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Abstract

Detonation waves are supersonic combustion waves that have a complex three-dimensional

cellular structure. There is growing experimental evidence that the cellular structure of

detonations promotes their propagation in the presence of losses. In spite of that, the

conventional model for the detonation structure, known as the Zeldovich - Von Neu-

mann - Doring (ZND) model, neglects the existence of cellular structure for detonations

and assumes the wave to consist of a strong leading planar shock coupled with trailing

chemical reactions. Therefore, the influence of cellular structure on the dynamics and

extinction limits of detonation waves has been of particular interest.

Previous studies have investigated the influence of cellular structure on the dynamics

of detonations with mass divergence in the framework of narrow tubes, porous-walled

tubes and weak confinement. However, precise quantification of the loss mechanism

in these frameworks has been associated with some difficulties. Complex flow in the

boundary layers, inherent in thin tubes, or attenuation of the transverse waves in the

porous-walled tubes has made the evaluation of the loss mechanism more difficult in such

geometries.

In this thesis, a novel well-posed problem is formulated for detonations with mass di-

vergence. It is shown that detonations propagating in a channel with a cross-section area

increasing exponentially have a constant mass divergence. The detonations were found

to propagate at a quasi-steady speed below the ideal Chapman-Jouguet velocity. This

permitted to make meaningful comparison with the theoretical models and simulations.

The experiments were performed in two mixtures, one displaying characteristic weakly

unstable detonations (2C2H2 + 5O2 + 21Ar), and the other displaying highly unstable

detonations (C3H8 + 5O2). The dependence of the velocity deficits and limits on the

amount of mass divergence for the two mixtures were compared with the predictions of the

quasi-one-dimensional ZND model with lateral mass divergence. Since the ZND model

neglects the cellular structure of the detonations, such comparison permitted to asses

the influence of cellular structure on the dynamics of detonations with mass divergence.

Comparisons were also made with the results of simulations of inviscid cellular det-

onations. These comparisons showed that the velocity deficits and critical rate of mass

divergence in the weakly unstable mixture were reasonably well predicted by the quasi-

one-dimensional model. For smaller values of mass divergence rate, a good agreement

between the experiments and the predictions of the two-dimensional cellular simulations

was observed for the weakly unstable mixture. For the highly unstable detonations, the

quasi-one-dimensional model significantly over-predicted the effect of mass divergence.
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Detonations were observed for rates of mass divergence 93% higher than the critical

predicted value, displaying more substantial velocity deficits than predicted. Such ob-

servations show conclusively that the ZND model cannot capture the dynamics of highly

unstable detonations on large scales.
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Chapter 1

Introduction

1.1 Overview

It has been well known for the past 50 years that real detonations exhibit a complex

three-dimensional cellular structure [1]. The multi-dimensional effects are manifested as

interactions between the leading and transverse shocks [2, 3]. There is now a growing

experimental evidence that the cellular structure of detonations promotes their propa-

gation in the presence of losses, such as friction, heat loss and geometrical divergence.

In the present thesis, the influence of cellular structure on the dynamics of detonations

with mass divergence is addressed. The dynamics of detonation waves in the presence of

a well-controlled and constant global rate of mass divergence is studied. The discrepancy

between the real dynamics and the predictions by current theoretical models is addressed

quantitatively in this thesis.

1.2 State-of-the-art

1.2.1 Detonation cellular structure

Detonation waves are supersonic self-sustained reaction waves. They propagate with a

velocity of approximately 2000 m/s in reactive gases and usually in excess of 6000 m/s

in condensed phase energetic materials. These waves consist of a strong leading shock

coupled with trailing chemical reactions. The shock heats the gas through compression

and initiates the reactions. The subsequent expansion of the gases resulting from chemical

energy release sustains the leading shock. Using a control volume approach neglecting the

1



Introduction 2

Figure 1.1: Schlieren images from detonation waves and their corresponding cellular

structure in (a) 2H2 +O2 +17Ar, (b) 2H2 +O2 +12Ar, (c) H2 +N2O+1.33N2 and (d)

C3H8 + 5O2 + 9N2 [4].
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structure of the wave, known as Chapman-Jouguet (CJ) theory, one can predict various

steady averaged detonation parameters, including velocity [5]. However, this control

volume approach gives no insight into the structure of a detonation wave. In the past 50

years, experimental visualization of the reaction zone structure clarified the propagation

mechanism. For instance, as can be seen in Figure 1.1, detonation waves have a multi-

front shock structure. It is now well known that there are pressure, temperature and

velocity fluctuations in the reaction zone caused by instabilities [6]. These instabilities in

real detonation waves are caused, in part, by the exponential temperature dependence of

the chemical reaction rates, as well as the hydrodynamic instabilities of the reaction front

[6]. The instabilities manifest themselves as a cellular structure along with transversely

propagating shock waves.

Figure 1.1 shows images taken by Austin [4] of the detonation wave structure in

different reactive mixtures. The multi-shock front, the laterally sweeping transverse

waves and the triple points at their intersections can be seen in the images. It has been

shown that if one tracks the path of these triple points and visualizes them along the

propagation path, the unstable three-dimensional cellular structure of the detonation

wave is revealed [2, 3]. In Figure 1.1, the cellular structure obtained from tracking the

time history of the path of triple points is also shown for the mixtures. These images,

usually called “soot-foil” images, are obtained by passing a detonation over a lightly

sooted surface [7, 8]. In this case, a pattern is left scoured in the soot by the triple

points. This cellular pattern is a manifestation of the instability of the front and the cell

width represents the length scale of the instability [6].

Such experimental investigations not only have visualized the unstable cellular struc-

ture for detonation waves but have also revealed striking regularity differences between

the detonation structure of different mixtures. For example, in the images taken by

Austin [4] (Figure 1.1) mixtures a (2H2 + O2 + 17Ar) and b (2H2 + O2 + 12Ar) have

relatively smooth fronts and periodically-spaced transverse shock waves. The detona-

tion waves in such mixtures with regular cellular structures have been called “weakly

unstable” detonations in the literature and are characterized by weaker chemical reac-

tion rate dependence to temperature fluctuations [9, 10, 11, 12]. However, in mixtures c

(H2 +N2O + 1.33N2) and d (C3H8 + 5O2 + 9N2) the fronts have a more roughened ap-

pearance. Irregular spacing of the transverse waves can also be seen for these mixtures.

Consequently, the cellular structure of these mixtures also show more irregularities in

the size, shape and pattern. The turbulence generated in the structure of these so-called

“highly unstable” detonations is believed to promote turbulent mixing and to enhance
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Figure 1.2: The steady structure assumed for detonation waves by the ZND model

including a planar shock front, induction and reaction zones.

the burning rates [9, 13].

The conventional model for the detonation structure, known as the Zeldovich - Von

Neumann - Doering (ZND), neglects the existence of cellular structure for detonations

and it assumes the wave to consist of a strong leading planar shock coupled with trailing

chemical reactions [5, 3]. The detonation wave is assumed to consist of a steady planar

shock front having a subsequent zone of generation of radicals (induction zone) and a

zone of recombination of the generated radicals into product molecules and consequent

energy release (reaction zone). Figure 1.2 shows this idealized ZND structure for a steady

detonation wave.

To account for the attenuation of detonations in the presence of losses, quasi-one-

dimensional extensions have been introduced for the ZND model by taking friction, mass

divergence and heat loss into consideration [14, 15, 16, 17]. This class of models is

discussed below.
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1.2.2 Detonation extinction limits in narrow tubes

It has been observed experimentally that in the propagation of detonations in narrow

tubes that the wave dynamics and its extinction limits are governed by losses to the

tube walls [18, 19, 20, 21, 22, 23]. During the propagation, the viscous boundary layers

developing along the tube walls act as a sink of mass from the tube core to the boundary

layers. The flow diverges due to the negative boundary layer displacement thickness

with respect to a reference coordinate system fixed to the shock front. Divergence of

the streamlines in the reaction zone results in a curved detonation front experiencing a

velocity deficit [20, 24]. The velocity deficit of the front grows with decreasing tube size,

typically on the order of 20%, until transition to deflagration speeds occurs [25].

The first model of detonation attenuation and extinction limits in narrow tubes was

due to Fay [15]. Fay modeled the boundary layer displacement effect within the reaction

zone via boundary layer theory, and related it to the uniform flow divergence experienced

in an average sense by the detonation front. Chao et al. [26] and Camargo et al. [27]

used Fay’s model by coupling the boundary layer analysis with a quasi-one-dimensional

model for the reaction zone in the presence of mass divergence.

However, much of the debate in the literature is related to whether the detonation

wave dynamics and its attenuation by the local conditions at the walls can be modeled in

a global hydrodynamic sense [9] in spite of the systematic departures from a quasi-one-

dimensional structure due to the cellular instability. The answer to this question can be

obtained by comparing the behaviour of the detonation wave with global models for its

attenuation.

Subsequently and using their quasi-one-dimensional extension to the ZND model,

Chao et al. [26] and Camargo et al. [27] found relatively good quantitative agree-

ment between experiment and predictions for mixtures characterized by regular cellular

structures in their so-called weakly unstable mixtures (e.g. H2 + 0.5O2 + 1.5Ar and

C2H2 + 2.5O2 + 14Ar). For more unstable mixtures, however, the limits predicted by

their theory did not match with the experimental values [27] and were found to over-

predict the limits as detonations would propagate under conditions marked by extinc-

tion in the models. The authors took this result as indicative of the growing role of the

three-dimensional cellular detonation structure in promoting its propagation. While the

results highlight that a global hydrodynamic theory appears to be valid for weakly un-

stable detonations, no attempt was made to visualize the wave structure and to identify

the mechanisms controlling the losses in more unstable detonations. Furthermore, the
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question of whether or not a global hydrodynamic description is valid in more unstable

detonations still remains.

1.2.3 Detonation extinction limits in porous-walled tubes

In an attempt to control the amount of lateral mass divergence and visualize the cellular

structure dynamics, Radulescu performed experiments in porous wall tubes [28, 29].

When the tube wall is porous, the global mass divergence is controlled by the porosity

of the walls. Since the lateral mass divergence in porous wall tubes is much greater than

in the boundary layers of the narrow solid tubes, the detonation limits occur before the

onset of single head spin. Near failure, the front maintains a global cellular structure,

which can then be monitored [28, 29].

For weakly unstable detonations, the authors have found that the porous wall acted

mainly to provide a global mass divergence to the front, which became progressively

more curved as the limits were approached [28, 29]. In more unstable mixtures, how-

ever, localized explosions and re-generation of new transverse waves were observed as

the limits were approached. Radulescu and Lee have also compared their results with an

approximate quasi-one-dimensional model relating the mass divergence to the wall poros-

ity [28, 29]. As was discovered in the later work of Chao et al. [26] and Camargo et al.

[27] in narrow channels, they found a relatively good agreement between experiment and

theory for the more regular mixtures, while the limits were found to be systematically

over-predicted in more unstable detonations.

1.2.4 Detonations with weak confinement

The influence of mass divergence on detonations is also central in problems of detonations

with weak confinement. When the detonations propagate in a condensed explosive, the

confinement always yields to the very high pressures generated in the reaction zone [30,

31, 32, 33]. In gases, the same problem arises when a reactive charge is weakly confined by

an inert gas [32]. In this context, recent simulations of Li et al. [34] further revealed the

role played by the three-dimensional non-homogeneities. They found that the presence of

density non-homogeneities promoted the detonation propagation, although no attempt

was made to model these effects in a global sense.
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1.2.5 Detonations with friction and heat loss

Gaseous detonations in channels that exhibit large velocity deficits due to momentum

and heat transfer losses due to wall roughness or obstacles have been extensively studied

[35, 36, 37, 38, 39, 40, 5]. Propagation rates as low as 50% of the ideal speed have been

reported. As might be expected, the incorporation of heat losses sets up a competition

between heat production and extraction which can lead to detonation quenching [35,

37, 36]. The influence of frictional losses is also central to the propagation mechanism

of detonation waves in tubes with embedded obstacles. The global wave propagation

mechanism, has been reported to consist of detonation failure caused by flow diffraction

around obstacles followed by local re-initiation at Mach stems formed by shock wave-

obstacle interactions [38, 39, 40]. Makris reports that the dynamics is governed by the

reactivity of the detonable mixture and by the obstacle’s size [39, 40].

In the same context, the influence of instabilities on the detonation response to heat

and frictional losses has been addressed in a recent study by Sow and co-workers [41].

They conducted numerical simulations of pulsating one-dimensional detonations in the

presence of volumetric heat and frictional losses. They found that the predictions made

without accounting for the pulsating instabilities under-predicted the velocity deficit.

The extinction limit predicted by a quasi-steady model over-predicted the amount of

loss necessary for extinction. This is the opposite trend to that observed experimentally

for multi-dimensional detonations as discussed above. It is presently unclear whether this

result is due to the assumption of one-dimensional flow, albeit a pulsating one. These

observations further suggest the role of the pulsating dynamics in controlling the limits.

1.2.6 Necessity of a well-posed experiment to evaluate cellular

structure influence on limits

Previous attempts to compare the predictions made by steady quasi-one-dimensional

models with experiment strongly suggest that these models do not capture the dynamics

in strongly unstable mixtures, as reviewed above. For weakly unstable mixtures, the

agreement is deemed good. Some ambiguities still remain. They are associated with the

difficulty to precisely quantify and model the loss mechanism in the experiments. This

in general renders the comparison more qualitative than quantitative. In thin tubes and

channels, mass divergence losses to boundary layers are also associated with complex flow

in the boundary layers themselves. This is further complicated by momentum and heat

losses in the boundary layer flow itself, which have not been considered in the analyses
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of Chao et al. and Camargo et al. [26, 27].

In the experiments with porous walls, the pores act to attenuate the transverse waves,

making the evaluation of the loss mechanism more difficult. Similarly, modeling of the

boundary flow near the porous walls attempted by Radulescu and his collaborators was

very approximate [28, 29, 42]. In very recent numerical simulations of cellular deto-

nations in porous wall tubes [42], significant discrepancy was found with experiment.

Thus, numerical simulations of these problems also suffer from the approximate nature

of boundary conditions as do the steady wave models.

The model applicability is also questionable, as it pertains to the assumption of

uniform curvature along the front, implying uniform area divergence for each streamline.

A curved detonation due to wall boundary layers or permeable walls is not expected to

have a unique curvature, as demonstrated by Chinnayya et al. numerically [24]. Further

away from the axis of the channel or tube, the flow divergence departs from that along

the streamline along the axis. For this reason, the models assumed previously only hold

for weakly curved fronts, away from the limits. Whether the models agree or not for the

limits and velocity deficits may be coincidental.

For these reasons, it is desirable to formulate a well-posed problem in which the loss

mechanism and boundary conditions can be easily accounted for. This would permit one

to unambiguously compare the results of the experiments with simulations and analytical

models in order to evaluate the utility of the global models for detonation dynamics. This

is the goal of the present thesis.

1.3 Problem definition

The exact governing equations in multiple dimensions for a N -component system, which

neglect transport terms, are the so-called reactive Euler equations. In the reactive Euler

equations, conservation of mass, momentum and energy following the path of a fluid

particle are:

− 1

ρ

Dρ

Dt
= ∇ · u (1.1)

ρ
Du

Dt
= −∇p (1.2)

De

Dt
= − p

ρ2
Dρ

Dt
(1.3)
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where ρ, u and p denote the fluid density, velocity vector and pressure, respectively.

Also D/Dt = ∂/∂t + u · ∇ is the material derivative and the symbols have their usual

meaning [43]. These need to be complemented by an appropriate equation of state for

the internal energy e of the form:

e = e (p, ρ, Y1, Y2, ..., Yi, YN) (1.4)

and the appropriate kinetics for the evolution of the mass fractions of each of the

system’s components:
DYi

Dt
=

ωi

ρ
(1.5)

When a quasi-one-dimensional formulation is sought in a duct (or streamtube) of cross-

section A(x) , the variables take the meaning of transverse averages (or streamtube

variables) and the equations remain unchanged, with D/Dt = ∂/∂t + u∂/∂x. The

divergence of the velocity field in the continuity equation ((1.1)), which describes the

rate of volume change of a fluid element per unit volume, can be expressed as two

contributions. The first is the usual rate of strain of a fluid element in the flow direction

x, and the second is the rate of strain in the transverse direction [43]:

∇ · u =
∂u

∂x
+ u

d(lnA)

dx
(1.6)

The last term plays a fundamental role in gasdynamics[3], as it provides a rate of

expansion or compression of a fluid element due to geometrical effects. In this research,

we will deal with flows for which the source term appearing in the quasi-one-dimensional

formulation for a streamtube or in a tube of cross-sectional area A(x), namely:

K ≡ d(lnA)

dx
(1.7)

is a constant. The source term being a constant permits us to establish a steady (on

average) detonation structure, as can be anticipated since the source is neither a function

of space nor time. In the current work, we study the dynamics of detonations in a

channel with a constant logarithmic derivative K, i.e., a channel with a cross-section

varying exponentially with distance (see Figure 1.3). This is also known as an exponential

horn in acoustics. Since the loss is always constant in an exponential horn, steady state

detonations (on average) can be established, as will be shown in this thesis. This provides

a unique opportunity to compare experimental results with steady state global models

and numerical simulations and to draw conclusions from the various hypotheses and

assumptions in each class of models.
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Figure 1.3: Schematic of a detonation wave with reaction zone thickness of ∆ and speed

of D propagating in a diverging channel and the quasi-one-dimensional flow behind it.

1.3.1 Reactive mixture selection

The experiments were performed for two different mixtures so that they exhibit either

weakly unstable or highly unstable cellular structures. In order to select appropriate

gases, a survey was performed on the reactive mixtures used in past studies. For the

experiments in mixtures characterized by piece-wise laminar reaction structures (i.e.

weakly unstable), the oxy-acetylene mixture with argon dilution has been a frequent

choice [44, 45, 26, 27, 28, 29]. Increasing the argon dilution the regularity of the cel-

lular structure has also been reported to increase in this mixture [44, 45]. Therefore,

many previous studies on detonation propagation with presence of losses have adopted

oxy-acetylene with argon dilution as a candidate mixture for weakly unstable cellular

structure. For example, Chao et al. [26] performed their experiments on detonation

propagation in narrow tubes using C2H2 + 2.5O2 + 14Ar. Other studies of detonation

propagation with presence of losses like the ones by Camargo et al. [27] and Radulescu

et al. [28, 29] have also conducted their experiments using 2C2H2 + 5O2 + 21Ar as the

choice of mixture with regular structure.

On the other hand, for experiments on mixtures characterized by highly irregular

and unstable cellular structures, methane and propane mixtures have been adopted in

past studies [46, 28, 27]. Therefore, based on these considerations and by doing some
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preliminary kinetic calculations on the above list to assess whether the mixtures were

sufficiently sensitive so that tests at low pressure would be possible (details presented

in Chapter 6), the mixtures were chosen for the experiments as follows: oxy-acetylene

mixture with 75 volume percentage of argon addition (2C2H2 + 5O2 + 21Ar) for weakly

unstable cellular structures and propane-oxygen mixture (C3H8+5O2) for highly unstable

cellular structures.

1.3.2 The influence of cellular structure on the dynamics

In order to investigate the influence of cellular instabilities on the detonation propaga-

tion, quantitative comparisons were made with the predictions based on a quasi-one-

dimensional ZND model with lateral mass divergence. The dependence of the velocity

deficits and limits on the amount of mass divergence for the two mixtures were compared

with the predictions of the quasi-one-dimensional ZND model with lateral mass diver-

gence. Since the ZND model neglects the cellular structure of the detonations, such a

comparison would permit one to asses the influence of cellular structure on the dynamics

of detonations with mass divergence. The experiments and the ZND model predictions

were also compared with the results of numerical simulations of the two-dimensional in-

viscid cellular detonations. This sheds more light on the importance of cellular structure

on the dynamics and it quantifies the discrepancies in the detonation predictions caused

by ignoring the cellular structure.

1.3.3 Thesis outline

The thesis is organized as follows. Chapter 2 introduces the setup of the diverging channel

experiments and explains the details of the experimental procedure used. Chapter 3

presents the results of the experiments performed in the diverging channel framework.

Chapter 4 addresses the solution of the quasi-one-dimensional ZND model with lateral

mass divergence for predicting the dynamics of quasi-one dimensional curved detonations.

Chapter 5 presents the numerical simulation results of the cellular detonation dynamics

in diverging channels. Finally, my discussions of the results and recommendations for

future work are presented in Chapter 6. These are followed by two appendices. Appendix

A provides the details of velocity measurements for all the experiments performed in the

thesis. Appendix B presents the conversion between the scaling used in the numerical

simulations of this thesis and the scaling used by Short and Sharpe [47], whose results

were used for bench-marking the present code.



Chapter 2

Experimental setup and technique

2.1 Overview

This chapter describes the details of the experimental setup used in the thesis. The

diverging channel framework for the experiments is introduced and the technique used

for performing the experiments is described.

2.2 Flow facility

2.2.1 Shock tube setup

Figure 2.1 shows the schematic of the 3.4-m-long rectangular channel used for the exper-

iments in this thesis [48, 49]. The channel is made of aluminum and referred to herein

as the shock tube. The internal height and width of the channel are 203.2 mm and 19.1

mm respectively. This internal width was found to be the optimum value to suppress

the transverse perturbations and thus approximate the detonation cellular dynamics as

two-dimensional [48].

As can be seen in Figure 2.1, the tube has three identical sections. The third section of

the channel is equipped with non-tempered glass panels allowing one to visualize the flow

evolution. The ramp was therefore placed in this window section. To ignite the mixture

a spark plug ignition system was installed in the first section of the shock tube. Pressure

transducers were installed along the top wall to record the arrival of the detonation wave

and to monitor its strength. The actual experimental setup assembly in the lab is also

illustrated in figure 2.2.

12
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Figure 2.1: A schematic showing dimensions, driver section, test sections and ignition

equipment of the experimental setup referred to herein as the shock tube.

Figure 2.2: Photograph of the actual shock tube setup assembly in the lab
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Figure 2.3: A schematic diagram of the gas line connections between the shock tube and

its gas panel showing the direction of the gas flow.
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Figure 2.3 is a schematic diagram of the gas panel used along with the shock tube

for preparing the test mixture, filling and purging of shock tube channel. The Swagelok

needle valves on the bottom right corner are connected to different fuels while the oxygen

(O2) line was connected to the needle valve on the bottom left. Additional valves were

installed to avoid any reverse-flow or accidental mixing. The absolute static pressure

in the shock tube was monitored by two OMEGA DPI32 programmable digital meters.

The vacuum pressure in the shock tube was also measured using an OMEGA DVG-64

vacuum gauge [48]. The test mixture was fed into the shock tube from the mixing tanks,

via the gas panel, through Swagelok rubber insulated gas lines. The test mixture was

prepared by the method of partial pressures in the mixing tank and left to stand for

approximately 24 hours. Ball valves connected onto the shock tube were used to seal

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

each experiment, the shock tube was evacuated to 80 Pa using a Varian DS602 1PH

rotary vane pump to purge the shock tube of residual gas products that might have been

left behind from the previous experiment.

2.2.2 Diverging section geometry

Using the above mentioned experimental setup, a diverging section was adopted for the

experiments. The cross-sectional area of the diverging geometry A(x) varied exponen-

tially with distance. Two geometries were tested. A long ramp (with a 1-m-length and

K = 1
A

dA
dx

= 2.302 m−1, see Figure 2.4) and a short ramp (with a 0.5 m length and

K = 1
A

dA
dx

= 4.605 m−1, see Figure 2.4) were designed and manufactured with PVC to

make the diverging channel. Figure 2.5 shows the actual diverging geometry assembled

by mounting the ramps separately in the viewing section of the shock tube.

In the experiments, a detonation wave was generated in the mixture of interest and prop-

agated along the diverging section. In order to study the dynamics of the wave, a movie

of the detonation wave propagating and its trailing reaction zone was recorded for each

experiment.

2.3 Methods for gas ignition

The two following methods were used in my research to initiate a detonation wave by

igniting the test mixture inside the shock tube.
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Figure 2.4: Dimensions of the two ramps with exponential rate of area divergence de-

signed for the experiments (measures in units of millimeters).

Figure 2.5: Pictures of the small and large ramp with exponential rate of area divergence

mounted in the viewing section of the experimental setup.
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Figure 2.6: Photograph of the High Voltage Igniter (HVI) system used to ignite the

mixture.

2.3.1 High Voltage Ignition (HVI) method

In the first method, a high voltage igniter (HVI) shown in Figure 2.6 was used. The

HVI is a compact ignition system built by Sev Kamensikh from McGill University. It

consists of a capacitor bank, operating at a maximum voltage of approximately 30 KV

[48, 49]. The HVI system includes two 1 µF capacitors, a triggered spark gap and a

trigger module. A voltage signal is sent to the trigger module by a pulse generator. This

signal triggers the spark gap and discharges the capacitors into the mixture. The unit

is capable of storing up to approximately 1000 J (at a charging voltage of V0 = 32 kV )

of nominal energy and releasing it with a response time of less than 2 µs. Additional

details can be found in Bhattacharjee’s thesis [48].

After the HVI capacitors discharge their load into the mixture, a strong blast wave

is generated followed by a high speed deflagration wave. A wire-mesh installed near

the spark plug (see Figure 2.7) induces turbulence into the generated deflagration wave

and accelerates it. The acceleration then leads to the deflagration-to-detonation (DDT)

transition phenomenon [5] and an over-driven detonation wave is generated. The over-

driven detonation wave then stabilizes to a CJ detonation wave before reaching the

viewing section of the shock tube.
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Figure 2.7: A photograph of the wire-mesh used to accelerate the flame generated by the

HVI and cause a detonation wave.

2.3.2 Shock tube with a diaphragm method

Less reactive mixtures require high ignition energy to initiate a detonation wave. There-

fore, a detonation wave can not be established in such reactive mixtures using the HVI

method. This occurs especially for low pressure mixtures. In such cases when the HVI

system could not initiate a detonation wave in the test mixture, a different method using

a driver gas mixture was used. Accordingly, this experimental setup was equipped with

a driver section (see Figure 2.1) filled with a more easily ignited mixture (e.g., stoichio-

metric oxy-ethylene C2H4+3O2). The driver section was separated from the test section

which was filled with the test gas, using a plastic diaphragm having an average thickness

of roughly 80 µm.

The driver gas was ignited as described above using the HVI, leading to a detonation

in the driver gas. The generated detonation wave ruptured the diaphragm and was trans-

mitted into the test section as a strong shock wave. This strong shock wave transitioned

into a CJ detonation wave before reaching the window section of the shock tube.
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2.4 Experimental procedure

2.4.1 Experiments with driver mixture

In the experiments with a driver mixture, the shock tube and all the gas lines connecting

the mixing tanks, shock tube and the gas panel were first purged by evacuating them

to 80 Pa. After achieving the desired vacuum pressure, the test section was sealed and

the driver section was filled with the driver mixture chosen (stoichiometric oxy-ethylene

C2H4 + 3O2). This was done by controlling the flow from the needle valve on the gas

panel. In this step, the pressure difference across the diaphragm was restricted to be

less than 20 kPa (abs) to minimize the risk that the plastic diaphragm would rupture.

After reaching the desired pressure in the driver mixture, the driver section was sealed

by closing the corresponding valves. All gas lines were then purged by evacuating them

to a pressure less than 60 Pa. This helped in avoiding any mixing between any residual

driver gas in the lines and the driven mixture. The test section was then filled with the

mixture of interest to study. After reaching the desired pressure in the test mixture, the

shock tube was then completely sealed and isolated from the gas panel. All the gas lines

were once again evacuated to a pressure of less than 60 Pa. The HVI was charged to 24

kV and the ignition was performed as described in section 2.3.2.

2.4.2 Experiments with High Voltage Ignition

In the experiments with the High Voltage Ignition technique, the shock tube and all

the connection lines between the shock tube, gas panel and the mixing tanks were first

evacuated to 80 Pa. The shock tube was filled with the test mixture of interest. This was

done by controlling the gas flow from the needle valve on the gas panel. After reaching

the desired pressure, the shock tube was sealed and isolated from the gas panel. All the

gas lines were evacuated to a pressure of less than 60 Pa. The HVI was charged to 24

kV and the ignition was performed as described in Section 2.3.1.

2.4.3 Sensitivity of the reactive mixture

In the experiments performed, the sensitivity of the test mixtures (2C2H2 + 5O2 + 21Ar

and C3H8 + 5O2) was controlled by keeping the composition and temperature constant

and changing only the initial pressure. Increasing the pressure (and consequently the

density) makes the reaction rates faster and the mixture more sensitive. Previous cor-
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relations have shown that the reaction zone thickness and cell size of reactive gases are

almost inversely proportional to the initial pressure [50, 28]:

∆1/2 ∝ λ ∝ P−a
0 (2.1)

where ∆1/2 represents the half-reaction length defined as the distance behind the shock

front to the point where half of the energy is released in a ZND model framework. Also,

λ denotes the characteristic cell size of the gas mixture.

2.5 Flow visualization

2.5.1 The shadowgraph system

The optical system used for visualization of the flow was a large-scale shadowgraph

system adopted from Dennis et al. [51]. The shadowgraph technique is a simple form of

optical system suitable for observing a flow exhibiting variations of density [51, 52]. In

principle, we cannot directly see a difference in temperature, density, or a shock wave in

the transparent gas mixture. However, all these disturbances refract light rays, so they

can cast shadows. Figure 2.8 shows the schematic of the shadowgraph assembly used

for the experiments. The shadowgraph technique employs a light source and a recording

plane (Figure 2.8). The mixture is exposed to the light beam coming from the light

source. The refracted light rays are then projected on the recording plane [51, 52].

The retro-reflective screen used had a 2 m by 2 m dimensions, allowing visual access

to the experiments over the entire 1 m of the viewing section. The shadowgraph system

was used by placing the shock tube at d/f = 1/2 to obtain the clearest images. The

collimated light exiting from the arc lamp was condensed to a 3-5 mm point using a 50-

mm-focusing glass lens. This point was then focused onto a 10-mm-diameter cylindrical

rod mirror cut at a 45o angle. The mirror then projected the light onto the retro-reflective

screen as if it directly emanated from the camera lens, increasing the luminosity of the

returned image to the camera [51, 49].

A 1600 W continuous xenon arc lamp, made by Newport, and a Phantom v1210

high-speed video camera, made by Vision Research, recorded the high-speed videos for

the experiments. The 42496 frame per second (fps) rate and 42049 fps rate of the camera

with a 1 µs exposure were used in the experiments.
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Figure 2.8: Schematic of the shadowgraph setup including the arc lamp, retroreflective

screen focusing lenses and the camera, used in the experiments for visualizing the flow

evolution.
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Figure 2.9: Superposition of detonation wave shadowgraph pictures at different time

intervals used to detect the location of shock front along the top wall.

2.6 Data reduction technique

In order to study the dynamics of the detonation wave, velocity measurements were

performed using the videos taken from the experiments. In this regard, the location of

the detonation front was detected in all of the video frames along the top wall. For

example Figure 2.9 shows some frames of the video taken for an acetylene experiment

along the short ramp that have been put beside each other in a composite image. In

the experiment videos taken by the shadowgraph technique, the leading shock front

is identified as a thick black line followed by a white band resulting from the chemi-

luminescence of the gas particles. For the velocity measurement, the flow sufficiently

close to the top wall is assumed to be parallel to it. Accordingly, the leading front (dark

line) was detected in all the video frames, along the dashed line sketched parallel and

sufficiently close to the top wall. The locations were detected in pixels and were then

converted into physical distances by knowing a reference length scale in the pictures,

such as the ramp length. The uncertainty of the measurement is also a result of the

possible errors in determining the exact pixel of the shock location correctly. Therefore,

in order to take this uncertainty into account, an uncertainty corresponding to a ∆x = 1

pixel is considered for the measurements.

After obtaining the location of the shock front at each frame and in order to measure

its velocity, the time interval between the frames was also needed. This was obtained



Experimental setup and technique 23

Figure 2.10: Shock speed variation along the top wall for the acetylene experiment at

13.8 kPa along the small ramp.

from the frame per second rate used for capturing the video. For example, if the video

is recorded using a frame per second rate of 42049, then the time interval between two

sequential frames is 1/42049 sec.

An example of the speed data is shown in Figure 2.10. The Figure shows the shock

speed variation along the top wall non-dimensionalized by the CJ speed (the speed pre-

scribed by Chapman-Jouguet theory for steady propagation of detonation waves [3]) for

acetylene mixture at 13.8 kPa. Considering the error bars for the measurement, it can

be seen that the detonation velocity remains relatively constant for this case. The cal-

culation details of the data reduction technique for all other experiments are presented

in Appendix A.



Chapter 3

Experimental results

3.1 Overview

This chapter presents the experimental results. The evolution of the detonation wave

observed in the shadowgraph system for both mixtures is presented and the speed mea-

surements performed for the detonation wave are reported.

3.2 Flow evolution results

3.2.1 Initial pressure ranges

Experiments were performed for decreasing pressures until a self-supported detonation

wave could no longer be sustained in the diverging section. On this basis, both mixtures

were tested with a wide range of initial pressures on the large and small ramps. The

pressure ranges used for the experiments along with the corresponding method of igniting

the gas at that pressure are reported in Table 3.1 for both mixtures.

Table 3.1: Initial pressure ranges used for acetylene and propane mixtures experiments

Experiment HVI technique Driver gas ignition technique

Large ramp-2C2H2 + 5O2 + 21Ar 8.5-13.8 kPa 4.2-7.6 kPa

Small ramp-2C2H2 + 5O2 + 21Ar 8.2-19.0 kPa 7.6-4.8 kPa

Large ramp-C3H8 + 5O2 2.1-13.8 kPa -

Small ramp-C3H8 + 5O2 4.5-12.0 kPa -

24
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3.2.2 Acetylene mixture results

Large ramp experiments

Figures 3.1 (a),(b) and (c) show the evolution of the detonation wave propagation for

three different experiments in an acetylene mixture with initial pressures of 13.8 kPa,

12.1 kPa, and 10.3 kPa, respectively. These pictures were obtained by overlaying the

shadowgraph images of the detonation front at different locations along the ramp. As

the detonation proceeds along the ramp, the area of the curved shock front increases. The

pictures show the detonation wave propagating from left to the right in the diverging

domain. The leading shock front is identified by the thick black line, followed by a

very thin zone of high temperature and pressure where the chemical reactions occur.

Accordingly, the bright band seen in the pictures very close to the shock front result

from chemi-luminescence of the gas at high temperatures.

It can be seen that at these sufficiently high pressures, the detonation front is textured

with a large number of small sized cells. Traces of the transverse waves starting from the

triple points on the wave front, and extending toward the reaction zone are also observed.

As the detonation progresses in the enlarging section, it acquires the expected curvature

due to the geometrical divergence of the gases behind the front.

Figures 3.2 (a),(b) and (c) show the detonation wave evolution in additional exper-

iments with lower initial pressures of 9.0 kPa, 8.6 kPa, and 7.6 kPa, respectively. In

these experiments, the test mixture had a less rapid chemical energy release due to the

lower initial pressure as compared to the tests shown in Figure 3.1. Consequently, the

gas particles shocked by the front are influenced to a greater significance by expansion

cooling than gas particles in the tests with higher initial pressures. Accordingly, as can

be seen in Figures 3.2 (a),(b) and (c), a thicker reaction zone is observed for these lower

pressure cases. The number of cells along the shock front is also reduced due to the

enlargement in their size.

By continuing to decrease the initial pressure, the extinction limit was eventually

reached. Figures 3.3 (a), (b) and (c) show the experimental results for the initial pressures

of 6.2 kPa, 4.9 kPa and 4.2 kPa, respectively. In Figure 3.3 (a), (b), it can be seen that

the reaction zone becomes thicker due to the reduced sensitivity of the gas. In Figure 3.3

(b), even some unburned gas pockets that have escaped from shock ignition can be seen.

These pockets are more visible in the enlarged view of this picture shown in Figure 3.4.

Figures 3.3 (a) and (b) also show that the number of the cells along the shock front

has decreased. In these pictures, only one main triple point is observed that experiences
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reflections from the top wall and the ramp during the wave propagation. The transverse

wave coming out of this triple point also looks stronger. In Figure 3.3 (b), a local

detonation seems to be occurring about the transverse wave. This is shown in more

detail in the enlarged view of this picture in Figure 3.4.

Finally, Figure 3.3 (c) shows that, after the pressure goes below the detonation limits

of the mixture, a detonation wave can no longer be sustained. In such a case, the

expansion cooling is sufficiently strong to significantly thicken the reaction zone and to

decouple the shock front from the zone of energy release.

Small ramp experiments

Figures 3.5 (a), (b) and (c) show some sequential frames of the detonation propagation

along the small ramp at pressures of 19.0 kPa, 17.2 kPa and 15.5 kPa in the acetylene

mixture, respectively. All three pictures show that as the detonation wave propagates

from left to the right in the diverging domain, the shock area supported by the heat

release in the reaction zone increases. The fronts consist of a large number of small cells

with their corresponding transverse waves extending behind the shock. Once again the

bright band of chemical luminescence of the gas is apparent in the pictures.

Figures 3.6 (a), (b) and (c) show the images of the detonation front for slightly

lower values of pressures. The pictures show a relative thickening of the reaction zone,

especially in the later frames. The size of the cells in the detonation front has also

increased when compared to the finer cells of Figure 3.5.

Figures 3.7 (a), (b) and (c) show the experimental results for lower initial pressures of

8.3 kPa, 7.6 kPa and 6.9 kPa, respectively. It can be seen that the size of the cells in the

detonation front is larger. Strong transverse waves also start to emerge. The transverse

waves help in reacting the shocked materials that may have not burned completely. These

observations can be more easily seen in the enlarged view of 3.7 (a), presented in Figure

3.8.

Figures 3.9 (a), (b) and (c) also show the behaviour of the detonation wave in the

test mixture, close to its extinction limit, corresponding to pressures of 6.2 kPa, 6.0 kPa

and 4.8 kPa, respectively. Due to the larger rate of area divergence of the small ramp

and the less rapid rates of energy release at such low pressures, a thick detonation wave

can be seen to occur in even the early frames. In the later frames of Figure 3.9 (a) the

transverse wave itself can be seen to transition into a detonation wave. This is shown

more clearly in the enlarged view presented in Figure 3.10. The last frame of Figure 3.9

(b), shows the completion of chemical reactions happens a considerable distance away
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from the leading front. Also, as shown in the enlarged view of this picture (see Figure

3.11), unburned gas pockets that have not ignited completely by the weakened shock

have emerged. Finally in Figure 3.9 (c), the thick trailing reaction zone in the early

frames completely decouples from the shock in the last two frames. In this picture, a

single shock far from the last evidences of chemical reactions can be seen at the end of

the ramp.

3.2.3 Propane mixture results

Large ramp experiments

Figures 3.12 (a), (b) and (c) show the evolution of the detonation wave structure at 13.8

kPa, 12.1 kPa and 10.3 kPa in the propane mixture, respectively. The fronts look very

similar in all three pictures. The curved dark line with a large number of very fine ripples

represents the detonation front and its cellular texture that experiences an increase in

area as propagation continues along the ramp. The chemical luminescence of the propane

mixture is observed in the experiments from the high intensity of the bright band of light

behind the detonation front.

Figures 3.13 (a), (b) and (c) illustrate the flow field at lower initial pressures of 8.6

kPa, 6.9 kPa and 5.2 kPa, respectively. The changes in the front’s appearance are readily

observed in pictures (b) and (c). At this point, some larger sized cells start to appear

along the shock front.

Figure 3.14 shows that the extinction limit is eventually satisfied by a more substantial

decrease in the initial pressure. Figures 3.14 (a) and (b) show the texture of the thickened

front to consist of one or two large cells. However, unlike the acetylene mixture, the

transverse waves appear as non-reactive near the limit. Instead, complex shear flow with

finely textured unreacted pockets are observed. This can be seen more easily in the

enlarged view shown in Figure 3.15. Figure 3.14 (c) also shows that as the detonation

propagates along the ramp, the distance between the shock front and the points where

reactions are completed gets larger until the shock and reaction zone completely decouple

as shown in the last frame of this sequence.

Small ramp experiments

A similar sequence of events was also observed in the experiments performed with the

small ramp. Figures 3.16 (a), (b) and (c) depict the detonation wave in the propane
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mixture at initial pressures of 12.1 kPa, 10.3 kPa and 8.6 kPa passing along the short

ramp. At these sufficiently high pressures, the reaction rates of the gas are still high and

the chemical energy release is able to compete with the expansion cooling. Therefore,

no substantial change is observed either in the thickness of the reaction zone or in the

texture of the front.

Figures 3.17 (a) and (b) show that at lower pressures of 6.2 kPa and 5.5 kPa, a

main big cell with one or two triple points are governing the dynamics of the front. The

transverse wave behind the triple point is also clearly seen in Figure 3.17 (b). However,

unlike the acetylene mixture experiments, the transverse wave appears as non-reactive.

This is shown in more detail in the enlarged view of Figure 3.18. Additionally, the

flow behind the shock also has a more complex pattern when compared to the acetylene

experiments. Finally, after passing the extinction limit at 4.5 kPa (Figure 3.17 (c)), the

shock and reaction zone complex falls apart from each other. Consequently, the shock

front in the last frame is observed as an inert shock that has been deprived of any cellular

pattern.

3.2.4 Reproduciblity of the experiments

In order to verify the reproducibilty of the results, repeat experiments were performed for

some of the experiments in both mixtures. A high, a mid-range and a close to limit initial

pressure were selected for the repeat cases. The evolution of the detonation dynamics and

the average speed were compared together in the repeat experiments and good agreement

was observed. For example Figure 3.19 shows the results of three repeated experiments

for propane mixture at initial pressure of 5.2 kPa along the large ramp. Likewise, Figure

3.20 shows the repeated experiments performed for propane mixture at its extinction

limit along the large ramp. It can be seen that the evolution of the detonation dynamics

and the pattern of cellular structure of the wave are similar in the repeated experiments

shown in Figures 3.19 and 3.20 . For instance, Figure 3.20 shows that the texture of

the thickened front at all the three repeated experiments consists of one or two large

cells. Thickening of the reaction zone behind the detonation front is observed in all

the three tests as the detonation propagates toward the end of the ramp. Appearance

of non-reactive transverse waves and complex shear flow with finely textured unreacted

pockets are also observed at the end of the diverging section.

In addition to comparing the cellular structure of the detonations in the repeated

tests, data reduction and average speed measurement was also performed for each case
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and the results are included and shown in the Section 3.3 and the quantitative comparison

performed in Chapter 6.

3.3 Speed measurement results

The high speed videos illustrated in the previous section were analyzed in order to extract

the front speed evolution, as explained in Chapter 2. In this regard, the technique

described in Section 2.6 of the thesis was used to measure an average speed for the shock

front along the top wall of the diverging domain. The summary of the measurement

and analysis performed for the experiments are presented in Figure 3.21. In this figure,

the average speeds measured for the experiments on the large and small ramps were

plotted with respect to the initial pressure of the gas. The data for the CJ speed of

the detonation wave for the corresponding initial pressures was also plotted to compare

with the experiments. The CJ speed was found through calculations performed using the

NASA CEA code [53]. The error bars for the plot were also prescribed by calculating the

standard error of the speed at different locations along the ramp with respect to average

speed measured for each experiment.

The Figure shows that, the shock speed decays for both large and small ramp ex-

periments when the initial pressure is lowered. The shock speed also deviates from the

CJ speed with a decrease in the initial pressure. This can be interpreted in terms of the

gas sensitivity varying with the initial pressure. Mixtures with lower initial pressures

are the ones with slower reaction rates and chemical energy release rate. Therefore, the

expansion cooling experienced by the shocked gas particles due to the area divergence is

able to decrease the shock strength and speed. Since the CJ speed represents the velocity

of a steady detonation wave, the lower initial pressures result in more deviation from the

CJ speed. The details of the calculations performed for each experiment to obtain the

average speed and to construct the plots shown in Figure 3.21 is presented in Appendix

A.
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Figure 3.1: Shadowgraph images of detonation wave structure along the large ramp (1-

m-length) at sequential time frames for 2C2H2 + 5O2 + 21Ar mixture at (a) 13.8 kPa,

(b) 12.1 kPa and (c) 10.3 kPa.
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Figure 3.2: Shadowgraph images of detonation wave structure along the large ramp (1-

m-length) at sequential time frames for 2C2H2+5O2+21Ar mixture at (a) 9.0 kPa, (b)

8.6 kPa and (c) 7.6 kPa.
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Figure 3.3: Shadowgraph images of detonation wave structure along the large ramp (1-

m-length) at sequential time frames for 2C2H2+5O2+21Ar mixture at (a) 6.2 kPa, (b)

4.9 kPa and (c) 4.2 kPa.
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Figure 3.4: Strong transverse wave and pocket of unburned gas behind the detonation

front for 2C2H2 + 5O2 + 21Ar mixture at 4.9 kPa (an enlarged view with more details

of Figure 3.3 (b)).
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Figure 3.5: Shadowgraph images of detonation wave structure along the small ramp (0.5-

m-length)at sequential time frames for 2C2H2+5O2+21Ar mixture at (a) 19.0 kPa, (b)

17.2 kPa and (c) 15.5 kPa.
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Figure 3.6: Shadowgraph images of detonation wave structure along the small ramp (0.5-

m-length) at sequential time frames for 2C2H2 + 5O2 + 21Ar mixture at (a) 13.8 kPa,

(b) 12.1 kPa and (c) 9.0 kPa.
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Figure 3.7: Shadowgraph images of detonation wave structure along the small ramp (0.5-

m-length) at sequential time frames for 2C2H2+5O2+21Ar mixture at (a) 8.3 kPa, (b)

7.6 kPa and (c) 6.9 kPa.
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Figure 3.8: Strong transverse wave along with thick reaction zone and enlarged cellular

structure for 2C2H2+5O2+21Ar mixture at 8.3 kPa (an enlarged view with more details

of Figure 3.7 (a).
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Figure 3.9: Shadowgraph images of detonation wave structure along the small ramp (0.5-

m-length) at sequential time frames for 2C2H2+5O2+21Ar mixture at (a) 6.2 kPa, (b)

6.0 kPa and (c) 4.8 kPa.
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Figure 3.10: Transverse detonation wave happening at the triple point location for

2C2H2 + 5O2 + 21Ar mixture at 6.2 kPa (an enlarged view with more details of Fig-

ure 3.9 (a).
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Figure 3.11: Thickened reaction zone and unreacted gas pockets behind the detonation

front for 2C2H2 + 5O2 + 21Ar mixture at 6.0 kPa (an enlarged view with more details

for Figure 3.9 (b)).
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Figure 3.12: Shadowgraph images of detonation wave structure along the large ramp

(1-m-length) at sequential time frames for C3H8 +5O2 mixture at (a) 13.8 kPa, (b) 12.1

kPa and (c) 10.3 kPa.
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Figure 3.13: Shadowgraph images of detonation wave structure along the large ramp

(1-m-length) at sequential time frames for C3H8 + 5O2 mixture at (a) 8.7 kPa, (b) 6.9

kPa and (c) 5.2 kPa.
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Figure 3.14: Shadowgraph images of detonation wave structure along the large ramp

(1-m-length) at sequential time frames for C3H8 + 5O2 mixture at (a) 4.1 kPa, (b) 3.4

kPa and (c) 2.1 kPa.
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Figure 3.15: Complex pattern of shear flow and pockets of unburned gas behind the

detonation front for C3H8 + 5O2 at 3.4 kPa (an enlarged view with more details for

Figure 3.14 (b)).
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Figure 3.16: Shadowgraph images of detonation wave structure along the small ramp

(0.5-m-length) at sequential time frames for C3H8 + 5O2 mixture at (a) 12.1 kPa, (b)

10.3 kPa and (c) 8.6 kPa.
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Figure 3.17: Shadowgraph images of detonation wave structure along the small ramp

(0.5-m-length) at sequential time frames for C3H8 + 5O2 mixture at (a) 6.2 kPa, (b) 5.5

kPa and (c) 4.5 kPa.
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Figure 3.18: Non-reactive transverse wave and finely textured unreacted gas behind the

detonation front propagating along the small ramp for C3H8 + 5O2 mixture at 5.5 kPa

(An enlarged view with more details for Figure 3.17 (b)).
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Figure 3.19: Shadowgraph images of detonation wave structure along the large ramp

(1-m-length) at three repeated experiments for C3H8 + 5O2 mixture at 5.2 kPa.
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Figure 3.20: Shadowgraph images of detonation wave structure along the large ramp

(1-m-length) at three repeated experiments for C3H8 + 5O2 mixture at 2.8 kPa.
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Figure 3.21: Average detonation wave speed measured along the top wall of the diverging

domain with respect to initial pressure of the 2C2H2 + 5O2 + 21Ar and C3H8 + 5O2

mixtures compared to the CJ speed.



Chapter 4

Quasi-one-dimensional model for

detonations with mass divergence

4.1 Overview

This chapter presents the solution for the steady traveling wave in a reactive system

with constant mass divergence, also known as the quasi-one-dimensional ZND theory.

On this basis, the equations governing the quasi-one-dimensional motion of the fluid

are presented, for which we seek the traveling wave solution. The model is closed by

prescribing a two-step reaction model, for which its parameters are extracted for both

acetylene and propane mixtures from chemical kinetic calculations using the state-of-the-

art chemical kinetic database. The steady ZND solutions with constant mass divergence

are hence obtained. These are further compared to experiments in the following chapters

of the thesis.

4.2 Governing equations of motion

Consider a detonation wave propagating in a geometry with variable cross-sectional area

such as that shown in Figure 4.1. The Figure also shows the subsequent expansion of a

stream tube of the fluid, coming through the shock front. The most general form of the

governing equations of motion for such a nozzle flow can be expressed by the reactive

Euler equations [3, 54, 55]:

Dρ

Dt
+ ρ

∂u

∂x
+ ρ

u

A

dA

dx
= 0 (4.1)

51
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Figure 4.1: Schematic for propagation of a detonation wave in a diverging domain in-

cluding the absolute and shock attached frames of reference (v denotes the fluid speed

in the shock frame of reference).

ρ
Du

Dt
+

∂p

∂x
= 0 (4.2)

Dp

Dt
− c2

Dρ

Dt
= ρc2σ̇ (4.3)

ρ
DYi

Dt
= ω̇i (4.4)

where ρ, u, p and c denote the density, speed along the x direction, pressure and the sound

speed of the fluid, respectively. The variables x, t and A denote the space coordinates

in the lab frame of reference, time coordinate and cross-sectional area of the channel,

respectively. Symbols Yi and ω̇i are the mass fraction and net rate of creation for the

ith species of the reactive mixture. Derivative D/Dt is the material derivative along the

path of a fluid particle expressed by D/Dt = ∂/∂t + u∂/∂x. Finally, σ̇ denotes the

thermicity, defined as the chemical energy release rate and expressed by [3, 28, 56, 57]:

σ̇ =

N
∑

i=1

(
W

Wi
− hi

cpT
)
Dyi
Dt

(4.5)

where Wi and hi denote the molar mass and specific enthalpy of the ith species, respec-

tively. Symbols W, cp and T denote the mean molar mass, specific heat at constant
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pressure and the absolute temperature of the mixture, respectively. The total number of

species that has been specified is characterized by N .

4.2.1 Conservation laws in the wave frame of reference

The governing Equations (4.1)-(4.4) can also be rewritten in a reference coordinate sys-

tem attached to the shock wave. As shown in Figure 4.1, x′ is the coordinate of space in

the shock attached frame of reference. The transformation equations is expressed by

x′ = R − x (4.6)

where R is the location of the wave in the lab frame of reference and is obtained from

detonation speed D by

R =

∫ t

0

D(t′)dt′ (4.7)

and

∂

∂t
=

∂

∂x′

∂x′

∂t
= D

∂

∂x′
+

∂

∂t
(4.8)

∂

∂x
=

∂

∂x′

∂x′

∂x
+

∂

∂t

∂t

∂x
= − ∂

∂x′
. (4.9)

Rewriting (4.1) using (4.8) and (4.9) yields

∂ρ

∂t
+

∂

∂x′
(ρ(D − u)) + ρ

u

A

dA

dx
= 0. (4.10)

Let v = D−u be the speed in the shock attached frame of reference. Equation (4.10)

would then read

∂ρ

∂τ
+

∂

∂x′
(ρv) + ρ

(D − v)

A

dA

dx
= 0. (4.11)

In the same fashion, the other conservation Equations (4.2) to (4.4) could also be

transformed to the wave frame of reference as

∂

∂t
(D + v) + v

∂

∂x′
(D + v)− 1

ρ

∂p

∂x′
= 0 (4.12)

∂p

∂t
+ v

∂p

∂x′
− c2(

∂ρ

∂τ
+ v

∂ρ

∂x′
) = ρc2σ̇ (4.13)
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ρ(
∂Yi

∂t
+ v

∂Yi

∂x′
) = ω̇i. (4.14)

4.2.2 Steady traveling wave solution

The steady traveling wave solution to the conservation laws is obtained by setting the

terms with derivative of the time to zero in Equations (4.11)-(4.14), yielding:

d

dx′
(ρv) + ρ

(D − v)

A

dA

dx
= 0 (4.15)

v
d

dx′
(D + v)− 1

ρ

dp

dx′
= 0 (4.16)

v
dp

dx′
− c2v

dρ

dx′
= ρc2σ̇ (4.17)

ρv
dYi

dx′
= ω̇i. (4.18)

Since 1
A

dA
dx

is not a function of time and constant in our problem, Equations (4.15)-

(4.18) express the steady traveling wave solution for the problem. Note that this departs

from previous treatments, where the area divergence term is never a constant, but as-

sumed to be so in various approximations, as discussed in the introduction. In our case,

it is constant by the formulation of the problem.

4.2.3 Alternate view

An equivalent description can be obtained by directly writing the governing equations of

motion for steady flow in a stream tube of the fluid coming through the shock front (see

Figure 4.1). In this alternate view of the problem, the conservation of mass reads as

d

dx′
(ρv) + ρ

v

A′

dA′

dx′
= 0 (4.19)

where A′ is the area of the fluid stream tube as shown in Figure 4.1. Comparing Equations

(4.15) and (4.19) a relation between the area divergence of the channel and the stream

tube area divergence is obtained as follows:

α =
1

A′

dA′

dx′
= K(

D

v
− 1) (4.20)

where α expresses the rate of stream tube area divergence and
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K =
1

A

dA

dx
(4.21)

denotes the rate of diverging geometry area change.

To obtain the solution for the quasi-one-dimensional flow field, the governing Equa-

tions (4.16)-(4.19) should be integrated with their appropriate boundary conditions.

However, a more convenient form for integration would be in terms of each of the vari-

ables in the equations. This form is obtained by differentiating and combining Equations

(4.16) to (4.19) together yielding Equations (4.22)-(4.25), known as the ZND equations

for detonations with mass divergence [28, 56, 57].

dp

dx′
= −ρv

(σ̇ − vα)

η
(4.22)

dρ

dx′
= −ρ

v

(σ̇ − vM2α)

η
(4.23)

dv

dx′
=

(σ̇ − vα)

η
(4.24)

dYi

dx′
=

ωi

ρv
(4.25)

where η denotes the sonic parameter expressed by

η = 1−M2 (4.26)

and M is the flow Mach number in the shock wave’s frame of reference that is defined

by ratio

M =
v

c
. (4.27)

4.2.4 Boundary conditions

In order to integrate Equations (4.22) to (4.25), a key issue is prescribing the appropri-

ate boundary conditions. On this basis, the boundary conditions for the problem are

described in the following.
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Boundary conditions at the shock

The boundary condition at the shock location is the prescription of the flow proper-

ties immediately after the shock. These properties are computed from the shock jump

conditions evaluated at fixed composition [58, 57, 59].

ρ2
ρ1

=
(γ + 1)M2

s

(γ − 1)M2
s + 2

(4.28)

p2
p1

= 1 +
2γ(M2

s − 1)

γ + 1
(4.29)

v2
D

=
2(M2

s − 1)

(γ + 1)M2
s

(4.30)

where Ms is the shock wave Mach number expressed by

Ms =
D

c1
(4.31)

In the above Equations, state 1 denotes the reactant conditions upstream of the shock

front and v1 = D. State 2 denotes the Von Neumann [VN] conditions just downstream

of the shock (beginning of the reaction zone). These properties are evaluated for state 2

with a given shock speed D and upstream state 1. Since the post-shock state variables

are a function of detonation speed D, therefore the entire solution to the problem will be

parametrized by D. Only a single value of D, the so-called detonation speed eigenvalue,

will simultaneously satisfy the downstream boundary conditions, described next.

Generalized CJ condition

The downstream boundary condition is the so-called generalized Chapman-Jouguet con-

dition that requires the flow to be non-singular. The flow is initially subsonic behind the

shock. The exothermicity drives the flow towards the sonic flow condition. Eventually

the flow becomes supersonic in the wave frame. The sonic parameter η must thus pass

through zero within the reaction zone. Inspection of the structure equations indicates

that the only way in which this can occur and still have a non-singular solution is for

the numerator σ̇− vα to vanish at the same location as η, i.e., at the sonic point M = 1

in Equations (4.22)-(4.24). This will occur only for particular values of the shock speed

Ds for each value of the curvature K. The appearance of a sonic point in this flow

can be attributed to the competing effects of chemical energy release σ̇ and area change
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vα. Therefore, the numerator of the governing equations σ̇ − vα must vanish with the

denumerator at the sonic point M = 1. This is called the generalized Chapman-Jouguet

criterion for detonations with losses.

4.3 Reaction model

In order to solve Equations (4.22)-(4.25), a chemistry model is needed to establish the

link between the chemical reactions and chemical energy release rate and define the

thermicity σ̇. Such calculations, especially in multi-dimensions, may be computationally

demanding, so the model for the chemical reactions must be both fast and accurate

enough for the problem at hand. A first approach might be to try to use a detailed

chemical model consisting of a very large number of chemical reactions among many

chemical species. The drawbacks of such an approach are the computational costs, and

the fact that very rarely are all the individual elementary reactions known well enough

to justify their use [60]. Therefore, this approach may not be practical or justified for

multi-dimensional flows or flows with complicated chemical reaction mechanisms. To

be usable in practical applications, numerical simulations should be inexpensive enough

to permit rapid calculations for a wide range of the governing parameters for a given

problem. This has led to a number of approaches to determining suitable simplified

chemical models.

One common approach is to replace the full reaction set by a simplified reaction

mechanism, the simplest consisting of a single irreversible Arrhenius reaction. This

type of one-step reaction model has been used extensively in simulating a wide range

of detonation problems, from the early works on one-dimensional pulsating detonations

[61] to multi-dimensional detonations with cellular structure [43, 62, 63].

In the meanwhile, systematic methods of replacing the full set of chemical reactions by

a reduced reaction set have been further introduced [60, 64]. For instance, in high-speed

compressible flows with sudden heating of reactive mixtures by shock waves, the chemical

reactions are found to consist of two distinct periods [65]. Such chemical reactions

essentially consist of a thermally neutral induction period, characterized by an induction

time ti and a reaction time tr. During this induction period, the reactant molecules

dissociate to form free radicals with negligible changes in the temperature and pressure

of the mixture. This is followed by a zone of recombination of the generated radicals into

product molecules and consequent energy release (within a reaction zone). During this

reaction period, the final combustion products are generated [65].
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Such observations have resulted in the development of two-step induction-reaction

models to represent these two phases of combustion. An early example of a two-step

reaction model is the work of Korobeinikov et al., [66]. Two-step models for reaction, have

been used successfully in numerical simulations to reproduce observed characteristics of

detonations and their structure in various problems. Some examples include the work

of Oran et al. [67], Taki and Fujiwara [68], He and Clavin [69], Oran et al. [70] and

Kailasanath et al. [71].

4.3.1 Two-step model

Although full chemistry models are affordable for steady wave calculations, multi-dimensional

unsteady calculations, such as those presented in the next chapter, are very costly and

are presently not possible. In the current study, in order to avoid the difficulties and

drawbacks of performing the detonation simulations with full chemistry, the two-step

reaction model used by Short and Sharpe [47] was adopted with the following equations

for the induction and reaction progress variables.

Dλi

Dt̃
= −K̃iH(λi)e

−
Ẽa
R̃T̃ (4.32)

Dλr

Dt̃
= K̃r(1−H(λi))(1− λr)

ν (4.33)

where λi denotes a progress variable for the induction zone, with a value of 1 in reac-

tants and 0 at the end of the induction zone and K̃i is a rate constant and H() is the

Heaviside function which turns off the progress variable λi at the end of the induction

zone. Likewise, K̃r, λr and ν are the reaction zone rate constant, progress variable and

reactions order, respectively. The reaction zone progress variable λr is also assumed to

be 0 in the induction zone and take a value of 1 in the burned products.

In the two-step model considered, there is no energy release in the induction zone

and all of the heat release occurs in the reaction zone. The residual chemical energy q̃

can then be written in terms of the progress variable of the reaction zone λr as

q̃ = λrQ̃ (4.34)

where Q̃ represents the total chemical energy that is released during the reaction. The

thermicity, representing the effective rate of energy release, was expressed as [3, 72]
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σ̇ = (γ − 1)
Q̃

c̃2
Dλr

Dt̃
(4.35)

where γ is the specific heat ratio.

This Equation (4.35) is used instead of (4.5) along with Equations (4.22) to (4.25) to

obtain the structure for quasi-one-dimensional detonations with mass divergence in the

framework of the two-step reaction model.

4.3.2 Extracting the parameters for the reaction model

Induction and reaction time scales

While there are numerous methods that can be used to extract meaningful values for

detonation kinetic parameters in the framework of the reaction model chosen [28, 73,

74, 75], the present research adopted the method of Radulescu et al. [28, 75]. The

induction and reaction times of the mixture are calculated by performing constant volume

ignition calculations with the full chemistry for the reactive mixture at the Von Neumann

(VN) shock state. In this regard, the VN state was found through chemical equilibrium

calculations performed using the NASA CEA code [53]. The calculations also provided

the shock speed. The post shock conditions were obtained assuming the composition

remains frozen across the shock.

The constant volume calculations were performed using the CANTERA package [76].

In this regard, for both acetylene and propane mixtures the Sandiego mechanism [77]

optimized for the combustion of these fuels was used. In the calculations, the ignition

delay time t̃ign, was taken as the delay to the point of maximum rate of temperature

changes with respect to time (dT̃ /dt̃)Max. The characteristic reaction time t̃e was also

taken as the characteristic time scale for the rise, i.e., the inverse of the maximum rate

of the heat release [5, 28]:

t̃e = (d(lnT̃ )/dt̃)−1
Max. (4.36)

Effective activation energy

The activation energy was extracted from the approximate dependence of the ignition

delay t̃ign on initial temperature, which can be approximated by [28]

t̃ign ∝ exp(
Ẽa

R̃T̃
). (4.37)
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The activation energy can thus be obtained by calculating the ignition delays at two

different temperatures bracketing the VN state. We chose the bracketing temperatures

as T̃vN and T̃vN +100K to get the corresponding ignition delay times. As a consequence,

we obtained

Ẽa

R̃T̃vN

=
1

T̃vN

(
ln(t̃ign+)− ln(t̃ign)

1
T̃vN+

− 1
T̃vN

). (4.38)

Heat Release

The heat release parameter was extracted from equilibrium calculations so that a perfect

gas model using this value of energy release and the ratio of specific heats evaluated at

the VN point yielded the exact CJ detonation Mach number [5], i.e.,

Q̃

R̃T̃0

=
γ

2(γ2 − 1)
(MCJ − 1

MCJ
)2. (4.39)

Stability parameter

In the literature, detonability of reactive mixtures and their propensity to establish deto-

nation waves, have been assessed by a parameter called the stability parameter, expressed

as the following [28, 75, 47, 78, 72]:

χ =
Ẽa

R̃T̃vN

t̃ign

t̃e
. (4.40)

After calculating the values for activation energy, ignition delay and reaction time,

and as the next step in the extracting two-step model parameters for the mixture, the

stability parameter χ was calculated using Equation (4.40).

Induction rate constants Ki

In extracting the induction and reaction rate constants, an appropriate scaling has been

performed using the reference scales in the two-step model framework. In this regard,

the length was scaled by the length of the induction stage ∆̃i so that

x =
x̃

∆̃i

. (4.41)

Pressure, density and velocity were also normalized by the upstream state to be
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p =
p̃

p̃0
ρ =

ρ̃

ρ̃0
u =

ũ
√

p̃0
ρ̃0

(4.42)

and, finally the time was scaled by ratio

t =
t̃
√

p̃0
ρ̃0

∆̃i

. (4.43)

Using the above mentioned normalization, the induction rate constant K̃i was found

in the following way. Integrating the equation for evolution of the induction zone (4.32)

through the whole induction period yields

λi(t̃)
∣

∣

∣

t̃=t̃i

t̃=0
= −K̃iH(1− λi)e

−Ẽa/R̃T̃
∣

∣

∣

t̃=t̃i

t̃=0
(4.44)

and therefore

t̃i = K̃i
−1
eẼa/R̃T̃s. (4.45)

The induction time in the frame work of two-step model can also be obtained from

t̃i =
∆̃i

D̃ − ũs

(4.46)

where D̃ and ũs denote the shock speed and the speed of the gas behind the shock,

respectively. Combining Equations (4.45), (4.46), the shock jump condition for the speed

(4.30) and using the described scaling, the induction rate parameter can be obtained as

Ki =

√
γ[2 + (γ − 1)M2]

(γ + 1)M
eẼa/R̃T̃s (4.47)

and the scaled time for the induction period follows from (4.45) as

ti =
(γ + 1)M

√
γ[2 + (γ − 1)M2]

. (4.48)

Reaction rate constants Kr

For the two-step model used, the maximum thermicity occurs at the beginning of the

reaction zone when the induction zone terminates. Therefore, at the beginning of the

reaction zone and based on Equation (4.33)

(
Dλr

Dt
)Max = Kr (4.49)
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Table 4.1: Values of the kinetic parameters in the framework of the reduced chemistry

model for the acetylene and propane mixtures

Mixture γ Ẽa/R̃T̃0 Q̃/R̃T̃0 Ki Kr

2C2H2 + 5O2 + 21Ar 1.42 27.75 18.3 86.05 8.13

C3H8 + 5O2 1.14 56 99 84727.8 5.13

by using Equations (4.35) and (4.36), the scaled reaction time in the framework of the

two step model is obtained as

te = [(γ − 1)
Q̃

c̃2
Kr]

−1 = (
1
˙sigma

)Max. (4.50)

The calculated value for χ in the previous steps was used to extract the value for the

reaction rate parameter Kr. Combining Equations (4.40), (4.48) and (4.50), the reaction

rate parameter is given by

Kr = χ
γ

γ − 1
(ti

Ẽa

R̃T̃s

Q̃

R̃T̃s

)−1. (4.51)

Parameters for acetylene and propane mixtures

The parameters of the two-step reaction model were extracted for both acetylene and

propane mixtures using the above mentioned steps. The values are reported in Table

4.1. Comparison was performed between the full chemistry and the two-step model used

for calculations. Figures 4.2, 4.3 and 4.4 show the pressure, density and speed profiles

behind a steady detonation wave, respectively. The profiles with the full chemistry were

obtained by using the shock and detonation toolbox developed by Joseph Shepherd and

adopting the Sandiego mechanism [77] for the combustion of the gases. It can be seen

that the hydrodynamics captured by the two-step model is in good agreement with the

full chemistry model.

4.4 Results

In order to obtain the dynamics of quasi-one-dimensional detonations with mass diver-

gence, the governing Equations (4.22)-(4.24) along with the two-step reaction model

Equations (4.32) and (4.33), were solved numerically with their appropriate boundary
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conditions described in Section 4.2.4. Numerical integration of the equations was per-

formed using the Mathematica software that chose the appropriate ODE solver based

on the stiffness of the equations. Calculations were performed for different values of the

detonation speed and by searching for singularity in the solution within the machine

precision, the corresponding value for area divergence rate was obtained.

Numerical solution finally provided the relationship between the shock speed and the

area divergence rate K. The calculations were performed using the parameters obtained

from kinetic calculations for each mixture (see Table 4.1). The results of the calculations

for both acetylene-oxygen-argon and propane-oxygen mixtures are shown in Figure 4.5.

In this Figure, the detonation speed normalized with the CJ speed is plotted with respect

to the area divergence rate of the channel. It can be seen that when the value of the area

divergence is zero, the detonation propagates with the CJ speed as expected. For both

mixtures, by increasing the value of the area divergence, the corresponding speed deficit

for the shock increases until the curve reaches an inflection point where the detonation

wave extinguishes. A Further increase in the area divergence does not allow a steady state

solution. The reason for this is the inability for the weaker exothermicity to drive the

flow to the sonic condition, as the mass divergence, having the opposite effect, is stronger.

It can be seen that the critical rate of area divergence required for the extinction of the

detonation wave is bigger in the acetylene mixture. Also the critical velocity deficit in the

acetylene mixture (86%) is more substantial than in propane mixture (94%). Finally,

it should be noted that the numerical solution has provided a double valued relation

between the detonation speed and the divergence rate where the bottom branch of the

curve is the nonphysical part of the solution.
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Figure 4.2: Pressure profiles behind a steady detonation wave as a function of time

obtained by using full chemistry and two-step reaction model.

Figure 4.3: Density profiles behind a steady detonation wave as a function of time

obtained by using full chemistry and two-step reaction model.
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Figure 4.4: Speed profiles behind a steady detonation wave as a function of time obtained

by using full chemistry and two-step reaction model.
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Figure 4.5: Detonation speed changes with respect to area divergence rate for quasi-one-

dimensional detonations with mass divergence for the 2C2H2+5O2+21Ar and C3H8+5O2

mixtures.



Chapter 5

Cellular dynamics of detonations

with constant mass divergence

5.1 Overview

In this chapter, the results of the numerical investigation of the dynamics for two-

dimensional cellular detonations with constant mass divergence are presented for the

acetylene-oxygen-argon mixture. The governing equations are described. The numerical

platform used for solving the flow is introduced and benchmarked with a known solution.

Finally, the solution to the flow field is sought and discussed in the diverging domain.

5.2 Governing equations

Consider the motion of a compressible fluid with chemical energy content in a two-

dimensional domain. The dynamics of the fluid motion are governed by the two-dimensional

reactive Navier-Stokes equations. For fast high Mach number detonation wave solutions,

diffusive terms can be neglected and thus the reactive Euler equations can be taken as

the set of the equations governing the flow motion [3, 6, 72]. The conservation of mass,

linear momentum, and energy equations therefore read

Dρ̃

Dt̃
+ ρ̃(

∂ũ

∂x̃
+

∂ṽ

∂ỹ
) = 0 (5.1)

Dũ

Dt̃
+

1

ρ̃

∂p̃

∂x̃
= 0 (5.2)

67
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Dṽ

Dt̃
+

1

ρ̃

∂p̃

∂ỹ
= 0 (5.3)

D

Dt̃
(ẽ− λQ̃) + p̃

D

Dt̃
(
1

ρ̃
) = 0. (5.4)

In the above set of Equations, ρ̃, p̃, ũ and ṽ denote the density, pressure and fluid

velocity components in x and y directions, respectively. Also, x̃ and ỹ represent the

space coordinates and t̃ is the time coordinate. Likewise, ẽ and Q̃ denote the specific

internal energy of the material and residual chemical energy available in it. Finally,

D/Dt̃ = ∂/∂t̃+ ũ∂/∂x̃+ ṽ∂/∂ỹ denotes the material derivative and symbols with tildes

represent dimensional quantities.

The fluid is assumed to be as a calorically perfect gas described by the equation of

state

ẽ =
1

γ − 1

p̃

ρ̃
(5.5)

where γ is the isentropic exponent.

For the evolution of the chemical reactions, once again the two-step reaction model

with the following separate equations for the induction and reaction stages used by Short

and Sharpe [47] (described in Section 4.3.1 by Equations (4.32) and (4.33)), is adopted.

5.2.1 The non-dimensional form

In the numerical simulations of this thesis, the pre-shock state in the steady ZND solution

was adopted as the state to scale the flow variables by. Therefore, the pressure and density

are non-dimensionalized by the initial pressure and density, respectively.

p =
p̃

p̃0
, ρ =

ρ̃

ρ̃0
(5.6)

In order to keep the consistency of scales, the reference scales for flow motion and

energy becomes
√

p̃0/ρ̃0 =
√

R̃T̃0 = c̃0/
√
γ and p̃0/ρ̃0 = R̃T̃0 = c̃20/γ, respectively.

Hence, the non-dimensional speed and energy are obtained as

u =
ũ

√

p̃0/ρ̃0
, e =

ẽ

p̃0/ρ̃0
=

ẽ

R̃T̃0

. (5.7)
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The space coordinates were also scaled by the induction length of the steady ZND

wave ∆i (defined as the distance from the shock front to the point where λi becomes 1.0)

yielding the non-dimensional space coordinates as

x =
x̃

∆̃i

, y =
ỹ

∆̃i

(5.8)

To keep the governing equations invariant under the non-dimensionalization, the time

coordinate should be scaled by ∆̃i/
√

p̃0/ρ̃0 yielding the non-dimensional time as

t =
t̃
√

p̃0/ρ̃0

∆̃i

(5.9)

and the non-dimensional variables for activation energy and chemical heat release are

obtained as

Ea =
Ẽa

R̃T̃0

, Q =
Q̃

R̃T̃0

. (5.10)

5.3 The numerical platform

A numerical solution to the non-dimensional form of the governing system of Equations

(5.1) to (5.4) along with (4.32) and (4.33) was obtained using the MG code developed by

Professor Sam Falle of the University of Leeds [79, 80]. To solve the partial differential

equations and to treat the convective terms, the code uses a second-order accurate exact

Godunov scheme. The scheme solves Riemann problems at each inter-cell boundary.

Also, the Van Leer limiter is used to correct the fluxes at the cell boundaries.

The reactive dynamics were added to the otherwise inert source code by defining two

scalars. These were advected conservatively using the fluxes evaluated from the Riemann

solvers. Their respective sources were evaluated by directly evaluating the right hand

sides of equations (4.32) and (4.33). Likewise, the energy addition source term was

added to the energy equation. This essentially amounted to an explicit formulation for

the reactive source terms. Since a high resolution of the reaction zone was otherwise

required to capture the cellular dynamics (as described below), the explicit formulation

was not restrictive.

The time evolution of the chemical source terms is performed explicitly and coupled

to the hydrodynamics by the method of fractional time steps [79]. The appropriate

time step is subject to the Courant stability condition by considering the maximum
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wave speed in the cell. To make the scheme second order, the code introduces some

structure inside the cells to allow the variation of conserved variables Uij over the time

step. second order time accuracy is obtained by using the first order scheme to obtain an

intermediate solution Uij+ 1

2

at the half-time t = (tk+ tk+1)/2. This intermediate solution

gives a better estimate on the derivatives to solve the flow field across the whole time

step. The intermediate solution is then used as input to evolve the solution across the

whole time step [80].

The code also features adaptive mesh refinement controlled by user defined differences

between the solutions computed at different grid levels. In this regard, a hierarchical

series of rectangular Cartesian grids, G0, ...Gn, are used so that grid Gn has the mesh

spacing h/2n where h is the coarse grid size. The advanced solution on the grids Gn−1

and Gn are compared on a cell-by-cell basis, to decide whether cells on the latter need

to be refined. Refinement also occurs in time, so that if the time step on G0 is ∆t, then

it is ∆t/2n for Gn.

All the solid surfaces are treated by a symmetry boundary condition. The internal

boundaries, like the curved wall used in the problem of this thesis, are also implemented

directly on the Cartesian grid in a staircase fashion. This appeared as adequate when

a sufficiently high resolution was used, as described below. This method is suitable to

handle irregular geometries while the computational domain is discretized using a regular

Cartesian grid. The method imposes a symmetry boundary condition on each cell surface

representing a gas-solid interface.

5.3.1 Benchmarking the code

The modifications to the MG code to include the reactive dynamics were first bench-

marked with the results existing in the literature for the pulsating instability of one-

dimensional detonations with a two-step chain-branching reaction model previously per-

formed by Short and Sharpe [47]. However, the non-dimensionalization used in this

thesis (see Section 5.2.1) differs from those used by Short and Sharpe, and therefore a

conversion between the scalings was needed in order to compare the results. The details

of the conversion is presented in Appendix B.

In the study of Short and Sharpe [47], the nonlinear dynamics of Chapman-Jouguet

pulsating detonations were studied both numerically and theoretically using an asymp-

totic treatment for the same two-step reaction model used in the present thesis. They

performed a parameter study and obtained the stability boundary for the pulsating in-
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Table 5.1: Parameters for the stability boundary of one-dimensional pulsating detona-

tions (scalings are with respect to those used in this study)

Ea Q γ Kr

Short and Sharpe [47] 23.55 4.0 1.4 0.635

This work 23.55 4.0 1.4 0.638

stabilities in terms of the parameters of the problem. The stability boundary found in

Short and Sharpe’s study is shown in Table 5.1 in terms of the scaling used in this thesis.

Short and Sharpe used the parameters γ = 1.4, Q = 4.0, ν = 0.5 and found the stability

boundary for a given activation energy Ea by varying Kr. The resolution used by Short

and Sharpe typically corresponded to 256 points for the detonation reaction zone length.

The resolution used in this study was 64 points per induction length. For parameters

Ea = 23.55, γ = 1.4, Q = 4.0 and ν = 0.5, the ZND profile is 5.647 times the induction

length, and therefore the resolution of 64 points per induction length, corresponds to 361

grid points over the entire detonation reaction zone length. This is slightly more points

than was used by Short and Sharpe [47].

Very good agreement was found between the results generated by the code used in

this thesis and those generated by Short and Sharpe [47]. Figures 5.1, 5.2 and 5.3 show

the evolution of the shock pressure for the Kr values of 0.5, 0.638 and 0.7, respectively.

It can be seen that instabilities start to grow at Kr = 0.638 and are both amplified and

period doubled by increasing the value of Kr to 0.7.

5.4 Cellular detonations in diverging domain

5.4.1 Numerical domain

In the numerical simulations, a diverging domain was adopted. The domain consisted of

a constant area zone which was connected to a channel with a diverging cross-sectional

area (see Figure 5.4). The length and the height of the domain were 1000 and 100

induction zone lengths, respectively. The length and the height of the constant area

zone were 400 and 10 induction zone lengths, respectively. Similar to the experiments

performed in Chapter 3, the diverging section of the domain had a cross-sectional area

varying exponentially. The channel height in the diverging section was given by:
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Figure 5.1: The variation of shock pressure normalized by the Von Neumann pressure

with respect to time for Ea = 23.55, Q = 4 and Kr = 0.5.

y = y0e
K(x−x0) (5.11)

where K was the area divergence rate of the ramp as defined in Equation (4.21) and x0

and y0 denote the coordinates at the beginning of the diverging domain with the values

of 400 and 10, respectively.

5.4.2 Initial and boundary conditions

The acetylene-oxygen-argon mixture, with the two-step kinetic parameters extracted and

reported in Table 4.1, was adopted for the simulations. A planar blast wave originating

from a plane source of energy was prescribed at the beginning of the constant area zone.

The energy source was a thin band of gas given a high pressure of 1000 times the initial

pressure. Symmetric boundary conditions were prescribed for the walls. As time step

progresses, the blast wave originating from the high pressure band decays towards a

self-sustained detonation wave. Eventually, a cellular detonation wave propagating in

a self-supported manner was established before the beginning of the diverging domain.

During the propagation in the diverging section, the dynamics of the detonation wave
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Figure 5.2: The variation of shock pressure normalized by the Von Neumann pressure

with respect to time for Ea = 23.55, Q = 4 and Kr = 0.638.

were investigated. Simulations were repeated for different values of the curvatureK of the

ramp in order to reach the detonation wave extinction limits and the speed measurements

were performed for each case. This is equivalent to changing the sensitivity of the mixture

by varying its initial pressure in the experiments.

5.4.3 Resolution and grid convergence

Figure 5.5 shows an enlarged view of the mesh used in the simulations. The coarse grid

fills the entire domain, but refinement only exists where it is needed. Refinement depends

on how rapidly the solution varies. For example, whether a level 2 cell is refined to level

3 depends upon the fractional difference between the level 1 and level 2 solution. If this

exceeds a tolerance set to 0.01 in this study, then the cell is refined to level 3. Similarly,

refinement to level 4 depends on the difference between levels 2 and 3, and so on. Figures

5.6 and 5.7 show the density and the density gradient plots for the region shown in Figure

5.5. The details of the detonation front, reaction zone and the flow field are shown in

these Figures. Comparing Figures 5.5, 5.6 and 5.7 together, it can be seen that in the

regions very close to the shock, due to the sharp gradients of the changes in the solution,
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Figure 5.3: The variation of shock pressure normalized by the Von Neumann pressure

with respect to time for Ea = 23.55, Q = 4 and Kr = 0.7.

Figure 5.4: The diverging domain adopted for numerical simulations for a value of

K=0.003.
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the most refined level of grids are employed. As the reaction zone terminates, based

on the tolerance adopted for the refinement, less refinement and more coarse grids are

employed. As the detonation travels in the diverging domain, the effective resolution per

reaction zone length increases due to the enlargement of the reaction zone. It can be

seen that for such sufficiently high resolutions no artificially generated wave reflection

due to the staircase boundary treatment is observed in the solution and thus the internal

boundary treatment is adequate.

To choose the appropriate mesh resolution for the problem, a grid convergence study

was performed. In the convergence study, the solution was obtained using different

levels of refinement. The characteristic features of the cellular structure obtained for the

detonation wave and the speed measurements for the detonation front were compared

at these different resolutions. For example, Figure 5.8 shows the numerical open shutter

images taken by tracking the maximum rate of chemical energy release rate and thus

illustrating the time history of the cellular instabilities for the detonation front. The

images were obtained with 3, 4, 5 and 6 levels of refinement in the most refined grid

corresponding to 8, 16, 32 and 64 cells per induction zone length, respectively.

As can be seen in Figures 5.8 (a) and (b), resolutions containing 8 and 16 grid point

per induction length, have revealed an almost similar sequence of events in terms of the

cellular instabilities. In the solutions obtained with these resolutions, for a major part of

the diverging section, a single triple point has been captured for the detonation front that

is propagating up and down between the domain walls. The solutions obtained using

32 and 64 grid points per induction length have good qualitative level of similarity to

each other, revealing more highly resolved events required for the goal of this thesis. For

instance, in Figures 5.8 (c) and (d), it can be seen that towards the end of the diverging

section, the birth of some newly generated fine scale cells are uncovered which are not

seen in Figures 5.8 (a) and (b).

To have a more quantitative comparison, a speed measurement was performed for the

solutions obtained using the above mentioned resolutions. Table 5.2 shows the average

speed of the detonation front measured along the top wall of the diverging domain for

resolutions using 8, 16, 32 and 64 grid points per induction length. It can be seen that

the results obtained for the 32 and 64 grid points are identical to the precision reported.

The performed convergence study showed that five refinement levels corresponding to

the resolution of 32 grids per induction zone of the non-attenuated detonation permitted

me to obtain grid-converged solutions for the acetylene mixture. Based on the above

qualitative and quantitative observations about the solutions at different resolutions, the
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Table 5.2: Average non-dimensional speed for the two-dimensional cellular detonation

wave along the top wall of the diverging domain with K=0.003 at different levels of

resolution
Resolution (GPI) D/DCJ

8 0.93

16 0.94

32 0.92

64 0.92

resolution of 32 grids per induction zone length was adopted for the study. The mesh

plot of Figure 5.5 and the flow field solutions of Figures 5.6 and 5.7 correspond to this

resolution.

5.5 Simulation results

5.5.1 Flow field evolution

Figure 5.9 shows the numerical density gradient plot (pseudo-Schlieren image) at five

sequential time frames of the wave propagation in a channel with divergence rate of K =

0.002. The image was obtained by plotting the density gradient for the whole numerical

domain. The dark tones in the image therefore correspond to high density gradients.

Accordingly, the shock front, the end of the induction zone and the transverse waves are

visualized with the dark tone in the image. This Figure shows that the detonation wave

was propagating from the left to the right of the channel as required. It can be seen that

at the beginning of the ramp, the detonation front has a relatively planar front. As the

wave continues to propagate along the domain, due to the flow divergence, it starts to

take a small but sensible curvature compared to the early frames.

Increasing the area divergence rate of the channel in another simulation to K = 0.003

(see Figure 5.10), reveals that the curvature of the front becomes more obvious. In the

early frames, it can be seen that the wave front consists of a single triple point that

maintains the detonation mechanism for the wave. However, in the last frame of this

sequence, the birth of a new triple point is also observed, which supports the detonation

wave even more against the cooling expansion effects that try to quench the detonation.

The bulged detonation front of the last frame, with its cellular instabilities can be seen
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with more details in the enlarged view of Figure 5.11.

Figure 5.12 shows the evolution of the detonation in a channel with higher area

divergence rate, i.e., K = 0.0035. The Figure shows that as the detonation wave moves

toward the end of the channel, cellular instabilities grow along the front. For instance, in

the first three frames, a curved wave with just one cell is seen. The number of the cells

increases in the fourth frame. Finally at the end of the ramp, a detonation wave with

many cellular instabilities established along its front is observed. In this last frame, a

relatively big pocket of unburned gas is seen behind the wave. This can be seen in more

detail in Figure 5.13. In this case, the increase in the divergence rate has emphasized the

cooling effects and consequently, some gas particles have escaped from being ignited by

the shock. These particles have formed a big pocket of unburned gas behind the shock.

However, the increase in the birth rate of the triple points still makes the chemical energy

release rate more successful in overcoming the cooling effects.

By further increasing the divergence rate of the channel to K = 0.004 (see Figures

5.14 and 5.15), the cooling effects become more important. It can be seen in the last

frames of the Figure 5.14 that the number of unburned gas pockets has increased. This is

shown better in the enlarged view of Figure 5.15. The fourth frame shows a detonation

front that experiences a substantial curvature due to the high rate of the flow divergence.

In the last frame, some portions of the wave have noticeably thickened reaction zones.

Finally Figure 5.16 shows that by increasing the area divergence rate to K = 0.006,

the expansion effects completely surpass the chemical energy release rate and succeeds in

decoupling the shock front from its reaction zone. The Figure shows that even from the

third frame, a big portion of the detonation wave is having a substantially large reaction

zone. In the last two frames, the detonation is quenched and just an inert shock wave,

very far from its reaction zone, is traveling toward the end of the domain.

Figure 5.17 shows the open shutter images visualizing the evolution of the cellular

structure in the mixture for different values of the area divergence rate of the domain.

It can be seen that at the beginning of the diverging section, that the cellular structure

is textured with very small sized cells. As the detonation travels inside the diverging

domain, these small cells enlarge into a bigger half cell. This half cell almost continues

toward the end in Figure 5.17 (a). However, in Figures 5.17 (b) and (c)(K = 0.002 and

K = 0.0035), at the ending section of the channel, the birth of some newly generated

smaller cells within this large cell is observed. This corresponds to the generation of some

new high temperature triple points that are favoring the chemical reactions and energy

release rates to overcome the divergence. Figure 5.17 (d) shows that after the detonation
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Figure 5.5: The structure of the mesh and the stair-case solid boundary used for the

numerical simulation of two-dimensional cellular detonations in the diverging domain.

wave travels a certain distance in the diverging section, that the cells start to disap-

pear. The disappearance of the cellular structure corresponds to the shock front being

deprived of any cellular instabilities. Consequently, the shock front is unable to sustain

the necessary detonation mechanisms and therefore the disappearance or quenching of

the cellular structure marks the extinction of the detonation.
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Figure 5.6: The two-dimensional density plot for a region surrounding the cellular deto-

nation wave while propagating in the diverging domain.
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Figure 5.7: The two-dimensional density gradient plot for a region surrounding the cel-

lular detonation wave while propagating in the diverging domain.
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Figure 5.8: The open shutter images (tracks of maximum rate of energy release) for

K=0.003 obtained at resolutions with (a) 8, (b) 16, (c) 32, (d) 64 grid points per induction

zone length.

Figure 5.9: The evolution of the detonation wave dynamics in the diverging channel with

K = 0.002 obtained by superpositioning of Schlieren images at different time steps.
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Figure 5.10: The evolution of the detonation wave dynamics in the diverging channel

with K = 0.003 obtained by superpositioning of Schlieren images at different time steps.

Figure 5.11: A zoomed view with more details for the last frames of Figure 5.10.

Figure 5.12: The evolution of the detonation wave dynamics in the diverging channel

with K = 0.0035 obtained by superpositioning of Schlieren images at different time steps.
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Figure 5.13: Curved detonation front with a big pocket of unburned gas behind it for

the detonation wave close to the end of diverging domain with K = 0.0035 (a zoomed

view with more details for the last frames of Figure 5.12).

Figure 5.14: The evolution of the detonation wave dynamics in the diverging channel

with K = 0.004 obtained by superpositioning of Schlieren images at different time steps.
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Figure 5.15: Thickening of reaction zone and increase in front curvature for the deto-

nation wave close to the end of diverging domain with K = 0.004 (a zoomed view with

more details for the last frames of Figure 5.14).

Figure 5.16: The extinction of the detonation wave in the diverging channel with K =

0.006 (image obtained by superpositioning of Schlieren images at different time steps).
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Figure 5.17: Time history of the cellular detonation structure obtained by tracking the

maximum energy release rate for (a) K = 0.002, (b) K = 0.0035, (c) K = 0.004 and (d)

K = 0.006 for the acetylene mixture.



Chapter 6

Discussion of the results

6.1 Overview

This chapter provides a comparison of the experimental results with the steady model

formulated and the results of the non-steady cellular-dynamics simulations. The quan-

titative comparison between the detonation speed dependence on mass divergence is

performed. On this basis, arguments on the role of the cellular structure in promoting

the dynamics of detonations with mass divergence are presented. Finally, the contri-

butions to original knowledge are presented and recommendations for future work are

provided.

6.2 D −K characteristic curves

The dynamics of detonations with constant mass divergence were investigated using dif-

ferent methods. In Chapter 3, detonations with constant mass divergence were studied

experimentally for a weakly unstable and a highly unstable reactive mixture. In Chapter

4, a steady one-dimensional solution for the dynamics of detonations with mass diver-

gence was obtained. Chapter 5 presented results of a numerical study on two-dimensional

cellular detonations in diverging channels. Having a quantitative comparison between

the results of these different methods would give a better insight and understanding on

the influence of cellular structure of detonations with mass divergence, on their dynamics

and propagation.

For instance, since the quasi-one-dimensional ZND model presented in Chapter 4

neglected the existence of cellular structure of detonations, comparing its predictions of
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dynamics with what observed experimentally in Chapter 3 isolates the role of the cellular

structure on the dynamics. Comparing these two sets of results with the ones obtained

from numerical simulations of cellular detonations also gives a better estimate on how the

predictions change by adding the unstable cellular features of detonations to the model.

6.2.1 Reduction of experimental data

Mass divergence rate due to boundary layers

The results of Chapter 4 showed that the dynamics of detonations with mass divergence

can be uniquely scaled to obtain a non-dimensional detonation speed - mass divergence

relation, as anticipated from literature [58, 56, 57, 59]. The experimental results were

thus reduced in the same fashion.

The total mass divergence rate experienced by the detonation wave in the experiments

described herein is due to the area divergence due to the diverging channel and the

divergence of the flow to the boundary layers on the channel walls. In this regard, and in

addition to the expansion losses, the contribution of the boundary layer losses inherent

in a thin channel should be considered in this analysis. This is done by introducing an

effective mass divergence rate to include both the expansion and boundary layer losses

as

Keff =
1

A

dA

dx
+ φBL (6.1)

where 1
A

dA
dx

denotes the expansion loss rate due to the area divergence of the channel and

φBL represents the mass divergence rate due to the boundary layers’ effect on the walls

of the channel.

In this analysis, the contribution of the boundary layers losses’ φBL has been obtained

experimentally by comparing the experiments performed on the two ramps (in the same

mixture) and calibrating the effective rate of mass divergence Keff to obtain a unique

relation between speed deficit and loss rate. Figure 6.1 shows the detonation speed

normalized by the CJ speed plotted with respect to the non-dimensional expansion loss

rate 1
A

dA
dx
∆i for the acetylene experiments. It can be seen that since the influence of

the boundary layer losses has not been considered in this plot, there is not a unique

identical relation between the speed deficit and the loss rate for both large and small

ramp data points. However, Figure 6.2 shows that by calibrating the effective rate of

mass divergence with an appropriate value for the boundary layers losses φBL, a unique
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and identical relation can be found between the speed deficit and the non-dimensional

mass divergence rate Keff∆i for all the experimental data obtained. In this work, the

value of φBL = 5.48m−1 was found to offer the best fitting for the experimental data

obtained from both the small and the large ramps. Figure 6.2 shows that, as expected,

by increasing the total mass divergence rate the speed of the detonation wave decays.

Based on the experiments performed for the acetylene mixture, the graph shows that

the extinction limits of the detonation wave in the acetylene mixture is met by reaching

Keff∆i = 7.6 × 10−3, which corresponds to a 24% speed deficit with respect to the CJ

speed.

In the same fashion, Figure 6.3 shows the variation of the detonation speed with

respect to the expansion rate 1
A

dA
dx
∆i for the propane mixture experiments. To account

for the boundary layer mass divergence in propane mixture, the same value of φBL =

5.48m−1 offered the unique fit between the experimental results. The D
DCJ

− Keff∆i

characteristic curve obtained for the propane mixture is presented in Figure 6.4. Figure

6.4 shows that the experimental extinction limit found for the propane mixture happens

at Keff∆i = 7.9 × 10−3, which corresponds to 25% of speed deficit with respect to the

CJ speed.

6.2.2 Quantitative comparison

After accounting for the boundary layer losses in the experiments, the experimental re-

sults were compared with the predictions of dynamics based on the quasi-one-dimensional

ZND model and the two-dimensional cellular simulations. The D
DCJ

− K characteristic

curves were obtained and presented in Chapter 4 for both mixtures. Also, for the cellular

simulations performed in Chapter 5, the D
DCJ

−K characteristic curves were constructed.

This was done by measuring the average shock front speed along the top wall from the

beginning of the diverging section toward the end of the numerical domain.

The results of such comparison can be seen in Figure 6.5 for the acetylene mixture.

The Figure shows that for such a weakly unstable mixture that there is a relatively good

agreement between the experimental limiting value of the mass divergence K∗ and its

prediction in the ZND model. However, it can be seen that for a given mass divergence,

the ZND model predicts a higher value of detonation speed compared to the experimental

values by about 2 ∼ 5%. Such a quantitative agreement between the experiments and the

ZND predictions indicates that the failure mechanism in the weakly unstable mixtures

in the experiments is consistent with the limits of curved ZND detonations, where the
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Table 6.1: Qunatitative comparison between the experimental and the predicted mass

divergence limits for acetelyne and propane mixtures

Mixture (Keff∆i)
∗

experiment K∗

ZND

∣

∣

∣

K∗

ZND
−(Keff∆i)∗experiment

(Keff∆i)∗experiment

∣

∣

∣
× 100%

2C2H2 + 5O2 + 21Ar 7.6× 10−3 7.4× 10−3 2.6%

C3H8 + 5O2 7.9× 10−3 1.3× 10−3 92.6%

existence of cellular structure is neglected. For smaller values of the mass divergence rate,

a good agreement between the experiments and the predictions of the two-dimensional

cellular simulations can be seen.

A similar comparison for the highly unstable (propane) mixture has also been per-

formed. For the unstable mixture, inviscid simulations have not been attempted in this

thesis, owing to the intrinsic difficulties associated with numerical diffusion in highly

unstable detonations [9]. Such simulations for the highly unstable detonations could be

performed in the future by adopting appropriate turbulence models which could provide

the correct burn rates. Accordingly, Figure 6.6 shows the D
DCJ

− Keff∆i characteristic

curves constructed using the experiments and the quasi-one-dimensional ZND model for

the propane mixture. It can be seen that there is a substantial difference between the

experiments and the ZND model prediction for this mixture. The experimental speed

is larger than predicted for a given mass divergence. The experimental limiting value

of the mass divergence is systematically higher than the predicted one by 75%, while

maximum speed deficit is also much larger in the experiment. These large discrepancies,

and the fact that the losses are over-predicted by the quasi-one-dimensional model in-

dicates that another mechanism such as the cellular structure plays a more important

role. This indicates the inadequacy of the steady ZND model, which neglects cellular

instabilities, to capture the failure mechanism in highly unstable mixtures. Tables 6.1

and 6.2 summarize the quantitative comparison performed in Figures 6.5 and 6.6.

6.3 Summary

The present research studied the influence of the cellular structure on the dynamics of

detonations with constant mass divergence. In this regard and in order to quantify this

influence, the dynamics of real detonations with constant mass divergence were com-
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Table 6.2: Qunatitative comparison between the experimental and the predicted deto-

nation velocity limits for acetelyne and propane mixtures

Mixture (Dexp

DCJ
)∗ (DZND

DCJ
)∗

∣

∣

∣

(
Dexp

DCJ
)∗−(

DZND
DCJ

)∗

(
Dexp

DCJ
)∗

∣

∣

∣
× 100%

2C2H2 + 5O2 + 21Ar 0.77 0.86 10.5%

C3H8 + 5O2 0.75 0.94 25.3%

pared with the predictions based on the quasi-one-dimensional ZND model and multi-

dimensional cellular simulations. Since the ZND model neglects the existence of cellular

structure of detonations, such comparison permitted to assess the role of cellular structure

on the dynamics of detonations with constant mass divergence. Accordingly, the dynam-

ics of real detonations with constant mass divergence were studied through experiments

with acetylene-oxygen-argon (2C2H2 + 5O2 + 21Ar) and propane-oxygen (C3H8 + 5O2),

as mixtures representing weakly unstable and highly unstable detonations. To study

the dynamics quantitatively, the speed deficit of the detonation wave was studied with

respect to the non-dimensional rate of mass divergence in the experiments. Accord-

ingly, by accounting for both the expansion and boundary layer losses, the D
DCJ

−Keff∆i

characteristic curves were constructed for each of the mixtures. Quantitative analysis

of the experiments showed that the speed deficit increases with the rate of mass diver-

gence. Both mixtures showed approximately the same behaviour, with maximum speed

deficits of approximately 20%. The limiting maximum mass divergence rates beyond

which detonations are quenched were also similar for both mixtures.

The speed deficits measured in the experiments were then compared with an estimate

of the speed deficit obtained from the quasi-one-dimensional ZNDmodel with lateral mass

divergence. In this regard, the ZND appraisal of the speed deficit with respect to the

rate of mass divergence was calculated for both mixtures. Finally, to focus in more detail

on the influence of cellular structure on the dynamics and limits of the detonation waves,

numerical simulations of the cellular simulations were added to provide the comparison

of the cellular structure effect.

The ZND model was found to predict well the extinction limit obtained experimen-

tally, although the speed deficits were poorly estimated. However, for the more unstable

propane mixture, a much more substantial difference between the experiments and the

model prediction was observed. Such observations clearly highlight the inadequacy of

the ZND model to predict the dynamics of detonations with mass divergence. For un-



Discussion of the results 91

stable mixtures, the predictions are significantly different. This indicates the failure of

quasi-one-dimensional ZND model to adequately capture the physics and chemistry of

the process.

6.4 Contributions to original knowledge

As reviewed in Chapter 1, previous attempts to isolate the role of the cellular dynamics

have been performed in geometries like narrow tubes, porous walled tubes and weakly

confined media. These attempts have been successful in demonstrating that a global

hydrodynamic description appears worthwhile for weakly unstable detonations. They

have also indicated that departures are expected for more unstable detonations. However,

they have all been associated with difficulties of being able to precisely quantify the loss

mechanism. Such difficulties limit their comparisons between the theory and experiments

to qualitative ones.

The current thesis has contributed to the original knowledge by formulating a problem

in which the loss mechanism can be easily accounted for and unambiguous experiments,

simulations and analytical models can be formulated in order to evaluate the utility of

the global models for detonation dynamics. Performing the experiments in the presence

of a controlled rate of loss by adopting the diverging geometry introduced in this thesis

also provided a meaningful framework for comparison of the results with the currently

existing quasi-steady models and with direct numerical simulations.

The results of the quantitative appraisal performed in this thesis clearly showed that

only a very special class of detonations can be relatively well approximated by the clas-

sical ZND model, i.e, mixtures characterized by regular cellular structures (or weakly

unstable mixtures). The fundamentally different burning mechanisms in highly unstable

detonations from what is assumed by the ZND model result in remarkable discrepancies

between reality and ZND predictions of the dynamics.

In addition, the current thesis also presented a quantitative comparison between the

real dynamics, predictions of the ZND model for a typical weakly unstable mixture and

cellular detonation simulations. The simulations showed a good agreement for weakly

curved detonations, but larger departures were found near the limits.
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6.5 Suggestions and recommendations for future works

In view of the main contributions of the present thesis, the author makes the following

recommendations for future work:

1. Numerical simulations of highly unstable detonations.

Owing to the intrinsic difficulties associated with numerical diffusion in highly

unstable detonations, the current thesis has not attempted to conduct inviscid cal-

culations for the numerical simulations for highly unstable cellular detonations.

Accordingly, performing cellular simulations which prescribe burning rates recov-

ered by appropriate turbulent models could also contribute to this study. Adding

such results to the comparisons performed in this thesis, could give a quantitative

estimate on the accuracy and/or validity of such numerical simulations predictions

of the dynamics of highly unstable detonations.

2. Developing/calibrating meso-scale models for the detonation structure.

The above mentioned deficiencies for one-dimensional models and the impossibility

of DNS for large scale problems necessitate the formulation of meso-scale models

for the reaction zone structure of detonations, inherently accounting for the wave

instability [81]. The experimental technique introduced in the present thesis can

generate well defined D
DCJ

−Keff∆i curves for a range of reactive mixtures. These

experimental results would then permit one to validate and/or calibrate models for

the reaction zone structure.
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Figure 6.1: Normalized detonation speed D
DCJ

with respect to normalized expansion loss

rate 1
A

dA
dx
∆i for 2C2H2 + 5O2 + 21Ar experiments.

0 1 2 3 4 5 6 7 8

x 10
−3

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

K
eff

∆
i

D
/D

C
J

 

 

Large ramp experiments for 2C
2
H

2
+5O

2
+21Ar

   Curve fit for the experiments
Small ramp experiments for 2C

2
H

2
+5O

2
+21Ar

Figure 6.2: Normalized detonation speed D
DCJ

with respect to non-dimensional effective

mass divergence rate Keff∆i for 2C2H2 + 5O2 + 21Ar experiments.
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rate 1
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∆i for C3H8 + 5O2 experiments.
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DCJ

with respect to non-dimensional effective

mass divergence rate Keff∆i for C3H8 + 5O2 experiments.
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Figure 6.5: The D
DCJ

−Keff∆i characteristic curves for the 2C2H2+5O2+21Ar mixture

constructed using the experimental data, quasi-one-dimensional ZND model and cellular

simulations.
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Figure 6.6: The D
DCJ

− Keff∆i characteristic curves for the C3H8 + 5O2 mixture con-

structed using the experimental data and the quasi-one-dimensional ZND model predic-

tions.



Appendix A

Detonation speed measurement for

the experiments

A.1 Overview

This Appendix presents details of the analysis performed on my experiments to study

the dynamics of detonations with constant mass divergence. Accordingly, the details

of the method used for the speed measurements along with the detonation wave speed

measured for the experiments are reported in this appendix.

A.2 Detonation wave speed measurements

As explained in Chapter 2, in order to investigate the dynamics of detonations with

constant mass divergence quantitatively, detonation wave speed measurements were per-

formed in the analysis of the experiments. In order to measure the detonation wave

speed, the videos taken from the experiments were dissected to their combinatory frames.

Through processing of these images, the shock front location was detected in each of the

frames. Also, the time interval between the frames was obtained from the frame per

second rate used for capturing the video. Knowing the shock location in each frame

along the top wall and the time interval between the frames, permitted me to estimate

the shock speed using two subsequent frames.

The calculation sheets shown in Figures A.1 to A.33 show the details of such speed

measurements. It can be seen that the frame per second rate of the videos are reported

in the calculation sheet. In these calculation sheets, each row, represents a single frame
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of the video taken from the experiments. In each frame, the location of the shock is

detected in pixels along the top wall of the diverging channel and its location is denoted

by the x symbol in the first column (e.g. x=147, 190, etc.). Also, the shock front

displacement is measured by calculating the distance between its location in sequential

frames. The distances in pixels are also converted to a physical scale by using a known

reference length in the images (e.g. ramp length, etc.). The speed obtained by dividing

the displacement by the time interval between the frames was also normalized by the

CJ speed. The variation of this shock front speed with respect to the front’s relative

position along the ramp is shown for each of the experiments in Figures A.1 to A.33.

Also an average speed along the top wall of the diverging domain was calculated for each

experiment. This value is also reported in the calculation sheet of the experiments.
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Figure A.1: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 13.8 kPa.
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Figure A.2: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 12.1 kPa.
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Figure A.3: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 10.3 kPa.
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Figure A.4: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 9.0 kPa.
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Figure A.5: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 8.7 kPa.
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Figure A.6: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 7.6 kPa.
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Figure A.7: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 6.2 kPa.



Detonation speed measurement 105

Figure A.8: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 4.8 kPa.
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Figure A.9: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for propane mixture C3H8 + 5O2 at 13.8 kPa.
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Figure A.10: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for propane mixture C3H8 + 5O2 at 10.3 kPa.
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Figure A.11: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for propane mixture C3H8 + 5O2 at 8.6 kPa.
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Figure A.12: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for propane mixture C3H8 + 5O2 at 6.9 kPa.
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Figure A.13: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for propane mixture C3H8 + 5O2 at 5.2 kPa.
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Figure A.14: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for propane mixture C3H8 + 5O2 at 4.1 kPa.
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Figure A.15: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for propane mixture C3H8 + 5O2 at 3.4 kPa.
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Figure A.16: Normalized detonation speed D
DCJ

calculation and variation along the large

ramp for propane mixture C3H8 + 5O2 at 2.7 kPa.
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Figure A.17: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 19.0 kPa.
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Figure A.18: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 17.2 kPa.
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Figure A.19: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 15.5 kPa.
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Figure A.20: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 13.8 kPa.
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Figure A.21: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 12.1 kPa.
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Figure A.22: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 9.0 kPa.
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Figure A.23: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 8.3 kPa.
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Figure A.24: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 7.6 kPa.
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Figure A.25: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 6.9 kPa.
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Figure A.26: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 6.2 kPa.
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Figure A.27: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for acetylene mixture 2C2H2 + 5O2 + 21Ar at 6.0 kPa.
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Figure A.28: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for propane mixture C3H8 + 5O2 at 12.1 kPa.
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Figure A.29: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for propane mixture C3H8 + 5O2 at 10.3 kPa.
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Figure A.30: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for propane mixture C3H8 + 5O2 at 8.6 kPa.
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Figure A.31: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for propane mixture C3H8 + 5O2 at 6.2 kPa.
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Figure A.32: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for propane mixture C3H8 + 5O2 at 5.5 kPa.
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Figure A.33: Normalized detonation speed D
DCJ

calculation and variation along the small

ramp for propane mixture C3H8 + 5O2 at 4.5 kPa.



Appendix B

Scaling conversions

B.1 Overview

This Appendix presents the details of the conversion performed between the scalings

used in the numerical simulations of this thesis and the work performed by Short and

Sharpe [47]. Reference and comparison with Short an Sharpe results was performed in

Chapter 5 of the thesis in order to benchmark the code used for numerical simulations.

B.2 Comparison of different scalings

It is desirable to benchmark the code used for the numerical simulations of this thesis with

the results existing in the literature. Accordingly, the problem of finding the stability

boundary of one-dimensional detonation waves was selected. In this regard, the results

obtained by the code written in the MG code platform were compared with the work

performed by Short and Sharpe [47]. However the scalings used in the two studies were

different so it was necessary to find expressions that allow us to interchange between the

two scalings. The details of such conversion between the two scalings are elaborated in

the following.

B.2.1 Reaction rate parameter, Kr

Due to the differences in the way time and velocity are scaled, the reaction rate parameter,

Kr will also be scaled differently. The rate law for the reaction zone is expressed by
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Dλr

Dt̃
= K̃r(1−H(λi))(1− λr)

ν (B.1)

In both works, the scaling used for length is the same (the induction zone length). In

short and Sharpe, the velocity is scaled by the detonation velocity, D̃. In this work, the

scaling used for velocity is
√

p̃0/ρ̃0. Accordingly, the scalings for Kr can be compared

by the expression

Kr

Kr

=
D̃

√

p̃0/ρ̃0
(B.2)

where Kr represents the reaction rate parameter in the scalings of the work of Short

and Sharpe, and Kr is the reaction rate parameter in terms of this work. for a perfect

gas, c̃ =
√

γp̃/ρ̃. Using this, Equation B.2 can be rearranged in terms of more familiar

variables:

Kr

Kr

=

√
γD̃

c̃0
(B.3)

Kr

Kr

=
√
γMCJ (B.4)

Knowing Q, the CJ mach number can be obtained [3]:

MCJ =

√

√

√

√(1 +
γ2 − 1

γ
Q) +

√

(1 +
γ2 − 1

γ
Q− 1) (B.5)

Knowing the heat release and γ, the CJ Mach number could be obtained from Equa-

tion B.5. For example Short and Sharpe used the parameters Q = 4 and γ = 1.4 which,

from B.5 gives MCJ = 2.711, and then from B.4 yields:

Kr

Kr

= 3.206 (B.6)

In short and sharpe, for Ea = 23.55, the stability boundary was found to be Kr =

0.198. Therefore in terms of the scalings used in this study, the stability boundary

obtained by Short and Sharpe is obtained as 0.198× 3.206 = 0.635.
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