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All men dream: but not equally. Those who dream by night in the dusty recesses of their

minds wake up in the day to find it was vanity, but the dreamers of the day are dangerous

men, for they may act their dreams with open eyes, to make it possible.

T.E. Lawrence, Seven Pillars of Wisdom: A Triumph
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SUMMARY

For over a century the study of detonation waves has intrigued the minds of scientists

and engineers. The rapid and violent combustion of a detonation involves a supersonic

exothermic front accelerating through a medium that eventually drives a shock wave. Such

mode of combustion has been theoretically shown to provide a higher combustion ef�-

ciency than the commonly employed subsonic, isobaric methods. This extreme event not

only occurs here on Earth, but can occur on cosmological distances and are an astronomi-

cal phenomenon of unprecedented proportions. Over the past 50 years, signi�cant progress

has been made in understanding the mechanisms of such physics. Both experiments and

numerical simulations have been used to study detonation waves to uncover the structure

and dynamics of such phenomena, though most work has focused on homogeneous pre-

mixed mixtures. Changing application requirements are now driving studies on the effects

non-homogeneity on the structure and dynamics of the wave front.

Recently the scienti�c community is migrating toward exploring the use of a detona-

tion wave for engineering purposes in order to innovate combustor technologies and in-

crease ef�ciency. Many detonation-based devices concepts have been proposed such as:

Oblique Detonation Wave Engine (ODWE), Pulse Detonation Engine (PDE) and the Ro-

tating Detonation Engine (RDE). The latter has shown tremendous advantages over the

other concepts due to its low complexity and continuous self-sustained propagation of a

detonation within the combustion chamber. In RDEs one or multiple detonations propa-

gate azimuthally around an annular chamber where high speed discrete injection systems

are employed. Improved understanding of the �ow physics is required to aid with com-

bustor design. Many experiments have shown that a detonation wave can be stabilized

for multiple geometric con�gurations and propellant mixtures; however many challenges

require further investigations. For example, the injector con�guration can lead to poor

mixing between propellants that ultimately leads to substantial decrease in performance

xxxiii



and stability of the wave. In general, within an RDE the front dynamics deviates from the

ideal detonation de�ned by the theoretical models. It is of fundamental interest to deter-

mine the mechanisms responsible for such non-ideal behavior. Numerical advances have

made it possible to develop and perform calculations to predict the main characteristics

of the �ow�eld inside such devices. In fact, computational studies can be used to com-

plement the experiments but several issues must �rst be addressed before con�dence is

placed in numerical tools. This thesis focuses to improve the understanding of detonation

waves propagating in non-premixed mixtures. Using high-�delity numerical simulations,

this work will assess the effects of fuel distribution and mixture preparation on the forma-

tion and propagation of a detonation wave. It identi�es the required state of the mixture

ahead of the shock front in order to obtain a self-sustained front.

First, anH2-air three-dimensional non-premixed RDE with radial injection strategy is

simulated. Extensive analysis is performed when the fuel and air mass �ow rate are varied

in order to hold a unity global equivalence ratio. It is found that as the injection �ow

rates are increased, multiple detonation waves can co-exist. Particular attention is given

to the mixture composition ahead of the wave during steady operation. The high injection

speeds result in short re�ll time to allow a quick and well mixed composition prior to

the new front passage. In all cases the role of mixing on the self-sustained waves are

investigated and highlighted. Finally, a correlation between initial injection conditions and

detonation multiplicity is suggested showing good agreement with previous experimental

observations.

To explore a wider range of conditions and reduce the computational cost, a new canon-

ical setup is developed and investigated. The main differences with the previous con�gura-

tion are absence of curvature effects (i.e linear channel) and the reduction of fuel injector

number. Various global injection conditions showed different propagation behavior and

limits of detonation existence were determined. In all cases, the role of mixture preparation

is investigated and highlighted. A statistical description of mixture was used to develop and

xxxiv



suggest a novel regime map based solely on mixture state ahead of the wave. All simulated

conditions, including those from the RDE, agrees with the prediction of the map.

Overall, a wide range of physical phenomena has been studied in relation to a deto-

nation propagating in a non-premixed mixture. These investigations have been successful

in addressing the correlation between mixture preparation and detonation existence. Thus,

the in�uence of the current studies can aid in the development of new injection strategies

to promote the steady operation of novel detonation-based combustors.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

The complex phenomena of a detonation wave involves the coupling between chemical re-

actions and �uid mechanics. A detonation represents a combustion front which propagates

at supersonic speeds relative to the unburned gases [1, 2, 3]. The very �rst theory that at-

tempted the description of what occurs behind the strong incident shock was developed by

Chapman [4] and Jouguet [5]. In their work the chemical reaction was assumed in�nitely

fast and therefore negligible thickness. Consequently the model was improved by a novel

description where the spatial lengths of the chemical induction of the reactions are con-

sidered. This new theory was developed by Zel'dovich [6], Von Neumann [7] and Döring

[8] and described the detonation wave as a laminar structure and steady. The ZND model

combines the CJ theory with the ability to predict, in a premixed mixture, the spatial scales

associated with the structure such as the induction (distance from shock front to maximum

heat release) and hydrodynamic (distance between the shock front and the sonic boundary)

thicknesses. However, gaseous detonations are inherently unstable leading to the devel-

opment of multidimensional cellular structures, which have a wide range of characteristic

length scales depending on the considered premixed mixture and initial thermodynamic

state.

The exploitation of the detonation regime as a replacement for isobaric combustion can

constitute a technological breakthrough in improved thermodynamic ef�ciency and lower

complexity for both propulsion and power generation applications [9]. Devices based on

this mode of combustion include: the PDE [10, 11, 12], and the most recent focus of re-

search, RDE [13, 14, 15, 16, 17]. These concepts rely on the principle of Pressure Gain

Combustion (PGC) which represents an unsteady and periodic process where the stagna-

tion pressure is increased through gas expansion with heat release within a constrained
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environment [9, 16]. In a thermodynamic manner this allows to extract additional work.

The RDE has shown many advantages over the PDE design; however, despite considerable

progress has been made on understanding the physics of operation, there are still many

technical challenges to resolve and study prior for such technology to become a practical

propulsion or power generation system.

This chapter provides some fundamental background on the theory and applications of

detonation waves. First, the relations involved in the CJ theory are described in order to

calculate the propagation speed and post-detonation state of a gaseous and self-sustained

detonation. The ZND model is then introduced to give a accurate and detailed descrip-

tion of the structure of detonation and in particular how the combustion processes progress

behind the shock front. Some details are provided on the multidimensional structure of a

detonation with comparison to the theory and simpli�ed one-dimensional models. Gen-

eral details on the methods and physical processes of detonation initiation are described

explaining in particular the phenomenon associated to De�agration-to-Detonation Tran-

sition (DDT). The different detonation concepts proposed in the literature are presented,

described, and compared with particular attention to the RDE as it represents the thematic

of this work. Finally, a comprehensive literature review based on past experimental and

computational work pertinent to this research effort is summarized followed by the Thesis

outline.

1.1 Fundamentals of a Detonation Wave

1.1.1 TheChapman-Jouguet(CJ)Theory

Following the discovery by Berthelot, Vielle and Le Chatelier [1] in 1881, the phenomenon

of a detonation has been a source of fascination and investigation by scientists and engi-

neers. According to the theory developed by Chapman [4] and Jouguet [5] a detonation is

considered as a planar one-dimensional discontinuity across the fresh and burned premixed

gases that propagates at a constant speedD. As the shock propagates through the fresh
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mixture pressure and temperature rise such that ignition can occur. The reaction is essen-

tially complete at the passage of the shock so that the wave speed is independent of the

chemical kinetics. The model predicts the detonation speed based solely on conservation

laws and thermodynamic properties.

Figure 1.1: Two frames of reference to described the propagation of a detonation: labora-
tory frame (top) and frame attached to the wave (bottom). The variableD represents the
detonation velocity.

To describe the �ow two reference frames can be used as shown in Figure 1.1. The �rst

corresponds to a laboratory frame of reference in which the observer is �xed and the wave

moves through the domain of interest. In the second case the reference frame is �xed on

the wave and the observer is allowed to follow the �ow crossing the discontinuity. For a

steadily propagating detonation the shock velocity is constant and the �ow is steady in a

frame attached to the shock. We can de�ne the fresh and burned states with the indices0

andb. For a detonation in steady state and one-dimensional �ow, the conservation equa-

tions through a discontinuity written in the moving frame are expressed as

� 0D � � bˆD � ub• (1.1)

p0 � � 0D 2 � pb � � ˆD � ub•2 (1.2)

h0 �
1
2

D 2 � hb �
1
2

ˆD � ub•2 (1.3)
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It is convenient to separate the enthalpy of formation from the sensible enthalpy and

write

h � q �
1
2

D 2 � hb �
1
2

ˆD � ub•2 (1.4)

where

q �
reactants

Q
i

Yi ho
f;i �

products

Q
j

Yj ho
f;j (1.5)

is the difference between the enthalpies of formation of reactants and products and

therefore the enthalpy in the energy equation represents the sensible enthapy,

h � S
T

298
cpˆT; Yk•dT (1.6)

wherecp is the speci�c heat of the mixture. The conservation equations described above

represent an adaptation of the classical Rankine-Hugoniot (RH) relations in which there is

no heat release. In a shock the chemical composition remains unchanged, whereas in a

detonation the chemical composition change so that large amount of energy is released.
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Figure 1.2: The Rankine-Hugoniot diagram showing various regimes [2]: (1) Region I,
strong detonation regime, (2) Region II, weak detonation regime, (3) Region III, weak de-
�agration regime, (4) Region IV, strong de�agration regime, and (5) Region V, impossible
for de�agration or detonation to exist. The CJ point exist in upper region (I-II) where the
Rayleigh-line and the Hugoniot curves are tangent.

The combination of the mass conservation in Equation 1.1 and momentum conservation

Equation 1.2 allow to obtain two important relations to mathematically the existence of a

detonation wave [2]. The relations are:

1. TheRayleigh relation

pb � p0
1
� b

� 1
� 0

� � ˆ � 0D•2 (1.7)

2. TheHugoniot curve

hb � ˆh0 � q• �
1
2

ˆpb � p0•ˆ
1
� b

�
1
� 0

• (1.8)

The intersection of the Rayleigh and Hugoniot lines provide information of the the

�nal state behind a detonation wave. These relations connect the state at any point within

5



the reaction zone to the state ahead of the shock and can be graphically presented on a

ˆp;
1
�

• diagram as shown in Figure 1.2. Given an initial quiescent state, the slope of the

Hugoniot curve give the detonations speedD. Multiple regimes are possible as presented

in Figure 1.2 and are summarized below:

1. When theD @DCJ both the Hugoniot and Rayleigh lines cannot intersect and a

detonation cannot be formed.

2. When the Huogniot and Rayleigh lines intersect at one point it is possible to de-

�ne a detonation in which the downstream state achieves a Mach number of unity.

This �ow condition implies that any disturbance downstream from the front of the

detonation cannot catch up with the latter and weaken it.

3. Two intersection points are possible: (1) Upper CJ point, and (2) lower CJ point.

The upper condition corresponds to a strong detonation (i.e overdriven) in which the

pressure is greater than that of the CJ state. This solution cannot be self-sustained

unless the state is kept over-compressed. The lower CJ points represents a weak

detonation branch.

For an ideal gas with constant properties the CJ velocity can be computed in the limit

of strong shock (p AAp0 andM 0 AA1) [2]. With this in mind the analytical solution for the

CJ state can be written as:
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� CJ

� 0
�


 � 1



(1.9)

pCJ

p0
�




 � 1

M 2
0 (1.10)

TCJ

T0
� ‹




 � 1

•
2

M 2
0 (1.11)

uCJ �
DCJ


 � 1
(1.12)

aCJ �

D CJ


 � 1
(1.13)

DCJ �
»

2q̂ 
 2 � 1• (1.14)

where
 is the speci�c heat ratio,aCJ is the speed of sound at the CJ state, andM 0 �
DCJ

a0
corresponds to the Mach number at the detonation front. Calculated CJ velocities are

shown in Table 1.1 for some sample mixtures. Although this model provides information

between the initial fresh state and the burned state behind the detonation wave, the evolution

of processes across the shock front is not described.

Table 1.1: Calculated detonation velocity for various mixtures with initial conditions of
P0 � 1 atm, T0 � 300 K, � � 1:0 using CJ theory.

Mixture DCJ (m/s)

H2 � O2 2834.98

H2-air 1968.12

CH4 � O2 2389.72

CH4-air 1809.76

C2H4 � O2 2373.42

C2H4-air 1832.77

C3H8 � O2 2356.53

C3H8-air 1807.12
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1.1.2 TheZeldovich-vonNeumann-D̈oring (ZND) Model

While the CJ theory successfully predicts the steady-state, equilibrium properties of deto-

nations, it lacks in providing information on the structure and dynamic of such waves. This

hydrodynamicapproach is not adequate and chemical reaction kinetics must be considered

in order to understand dynamic events of detonation waves. The simplest model of the

structure of a detonation wave consists of a shock wave with a �nite reaction zone and was

developed by Zeldovich [6], von Neumann [7] and Döring [8] (ZND). The model proposes

a steadily propagating 1D shock which compresses and heats up the gas and consequently

reacts after an induction period. The chemical reaction triggers a volumetric expansion of

the gas, which drives the shock wave.

Figure 1.3: Schematic of the ZND structure of a detonation wave. Adapted from [18].

Figure 1.3 describes the structure of the detonation wave as well as the evolution of

thermodynamic properties such as pressure and temperature. When the shock compresses

the gaseous medium, the pressure and temperature are raised to the so called Von Neumann

(vN) state. The peaks correspond to the intersection point of the Hugoniot curve with the

Reyleigh line. In the induction zone, the thermodynamic variables change little and are
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neraly constant. Consequently, the chemical reactions begin where radicals are produced.

Once suf�cient radical production is reached at the end of the induction zone, termination

reactions are activated, thus generating heat release in the exothermic reaction zone. Hig-

gins [18] proposed a more detailed description of the various intermediate equilibria states

immediately after the shock has passed as shown in Figure 1.3. First the translational and

rotational equilibria are quickly established. Then, the vibrational equilibrium leads the

beginning of the induction period which represent the region from the shock location to

the point of peak energy release. Subsequently, chemical reactions produce a large amount

of radicals through the initiation and branching stages. Finally, the exothermic processes

occur during which the termination and recombination of the radicals form the detonation

products.

Prior to describe the governing equations of the ZND model, the main hypothesis are

summarized [19, 2]:

1. The �ow is steady and one-dimensional

2. The effects of transport (conduction, diffusion and viscosity) across the shock are

negligible

3. The thermodynamic properties are in local thermodynamic equilibrium. This is not

true for the chemical composition.

With the assumptions described, we can write the one-dimensional conservation equa-

tions of mass, momentum, and energy with respect to a coordinate �xed to the detonation

wave and assuming a global step reaction mechanism as [19, 2]:
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d
dx

ˆ �u • � 0 (1.15)

dp
dx

� �u
du
dx

� 0 (1.16)




 � 1

d
dx

‹
p
�

• � u
du
dx

� q
dYf

dx
� 0 (1.17)

�u
dYf

dx
� _! (1.18)

whereYf is the fuel mass fraction and_! is the production rate de�ned based on a global

single-step reaction as

_! � � ˆ1 � Yf • exp� Ea~RuT (1.19)

whereRu is the universal gas constant, and theˆ1 � Yf • term ensures that the reaction

rate decreases to zero as the initial reactant is entirely consumed. The activation energy

Ea in the Arrhenius expression has a determining role in the structure of the reaction zone.

The ZND structure can then be determined by solving the above governing differential

equations. This model incorporates the CJ theory in order to estimate the detonations speed

based onq and
 and the Rankine-Hugoniot shock relations to obtain the state behind the

shock front. The coupling from the chemistry to the �uid mechanics occurs primarily

through a parameter called thermicity and is de�ned as [3]

_� �
N s

Q
i � 1

ˆ
W
Wi

�
hi

cpT
•
dYi

dt
(1.20)

whereNs is the number of species involved in the chemical reactions,W andWi are the

mixture molecular weight and individual molecular weight respectively.hi is the species

sensible enthalpy, anddYi ~dt is the rate of change of chemical composition. This term

denotes the chemical energy release rate and has dimension ofs� 1. Hence, the inverse

of maximum thermicity provides the characteristic time scale for the heat release which
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allows to estimate the reaction lengthlR as

lR �
uCJ

_� max
(1.21)

whereuCJ is the �uid �ow velocity at the CJ plane in the shock-�xed coordinate system,

and _� max is the peak value of thermicity.

1.1.3 StructureandDynamicsof aDetonation

Detonations are not truly one-dimensional but contain complex three-dimensional struc-

tures due to their inherited instabilities. Experimental evidence of the three-dimensional

features of detonation fronts can be traced back to Denisov and Troshin [20] who discov-

ered the transient and periodic instabilities of the detonation front which leads to a cellular

structure as shown in Figure 1.4.

(a) (b)

Figure 1.4: Soot foils experimental technique showing (a) regular cellular structure and (b)
irregular structure. Detonations propagate from left to right [21].

Sensitivity of the front to disturbances generated by the temperature variation in the

induction zone can modify the induction length and consequently, the exothermic reaction

zone. This induces pressure waves that are able too modify and disrupt the dynamic of

the incident shock front. A feedback loop will then settle between the shock front and the

reaction zone generating a cellular structure during propagation. Such structure represents

the interaction between transverse waves and triple shock con�gurations. Such triple points

are a combination of leading incident shocks, mach stems and re�ected shocks [22, 23]. As
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the detonation propagates the transverse waves periodically collide generating triple points.

The periodic pattern drawn from the motion of such points generate the diamond-like cell

features. The induction zone downstream of the front can thus increase or decrease by

several orders of magnitude compared to that of the ZND model, a variation which can

induce signi�cant �uctuations in the reaction zone and in the rate of heat release. The cell

shape, the characteristic cell width and length are intrinsic properties of a reactive mixture

at given initial conditions. Such structures are considered universal.

(a) (b)

Figure 1.5: Morphology of a multidimensional detonation front from [3].

Experiments are able to capture such dynamic features by utilizing deposit of carbon on

the surface of the test-section [20]. As the triple points propagate, they generate pressure

and shear gradients high enough to allow these carbon particles to be pulled from the wall.

The �nal structure will then be the history of the trajectory of the triple points during

the propagation of the detonation as shown in Figure 1.4. The diamond-shaped structure

is commonly referred to as a cell structure and represents the signature of the coupling

between the shock and the reaction zone.

The main characteristic lengths are the cell length de�ned usingL (longitudinal to the

propagation) and the cell width� (transversal to the propagation) [24] and are presented
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in Figure 1.5. The cell size of a detonation strongly depends on the chemical composition

of the mixture, its level of richness, its dilution rate, as well as the initial pressure and

temperature. The average size of a cell varies in the form of an inverted bell, with minimum

reached in the vicinity of stoichiometry [25, 26, 2]. For a given initial state, the dilution

signi�cantly increases cell size. Similarly, pressure variation can alter the size as well in

the form� � p� � with 1:1 @� @1:2 for initial pressure between 1 - 1000 kPa [26] with few

representative results shown in Figure 1.6.

Figure 1.6: Cellular structure variation with pressure viewed normal to the propagation
direction for a2H2 � O2 � 7Ar mixture [27, 26].

Detonation cells can be classi�ed on the basis of their regularity intrinsic to a reactive

mixture and its initial thermodynamic state. Three main classes have been proposed to

de�ne the regularity of a cell structure [28, 29, 2]:

1. Regular: These cells have a distinct size in which the length is much larger than the

width. In general, such regularity is indicative of a stable mixture with fuels such as

H2; C2H2; C2H4 and dilution at very low pressures. Due to the low activation energy

of the mixtures the detonation wave is said to be stable in which the transverse waves

are weak and do not alter the front structure.

2. Marginally Irregular : Substructures within a main cells are observed. The cell
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shape becomes non-uniform and it is very dif�cult to accurately measure the cell

size.

3. Highly Irregular : The irregularity of such cells is due to high dilution and high

activation energy mixtures. Substructures within a main cells are observed, but it be-

comes extremely dif�cult to quantify the cell size. A common example are mixtures

employingCH4 as a fuel. The activation energy of the mixture is very high induc-

ing very unstable detonation waves where the front structure is highly altered by the

strength of the transverse waves.

It is clear that the cell size� represents a good measure of the sensitivity to develop a

detonation of a reactive mixture. The more sensitive a mixture is, the smaller the cell size.

A relationship between the cell size and the characteristic length scale of a ZND detonation

l ind (i.e. induction length) was proposed in [30, 26, 2] and can be written as� � A � l ind

whereA � 15� 50 is a constant which highly depends on initial composition and pressure

andl ind corresponds to the induction length. They reproduce the experimental results fairly

well, in particular toward stoichiometric proportions. Gavrikovet al. [31] proposed a

correlation based on the chemical activation energyEa~RuT. A more complex correlation

was proposed by Nget al. [32] which utilizes two detonation length scales (induction and

exothermic). Currently, there is not theoretical methods to predict the cell size based on

initial compositions and conditions. Calvinet al. [33] has recently developed an analytical

framework for the formation of triple points on shock fronts and for the cellular structures

of gaseous detonations. In general most of the detonation research relies on the Caltech's

online database [34] in order to evaluate the cell widths for a variety of mixtures and initial

conditions.

1.1.4 Ignition Modesof aDetonationWave

In general there are two modes in which a detonation can form and eventually self-propagate

[35]: direct initiation andde�agration-to-detonation transition (DDT) .
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For a direct initiation a large amount of energy needs to be deposited such that the criti-

cal energy of ignition is reached [35]. Zeldovich [6] was the �rst to propose a model based

on the 1D detonation structure for direct initiation of a spherical expanding detonation. He

argued that the blast wave must have suf�cient strength to trigger the chemical reactions.

Such high pressure not only must exceed the CJ pressure, but it must remain high for a time

greater than the induction time. Later, Lee [35] extended the model by using blast wave

theory to deduce a critical radius and energy requirement to form a detonation. Depending

on the amount of deposited energy, three regimes have been identi�ed shown in Figure 1.7.

Figure 1.7: Experimental snapshots of different regimes of initiation from [36]. Time
evolution is from left to right.

In sub-critical regimes the source energy, de�ned asEs [35], is lower than the critical

energy of initiationEc. In this scenario the initial blast is not strong enough to initiate

rapid radical formation and therefore a detonation cannot evolve. ForEs � Ec we obtain

a regime calledcritical . Here a detonation is initially observed until it quenches. At some

15



critical radiusRc an explosion reignites the mixture to quickly become a detonation again.

Finally, for Es AEc the energy release is so large that the detonation maintains its cellular

structure and asuper-critical regimes is obtained.

On the other hand, the phenomena of DDT has been studied for over a century since its

discovery in 1882 [1]. A typical time sequence of the process by which a �ame is converted

to a detonation is shown in Figure 1.8. Both experimental and numerical investigations [37,

38, 39, 40, 41] have been able to uncover the main mechanisms of such process and are

summarized as follows:

1. De�agration initiation

A �ame is created through the deposition of a small amount of energy.

2. Acceleration of the �ame

Due to con�nement effects, the �ame begins to expand and accelerate causing the

energy release to increase. Shocks begin too form at the front as the �ame speed

increases.

3. Localized explosions and ampli�cation of energy

A process known asexplosion within the explosioncoined by Oppenheim in 1962

[37] begins to occur. This corresponds to small blast waves which rapidly amplify

the energy release and increasing the front shock strength. The detailed mechanism

of coupling between �ame and gas-dynamic processes can be found in [35, 40, 41].

4. Detonation formation and propagation

The shock front and the �ame merge into a supersonic �ame front from which a

detonation wave forms and self-propagate.
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Figure 1.8: Evolution of a DDT process. Left: Schileren image sequence from experi-
ments [37] showing the onset of a detonation from localized explosion within the �ame
brush. Right: Numerical simulation of DDT inH2-air mixture from [42]. The addition of
obstacles is used to accelerate the development of a detonation.

For an in-depth overview of the fundamental physics involved in DDT, the reader is

referred to the work by Ciccarelliet al. [43] and Oranet al. [41] which contains an

exhaustive review of theory, experiments and numerics of the phenomena of DDT.

1.2 Applications of Detonation Combustion

Due of the high energy release, a detonation wave is foreseen as a very attractive possi-

bility for aerospace vehicle propulsion or ground-based power generation [44, 9, 45, 16].

The detonation mode of a combustion constitutes, in fact, an interesting alternative to the

subsonic and quasi-isobaric combustion regime, currently employed in conventional com-

bustion chambers because the lengths and reaction times associated with it are very short,

and the detonation front generates by itself very high pressures and temperatures without

the need to add complex components to the system [44, 9, 45, 16]. Combustion devices
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that utilize a detonation have therefore multiple advantages such as mass and size reduc-

tion, greater simplicity, and the potential of increased robustness and reliability. In practical

applications, detonation can be stationary relative to the engine frame, stationary or quasi-

stationary relative to a moving coordinate system, transient with variable parameters dur-

ing engine operation, or pulsating in nature [9]. The three main proposed concepts are: (1)

ODWE [46, 47, 48], (2)PDE [10, 11, 12], and (3)Continous Detonation Wave Engine

(CDWE) [13, 14, 15, 16, 17].

1.2.1 ODWE: ObliqueDetonationWaveEngine

Speci�cally proposed for hypersonic propulsion (M A10), the oblique detonation wave en-

gine involves a stationary and stabilized oblique detonation which generates the necessary

thrust for the vehicle as shown in Figure 1.9. It represents a variation of the Supersonic

Combustion Ramjet (SCRAMJET) [49, 50, 51, 52] in which a detonation is used for com-

bustion of the mixture. The systems requires that the entire injected fuel to be consumed

within combustion chamber at supersonic speeds. This signi�es that combustion must oc-

cur in a very short amount of time and within a small combustion chamber [53, 54, 55,

56, 9]. This class of engines provide advantages through high thermal cycle ef�ciency in-

duced by the near constant volume combustion of a detonation wave. However, it remains

a technical challenge to establish a steady oblique detonation in high-speed, combustible

mixtures. The ODWE was proposed to offer a low-cost alternative for space launch sys-

tems, but more research is required too achieve this goal. Other types of detonation engine

concepts, as discussed in the subsequent sections, offer more bene�ts and might have the

potential to replace current isobaric combustion devices.
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Figure 1.9: Schematics and principles of operation of an ODWE from [48]. Both experi-
mental and computational studies of the combustion processes during detonation stabiliza-
tion only concentrate over a small and simpli�ed section of the device.

1.2.2 PDE: PulsedDetonationEngine

The Pulse Detonation Engine represents the supersonic adaptation of the pulse-jet engine.

Tha latter relies on intermittent, subsonic de�agration �ames in a long tube to burn an

injected fuel-oxidizer mixture and it was developed during World War II, as the propulsion

system of the Nazi V-1 bomb [11]. Signi�cant research into this type of detonation engine

system began in the 1950s by the pioneer work of Nichollset al. [10]. The Pulse detonation

engine is characterized by a repeated detonation of a periodically renewed mixture of fuel

and oxidizer. This unsteady operating cycle is shown in Figure 1.10 and can be decomposed

into the following processes:

1. The combustor, usually a long tube with one closed end and one open end for exhaust,

is �lled with a reactive gas mixture.

2. When the tube is �lled with reactants, the �lling valves are shut and an ignition

system is activated.

3. The ignited �ame transitions to a high pressure detonation wave that propagates

through the combustion tube. Thrust is then generated.
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4. When the wave exits the tube, an expansion wave travels back into the tube as the

hot combustion products are expelled.

5. At the end of the thrust production process, hot products are left in the tube. At

this point fresh reactants are injected and the cycle repeated. Purging is required to

avoid premature combustion between the fresh reactants and the hot products from

the previous cycle.

Although promising in theory, pulsed detonation engines must overcome signi�cant

challenges before they can practically be implemented [11, 44, 57]. For instance, initiat-

ing a detonation wave can be quite dif�cult. Either the combustion event is suf�ciently

powerful, or the downstream de�agration �ame must be converted into a supersonic wave

through the process of DDT [44]. If constrictions are present in the path of the propagat-

ing de�agration, it can transition to a detonation and cause a violent explosion. Intensive

research has been conducted in trying to understand the mechanisms of DDT development

[37, 38, 39, 40, 41]. The challenge described and the need of a more compact device

which produces continuous thrust led researchers to migrate to the study and development

of continuous detonation combustors.

Figure 1.10: Schematics and principles of operation of a PDE.

1.2.3 CDWE: ContinuousDetonationWaveEngine

The CDWE, also known as the RDE, was �rst introduced by the experimental work of

Voitsekhovskii [58, 59] and Nicholls [60] in the late 1960s, from which a continuous rotat-
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ing detonation wave was stabilized in an annular combustion chamber. A comprehensive

review can be found from the work of Wolanski [9], Zhou [61], and Anand [16] which

contain an exhaustive summary of past experimental and numerical work on the research

of CDWEs.

Figure 1.11: Various images from experimental and numerical research of RDEs. Images
are reproduced from (a) [62], (b) [17], (c) [63], and (d) [17].

The principles of operation for a CDWE consist of the initiation and formation of one

or multiple detonation waves that continuously propagate within a cylindrical chamber [64,

9] at very high frequencies (kHz range). Representative views of an operational CDWE are

presented in Figure 1.11. The fuel and oxidizer are supplied separately from high pressures

and high velocities (usually sonic) injectors. The burnt products of the detonation wave

are expelled at high speeds through the exhaust to produce thrust or to extract mechanical

energy. Compared to the previously discussed detonation-based engines, the CDWE offers

many advantages that make this device an ef�cient combustor for both propulsion and

energy systems. The high propagation frequency of the detonation allows for continuous

thrust without any intermittency (as in PDEs). Additionally, the initiation process occurs
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only once, assuming high enough energy is deposited in the system for the detonation

to form. Finally, due to the self-sustain compression of the detonation wave no complex

machinery is required to compress the incoming mixture.

One of the many challenges with CDWE operation is to establish one or multiple det-

onation waves to propagate within the combustion chamber in a controlled manner. Al-

though homogeneous mixture represents the model ideal scenario, it can cause transmission

of detonation into the injection plenums. To avoid such outcome, separate injection of both

fuel and oxidizer needs to be employed. This method is shown to result in many non-

idealities (incomplete fuel/oxidizer mixing, de�agrative pre-burning, loss in ef�ciency)

compared to the ideal CJ state under premixed conditions [65]. Several researchers have

shown experimentally that a self-sustaining detonation wave can be achieved using dif-

ferent injection designs such as radial [66], impinging [67], pintle [68, 69], or axial [70].

Many of the existing RDEs inject the oxidizer radially into the chamber such as to mimic a

Jet in Cross-Flow (JICF) approach [14, 71, 72, 62, 73, 17, 66].

As one of the major fuels, hydrogen has been extensively used in CDWE research and

development [14, 15, 74, 71, 72, 75, 76, 17, 77, 78, 70] due to its inherently cleanliness,

and its effective detonability with various oxidizers [79]. Past experimental [14, 74, 76, 17,

77, 78] and numerical studies [80, 81, 82, 83] have shown that using hydrogen as a fuel

with either air or oxygen provides a wide operability range for CDWE devices compared

to hydrocarbon fuels. The fast mixing and reactivity of hydrogen allow its use for both air-

breathing and rocket applications. Hydrocarbon fuels such as Acetylene [14, 15], Ethylene

[84, 85], Propane [14, 15], and Syngas [86, 87, 88] have also been veri�ed; however their

use is limited to oxygen enriched environments due to the inherent dif�culty in initiating

the detonation wave. Although much of the research has relied on the gas-phase fuels, few

attempts on using either liquid [14, 89] (i.e kerosene) or solid particulates (i.e coal) [90,

91, 88, 92] as potential fuel replacement have shown alteration of detonability limits with

changes in the overall detonation pressure and temperature. The main difference between
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heterogeneous (solid-gas or liquid-gas) and homogeneous (gas-gas) detonation lies in the

mechanism of energy release. In heterogeneous detonation the energy release occurs pre-

cisely at the location of the liquid droplet or solid particle, whereas in a gaseous detonation

the energy is released throughout the fuel-air mixture. Our understanding on the use and

effects of heterogeneous fuels is not yet mature, but signi�cant efforts is expected to shift

toward the fundamental understating on two-phase detonations as to promote the design of

new injection systems and initiation methods to be used in realistic applications.

1.3 Literature Review

In this section, some of the past work on pertinent experimental and computational ap-

proaches that are of direct relevance to the current research efforts are presented.

1.3.1 NumericalSimulationsof HomogeneousGaseousDetonations

Many investigations have been conducted over the past decades to study cellular detona-

tions with a need to enhance safety, to explore possible applications for propulsion systems

and to employ in various industrial applications. These investigations involved both ex-

perimental and numerical studies using various reactant mixtures. Modeling of gaseous

detonations and numerical simulations is challenging as it involves nonlinear coupling be-

tween chemistry and �uid dynamics, large range of length and time scales, and instability in

the �ow [93, 94, 95]. Despite the current computational capabilities accurate direct numer-

ical simulations of reactive, viscous �ow with detailed chemical reaction kinetics remains

prohibitive. A summary of past research on numerical investigations of multi-dimensional

detonation is presented in Table 1.2.
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Table 1.2: Previous numerical studies on multi-dimensional premixed detonations

Reference Year Dimension Kinetics Mixture

Taki and Fujiwara [96] 1978 2D 2-steps/2-species H2 � O2

Oranet al. [97] 1981 2D I.P.M H2-Air, CH4-Air

Oranet al. [98] 1982 2D I.P.M H2 � O2 � Ar

Kailasanathet al. [99] 1985 2D I.P.M H2 � O2 � Ar

Oranet al. [100] 1998 2D 34-steps/9-species H2 � O2 � Ar

Williams [101] 1996 3D 1-step/2-species H2 � O2

Tsuboiet al. [102] 2002 3D 19-steps/9-species H2-Air

Deiterding [103, 104] 2003 2D/3D 34-steps/9-speciesH2 � O2 � Ar

Etoet al. [105] 2005 3D 18-steps/9-species H2-Air

The �rst numerical investigation of the multidimensional nature of a detonation wave

can be traced back to the work of Taki and Fujiwara [96]. A simpli�ed two-step kinetics

was used to simulate a two-dimensional detonation in a hydrogen-oxygen mixture using the

Euler equations. They have demonstrated the triple point formation and cellular structures

found in experiments. Oran and coworkers [97, 98, 99, 100] have improved our knowledge

of the detonation cellular structure beyond what can be studied using experimental diag-

nostics. Most of the simulated cases employed an induction parameter model (I.P.M) which

describes the chemical induction time of a mixture and allows for release of energy over a

�nite time period. Additionally, reduced kinetics were extended to more detailed reaction

schemes showing the effects of such choice in predicting detonation dynamics parameters

such as cell size.

In order to completely realize the propagation of the front and downstream features

formed by the detonation, research indicates that detonations involve complex 3D features

which are not understood by simple 2D analysis. The work of Williamset al. [101] was the

�rst to study the three dimensional structure of a detonation wave. A simple one-step kinet-
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ics was used and the diagonal mode of instability captured. Despite the fact that performing

simulations in three-dimension of such complex reacting �ow �eld is challenging, Tsuboi

et al. [102] used a detailed mechanism for hydrogen-air in order to obtain a view of the

diagonal motion of the triple points. Not only the computation captured the shape patterns,

but it showed the formation of un-reacted pockets behind the detonation. Consequently,

spinning detonations in a circular tube and rectangular channel were presented in order to

reveal characteristics of spinning modes by using three-dimensional simulations with the

same detailed chemical reaction model [106]. To minimize the large grid sizes required

to resolve the scales of a detonation wave, Deiterding [103, 104] applied adaptive mesh

re�nement to perform two and three-dimensional simulations of a detonation propagating

in a channel. Dynamical features were obtained for a mixture of hydrogen-oxygen-argon at

low pressures. All of the previous work analyzed the physics of an overdriven detonation

which corresponds to a detonation with a higher speed compared to the CJ theory. The

scales of such wave are different from a stable CJ detonation and it is much simpler to

initialize numerically. Etoet al. [105] studied the diagonal mode of a stable CJ detonation

in hydrogen-air mixture. Similar �ndings as in [102] were observed con�rming that the

generation of un-burned gas pockets is mainly caused by local explosions induced by the

triple point collision.

In real scenarios ahead of the detonation wave the mixture is not fully premixed and

large variations in concentrations can be found. Moreover, the �ow�eld is highly turbulent

which alters the composition and the dynamic of the detonation front. To shed light along

these lines, little work has been done on studying the dynamics of a detonation wave propa-

gating in a non-premixed mixture. It is unclear if the formation and evolution of dynamical

features such as transverse waves and triple points have similarities between homogeneous

and non-homogeneous mixtures.
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1.3.2 NumericalChallengesin PremixedDetonationSimulations

The numerical simulations previously described were performed using the Euler govern-

ing equations. The effect of molecular diffusion on the momentum and energy equations

is usually neglected because the propagation speed of detonation is very large. Through

numerical calculations [107, 108, 109] and experiments [110, 94] it has been shown that

the structure of detonation in a highly reactive mixture generates highly turbulent structures

induced by the various hydrodynamic instabilities such as Richtmyer–Meshkov (RM) and

Kelvin–Helmholtz (KH). Solving the Navier-Stokes equations requires high grid resolution

to capture the substructures of a detonation [109]. In order to take into account the small

scales, large-eddy simulations (LES) have been shown to be a promising tool [109, 94].

However, it is still unclear whether the modelling approaches for the sub-grid scales are

appropriate in these highly energetic �ows.

To capture the physics of a detonation wave, time and spatial accurate calculations are

needed. The high Reynolds number found in detonation type �ows have a wide range of

length and time scales that make it challenging to solve the Navier-Stokes equations nu-

merically. Both Large Eddy Simulation (LES) or Direct Numerical Simulation (DNS) are

possible avenues, though a completed DNS is computational intractable if both detonation

and turbulence scales need to be resolved. A trade-off is necessary depending on the prob-

lem under consideration. The current research effort will address the use of an unresolved

DNS in order to in order to provide valuable physical insights to the problem.

1.3.3 Detonationin Non-HomogeneousMixtures

The structure and dynamics of a detonation wave in non-homogeneous mixtures differ

from the homogeneous counterpart. Properties change in response to the spatial variations

in mixture compositions [2, 3]. wA summary of past research on detonation interaction

with in-homogeneity is presented in Table 1.3
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Table 1.3: Previous experimental and numerical studies on on detonation propagation in
non-homogeneous mixtures

Reference Year Exp. - Num. Perp. - Paral. Mixture

Mikhalkin et al. [111] 1996 N N/A C2H4 � O2

Kuznetsovet al. [112] 1998 E Õ H2-Air, CH4-Air

Ishii et al. [113] 2007 E – H2 � O2; H2 � O2 � N2

Kessleret al. [114] 2012 N – CH4 � O2

Ettneret al. [115] 2013 N – H2 � O2

Boecket al. [116] 2016 E – H2-Air

Boulal et al. [117] 2016 E Õ C3H8 � O2

Mi et al. [118, 119] 2017 N Irregular IdealA Ð� B

Boulal et al. [120] 2018 E Õ C3H8 � O2; C2H6 � O2

Hanet al. [121] 2019 N – H2 � O2

Prakashet al. [122] 2019 N Irregular H2-Air

Wanget al. [123] 2021 N Irregular H2-Air

The majority of experimental and numerical studies relied on diffusion to produce con-

centration gradients. However, these experiments and simulations yield some insight to

the importance of the propagation of a detonation wave through in-homogeneity [124, 111,

112, 113, 114, 115, 117, 120, 121]. Past researchers have been focusing on non-uniform

concentration of mixtures in which the gradients are predominately in two directions: 1)

parallel and 2)perpendicular to the direction of propagation.

In the �rst case, studies have focused on the transmission of a detonation wave through

mixtures that vary in reactivity or have interfaces with inert gases [124, 125, 112, 126].

Thomaset al. have shown that when incident on gradients of fuel concentration,the trans-

mitted detonation wave velocity and cell size adjusted rapidly, to values appropriate to the

local gas composition. Other studies have shown that parallel in-homogeneity can result in

shock waves decoupling from the combustion zone (resulting in turbulent de�agrations), a
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reduction or an increase in peak detonation pressure, and changes in mixture failure limits.

Boulal et al. [117, 120] found that the decay of a detonation is controlled by the rates

of variation of composition and detonation characteristic lengths. In this scenario the rate

of change of mixture properties depend strongly on the detonation velocity and the concen-

tration gradients. The steeper the gradients are, the less time the detonation has to adapt to

the new local environment. This can alter the survivability of the wave. In order to quantify

the possible ignition or extinction of the detonation they formulated a criterion to describe

the phenomenology of the shock-�ame decoupling. It is based on the comparison of the

non-dimensional numberD©tc C1 whereD is the detonation velocity and©tc � @tc~@x

is the spatial derivative of the ZND characteristic time in the direction of the detonation

propagation. ForD©tc @1 the stable propagation of a multicellular detonation wave is

achieved. IfD©tc A 1 failure through shock-�ame decoupling is likely to appear. This

shock-�ame decoupling criterion could provide a good validation tool for simulations of

detonations in non-uniform compositions.

When the concentration gradients are perpendicular to the propagation of the detona-

tion wave a more complex situation arises. Ishiiet al. [113] showed that concentration

gradients can “skew” the leading detonation wave, resulting in irregular cell structures and

a reduction in wave velocity. Similarly, Lierberman [127] studied the propagation of a det-

onation wave in perpendicular non-uniform mixtures of ethylene and oxygen separated by

a diluent gas. High-speed schileren images have shown a dominant curvature of the deto-

nation front as it was observed in [113]. A decoupling of the leading shock and reaction

front was observed when the detonation propagated in mixtures gradients far from the sto-

ichiometric limit. This was due to an increase in induction time where the diluent gas was

dominant.

The work by Calhoonet al. [128] was the �rst numerical calculation of the structure of

a stable, two-dimensional detonation in which co-�owing streams of non-premixed fuel and

air were applied to generate a mixing layer. An interesting feature was obtained referred by
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the authors as Triple-Flame Detonation Wave (TFDW). Variation in mixture composition

leads to variations in detonation speed along the shock front. This creates a curvature

similar to that observed in [113, 127]. Far from the center of the domain the mixture

either becomes too rich or too lean to support the coupling between the shock and reaction

front, and therefore an inert oblique shock is formed. The detonation speed was found to

be correlated to the thickness of the mixing layer. While some interesting features were

discussed, dynamical parameters such as transverse instabilities, cell size, and triple point

formation were not considered.

Kessler and Oran [114] addressed the effects of traverse concentration gradients on the

propagation of unstable gaseous detonations. They adapted a single-step chemical kinetics

model for uniform premixed detonation to include equivalence ratio variation in the mix-

ture. Low-to-high activation energy mixtures were analyzed showing differences in cellular

structure when the detonation propagates through various mixture gradients. The investi-

gation showed the role played by the triple point evolution in determining the shape and

speed of the detonation. The presence of mixture composition gradients prove to be an im-

pediment to detonation propagation only to certain conditions. The work from Boecket al.

[116] have applied transverse concentration gradients to a mixture ofH2-air. They observed

a velocity de�cit cause by such gradients. Through the use of shadowgraph andOH ‡ tech-

niques they were able to observe large amounts of mixture burning as a de�agration behind

the leading detonation front. A regime map based on concentration gradient pro�les and

local detonation cell sizes was developed. In order to explain the phenomenology of such

map a new characteristic length was de�ned and nameddetonable layer height. At least

two detonable layer heights is required for a stable detonation propagation. The lower the

detonation height is to this parameter the more instability and consequently failure can be

observed.

The problem of a detonation propagating in a layer or column of detonable mixture

surrounded by an inert gas has been studied in the past [129], but only recently has re-
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ceived some attention from the research community. This approach corresponds to an

in-homogeneous detonable mixture resulting from incomplete mixing, a problem with rel-

evance to propulsion and explosion safety. Houimet al. [130] studied detonations propa-

gating through a layer of reactants that is bounded by an inert gas. A simpli�ed chemical

kinetics indicative of a highly reactive mixture was used. The effect of acoustic impedance

was studied and showed that the detonation failed when the impedance ratio between the

premixed mixture and inert gas was unity due to a loss of triple points at the interface. These

results suggest that changes in impedance between gases can have a signi�cant in�uence

on the stable propagation of a layered gaseous detonation.

Another method to generate non-homogeneous mixtures is to spatially create local ir-

regular patches of both highly reactive and non-reactive reactants. Miet al. [118, 119]

analyzed the effect of discrete energy sources on the propagation of a detonation. They

found that such localized sources will assist the propagation of the wave front with speeds

well above the CJ value. Prakashet al. [122] applied an irregular distribution of a mixture

through changes in both local equivalence ratio and temperature as to mimic the local sce-

nario found in typical RDE �ow�elds during steady propagation. Through the analysis of

the statistics of the detonatioon structure, it was found that preburning of the reactants gen-

erate large inef�ciencies that translate in local losses of pressure and speed. More recently,

Wang [123] extended the spatial non-homogeneity by generating a sinusoidal distribution

of reactant concentration in 2D domains. The study concentrated on the mechanisms of

local auto-ignition, propagation speed variation, and changes to the multi-cellular nature

of the front. It was found that depending on the initial parameters of the spatial distribu-

tion, successful propagation is always fund in highly reactive concentrations, and that the

curvature structure of front represent a crucial aspect in the sustainability of the wave.

Although these studies have provided valuable insights on detonation in-homogeneity

interaction, the �ow-�elds do not resemble those found in practical devices such as an RDE

where both fuel and oxidizer are injected separately in a highly turbulent �ow.
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1.3.4 NumericalStudiesof DetonationPropagationwithin aNon-PremixedRDE

Due to the extreme environments (high pressures and temperatures) found within an RDE,

experimental data on the combustion processes during operation is limited. To provide

more detailed insights, numerical simulations become a viable tool to explore and under-

stand the physics occurring inside such devices. Many of the earliest numerical studies of

RDEs employed premixed injection [80, 131, 132, 133, 134, 135]. Although homogeneous

mixture represents the model ideal scenario, it can cause transmission of detonation into

the injection plenums. To avoid such outcome, separate injection of both fuel and oxidizer

needs to be employed. This method is shown to result in many non-idealities compared to

the ideal CJ state under premixed conditions [65].

One of the earliest numerical work on a non-premixed RDE was performed by Frolov

et al. [136]. Their three-dimensional calculations showed that the possibility of a steady

propagation of a detonation wave is dictated by the thermodynamic and mixture condi-

tions ahead of the front. Interestingly, their results captured some trends such as pressure

trances and re�ll height observed in similar experiments, but not the number of waves.

Only a single detonation wave was captured during the simulation. Similarly, Cockset

al. [137] performed high-�delity simulations of a radial injection RDE for two mass �ow

rates conditions that yielded a single detonation front. Qualitative �ow-�eld behavior and

axial pressure distributions were observed to match experimental trends. More recently,

both Satoet al. [70] and Prakashet al. [122] have explored in a more quantitative manner

the structure and behavior of a detonation wave within an RDE. Although both research

groups have used different fuel and oxidizer, the conclusions are remarkably similar. For

example, they showed that the detonation front propagating into a non-premixed mixture is

highly corrugated and mixture distribution alters the local heat release and global speed of

the detonation. Furthermore, they concluded that the mixture non-homogeneity is caused

by the transient injector response to the passage of the detonation wave.

Despite the fact that these �ndings provided some insights on the structure and behavior
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of a detonation wave within a non-premixed RDE, only a small range of in�ow conditions

were examined that resulted in a single front. Various experiments [14, 136, 138, 74,

139] have demonstrated that multiple co-rotating waves can exist during steady operation.

Depending on the injection condition , upon ignition the initial transient can result in a

different number of detonation fronts. Not only multiple detonations provide more stable

operations [138, 74], but such number depends on the amount of mixture available at any

given time that a detonation can consume [9]. Mathematically, Zhdan and Syryamin [140]

proposed that the highest number of waves present in an RDE represent the solution to an

eigenvalue problem. In other words, the �nal number of fronts corresponds to the equilib-

rium state of the device. Later, Bykosvkii [14] developed an empirical relation in order to

predict if a continuous detonation wave can propagate within an annular RDE. Such rela-

tion suggests that for a detonation to exist, a reactant height has to be greater thanh~� = 12

� 5 (� corresponds to the detonation cell size of the mixture).

Few research groups attempted [141, 142, 143] to use numerical simulations to provide

physical explanation on the mechanisms of wave multiplicity in order to explore the feasi-

bility of mode control during the operation of an RDE. It was found that the development

and successful propagation of multiple detonation fronts is sensitive to both inlet injection

pressure (mass �ow rate) and mixture composition [141]. Zhaoet al. [142, 143] were suc-

cessful in achieving multiple waves by simplifying the domain into two-dimensional. They

concluded that a detonation wave can spontaneously form through the SWACER mecha-

nism [2] (Shock Wave Ampli�cation by Coherent Energy Release) within the well mixed

mixture. They found that the in-homogeneous mixture is responsible for the evolution of

different waves. It is not clear whether two-dimensional models can capture the correct

physics of practical RDEs since 3-D effects (curvature and propellants jets interactions) are

neglected.

While the described studies have provided some interesting and worthwhile insights

on the operation of an RDE, it is clear that our understanding of the physics involved is
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not complete. In particular, the mixture preparation under continuous propagation of the

waves has not been studied to detail in the past. The detonation propagation in a realistic

non-premixedH2-air RDE with radial injection will be addressed in the current study. Due

to the computational cost only few cases were studied in order to investigate the sensitivity

of the rotating detonation to changes in fuel and air mixing.

1.3.5 Studiesof Non-PremixedInjectionandMixing appliedto RDEs

During steady operation of an RDE, the propagation of a detonation is directly affected

by a multitude of non-idealities present in the combustor. One of the most critical is the

non-homogeneity of the mixture, induced by the interaction of the propellant jets and by

mixing of freshly injected mixture with post-detonation products from previous cycles [70].

Experiments [14, 15, 74, 17] have observed key aspects such as failure of the detonation

wave into a de�agration or changes in the propagation direction of the leading wave that

are thought being induced by the detonation-mixing coupling. Although homogeneous

fuel-oxidizer mixture is the most desirable option to ensure the most favorable conditions

ahead of the propagating detonation, these non-idealities alter the wave front such that

its behavior differ from an ideal detonation described by the CJ theory [14, 144, 145].

The fundamental engineering challenge of these devices remains to determine the optimal

conditions to ensure high levels of mixing and prevent the detonation to propagate non-

ideally.

The earliest experimental studies on the effects of fuel-oxidizer mixing on the RDE

performance were conducted by Bykovskiiet al. [14, 15]. It was found that poor mix-

ing resulted in reduced detonation wave velocity, increased peak pressures, and failure of

detonation fronts. The authors also reported that the number of waves present simultane-

ously in the combustion chamber increases with increasing fuel-oxidizer mixing. Not only

an explanation of the underlying mechanisms was not provided, but the mixing was eval-

uated solely based on geometrical features and injection velocities. Large front velocity
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�uctuations were observed by Kindrackiet al. [144] which they assumed to be related

to the mixing and re�lling time prior to the subsequent detonation cycle. Bluemneret

al. [146] studied the non-reacting scalar mixing of a scaled jet-in-cross�ow (JICF) model

RDE. They observed that the position of the injection hole can either enhance or reduce

mixing and found that the blowing ratio (ratio of jet and cross�ow velocities) represents

the dominant feature that can impact the overall mixing performance of the device. How-

ever, the impact of the disruption from the passage of the detonation wave to the �ow is still

unclear and requires additional attention. Later, Rankinet al. [62, 73, 17] investigated the

effects of global equivalence ratio on both the detonation structure and propagation speed

within an RDE. By using bothOH ‡ chemiluminescence imaging and pressure readings the

authors were able to show the signi�cant speed variation (up to 30% less compared to CJ

values) under the selected operating conditions. The experimental studies discussed have

used optical diagnostic to qualitatively relate the coupling between fuel-oxidizer mixing

and detonation propagation. In order to improve the performance of RDEs, the level of

mixing and effects of mixture variation on detonation properties must be understood and

better quanti�ed.

As the mixing phenomena within an RDE is challenging to be properly characterized

and measured from experiments due to the extreme nature of the �ow, numerical simula-

tions can be used to gain in depth understanding of the time-dependent and spatial processes

involved during detonation propagation. Early numerical studies [67, 71, 72, 83] analyzed

�ow structures, mixing processes, and con�guration changes of a non-reacting isolated in-

jection element. Gaillardet al. [67] performed a numerical study in which an optimal im-

pinging injection geometry was found based solely on which con�guration would yield the

best overall mixture appropriate for a detonation to propagate with minimal speed de�cit.

The effects of injection parameters such as reactant �ow rate, injection area, and placement

of the fuel injection on mixing were studied by both Driscoll [71, 72] and Zhao [83] on an

axisymmetric injector element analogous to experimental work [62, 73]. It was found that
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by decreasing the fuel injection area or injecting fuel into the air-stream would enhance the

optimal mixing conditions. Although the aforementioned studies provided insights on the

�ow structures produced by common injector designs during unperturbed mixing, a prop-

agating detonation induces unsteady responses. This leads to transient mixing processes

ahead of the next cycle that can alter both structure and properties of the front [16, 70].

In particular, the behavior of a continuously propagating detonation during variations

of mixing has never been addressed to detail by the research community. Reacting simu-

lations of full-scale RDEs [136, 141, 82, 70, 122] showed that variation of inlet mass �ow

rates induces changes in mixing characteristics that can result in detonation velocity de�cit,

structural and directional changes, or wave splitting [16]. These results reveal trends simi-

lar to those observed in the experimental work discussed previously but also suggests that a

regime can be established that relates detonation propagation to both mixing and injection

characteristics. Time and spatial accurate studies of an RDE are currently computation-

ally expensive to perform. Past studies [65, 147, 148] have shown similar features found

within an RDE by constructing a linear channel to allow the detonation to make a single

pass through discrete injectors. Although the injected mixture was premixed, the impact of

fuel strati�cation was not properly analyzed on both propagation speed and front structure.

A simpli�ed linear detonation channel represents a suitable candidate to characterize the

fundamental �ow structures associated with a propagating detonation wave. In our study a

new canonical con�guration is modeled based on existing RDE designs [62, 73, 17, 66, 92,

149] to allow a systematic exploration of injection-detonation interaction and the underly-

ing physical processes occurring during continuous propagation.

1.4 Thesis Outline

Chapter 1 provided the background information on concepts related to detonation waves

in gaseous mixtures. In particular, the theoretical models are �rst presented in order to ap-

preciate the mathematical formulations used to describe the physics of such gas-dynamic
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phenomena. Consequently, the multidimensional aspects of a detonation initiation, devel-

opment, and propagation are reviewed. The application of a detonation in both propulsion

and ground-power systems is described with main proposed concepts. Finally, a review of

previous numerical and experimental works related to detonation waves in premixed and

non-premixed mixture was presented.

In Chapter 2 a detailed list of objectives with sub-tasks is described. Chapter 3 presents

the details of the mathematical formulation used to solve these objectives. The method-

ology on how the equations are implemented and used in the CFD solver is described in

Chapter 4. The following chapter, Chapter 5 validates the solver on both one-dimensional

and multidimensional canonical premixed detonation problems.

The following chapter, Chapter 6, analyzes the application of the current approach on

a realistic non-premixed rotating detonation combustor with radial injection. Despite the

large computational cost, only few operation conditions are needed and the emphasis is on

the effects of mixture preparation on the formation and propagation of detonation waves.

This chapter presents extensive analysis on the coupling between injection dynamics and

steady operation of the device. This provides insight on the various non-idealities found

inside RDEs and showing the capabilities and shortcomings of the current computational

approach.

The next chapter focuses on a modelling reduction of the RDE combustor by consid-

ering a more simpli�ed and canonical domain that can be used to study similar physics.

The previous study had allowed to extract key fundamental issues and the �rst stage is

to investigate more conditions in a linear periodic channel. This new canonical domain

removes the large computational burden and allows a more focused study on the charac-

terization of mixture preparation due to multiple methods such as mass �ow rate changes,

injection temperature variation, and number of fuel injectors reduction. Several qualita-

tive and quantitative comparisons are made between cases and a demonstration is made of

how some non-dimensional parameters can be extracted and used to potentially generate a
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regime map that could predict the whether a detonation wave can be self-sustained or not

based solely on the mixture ahead.

Chapter 8 concludes this thesis by reviewing the proposed objectives and highlighting

the contributions made over the course of this work. Perspectives and recommendations for

future work are provided to continue to improve the use of the current solver for physical

understating of detonation physics and for potential designs of rotating detonation engines.

An Appendix chapter is also included to provide additional material, in particular chem-

ical mechanism analysis for hydrogen combustion and code performance.
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CHAPTER 2

RESEARCH OBJECTIVES

The primary goal of this work is to assess the mixing sensitivity to detonation development

and propagation within a non-premixed mixture, focusing on the various gas-dynamics and

combustion phenomena such as �ame/shock coupling, mixture preparation and its effects

on post-detonation properties, local front structure, etc. The interaction between a detona-

tion wave and local variations in mixing by highly turbulent jets can lead to reductions in

the detonation wave velocity, local increases in pressure �uctuations, and changes in the

failure limits. Computational tools need to be used in order to help better understand the

underlying �ow physics and provide insight that cannot be obtained through experiments

alone. The main interest of this research effort is to apply the simulation approach to in-

vestigate the effects of mixing and non-idealities found in typical RDEs within a sub-scale

model. Numerical simulations of an RDE poses several challenges that would result in

expensive parametric studies with the current computational resources. The overall goal

is broad and as such will be broken down into three major objectives each with sub-tasks

necessary for completion. The corresponding objectives and speci�c tasks of this work are

as follows:

Objective 1 Investigate mixing and its effects on the formation and propagation of

a detonation wave within a three-dimensional non-premixed RDE combustor

with radial injection :

Many of the existing experimental RDEs use hydrogen as fuel and inject the oxidizer

radially into the chamber such as to mimic a JICF approach. This work focuses on

one such non-premixed design that has been experimentally demonstrated to achieve

sustained propagation. Experimental data have shown that depending on the injection
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condition, upon ignition the initial transient can result in one or a different number of

detonation fronts with large speed de�cits compared to the theoretical approximation.

This highlights the effect of mixture preparation on the steady operation of an RDE.

Thus, particular attention needs to be given to understand how the effects of mixing

alters the evolution and propagation of detonation waves within a practical annular

detonation combustor.

The key tasks of this objective are:

(a) Select a suitable experimental RDE combustor that can be used to validate and

asses the computational methods and establish a baseline.

(b) Determine and investigate the sensitivity of operation dynamics to the injection

conditions by simulating few reacting cases and compare with experimental

observations.

(c) Identify and determine the numerical challenges associated with simulating

complex detonation combustors in order to establish the development of a more

canonical setup for parametric studies.

Objective 2 Study and quantify the effects of fuel distribution and mixing in order to

establish a propagating detonation within a canonical non-premixed geometry:

While a lot of research effort have been dedicated in studying the structure and dy-

namics of premixed detonation with controlled variations under simpli�ed geometry,

there remains a need to study such phenomena under less general, more practical con-

�guration. This objective aims to isolate the effect of mixing on the propagation and

structure of a detonation through a non-premixed radial injection. This new canon-

ical con�guration allows a systematic exploration of detonation-mixing interaction

providing not only both transverse and parallel strati�cation but also highly turbulent

�ow�elds. How the interaction affects the detonation propagation and structure is of

particular interest. Since the overall goal of this thesis is to understand the physics of
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non-premixed detonations rather than numerical model development and evaluation,

the simulations are only utilized as a well validated tool that enhances understanding

of the problem.

The key tasks of this objective are:

(a) Develop a suitable canonical setup with discrete injectors that mimics realis-

tic RDE geometry and simulate a non-reacting case to validate the simulation

methodology (numerical method, boundary conditions, grid resolution, etc.)

and establish a baseline for reacting cases.

(b) Simulate an optimal non-premixed reacting case in order to de�ne the reference.

(c) Quantify and investigate the effect of mixing on the detonation wave structure,

properties and propagation.

(d) Simulate and study few reacting �ow conditions that show different detonation

behavior and aids in developing a regime map.

Objective 3 Assess the effectiveness and performance of the radial injection design to

achieve and sustain a detonation wave:

A detonation wave needs to adapt quickly to the various in-homogeneity found ahead

of the front. A successful establishment and propagation is highly dependent on how

well the wave responds to the local changes. This is a crucial process to understand

because in every practical detonation combustor such as the RDE one or multiple

detonation waves interact with constantly varying �ow�leds and quenching or re-

ignition can occur. Previous studies studies have shown that in-homogeneity can

result in shock waves decoupling from the combustion zone (resulting in turbulent

de�agrations), a reduction or an increase in peak detonation pressure, and changes

in mixture failure limits. Of speci�c interest is the sensitivity of initial conditions

to post detonation processes. The current study is an extension of previous objec-
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tive whereby the focus shifts toward the phenomenology of the establishment and

quenching of a detonation wave based on the operating parameters.

The key tasks of this objective are:

(a) Using the numerical results from the previous objective, show that decoupling

of shock and reaction zone can occur and identify key parameters that allow the

study of such effect.

(b) Propose and evaluate a regime map for detonation propagation limits based on

non-dimensional parameters.

(c) Using the previous studies, show that a stable continuous propagation can be

achieved in both a canonical setup and realistic RDE geometry.
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CHAPTER 3

MATHEMATICAL FORMULATION

This chapter provides a detailed description of the governing equations used in this work.

The three-dimensional, compressible, unsteady, Navier-Stokes equations are used to de-

termine the motions of a reacting multi-species �uid through the conservation of mass,

momentum, total energy and species. In the next section, the exact governing equations

for the �uid mechanics are introduced. Then the thermodynamic and transport closures

are described. In addition, a description of the reaction mechanism used for this work is

provided. Finally, the treatment of the boundary conditions is discussed.

3.1 The Reacting Navier-Stokes Equations

In this work, the full Navier-Stokes equations are considered. With the assumption of con-

tinuum and neglecting external forces such as gravity, we can write the governing equations

using the Einstein summation convention as:

@�
@t

�
@�ui

@xi
� 0 (3.1)

@�ui

@t
�

@
@xi

ˆ �u i uj � p� ij � � ij • � 0 (3.2)

@�E
@t

�
@

@xi
ˆˆ �E � p•ui � qi � uj � ij • � 0 (3.3)

@�Yk

@t
�

@
@xi

ˆ �Y kui � �Y kVi;k • � _! k (3.4)

where� denotes the density,ui thei � th component of velocity,E is the total speci�c

energy given by the sum of internal and kinetic energies (E � e �
1
2

ui uj ), andYk is the

mass fraction ofk � th species. The internal energy (e), in a multi-component �uid, is
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computed as the sum of its contribution from all the considered species as:e �
N s

Q
k� 1

Ykek ,

whereek is thek � th species sensible energy, andNs corresponds to the total number of

species. The stress tensor, heat �ux, and diffusion velocity are denoted by� ij , qi , andVi;k ,

respectively. Finally, the chemical production of thek � th species is represented by_! k .

For completeness, a detailed mathematical description of the stress tensor, heat �ux, and

species diffusion velocity is presented in the following subsections.

3.1.1 MomentumDiffusion

The current work focuses on the assumption that the �uid is Newtonian, and therefore the

stresses are linearly proportional to the rate of strain. This can be expressed as:

� ij � � Œ
@ui
@xj

�
@uj
@xi

‘ � �
@uk
@xk

� ij (3.5)

where� is the viscosity coef�cient, which is generally a function of temperature only.

It is important to note that if signi�cant departure from ideal thermodynamic state exists,

then transport properties can have a dependence on pressure as well. Different models exist

to describe the variation of transport properties with temperature [150]. One of the most

commonly used and simple model in the literature corresponds to the Sutherland's law, in

which the viscosity is assumed independent of the gas composition and is given by:

� � � 0 ‹
T
T0

•
3~2 T0 � S

T � S
(3.6)

where� 0 andT0 correspond to reference values, andS is a mixture speci�c constant.

The additional term in Equation 3.5 (� ) is called the bulk viscosity. Based on Stokes'

hypothesis, the bulk viscosity is expressed asˆ � �
2
3

� • and due to the assumption that the

stress tensor is traceless, then we can re-write as� � � 2~3� . For the rest of this work, the

Stokes' hypothesis holds and the stress tensor can simply be written as:
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� ij � 2� ‹ Sij �
1
3

Skk � ij • (3.7)

whereSij is the rate of strain tensor given as:

Sij �
1
2

Œ
@ui
@xj

�
@uj
@xi

‘ (3.8)

3.1.2 HeatDiffusion

The termqi in Equation 3.3 is the heat �ux vector which combines the contribution of both

thermal conduction and sensible enthalpy due to the diffusion of species. To describe the

thermal conduction, Fourier's law is used to compute the heat �ux as a function of the local

temperature gradient multiplied by the thermal conductivity of the mixture. The expression

of the heat �ux is given as:

qi � � �
@T
@xi

� �
N s

Q
k� 1

YkhkVi;k (3.9)

where � is the thermal conductivity of the mixture (assumed only as a function of

temperature), andhk represents the enthalpy of thek � th species. The thermal conductivity

needs a reference Prandtl number is addition to the viscosity such that

� �
�C p

Pr
(3.10)

whereCp the speci�c heat at constant pressure. In this study, a value ofP r � 0:72 is

assumed.

3.1.3 MassDiffusion

In a multi-species �ow, according to the conservation of mass we have that
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N s

Q
k� 1

YkVi;k � 0 (3.11)

whereVi;k are the components of the diffusion velocity of speciesk. Usually, such

terms are expressed as a function of the species gradients following the the Hirschfelder

Curtis approximation [151]:

X kVi;k � � Dk
@Xk

@xi
(3.12)

whereX k is the molar fraction of speciesk and can be expressed asX k � YkW~Wk . Dk

corresponds to the diffusion coef�cients for each speciesk within the mixture. It is more

convenient to re-write Equation 3.12 in terms of mass fractions as:

YkVi;k � � Dk
Wk

W
@Xk

@xi
(3.13)

When summing Equation 3.13 over all species the result does not satisfy Equation 3.11.

A correction velocity is used to maintain mass conservation [152] as:

V c
i �

N s

Q
k� 1

Dk
Wk

W
@Xk

@xi
(3.14)

The coef�cientsDk are coupled to the binary diffusion coef�cientsD i;j computed from

kinetic theory [151, 153]:

Dk �
1 � Yk

P j xk X j ~D jk
(3.15)

Here the binary coef�cientsD i;j are complex functions of collision integrals and ther-

modynamic variables [153]. In the current work, a simpli�ed approximation is suf�cient

for Dk such that, by introducing a constant Schmidt number for each speciesSck , we have:

Dk �
�

�Sc k
(3.16)
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3.1.4 Equationof State

In order to close the set of governing equations outlined in section 3.1, it is essential to

provide a thermodynamic equation that relate all the state variable (�; p; e; T ). This is called

the Equation of State (EoS), and several models exist in the literature [154]. In the current

study we consider the ideal gas equation of state which can be written as

p � f ˆ �; T; Y k• � �R gT (3.17)

where,p is the pressure,� is the density,Rg is the universal gas constant per unit mass,

andT is the temperature. The gas constantRg is simply a function of mixture composition:

Rg � Ru

N s�

Q
k� 1

Yk

MWk
(3.18)

with MWk is the molecular weight of thek � th species andRu is the universal gas

constant. In addition to the relations above, for a thermally perfect gas, the speci�c internal

energy can be expressed as only a function of temperature as

e �
N s

Q
k� 1

Ykek ˆT• (3.19)

whereek corresponds to the sensible internal energy of thek � th species and is ex-

pressed as

ek � e0
k � S

T

T0

Cv;k ‰T
œ
ŽdT

œ
(3.20)

whereCv;k ˆT• is the speci�c heat at constant volume for thek � th species ande0
k is

the reference energy evaluated at a reference temperatureT0. Given that the enthalpy is

de�ned ash � e�
p
�

, then the sensible enthalpy of a given speciesk can be written as

hk � h0
k � S

T

T0

Cp;k ‰T
œ
ŽdT

œ
(3.21)
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whereCp;k is thek � th species speci�c heat at constant pressure and it is related toCv;k

by

Cp;kˆT• � Cv;k ˆT• �
Ru

MWk
(3.22)

It is common to de�neCp;k , Cv;k , andh0
k as function of temperature only. Using poly-

nomial curve�ts, such terms are computed using either 7 or 9 coef�cients for each temper-

ature range. For the 7 coef�cients approach the thermodynamic data can be expressed as a

fourth-order polynomial:

Cp;k

Ru
� a1;k � a2;kT � a3;kT2 � a4;kT3 � a5;kT4 (3.23)

h0
k

RuT
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a2;k

2
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a3;k

3
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a4;k

4
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a5;k

5
T4 �

a6;k

T
(3.24)
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� a0 ln T � a1;kT �

a2;k

2
T2 �
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3
T3 �

a4;k

4
T4 � a6 (3.25)

wheres0
k is the entropy of the speciesk. The 9 coef�cient format is an extension of the

previous method and each data can be written as:

Cp;k

Ru
� a0;kT � 2 � a1;kT � 1 � a2;k � a3;kT � a4;kT2�

a5;kT3 � a6;kT4

(3.26)
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s0
k

Ru
� �
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2
T � 2 � a1;kT � 1 � a2;k ln T � a3;kT �

a4;k

2
T2�
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3
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a6;k

4
T4 � a8;k

(3.28)

At this point the EoS is fully de�ned and it presents a closure of the governing equa-

tions. The combined equations would be solved using a Direct Numerical Simulation

(DNS) approach. Detonation �ows found in RDEs are highly turbulent and characterized

by a wide range of length and time scales, with the smallest scales impossible to resolved

with current computational resources. Thus, a DNS approach would not be feasible, how-

ever as this work focuses on capturing macroscopic features of the �ow�eld and detonation

properties such method can be relaxed. Alternative methods such as Large Eddy Simula-

tion (LES), which was designed to solve this computational bottleneck by modeling scales

below a certain level, might require further studies in order to establish its validity to deto-

nation �ows.

3.1.5 ChemicalKineticsModeling

The source term_! k represents the production or consumption of species in Equation 3.4.

The existence of a detonation is directly linked to the correct capturing of the heat release

induced by the chemical reaction between the fuel (H2) and oxidizer (O2). Numerical

simulations of gaseous detonations usually employ either: (1) a global reaction, or (2) a

detailed chemical mechanism. The following sections describe in details the two models.

1. Global chemical mechanism

The most popular, and the most simplistic, model used to simulate gaseous detona-

tions is a reaction mechanism composed of just one irreversible exothermic reaction.

The global reaction basically involves ideal species composed of a fuelF , an oxidizer

O, and a productP such that
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�
œ

F F � �
œ

OO Ð� �
œœ

P P (3.29)

where� F ,� O, and� P represent the stoichiometric coef�cient for the fuel, oxidizer and

products. Here, both gases are assumed of being calorically perfect with the same

heat capacity and molecular weight. The heat of reaction is� h0 � h0
P � h0

F � h0
O. The

reaction rate is given by

k � A exp‰�
Ea

RuT
Ž (3.30)

whereA, andEa are the pre-exponential factor and activation energy respectively.

In terms of performing numerical simulations of gaseous detonations, a global reac-

tion chemical models is the simplest and mostly used for multidimensional problems

[40, 41, 155, 42, 107, 108, 109, 130]. Many mixtures such as hydrogen, methane,

acetylene, and ethylene have been modeled to solve combustion and detonation prob-

lems with results that were qualitatively similar to the experimental observations.

Although the use of a global mechanism has the advantage of reducing the computa-

tional cost, it is unable to reproduce certain experimental observations such as correct

cell size at high initial pressures or more complex multidimensional structures [156,

157].

2. Detailed chemical kinetics

In order to describe the combustion processes in a more detail manner, it is important

to take into account the production and destruction of different molecules and rad-

icals. The elementary reactions in the mechanism express how the overall reaction

proceeds and how species in a mixture react with each other [158]. Any elementary

reaction mechanism can be written in compact form as:
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ik X i (3.31)

wherek � 1;2; :::; Nr corresponds to the number of reactions. In this form�
œ

ik indi-

cates the stoichiometric coef�cient for the reactant while�
œœ

ik indicates the stoichio-

metric coef�cient for the products. The molar concentration of the speciesi is de�ned

as:

X i �
� i

MW i
(3.32)

From these elementary reactions, the rate of mass production of speciesi is given in

the source terms of the governing equations and is computed as follows:

_! i �
N r

Q
k� 1

ˆ �
œœ

ik � �
œ

ik •œkf;k

N s

M
i � 1

�X i � �
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N s
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�X i � �
œœ
ik ¡ (3.33)

The forward and backward rate of reactionkf;k andkb;k are de�ned as:

kf;k � AkT � k exp‰� Ea;k~RTŽ (3.34)

kb;k �
kf;k

K eq
k

(3.35)

whereAk , � k , andEa;k are the pre-exponential factor, temperature exponent and

activation energy respectively. The equilibrium constantK eq
k is computed from the

thermodynamics:

K eq
k � ‹

P0

RuT
•

P N r
k � 1 � ik

expŒ
� S0

k

Ru
�

� H 0
k

RuT
‘ (3.36)

whereP0 is a standard pressure and is equal to 1 bar.� S0
k and� H 0

k are the enthalpy

50



and entropy changes of reactionk, respectively.

Many detailed chemical mechanisms [159, 160, 161, 162, 163] have been used to de-

scribe the evolution of the combustion processes during the ignition and propagation

of a detonation wave. Validation through the calculation of simple canonical prob-

lems such as laminar �ame speed, auto-ignition delays, and the extinction limits are

necessary to assesses the validity of the detailed chemical mechanism to correctly

capture the physics of a detonation wave. It is important to note that although the

use of a detailed mechanism offers signi�cant advantages over the global model, it

requires a substantial computational cost due to the larger number of species and re-

actions involved. In contrast, using a global kinetic scheme can lead to unreliable

physical results, as it poorly represents the actual chemical processes. It is never-

theless possible to reduce a detail chemical scheme in order to limit the number of

chemical reactions and thus reduce the computational cost by utilizing only the most

important chemical reactions. Therefore, this work uses a reduced detailed mecha-

nism to capture the necessary features during the propagation of a detonation wave.

3.2 Boundary Conditions

When performing numerical simulations of complex con�gurations it is of interest to sim-

plify the generation of the grid such that only the domain of interest is modelled. This

requires the implementation of arti�cial boundary conditions for both in�ows and out-

�ows. The unsteady reacting simulations require minimum numerical dissipation schemes,

which make them prone to non-physical waves generation due to imposition of initial con-

ditions, arti�cial boundaries or other inaccuracies. This situation is commonly found in

many practical combustion devices such as gas turbines, rocket engines, and RDEs where

acoustic waves are closely coupled to entropy generation. To accurately capture and con-

trol the waves entering and leaving the domain the non-re�ective boundary conditions are

employed.

51



3.2.1 CharacteristicFormulation

Following the procedure described by Thompson [164] the Navier-Stokes equations can be

written in a non-conservative form:

@U
@t

� A1
@U
@x1

� A2
@U
@x2

� A3
@U
@x3

� D � 0 (3.37)

whereU is the primitive variable vector de�ned as:

U � �u1; u2; u3; �; p; Y i �
T (3.38)

andD correspond to the viscous terms denoted as:
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dYi

=AAAAAAAAAAAAAAAAAAAAA?

(3.39)

The coef�cient matricesA1,A2, andA3 are expressed as:
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’
––––––––––––––––––
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(3.40)
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•

(3.42)

The computation of the �nal conservative state variablesQ � � �; �u 1; �u 2; �u 3; �E T ; �Y i �
T

is performed by using the Jacobian matrix
@Q
@U

as follows:

@Q
@U

�

’
––––––––––––––––––
”

0 0 0 1 0 0

� 0 0 u1 0 0

0 � 0 u2 0 0

0 0 � u 3 0 0

�u 1 �u 2 �u 3
@�ET

@�
@�ET

@p
@�ET

@Yi
0 0 0 Yi 0 �

“
——————————————————
•

(3.43)

Assuming an ideal gas the partial derivatives of the thermodynamic properties can be

written as:
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@�ET

@�
�

1
2

ˆu2
1 � u2

2 � u3
1• (3.44)

@�ET

@p
�

1

 � 1

(3.45)

@�ET

@Yi
� � ‹ hi �

cpT
MW i

• (3.46)

For a real gases the formulations are presented in [165]. Given that only one direction

can be diagonalized, we obtain

S� 1A1S � � (3.47)

whereS represent the eigenvectors,r i of A1, S� 1 are the left eigenvectorsl i , and�

contains the eigenvalues� i along the diagonal:

S� 1 �

’
––––––––––––––––––
”

�
�c
2

0 0 0
1
2

0

0 0 0 1 �
1
c2

0

0 1 0 0 0 0

0 0 1 0 0 0
�c
2

0 0 0
1
2

0

0 0 0 0 0 1

“
——————————————————
•

(3.48)

The eigenvalues� i are

� 1 � u1 � c; � 2 � � 3 � � 4 � � 5i � u1; � 5 � u1 � c (3.49)

Upon substitution of Equation 3.47 into Equation 3.37 and multiplying byS� 1 we ob-

tain:

S� 1 @U
@t

� L � S� 1 ‹ A2
@U
@x2

� A3
@U
@x3

� D• � 0 (3.50)
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whereL is the vector of the wave amplitude:

L �

<@@@@@@@@@@@@@@@@@@@@@>

L1

L2

L3

L4

L5

L5� i

=AAAAAAAAAAAAAAAAAAAAA?

�

<@@@@@@@@@@@@@@@@@@@@@@@@>

� 1

2
‹

@p
@x1

� �c
@u1
@x1

•

� 2 ‹
@�
@x1

�
1
c2

@p
@x1

•

� 3
@u2
@x1

� 4
@u3
@x1

� 5

2
‹

@p
@x1

� �c
@u1
@x1

•

� 5� i
@Yi
@x1

=AAAAAAAAAAAAAAAAAAAAAAAA?

(3.51)

When multiplying Equation 3.51 by the termS we obtain:

d � SL �

<@@@@@@@@@@@@@@@@@@@@@>

d1

d2

d3

d4

d5

d5� i

=AAAAAAAAAAAAAAAAAAAAA?

�

<@@@@@@@@@@@@@@@@@@@@@@>

L5 � L1

�c

L3

L4

L2 �
L5 � L1

c2

L5 � L1

L5� i

=AAAAAAAAAAAAAAAAAAAAAA?

(3.52)

The Local One-Dimensional Inviscid (LODI) relations [166] neglect both the viscous

and source terms resulting in the following �nal form of the conservation variables:

@
@t

<@@@@@@@@@@@@@@@@@@@@@>

�

�u 1

�u 2

�u 3

�E T

�Y i

=AAAAAAAAAAAAAAAAAAAAA?

�

<@@@@@@@@@@@@@@@@@@@@@@>

d4

u1d4 � �d 1

u2d4 � �d 2

u3d4 � �d 3

@�ET

@�
d4 � � ˆu1d1 � u2d2 � u3d3• �

N s

Q
k� 1

�d 5� k ‹
@E
@Yk

•
�;p;Y i

�
@�E
@p

d5

Yi d4 � �d 5� i

=AAAAAAAAAAAAAAAAAAAAAA?

� 0

(3.53)
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The computational of each wave amplitude depends on the direction of the propagating

wave. As such, depending on the sign of the velocity component,L i can be computed

using Equation 3.51. In other cases,L i needs to be modeled based on the type of boundary

conditions chosen.

3.2.2 SubsonicRe�ective In�ow

A re�ective subsonic in�ow dictates that the velocity, temperature and species mass fraction

are all speci�ed and �xed leading to the termhard boundary conditions. In this scenario

the wave amplitudes can be computed as:

L3 � L4 � L5� 1 � 0 (3.54)

L2 �

 � 1

c2
ˆL1 � L5• (3.55)

L1 � L5 (3.56)

Another method is to �x the mass �ow rate which results in the following relations:

L1 � L5
1 � 
Ma
1 � 
Ma

� ˆu1 � c•
1 � 
Ma

2
@p
@x

(3.57)

L3 � �
u2

�
‹ L2 �

L5 � L1

c2
• (3.58)

L4 � �
u3

�
‹ L2 �

L5 � L1

c2
• (3.59)

whereMa corresponds to the local Mach number.

3.2.3 SubsonicNon-Re�ectiveIn�ow

At times it is desired to allow the acoustic waves to leave the domain while simultaneously

maintaining control over the inlet variables. The method suggested by Yooet al [167, 168]
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modi�es the LODI formulation as:

L1 � � 1ˆu1 � u1;0• (3.60)

L2 � � 2ˆT � T0• (3.61)

L3 � � 3ˆu2 � u2;0• (3.62)

L4 � � 4ˆu3 � u3;0• (3.63)

L5� i � � 5� 1ˆYi � Yi; 0• (3.64)

where the subscript index0 indicates a target value and� k represents a relaxation coef-

�cient computed in the following manner:

� 1 � � 1�c 2 1 � Ma2

2lx
(3.65)

� 2 � � 2
�R
clx

(3.66)

� 3 � � 3
c
lx

(3.67)

� 4 � � 4
c
lx

(3.68)

� 5� i � � 5� i
c
lx

(3.69)

Here,lx is the characteristic length scale of the domain, and� k are constants that require

numerical adjustment for each simulation.

3.2.4 SupersonicIn�ow

For this boundary condition, no acoustic waves are allowed to leave the domain, and all

variables are explicitly imposed.
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3.2.5 SubsonicNon-Re�ectiveOut�ow

At the out�ow all waves can leave the domain except for the acoustic wave that corresponds

to L1, which can be computed as proposed by Poinsot and Lele [166]:

L1 � � ˆp � pª • � L1;exact (3.70)

wherepª is a target pressure,L1;exact is the steady-state value ofL1 (usually set to

zero), and� is a relaxation coef�cient de�ned as:

� � �
ˆ1 � Ma2•c

lx
(3.71)

with � being a constant,c is the local speed of sound, andMa is the local mach number.

The values of� determine the control of the outlet pressure with larger values causing

pressure re�ections.

3.2.6 SupersonicOut�ow

An out�ow of this type allows all the waves to leave from the interior of the domain. The

wave amplitudes can be determined from Equation 3.53.
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CHAPTER 4

COMPUTATIONAL METHODS

The phenomena of a detonation wave is a challenging problem that requires robust numeri-

cal methods to capture the multitude of spatial and temporal scales involved in the physics.

In the previous chapter, the governing equations were summarized in order to provide the

mathematical details employed in the solver. In this chapter, the numerical methodology

to solve such equations is presented and described. First, the �nite volume method is in-

troduced, followed by the time and spatial integration schemes. Finally, the details of the

upwind and hybrid �ux computations will be then discussed.

4.1 The Finite Volume Method

The governing equations described in chapter 3 can be represented in conservative form as:

@Q
@t

�
@Fx
@x

�
@Fy
@y

�
@Fz
@z

� S (4.1)

whereQ represents the matrix containing the conserved state variables and is equal to

Q � ˆ �; �u; �v; �w; �E; �Y k•T , andFx , Fy, andFz correspond to the �uxes of the state

variables through the faces of the computational cell in x,y, and z direction, respectively,

given as

Fx � ˆ �u; �uu � p; �uv; �uw; �u ˆE � p•; �uY k•T (4.2)

Fy � ˆ �v; �uv; �vv � p; �vw; �v ˆE � p•; �vY k•T (4.3)

Fz � ˆ �w; �uw; �wv; �ww � p; �w ˆE � p•; �wY k•T (4.4)
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The source terms are denoted byS. Within the �nite volume framework the computa-

tional domain is discretized into cells of volumeV and bounded by a surface areaA [169].

The conversation equations are integrated over the control volume and can then be written

as:

y

V

@Q
@t

dV �
y

V

‹
@Fx
@x

�
@Fy
@y

�
@Fz
@z

• dV �
y

V

SdV (4.5)

Using Green's theorem, Equation 4.5 can be represented as [169]:

@Q
@t

�
1
V c

A
ˆFxnx � Fyny � Fznz• dA � S (4.6)

wherenx , ny, andnz are the Cartesian components of the surface normal vector. In

Equation 4.6 bothQ and S are volume averaged. In order to discretize the governing

equations, the computational cell is assumed to have a hexahedron shape bounded by 6

faces (As, s � 1:::6), which correspond to a structured (curvilinear) topology of the grid.

The coordinates of each cell can be represented with (i; j; k ) and each face is located at (i �

1~2; j; k ), (i; j � 1~2; k), and (i; j; k � 1~2). A graphical representation of the computational

cell is shown in Figure 4.1.

60



Figure 4.1: Representation of a computational cell in a �nite volume framework

At each boundary surface of the cell the �uxes can be generally written asFs � Fxnx �

Fyny � Fznz. Finally, the increment in the cell-centered variableQ can be computed as:

dQ � �
dt
V

6

Q
s� 1

FsAs � Sdt (4.7)

The evaluation of the �uxes at the computational cell interfaces are discussed in detail

in the following sections.

4.2 The MacCormack Time Integration

To perform the computation, the governing equations are required to be advanced in time

by either anexplicit or animplicit integration approach. Theexplicit scheme involves the

use of the variables at timet to directly solve at timet � � t, whereas through theimplicit

scheme the variables are solved using the information at botht andt � � t. Each iteration

using theimplicit approach requires solving a large system of equations, a procedure that
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requires considerable computation, disk space, and memory. Due to the aforementioned

reasons, anexplicit scheme is used in the present work.

A widely used discretization method to numerically solve hyperbolic partial differential

equations is the MacCormack time integration scheme [170]. In this work a two-staged

MacCormack scheme is utilized in which the solution of the equations proceed in two

steps: (1) apredictorand (2) acorrectorsteps, and are determined as

Q‡ � Qn � dQn Predictor (4.8)

Qn� 1 �
1
2

ˆQn � Q‡ � dQ‡• Corrector (4.9)

The timet and t � � t are denoted with the superscriptn and n � 1. The termQ‡

corresponds to the intermediate state quantity that is computed at thepredictor step. The

factor of
1
2

is used to ensure thatQn� 1 is evaluated at timet � � t. Finally, the increments

of the variableQ can be written as

dQn � � � t Œ
1
V

6

Q
s� 1

F n
s As � Sn ‘ (4.10)

dQ‡ � � � t Œ
1
V

6

Q
s� 1

F ‡
s As � S‡‘ (4.11)

The resulting MacCormack time integration approach is second-order accurate in time.

4.2.1 Time-stepComputation

The explicit time integration scheme suffers of stability and accuracy constraints depending

on the choice of the time-step (� t) [169]. In order to achieve time-accurate simulations a

maximum permissible� t must be set dictated by the physical time-scale of the phenomena

of interest. This is evaluated using theCourant-Friedrichs-Levy (CFL)number [169] such
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that the following relation can be de�ned:

dt � CFL � ‹
V~dA

vw
• (4.12)

where CFL is a number less than unity,V anddA are the volume and surface area of

the computational cell, andvw corresponds to the propagation velocity of the information

through the domain. For a stable explicit scheme, the time-step cannot allow for the in-

formation to propagate a distance grater than the the volume-to-area ratio of the cell. The

details on the effects of time-step on the stability analysis of numerical schemes can be

found elsewhere [169].

4.2.2 Integrationof theChemicalSourceTerms

The presence of a source termS in Equation 4.1 can re�ect many physical phenomena. In

this work, it is the chemical reaction that appears at the right hand side of the conservation

of species equations. Depending on the magnitude of the chemical time-scale two common

methods can be used to integrate these terms [171]:

1. thevariable coef�cient ordinary differential equation solver (DVODE) [172] uti-

lizes Jacobians (either numerically generated or user-prescribed) whenever the prob-

lem is stiff (very small chemical time-scale compared to �ow time-scale).

2. theexplicit Euler method which represents a computationally attractive alternative

to DVODE. Normally, a single iteration is used when the chemical time-scale is of

the same order of the �ow. In combustion systems with fast chemical reactions and

large production of radicals the time-step associated with the chemistry cannot be

fully resolved which results in numerical oscillations of the reaction rates. To im-

prove the stability of the explicit scheme in this scenario, sub-iterations can be used.

Rather than lowering the global time-step of the temporal integration, sub-iterations

(nsub) are performed such that� tsub � � t~nsub. This approach is implemented in the
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current solver to ensure stability for simulations involving fast chemical reactions

such as those found in mixture ofH2 � O2.

4.3 Upwind Shock-Capturing Schemes

In the presence of strong discontinuities upwind schemes are used [173, 169], where in-

formation from only one side of a cell interface are used to evaluate the �uxes. Originally

developed by Courantet al. [174], the approach has evolved into different methods [175,

173] such as the �ux vector splitting and the �ux difference splitting.

For the the �ux vector splitting method, the �uxes in a computational cell are split into

parts depending on the velocities within the cell. The interface �uxes are then the sum of

those parts which have velocities toward the interface. On the contrary, the �ux difference

splitting decomposes and reconstructs the left and right state of a cell solving a local Rie-

mann problem [176, 177, 173] to approximate the interface �ux. This method was �rst

proposed by Godonov [176] and has been shown to be a rubust numerical scheme to rep-

resent problems with discontinuities; however it was only �rst order accurate due to the

piecewise constant approximation of the state variables. Higher order accurate scheme can

be achieved by using a piecewise linear approach [178] or a piecewise parabolic extrapola-

tion [179] of the �ow variables [169, 173]. On major drawback of the high order schemes

is the introduction of spurious numerical oscillations due to large gradients found for the

extrapolation of the variables from the cell center to the interface. To alleviate these issues,

non-linear correction factors calledlimiters are often employed [178, 180, 181]. A limiter

monitors the local gradient of a solution and controls the spatial order to be used. Details

of the available limiters in the current �ow solver will be provided in the following sub-

sections. In this work the �uxes are computed using an upwind �ux-difference splitting

scheme with a piecewise linear approach for the extrapolation of the �ow variables.
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4.3.1 MUSCL Interpolation

The interface reconstruction is determined by using the Monotone Upstream-centered Schemes

for Conservation Laws (MUSCL) [178]. According to the method both the left and right

state (de�ned asUL andUR), and assuming only for a single directioni for brevity, are

evaluated as:

UL
i � 1~2 � Ui �

� ˆ1 � � i

4
�ˆ 1 � � •� �

i � 1~2ˆU• � ˆ1 � � •� �
i � 1~2ˆU•� (4.13)

UR
i � 1~2 � Ui � 1 �

� ˆ1 � � i � 1

4
�ˆ 1 � � •� �

i � 1~2ˆU• � ˆ1 � � •� �
i � 3~2ˆU•� (4.14)

where� is a constant that takes a value of 0 for �rst order piecewise constant extrapo-

lation and 1 for higher order extrapolations. For scenarios in which very strong disconti-

nuities are found a �attening operator� is used. The parameter� de�nes the order of the

interpolation scheme:� � 1 (central differencing scheme),� � � 1 (pure upwind),� � 1~3

( third order spatial accuracy), and all other values results in second order accuracy [169,

173]. To ensure monotonicity (no local extrema or oscillations)limiters are employed to

compute� �
i � 1~2ˆU• in the following way:

� i � 1~2ˆU• � Ui � 1 � Ui (4.15)

� �
i � 1~2ˆU• � � i � 1~2ˆU•� ˆ r �

i � 1~2• (4.16)

� �
i � 1~2ˆU• � � i � 1~2ˆU•� ˆ r �

i � 1~2• (4.17)

where,
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r �
i � 1~2 �

� i � 3~2ˆU•
� i � 1~2ˆU•

(4.18)

r �
i � 1~2 �

� i � 1~2ˆU•
� i � 1~2ˆU•

(4.19)

Here � represents the limiter function. Equation 4.13 and Equation 4.14 can be re-

written in the following way:

UL
i � 1~2 � Ui �

� ˆ1 � � i •
4

�ˆ 1� � •� ˆ r �
i � 1~2•ˆ Ui � Ui � 1•�

ˆ1 � � •� ˆ r �
i � 1~2•ˆ Ui � 1 � Ui •�

(4.20)

UR
i � 1~2 � Ui � 1 �

� ˆ1 � � i � 1•
4

�ˆ 1� � •� ˆ r �
i � 3~2•ˆ Ui � 2 � Ui � 1•�

ˆ1 � � •� ˆ r �
i � 1~2•ˆ Ui � 1 � Ui •�

(4.21)

Further re-arranging the above relations and knowing thatr �
i � 1~2 � 1~r �

i � 1~2 we obtain:

UL
i � 1~2 � Ui �

� ˆ1 � � i •
4

�ˆ 1� � •� ˆ r �
i � 1~2•�

ˆ1 � � •� ˆ1~r �
i � 1~2•r �

i � 1~2� ˆ Ui � Ui � 1•
(4.22)

UR
i � 1~2 � Ui � 1 �

� ˆ1 � � i � 1•
4

�ˆ 1� � •� ˆ r �
i � 3~2•�

ˆ1 � � •� ˆ1~r �
i � 3~2r �

i � 3~2•� ˆ Ui � 2 � Ui � 1•
(4.23)

Multiple different limiters are available in the current solver and summarized here:
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1. MinMod

� ˆr • � max�0;minˆr; 1•� (4.24)

2. Superbee

� ˆr • � max�0;minˆ2r; 1•;minˆr; 2•� (4.25)

3. Monotonized Central (MC)

� ˆr • � max� 0;minˆ2r; 2;
1 � r

2
•� (4.26)

4. Van Leer

� ˆ r • �
SrS� r
1 � r

(4.27)

5. Van Albada

� ˆr • �
r 2 � r
1 � r 2

(4.28)

Each of presented limiters satisfy a symmetry condition� ˆr •~r � � ˆ1~r • as well as

the Total Variation Diminishing (TVD) conditions such that the scheme monotonic [169].

Applying this condition to Equation 4.22 and Equation 4.23 we obtain:

UL
i � 1~2 � Ui �

� ˆ1 � � i •
4

� ˆ r �
i � 1~2•ˆ Ui � Ui � 1• (4.29)

UR
i � 1~2 � Ui � 1 �

� ˆ1 � � i � 1•
4

� ˆ r �
i � 3~2•ˆ Ui � 2 � Ui � 1• (4.30)

Overall, the combination of the MUSCL method and an appropriate limiter allows for

the extrapolation of the primitive variables from the cell center to the interfaces, and en-

sures a second order spatial accuracy. In this work a third-order MUSCL scheme with the

monotonized central limiter (MC) is used. The MC limiter was selected because it tends

to produce the least arti�cial compression away from shocks and provides some amount
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of numerical dissipation [169]. In order to compute the �uxes across the discontinuity, a

Riemann solver is usually employed. The next subsection provides a description of the use

of approximate Riemann solvers.

4.3.2 TheRiemannProblem

The Riemann problem consists of solving a conservation law using a piecewise constant

initial data having a central discontinuity [173]. Such initial state can be mathematically

de�ned as:

uˆx; t � 0• �

¢̈
¨̈̈
¨
¦
¨̈̈
¨̈
¤

uL for x B0

uR for x A0
(4.31)

where the initial state is constant for all positive and negativex, but differs between

left and right. In a one-dimensional scenario we can consider this problem as a gas with

temperature, density, and pressure located to the left of a removable wall and another gas

with a different temperature,density, and pressure to the right of the wall. At timet � 0 the

wall is instantly removed and the results are observed.

To numerically solve these type of problems it is customary to use approximate Rie-

mann solvers, since iterative schemes are computational expensive and some assumptions

must be made. Many approximate Riemann solvers based on the work of Harten-Lax-

van Leer (HLL) [177, 178, 180, 181] have been implemented into the current �ow solver.

In this work, all simulations used a modi�ed version of the one proposed by Toro [173].

Genin and Menon [182, 183, 184] developed a hybrid approximate Riemann solver that

combines the HLLC and HLLE schemes. The hybrid Riemann solver computes the �ux

using HLLC, but switches to the HLLE �uxes if a shock is detected in the transverse di-

rection. This scheme represents an improvement compared to the HLLC and HLLE alone,

and has proven to be robust for shocks and detonation problems [182, 185, 149]. More

details on Riemann solvers and their implementation can be found elsewhere [183, 184].
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CHAPTER 5

VALIDATION

In this chapter the numerical scheme and computational methods discussed in Chapter 4

are validated. This represents an essential aspect prior to perform the studies related to the

focus of this thesis. Past studies from literature that are pertinent to the current investigation

are identi�ed and simulations are carried out with the computational approach previously

described. The validation cases discussed here are selected to demonstrate the ef�cacy of

the numerical solver in capturing the physics of gaseous detonation �ows with both global

and detailed chemical kinetics. First, one-dimensional problems involving ignition and

propagation of a detonation at different initial conditions are simulated. These cases are

used such that the structure and stability can be validated with results from the literature.

Consequently, multi-dimensional numerical simulations of a premixed detonation propa-

gating in a rectangular channel are performed to observe if the computational methods are

capable of producing cellular detonation structures as reported by previous studies. Over-

all, this chapter validates the solvers for detonation problems, and the studies undertaken

in this chapter will establish the ef�cacy of the simulation strategy presented in Chapter 3.

5.1 Propagation of a One-Dimensional Detonation

This section concentrates on simulations of one-dimensional premixed detonation employ-

ing both global and detailed chemical kinetics. All calculations are validated with results

obtained either from the steady ZND model or from the literature. Several conditions are

tested in order to capture various physics of gaseous detonations.
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5.1.1 IdealDetonationwith GlobalKinetics

In this study, the propagation of a premixed gaseous detonation using a global mechanism is

considered. A one-dimensional shock tube con�guration of lengthL x � 0:5 m and resolved

with a grid resolution of� x � 1�m . Free-slip boundary condition is applied on the left side

of the domain and supersonic out�ow on the right. The initial quiescent state corresponds

to a pressure and temperature of 1 bar and 295 K, respectively. The global parameters

are selected as to mimic a mixture of stoichiometricH2 � O2 and are summarized and

presented in Table 5.1. The theoretical CJ and vN states areDCJ = 2845 m/s,PCJ = 17.5

bar,TCJ = 3007 K,PvN = 34 bar, andTvN = 1709 K [186, 187]. The pre-exponential factor

A is adjusted as to maintain a constant half-reaction lengthL1~2 of 90.79� m [186, 187].

Based on the grid resolution, 90 cells are used to resolve the half-reaction length. When

global reaction kinetics is used for detonation simulations the length scale associated to

a detonation is known ashalf-reactionlength (L1~2) and it is computed as the distance

from the shock front to the point where half of the fuel is consumed [186]. Three different

reduced activation energiesEa~RuT0 are employed in order to verify different stability

regimes of detonations [188, 189, 186, 190, 191, 32, 95].

Table 5.1: Thermodynamic and kinetics parameters employed for the one-dimensional det-
onation using a global chemical mechanism based on [186, 187].

Parameter Value

P0 [Pa] 100000.0

T0 [K] 295.0

MW [g/mol] 12.0


 1.333

Q~RuT0 23.81

A [1/s] 8:121� 107, 3:356� 108, 1:1 � 109

Ea~RuT0 20, 30, 38.23

In order to start the calculations, a small region with properties corresponding to the
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von-Neumann state is imposed at the left side of the domain. The initial transients results

in a over-driven (D A DCJ ) detonation, which gradually decays to a quasi-stationary self-

propagating wave. Figure 5.1 presents the instantaneous pressure pro�les and the leading

shock location as a function of time for various reduced activation energies. Each pro�les

are captured well with both CJ and vN values close to the theooretical predictions. An

interesting behavior occurs for the case in whichEa~RuT0 = 38.23. Small oscillations in

pressure emanating from the shock front are observed. This behavior re�ects the presence

of nonlinear instabilities characteristic of the modeled mixture [188, 189, 186, 190, 191,

32, 95]. Despite these �uctuations, the propagation of the detonation wave remains linear

showing a near constant velocity as shown from Figure 5.1(b). It is important to emphasize

that the activation energy value for which the transition to instability occurs depends on

the thermodynamic parameters such as
 andQ~RuT0 as well as the degree of overdrive

denoted asf � ˆD~DCJ •2. The modi�cation of these parameters could cause an advance-

ment or a delay in the transition to instability of the detonation front. The linear stability

analysis [192, 193, 189, 188, 190, 191, 194] dictates that for a reduced activation energy

Ea~RuT0 @25:265the front exhibits no oscillations which is part of the neutral stability

regime. Beyond this limit, the front exhibits oscillations with a peak amplitude larger than

the von-Neumann value and increasing with the activation energy. The obtained results are

consistent with the stability limits indicating that forEa~RuT0 = 38.23 the detonation front

is highly unstable.
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(a) Pressure (b) x-t diagram

Figure 5.1: Instantaneous pressure pro�le and front location forEa~RuT0 = 20, 30, and
38.23. The small oscillation observable from the pressure pro�le from the case with
Ea~RuT0 = 38.23 are due to the the instability generated at high activation energy.

Figure 5.2(a-c) present a close-up view of the structure of the ideal detonation for each

reduced activation energy. Although the dynamic behaviors of each case can be different,

the local structure along with the half-reaction distance is maintained the same. Further-

more, the unstable nature of the detonation is further emphasized from the peak pressure

time-evolution in Figure 5.2(d). The chaotic oscillations in peak pressure have amplitudes

that can grow up 80 times the initial quiescent pressure. The degree of instability associated

with Ea~RuT0 = 38.23 is classi�ed as moderately unstable [186, 188, 187]. As evident, the

current simulation results are in good agreement with those performed in order to under-

stand the stability of detonation waves using a global chemical kinetics [192, 193, 189,

188, 190, 191, 194], thereby verifying the numerical routines of the solver.
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Figure 5.2: Instantaneous pro�les of pressure and fuel mass fractionYF for different re-
duced activation energiesEa~RuT0. The location where the mass fraction of fuel reaches
0.5 is denoted by the dotted vertical line withxY1~2

. The distance between the shock front
andxY1~2

corresponds to half-reaction lengthL1~2. Instantaneous normalized maximum
pressure as a function of time is shown in (d).

5.1.2 DetonationIgnition in aShockTube

A one-dimensional inviscid ignition problem studied in detail by Oranet al. [98] is simu-

lated. Past researchers have used this test problem in order to validate chemical mechanisms

and the �ow solvers to predict correct detonation properties and velocity [195, 103, 104,

196]. The one-dimensional domain contains a diluted H2:O2:Ar mixture with molar ratios

of 2:1:7 at an initial pressure and temperature of 6.67 kPa and 298 K. A 34 steps detailed

chemical mechanism forH2 � O2 combustion [197] is used in this study and summarized

in Table 5.2.
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Table 5.2: Summary of the hydrogen–oxygen combustion mechanism used in this study
detonation simulations and extracted from [197]. Units:mol, s, cm3, cal, andK .

Number Reaction A n Ea~Ru

1 H + O2 ÐÐ� O + OH 1.86� 1014 0.0 16790.0

2 O + OHÐÐ� H + O2 1.48� 1013 0.0 680.0

3 H2 + O ÐÐ� H + OH 1.82� 1010 1.0 8900.0

4 H + OHÐÐ� H2 + O 8.32� 109 1.0 6950.0

5 H2O + OÐÐ� OH + OH 3.39� 1013 0.0 18350.0

6 OH + OHÐÐ� H2O + O 3.16� 1012 0.0 1100.0

7 H2O + H ÐÐ� H2 + OH 9.55� 1013 0.0 20300.0

8 H2 + OH ÐÐ� H2O + H 2.19� 1013 0.0 5150.0

9 H2O2 + OH ÐÐ� H2O + HO2 1.00� 1013 0.0 1800.0

10 H2O + HO2 ÐÐ� H2O2 + OH 2.82� 1013 0.0 32790.0

11 HO2 + O ÐÐ� OH + O2 5.01� 1013 0.0 1000.0

12 OH + O2 ÐÐ� HO2 + O 6.46� 1013 0.0 56160.0

13 HO2 + H ÐÐ� OH + OH 2.51� 1014 0.0 1900.0

14 OH + OHÐÐ� HO2 + H 1.20� 1013 0.0 40100.0

15 HO2 + H ÐÐ� H2 + O2 2.51� 1013 0.0 700.0

16 H2 + O2 ÐÐ� HO2 + H 5.50� 1013 0.0 57800.0

17 HO2 + OH ÐÐ� H2O + O2 5.01� 1013 0.0 1000.0

18 H2O + O2 ÐÐ� HO2 + OH 6.31� 1014 0.0 73860.0

19 H2O2 + O2 ÐÐ� HO2 + HO2 3.98� 1013 0.0 42640.0

20 HO2 + HO2 ÐÐ� H2O2 + O2 1.00� 1013 0.0 1000.0

21 H2O2 + H ÐÐ� HO2 + H2 1.70� 1012 0.0 3750.0

22 HO2 + H2 ÐÐ� H2O2 + H 7.24� 1011 0.0 18700.0

23 H2O + M ÐÐ� H + OH + M 2.19� 1016 0.0 105000.0

24 H + OH + MÐÐ� H2O + M 1.41� 1023 -2.0 0.0

25 H + O2 + M ÐÐ� HO2 + M 1.66� 1015 0.0 -1000.0

26 HO2 + M ÐÐ� H + O2 + M 2.29� 1015 0.0 45900.0

27 H2O2 + M ÐÐ� OH + OH + M 1.20� 1017 0.0 45500.0

28 OH + OH + MÐÐ� H2O2 + M 9.12� 1014 0.0 -5070.0

29 O + H + MÐÐ� OH + M 1.00� 1016 0.0 0.0

30 OH + MÐÐ� O + H + M 7.94� 1019 -1.0 103720.0

31 O2 + M ÐÐ� O + O + M 5.13� 1015 0.0 115000.0

32 O + O + MÐÐ� O2 + M 4.68� 1015 -0.28 0.0

33 H2 + M ÐÐ� H + H + M 2.19� 1014 0.0 96000.0

34 H + H + M ÐÐ� H2 + M 3.02� 1015 0.0 0.0
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Initially, a shock is placed atx � 3 cm from the closed end and is allowed to propagate

into the reactants. The initial states are summarized in Table 5.3. The shock is strong

enough to initiate a detonation after approximately 100� s. The shock tube of length 1.5 m

is discretized using a uniform grid with resolution� x � 10, 20, 40, 80, and 160� m which

corresponds to approximately 200, 100, 50, 25, and 12 grid points per induction length (l ind

= 1.959 mm), respectively. At the left end of the shock tube slip wall boundary conditions

are applied, and on the right side non-re�ecting conditions are used.

Table 5.3: Incident shock conditions and values behind the re�ected shock wave in the
shock tube problem.

Quiescent mixture Post-shock

T [K] 298.0 1902

� [kg~m3] 0.08497 0.348

p [kPa] 6.67 174.7

u [m/s] 0.0 1222.9

The mechanism presented in Table 5.2 is �rst validated by performing calculations of an

adiabatic constant-volume reactor in order to extract the ignition time delay of the mixture

at various initial temperatures. Two different compositions ofH2 � O2 � Ar are considered.

As discussed in [98, 195] the �rst mixture contains a composition with molar ratios 1:2:7

at an initial pressureP0 = 1.3 atm, whereas the second one has molar ratios 8:2:90 and

initial pressureP0 = 3.4 atm. In the work by Oranet al. the computed induction times

were extracted using a larger mechanism (50 steps) compared to the one employed in these

calculations. Some discrepancies in the induction times are expected due to the different

number of reactions.
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(a) (b)

Figure 5.3: Ignition time delay computed for two different initial pressure and mixture
compositions using a detailed chemical mechanism composed of 34 steps [195, 197]. The
calculations performed by Oranet al. [98] employed a larger mechanism with 50 chemical
reactions. Some discrepancies in the induction times exist due to the missing reactions.

Figure 5.3 shows the computed induction time over a suitable range of initial tempera-

tures for different pressures and mixture compositions. The results are in good agreement

with previous studies providing a good veri�cation of the current mechanism for high tem-

peratures and pressures typically found in detonation environments.
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(a) Time sequence of pressure pro�le (b) Pressure pro�les

(c) x-t diagram (d) Maximum pressure

Figure 5.4: Instantaneous pressure, front location tracking, and normalized maximum pres-
sure for at different grid resolutions� x � 10, 20, 40, 80, and 160� m. (a) Time sequence
from ignition to formation of detonation, (b) instantaneous pressure pro�le showing both
CJPCJ and von-NeumannPvN values, (c) shock front position as a function of time, and
(d) maximum pressure normalized by initial condition as a function of time.

The time-history of the evolution of the detonation from ignition to self-sustained prop-

agation is presented in Figure 5.5(a) for the high resolution case which corresponds to� x �

10 � m. A constant velocity of 1657.6 m/s is obtained after approximately 100� s from ig-

nition. Such velocity is computed by tracking the leading shock front as plotted in the x-t

diagram in Figure 5.5(c). The detonation velocity and other properties are extracted for all

the tested resolutions and summarized in Table 5.4 along with results from the literature

[104, 196]. At the highest resolution the induction zone of the detonation is well resolved

providing a more accurate CJ and von-Neumann state as shown in Figure 5.5(b). The time

variation of the peak pressure represents a god indication of the stability of the front. At
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the current composition and initial state the detonation was is stable leading to a nearly

constant peak in pressure over time. The small oscillations found for the coarser grid size

are purely due to the numerics as both length and time scales are not properly resolved.

Table 5.4: Characteristic properties at the CJ and von-Neumann (vN) state for a detonation
propagating in a mixture of H2:O2:Ar with molar ratios of 2:1:7 and at initial conditions of
P0 = 6.67 kPa andT0 = 298 K. Values obtained from the literature [104, 196] are included.
The induction length (l ind ) is taken as the distance from the shock front to the peak of heat
release rate.

UD [m/s] PvN [kPa] TvN [K] UvN [m/s]

� x = 160� m 1631.2 178.1 1868.6 1207.2

� x = 80� m 1639.9 179.5 1880.7 1212.1

� x = 40� m 1649.3 180.9 1894.7 1218.1

� x = 20� m 1657.5 182.1 1906.9 1223.3

� x = 10� m 1657.6 182.3 1906.2 1223.0

Deiterdinget al. [104] (� x = 6.25� m) 1629.9 177.3 1921.7 1231.4

Houimet al. [196] (� x = 31.25� m) 1619.8 173.9 1915.2 N/A

A detailed view of the detonation structure using the smallest resolution (� x � 10 � m)

is shown in Figure 5.5. It is clear from the results that the induction zone is well captured

by the solver with smooth pro�les for all the involved species. The induction length (l ind )

is labelled in Figure 5.5(b) with all the thermodynamic properties pro�les behind the deto-

nation front. The overall behavior and structure agree well with the reference calculations

performed by Deiterding [104] and Houim [196].
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Figure 5.5: Instantaneous structure of the detonation using a grid resolution of� x � 10
� m. Various factors of proportionality are used in order to combine all pro�les in a single
frame. A factor of proportionality is applied for all the species shown in (c):H2 � 78:1,
O2 � 9:8, H � 500, O � 100, OH � 71:4, H2O � 12:2, HO2 � 83333, andH2O2 � 166667.
This is consistent with the proportionality factors employed by Houimet al. [196]. The
reader is encouraged to view these plots in color.

5.1.3 One-dimensionalPulsatingDetonation

The validation of the solver to capture the instability of a less stable mixture ofH2-air

is conducted. Similar to the previous cases, a one-dimensional domain of 0.6 m which

contains stoichiometricH2-air at a pressure of 42 kPa and temperature of 298K is used. To

initiate the detonation and its instability, a carefully selected high pressure regionP~P0 of

80 is employed along with high temperature of 3000 K. The boundary conditions utilized

are slip wall to the left and supersonic out�ow at the right boundary. Various uniform grid
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resolutions of� x = 40, 20, 10, 5, and 2.5� m which correspond to approximately 12.5, 25,

50, 100, and 200 grid cells per induction length (l ind = 0.488 mm. The overall structure and

propagation dynamics of the front are presented in Figure 5.6.

(a) Pressure pro�les (b) x-t diagram

(c) Time history of maximum pressure

Figure 5.6: Instantaneous pressure, front location tracking, and normalized maximum pres-
sure for different grid resolutions� x � 2.5, 5, 10, 20, and 40� m for the unstableH2-air
mixture at initial pressureP0 and temperatureT0 of 42 kPa and 298K, respectively. (a) In-
stantaneous pressure pro�le showing both the Chapmann-JouguetPCJ and von-Neumann
PvN values, (b) shock front position as a function of time, and (c) maximum pressure nor-
malized by initial condition as a function of time showing instability of the shock front.

Compared to the more stable H2:O2:Ar mixture shown in Figure 5.5, large amplitude

and low-frequency oscillations are obtained for grid resolutions below 20� m. Initially the

detonation propagates with low-amplitude and high-frequency pressure oscillations that

develop into higher amplitudes at around 100� s. The computed frequencies are approx-

imately of the order of 1 MHz which is consistent with previous studies [198, 199, 200].
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The detonation velocity and the degree of overdrive for each grid resolution employed are

summarized in Table 5.5. According to the work of Yungsteret al the computed frequency

and overdrive factor are 1.06 MHz and 1.09, whereas Romicket alobtained 0.98 MHz and

f = 1.10. All the results presented are well within the values found in the literature showing

the capability of the numerical methods in capturing classical detonation instabilities using

detailed kinetics.

Table 5.5: Summary of detonation velocities (UD ) and degree of overdrive (f ) for various
grid resolutions of the unstable mixture ofH2-air at initial pressureP0 and temperatureT0

of 42 kPa and 298K, respectively.

Grid Resolution [� m] UD [m/s] f � ˆUD ~UCJ •

� x = 40 2103.25 1.074

� x = 20 2098.26 1.072

� x = 10 2099.74 1.073

� x = 5 2099.13 1.073

� x = 2.5 2098.19 1.072

5.2 Multidimensional Cellular Detonation

Within this section two-dimensional calculations of cellular detonations in premixed mix-

tures are presented. The overall objective is to ensure that the physics of a multidimensional

detonation is correctly captured by the solver.

5.2.1 Two-dimensionalCellularDetonationusingaGlobalChemicalKinetics

The multidimensional structures of a gaseous detonation is simulated in a two-dimensional

rectangular domain with dimensionsL x = 15 mm andL y = 3 mm. The model employs a

global single step reaction mechanism which mimics a stoichiometric mixture ofH2 � O2 at

initial pressureP0 and initial temperatureT0 of 1 bar and 300 K, respectively. The thermo-

dynamic and kinetics parameters used are adopted from the work of Gamezoet al. [186]
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and summarized in Table 5.6. Three different reduced activation energies (Ea~RuT0) and

pre-exponential factors (A) are simulated in order to capture the instability and irregular-

ity of the cell structure. A resolution of� x � � y � 2�m is used which corresponds to

approximately 50 cells across the detonation thickness.

Table 5.6: Summary of thermodynamic and kinetics parameters employed for the two-
dimensional simulation of a gaseous detonation using a global chemical reaction [186].

Parameter Value

P0 [Pa] 100000.0

T0 [K] 293.0

MW [g/mol] 12.0


 1.333

Q~RuT0 23.97

A [1/s] 4:0 � 107, 7:0 � 108, 1:1 � 109

Ea~RuT0 12.25, 28.58, 38.23

L1~2 [� m] 62, 35, 48

In order to start the problem a one-dimensional ZND solution is interpolated onto

the two-dimensional domain. A small high pressure and temperature rectangular patch

is placed at the shock front location in order to initiate the instability produced by the trans-

verse waves. Usually this type of computational problem is performed from a laboratory

reference of frame in order to observe the evolution and propagation of the front. Due to

the �ne spatial resolution required to capture the structure of the detonation, another, more

computationally ef�cient method can be used in which the reference frame is altered to that

of the detonation front. To do this the velocity �eld is shifted by the CJ detonation speed

DCJ such that a Dirichlet type boundary condition is imposed at the right side with velocity

uinf low � � DCJ � � 2845m/s. Extrapolation boundary is applied to the left and symmetry
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conditions for the top and bottom walls.

Figure 5.7 shows the instantaneous �ow�eld for the reduced activation energy (Ea~RuT0)

of 12.25. In this case the detonation is stable with multiple cell structures along the height

of the domain. The transverse waves are clearly visible through the numerical Schielieren

contour in Figure 5.7(d) showing the two-dimensional structure of the front composed of

triple points formations. Such evolution of the front structures leads to a periodic pattern

in the vorticity �eld of Figure 5.7(f). The intensity of such shock formation is shown from

the pressure contours with values of 50 times the initial pressure at the triple point. The

temperature �eld presented in Figure 5.7(b) makes it possible to visualize the length of

the induction zone characterized by a slowly increase in the temperature up to the CJ value.

The Mach number contours in Figure 5.7(e) show the subsonic velocity drop after the shock

front and the re-acceleration to sonic values due to the expansion which is denoted as the

sonic line. Given that the chemical kinetics is a simple one-step reaction Figure 5.7(c)

presents the complete consumption of the in�ow mixture few millimeters behind the shock

front.
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Figure 5.7: Instantaneous �ow�elds of the detonation front of the two-dimensional sim-
ulation for the reduced activation energiesEa~RuT0 = 12.25 showing: (a) pressure, (b)
temperature, (c) mass fraction of reactants, (d) magnitude of the gradient of density, (e)
mach number, and (f) vorticity.

As the reduced activation energy is increased toEa~RuT0 = 28.58 the detonation front

becomes less stable leading to a state named moderately unstable and is shown in the in-

stantaneous �ow�elds in Figure 5.8. For this case we observe that the structure begins too

differ and the size of the cell structure is not constant anymore. The Schlieren contours

from Figure 5.8(d) show transverse waves that are not identical to each other and vary in

strength during the propagation of the wave. Due to the more corrugated structure of the

front the induction zone is less clearly observed from the temperature �eld in Figure 5.8(a).

Furthermore, the vorticity patterns from Figure 5.8(f) is more chaotic due to the large front
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