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Abstract

Deflagration-to-detonation transition (DDT) is a critical phenomenon in the develop-
ment of detonation-based propulsion systems and in industrial gas safety. Recent exper-
imental investigations by Jiang et al. [11] and Lin et al. [62] demonstrated that porous
copper foam integrated into the walls of a square combustion channel reduced the det-
onation onset distance of a stoichiometric ethylene-oxygen mixture. Understanding the

mechanisms responsible for this behaviour remains incomplete.

This work investigates the influence of a porous boundary on flame acceleration and
pressure-field development through direct numerical simulation using the compressible
reacting-flow solver PeleC. Simulations were performed for a stoichiometric ethylene-oxygen
mixture within a 30 mm 30 mm square tube. The porous medium was represented using
a simplified custom boundary condition consisting of evenly spaced circular outlet pores.
This representation was intentionally designed to isolate surface-level mass and flow in-
teractions while excluding combustion and transport within the internal pore structure.
Post-processing techniques were developed to quantify flame propagation, shock formation,

pressure-field evolution, and transport through the porous boundary.

Equal-resolution comparison of the smooth-wall and porous simulations demonstrated
no measurable reduction in bulk flame velocity over the available simulation interval. How-
ever, the porous boundary substantially altered pressure-wave development. Shock forma-
tion was delayed by approximately 56 s relative to the smooth-wall simulation while
occurring at a similar axial location, indicating that the porous boundary primarily in-

fluenced the rate of pressure-wave buildup. Interaction between the developing pressure
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field and porous boundary began prior to direct flame interaction with the pores, while
mass and kinetic-energy transport increased substantially following arrival of the flame and
high-pressure products. Velocity-field analysis additionally identified a reversal in trans-
verse near-wall flow that provides a potential coupling mechanism between the bulk flame

and processes occurring within the porous structure.

The results demonstrate that, under the simplifying assumption of representing the
porous medium as surface-level outlet pores, the experimentally observed enhancement in
flame acceleration is not reproduced. The simulations instead demonstrate pressure-wave
attenuation and delayed shock development while retaining similar bulk flame propaga-
tion at equal resolution. These findings indicate that physical processes excluded by the
simplified boundary representation, particularly combustion and flow transport within the

porous volume, may be important to reproducing the acceleration observed experimentally.
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Chapter 1

Introduction

Under certain conditions, a subsonic ame can spontaneously accelerate and transition
into a detonation, a phenomenon known as de agration-to-detonation transition (DDT).

This transition represents one of the most complex and consequential events in combus-
tion, appearing both as a hazard to be prevented in industrial storage facilities, and as
a mechanism to be exploited in next-generation propulsion systems. Understanding and

controlling DDT is therefore a problem of both safety and performance.

1.1 De agration vs Detonation

There are two forms of combustion, de agration and detonation, which are divided by the

natural speed limit of the transmission of pressure, the local speed of sound [67].

1. De agration is a combustion wave that propagates through the unreacted mixture
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at a speed lower than the local speed of sound, with propagation governed primarily

by heat and species di usion.

2. Detonation is a combustion wave that propagates through the unreacted mixture at
a speed greater than the local speed of sound in the unreacted gas and is coupled to

a leading shock wave.

De agration is characterized by a reaction front that propagates subsonically relative
to the unreacted mixture and is commonly approximated as a near constant pressure com-
bustion process. The reaction is exothermic and the energy produced in the reaction heats
and expands the product gases, as the mechanism for the continued onset of the reaction
is caused by heat transfer [48]. It becomes self-propagating when the decomposition and
volatilization of the reactants produces more energy than it takes to raise the reactants
to their ignition temperature [2]. It should be noted that the subsonic nature of de agra-
tion allows pressure waves and perturbations to propagate through and interact with the
ame. These interactions can produce combustion instabilities, including thermoacoustic
coupling between pressure oscillations and unsteady heat release, which may amplify ame

oscillations or contribute to ame quenching [25, ]

Due to the supersonic nature of detonation, a shock wave is formed that couples to
the surface of the ame. Detonation is characterized as a near constant-volume reaction
[56, 48]. Decomposition of reactants into constituent volatiles is performed by the shock
wave as the shock heats the reactants to their ignition temperature before they are inducted
into the reaction zone of the ame [2, 31]. Detonation wave velocities are typically on the

order of kilometres per second, although the characteristic velocity depends strongly on
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the reactants and their thermodynamic state. Gaseous detonations commonly propagate
at approximately 1500 m=s to 3000 m=s [93], while condensed-phase energetic materials
can exhibit detonation velocities of several kilometres per second and, for some explosives,
approach 10 km=s [100]. For example, stoichiometric ethylene{oxygen, the mixture con-
sidered in this study, has a characteristic detonation velocity of approximately 2300 m=s,
compared with a laminar ame speed of approximately 5:5 m=s under comparable initial

conditions [108, 11, ].

The detonation wave structure consists of a leading shock wave that compresses and
heats the unreacted mixture, followed by an induction zone in which the shocked reactants
undergo chemical induction before entering the reaction zone. Within the reaction zone,
rapid heat release supports the leading shock as the reactants are converted to products.
For an ideal Chapman-Jouguet detonation, the end of the reaction zone corresponds to a
sonic plane relative to the propagating detonation front, downstream of which the product

gases expand [56].

As the ame is preceded by a shock wave, pressure waves and perturbations are unable
to be transmitted through the ame and instead serve only to drive the wave forward.
Transverse shock waves generated behind the detonation front interact through re ec-
tion and collision, producing localized explosive events within the reaction zone. These
microscale interactions provide a mechanism for transferring energy from the chemical
reactions behind the shock front to the leading wave structure, e ectively driving the det-
onation wave in a manner analogous to a piston [18]. A detonation wave is therefore a
self-propagating structure. Detonation produces less entropy than de agration, making it

capable of achieving higher thermodynamic e ciencies [28].
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It should be noted that the preceding de nitions describe premixed combustion, in
which the reactants are uniformly mixed prior to ignition, as is the case for the work
presented in this thesis. In contrast, non-premixed combustion involves separate fuel and
oxidizer streams, such that combustion is governed by both chemical kinetics and turbu-
lent mixing. Consequently, local variations in mixture composition and equivalence ratio

in uence the combustion process and can signi cantly alter ame behaviour.

1.2 Application of Detonations

Essentially all commercially available engines prior to the end of the 20th century relied on
de agration rather than detonation. This includes gas turbines for power generation and
propulsion, as well as internal combustion engines for automobiles, generators, and ships.
These engines operate under the Brayton and Otto combustion cycles [116]. These cycles
consist of isentropic compression, near constant-pressure heat addition, isentropic expan-
sion, and near constant-pressure heat rejection. Even rocket engines, which operate using
an open combustion cycle, rely on de agrative combustion. Unsteady combustion concepts
nevertheless have a long history, with pulse combustion devices investigated throughout
the twentieth century and employed in applications including propulsion and heating [32].
Detonation engines, however, present additional challenges associated with controlling det-
onative combustion and managing the accompanying thermal and structural stresses. The
tightly coupled shock-wave and chemical reaction dynamics also occur over very small
spatial and temporal scales, making these processes di cult to characterize. Advances in

experimental diagnostics, numerical methods, and computational resources have therefore
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improved the ability to investigate these processes and develop practical detonation based

propulsion systems.

De agrative engines have remained dominant because they are highly mature. How-
ever, this maturity also means that achieving major e ciency improvements is increasingly
di cult. Detonative engines represent a potential 20% improvement in thermodynamic e -
ciency [113] compared with de agrative engines. This improvement is primarily associated
with pressure-gain combustion, in which the leading shock wave compresses and precondi-
tions the reactants prior to heat release, increasing the pressure of the combustion process
and enabling greater work extraction from the expanding products. Although pressure
gain has been experimentally demonstrated, the theoretical e ciency improvements asso-
ciated with detonative combustion have not yet been fully realized in practical engines due
to losses introduced by non-ideal operating conditions. These losses arise from the di er-
ence between idealized thermodynamic models and the complex requirements of practical
propulsion systems, including mixing, heat transfer, and ow losses. Addressing these lim-
itations remains an active area of research in the development of detonative propulsion

systems [85].

There are three primary types of detonation engines that have been proposed, the Pulse
Detonation Engine (PDE), the Obliqgue Detonation Engine (ODE), and the Rotating Det-
onation Engine (RDE). The use of detonative combustion in thermodynamic cycles was
rst considered by Zel'dovich in 1940 [113]. Jacobs independently developed a thermody-
namic treatment of detonation in 1956, which was later elaborated by Fickett and Davis
into what is now referred to as the Fickett-Jacobs cycle [28, 40]. The PDE, ODE, and

RDE, were all proposed by James Arthur Nicholls between 1957 and 1958 [76].
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In the PDE, the propellant is ignited and a detonation wave propagates through the
tube, driven by the piston e ect generated by the expansion of high-pressure combustion
products behind the wave. As the detonation wave reaches the open end of the tube,
the expanding products produce thrust through the generation of momentum in the ex-
haust ow. The subsequent expansion and wave re ections within the chamber assist in
exhausting the combustion products, allowing the chamber to be re lled with fresh pro-
pellant before the next detonation cycle. This is an intermittent form of thrust, as the
chamber must empty the exhaust products that expand behind the detonation wave and
then re Il with fresh propellant before ring again. Therefore, the engine is often arranged
as an array of PDEs that are ignited out of phase such that the vehicle perceives a more
continuous thrust. The rst test aircraft powered by an array of PDEs was own out of
Wright-Patterson Air Force Base in 2008 [4]. The intermittent operating cycle of the PDE

causes signi cant igniter wear and only approximates continuous thrust.

The ODE, also called a standing detonation wave engine, is an air-breathing detonation
engine developed for hypersonic ight as a scramjet system. It is intended to operate at
high Mach conditions ranging from Mach 8 to Mach 15. The shape is broken down into
a converging inlet, a constant area annular combustor and a de-Laval nozzle [63]. The
detonation wave is situated in the combustor at an oblique angle to the direction of the
ow of gases. The converging inlet compresses incoming air under ram pressure where it
is mixed with the fuel and shock-combusted with a standing detonation wave that is held
at an equilibrium position in the combustor. The ignition is shock-induced. Rubins et
al. conducted the rst experimental wind tunnel tests which were conducted in a Mach 3

tunnel in 1959 [88, 87].



Figure 1.1: Schematic diagram of PDE single cycle. Reprinted from Applied Thermal Engi-
neering, Vol. 244, Y. Li, S. Qi, Q. Jing, L. Zhang, D. Wang, C. Shi, H. Xu, Y. Li, Z. Wu, R.
Zhou, The e ect of operating frequency and ignition energy on JP-10/PO/aluminum pow-
der multiphase-pulse-detonation-engine, 122758, Copyright (2024), with permission from
Elsevier. [59]

While Nicholls proposed the RDE, it was B.V. Voitsekhovskii of the Soviet Union who
produced the rst experimental prototype in the 1960s using acetylene-oxygen mixtures
[83]. An RDE uses an annular ring shaped combustion chamber instead of the conventional
cylinder used in de agrative rocket engines. A detonation wave must be ignited and fed
tangentially in the annular chamber while propellants are injected axially, perpendicular to
the detonation wave. This results in the detonation wave continuously traveling around the
chamber combusting the ow of fresh propellants. The detonation wave is con ned between
the injector plate and the inner and outer walls of the chamber, allowing an oblique shock

wave to break free only in the axial direction. The oblique shock wave redirects gases out of



Figure 1.2: Schematic diagram of Standing Wave Detonation Engine. Reprinted from
Proceedings of the Combustion Institute, Vol. 34, P. Wolanski, Detonative propulsion,
125{158, Copyright (2013), with permission from Elsevier. [107]

the chamber to produce thrust. The wave travels at speeds on the order of kilometres per
second, meaning that the detonation wave traverses the length of the chamber thousands
of times per second. As a result, the exit plane experiences quasi-continuous thrust. The
advantage is that it requires only one ignition and has fewer parts which reduces mass. The
disadvantage is that it has more wall area that requires a solution for thermal management.
The rst operation of an RDE outside of lab testing was conducted by the Japan Aerospace
Exploration Agency (JAXA) in which an RDE was test- red in space aboard the sounding
rocket S-520-31 in 2021 [1]. Later in 2025, the world's rst RDE-powered rocket was
launched by Venus Aerospace [103]. Recent developments have also demonstrated the
potential integration of RDE combustion with turbo-machinery for power generation. In
2026, researchers at Karlsruhe Institute of Technology (KIT) demonstrated a hydrogen
fueled compressor-less gas turbine using pressure-gain combustion, achieving a continuous
operating duration of 303 seconds and successfully generating electricity through a coupled

turbine [47].



Figure 1.3: Schematic diagram of Rotating Detonation Engine. Reproduced from Shepherd
and Kasahara, 2017 [94]

1.3 Initiation of Detonation

A key challenge for all of these engines is achieving repeatable and stable ignition followed
by the formation of detonation. Detonations form in two ways, the direct initiation of
a detonation in a reactive medium, or the transition of a de agrative (often called slow

moving) ame into a detonation as it propagates through a reactive medium[53].

The direct initiation of a detonation is di cult to achieve in a gaseous mixture due to
the low energy density of the reactants compared to liquid or solid reactive media. Addi-
tionally, the gases can be compressed which gives freedom for the particles to be pushed
away in response to pressure during an ignition event, instead of initiating a reaction.
The magnitude of the initial energy release is a signi cant variable in achieving direct
initiation[53]. If the energy deposition doesn't occur over a fast enough time and into a

small enough volume then the resulting blast will decelerate below the Chapman-Jouget



(CJ) velocity of the mixture and decay into an acoustic wave [26]. The required energy,
known as the critical energy for initiation, is three to four orders of magnitude higher than
the minimum ignition energy required for a slow moving de agrative ame, depending on
the initial conditions [115, 42]. ODEs are able to achieve the conditions necessary for direct

initiation, but they require the inlet air to be traveling on the order of Mach 5 to do so.

Due to the challenge of direct initiation in gaseous reactants, an alternative method
of initiating a detonation is to accelerate a de agrative ame through de agration-to-
detonation transition (DDT). An RDE can be ignited by rst initiating a ame within
a DDT tube and, after the onset of detonation, directing the resulting detonation wave
tangentially into the Rotating Detonation Chamber (RDC). In the case of PDEs, DDT
can instead form part of the operating cycle: a de agrative ame is initiated in a relatively
guiescent reactive mixture and accelerated until transition to detonation occurs before the

wave exits the tube and produces the thrust pulse.

Starting with an established plug ame that is anchored to the chamber walls, Figure

1.4, the process of DDT is such that[71]:
1. The ame releases energy into the surroundings, causing pressure perturbations ahead
of the wave and an increase in turbulence

2. The turbulence causes wrinkling of the ame surface which increases the local surface

area of the ame

3. The increased ame surface area increases the rate of reaction which releases more en-

ergy into the surrounding mixture and increases the intensity of the leading pressure
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Figure 1.4: Schema of a gas DDT in a closed tube. Reproduced with permission from
McAfee, J. M., \The De agration-to-Detonation Transition”, Shock Wave Science and
Technology Reference Library, Vol. 5: Non-Shock Initiation of Explosives, 2010, Springer
Berlin Heidelberg. © 2010 Springer Nature [71]

perturbations

4. The increased energy release causes more turbulence, which increases the intensity
of the wrinkles in the ame surface until the ame develops local twists, increasing

the e ective ame surface area and accelerating the overall ame propagation

As this positive feedback process continues, the increasing ame-surface distortion
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Figure 1.5: Schema of vortical ampli cation. Reproduced with permission from McAfee,
J. M., \The De agration-to-Detonation Transition", Shock Wave Science and Technology
Reference Library, Vol. 5: Non-Shock Initiation of Explosives, 2010, Springer Berlin Hei-
delberg. © 2010 Springer Nature [71]

can develop into high-pressure vortical structures called jelly rolls, Figure ?? c, con-
taining mixed and sandwiched layers of reactants ! flame surface ! products !

flame surface ! reactants [53, 56, 71, 95]. The leading pressure perturbations coalesce
into a leading shock wave ahead of the accelerating ame. As the ame accelerates and
approaches the shock, compression of the unreacted mixture between the two structures
increases the local temperature and pressure, producing conditions that can initiate local-
ized explosive events between the ame and shock [50]. These explosive events accelerate
the ame front, promoting coupling between the reaction zone and the leading shock wave
to form a shock- ame structure with supersonic propagation velocity. This structure alone
represents an overdriven, also called an "overcharged," de agration wave. Detonation is
achieved when the production of turbulence supports the formation of transverse shock
waves behind the primary coupled shock- ame structure [93]. The interactions of these
transverse shock waves provide the mechanism required for self-sustained propagation of

the detonation wave.
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These phenomena represent an energy transfer occurring at a microscale. The macroscale
detonation wave structure is made up of microscale detonation cells. These cells are sepa-
rated by triple points where the transverse shock waves meet the leading shock wave and

subdivide it. Each cell represents a micro detonation that is a part of the macro wave [29].

When a microscale detonation is initiated, it begins with a velocity signi cantly greater
than the Chapman-Jouguet velocity, reaching approximately 1:64J[54]. As the detonation
structure expands, its velocity decreases as energy is redistributed through the surrounding
wave system, eventually entering a decaying phase. The evolution from initiation to decay
can be considered the lifecycle of a microscale detonation cell. Adjacent microscale deto-
nation cells exist simultaneously at di erent stages of this life cycle, with the boundaries
of each cell de ned by the transverse shock waves associated with triple-point motion. A
diagram of the regions within the detonation wave structure is shown in Figure 1.6, and
the corresponding detonation cell traced by the motion of the detonation wave is shown in

Figure 1.7.

As neighbouring detonation structures interact, the transverse shock waves converge
and generate localized regions of high temperature and pressure capable of initiating a
new microscale detonation. The newly initiated detonation begins a growth phase while
the neighbouring structures enter a decay phase. As these older structures weaken, the
expanding detonation structure occupies the region previously dominated by the decaying
cells. This process repeats continuously, with the interactions between transverse shock
waves providing the mechanism for transferring energy from chemical reactions occur-
ring behind the shock front into the forward propagation of the macroscale detonation

structure. The transverse shock waves therefore enable self-sustained propagation by con-
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tinuously generating new microscale localized explosive events to replace those undergoing
decay within the macroscale detonation structure. It should be noted that the "cells" are
not three-dimensional bubbles as might be inferred from the terminology. Instead, they

represent the path traced by the motion of the subdivided detonation plane over time

[29, 56, 106].

Figure 1.6: Schematic of Detonation Wave Structure. Reprinted from Proceedings of the
Combustion Institute, Vol. 38, J. Crane, X. Shi, J. T. Lipkowicz, A. M. Kempf, H. Wang,
Geometric modeling and analysis of detonation cellular stability, 3585{3593, Copyright
(2021), with permission from Elsevier. [19]

The preceding discussion describes the physical processes governing the transition from
de agration to detonation. These processes can be summarized into the following criteria,
all of which must be satis ed for a self-sustaining detonation to be established:

1. Reactant concentration must be above the detonability limits of the mixture

2. The ignited ame must be accelerated beyond the CJ de agration velocity of the

mixture

3. A shock wave must form and couple to the ame in a shock- ame structure

14



Figure 1.7: Detonation Wave Cellular Structure. From \Experiments in gasdynamics of
explosions,” by A. K. Oppenheim and R. I. Soloukhin, 1973, Annual Review of Fluid
Mechanics, 5, Copyright 1973 by Annual Reviews. Reprinted with permission. [77]

4. Hot spots and a rapidly compressing pressure gradient needs to form between the

ame and the leading shock such that a spontaneous detonation is initiated

5. Transverse shock waves must be present to cause the direct initiation of micro-

detonations such that the structure is self-propagating through the reactive mixture

DDT can occur naturally when a de agrative ame is con ned to a tubular domain
that is lled with a reactive mixture. The natural process of DDT takes place over a run-up
distance that is signi cantly larger than the diameter of the con ning tube. Mejia-Botero
assembled a database of unobstructed DDT experiments [72]. This database indicates that
the DDT run-up distance can be a factor of 10 250 times larger than the diameter of the
con ning tube. As the process of operating a PDE is itself the process of DDT, and RDEs

are ignited from DDT, the study of the transition is of clear interest to modern propulsion
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engineers who want the DDT process to be greatly shortened. This is balanced from a
safety perspective because the onset of DDT can occur in pipelines of gaseous or vaporous
reactants such as hydrogen and steam. In these cases a long run-up distance is desirable
to prevent the conversion of a weak ame into a detonation. For these reasons, DDT has

been studied with both the goal of accelerating and suppressing the process.

Porous structures have a history of extensive investigation for the attenuation of ames
and pressure waves in industrial applications. Their ability to increase heat transfer, pro-
vide large surface areas for thermal losses, and disrupt propagating pressure disturbances
has led to their use in ame arresters and other explosion protection systems [27, 6, &].
However, the in uence of a porous medium is strongly dependent on its geometry, material
properties, cell state open vs closed cell, and interaction with the reacting ow. Under
some conditions porous structures can attenuate or extinguish ame propagation, while
under others they can promote ame acceleration and facilitate the onset of detonation
[41, 62].

Porous structures have recently been investigated as a means of in uencing combus-
tion and detonation behaviour in propulsion systems. In rotating detonation engines,
porous structures have been proposed as potential injector interface materials as a means
of managing propellant mixing, and in uence interactions between the detonation wave
and injection system. Experimental investigations by Jiang [41] and Lin [62] demonstrated
that porous copper structures can signi cantly in uence ame acceleration and detonation
initiation during DDT. Their observations indicated that combustion within the porous
structure contributed to bulk ame acceleration. Motivated by the signi cance of under-

standing DDT, the objective of the present work is to investigate the in uence of a porous
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boundary condition on ame acceleration, pressure eld development, and shock formation
during de agration-to-detonation transition through high- delity numerical simulation. By
comparing a smooth-wall con guration with a porous-wall con guration representative of
the experiments of Jiang and Lin, this study seeks to improve the understanding of the
physical mechanisms through which porous structures in uence ame propagation and the

development of the leading shock.

The remainder of this thesis is organized as follows. Chapter 2 presents a review of the
literature relevant to DDT, including the historical development of DDT mechanisms and
experimental and numerical methods used to promote transition. Chapter 3 describes the
numerical methodology, governing equations, computational domain, boundary conditions,
and simulation setup employed in this study. Chapter 4 presents the simulation results and
the evolution of the ow eld as it interacts with the de ned porous boundary conditions.
Chapter 5 discusses the results in the context of existing DDT theory and experimental

observations. Finally, Chapter 6 summarizes the principal ndings of this work.
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Chapter 2

Literature Review

The aim of this literature review is to study the historical context of the progression of
DDT research and the methods used by those advancing this eld such that this thesis
can be understood for its contribution to the greater body of work. The review is broken
down into sections for the historical progression of the development of DDT mechanisms,

experimental and numerical methodologies, and nally the motivation of this study.

2.1 Historical Development of DDT Mechanisms

In 1883 Ernest Mallard and Henri Le Chéatelier produced their foundational model of
laminar ame propagation [66]. That a ame preheats unburnt gases around it until the
surrounding regions of gas reach their auto-ignition temperature and the ame spreads.
In the experiments of this work they used a rotating drum camera and were the rst

to observe the transition from de agration to detonation [56]. This demonstrated the
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possibility of two modes of combustion existing in the same gaseous mixture. Mallard and
Le Chatelier then suggested that the chemical reactions in a detonation wave are initiated

by the adiabatic compression of the detonation front.

The observations recorded by Mallard and Le Chéatelier con rmed a transition between
de agration and detonation, but criteria for achieving the transition, and even for de ning
what a detonation was were necessary. The thermodynamic foundation for shock waves
in reacting gases was established through the conservation relations derived by Rankine
and Hugoniot in 1887 [36, 38], which relates thermodynamic states across a discontinuity
via the Rankine-Hugoniot jump conditions and the associated Hugoniot curve. Building
on the works of Rankine and Hugoniot, both David Chapman (1899) anBimile Jouguet
(1905) contributed to de ning criteria for selecting a solution out of a family of possible end
states behind a shock [13, 45]. In modern physics this is known as selecting from the strong
and weak solutions across a de agration and detonation wave, but this wasn't formalized
until reactive- ow theory in the 1970s. Chapman calculated the velocity of an explosion
in a gaseous explosive mixture (GEM) and identi ed a minimum propagation speed for
a self-sustaining detonation, a minimum velocity for the minimum detonation solution.
Jouguet investigated the locus of thermodynamic states for various detonation velocities
and proposed that the minimum detonation solution corresponded to the solution with
the minimum entropy. Both independently noted that their respective solution occurred
when the conditions downstream of the detonations were at sonic conditions. It was Louis
Crussard in 1907 [20] who formally acknowledged this, resulting in the minimum detonation
criteria, or sonic conditions, becoming known as the Chapman-Jouguet (CJ) criteria. It

should be noted that Vladimir Mikelson (1890) independently developed a similar theory

19



of gas dynamic detonations, but his ndings were published exclusively in Russian with
limited dissemination outside of Russian literature, so credit is attributed to Chapman and

Jouguet [56].

Following the establishment of detonation theory, attention turned toward the experi-
mental control and augmentation of DDT which is spoken of in Section 2.2 Experimental
Investigation of DDT. Progress in the mechanisms of DDT wasn't enabled until advance-
ments in high-speed ow visualization was achieved during the 1950s and 1960s. Partic-
ularly, the development of self-synchronizing stroboscopic schlieren techniques capable of
resolving rapidly evolving shock and combustion structures by exposing changing density
elds in a gaseous mixture [91, ]. These diagnostic methods allowed Oppenheim and his
collaborators to directly observe the wave interactions accompanying DDT, revealing phe-
nomena that had previously been inferred only from pressure measurements and post-test
observations. Subsequent investigations by Oppenheim and Urtiew employed stroboscopic
schlieren photography and lead to the observation of localized explosive events embed-
ded within the accelerating ame front. This was referred to as the "explosion within an

explosion” concept [102, 50].

A theoretical explanation for the localized ignition events was later proposed by Zel'dovich
in 1970. Zel'dovich demonstrated that a su ciently shallow induction-time gradient, pri-
marily governed by temperature, could produce a spontaneous reaction wave. Since ignition
occurs rst in the hottest region, the resulting reaction front propagates through the gra-
dient and, under suitable conditions, may couple with a shock wave to form a detonation
[114]. Building upon both the experimental observations of Oppenheim and Urtiew and

the theoretical framework of Zel'dovich, Lee (1977) described DDT as a coupled process
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involving turbulence, ame acceleration, vortex formation, and shock ampli cation. In
this interpretation, turbulent ame structures created localized regions of elevated tem-
perature and pressure where rapid energy release may occur, providing a physical pathway
for the direct initiation events observed experimentally and the subsequent formation of a

self-sustaining detonation [53].

These concepts were subsequently formalized through the Shock Wave Ampli cation
by Coherent Energy Release (SWACER) mechanism. In the SWACER framework, local-
ized energy release occurring behind a shock wave strengthens the shock, which in turn
promotes additional reaction and further energy release. This positive feedback process
provides a mechanism by which localized ignition events can evolve into a self-sustaining
detonation and serves as a unifying description connecting the experimental observations
of Oppenheim and Urtiew with the induction-time gradient theory proposed by Zel'dovich

and the turbulence-driven initiation process described by Lee [56].

2.2 Experimental Investigation of DDT

After the establishment of detonation theory, work began on attempting to understand
how the process of DDT can be aected and controlled by augmenting its con nement.
Early experimental investigations into the in uence of con nement geometry on detona-
tion formation can be traced to the work of Paul La tte in the early 1920s. In his studies
of explosive-wave propagation, La tte introduced wall roughness by lining the interior of
a tube with coarse sandpaper and observed that surface irregularities signi cantly in u-

enced the formation and propagation of explosive waves [51, 52, 56]. Surface roughness
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turned into obstacles in the works of Wheeler and Chapman (1926) who took the exper-
imental apparatus used by Mason (1923), a brass combustion tube open at both ends,
and systematically inserted restricting rings to the inside of the tube [14]. Chapman and
Wheeler demonstrated that an otherwise laminar methane-air ame traveling at 14 cm=s

in a smooth tube could be accelerated to 420 m=s by placing the restricting rings with a
blockage ratio of 0:5 into the path of the ame. They observed retardation of the ame
leading up to the obstacle and acceleration afterward. When multiple obstacles were in-
serted and spaced close together, only the acceleration was observed in the subsequent

obstacles.

Shchelkin (1940) further demonstrated the impact of obstacles as a means of arti cial
surface roughness [92]. Motivated by industrial and mining explosions, Shchelkin's work
was conducted in the context of safety research, where understanding the in uence of
con nement and wall roughness on ame acceleration and detonation formation was of
practical importance. He produced arti cial roughness in a tubular gaseous combustion
chamber by lining the inner wall with a helical spiral, later known as a Shchelkin Spiral.
He observed that adding the spiral or rough structure obstacles causes much faster ame
propagation, stronger pressure buildup ahead of the ame, and earlier shock formation.
The distance required for DDT becomes much shorter in rough tubes and detonation
becomes easier to sustain once formed even though the detonation velocity is reduced
relative to the CJ velocity. This produced the idea of extending the limits of detonability

through wall and obstacle interactions.

Shchelkin demonstrated that roughness dramatically reduced the predetonation dis-

tance from 20 40 tube diameters, down to the order of 2 4. Babkin and Kazachenko
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(1960) subsequently employed high-speed schlieren photography to investigate the under-
lying mechanism and observed the formation of a coupled shock- ame structure, where
the ame and the shock were moving at the same sub-detonation velocity as the shock
strengthened. They proposed that re ections of the accelerating shock from roughness
elements continuously ignited mixture near the tube walls, changing the ignition mecha-
nism from purely turbulent ame propagation to a shock-assisted process that ultimately

evolved into detonation [3].

While Babkin and Kazachenko continued the roughwall experimentation of Shchelkin
in Russia, in America Evans (1955) was examining lining the combustion tube wall with
acoustically attenuating materials [27] as it had been shown a priori that as a planar wave
travels over attenuating materials, energy is lost from the wave to the absorbing medium
[89]. Evans used a porous sintered bronze lining and reported that it increased the run-
up distance for DDT by attenuating the pre-compression waves ahead of the accelerating

ame.

Wagner revisited the work of Chapman and Wheeler by systematically investigating
ame interaction with single and multiple ori ce plate obstacles. Advancements in in-
strumentation enabled pressure measurements upstream and downstream of each obstacle,
along with high-speed photography of the ame propagation. He demonstrated that ame
acceleration doesn't depend on the shape of the orice it is passing through, as long as
the blockage area remains the same. An optimum ori ce-to-tube area ratio for pressure
generation was identi ed. Additionally, it was shown that sequential obstacles produce
cumulative pressure ampli cation that culminated in shock-like pressure pro les after suf-

cient run-up distance [104]. This work was also continued by Lee in 1984 who utilized
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both ori ce plates and the Shchelkin Spiral. Lee found that increasing blockage ratio
increased the pressure losses across the obstacles and simultaneously enhanced ame ac-
celeration. He attributed this behaviour to the conversion of ow energy into turbulence,
which increased the combustion rate and promoted ame acceleration [57]. Lee further
noted, consistent with the earlier observations of Oppenheim and Urtiew [102], that the
abrupt transition to a quasi-detonation regime is associated with a minimum critical ame
speed. Peraldi later con rmed this criterion in 1988, demonstrating that the critical ame
velocity corresponds approximately to the local speed of sound in the unburned mixture
ahead of the ame [79]. It was additionally observed that a lower limit exists for blockage
ratio. The characteristic opening dimension must remain su ciently large relative to the
detonation cell size, speci cally it must permit the passage of at least one detonation cell,
otherwise the developing detonation may be quenched as it attempts to propagate through

the obstacle eld.

The study of obstacle-induced ame acceleration continued into the late 2000s with the
work of Ciccarelli and Johansen, who investigated ame propagation in channels containing
repeated wall-mounted obstacle arrays. This work built upon earlier investigations by Lee
[55], Chue [15], and Gamezo [30], which identi ed multiple regimes of ame acceleration
and highlighted the growing importance of shock- ame interactions as the transition pro-
gressed. Ciccarelli and Johansen demonstrated that the early stages of ame acceleration
are dominated by turbulence-induced increases in ame surface area, whereas the later
stages are governed by shock- ame interactions and repeated interactions with shocks re-
ected from the obstacle surfaces [44, 17]. Fence-type obstacles were revisited by Liu in

2022 with a focus on obstacle geometry. Rectangular and triangular con gurations were
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examined, with triangular obstacles producing shorter DDT run-up distances at lower
blockage ratios. The inclined surfaces promoted stronger ame-vortex interactions and im-
proved the survivability of localized secondary explosions, thereby facilitating completion
of the DDT process [64]. These observations are consistent with the earlier ndings of
Ciccarelli, who showed that re ected shocks generated by the obstacles grow in strength
during the later stages of acceleration and can become su ciently intense to alter the

ame's interaction with the obstacles themselves [17].

The control of detonation is of interest both for promoting detonation formation in
advanced propulsion systems and for suppressing accidental detonation in industrial gas
applications. The dual role of porous media in both promoting and suppressing combustion
can be traced to the interaction between reacting ows and solid surfaces. Zel'dovich
proposed in 1941 a one dimensional theory of ame quenching, that when the diameter
of a passage is comparable to the thickness of the ame, the heat loss into the walls of
the passage is su cient as to quench the ame as the energy produced is lost to the walls
instead of to promoting ame propagation [112]. Indeed this was observed by Gou in
2002 who lined the walls with steel wool and found it to be more e ective at attenuation
than perforated plates due to the high surface area [33]. This is what makes porous media
attractive for ame and detonation suppression as the media is lled with tortuous passages
and signi cantly increased wall surface area for heat loss. Porous media re-emerged as a
subject of DDT research in the work of Ciccarelli and Johansen in 2008 by studying a
horizontal tube half lled with ceramic beads and compared it to the same tube with
dimpled surfaces comparable to the bead shape. It was found that the ame propagation

in the bead layer drove ame acceleration in the gap as the ame propagated faster in the
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beads and ignited the mixture above. While DDT did not occur in the packed bed of beads
as the pore size was too small for self sustained detonation, a non self sustaining explosion
front was observed propagating through the bead layer. It was concluded this was due to
the formation of strong shocks in the bead layer compares with weak compression waves
propagating in the gap. The strong shocks auto-ignite the mixture in the bead layer [43].
Ultimately, this resulted in a DDT run-up distance of only ten tube diameters. In contrast

to rigid packed-bed structures, Bivol, Golovastov, and Golub, in the late 2010s, observed
that compliant porous coatings such as polyurethane foam reduced detonation velocity and
promoted wave attenuation. The open-cell elastic structure deforms under shock loading,
dissipating energy and disrupting the formation of transverse shock structures that are
necessary for sustaining a detonation [6, 8]. These observations demonstrate the dual role
of porous media in either promoting or suppressing DDT, depending on the pore geometry,

material properties, and resulting ow interactions.

The combined body of work on porous and highly subdivided structures demonstrates
that distributed media can signi cantly alter both ame acceleration and detonation prop-
agation through a competition between heat loss, turbulence generation and shock forma-
tion. Early concepts of porous wall attenuation originating from Evans evolved into studies
of rigid packed beds, where strong con nement and tortuous pathways promote distributed
ignition and localized shock formation. In contrast, more compliant porous coatings and
foams have been shown to attenuate detonation waves through enhanced energy dissipation
and disruption of coherent shock structures. The results collectively highlight the dual-
ity of porous media for designing systems when regarding DDT. Recent work, motivated

by PDE application, has focused on designing porous wall con gurations that exploit the
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ame acceleration bene ts of distributed media. Work by the research group of Jiang et
al in 2024 and later reported on by Lin et al in 2025 studied DDT in a square tube that
had rigid copper foam lining the top and bottom of the tube. Systematically studying the
impact of pore size from 10 pores per inch (PPI) to 50 PPI it was observed that larger pores
signi cantly shortened the run-up distance of DDT down to a reported six tube diameters
[41, 62]. Attenuation of the detonation was experienced at a 3% CJ velocity de cit. Col-
lectively, these results conclude the experimental progression from discrete obstacle elds

toward distributed porous structures for controlling DDT behaviour.

2.3 Numerical Approaches for DDT Simulation

In parallel with experimental investigations, theoretical and numerical modelling of DDT
has developed as a complementary approach for examining reactive compressible ow phe-
nomena that are di cult to isolate experimentally. Merzhanov and Borisov analytically
modeled hot spots capable of DDT ignition [73, 9] while Zajac, Meyer, and Oppenheim
modeled the ame as an expanding piston [111, 74]. As this coincided with the emergence
of Zel'dovich's compression eld analysis, it rode along the experimental perspective as
a way of modelling DDT as computational modelling of compressive reactive ows was
still a signi cant distance away. In 1984 the rst modelling of a ame-shock interaction
was conducted by Picone in which the ame was simpli ed into a hot expanding bubble
that separated unburned gas from cold background gas by a non-reacting, discontinuous
interface [80]. As computational resources improved, reactive ow simulations began in-

corporating increasingly realistic chemistry and ow physics. Oran and Gamezo as late as
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the 1990s began their initiative with the Naval Research Laboratory to comprehensively
simulate DDT. Oran wrote even then that while a 2D simulation may take weeks to run,
a 3D simulation would take 1000 years. Their project culminated in a major synthesis of
their work in 2006, demonstrating through multidimensional reactive Navier-Stokes sim-
ulations that hydrodynamic instabilities, shock- ame interactions, and localized energy
release could be resolved numerically and linked directly to experimentally observed DDT

behaviour [78].

More recent numerical studies have applied these capabilities to increasingly small-
scale and highly resolved con gurations. Han et al. [34] numerically investigated ethylene-
oxygen ame acceleration and DDT in a microchannel, observing substantial axial ame
stretching during ame acceleration. Ramachandran et al. [84] similarly investigated
hydrogen ame propagation in a micro-channel and observed the development of ame
wrinkling and nger-like structures during ame acceleration. Although these viscous-
dominated micro-channel con gurations di er substantially from larger-scale DDT chan-
nels, they demonstrate the ability of modern numerical approaches to resolve the evolving

ame structures associated with con ned ame acceleration.

Despite substantial advances in available computational resources, numerical simulation
of DDT remains challenging because of the wide range of spatial scales that must be
represented. In addition to resolving the overall domain, su cient spatial resolution is
required to capture relevant turbulent structures, the ame thickness or induction zone,
and shock{ ame interactions. Karanam et al. illustrate this challenge using the example of
a 1 m domain containing a 0:5 mm ame thickness, for which resolving the ame with (10)

computational cells would require on the order of 18 cells in a three-dimensional uniform
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grid [46]. Reducing the physical domain does not necessarily eliminate these resolution
requirements. In micro-channel simulations, for example, viscous e ects and wall heat
transfer can become increasingly in uential, requiring su cient resolution of near-wall

ow and thermal gradients [108].

The treatment of turbulence introduces an additional challenge because the highly
compressible, reacting, shock-driven ow present during DDT di ers substantially from the
conditions underlying conventional turbulence models [65]. Consequently, both turbulence-
resolving and turbulence-modelling approaches have been investigated for detonative ows.
Large-eddy simulation (LES) resolves larger turbulent structures while modelling the ef-
fects of unresolved subgrid scales and has been applied to simulations of unsteady det-
onation propagation and cellular structure [21]. Specialized approaches have also been
developed for detonative ows, including the Compressible Linear Eddy Model coupled
with LES (CLEM-LES), which incorporates subgrid-scale scalar mixing under highly com-
pressible conditions [69, 68]. More recently, reduced-cost turbulence closures such as the

one-equation Wray-Agarwal model have also been assessed for detonative reacting ows
[90].

Turbulence models provide a means of reducing the computational resources required
for simulation by modelling the in uence of ow structures that are not directly resolved.
However, these approaches necessarily introduce assumptions regarding the behaviour and
in uence of the unresolved scales. Direct numerical simulation (DNS), in contrast, avoids
the introduction of a turbulence closure by directly resolving the dynamically relevant tur-
bulent scales. This substantially increases the spatial and temporal resolution requirements

and, consequently, the computational cost of the simulation. The choice between directly

29



resolving turbulent structures and introducing turbulence models therefore represents a
trade-o between computational cost and the assumptions introduced in representing un-

resolved ow behaviour.

The computational cost associated with resolving the range of spatial scales present in
reactive ows can be reduced through adaptive mesh re nement (AMR). Rather than main-
taining the nest spatial resolution throughout the entire computational domain, AMR
dynamically concentrates computational resources in regions containing ow features re-
quiring greater resolution. Stock and Moureau describe the application of AMR to reactive
ows for resolving features including turbulence, shock waves, and ame fronts while reduc-
ing the overall computational cost [98]. The e ectiveness of AMR consequently depends
on the criteria used to identify regions requiring re nement. Feature-based approaches
commonly use gradients in ow variables to identify structures such as shocks, vortexes,

and combustion fronts.

Numerical modelling of DDT must also consider the choice of chemical kinetic mech-
anism. Approaches range from one-step Arrhenius mechanisms [35, 37], through reduced
chemical mechanisms, to detailed chemical kinetics [37]. Increasing chemical delity intro-
duces substantial computational cost due to the increasing number of transported species
and the integration of sti chemical source terms. Simpli ed global mechanisms reduce this
cost by representing combustion through a limited number of global reactions, while re-
duced mechanisms retain a subset of species and reaction pathways selected to reproduce
important kinetic behaviour over a speci ed range of conditions. Detailed mechanisms
provide a more complete representation of processes such as chain branching and radical

formation, but at substantially greater computational expense.
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Modern numerical investigations of DDT therefore require a balance between physi-
cal delity and computation feasibility. Spatial resolution, treatment of turbulence, mesh
re nement, and chemical kinetics are interdependent choices that determine both the phys-
ical processes represented by a simulation and it computational requirements. Advances in
high-performance computing, adaptive mesh re nement, and chemical mechanism reduc-
tion have enabled increasingly detailed simulations while managing these costs. Numerical
modelling consequently provides a means of examining the transient shock- ame, turbu-
lence, and chemical interactions involved in DDT that may be di cult to isolate experi-
mentally, provided that the assumptions and resolution requirements associated with the

selected numerical approach are appropriately considered.

2.4 Motivation

The motivation for this work originated from the development of novel injector concepts
for rotating detonation engines. Unlike conventional rocket injectors operating under ap-
proximately steady chamber conditions, RDE injectors are exposed to the highly transient
pressure eld generated by the periodic passage of the rotating detonation wave. Imme-
diately following wave passage, the elevated chamber pressure can temporarily suppress
injection and drive combustion products upstream into the injector, after which these
products must be purged before fresh propellant injection can resume [5, 32]. Goto et al.
characterized this behaviour through an e ective injector area, representing the fraction of
the nominal injector area available to supply fresh propellant following back ow purging.

Their results demonstrated that the e ective injector area decreases as the ratio of com-
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bustor pressure to upstream plenum pressure increased [32]. Consequently, injector design
must simultaneously limit back ow and provide su ciently rapid propellant replenishment

to establish the required fresh-mixture layer ahead of the returning detonation wave.

Initial injector concepts considered coupling neighbouring injectors such that energy
from detonation-induced reverse ow could be redirected to assist in clearing back ow
from adjacent injectors. This concept subsequently evolved toward the use of a porous
injection interface. It was hypothesized that the interconnected pore structure could dis-
tribute the pressure disturbance associated with back ow across numerous ow passages,
thereby limiting the penetration depth experienced by individual injectors. The small char-
acteristic pore dimensions were also expected to provide resistance to ame and detonation
propagation into the injection system, while distributed injection through the porous sur-
face o ered the potential for improved propellant mixing within the thin RDE chamber.
Porous injection has previously been investigated for conventional rocket engines [22], and
have recently been proposed speci cally for RDEs, where pore dimensions were selected in
part according to ame and detonation quenching criteria [49]. However, placing a porous
structure in direct contact with the combustion chamber necessitates an understanding of
the interaction between the porous surface, ame, and detonation-induced pressure eld.
The experimental investigations of Jiang and Lin [41, 62] were therefore selected as the
basis for studying these interactions and developing an understanding of porous-media

modelling relevant to future injector concepts.

At the outset of the project, it was hypothesized that the ame stretching at the pore
openings and repeated shock re ections from the pore surfaces would be su cient to pro-

mote de agration-to-detonation transition, such that the surface interactions of the porous
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structure could be isolated as the dominant mechanisms promoting DDT. As the present
study progressed, a more comprehensive review of the historical DDT literature revealed
that porous media in uence detonation formation through a broader range of mechanisms
than initial considered. In particular, the works of Ciccarelli and Johansen [43] and Jiang
and Lin [41, 62] demonstrated that combustion occurring within the porous body plays an
important role in ame acceleration and the promotion of DDT. The present simulations
therefore isolate a narrower subset of the physical mechanisms associated with a porous
structure: the interaction of the ame and developing pressure eld with the exposed
porous surface, while excluding combustion within the porous volume. In this representa-
tion, the pore openings provide distributed geometric surface disturbances while permitting
mass ow out of the computational domain. This distinction allows the in uence of the
porous surface itself to be examined independently of internal porous combustion, while
retaining relevance to the development of porous interfaces for future RDE injector con-

cepts.
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Chapter 3

Methodology

Herein, the applied scienti c methods are discussed. This includes sections for the soft-
ware that was used, the governing equations that were numerically solved, the compu-
tational domain, discretizations, boundary conditions, and the post-processing methods.
The numerical simulation setup is an attempt to reproduce the experimental con gurations

investigated by Jiang and Lin [41, 62].

The simulations model the propagation of a premixed ethylene-oxygen ame through a
rectangular channel, with porous boundaries introduced downstream of an initial smooth-
wall region. Simulations were run with pore densities of 0 pores per inch (PPI) which is
the null pore condition, and 10 PPI in the porous regions of the domain, to be discussed
in Section 3.3 Computational Domain and Geometry. Multiple levels of Adaptive Mesh
Re nement (AMR) were utilized as well to improve the allocation of computational re-

sources, this is discussed in Section 3.4 Mesh, Boundary and Initial Conditions. It should
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be noted that simulations at 40 PPl were attempted, but the number of pores produced
at 40 PPl increased by a factor of 18 which became so computationally costly to initialize
that the simulation would not progress into time stepping and solving. Therefore it was

opted to remain with 10PPI simulations.

The simulations were run on the Trillium High Performance Computing (HPC) cluster
at the University of Toronto and operated by the SciNet High Performance Computing

Consortium and the Digital Research Alliance of Canada [23].

3.1 Numerical Framework

Numerical simulations were performed using PeleC [97]. PeleC is a compressible reacting-
ow solver that was developed by the AMREX-Combustion team and is supported by
the United States Department of Energy's Exascale Computing Project. PeleC solves the
compressible Navier-Stokes equations with multispecies transport and nite-rate chemistry
and is designed for large scale simulations on high performance computing systems. PeleC
employs a Piecewise Parabolic Method (PPM) for higher-order spatial reconstruction in
conjuction with a Godunov method and approximate Riemann solvers at cell interfaces.
These shock capturing methods allow sharp gradients and discontinuities to be resolves
while limiting non-physical numerical oscillations, making PeleC well suited for simulations

involving shock- ame interactions, DDT, and detonations.

PeleC uses a second-order explicit method-of-lines (MOL) for time-stepping in conjunc-

tion with explicit Runge-Kutta integration. The previously described Godunov method
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and approximate Riemann solvers are applied in the computation of the convective uxes
at cell interfaces. Diusive uxes, including viscous, thermal, and species di usion, are
evaluated using centered nite-di erence schemes. The sti chemistry source terms are
integrated using the C-language Variable-coe cient ODE solver (CVODE). PeleC utilizes
a block-structured meshing system with AMR to locally re ne cells based on ow proper-
ties and established cell di erence thresholds. Owing to the highly transient shock- ame
interactions and the absence of well-established subgrid models for detonation phenomena,
no turbulence model was employed in the present simulations. Turbulent ow structures
were therefore resolved directly to the extent permitted by the computational mesh, rather
than modelled using Large Eddy Simulation (LES) or Reynolds-Averaged Navier-Stokes
(RANS) approaches.

PeleC was chosen as it implements AMR directly out of the box, and for its inclusion of
Riemann solvers to handle shock interactions. The appeal is that computational resources
can be directed to the ame front speci cally for a better management of the available

resources.

The chemical mechanism employed in the simulations was the reduced ethylene oxida-
tion mechanism developed by He et al. [36]. The mechanism was derived from the detailed
USC Il mechanisms and reduced to 26 species and 55 reactions. It was developed specif-
ically for ethylene detonation simulations and was selected to reduce the computational
cost associated with detailed chemistry while retaining the reaction pathways necessary to

reproduce important detonation characteristics.

Single-step and simpli ed global reaction mechanisms are frequently employed in reac-
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tive ow simulations of DDT because of their low computational cost [70, 99, 75]. However,
such mechanisms may not adequately reproduce the unsteady chemical processes important
to detonation initiation and failure. The reduced mechanisms of He et al. was therefore
selected as a compromise between the computational cost of detailed chemistry and the

chemical delity required for the present simulations.

3.2 Governing Equations

The governing equations consisted of conservations laws for mass, species, momentum, and
total energy coupled with a nite rate chemical kinetics. PeleC solves that compressible

reacting Navier-Stokes equations in conservative form:
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Here , u, and p denote density, velocity and pressure respectively. x Ys the mass
fraction of the kth species. The total energy per unit mass is denoted by E and Is
the chemical production rate. Di usive transport is modeled through the species ux g
(mixture averaged di usion), thermal conduction ux Q, and the viscous stress tensorQ,

given by:
where and are the dynamic and bulk viscosity, respectively.
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3.3 Computational Domain and Geometry

The referenced experimental domain was 560 mm 30 mm 30 mm consisting of an
80 mm smooth wall length for the development of the ame, followed by a 360 mm length
consisting of two porous walls on top and bottom, and nally a 120 mm smooth wall length

at the end.

To estimate the domain length required, the database of DDT experiments in unob-
structed tubes that was produced by Mejia [72] was used. A directly comparable experi-
ment was not identi ed in the database as the reported experiments did not align on all
factors of geometry, initial pressure and temperature, or equivalence ratio. Mejia produced
run-up distance models as an improvement to the previous models made by Dorofeev and
Silverstrini [96, 24]. Mejia's model were used for a rst estimate of the domain length.
This produced an estimated distance of 1:5m which was deemed an unreasonable domain
length due to the computational resources and run time required. As Lin reported an
observed experimental run-up distance of only 13:5cm, a domain length was chosen on the
same order of distance. Computational domains employed were rectangular prisms with

240mm 30mm 15mm and 420mm 30mm 15mm.
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3.4 Mesh, Boundary and Initial Conditions

PeleC is built on the AMReX framework which uses a block structured mesh. This means
that for each cell dx = dy = dz. The 240mm in length domain was discretized as 1024
128 64 cells, and the 420mm in length domain was discretized as 1792 128 64 cells.
Number of cells was chosen to maintain the same cell size. The selected discretization
resulted in a cell size of 0:234mm. PeleC groups the cells in the simulation domain into

a hierarchy of rectangular grids called boxes which are eight cells in length, width, and
height. The solver tags cells that require higher resolution on the basis of a threshold of
the gradient of the neighbouring cells. When a cell is tagged for re nement, the entire
box containing that cell is re ned. For these simulations, a re nement ratio of two was
employed in each spatial direction, such that each three-dimensional cell within the re ned

box was subdivided into eight cells.

For the present simulations, cells were tagged for re nement based on cell-to-cell di er-
ences in temperature and pressure. Thresholds of 1000 K and 50 kPa between neighbouring
cells were selected through preliminary simulations. The ame front produced a su ciently
sharp temperature change to be captured over the range of temperature thresholds tested;
however, lower thresholds caused re nement to extend farther into the burned gases be-
hind the ame front, unnecessarily increasing the re ned volume. Similarly, lower pressure
thresholds resulted in re nement being triggered by the initial pressure perturbations pro-
duced during ignition. The selected thresholds therefore provided re nement around the
propagating ame front and developing shock wave while limiting re nement elsewhere in

the domain to manage computational cost.
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Three levels of AMR were used for the 0 and 10 PPI cases, while four levels of AMR

were used for the higher-resolution 10 PPI simulation. An additional 10 PPI simulation

employing two levels of AMR was performed for the grid sensitivity analysis described in

Section 4.1, with the results presented in Chapter 4. A summary of the simulated cases can

be found in Table 3.1, and the AMR cell sizes can be found in Table 3.2. The nest levels

of re nement have a cell size of 15 m which was chosen based on the work of Crane et

al.[18] in which a numerical study of detonation in con nement was able to achieve 10 m

resolution. The works of Crane et al. simulated a domain of 12mm 12mm 12mm and

thus a system with AMR was used to expand the resolution to a large domain for this

study.

Case Pore Density Domain Length (mm) Max AMR level
Null _Case 0 PPI 420 3
10PPI_2AMR 10 PPI 240 2
10PPI_.SAMR 10 PPI 240 3
10PPI4AMR 10 PPI 240 4

Table 3.1: Summary of simulated cases

AMR Level Cell size

0 0:234 mm
1 0:117 mm
2 0:059 mm
3 0:029 mm
4 0:015 mm

Table 3.2: AMR level cell sizes

PeleC boundary conditions (BCs) are grouped as (XYio Zo) and (Xni Yni Zni). No

slip walls were used for ¥ and an outlet was used for ¥. No slip walls were used for
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Yio and y; for the rst 80mm of the domain length, and then custom BCs were used for
the remainder of the domain. A symmetry plane was used at,zand no slip walls were
used for z;. The custom BCs consisted of a repeated circular pores with the previously
mentioned pore densities of 0 PPI (null case, no pores) and 10 PPI. The pores acted as
outlets and between the pores were no slip walls. It should be noted that neither Jiang
[41] nor Lin [62] speci ed the porosity of their copper foam, as such multiple copper foam
manufacturers were surveyed and the porosity of their advertised stock was averaged at
80%. This resulted in a pore diameter 1:8mm for the 10 PPl case. The circular
pores were arranged in a regular hexagonal pattern because the maximum porosity that
can be achieved with a rectangular pattern is 73%. All outlet boundaries, including
the pores and the downstream domain boundary, were treated using PeleC's rst-order
extrapolation out ow boundary condition. The conserved variables were extrapolated
from the interior domain into the boundary ghost cells, after which the primitive variables,
including pressure, were evaluated from the extrapolated conserved state. Therefore, no
static pressure was prescribed at the pore outlets. The boundary conditions can be seen

in Figures 3.1 and 3.2.

The simulation was initialized with a quiescent stoichiometric mixture of ethylene and
oxygen GH4+30, at a temperature of 300 K and a pressure of 1 atm. Ignition was achieved
using a volumetric energy source corresponding to an approximately 0:1 J spark, applied
over a radius of 1 mm for 2 s. The ignition source was centred at (x;y;z) = (0;0;0),
corresponding to the centre of the closed end wall in the full experimental domain. This
di ers from the experiments, in which ignition was provided by a spark plug embedded in

the side wall. The energy deposition produced a ame kernel at approximately 2250 K,
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Figure 3.1: Boundary conditions

Figure 3.2: Custom porous wall boundary condition
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which subsequently ignited the surrounding mixture and produced the propagating ame.

The 3AMR simulations were run on 9,216 processors for one week at a time for an
approximate total of 1:5 million core hours per simulation. The 4AMR simulation was run
on 25,088 processors for multiple weeks, taking a total of approximately 12:2 million core

hours.

3.5 Post-processing and Data Analysis

This section contains the methods used for data extraction and the analysis to produce the
results presented in Chapter 4: Results. The section is broken down into the method used
for the extraction of simulation data, the visualization of the data, and the subsequent
detection of the ame front for the ame speed calculations, and the detection of the

developing shock front.

3.5.1 Extraction of Simulation Data

The simulation data was extracted using the ytScripts library created by Nick Wimer as

can be found at nickwimer.github.io/ytScripts/. This Git repository is built upon

the yt Project [101] library for data set visualization. The code was modi ed to allow for

the extraction of multiple data elds into one dataset to accelerate the post processing

work ow.

Data subsets were extracted from the simulation as planar slices. xy plane slices were

taken near the symmetry boundary at the core of the simulated domain and near the wall
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of the domain. For simulations that included pores on the y boundaries, the xy slices were
taken such that they intersected with the centre of a row of pores so that the impact of
the pores could be visualized. xz plane slices were taken near one of the custom pore
boundaries. Slices near the walls were slightly o set from the wall to prevent no slip
conditions from imposing a zero velocity at the plane. The slice locations can be seen in

Table 3.3 and visualized in Figure 3.3.

Case Core z-pos (xy plane) Wall z-pos (xy plane) Wall y-pos (xz plane)
Null 0:1cm 1:48cm 1:49cm
10 PPI 0:22cm 1:48cm 1:49cm

Table 3.3: Planar slice positions in centimeters

3.5.2 Visualization

Initial visualization was performed using ParaView 5.13.3 on the Trillium HPC cluster.
As the simulation progressed, AMR concentrated cells around the expanding ame front.
In the 10PPI 4AMR simulation, the mesh reached approximately 1 168 cells, resulting

in datasets that exceeded the practical interactive visualization capabilities of ParaView,
despite using eight processing cores and 1 TB of system memory. Consequently, two-

dimensional slices were then extracted as described in Section 3.5.1 for visualization.

The slices were visualized using custom Python scripts employing Matplotlib [39]. Tem-
perature, pressure, density, velocity, and vorticity were plotted for each extracted slice, with
pore locations overlaid to provide geometric context. Sequential images were compiled into

animations that facilitated qualitative assessment of ame propagation.
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Figure 3.3: Slice locations and orientations

3.5.3 Flame Front Detection and Flame Speed

To quantify ame propagation, custom Python scripts were developed to identify the ame
front from the extracted temperature slices. A threshold temperature of 1500 K was used
to delineate the burned and unburned mixtures, with the temperature eld evaluated
row-by-row. The propellant mixture was initialized at 300 K, while the adiabatic ame
temperature of ethylene-oxygen combustion exceeds 2000 K when accounting for energy
losses due to product dissociation. A threshold of 1500 K therefore provided a clear dis-

tinction between the burned and unburned mixtures while remaining su ciently below the
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peak ame temperature.

Flame detection is estimated by identifying the foremost axial location at which the
temperature threshold was exceeded. However, the ame front exhibited signi cant local
wrinkling and turbulence, resulting in localized protrusions that produced frame-to-frame
uctuations in the detected ame position. To obtain a more representative measure of
bulk ame propagation, a second ame position was de ned as the axial location at which
at least 30% of the cross-sectional area had exceeded the temperature threshold. This
criterion reduced the in uence of localized ame protrusions while preserving the overall

propagation behaviour of the ame.

The 30% criterion was particularly bene cial for the near-wall measurements. As the
ame interacted with the porous boundary layer, combustion products initially appeared
as isolated high-temperature regions before the bulk ame advanced downstream. Track-
ing only the foremost detected location therefore produced an erratic estimate of the ame
position, whereas the cross-sectional criterion provided a smoother and more representa-
tive measurement of ame propagation. In addition to the leading-edge and bulk ame
locations, the point at which the ame rst intersected the porous boundary layer was also
recorded. Examples of the ame detection algorithm are shown in Figures 3.4 and 3.5,

which can be found below.

The detected ame positions were ordered according to their corresponding simulation

time, and the ame speed was calculated using a rst-order nite di erence,

Xi+1 X
= — 3.1
tiva (3.1)
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where S is the ame speed, x is the detected ame front location, and t is the corre-
sponding simulation time. This procedure was applied to both the leading-edge and bulk

ame front measurements to quantify ame propagation throughout the simulations.

Figure 3.4: Example of ame front detection within the core ow.

Figure 3.5: Example of ame front detection near the porous wall boundary.
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3.5.4 Shock Wave Detection and Shock Strength

As discussed in previous chapters, shock formation occurs ahead of the developing ame.
As the ame accelerates, pressure waves generated ahead of the ame coalesce and progres-
sively steepen. Prior to the formation of a de ned shock, this produces a broad pressure
rise ahead of the ame rather than a sharp pressure discontinuity. As wave steepening
continues, this pressure rise develops into a de ned shock wave. In the case of the porous
system, energy is taken out of the system via the pores, which is expected to delay the

wave steepening into a shock.

Python scripts were written to extract pressure data and identify the formation of a
shock. A one-dimensional pressure pro le was extracted along the centre-line of the domain
to characterize the developing pressure wave. The front and rear of the wave were de ned
using a windowed percent of the peak pressure with 5% used as the criteria. Therefore
the front was detected as a pressure rise of 5% of the peak global pressure, and the rear
was detected as 95% of the peak global pressure. This was chosen to separate the front of
the building pressure wave from the pressure perturbations that preceded the wave, and

to separate the rear of the wave from pressure uctuations after the wave had plateaued.

To identify shock formation, the row-averaged pressure pro le was smoothed over a
xed physical width of 0:0135 cm before calculating the spatial pressure gradient. A shock
was considered to have formed when the maximum pressure gradient exceeded 2 MP a=cm.
This threshold was selected through inspection of the temporal pressure pro les such that
detection corresponded to the emergence of a distinct, abrupt pressure rise of approxi-

mately 1 atm in magnitude, while excluding the more gradual pressure gradients associated

48



with the developing compression wave. The same physical smoothing length and gradient

criterion were applied consistently to all simulation cases.

The code identi es the front and rear of the developing pressure wave as described and
then switches when the shock criteria is met to detecting the shock front. When the shock
criteria is met the shock strength is taken as the pressure ratio across the cells at either
end of the shock window. Examples of the shock detection can be seen in Figures 3.6 and

3.7.
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Figure 3.6: Examples of shock detection of developing pressure wave. Top: Zoomed region
of the detected wave, Bottom: row averaged pressure pro le
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Figure 3.7: Example of shock detection of formed shock wave. Top: Zoomed region of the
detected wave, Bottom: row averaged pressure pro le

3.5.5 Grid Sensitivity Analysis

A grid sensitivity analysis was performed using the 10 PPI con guration at maximum

AMR levels of 2, 3, and 4. The bulk ame velocity was selected as the primary quantity
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of interest because it directly characterizes the ame acceleration behaviour examined in
this study. It was captured using the methods outlined in subsection 3.5.3. Since the ame
position was sampled at di erent axial locations in each simulation, the velocity data from
each AMR level were rst linearly interpolated onto a common spatial coordinate prior to

comparison.

The quantitative comparison was restricted to the axial interval from 4 to 10 cm. The
initial region near the ignition source was excluded in order to reduce the in uence of the
ignition transient and allow the comparison to focus on the subsequent ame acceleration.
The upper bound was selected such that all three simulations contained data over the

complete comparison interval.

The di erence between successive AMR levels was quanti ed using a normalized inte-

grated absolute di erence in bulk ame velocity,

Z

U U ) d

— X1 7
= £—

100%; (3.2)

ilj 2

JU; ()j dx
X1
where U(x) and U; (x) are the bulk ame velocities for two successive AMR levels, with
the ner simulation j used as the reference. The limits of integration were x=4 cm and
X2 =10 cm. Accordingly, the 2AMR simulation was compared with the 3AMR simulation,

and the 3AMR simulation was compared with the 4AMR simulation.

The integrated metric was selected instead of a pointwise percentage di erence because
the ame velocity was calculated from discrete changes in detected ame position and

therefore exhibits short-scale uctuations. Integration over the common spatial interval
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reduces the in uence of individual local variations while preserving di erences in the over-
all ame acceleration behaviour. The metric was evaluated in 1 cm intervals over the

comparison region of 4 10 cm.
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Chapter 4

Results

This chapter presents the results of the numerical simulations of the initiation of detonation
based on the methodology presented in Chapter 3. These results are presented as obser-
vations, while the interpretation of these ndings is reserved for Chapter 5, Discussion.
The exception is Section 4.1, Grid Sensitivity Study, which evaluates the sensitivity of the
predicted ame propagation to grid re nement and establishes the limitations associated

with comparing simulations performed at di erent levels of AMR.

4.1 Grid Sensitivity Study

In order to assess grid sensitivity, the 10 PPI con guration was simulated using maximum
AMR levels of 2, 3, and 4 and analyzed according to the methodology described in Section
3:3.5.5. The bulk ame velocity as a function of ame front position for each simulation is

shown in Figure 4.1.

54



Figure 4.1: Bulk ame velocity as a function of ame front position for the 2AMR, 3AMR,
and 4AMR simulations

Within the 4{10 cm comparison region, di erences in the ame acceleration become
apparent between the three AMR levels. The 2AMR simulation exhibits greater short-
scale variation in the calculated ame velocity and generally accelerates more rapidly than
the higher-resolution simulations. The 3AMR simulation exhibits less short-scale varia-
tion than the 2AMR simulation, but generally predicts a higher ame velocity than the

4AMR simulation. The di erences between successive AMR levels over 1 cm intervals are
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presented in Table 4.1.

Position Interval (cm) 2AMR{3AMR Di erence (%) 3AMR{4AMR Di erence (%)

4{5 14:68 8:45

5{6 14:60 16:37
6{7 14:40 20:61
7{8 11:09 21:47
8{9 15:07 10:86
9{10 33:51 10:23

Table 4.1: Normalized integrated di erences in bulk ame velocity over 1 cm intervals

The interval comparison demonstrates that the change between successive AMR levels
is not uniform throughout the domain. Between 4 and 5 cm and between 8 and 10 cm,
the di erence between the 3AMR and 4AMR simulations is smaller than that between
the 2AMR and 3AMR simulations. Conversely, between 5 and 8 cm, the 3AMR-4AMR
di erence exceeds the 2AMR-3AMR di erence.

Over the complete 4{10 cm interval, the normalized integrated di erence decreases from
17:96% between the 2AMR and 3AMR simulations to 14:52% between the 3AMR and
4AMR simulations, as summarized in Table 4.2. This corresponds to a 19:14% reduction
in the di erence between successive AMR levels.

Simulation Comparison Normalized Integrated Di erence (%)
2AMR-3AMR 17:96
3AMR-4AMR 14:52

Table 4.2: Normalized integrated di erences in bulk ame velocity over the complete 4{
10 cm interval

The results demonstrate reduced overall grid sensitivity with increasing re nement;

however, the non-monotonic behaviour observed over individual spatial intervals indicates
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that grid-independent behaviour has not been demonstrated. Further re nement would
be required to establish grid convergence, but the computational cost associated with the
4AMR simulation makes an additional AMR level impractical for the present study. The
4AMR simulation is therefore used for the highest-resolution qualitative analysis of the
ame and ow structure, while quantitative comparisons between the porous and non-
porous con gurations use the 10PPI 3AMR and Null 3AMR simulations, which employ
equivalent maximum AMR levels. This is considered acceptable because the 10PPI 3AMR
and 4AMR simulations exhibit similar trends in ame acceleration and progressively di-
verge from the behaviour of the 2AMR simulation, providing con dence that the 10PPI

3AMR and Null 3AMR simulations can be used for quantitative comparison.

4.2 Flame Evolution

This section presents the visual evolution of the ame. Three simulations were conducted,
each producing a series of plot les from which three slices containing seven elds were
extracted: temperature, pressure, X velocity, Y velocity, velocity magnitude, vorticity
magnitude, and density. The number of output plot sets and corresponding simulation
time for each case are presented in Table 4.3. Visualization of the data is presented in the
form of smear plots of the temperature and pressure elds, representing the evolution of

the ame front and the formation of a shock.

The temperature and pressure elds are used to examine the spatial and temporal
development of the ame and leading pressure wave. Core temperature is used to charac-

terize the bulk ame evolution, while the pressure eld is used to examine the development
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Case Number of Output Plot Sets Time Represented Flame Distance Achieved

3AMR Null 264 496:062 s 14:8 cm
3AMR 10PPI 322 564:596 s 11:7 cm
4AMR 10PPI 143 650:047 s 17:9 cm

Table 4.3: Distribution of Collected Data

and steepening of the leading pressure wave as the ame accelerates. Local interactions

between the ame and porous boundary are examined separately in Section 4.5.

4.2.1 Null 3BAMR Temperature and Pressure Smears

Figures 4.2 and 4.3 show the temporal evolution of the temperature and pressure elds,
respectively, for the Null 3AMR simulation. The temperature eld illustrates the develop-
ment and propagation of the ame through the domain, while the pressure eld shows the
corresponding development and propagation of the pressure waves ahead of the ame. It
can be noted that the Null case displays a plug ame with sharper corners and a pressure
eld that has re ected waves through the region between the ame front and developing

shock front.
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Figure 4.2: Flame smear from the core Null 3BAMR
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Figure 4.3: Pressure smear from the core Null 3AMR

4.2.2 10PPI 3AMR Temperature and Pressure Smears

Figures 4.4 and 4.5 show the temporal evolution of the temperature and pressure elds,

respectively, for the 10PPI 3AMR simulation. The temperature eld illustrates the devel-
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opment and propagation of the ame through the domain, while the pressure eld shows
the corresponding development and propagation of the pressure waves ahead of the ame.
The porous cases display a greater curvature in the corners of the ame front approaching
the wall. The pressure eld shows a weaker gradient between the ame front and the

developing shock front.
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Figure 4.4: Flame smear from the core 10PPI 3AMR
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Figure 4.5: Pressure smear from the core 10PPI 3AMR

4.2.3 10PPI 4AMR Temperature and Pressure Smears

Figures 4.6 and 4.7 show the temporal evolution of the temperature and pressure elds,

respectively, for the 10PPI 4AMR. The temperature eld illustrates the development and
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propagation of the ame through the domain, while the pressure eld shows the corre-

sponding development and propagation of the pressure waves ahead of the ame.

Figure 4.6: Flame smear from the core 10PPI 4AMR
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Figure 4.7: Pressure smear from the core 10PPI 4AMR
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4.3 Flame Speed and Propagation

The extracted ame velocity pro les are presented in Figure 4.8 and compared with the
experimental results reported by Lin et al. [62]. The numerical results include the Null
3AMR simulation and the 10PPI porous outlet simulations conducted with maximum AMR

levels of 3 and 4.

Figure 4.8: Comparison of the reported experimental ame velocity with the calculated
bulk ame velocities of the Null 3AMR, 10PPI 3AMR, and 10PPI 4AMR simulations
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Both 3AMR simulations exhibit similar increases in ame velocity as the ame propa-
gates through the ame development section of the channel. The Null 3AMR and 10PPI
3AMR velocity pro les remain closely aligned through the available 10PPI 3AMR data,
which extends to a bulk ame position of approximately 11:7 cm. This agreement persists
after the porous outlet boundary begins at approximately 8 cm. In contrast, the 10PPI
4AMR simulation exhibits a lower ame velocity than both 3AMR simulations, with the
separation becoming apparent before the ame reaches the porous section. The Null 3AMR
simulation subsequently reaches a maximum velocity of approximately 850 m=s, while the
10PPI 4AMR simulation reaches approximately 630 m=s. None of the numerical simula-
tions exhibit the rapid increase in ame velocity observed experimentally by Jiang and Lin

during the later stages of ame acceleration.

4.4 Shock Formation and Pressure Pro les

Row averaged pressure pro les were extracted and presented in Figure 4.9 as a 3D plot.
The x-axis represents the location along the x-domain that is truncated to 24cm in length,
the y-axis represents the pressure in kP a, and the z-axis represents time in s to show
that depth into the plot illustrates the progression of time through the simulations. The
simulations did not have the same frequency of data output for plot les and so 12 evenly
spaced data sets are taken from the 10PPI 4AMR simulation, 11 data sets are from the
10PPI 3AMR, and 11 data sets are from the Null 3AMR simulation that are nearest to

the appropriate time. For clarity, the peak pressures are denoted in the legend.
Figure 4.10 shows the evolution of the pressure wave and shock locations with time,

67



together with the corresponding pressure ratio. The pressure wave front progresses approx-
imately linearly in both simulations, while the rear advances more rapidly as the pressure
wave steepens. This behaviour results from the accelerating ame, as the rear of the pres-
sure wave remains near the ame front. Consequently, the distance between the detected
front and rear decreases as the pressure wave steepens toward the formation of a discontin-
uous shock. Greater uctuations are observed in the rear edge of the Null 3AMR case due
to the presence and interaction of multiple pressure waves during the development of the
compression region. Both 10PPI cases exhibit smoother and delayed shock development
relative to the Null 3AMR case. Despite the temporal delay, shock formation occurs at a
similar axial location in the Null 3AMR and 10PPI 3AMR simulations. The peak pres-
sures of the 10PPI 3AMR and 10PPI 4AMR cases are also similar, reaching approximately
657 kPa and 665 kPa, respectively, compared with approximately 738 kPa in the Null
3AMR case.

68



Figure 4.9: Row-averaged pressure pro les extracted from the tube centerline at represen-
tative times for the 10PPI 4AMR (blue), 10PPI 3AMR (orange) and Null 3AMR (red)
simulations, measured in kPa
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Figure 4.10: Comparison of the development of the leading shock. Pressure ratio (top)
and shock components (bottom). Simulations are denoted as 10PPI 4AMR (blue), 10PPI
3AMR (orange) and Null 3AMR (red).
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4.5 Notable Observations

This section is to present observations that are considered signi cant in the development of
this work. There are three primary observations that are noted; a decrease in temperature
in the core of the ame as it passes over the pores, a rippling of the pressure eld in the
presence of pores, and the development of a higher intensity pressure wave in the corners

of the domain.

4.5.1 Temperature drop over pores

In the core of the domain the ame front curved back toward the wall. The core ame
front was typically 2 3cm ahead of where the ame met the wall. As the ame in contact
with the porous wall traversed the pores a temperature drop was observed. Figure 4.11
shows a smear plot as the ame traversing the porous surface. The pores are denoted in
cyan on the edges of the domain and the region of interest is highlighted in green squares.
It can seen that a region of decreased temperature extends into the core of the ame and
persists behind the ame front. The dip in the temperature pro le can be seen in Figure

4.12. From the neighbouring peaks to the trough it amounts to a drop of 40 50K.

In Figure 4.13 the y-velocity in the same smear is presented. What can be observed is
a region of strong negative y-velocity back into the core immediately after the ame front.
This is to be expected as the ame takes a convex shape, the y-velocity is into the core
directly behind the ame as the ow is expanding away from the peak pressure that comes

along with the high temperature of the ame front. The ow is observed to quickly ip
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direction after the ame passes and begin mass ow out of the pores, demonstrated by the
positive y-velocity into the pore outlets. The observed pocket of reduced temperature that
is transiting toward the core is ow caught in vortices at the boundary of the reversal of

the ow direction. Indeed this aligns well with the decreased core and wall temperatures

that are observed in the 10PPI 4AMR smear plot of Figure 4.6.
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Figure 4.11: Smear plot of temperature decrease over pores (10PPI 4AMR)
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