: (A) Streak self-luminous photograph of the Half CJ wave and streak self-

luminous photograph of sudden transition to detonation. Both taken by Chao [29]
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Figure 1.9: Open shutter photograph of a failed detonation wave exiting a two-

dimensional bank of cylinders taken by Radulescu [30]

Radulescu and Maxwell [30] investigated the re-initiation of a detonation wave at

the exit of a two-dimensional array of staggered cylinders, Figure 1.9. The experimental

open-shutter photographs taken by Radulescu suggested that intense turbulent mixing

along shear layers is present following hot spot ignition points and associated transverse

pressure wave activity. Their numerical study suggested that such high deflagration

speeds required auto-ignition spots via shock compression to drive such strong trans-

verse pressure wave activity before sudden transition to detonation occurred. These

observations point towards the presence of both diffusive and non-diffusive mechanisms

playing significant roles in this acceleration process. The study also postulated that

the fast flame propagation was controlled by a similar mechanism to the propagation of

unstable detonation waves.

To better understand the structure of these fast flames specifically, Lee and Grondin

implemented schlieren photography and conducted experiments in a thin channel exam-

ining detonation interaction with a porous plate and the resulting fast flame [6]. They

observed a structure of a fast flame in the irregular gas, propane-oxygen, as far as three

channel heights downstream, seen in Figure 1.10, noting it as a turbulent meta-stable

wave before eventual transition to detonation. As noted Chao, they did not observe
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Figure 1.10: Images from separate experiments of the meta-stable C3H8+5O2 combustion

wave at po = 4 kPa by Grondin & Lee [6]

the fast flame when testing a gas mixture which exhibits classically regular structured

detonations, in this case, acetylene oxygen diluted in 70 percent argon.

Previous works by Bhattacharjee focused on detonation interaction with a single

cylindrical obstacle to examine the direct ignition of the Mach stem [32][31]. This study

identified conditions for which detonation initiation would take place immediately, hot

spots would form, as well as conditions for which shock decay would dominate in the

near field. It was observed that hot spot ignition in the near field was accompanied by

the appearance of a strong forward jet behind the Mach stem after a shock reflection.

Also, observations of reactive transverse waves were made following strong transitional

Mach reflections.
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1.4 The Current Study

In order to clarify the underlying mechanism responsible for the fast flame behaviour,

it is important to clearly observe the structure of the fast flame in a time resolved

manner. To accomplish clear observations, optical access of the entire channel height is

used to allow Schlieren and shadowgraph visualization techniques. The fast flames were

produced through detonation failure in the wake of a cylindrical obstacle. This allows for

a high level of reproducibility and ensures the fast flame originates from well established

initial conditions. Using scaled obstacles, the phenomenon was examined in the near

and far fields in an attempt to be independent of the obstacles’ geometry and permit the

construction of the evolution of the flow field.

To identify the controlling parameters and underlying mechanisms responsible for

the propagation of the fast flame, this study tested two gas mixtures, stoichiometric

hydrogen-oxygen and methane-oxygen. These gases have different properties, thus the

different behaviours displayed by these two gases will provide insight into the parameters

and mechanisms which control the fast flame propagation.
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Experimental Details

2.1 Physical Apparatus

The experiments performed for this work were conducted in a thin rectangular channel

3.5 m long divided into 3 sections of equal length, 203.2 mm high and 19.1 mm wide. To

allow optical access, the final section was equipped with glass windows divided into two

sections allowing a visual access of 482.6 mm by 203.2 mm each, shown in Figure 2.1.

Standard non-tempered glass 19 mm thick was used. Along the top and bottom of the

channel, 60 equally spaced access ports were used to fit sensors or plumbing.

The high aspect ratio of the channel allows for quasi-two dimensional shock dynamics

and minimizes the visual integration across the width. This channel size, in conjunction

with the pressures at which the experiments were performed, forced the shock dynamics

of the fast flame structure to become essentially two dimensional.

2.2 Flow Visualization

2.2.1 The Schlieren System

Two different flow visualization techniques were used. A high resolution Z-type Schlieren

system [35] with a 317.5 mm field of view permitted us to probe small scales, depicted

in Figure 2.2. First surface parabolic mirrors, 1.905 m focal length, f/6 aperture, with a

surface precision of 1/8 the wavelength of light (632 nm) were used.

Figure 2.2 shows a schematic of the Schlieren system, similar to that of Settles [35].

An arc lamp, used as a light source, was strong enough to overpower the self-luminosity

15
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Figure 2.1: Sketch of the experimental apparatus, adapted from Thanos Drivas.

of the detonation in the Schlieren system. A 120 mm glass lens was used to focus the

light to a small point, ∼ 3-5 mm diameter, at the focal point of the parabolic mirrors.

The light was then expanded to a diameter of ∼ 50 cm with the first mirror in the center

to ensure complete and even coverage of the mirror. The light was parallelized by the

first parabolic mirror. The column of light then travelled across the room, through the

optical section of the shock tube, before impinging upon the second Schlieren mirror.

The second Schlieren mirror then condensed the light back to the small point. A knife

edge was use to cut off half of the point. The remaining half expanded into the 80 mm

lens, focused to infinity, attached to the high-speed camera.
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Figure 2.2: The Z-type Schlieren set up as described by Settles [35]

2.2.2 The Edgerton Shadowgraph System

The second optical system used was a large-scale Edgerton shadowgraph system [36].

This was implemented using a 2 m by 2 m retro-reflective screen, allowing visual access

to the experiments over the entire 1 m viewing section, depicted in Figure 2.3. The details

of this system have recently been published [37]. The shadowgraph system was used by

placing the shock tube at ∼ d/f = 1/2 to attain the clearest images. The collimated light

exiting from the arc lamp was condensed to a 3-5 mm point using a 50 mm glass lens. This

point was focused onto a 10 mm diameter cylindrical rod mirror cut at a 45◦ angle which

was glued to a clear lens filter mounted to a rotating lens holder, allowing easy alignment.

This projected the light onto the retro-reflective screen as if it directly emanated from

the camera lens, increasing luminosity of the returned image to the camera.

Both systems used the same light source and camera to permit the Schlieren and

shadowgraph images. A 1600 W continuous xenon arc lamp, made by Newport, and a

high-speed video camera, Phantom v1210 made by Vision Research, recorded high-speed

videos at a maximum useful speed of approximately 86 058.5 fps at a reduced resolution,

using 348 x 256 pixels, and a 0.91µs exposure.

2.2.3 Self-luminous Experiments

Experiments were conducted and observed directly with the high-speed camera to ob-

serve the chemi-luminescence. This provides a new perspective of the same phenomenon



Experimental Details 18

Figure 2.3: An Illustration depicting the shadowgraph system, adapted from [37]
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compared with the Schlieren and shadowgraph methods used above which visualize the

density gradients. Chemi-luminescence provides a direct view of the hot spots and their

behaviour.

Chemi-luminescent photographs were successfully captured using the methane mix-

ture, however, the hydrogen mixture was unable to be visualized. The light spectrum of

the hydrogen-oxygen combustion was not able to be captured by the high-speed camera.

The chemi-luminescent photographs in this work do not discriminate between specific

wavelengths of light. The wide spectrum which is observed by the Phantom v1210 was

captured. These records should not be confused with isolated OH∗ or CH∗ radical

observations.

Image Adjustments

The images presented herein have been adjusted through the use of background subtrac-

tion and grey scale adjustment as described in Appendix B. The adjustments isolated

and clarified the viewing of the images on paper. For clarification of the interpretation

of Schlieren and shadowgraph images see Appendix A.

2.3 Test Gases

This study examined stoichiometric methane-oxygen and hydrogen-oxygen. The gases

were mixed in a separate 1.2m tall pressure vessel and left to mix for a minimum of 24

hours before an experiment. The minimum rest time of the gas was chosen to be larger

than the time for 1-dimensional laminar diffusion layer to engulf the entire tank.

The channel was evacuated to below 80 Pa absolute pressure before filling with the

test mixture. The test mixture was ignited using a high voltage spark obtained from a

capacitive discharge of 1000 Joules, with deposition time of 2µs. The first 70 cm of the

channel was filled with a flame accelerator to help ensure that a detonation was initiated

promptly. The flame accelerator, a series of wire mesh obstacles, ensures the initiation

of the detonation in the minimum distance, details can be found in [32]. Velocity mea-

surements from pressure gauges positioned prior to the obstacles permitted verification

that self-sustained incident detonations were established.

For each gas mixture the lower experimental pressure limit for detonation initiation

by the high voltage igniter (HVI) was determined to be approximately 10.34 kPa initial

pressure and 6.89 kPa initial pressure for the hydrogen-oxygen and methane-oxygen re-



Experimental Details 20

Figure 2.4: Schematic of the experimental obstacles: obstacle (1) (a) 30.5 mm, (b) 10

mm, (e) 40.5 mm, (f) 5 mm; obstacle (2) (c) 152 mm, (g)25.6 mm; channel height (d)

203.2 mm. Obstacles were made of aluminium.

spectfully. All pressures are absolute. The upper pressure limits for the experiments in

the glass walled sections were determined not to exceed an initial pressure of approxi-

mately p0 = 20 kPa. This corresponded to the failure limit of the glass.

2.4 Obstacle Configuration

The obstacles used for this study were made of aluminium and placed in the center of the

glass section. Two different obstacle configurations with the same blockage ratio were

used. This allowed observation of the phenomenon at different scales, by a factor of five.

An assembly of five cylinders (1), (a) 30.5 mm in diameter and spaced by (b) 10 mm is

shown in Figure 2.4. A single larger cylinder (2), (c) 152 mm in diameter, was positioned

centrally in the detonation channel, as shown in Figure 2.4. Experimental images of

these configurations can be seen in chapters 3 and 4. The obstacles were placed in the

channel and detonations impinged upon them and the resulting propagation observed.
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Table 2.1: Cell sizes and gap size ratios for the experimental gas mixtures at the maxi-

mum pressure Po = 20 kPa

Cell Size (λ) [mm] Gap Size (b) [mm] b/λ at Max. Press.

Hydrogen-Oxygen φ = 1 28.1 51.2 1.82

10.0 0.35

Methane-Oxygen φ = 1 22.29 51.2 2.29

10.0 0.45

2.5 Cell Size

The experiments were conducted at pressures well below atmospheric pressure. The low

pressure scales the size of the detonation structures to allow for better observations.

Varying the initial pressure, p0, of the test mixture permitted the control of chemical

sensitivity. The initial pressure changes the sensitivity of the combustion without signif-

icantly changing the shock dynamics.

The cell size (λ) is commonly used in place of pressure when reporting detonation

behaviour as it better allows for comparison between geometries, pressures and gases. In

the past for detonation failure using obstacles, as will be done in this work, the cell size

(λ) is reported as a ratio with the gap size(b), as b/λ [30]. The higher the sensitivity, or

the smaller the cell size, the more sensitive the chemical kinetics. Thus, the larger the

b/λ ratio, the less likely detonation failure will occur in the wake of the obstacles [31].

This work reports on two fixed gap sizes with a constant blockage ratio. Staying

within the safe operating limits, the range of cell sizes and gap size ratios for both

experimental gas mixtures at the maximum pressure of Po = 20 kPa is found in table

2.1. The cell sizes are calculated by interpolating the results reported by Denisov (1960)

and Laberge (1993) from the Detonation Database [38].



Chapter 3

Hydrogen Results

The first series of results to be shown will be the results obtained using the hydrogen-

oxygen mixture. The results are reported in four sections. First, single cylinder experi-

ments are reported using the higher resolution Schlieren system to observe the near field,

followed by the single cylinder results reported using the larger shadowgraph system.

Shadowgraph records of the five cylinder experiments are then reported, observing the

far field. In this Chapter select images and frames are displayed. For the full set of

frames from the experiments here displayed see Appendix E.

3.1 Single Obstacle Experiments

3.1.1 Schlieren Records

When a detonation is initiated in the channel, it propagates through the hydrogen-oxygen

mixture towards the obstacle. The detonation impinges upon the obstacle and diffracts

around it, reflecting in the wake of the cylinder. As the pressure is increased inside the

channel, the detonation cell size decreases. Thus, at higher initial pressures the b/λ ratio

would be higher, indicating the gas mixture is less likely to fail, as mentioned in Section

2.5.

At the high pressure limit the detonation fails as it diffracts around the cylinder seen

in Figure 3.1. This experiment was conducted at p0 = 12.4 kPa which corresponds to

b/λ ' 1.32. Frame 2 shows the detonation wave entering from the left, diffracting around

the cylinder. The wave enters above and below the cylinder, frame 3, and continues

moving towards the right. This shock-flame complex is composed of a leading shock

22
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wave followed by a reaction zone as described in Chapter 1.1. The thick black line

indicates the leading shock wave, followed by a period of high temperature and pressure

which is terminated by a thicker and fainter white line indicating the drop in density,

the reaction zone.

As the shock-flame complex continues downstream, in Figure 3.1, the distance be-

tween the lead shock wave and the reaction zone increases. Frames 6 through 8 show

the initial stages of the transitional shock reflection, beginning with a regular shock

reflection.

As the shock-flame complex continues to reflect in frame 9 of Figure 3.2, the Mach

stem becomes apparent, indicative of this type of shock reflection. At these conditions

the shock reflection directly initiates a detonation wave, seen in frame 10. The deto-

nation wave is identified qualitatively by the thin structure and faint appearance of a

cellular structure with small trailing transverse waves. With the small field of view, the

interpretation is difficult in these images. Qualitatively this is identified as a detonation

by the large and sudden jump in the centreline velocity of the lead shock wave, seen in

Figure 3.3.

The velocity profile for the above experiment is plotted in Figure 3.3. The speed

of the wavefront in the x-direction is calculated using the sequential frames and known

interframe time. The uncertainty measure is defined as the average uncertainty from

each point in the experiment and is described in Appendix D.
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Figure 3.1: Schlieren record of hydrogen-oxygen detonation failure around the single

cylinder and reactive reflection at p0 = 12.4 kPa. Recorded at 11.62 µs interframe time,

0.91 µs exposure, 86058.5 fps. The full experimental record can be found in Figure E.8

& E.9.
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Figure 3.2: Schlieren record of hydrogen-oxygen detonation failure around the single

cylinder and reactive reflection at p0 = 12.4 kPa. Recorded at 11.62 µs interframe time,

0.91 µs exposure, 86058.5 fps. The full experimental record can be found in Figure E.8

& E.9.
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Figure 3.3: Velocity record from the above Schlieren images of hydrogen-oxygen p0 = 12.4

kPa. Error bar represents average uncertainty measurement aggregated across the entire

experiment.

As the pressure is lowered, the behaviour is observed to change. A separate experi-

ment, p0 = 11.0 kPa and b/λ ' 1.14, seen in Figure 3.4 shows the evolution of the reacted

pocket of gas behind the Mach stem. The velocity of the lead shock wave measured in

the x-direction is seen in Figure 3.5 The growth of the hot spot, often referred to as

keystone structure, observed here starting at early times, seen in frame 7. As the pocket

grows, some Kelvin-Helmholtz instability can be seen along the shear layer in the reacted

pocket. The contact surface between un-reacted and reacted gas behind the Mach stem

appears to be quite laminar throughout the growth and evolution of the pocket of gas.
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Figure 3.4: Schlieren record of hydrogen-oxygen detonation failure around the single

cylinder and reactive reflection at p0 = 11.0 kPa. Recorded at 11.62 µs interframe time,

0.91 µs exposure, 86058.5 fps, the full experimental record can be found in Figure E.10.
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Figure 3.5: Velocity record from the above Schlieren images of hydrogen-oxygen p0 = 11.0

kPa. Error bar represents average uncertainty measurement aggregated across the entire

experiment.

The lowest pressure regime observed in Figure 3.6 shows the results with an initial

pressure of p0 = 10.3 kPa and a sensitivity of b/λ ' 1.07. The velocity of the lead shock

wave measured in the x-direction is seen in Figure 3.7. As the pressure and thus the

sensitivity is lowered, an un-reactive reflection is observed.
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Figure 3.6: Shadowgraph record of hydrogen-oxygen detonation failure around the single

cylinder and un-reactive reflection at p0 = 10.3 kPa. Recorded at 11.62 µs interframe

time, 0.91 µs exposure, 86058.5 fps, the full experimental record can be found in Figure

E.11.
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Figure 3.7: Velocity record from the above Schlieren images of hydrogen-oxygen p0 = 10.3

kPa. Error bar represents average uncertainty measurement aggregated across the entire

experiment.

3.1.2 Shadowgraph Records

Examining experiments conducted with the large scale shadowgraph system shows the

same behaviour as in Figures 3.1-3.6. Using the shadowgraph system to observe the

far field, Figures 3.8-3.9 show direct detonation initiation at approximately P0 = 14.2

kPa. This corresponds to a b/λ ' 1.66. Above this pressure the Mach stem would

immediately transition to a detonation. The diffraction around the cylinder would be

unable to adequately attenuate the wave to produce a fast flame.

The velocity profile extracted from this experiment, seen in Figure 3.10, shows the

velocity jumping closer to the CJ velocity. This pressure region is identified as the critical

upper pressure regime, as seen with the Schlieren system, Figure 3.1. Below this pressure,

the reflection is reactive but does not initiate a detonation.
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Figure 3.8: Shadowgraph record of hydrogen-oxygen detonation failure around the single

cylinder and subsequent detonation initiation upon reflection. p0 = 14.2 kPa. Recorded

at 42.74 µs interframe time, 4.78 µs exposure, 23400.02 fps. The full experimental record

can be found at Figure E.5.
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Figure 3.9: Shadowgraph record of hydrogen-oxygen detonation failure around the single

cylinder and subsequent detonation initiation upon reflection. p0 = 14.2 kPa. Recorded

at 42.74 µs interframe time, 4.78 µs exposure, 23400.02 fps. The full experimental record

can be found at Figure E.5.
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Figure 3.10: Velocity record from the above shadowgraph images of hydrogen-oxygen

p0 = 14.2 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

Figures 3.11 & 3.12 show an experiment exhibiting this behaviour with an initial

pressure of p0 = 13.8 kPa and b/λ ' 1.66. The shock-shock reflection immediately

following the diffraction around the cylinder is unable to initiate a detonation but it is

able to create a hot spot, as seen in frame 6 as a pocket of reacted gas. This keystone

structure has ignited and the Mach stem expands to fill the channel.

As the wave continues to propagate to the left in Figure 3.12, the lead shock quickly

becomes a planar shock wave and the reaction zone continues to lag further and further

behind the lead shock. Two faint transverse shock waves generated from the initial

reactive reflection are visible until frame 16.

The velocity profile, Figure 3.13, shows the velocity measured at each location col-

lapsing into a single curve, indicative of the planar lead shock wave. After the reactive

reflection, noted by the increased velocity of the centreline velocity (' 0.2 m) and the

first wall reflections (' 0.4 m), the entire wave begins to decay and the velocity slowly
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decreases as the wave propagates.
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Figure 3.11: Shadowgraph record of hydrogen-oxygen detonation failure around the single

cylinder, reactive reflection and subsequent wave decay at p0 = 13.8 kPa. Recorded at

42.74 µs interframe time, 4.78 µs exposure, 23400.02 fps. The full experimental record

can be found at Figure E.6.
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Figure 3.12: Shadowgraph record of hydrogen-oxygen detonation failure around the single

cylinder, reactive reflection and subsequent wave decay at p0 = 13.8 kPa. Recorded at

42.74 µs interframe time, 4.78 µs exposure, 23400.02 fps. The full experimental record

can be found at Figure E.6.
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Figure 3.13: Velocity record from the above shadowgraph images of hydrogen-oxygen

p0 = 13.8 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

3.2 Five Obstacle Experiments

3.2.1 Shadowgraph Records

The tests here conducted used five equally spaced metal obstacles described in section

2.4. The incoming detonation again enters from the left and impinges upon the obstacles.

The evolution of the resulting waves are monitored using shadowgraph imaging, as done

before.

Experiments conducted near the upper pressure limit of the channel using the five

obstacles showed detonation decoupling around the obstacle. The highest pressure tested

was p0 = 18.6 kPa. These conditions correspond to b/λ ' 0.86. Select frames displaying

the behaviour of the experiments are seen in Figures 3.14 & 3.15.
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Here in Figure 3.14, the detonation is entering from the left in frame 2, and diffracting

in the wake of the cylinders in frame 3. The keystone structures seen in the wake of the

single cylinder, are visible in the fourth frame. The transverse waves generated by the

transitional shock reflections give rise to the second generation of hot spots in the fifth

frame. A single hot spot is created in the third generation in the eighth frame.

No new generation of hot spots is created as the wave continues in Figure 3.15. The

wave develops into a planar shock wave followed by an ever-trailing flame. Frame 18

shows the beginning of an anomalous perturbation in the lead shock wave, leading to

increased combustion rates and a transverse wave travelling across the shock front from

top to bottom. This is believed to be an imperfection on the surface of a pressure sensor

located along the top wall which could have led to a small shock reflection and hotspot.

The velocity profile, Figure 3.16, shows the velocity of the lead shock wave along the

centrelines of each of the five cylinders. After the initial velocity drop in the wake of the

cylinder, the velocity continues to decay along the length of the channel.
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Figure 3.14: Shadowgraph images illustrating the detonation failure at the maximum

pressure tested in 2H2-O2, p0 = 18.6 kPa. Recorded at 21.72 µs interframe time, 1 µs

exposure, 46040.5 fps, the full record can be found in Figures E.1 & E.2.
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Figure 3.15: Shadowgraph images illustrating the detonation failure at the maximum

pressure tested in 2H2-O2, p0 = 18.6 kPa. Recorded at 21.72 µs interframe time, 1 µs

exposure, 46040.5 fps, the full record can be found in Figures E.1 & E.2.
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Figure 3.16: Velocity record from the above shadowgraph images of hydrogen-oxygen

p0 = 18.6 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

The behaviour described above generally represents the pervasive behaviour of the

experiment in hydrogen-oxygen. Another experiment is seen in Figures 3.17 & 3.18, done

at a slightly lower pressure. This experiment was conducted with an initial pressure of

p0 = 17.2 kPa. These conditions correspond to a b/λ ' 0.54.

This series of shadowgraph images, Figure 3.17, shows the initial detonation entering

on the left, the detonation interaction with the obstacles, subsequent diffraction and

formation of the shock-flame structure, followed by continual decay of the wave. The

initial wave diffraction around the cylinders causes local wave attenuation around the

downstream side of the obstacles. This attenuation decouples the lead shock and reaction

zone of the detonation. The shock diffraction curves the wave resulting in transitional

Mach shock reflections in the wake of the cylinders. These shock-shock reflections increase

the temperature and pressure behind the reflected waves, causing the first generation of

hotspots behind the Mach stem.

This hotspot formation, and lack of detonation initiation, is consistent with the mech-

anism reported by Radulescu & Maxwell from their numerical simulations, as well as

previous experiments performed by Lee & Papyrin, reported in [30]. This behaviour is
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consistent with the results of acetylene-oxygen-argon mixtures after obstacle interaction

from [30].

After the reflection, the Mach stem resulting from the formation of the keystone

structure overtakes the original shock, resulting in a second series of shock-shock interac-

tions. The second set of reflections leads to the second generation of hotspots; however,

this new keystone structure is smaller and does not significantly amplify the new Mach

stem. As a result from the weaker Mach stem, the third reflection is unable to create

a hotspot. As the second generation of Mach stems grow and overtake the wavefront,

the waves begin to form a planar wavefront, seen in Figure 3.18. The transverse waves

continue to attenuate and as a planar wavefront is formed, the reaction zone continually

lags further and further behind.

From the sequential frames, the shock speed evolution has been defined along the

straight behind the center of each cylinder, seen in Figure 3.19. After the interaction

with the obstacles, the wave is symmetrically attenuated as it diffracts. The first velocity

jump corresponds to the first keystone structure which coherently increases the wave

speed before a planar wave is formed and decay begins.
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Figure 3.17: Shadowgraph images illustrating the decay of the fast flame in 2H2-O2,

p0 = 17.2 kPa. Recorded at 21.72 µs interframe time, 1 µs exposure, 46040.5 fps, the

full experimental record can be found in Figures E.3 & E.4.
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Figure 3.18: Shadowgraph images illustrating the decay of the fast flame in 2H2-O2,

p0 = 17.2 kPa. Recorded at 21.72 µs interframe time, 1 µs exposure, 46040.5 fps, the

full experimental record can be found in Figures E.3 & E.4.
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Figure 3.19: Velocity record from the above shadowgraph images of hydrogen-oxygen

p0 = 17.2 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.



Chapter 4

Methane Results

This Chapter examines the results obtained using the methane-oxygen mixture. The

results are reported in five sections. First, single cylinder experiments are reported using

the higher resolution Schlieren system to observe the near field, followed by the single

cylinder results reported using the larger shadowgraph system, as well as self-luminous

records. The five cylinder experiments are then reported using the Schlieren followed by

the observations with the shadowgraph to observe the far field. In this Chapter select

images and frames are displayed. For the full set of frames from the experiments here

displayed see Appendix F.

4.1 Single Obstacle Experiments

4.1.1 Schlieren Records

To gain an understanding of the reflection dynamics in methane-oxygen, the higher

resolution Schlieren system was used to focus upon the very reproducible first shock-

shock reflection in the wake of the single cylinder. The experiments shown here were

conducted with Rohit Bhattacharjee. Figure 4.1 shows the reactive reflection.

Figure 4.1 shows the development of a reactive shock-shock reflection just above the

minimum sensitivity required for a reactive reflection, p0 = 8.3 kPa and b/λ ' 0.73. As

the failing detonation wave enters from the left, frame 6 shows the decoupled shock-flame

complex during the regular reflection phase of the transitional shock reflection process

just prior to the formation of the Mach stem. The Mach stem develops beginning in

frame 8. As the area expands, frame 12, a flame acceleration occurs where the two slip

45



Methane Results 46

lines meet. By frame 14 this flame jet penetrates into the region behind the Mach stem

and begins to engulf the region. Frame 16 shows the reactive pocket engulfing most of

the region and transmitting transverse pressure waves, following the transverse wave. As

the fast flame exits the frame, the large coherent structures along the slip line become

apparent, evident of the Kelvin-Helmholtz instability.

The velocity profile, seen in Figure 4.2, shows the higher velocity of the centreline.

Near the end of the visualization, when the reaction envelops the region behind the Mach

stem, the velocity jump is apparent.
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Figure 4.1: Schlieren record of methane-oxygen forward jet and reaction in jet, p0 = 8.3

kPa. Recorded at 12.91 µs interframe time, 0.87 µs exposure, 77459.33 fps. The full

experimental record can be found in Figure F.10.
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Figure 4.2: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 8.3 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

Repeating this experiment at a lower pressure, below the minimum sensitivity for

a reactive reflection, we are able to observe the dominant hydrodynamics without the

influences of the combustion in the region behind the reflection. Figure 4.3, p0 = 3.4 kPa

and b/λ ' 0.39 shows the un-reactive reflection in the wake of the cylinder. The first 10

frames of this experiment are almost identical to those seen above in the reactive case.

The 12th frame allows the observation of the structure behind the Mach stem without

the influences of the combustion. Here the slip lines meet behind the Mach stem and a

forward jet can be seen. As the Mach stem expands, the coherent structures along the

slip lines become more apparent, seen in frame 14. The region between the slip lines and

behind the Mach stem appears to be a large vortical structure. This is below the lower

pressure limit for reactive reflection. The velocity profile for this experiment shows a

continuous decay in velocity, as seen in Figure 4.4.
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Figure 4.3: Schlieren record of methane-oxygen forward jet and non-reactive jet, p0 = 3.4

kPa. Recorded at 12.91 µs interframe time, 0.87 µs exposure, 77459.33 fps. The full

experimental record can be found in Figure F.11.
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Figure 4.4: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 3.4 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

Further Downstream

Further downstream, using the Schlieren system, detonation transition was observed to

happen suddenly, Figure 4.5 conducted with p0 = 8.4 and b/λ ' 0.75. The remnants

of a jet can be observed as the wave enters the field of view in frame 4. The jet and

what seems to be a hot spot has engulfed the region behind the Mach stem. When this

transverse wave reflects against the top wall, it has gained enough strength to initiate a

detonation, as seen in frame 8. This detonation expands to fill the channel and displays

the characteristic whisker-like structures caused by the transverse wave, indicative of

an over-driven detonation. The velocity profile is seen in Figure 4.6. This shows the

initiation of the detonation leading to an over-driven detonation which seems to decay

towards the CJ velocity.
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The most fundamental difference between the observations in hydrogen-oxygen and

methane-oxygen is the continued reactive reflections observed in the methane-oxygen.

We will focus upon the reflections to gain better insight into why there are more reactive

reflections and thus a longer life span of the fast flame in methane-oxygen.
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Figure 4.5: Schlieren record of methane-oxygen suddenly reflecting to form initiation of

a detonation, p0 = 8.4 kPa. Recorded at 12.91 µs interframe time, 0.87 µs exposure,

77101.00 fps. The full experimental record can be found in Figure F.12.
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Figure 4.6: Velocity record from the above Schlieren images of methane-oxygen p0 = 8.4

kPa. Error bar represents average uncertainty measurement aggregated across the entire

experiment.

4.1.2 Shadowgraph Records

Experiments conducted using a single cylinder obstacle were visualized with the shad-

owgraph system to gain a better understanding of the far field effects. In the case of the

methane-oxygen, the highest pressure tested was p0 = 13.8 kPa which corresponds to a

sensitivity of b/λ ' 1.44, seen in Figures 4.7 & 4.8.

As the detonation diffracts around the cylinder in frame 2 of Figure 4.7 it is decoupled,

as seen in frame 6. The transitional shock reflection in the wake of the cylinder in frame

8 initiates a detonation, expanding to fill the entire channel in frame 10. As the newly

formed detonation propagates through the second half of the channel, Figure 4.8, it

remains a detonation, displaying the characteristic wrinkled form indicative of a cellular

detonation.

The velocity profile also shows that the wave decouples in the wake of the cylinder,
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seen by the attenuation of the top and bottom wall velocities around x = 0.2. The Mach

stem from the reflection immediately jumps to the CJ velocity, followed closely by the

top and bottom wall velocities, to remain at the CJ velocity.
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Figure 4.7: Shadowgraph record of methane-oxygen re-initiation following interaction

with a single cylinder at p0 = 13.8 kPa. Recorded at 25.63 µs interframe time, 1 µs

exposure, 39016.7 fps. The full experimental record can be found at Figure F.13.
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Figure 4.8: Shadowgraph record of methane-oxygen re-initiation following interaction

with a single cylinder at p0 = 13.8 kPa. Recorded at 25.63 µs interframe time, 1 µs

exposure, 39016.7 fps. The full experimental record can be found at Figure F.13.
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Figure 4.9: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 13.8 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

As the test pressure is lowered, the sensitivity of the gas is lowered, such that the

first shock-shock reflection in the wake is unable to initiate a detonation. Figure 4.10 is

an experimental Shadowgraph record of the formation of a hot spot, p0 = 11.0 kPa and

b/λ ' 1.14. As observed in the above experiments, when the first reflection is unable to

initiate a detonation, it can form a reactive pocket or a hot spot, seen in frame 11.

Figure 4.11 shows that the hot spot produces transverse waves strong enough to

initiate a detonation upon the first reflection with the wall, seen in frame 13. The two

detonations meet in the center, propagating throughout the rest of the channel.

The velocity profile seen in Figure 4.12 shows a shock reflection which is unable to

initiate a detonation along the center line. When the shock reflects off the top and bottom

wall, the velocity jump above the CJ velocity and the wave continues at approximately

the CJ velocity for the rest of the channel.



Methane Results 56

5

7

9

11

13

15

17

19

Figure 4.10: Shadowgraph record of methane-oxygen detonation initiation upon second

reflection, p0 = 11.00 kPa. Recorded at 25.63 µs interframe time, 1 µs exposure, 39016.7

fps. The full experimental record can be found in Figure F.14.
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Figure 4.11: Shadowgraph record of methane-oxygen detonation initiation upon second

reflection, p0 = 11.00 kPa. Recorded at 25.63 µs interframe time, 1 µs exposure, 39016.7

fps. The full experimental record can be found in Figure F.14.
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Figure 4.12: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 11.0 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

When the pressure is further lowered, p0 = 9.6 kPa corresponding to b/λ ' 0.93,

Figures 4.13 & 4.14 show the detonation initiation further delayed until the 4th shock

reflection. As the wave enters from the left, the detonation fails around the cylinder,

frame 4. Then the first shock-shock reflection ignites a hot spot and expands with the

transverse pressure waves, frame 10. The second reflection is a shock-wall reflection. In

this case the asymmetry produces a stronger reflection with the top wall, evident by the

burst of self-luminosity in frame 12.

Figure 4.14 shows the larger hot spot caused by this reflection with the top wall

expanding down to overtake the rest of the wave. Frame 18 is taken just after the

asymmetrical shock-shock reflection. Upon reflection with the bottom wall the reflection

has gained enough strength to initiate a detonation, seen expanding in frame 22.

The velocity profile in Figure 4.15 shows how the velocity oscillates with each series

of reflections. The shock reflection in the center of the channel is seen at approximately

x = 0.15 m. This leads to two slightly asymmetrical shock reflections with the top and
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bottom walls at approximately x = 0.3 m. These two shock reflections then lead to a

jump in the centreline velocity at x = 0.55 m. Near the end of the channel the bottom

wall velocity jumps above the CJ velocity, confirming the initiation of a detonation.
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Figure 4.13: Shadowgraph record of methane-oxygen detonation initiation upon fourth

reflection, p0 = 9.6 kPa. Recorded at 25.62 µs interframe time, 1 µs exposure, 39032.0

fps. The full experimental record can be found in Figure F.15.
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Figure 4.14: Shadowgraph record of methane-oxygen detonation initiation upon fourth

reflection, p0 = 9.6 kPa. Recorded at 25.62 µs interframe time, 1 µs exposure, 39032.0

fps. The full experimental record can be found in Figure F.15.
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Figure 4.15: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 9.6 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

Again, lowering the pressure leads to the fast flame enduring for a longer distance.

Figure 4.16 is the shadowgraph record of an experiment conducted at p0 = 8.5 kPa

and b/λ ' 0.78. The initial development of the fast flame has become a familiar series

of events; however, this symmetrical experiment differs as the shock-shock reflection,

beginning in frame 17, shows good insight into the physical structures underlying the

combustion.

Upon reflection in the center of the channel, a prominent jet structure is clearly visible

beginning in frame 19 and developing into frame 21. Frame 23 of Figure 4.17 shows the

beginning of flame acceleration into the jet structure. This acceleration further develops

in frame 25 when the pocket of reactive gas quickly engulfs the region behind the Mach

stem.

The velocity profile of the lead shock, seen in Figure 4.18, shows the velocity jumps

as described above. Each reflection gives rise to a jump in the velocity. These oscillations

remain under the CJ velocity throughout the length of the channel.
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Figure 4.16: Shadowgraph record of methane-oxygen forward jet and delayed reaction

in jet, p0 = 8.5 kPa. Recorded at 25.63 µs interframe time, 1 µs exposure, 39016.7 fps.

The full experimental record can be found in Figure F.16.
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Figure 4.17: Shadowgraph record of methane-oxygen forward jet and delayed reaction

in jet, p0 = 8.5 kPa. Recorded at 25.63 µs interframe time, 1 µs exposure, 39016.7 fps.

The full experimental record can be found in Figure F.16.
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Figure 4.18: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 8.5 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

4.1.3 Self-Luminous Records

In an attempt to gain a different perspective on this phenomenon, self-luminous exper-

iments were conducted. As described above, these experiments were conducted in the

channel with the single cylinder obstacle and directly visualized with the high speed

camera.

This experiment was conducted at an initial pressure of p0 = 8.4 kPa and b/λ ' 0.75.

This series of photographs, Figure 4.19-4.22, were taken using a 1 µs exposure, and

an interframe time of 57.1 µs. The reactive keystone structures caused by the shock

reflections are seen in frames 29 of Figure 4.20 and frame 49 of 4.21. Figure 4.22 Frame

85 shows a reacted pocket of gas in the center of the channel, expanding into frame 93.

This resembles the jet structure observed in Figure 4.17
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Figure 4.19: Direct visualization record of the self-luminosity in methane-oxygen at

p0 = 8.5 kPa. Full experimental record can be found in Figure F.17,F.18, F.19 & F.20.
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Figure 4.20: Direct visualization record of the self-luminosity in methane-oxygen at

p0 = 8.5 kPa. Full experimental record can be found in Figure F.17,F.18, F.19 & F.20.
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Figure 4.21: Direct visualization record of the self-luminosity in methane-oxygen at

p0 = 8.5 kPa. Full experimetnal record can be found in Figure F.17,F.18, F.19 & F.20.
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Figure 4.22: Direct visualization record of the self-luminosity in methane-oxygen at

p0 = 8.5 kPa. Full experimetnal record can be found in Figure F.17,F.18, F.19 & F.20.

Figure 4.23 was conducted at p0 = 6.9 kPa and b/λ ' 0.59. This experiment shows

the detonation initiation along the bottom wall. Figure 4.25, p0 = 6.9 kPa and b/λ ' 0.59
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shows the section of the experiment where the shock-wall reflection initiates a detonation.
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Figure 4.23: Direct visualization record of the self-luminosity in methane-oxygen at

p0 = 6.9 kPa. Full experimental record can be found in Figure F.21, F.22, F.23, & F.24.
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Figure 4.24: Direct visualization record of the self-luminosity in methane-oxygen at

p0 = 6.9 kPa. Full experimental record can be found in Figure F.21, F.22, F.23, & F.24.

Figure 4.25 shows the center jet is observed but no detonation initiation is seen in

the channel. Frame 62 shows the beginning of a hot spot formed in the center of the
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channel. This structure again resembling that seen in Figure 4.17. In this case no

detonation initiation was observed.
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Figure 4.25: Direct visualization record of the self-luminosity in methane-oxygen at

p0 = 6.9 kPa. Full experimental record can be found in Figure F.25, F.26, F.27, F.28, &

F.2.3.
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4.2 Five Obstacle Experiments

4.2.1 Schlieren Records

The highest pressure tested with the five obstacles, p0 = 17.9 kPa visualized using the

Schlieren optical system, Figure 4.26 corresponds to a sensitivity of b/λ ' 0.37. This

record shows the initial detonation entering from the left, frame 2, and interacting with

the obstacles, frame 4. Frame 5 shows the characteristic shock diffraction pattern previ-

ously seen, decoupling the shock and reaction zone. The translational Mach reflection as

seen in frame 6 gives rise to the growth of hotspots in frame 7. As these hot spots grow

in frames 8 and 9 the transverse waves reflect and form a second generation of hotspots

in frame 10.

The slight asymmetries in the initial detonation become apparent again in the second

generation of hotspots in Figure 4.27. As these hotspots grow, the asymmetrical shock

reflections produce an asymmetrical wave structure, frame 11. This leads to another

generation of shock reflections of varying strengths. Frame 12 shows a hot spot in the

center of the frame. As this hot spot expands in frame 12, the expansion further decouples

the reaction zone, but this shock wave leads to a reflection in the center of the frame,

frame 13. This reflection produces a detonation initiation visible in frame 14. The

transverse waves are distinctive of a detonation. Frame 15 also shows the whisker-like

transverse waves trailing the wave which is characteristic of an over-driven detonation.

The velocity profile, Figure 4.28 shows an attenuation of the initial detonation. The

velocity oscillates along the channel, followed by a jump in the centreline velocity of

cylinder 2 and 3 above the CJ velocity.
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Figure 4.26: Shadowgraph images illustrating the decay of the fast flame in CH4+2O2

p0 = 17.9 kPa. Recorded at 11.62 µs interframe time, 0.91 µs exposure, 86058.51 fps,

the full experimental record can be found in Figure F.1.
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Figure 4.27: Shadowgraph images illustrating the decay of the fast flame in CH4+2O2

p0 = 17.9 kPa. Recorded at 11.62 µs interframe time, 0.91 µs exposure, 86058.51 fps,

the full experimental record can be found in Figure F.1.
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Figure 4.28: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 17.9 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

4.2.2 Shadowgraph Records

Viewing the entire optical section with the shadowgraph system, Figure 4.29 is the record

of an experiment with an initial pressure of p0 = 9.6 kPa, and a sensitivity of b/λ ' 0.25.

Throughout the early frames, this wave behaves as seen previously. This shadowgraph

record, Figure 4.29, shows an early shock-shock reflection strong enough to initiate a

detonation in frame 10.

The detonation, in Figure 4.30 envelops the entire wavefront and develops into a

cellular detonation by frame 18. The detonation then continues through the rest of

the channel. The velocity profile, seen in Figure 4.31, shows the wave propagating

quasi-steadily through the second half of the channel just below the ideal CJ detonation

velocity.
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Figure 4.29: Shadowgraph images illustrating the fast flame behaviour in CH4-O2, p0 =

9.6 kPa, recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full

experimental record can be found in Figures F.8.
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Figure 4.30: Shadowgraph images illustrating the fast flame behaviour in CH4-O2, p0 =

9.6 kPa, recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full

experimental record can be found in Figures F.9.
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Figure 4.31: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 9.6 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

The regular diffraction pattern caused by the obstacles is quickly overtaken by an

asymmetric structure resulting from the reactive shock reflections. This structure persists

along the channel, as seen in Figure 4.32, corresponding to p0 = 8.2 kPa and b/λ ' 0.14.

Before the wave transition to detonation, the number of transverse waves is reduced.

However, the acceleration caused by the reflections of the transverse waves is increased.

Figure 4.32 shows an asymmetric pattern quickly developing after the obstacle inter-

action. After the wave has proceeded half-way through the channel, Figure 4.33, frame

15, the transverse shock reflection accelerates the new Mach stem ahead of the rest of

the wave. The wave reflects in frame 19, causing a new Mach stem to grow until the

reflection, seen in frame 21, shows the new Mach stem has transitioned to detonation.

The velocity profile, Figure 4.34, shows the wave has been attenuated by the obstacles

at early times. The velocity is maintained until the wave reaches roughly the half-way

point through the channel. After this, several large velocity jumps give rise to an overall

acceleration of the wave towards the CJ velocity.
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Figure 4.32: Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 8.3 kPa.

Recorded at 25.63 µs, 4.84 µs exposure, 39016.7 fps, the full experimental record can be

found in Figures F.6.
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Figure 4.33: Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 8.3 kPa.

Recorded at 25.63 µs, 4.84 µs exposure, 39016.7 fps, the full experimental record can be

found in Figures F.6.
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Figure 4.34: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 8.3 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

Figure 4.35 shows the record of an experiment conducted at a slightly higher initial

pressure, corresponding to p0 = 7.6 kPa and b/λ ' 0.12. This experiment is very

interesting as the structures allow a clearer view of the events. We will examine this

experiment in detail. The detonation enters from the left. Frame 2 shows the high

amount of self-luminosity of the cellular detonation. Examining the frames in Figure 4.35,

the first shock-shock reflection seen in frame 4 occurs as a result of the shock diffraction

around the obstacle. A hotspot behind the newly formed Mach stem is generated. The

symmetrical structure breaks down by the sixth frame.

The first hotspot drives the newly formed Mach stem to overtake the incident wave,

causing transverse wave reflections and a second generation of hotspots, Figure 4.36 frame

7 and 8. The breakdown of the symmetric pattern created by the obstacles continues.

This structure is characteristic of the fast-flame regime. As the wave continues along

the channel, it begins to develop fewer transverse waves. Frame 12 of Figure 4.36 shows
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the result of a shock-shock reflection seen in frame 10 in the center of the channel. The

keystone structure seen in frame 12 shows a thin wave structure and it leads the rest of

the wave.
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Figure 4.35: Part 1 of Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 7.6

kPa. Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full

experimental record can be found in Figures F.4 & F.5.
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Figure 4.36: Part 2 of Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 7.6

kPa. Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full

experimental record can be found in Figures F.4 & F.5.
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Figure 4.37: Part 3 of Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 7.6

kPa. Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full

experimental record can be found in Figures F.4 & F.5.
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Figure 4.38: Part 4 of Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 7.6

kPa. Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full

experimental record can be found in Figures F.4 & F.5.
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Figure 4.39: Part 5 of Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 7.6

kPa. Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full

experimental record can be found in Figures F.4 & F.5.
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Figure 4.40: Velocity record from the above shadowgraph record of methane-oxygen

p0 = 7.6 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.

The result of these shock reflection accelerates Mach stems ahead of the rest of the

fast flame, driving transverse waves in both directions expanding to fill the entire channel,

seen in Frame 13 of Figure 4.37. When these transverse waves reflect against the top and

bottom wall, the shock-wall reflections form hot spots indicated by the reacted pockets

behind the resulting Mach stems, seen in frames 17 & 18. The fast flame has been

reduced to two transverse waves.

Figure 4.38 frame 19 & 20 show these two transverse waves before the shock-shock

reflection. After the reflection in frame 20, a new Mach stem begins to expand braced

by the two transverse waves. Behind the new Mach stem a striated burning pattern is

observed in frame 23, Figure 4.38. This region exhibit signs of a forward jetting effect.

Frame 23 and 24 show evidence of combusted gas entering the roll-up of the slip line

behind the Mach stem. Between frame 24 and 25 the region behind the Mach stem is

combusted.
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Figure 4.39 frame 25 exhibits the pattern of an asymmetrical forward jetting of the

slip line. The top half displays a vortex-like structure where the inner section has been

burned. Figure 4.39 frame 27 shows a large amount of self-luminosity and a large jump

forward from the position in frame 26. The self-luminosity seen in frame 27 & 28 is

indicative of detonation initiation by the upper reflection of the transverse wave.

The velocity profile seen in Figure 4.40 shows many short oscillations at early times.

A large coherent oscillation is observed in the center of the channel. As the wave con-

tinues to the end of the channel, frame 27, the self-luminosity is indicative of detonation

initiation; however, by frame 28 the lead shock is out of the field of view therefore the

increase in velocity is not seen in the velocity profile.

Figure 4.41 is the record of an experiment at p0 = 6.9 kPa corresponding to a b/λ '
0.1. The initial CJ detonation interacts with the five cylindrical obstacles. As the

detonation attenuates around the cylinders, the shock and reaction zone decouple. The

decoupled shock diffracts around each cylinder causing a shock-shock reflection in the

wake. By frame 8 the number of transverse waves is reduced. This structure continues

downstream. Frame 12 shows the oscillation in velocity of the lead shock wave. Where

the distance between the lead shock and end of the reaction zone is longer, that segment

of the lead shock trails. Where the thickness of the wave is thin, the lead shock proceeds

ahead.

Figure 4.42 frame 16 shows a reacted keystone structure following a reflection with

the bottom wall. The number of transverse waves has been reduced. Frame 20 shows

the results of a transverse wave reflection. Reacted gas protrudes into the region behind

the new Mach stem. By frame 24 a large portion of the region behind the Mach stem

is reacted and this shows a roll-up at the interface between reacted and un-reacted gas

below the transverse wave. The 28th frame shows a large increase in self-luminosity

usually indicative of a detonation initiation.

After each shock reflection, each new Mach stem forms a hot spot, causing the velocity

jump as seen in figure 4.43. Each reflection increases the local speed of the wavefront

followed by a slow decay in wave velocity between each successive reflection. The next

reflection then re-invigorates the velocity. In this case, the velocity decay in sections of

the wave is unable to decrease the local wave speed enough for the subsequent reflection

to fail in the creation a new generation hotspots.
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Figure 4.41: Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 6.9 kPa.

Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full experi-

mental record can be found in Figures F.2 & F.3.
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Figure 4.42: Shadowgraph images illustrating the fast flame in CH4-O2, p0 = 6.9 kPa.

Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51 fps, the full experi-

mental record can be found in Figures F.2 & F.3.



Methane Results 91

 0

 500

 1000

 1500

 2000

 2500

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

W
a
v
e
 v

e
lo

c
it
y
 [
m

/s
] 

Distance [m]

CJ
Cylinder 1
Cylinder 2
Cylinder 3
Cylinder 4
Cylinder 5

Uncertanty Measure

Figure 4.43: Velocity record from the above shadowgraph images of methane-oxygen

p0 = 6.9 kPa. Error bar represents average uncertainty measurement aggregated across

the entire experiment.



Chapter 5

Discussion

5.1 Analysis

As we have seen above, both hydrogen-oxygen and methane-oxygen display very different

behaviour in the wake of the cylinders. Here we will explore the different properties of the

mixtures to gain a better understanding of the origin of the behaviours displayed by the

different gas mixtures. We can divide the various properties into three different groups,

the shock dynamic properties, the chemical kinetic properties and the hydrodynamic

properties. For this analysis we will examine the shock-shock reflections taking place

behind the cylinder, specifically Figures 3.4 and 4.1, which are representative of the

general behaviour of each gas mixture.

(a) (b)

Figure 5.1: A comparison of reflection behaviour between, (a) hydrogen-oxygen at p0 =

11.0 kPa and (b) methane-oxygen at p0 = 8.3 kPa. Details can be found at Figures 3.4

& 4.1, respectfully.

92
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The shock dynamic properties are the aspects of the shock waves which we can directly

estimate from the experimental records and the shock jump equations. These properties

are estimated along the centreline. Changes between frames use the position of the shock

wave and the interframe times to find the approximate shock velocities. For each case

the Mach stem was initially travelling at approximately 70% of the Chapman-Jouguet

velocity after the reflection (Figures 3.5 & 4.2). Using these velocities, the post shock

thermodynamic state was found calculating frozen chemistry with real specific heats

using the NASA’s Chemical Equilibrium with Applications (CEA) code [39].

The chemical kinetic parameters, ignition delay, characteristic energy deposition time,

and effective activation energies were calculated by conducting constant volume homo-

geneous reactor calculations using the CANTERA code [40]. A realistic chemical model

optimized for each test mixture was used for each calculation, specifically the GRI 3.0

high temperature chemical kinetic mechanism for methane [41] and the Li et. al. [42]

mechanism for hydrogen. The ignition delay (tig) is measured from the point when the

gas mixture is suddenly heated to the inflection point (maximum slope) of the rise in

temperature, where we define ignition, seen in Figure 5.2. The characteristic energy de-

position time (treac) is defined mathematically as follows and is represented graphically

in Figure 5.2,

treac =

(
d lnT

dt

)−1

(5.1)

The effective activation energies were found by calculating the ignition delay at the

relevant temperature, as well as perturbing this temperature by 100 degrees in order to

find the exponential sensitivity using an Arrhenius plot (1/T versus ln(tig)) where the

slope of this plot is −Ea/R. This is a common way of calculating the reduced activation

energy Ea/RTs [43].

The laminar flame speed in the shocked un-reacted gas was also estimated with the

Cantera code. The isentropic exponent as well as the physical properties such as density

and kinematic viscosity in the gases were calculated assuming frozen chemistry at the

post-shock condition using the CEA code. The velocity difference on the slip line was

calculated using triple shock analysis matching pressures across the slip line under the

assumptions of a perfect gas as described by Ben-Dor [44]. These properties are listed

in Table 5.1.
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Table 5.1: Thermo-chemical properties of the gas behind the Mach shocks in hydrogen-

oxygen and methane-oxygen experiments 3.4 & 4.1, respectfully.

Hydrogen-Oxygen Methane-Oxygen

Pre-shock conditions

Initial Pressure [kPa] p0 11.0 8.3

Detonation Sensitivity b/λ 1.14 0.73

Shock Dynamic Properties

Mach Shock Strength MS 3.5 4.5

Shock Velocity [m/s] 1912 1598

Post-Shock Temperature [K] Ts 980 1105

Post-Shock Pressure [kPa] ps 207 209

Post-Shock Speed of Sound[m/s] 959 643

Induced Flow Velocity[m/s] 243 426

Chemical Kinetic Properties

Reduced Activation Energy Ea
RTs

37 17

Ignition Delay [µs] tig 4.5 ×103 1.57×104

Reaction Time [µs] treac 0.46 0.47

Instability Parameter χ Ea
RTs

tig
treac

5.7 ×105 3.6 ×105

Laminar Flame Speed [m/s] SL 64 17

Hydrodynamic Properties

Isentropic Exponent γ 1.36 1.22

Kinematic Viscosity [m2/s] ν 1.4 ×10−4 7.8 ×10−5

Velocity Difference on Slip Line [m/s] ∆υ 581 512

Unburned/Burned Density Ratio ρu
ρb

2.78 3.76
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Figure 5.2: Example of methane-oxygen ignition delay calculations depicting the param-

eters tig and treac.

5.1.1 Chemical Kinetics

In the past it has been suggested that propensity for fast flames can be correlated with

the propensity to form hot spots [6, 29, 45, 46]. Following unstable detonation theory

this is denoted by large reduced activation energies. The activation energy of the shocked

hydrogen-oxygen gas is higher( Ea
RTs

= 37) than that of methane-oxygen ( Ea
RTs

= 17). If

unstable detonation theory were applicable, this would suggest that the hydrogen-oxygen

mixture was more likely to generate hotspots.

More recently, unstable detonations have been correlated with a high χ value,

χ =
tig
treac

Ea

RT

Q

RT
(5.2)

defined as the product of the reduced activation energy, the ratio of induction time

to reaction time and the reduced heat release [47, 46, 48]. Table 5.1 shows the calculated

values of χ for the relevant cases here discussed. Examining the calculated values of χ

shows that the hydrogen-oxygen is higher with a value of 5.7 ×105 compared to 3.6 ×105

for methane-oxygen. Although, the magnitude of these parameters indicate that hot

spots with strong pressure generation will form in both mixtures [48, 46], the similarity

between these values does not allow discrimination between the two mixtures. This

suggests that the fundamental behavioural differences between the two mixtures observed
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in our experiments cannot be explained using propensity for hot spot formation theory

as previously understood.

If the fast flame was controlled by auto-ignition as in a classical regular detonation,

then the mixture with the shortest ignition delay would be expected to show the higher

propensity for fast flames. In this case, the ignition delay would dictate the separation

distance between the lead shock and the flame. However, the calculations at the relevant

conditions predict a shorter ignition for the hydrogen-oxygen mixture, tig = 4.5× 103 µs

compared to that of methane-oxygen, tig = 1.57×104 µs. The contrary is observed in the

experimental records where we see an ever-growing shock-flame distance in the hydrogen-

oxygen experiments where as methane-oxygen maintains a close distance between the

shock and flame.

To better understand what is controlling the distance between the lead shock and

the flame, calculations were performed to estimate the flame speed in the shocked gas.

Again, the experimental evidence shows the opposite trend from what is calculated:

the predicted laminar flame speed in hydrogen-oxygen (64 m/s) is higher than that of

methane-oxygen (17 m/s).

Adding the flame speed to the induced gas velocity behind the shock wave shows that

laminar flame speed would be unable to travel at the wave speeds observed experimen-

tally. The wave speed of hydrogen-oxygen is 1912 m/s, and the estimated induced flow

velocity is 243 m/s. The same picture is seen in the methane-oxygen mixture where the

wave speed is 1598 m/s, and the estimated induced flow velocity is 426 m/s. Thus, the

laminar heat diffusion is not the dominating propagation mechanism.

The required parameters for a turbulent flame analysis across the entire fast flame

have not been measured or fully modelled. Therefore, no definitive conclusions can be

drawn on the subject. However, the experimental evidence seems to indicate fast flame

decay between successive shock reflections. These shock reflections provide a jump in

velocity required for the wave to remain quasi-steady. Further work on this subject is

needed.

Together this information indicates that diffusion is unlikely to be the dominating

mechanism responsible for the fast flame propagation. Chemical kinetic properties are

therefore unable to act as the dominating parameters controlling the propagation of the

fast flames. To elucidate the controlling parameters, the next avenue to examine is the

hydrodynamics of the different mixtures.
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5.1.2 Hydrodynamics

The hydrodynamic properties of the mixtures are investigated to discover the origin of the

fast flame behaviour. Table 5.1 shows that the specific heat ratio of the hydrogen-oxygen

mixture (γ = 1.36) is higher than that of the methane-oxygen mixture (γ = 1.22).

Recently, Mach and Radulescu extended the arguments previously made by Hornung

[49] and Henderson [50] to show that for mixtures with lower specific heat ratios, more

prominent forward jetting of the slip line will occur in Mach reflections [1]. Mach deter-

mined that isentropic exponents, high incident shock Mach numbers, and large reflection

angles lead to pressure build-up behind the Mach stem along the stagnation streamline,

causing a forward jetting effect. Semenov et. al. [51] have argued differently, namely that

the forward jetting effect is due to the deflection process of the incident shock-induced

flow along the reflection surface where the specific heat ratio controls the density ratio.

The larger density ratios would cause thinner regions of dense gas along the reflection

surface to push the contact surface forward creating the forward jetting structure. This

behaviour is much less prominent in gases with higher isentropic exponents.

Good agreement is found when comparing the experimental records of the Mach re-

flections and the prediction correlating the lower isentropic exponent with the prominent

forward jetting. Figures 5.3 & 5.4 show examples of the inert transitional Mach reflections

exhibited by both hydrogen-oxygen and methane-oxygen. This shows the prominent jet

exhibited by the methane-oxygen and the lack of the forward jet in the hydrogen-oxygen

without the effects of combustion.

Figure 5.3: Inert shock reflection pattern in 2H2-O2,p0= 10.3 kPa.
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Figure 5.4: Inert shock reflection pattern in CH4+2O2; p0= 3.44 kPa.

The largest fundamental difference which has been consistently observed throughout

the experimental records of this study is the forward jetting behind the Mach reflections.

The experimental records show that for both reactive and un-reactive irregular reflections

of the lead shock, exhibited by Figures 4.38, 4.16, 4.1, 4.3, 4.5 and 4.19, methane-oxygen

consistently displays a more prominent forward jet compared to that of hydrogen-oxygen.

This agrees with the findings correlating the forward jetting with the lower isentropic

exponent.

We have numerically calculated the inert shock reflection problem in an inert gas

using the perfect gas approximation to gain a better understanding of the experimental

results. These calculations follow the work described in [31], [1], [52] and as shown in

[53], using Amrita computational package [54]. These Euler calculations discount viscous

effects and are expected to over-predict coherent structures but are able to provide good

insight into the phenomenon. Using the approximate incident shock strength, reflection

angle, and isentropic exponents of the experiments, the results are displayed in Figure

5.5 which shows the expected reflection behaviour in the (a) hydrogen and (b) methane

mixtures. Agreeing with the experimental records, the analogue of the hydrogen-oxygen

reflections shows only small vortical structures along the slip-line and very weak forward

jetting. In contrast to this, and in agreement with the experiments, the analogue of the

methane-oxygen mixtures shows much larger vortical structures and a strong forward

jet. This forward jet leads to a large re-circulation zone behind the Mach stem. The
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a)

b)

Figure 5.5: Inert shock reflections in modelled Hydrogen-Oxygen and Methane-Oxygen

mixtures; the incident shock Mach number is taken as 1/2 of the CJ velocity for both

cases, 30◦ incidence angle and γ = 1.36 and 1.2 respectively.

numerical simulations also predict the bifurcation of the Mach stem by the forward jet.

5.1.3 Turbulence in the Forward Jet

We can examine the region behind the Mach stem and estimate the magnitude of turbu-

lence in the region. If there is strong turbulence in this region, it may explain the rapid

burning rates seen in the experimental images of the forward jet.

The slip line in methane-oxygen, seen in Figure 5.4, shows an inert shock reflection

with large coherent structures along the slip line. These coherent structures resemble

the Kelvin-Helmholtz instability along the slip line. The thickness of the slip line (δ)

increases along the slip line. Calculating the velocity difference using triple shock theory

leads to an estimation of the magnitude of shear across the slip line to be a 512 m/s

difference.
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Figure 5.3 shows the inert shock reflection in the hydrogen-oxygen mixture. The

large coherent structures, seen in methane-oxygen, are not present along the slip line in

the hydrogen-oxygen mixture. This typical reflection does not create a strong forward

jet as in the methane-oxygen mixture. Again, calculating an estimate for the velocity

difference across the slip line results in a shear of 581 m/s. The value estimated for

hydrogen-oxygen is essentially the same as the shear estimated for methane-oxygen.

The gases cannot be discriminated based on the magnitude of the shear along the

slip line. The Reynolds number of both mixtures can be calculated for the slip line using

the Reynolds number for shear layers, defined as,

Rex =
ρ∆uL

µ
(5.3)

where ∆u is the velocity difference across the shear layer and L can be the distance along

the shear layer (x) or the thickness of the shear layer (δ) [55]. Evaluating the Reynolds

number at the half-way point along the slip line, where L = 0.03m, we compute a value

of Rex = 2.2 × 105 for methane-oxygen and a value of Rex = 1.2 × 105 for hydrogen-

oxygen. As Dimotakis shows [56], the transitional Reynolds number for the slip line is

Rex ≈ 1−2x104, clearly showing that the slip lines are well within the turbulent regime.

The fundamental difference between these two mixtures, as we have seen above, is

the roll-up of the slip line in the forward jet. Hydrogen-oxygen has a turbulent slip line

which does not appear to produce a predominant forward jet. Conversely, methane-

oxygen shows a turbulent slip line which displays a prominent forward jet causing what

appears to be two vortical structures or re-circulation zones behind the Mach stem.

5.1.4 Kolmogorov Scaling

We can use standard Kolmogorov scaling laws to estimate the magnitude of the turbulent

scales in the re-circulation zone behind the Mach stem in methane-oxygen. By under-

standing the turbulent scales involved, we can better understand the mode of combustion

in the jet entrainment and re-circulation zone.

The first Kolmogorov hypothesis postulates that, at a sufficiently large Reynolds

number, the eddy turnover time, i.e. the relative velocity, is dependent only on the

kinetic energy dissipation rate ε and kinematic viscosity ν assuming these eddies are in

the universal equilibrium range [57]. Using these terms, an estimation can be made for

the eddy turnover time.
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An order of magnitude relationship exists amongst the turbulent scales where the

Kolmogorov scale is denoted by (η). The macroscopic length scale, or integral length

scale, is denoted by li. In this case, we will use the spacing of the obstacle as the

characteristic length scale. The turbulent velocity scale, denoted by υi, can be described

by an average velocity difference, or the external velocity scale. In this case we will use

the velocity difference across the slip line.

The Kolmogorov time scale, τκ(η), is the characteristic turnover time of the eddies

at the Kolmogorov length scale. This characteristic time scale can be defined as τκ =√
ν/εi according to the Kolmogorov hypothesis. The kinetic energy dissipation rate can

be approximated as ε ' υ3i /l. This results in a convenient expression describing the

characteristic Kolmogorov eddy turnover time as:

tκ(η) =
√
νli/υ3i (5.4)

We will examine the single cylinder experiments for which we have approximated the

velocity scale, characteristic shear υi , seen in Table 5.1. The integral scale can be taken

as li ' 2.5 cm, the cylinder spacing or gap size. This is also approximately the same size

as the re-circulation zone seen in the experiments, Figure 5.4. The Kolmogorov turnover

time in methane-oxygen becomes approximately tη ' 10−1µs.

This approximation shows the eddy turnover time tη is over four times faster than

the characteristic reaction time tr = 4.7× 10−1µs. The reactions can be convected very

quickly around the re-circulation zone, potentially burning as a distributed flame, or

well-stirred reactor.

This may explain the jet of combustion seen accelerating into the re-circulation zone

in experiments such as Figure 4.17. The rapid combustion of the re-circulation zone

could provide more support for the shock dynamics as seen by the secondary shock wave

in Figure 5.1(b). These stronger shock reflections could then cause the fast flame to

initiate a detonation as seen in Figures 4.39 & 4.39, 4.33 as well as Figures 4.5.



Chapter 6

Conclusion

6.1 Conclusions

The methane-oxygen experiments showed a continuous generation of hot spots. In the

near field and the far field, as the fast flame travelled further down the channel and

the number of modes reduced, hot spot generation continued. Detonation initiation was

observed at various lengths along the channel. As the sensitivity of the gas was lowered,

the detonation initiation was observed further from the obstacle until the lower limit was

reached and the initial reflection was inert.

Continued hot spot formation was not seen in the hydrogen-oxygen mixture. When

hot spots were generated, a limited number of generations were seen and the wave always

decayed as an unsupported shock wave with an ever-trailing reaction zone. Detonation

initiation further along the channel after the first reflection was not observed.

This study showed examples of fast flames where chemical kinetics were unable to

explain the behaviour or the propensity for detonation initiation. It was found that

activation energy or the propensity for hot spot formation (χ), were not the controlling

parameters of the fast flames. Comparable values of the activation energy and propensity

for hot spots (χ) were estimated for both mixtures, however very different behaviours

were observed experimentally.

The isentropic exponent has been shown to be a parameter which may be responsible

for the different behaviour displayed by both gas mixtures. The lower isentropic exponent

has previously been shown to lead to more predominant forward jetting effects. A more

predominant forward jet has be seen to display a re-circulation zone behind the Mach

stem. This re-circulation zone has displayed a strong propensity for rapid combustion
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creating hot spots or keystone structures. Thus, it is postulated that the isentropic

exponent is a controlling parameter of the fast flame. The rapid combustion of the

forward jet behind the Mach stem is postulated to be the controlling mechanism of the

fast flame propagation.

An order of magnitude analysis estimated the magnitude of the turbulence in the

re-circulation zone. The analysis showed that the eddies on the Kolmogorov scale had

a turnover time in the re-circulation zone faster than the energy deposition time in

methane-oxygen. Indicating the possibility of rapid combustion capable of generating

pressure waves which would support the shock dynamics of the fast flames.

6.2 Future work

Future work should expand this study to encompass a wider variety of parameters. Dif-

ferent gas mixtures should be used to control for various parameters. Adjusting the

blockage ratios would allow a wider range of shock velocities at various sensitivities. A

longer channel would allow the observation of a longer length scale. This would also

enable the observation of lower pressures, thus lower chemical sensitivities.

This study does not definitively address the question of turbulent combustion in

fast flame. Experimental evidence indicates that localized turbulent combustion in the

forward jet may play a dominant role in the propagation of the fast flame. However,

further work is required to study the nature of combustion in this region, as well as the

macroscopic turbulent flame following the lead shock wave.

This work would be augmented through more detailed numerical simulation in or-

der to gain more insight into parameters such as turbulent fluctuation velocities. This

would allow a more detailed analysis to be conducted, bringing the results from an order

of magnitude to a more precise value. Detailed numerical turbulent modelling would

contribute greatly to the understanding of the fast flame.
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Appendix A

Interpreting Experimental Images

A.1 Reading the Schlieren and Shadowgraph Images

This study has focused on visualization of the quazi-two dimensional shock flame com-

plexes using schlieren and shadowgraph images. These optical techniques rely on changes

in the density gradient (hence changes in the refractive index) to visualize the structures.

This permits direct visualization of the structures of interest, shock waves, reaction zones,

etc. due to the change in density across these structures. The Schlieren imaging visu-

alizes the first density gradient, the change in density; where the shadowgraph imaging

visualizes the second density gradient, the change in the change of density.

From the images showing the density gradients much understanding can be gained

through the interpretation of the images. In the context of shock and detonation research

much work has been done in the past which is here built on to gain this understanding.

Sharp density jumps are direct observations of shock waves. These are seen as strong

lines on the images, since from basic shock wave thoeory (shock jump equations) we

know that the shock wave is defined as a sudden jump in pressure and density.

We can also interpret these images to gain an understanding of the combustion pro-

cesses from interpretations of the images. Combustion theory tells that across a combus-

tion reaction the gas undergoes a density change. These reaction zones are thin compared

with the length scales in the experiment, hence the reaction zones appear as lines on the

images.

To ensure these interpretations are correct researchers have conducted simultane-

ous density gradient and chemical kinetic visualizations [58]. Seen in Figure A.1 is a

simultaneous Schlieren image, an OH* luminescence image, and the false colour OH*
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luminescence image overlaid on an enlarged area of the Schlieren image. The OH* lu-

minescence shows where the most intense regions of combustion are occurring. This

examples illustrates a similar structure to those seen in this study, where the lead shock

does not immediately induce any chemical activity, but after a delay period, a second

density change is seen in the Schlieren image, using the OH* luminescence image we

can see that this second density change corresponded to the combustion zone. These

types of images help the interpretation of the density gradient images used in this study.

The equipment to produce the simultaneous Schleren and OH* luminescence images was

unavailable for this study.

Figure A.1: Simultanious shclieren and OH* image by J. Austin at Caltech, Shot 157:

2H2-O2-3.5N2 P0 = 21 kPa

A.2 Pre-compression in the tube

Many combustion experiments involving fluid flow include a fluid pre-compression and

therefore the entire length of the channel does not have the same initial conditions.

Pre-compression in these experiments is not a problem as the detonations and lead

shock waves are supersonic, therefore the information of the oncoming waves is unable

to propagate forward ahead of the lead shock.

The end of the window section does not represent the end of the tube, the end of the

tube is a plate approximately three inches past the end of the window section. For this
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reason shock reflections against the upper and lower walls as the wave disappears behind

the window frame are still valid and do not include a normal shock reflection.



Appendix B

Image Adjustments

The images that have been shown here have been adjusted. There have been a variety

of basic manipulations commonly done to all of the image adjusting the grey scale,

brightness and contrast. These basic manipulations help the reader interpret the images

but do not change the image, they just adjust the signal strength of the colours.

A comparison of the raw images to those adjusted is seen in Figure B.1.
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Raw Image from Camera Basic Adjustments

Figure B.1: Comparison of basic tone adjustments

The more in-depth adjustment that has been made to the images is the background

subtraction. This technique involves the use of the first image in the series, before the

wave has entered the frame. Using this reference image, all pixels are compared and the

value of the reference image is subtracted if they are different. The program used for

this operation was developed by Shem Lau-Chapdelaine at the University of Ottawa.

The adjustments made have been done post analysis to allow an easier understanding

and interpretation. As seen here in figure B.2 is a direct comparison between a simple

contrast, brightness, grey scale adjustment, and a background subtraction image.



Appendix 115

Adjusted Adjusted-Background Subtracted

Figure B.2: Comparison of the adjustments and background subtraction



Appendix C

The High Voltage Igniter (HIV)

The ignition source used in this study was the a capacitive discharge using a custom

made spark plug. The igniter was designed in and made in McGill university by Sev

Kamenskih. An image of the HVI before installation is seen in Figure C.1, curtsey of S.

Kamenskih. The material in this section is a reproduction of the original documentation

of the high voltage igniter.

Figure C.1: Image of the High Voltage Igniter (HVI), curtsey of S. Kamenskih

This ignition system is capable of storing upto 1 kilojoule of energy in the two parallel

plate capacitors and releases the energy in a short duration high current pulse, 35 000A
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in 2 µs. The system is triggered by a TTL signal to a TM-11A trigger module which

releases the capacitors (2 General Atomics capacitors # 31158) energy using a Perkin

Elmer GP-41B spark gap as seen in Figure C.2.

Figure C.2: Circuit diagram of the High Voltage Igniter (HVI)

The specific details of the igniter can be found in Table C as described by the man-

ufacturer. For safety purposes the HVI was manufactured with a founded steel cage as

well as a safe discharge switch which protrudes from the unit.

Testing was conducted in McGill before the unit was at the university of Ottawa.

This testing was conducted to characterise the performance of the unit, to do the testing

a CT-1025 current transformer for the current measurements and a VD-305A voltage

divider for simultaneous measurement of the capacitor voltage. The lead used for this

testing was a 4mm spark gap in open air, thus in the circuit diagram (Figure C.2) can

be replaced with a spark resistance of 0.01-0.03 Ohm. The Rcircuit is the total circuit

resistance resulting from resistance of the connecting wires, triggered spark gap (TSG)

and and capacitor plates and L1 is the parasitic inductance of the circuit.

Diagrams shown here are a subset of the tests done reproduced from the original

manufacturer’s report. The experiments conducted in this work were done using a ca-

pacitor voltage between 20 and 25-kV, Figure C.3 and C.4 show the current and voltage
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Table C.1: Specifications of the High Voltage Igniter (HVI)

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 (@ Vinitial = 30kV)

Stored Energy up to 1000J (0.5CV2 @ 32kV)

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

Rise Time Less than 2s (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 lb
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waveforms of a discharge conducted at these voltages.

Figure C.3: Waveform, current and voltage, results tested under V0 = 20kV

Figure C.4: Waveform, current and voltage, results tested under V0 = 25kV

The energy release by the Igniter was estimated by the manufacturer and is attached

here below.



Spark Energy 
ENERGY ESTIMATION FROM  HIGH-VOLTAGE CAPACITOR DISCHARGE [1] 

  

As seen in the ignition circuit diagram (Figure 1) the energy deposited inside the sphere 

comes from the discharge of the high voltage capacitor bank. Total energy stored in the 

capacitors (ET = CV2/2) 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 

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)2 

multiplied by the spark resistance (Rs): . The ignition circuit in Figure 1 can be 

simplified to an equivalent RLC circuit shown in Figure 2.  

  

 

  

Figure 1. Ignition Circuit Components                           Figure 2. Equivalent RLC Circuit 

Diagram             

Thus for a damped oscillatory discharge the current can be described as: . 

Attenuation factor is equal to α = Rtotal/2Ltotal and frequency of the discharge is equal to 

, where ωn is the natural frequency of the undamped 
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discharge and ζ is the damping factor. The total circuit resistance (Rtotal = Rcircuit + Rs) is a 

combination of the resistance of all the circuit components Rcircuit and igniter spark gap 

resistance Rs. To estimate the energy ES deposited into the mixture from a trace of the 

current function on the oscilloscope, the following procedure is outlined: 

1.    Natural frequency ωn is determined using ω and ζ found from the current trace. 

2.    Total circuit inductance is found from Ltotal = 1/ωn
2Ctotal  

3.    Total circuit resistance is found as follows Rtotal = 2Ltotalα  

4.    Spark Resistance Rs is determined by subtracting Rtotal = Rcircuit when the spark gap is shorted 

out Rs ≈ 0 from Rtotal = Rcircuit + Rs when the spark is not shorted. Current traces of the two 

cases are shown in Figure 3 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 .  

It should be noted that according to Lee et al. only the energy deposited in the first ¼ of 

the discharge cycle is responsible for detonating the mixture. Thus the test results 

summarized in Table 1 include both the total energy and energy deposited in the first ¼ 

cycle. 

  

Table 1. Discharge Characteristics 
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The shorted and open current waveforms are shown below for initial voltages of 20kV, 25kV 

and 30kV: 

 
  
                      Figure 3. Current Waveform – shorted and open spark gap (Vo = 20kV) 
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                     Figure 4. Current Waveform – shorted and open spark gap (Vo = 25kV) 
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                     Figure 5. Current Waveform – shorted and open spark gap (Vo = 30kV) 
  

As seen from Table 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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Appendix D

Image Velocimitry Uncertainty

Calculations

To calculate the error of the velocity calculated from these high speed images standard

error propagation was used, calculated using the uncertainty in time and the uncertainty

of space. The uncertainty in time is defined as the uncertainty of the shutter closing. In

space the uncertainty is defined as the width of one pixel represents in the image.

As the velocity being measured is only in the x-direction and the detonation continues

to move forward the time the shutter is open becomes irrelevant and the uncertainty is

reduced to uncertainty in time it takes to close the electronic shutter. The time difference

between both frames is defined as the inter-frame time and the exposure time.

To calculate the uncertanty in space, a known distance in each series of images and

the number of pixels is used. This defines the repetitiveness size of each pixel. When

analysing the images it is assumed that the position of the lead shock can be located to

within one pixel.

The uncertainty in the velocity is calculated by the the error propagation of these

uncertainties.

δV = V

((xuncertainty
∆x

)2
+

(
tuncertainty

∆t

)2
)1/2

(D.1)
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Hydrogen-Oxygen Experiments

The full experimental records for the experiments discusses above, unless shown above.

E.1 Five Cylinder Experiments

E.1.1 Shadowgraph Images

Hydrogen-Oxygen Five Cylinder 18.6 kPa Shadowgraph

1
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8

Figure E.1: Part A of full shadowgraph record of images illustrating the detonation

failure at the maximum pressure tested in 2H2-O2, p0 = 18.6kPa. Recorded at 21.72 µs

interframe time, 1µs exposure, 46040.5 fps
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Figure E.2: Part B of full shadowgraph record of images illustrating the detonation

failure at the maximum pressure tested in 2H2-O2, p0 = 18.6kPa. Recorded at 21.72 µs

interframe time, 1µs exposure, 46040.5 fps
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Hydrogen-Oxygen Five Cylinder 17.2 kPa Shadowgraph
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Figure E.3: Part A of full shadowgraph record of images illustrating illustrating the

decay of the fast flame in 2H2-O2, p0 = 17.2kPa. Recorded at 21.72 µs interframe time,

1µs exposure, 46040.5 fps
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Figure E.4: Part B of full shadowgraph record of images illustrating illustrating the decay

of the fast flame in 2H2-O2, p0 = 17.2kPa. Recorded at 21.72 µs interframe time, 1µs

exposure, 46040.5 fps
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E.2 Single Cylinder Experiments

E.2.1 Shadowgraph Images

Hydrogen-Oxygen Single Cylinder 14.2 kPa Shadowgraph
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Figure E.5: Full record of shadowgraph record of hydrogen-oxygen detonation failure

around the single cylinder and subsequent detonation initiation upon reflection. p0 =

14.2kPa. Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51fps.
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Hydrogen-Oxygen Single Cylinder 13.8 kPa Shadowgraph
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Figure E.6: Full record of shadowgraph record of hydrogen-oxygen detonation failure

around the single cylinder, reactive reflection and subsequent wave decay at p0 = 13.8

kPa. Recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51fps.
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Hydrogen-Oxygen Single Cylinder 8.6 kPa Shadowgraph
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Figure E.7: Shadowgraph record of hydrogen-oxygen, p0 =8.6kPa, detonation failure

around the single cylinder and subsequent wave decay
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E.2.2 Schlieren Images

Hydrogen-Oxygen Single Cylinder 11.0 kPa Schlieren
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Figure E.8: Schlieren record of hydrogen-oxygen detonation failure around the single

cylinder and reactive reflection at p0 = 12.4 kPa. Recorded at 11.62 µs interframe time,

0.91 µs exposure, 86058.5 fps.
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Figure E.9: Schlieren record of hydrogen-oxygen detonation failure around the single

cylinder and reactive reflection at p0 = 12.4 kPa. Recorded at 11.62 µs interframe time,

0.91 µs exposure, 86058.5 fps.
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Hydrogen-Oxygen Single Cylinder 11.0 kPa Schlieren
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Figure E.10: Shadowgraph record of hydrogen-oxygen detonation failure around the

single cylinder and subsequent wave decay at p0 = 11.0 kPa. Recorded at 11.62 µs

interframe time, 0.91 µs exposure, 86058.5 fps
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Hydrogen-Oxygen Single Cylinder 10.3 kPa Schlieren
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Figure E.11: Complete shadowgraph record of hydrogen-oxygen detonation failure

around the single cylinder and un-reactive reflection at p0 = 10.3 kPa. Recorded at

11.62 µs interframe time, 0.91 µs exposure, 86058.5 fps.
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Methane-Oxygen Experiments

The full experimental records for the experiments discusses above.
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F.1 Five Cylinder Experiments

F.1.1 Schlieren Images

Methane-Oxygen Five Cylinder 17.9 kPa Schlieren
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Figure F.1: Full record of Schlieren images illustrating the decay of the fast flame in

CH4+2O2 p0 = 17.9 kPa. Recorded at 11.62 µs interframe time, 0.91µs exposure,

86058.51 fps.
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F.1.2 Shadowgraph Images

Methane-Oxygen Five Cylinder 6.89 kPa Shadowgraph
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Figure F.2: Part A of Full record of Shadowgraph image illustrating the fast flame in

CH4-O2, p0 = 6.9 kPa, 25.63 microseconds, Recorded at 21.72 µs interframe time, 4.78

µs exposure, 46040.51 fps
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Figure F.3: Part B of Full record of Shadowgraph image illustrating the fast flame in

CH4-O2, p0 = 6.9 kPa, 25.63 microseconds, Recorded at 21.72 µs interframe time, 4.78

µs exposure, 46040.51 fps
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Methane-Oxygen Five Cylinder 7.6 kPa Shadowgraph
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Figure F.4: Frames of the shadowgraph image illustrating the fast flame in CH4-O2,

p0 = 7.6 kPa, 25.63 microseconds, 4.84 microsecond exposure, 39016.7 fps
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Figure F.5: Frames of the shadowgraph image illustrating the fast flame in CH4-O2,

p0 = 7.6 kPa, 25.63 microseconds, 4.84 microsecond exposure, 39016.7 fps
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Methane-Oxygen Five Cylinder 8.3 kPa Shadowgraph
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Figure F.6: Full record of Shadowgraph images illustrating the fast flame in CH4-O2,

p0 = 8.3 kPa. Recorded at 25.63 µs, 4.84 µs exposure, 39016.7 fps.
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Figure F.7: Full record of Shadowgraph images illustrating the fast flame in CH4-O2,

p0 = 8.3 kPa. Recorded at 25.63 µs, 4.84 µs exposure, 39016.7 fps.
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Methane-Oxygen Five Cylinder 9.6 kPa Shadowgraph
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Figure F.8: Full record of shadowgraph images illustrating the fast flame behaviour in

CH4-O2, p0 = 9.6 kPa, recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51

fps.
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Figure F.9: Full record of shadowgraph images illustrating the fast flame behaviour in

CH4-O2, p0 = 9.6 kPa, recorded at 21.72 µs interframe time, 4.78 µs exposure, 46040.51

fps.
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F.2 Single Cylinder Experiments
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F.2.1 Schlieren Images

Methane-Oxygen Single Cylinder 8.3 kPa Schlieren
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Figure F.10: Full Schlieren record of methane-oxygen forward jet and reaction in jet,

p0 = 8.3 kPa. Recorded at 12.91 µs interframe time, 0.87 µs exposure, 77459.33 fps.
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Methane-Oxygen Single Cylinder 3.5 kPa Shadowgraph
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Figure F.11: Schlieren record of methane-oxygen inert shock shock reflection 3.5 kPa
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Methane-Oxygen Single Cylinder 8.4 kPa Shadowgraph - 2.5 Channel Heights

Downstream
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Figure F.12: Full Schlieren record of methane-oxygen forward jet and non-reactive jet,

p0 = 3.4 kPa. Recorded at 12.91 µs interframe time, 0.87 µs exposure, 77459.33 fps.
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F.2.2 Shadowgraph Images

Methane-Oxygen Single Cylinder 13.8 kPa Schlieren
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Figure F.13: Full experimental record of shadowgraph record of CH4 + 2O2 re-initiation

following interaction with a single cylinder at p0 = 13.8 kPa. Recorded at 25.63 µs

interframe time, 1 µs exposure, 39016.7 fps.
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Methane-Oxygen Single Cylinder 11.0 kPa Shadowgraph
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Figure F.14: Shadowgraph record of methane-oxygen detonation initiation upon second

reflection, p0 = 11.00 kPa. Recorded at 25.63 µs interframe time, 1 µs exposure, 39016.7

fps.
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Methane-Oxygen Single Cylinder 9.6 kPa Shadowgraph
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Figure F.15: Full experimental record of shadowgraph record of methane-oxygen deto-

nation initiation upon fourth reflection, p0 = 9.6 kPa. Recorded at 25.62 µs interframe

time, 1 µs exposure, 39032.0 fps.
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Methane-Oxygen Single Cylinder 8.5 kPa Shadowgraph
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Figure F.16: Full experimental shadowgraph record of methane-oxygen forward jet and

delayed reaction in jet, p0 = 8.5 kPa. Recorded at 25.63 µs interframe time, 1 µs

exposure, 39016.7 fps.



Appendix 156

F.2.3 Self-Luminous Experiments
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Single Cylinder Self-Luminous p0 = 8.5 kPa
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Figure F.17: Part 1 of Full record of direct visualization record of the self luminosity in

methane-oxygen at p0 = 8.5 kPa
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Figure F.18: Part 2 of Full record of direct visualization record of the self luminosity in

methane-oxygen at p0 = 8.5 kPa
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Figure F.19: Part 3 of Full record of direct visualization record of the self luminosity in

methane-oxygen at p0 = 8.5 kPa
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Figure F.20: Part 3 of Full record of direct visualization record of the self luminosity in

methane-oxygen at p0 = 8.5 kPa
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Single Cylinder Self-Luminous p0 = 6.9 kPa
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Figure F.21: Part 1 of Direct visualization record of the self luminosity in methane-

oxygen at p0 = 6.9 kPa
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Figure F.22: Part 2 of Direct visualization record of the self luminosity in methane-

oxygen at p0 = 6.9 kPa
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Figure F.23: Part 3 of Direct visualization record of the self luminosity in methane-

oxygen at p0 = 6.9 kPa
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Figure F.24: Part 4 of Direct visualization record of the self luminosity in methane-

oxygen at p0 = 6.9 kPa
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Single Cylinder Self-Luminous p0 = 6.9 kPa
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Figure F.25: Part 1 of Direct visualization record of the self luminosity in methane-

oxygen at p0 = 6.9 kPa



Appendix 166

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Figure F.26: Part 2 of Direct visualization record of the self luminosity in methane-

oxygen at p0 = 6.9 kPa
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Figure F.27: Part 3 of Direct visualization record of the self luminosity in methane-

oxygen at p0 = 6.9 kPa
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Figure F.28: Part 4 of Direct visualization record of the self luminosity in methane-

oxygen at p0 = 6.9 kPa
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Table G.1: A full list of experiments conducted for this study. Results of these experi-

ments have been included as complimentary material.

Optical System p0[kPa] Test # Date Note

Methane-Oxygen

Single Cylinder

Shadowgraph Test 1 9.0 2013-03-20 No-re-initiation

Shadowgraph Test 2 9.6 2013-03-20 Re-initiation-BottomWall

Shadowgraph Test 3 9.0 2013-03-20 Re-Initiation-Shock-Shock

Shadowgraph Test 4 8.5 2013-03-20 Re-initiation-Shock-Shock

Shadowgraph Test 5 8.5 2013-03-20 No-re-initiation - Jet at the end

Shadowgraph Test 6 8.3 2013-03-20 No-re-initiation

Shadowgraph Test 7 8.3 2013-03-20 No-re-initiation

Shadowgraph Test 8 11.0 2013-03-20 Re-initiation-DoubleWall-Reflection

Shadowgraph Test 9 11.7 2013-03-20 Re-initiation-Wall-Reflection

Shadowgraph Test 10 9.3 2013-03-20 Re-initiation-Wall-Reflection

Shadowgraph Test 1 13.8 2013-03-19 Re-initiation-First-Reflection

Shadowgraph Test 2 10.3 2013-03-19 Re-initiation-Wall-Reflection

Shadowgraph Test 3 9.0 2013-03-20 Re-initiation-Last-Reflection

Shadowgraph Test 4 8.4 2013-03-20 No-re-initiation

Schlieren Test 8 2013-05-03 Inert Reflection

Schlieren Test 9 8.6 2013-05-03 Inert Reflection

Schlieren Test 10 9.6 2013-05-03 Reactive Reflection

Schlieren Test 11 10.3 2013-05-03 Reactive Reflection

Schlieren Test 12 11.0 2013-05-03 Reactive Reflection - Clear Jet

Schlieren Test 13 11.7 2013-05-03 Reactive Reflection - Clear Jet

Schlieren Test 14 12.4 2013-05-03 Reactive Reflection
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Table G.2: A full list of experiments conducted for this study, continued

Optical System p0[kPa] Test # Date Note

Methane-Oxygen

Five Cylinder

Schlieren Test 1 6.9 2013-08-29 Fast Flame

Schlieren Test 2 6.9 2013-08-29 Fast Flame

Schlieren Test 3 10.3 2013-08-29 Fast Flame-Central Symmetric Reflection

Schlieren Test 4 10.3 2013-08-29 Fast Flame - Asymmetric

Schlieren Test 5 13.8 2013-08-29 Fast Flame

Schlieren Test 6 13.8 2013-08-29 Fast Flame - Top wall

Schlieren Test 7 17.2 2013-08-29 Fast Flame - Central initiation

Schlieren Test 8 17.2 2013-08-29 Fast Flame - Bottom wall initiation

Schlieren Test 9 17.2 2013-08-29 Fast Flame - Multi-initiation

Schlieren Test 10 17.2 2013-08-29 Fast Flame - Symmetric

Schlieren Test 11 17.9 2013-08-29 Fast Flame - Initiation

Schlieren Test 12 17.9 2013-08-29 Fast Flame

Schlieren Test 13 8.3 2013-08-29 Fast Flame

Schlieren Test 14 8.3 2013-08-29 Fast Flame - Center Jet

Schlieren Test 15 8.4 2013-08-29 Fast Flame

Schlieren Test 16 8.4 2013-08-29 Fast Flame

Shadowgraph Test 1 8.3 2013-08-30 Fast Flame - Top wall initiation

Shadowgraph Test 2 8.3 2013-08-30 Re-initiation

Shadowgraph Test 3 8.3 2013-08-30 Fast Flame

Shadowgraph Test 4 8.4 2013-08-30 Fast Flame - Shock-Shock initiation

Shadowgraph Test 5 8.4 2013-08-30 Fast Flame - Top/Bottom wall initiation

Shadowgraph Test 6 8.4 2013-08-30 Fast Flame - Bottom wall initiation

Shadowgraph Test 7 6.9 2013-08-30 Fast Flame - Top wall initiation

Shadowgraph Test 8 6.9 2013-08-30 Fast Flame - Top wall initiation

Shadowgraph Test 9 6.9 2013-08-30 Fast Flame - No initiation

Shadowgraph Test 10 7.6 2013-08-30 Fast Flame - Symmetric - Clear Jet

Shadowgraph Test 11 7.6 2013-08-30 Fast Flame - ∼Symmetric - Jet

Shadowgraph Test 12 5.5 2013-08-30 No Initial Detonation

Shadowgraph Test 13 5.5 2013-08-30 No Initial Detonation

Shadowgraph Test 14 9.6 2013-08-30 Fast Flame - Shock-Shock Initiation
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Table G.3: A full list of experiments conducted for this study, continued

Optical System p0[kPa] Test # Date Note

Methane-Oxygen

Single Cylinder - Center of Section 2

Schlieren Test 1 8.3 2013-01-10 Detonation

Schlieren Test 2 8.3 2013-01-10 Detonation

Schlieren Test 3 8.3 2013-01-10 Detonation

Schlieren Test 4 6.9 2013-01-10 Fast Flame - Reactive Reflection

Schlieren Test 1 8.4 2013-01-11 Fast Flame - re-initiation

Schlieren Test 2 8.4 2013-01-11 Fast Flame - Reactive wall reflection

Schlieren Test 3 8.4 2013-01-11 Unreactive Reflection

Schlieren Test 4 8.4 2013-01-11 Fast Flame - Reactive Pocket initiates

Schlieren Test 5 8.4 2013-01-11 UnreactiveRelfection

Schlieren Test 6 8.4 2013-01-11 Fast Flame - asymmetrical reflection

Schlieren Test 1 6.9 2013-01-14 Unreactive reflection

Schlieren Test 2 6.9 2013-01-14 Asymmetrical unreactive reflection

Chemi-Luminecent Test 3 6.9 2013-01-14 Difficult to see

Chemi-Luminecent Test 4 8.4 2013-01-14 Fast Flame - Initiation

Chemi-Luminecent Test 1 6.9 2013-01-15 Fast Flame - Initiation at End

Chemi-Luminecent Test 2 6.9 2013-01-14 Difficult to see

Table G.4: A full list of experiments conducted for this study, continued. Experiments

taken with Rohit Bhattacharjee

Optical System p0[kPa] Test # Date Note

Methane-Oxygen

Single Cylinder

Schlieren Test 1 8.3 2012-08-14 Detonation diffraction

Schlieren Test 3 8.3 2012-08-21 Detonation diffraction

Schlieren Test 4 3.4 2012-08-14 Inert reflection

Schlieren Test 5 3.4 2012-08-14 Downstream reflections

Schlieren Test 6 3.4 2012-08-14 Downstream reflections

Schlieren Test 8.3 Fast Flame - Clear Jet
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Table G.5: A full list of experiments conducted for this study, continued

Optical System p0[kPa] Test # Date Note

Methane-Oxygen-CO2

Single Cylinder

Schlieren Test 1 13.8 2013-05-02 Detonation

Schlieren Test 2 15.2 2013-05-03 Regular shock reflection

Schlieren Test 3 19.0 2013-05-03 Regular shock reflection

Schlieren Test 4 17.2 2013-05-03 Regular shock reflection

Schlieren Test 5 17.2 2013-05-03 Regular shock reflection

Schlieren Test 6 17.9 2013-05-03 Shock reflection

Schlieren Test 7 18.9 2013-05-03 Shock reflection

Schlieren Test 1 13.8 2013-05-07 Failed Experiment

Schlieren Test 1 17.2 2013-05-08 Shock reflection

Schlieren Test 2 17.2 2013-05-08 Failed Experiment

Schlieren Test 1 17.2 2013-05-09 Failed Experiment
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Table G.6: A full list of experiments conducted for this study, continued

Optical System p0[kPa] Test # Date Note

Hydrogen-Oxygen

Single Cylinder

Shadowgraph Test A 10.3 2013-03-01 Reactive reflection

Shadowgraph Test B 18.9 2013-03-01 Direct detonation transmission

Shadowgraph Test 1 8.6 2013-03-07 Inert reflection

Shadowgraph Test 2 12.1 2013-03-07 Reactive reflection

Shadowgraph Test 3 12.1 2013-03-07 Reactive reflection

Shadowgraph Test 4 13.8 2013-03-07 Reactive reflection

Shadowgraph Test 5 15.5 2013-03-07 Direct transmission

Shadowgraph Test 6 15.2 2013-03-07 Direct transmission

Shadowgraph Test 7 14.5 2013-03-07 Re-initiation first reflection

Shadowgraph Test 8 14.1 2013-03-07 Re-initiation first reflection

Shadowgraph Test 9 13.9 2013-03-07 Direct Transmission

Schlieren Test 1 12.1 2013-09-05 Fail

Schlieren Test 2 13.8 2013-09-05 Direct transmission

Schlieren Test 3 13.4 2013-09-05 First reflection initiation

Schlieren Test 4 12.4 2013-09-05 First reflection initiation

Schlieren Test 5 12.1 2013-09-05 Reactive reflection

Schlieren Test 6 12.1 2013-09-05 Reactive reflection

Schlieren Test 7 11.0 2013-09-05 Reactive reflection

Schlieren Test 8 10.3 2013-09-05 Inert reflection

Schlieren Test 9 10.3 2013-09-05 Inert reflection



Appendix 176

Table G.7: A full list of experiments conducted for this study, continued

Optical System p0[kPa] Test # Date Note

Hydrogen-Oxygen

Single Cylinder

Chemi Test 1 13.8 2013-01-21 First reflection initiation

Chemi Test 2 13.8 2013-01-21 Not visible

Chemi Test 3 13.8 2013-01-21 First reflection initiation

Chemi Test 4 13.8 2013-01-21 First reflection initiation

Chemi Test 5 15.5 2013-01-21 First reflection initiation

Chemi Test 2 15.5 2013-01-23 Not visible

Chemi Test 3 15.5 2013-01-23 First reflection initiation

Schlieren Test 1 13.8 2014-09-03 First reflection initiation

Schlieren Test 2 13.8 2014-09-03 First reflection initiation

Schlieren Test 3 13.1 2014-09-03 First reflection initiation

Schlieren Test 1 6.9 2014-07-26 Failed Experiment

Schlieren Test 2 10.3 2014-07-26 Failed Experiment

Schlieren Test 6 13.8 2014-07-26 Failed Experiment

Schlieren Test 3 13.8 2014-07-26 Detonation

Schlieren Test 3 13.8 2014-07-26 Failed Experiment

Schlieren Test 4 17.2 2014-07-26 Cellular detonation

Schlieren Test 5 18.6 2014-07-26 Cellular detonation
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Table G.8: A full list of experiments conducted for this study, continued

Optical System p0[kPa] Test # Date Note

Hydrogen-Oxygen

Five Cylinder

Chemi Test 1 13.8 2013-08-21 Detonation initiation

Shadowgraph Test 1 13.8 2013-08-22 Symmetric reflection

Shadowgraph Test 2 13.8 2013-08-22 Symmetric reflection

Shadowgraph Test 3 14.1 2013-08-22 Symmetric reflection

Shadowgraph Test 4 14.5 2013-08-22 Symmetric reflection

Shadowgraph Test 5 17.2 2013-08-22 Symmetric reflection

Shadowgraph Test 6 18.6 2013-08-22 Symmetric reflection
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Table G.9: A full list of experiments conducted for this study, continued

Optical System p0[kPa] Test # Date Note

Propane-Oxygen

Five Cylinder

Shadowgraph Test 1 10.3 2013-08-26 Early initiation

Shadowgraph Test 2 6.9 2013-08-26 Initiation

Shadowgraph Test 3 5.1 2013-08-26 Early initiation

Shadowgraph Test 4 3.5 2013-08-26 Multi local initiation

Shadowgraph Test 5 2.0 2013-08-26 Forward Jet

Shadowgraph Test 6 2.0 2013-08-26 Inert reflection

Shadowgraph Test 7 2.0 2013-08-26 Failed experiment

Shadowgraph Test 8 2.0 2013-08-26 Forward jet

Shadowgraph Test 9 2.0 2013-08-26 Failed experiment

Shadowgraph Test 10 2.8 2013-08-26 Multi local initiation

Schlieren Test 11 2.8 2013-08-26 Early Structure

Schlieren Test 1 2.8 2013-08-27 Early Structure

Schlieren Test 2 2.8 2013-08-27 Early Structure

Schlieren Test 3 2.0 2013-08-27 Early Structure

Schlieren Test 4 2.0 2013-08-27 Early Structure

Schlieren Test 5 3.5 2013-08-27 Initiation at the end

Schlieren Test 6 3.5 2013-08-27 Early Structure

Schlieren Test 7 4.1 2013-08-27 Late initiation

Schlieren Test 8 4.1 2013-08-27 Top wall initiation

Schlieren Test 9 2.0 2013-08-27 Failed Experiment

Schlieren Test 10 2.0 2013-08-27 Failed Experiment

Schlieren Test 11 2.7 2013-08-27 Early Structure

Schlieren Test 12 2.7 2013-08-27 Early Structure

Schlieren Test 1 5.1 2013-08-28 Early Structure
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Table G.10: A full list of experiments conducted for this study, continued

Optical System p0[kPa] Test # Date Note

Propane-Oxygen

Five Cylinder

Shadowgraph Test 1 6.9 2013-10-03 First reflection initiation

Shadowgraph Test 2 3.5 2013-10-03 First reflection initiation

Shadowgraph Test 3 2.8 2013-10-03 First reflection initiation

Shadowgraph Test 4 2.8 2013-10-03 First reflection initiation

Shadowgraph Test 2 6.9 2013-10-09 First reflection initiation

Shadowgraph Test 9 13.8 2013-10-09 Detonation transmission
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