Proceedings of the Combustion Institute 42 (2026) 106299

Contents lists available at ScienceDirect

Proceedings of the Combustion Institute

journal homepage: www.elsevier.com/locate/proci

)
Dynamics of flame initiation, propagation, and transition to detonation
Zheng Chen *®-*, Wang Han ", Tianhan Zhang "

aSKLTCS, HEDPS, School of Mechanics and Engineering Science, Peking University, Beijing 100871, China
b School of Astronautics, Beihang University, Beijing 100191, China

ARTICLE INFO ABSTRACT

Keywords: Understanding of flame initiation, propagation, and transition to detonation is vital for both fundamental
Premixed flames combustion science and practical applications, including the development of high-performance engines and
Force_d igr-lition the enhancement of explosion safety. This paper reviews recent progress in the flame dynamics and critical
Autoignition physical conditions governing these interconnected processes, focusing on laminar, premixed, gaseous mixtures.
Flame propagation . . C . . X . . .
Detonation First, recent advances in forced ignition of premixed flames are reviewed, with an emphasis on theoretical
analysis of critical ignition radius and minimum ignition energy. The effects of low-temperature chemistry and
imposed flow on forced ignition of premixed flames are also discussed. Subsequently, flame propagation into
autoigniting mixtures is addressed. Under engine-relevant high-temperature and high-pressure conditions, the
ignition delay of the end-gas can become comparable to the flame transit time, leading to end-gas autoignition,
autoignition-assisted flames, and cool flame development and transition to hot flame. Finally, the dynamics
of autoignition-induced transition to detonation are analyzed, with a focus on the mechanism for detonation
development in autoigniting mixtures. Throughout the paper, the continuous physical chain—from ignition
kernel initiation to flame propagation and ultimately to detonation transition—is emphasized.
Novelty and significance statement: This review uniquely connects forced ignition, flame propagation into
autoigniting mixtures, and transition to detonation. It presents recent theoretical advances in premixed flame
ignition, end-gas autoignition, and detonation development. The role of low-temperature chemistry in reducing
ignition energy, enabling flame propagation, and promoting detonation development is highlighted. The paper
also discusses flow-facilitated ignition, autoignition-assisted flame speed scaling, and practical implications
for detonation development in engines, thereby offering a systematic foundation for controlling extreme
combustion events.

1. Introduction and acceleration, and final leap to detonation is essential for both
mitigating industrial hazards and harnessing the power of the most
The interaction between chemical reactions and fluid dynamics extreme form of controlled reactive flow.
gives rise to a rich spectrum of combustion phenomena. Among these, The journey from a quiescent, reactive mixture to a fully developed
the unsteady processes of flame initiation, its subsequent propagation,
and the potential for a sudden transition to detonation represent a cor-
nerstone of combustion physics. These three processes — encapsulated
in the dynamics of deflagration-to-detonation transition (DDT) [1-9] —
are not merely an academic curiosity but a critical consideration across
a vast array of practical applications.
In th‘? energy sector, uncontrolled DDT poses a paramount safety  Flame initiation. Forced ignition is the primary means of initiating com-
concern in the design of hydrogen fuel systems [10], nuclear reactor bustion in practical devices such as internal combustion engines (ICEs)

containment [11-13], and the transport and stgrage of hydrocarbon and gas turbines [27-34]. It can be achieved by an electrical spark,
fuels [14,15]. Conversely, the same phenomenon is the fundamental op- . i -
. o . . . . a laser pulse, or a hot surface. Under conventional conditions igni-

erational principle behind pulsed, rotating and oblique detonation en- L. . .
tion is straightforward, but modern trends toward ultra-lean mixtures,

gines (PDEs, RDEs and ODEs), which are promising for next-generation . . . . .
low-pressure (e.g., high-altitude relight) or high-speed (e.g., scramjet)

propulsion and power generation [16-26]. Therefore, a profound un- ) o ) >
derstanding of the mechanisms governing ignition, flame propagation environments make it increasingly difficult [35-37].

detonation is a complex process that begins with the creation of a flame
kernel. This introductory section presents the fundamental aspects and
backgrounds of forced ignition of premixed flames, flame propagation
and its interaction with autoignition under engine-relevant conditions,
and the transition to detonation and DDT.
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In a quiescent mixture, forced ignition proceeds through three
stages: hot-kernel formation, reaction-front expansion, and transition
to a self-sustained flame [38,39]. The early kernel experiences large
positive stretch due to its small radius. Consequently, the minimum
ignition energy (MIE) and critical radius strongly depend on the Lewis
number: positive stretch promotes ignition for Le < 1 and inhibits it
for Le > 1 [40-43]. The MIE increases quickly with Lewis number and
thereby it is challenging to ignite mixture with large Le [34].

In addition, real fuels exhibit multi-stage autoignition due to low-
temperature chemistry (LTC). For instance, n-heptane shows a negative
temperature coefficient (NTC) regime and can form cool and warm
flames before hot ignition [44,45]. LTC and cool flame might affect
MIE and alter flame dynamics. While cool flames have recently received
considerable interest, the bulk of existing research has concentrated
on flame speed and extinction boundaries [44,45]. In contrast, the
forced ignition of cool flames remains comparatively underexplored,
warranting further systematic study.

Besides chemistry, the flow environment also profoundly affects
forced ignition. Flow and turbulence induce stretch and convective
heat loss and thereby affect ignition kernel development. Counter-
intuitively, turbulence may sometimes facilitate ignition [33,46,471],
but the underlying mechanisms are still contradictory between experi-
ments [46,47] and numerics [48]. How flame stretch, differential diffu-
sion, heat loss to electrodes, and turbulent dissipation collectively affect
ignition remains unclear, requiring further combined experimental and
numerical studies.

Flame propagation. Once a flame kernel becomes self-sustained, flame
propagation ensues. Premixed flames are typically assumed to prop-
agate into frozen mixtures without upstream reactions [49-55]. In
practice, however, the unburned gas is often pre-compressed. Under
engine-relevant high-temperature and high-pressure conditions, the ig-
nition delay of end-gas can become comparable to the flame residence
time [56-58]. Autoignition may then occur ahead of the flame, yielding
combustion mode transition from normal flame propagation to end-gas
autoignition or even detonation [57,58].

Engine knock is generally accepted to result from end-gas autoigni-
tion [56-58], occurring when the local ignition delay falls below the
time for the flame to consume the end-gas. Strong mutual enhancement
between flame propagation and autoignition can occur in engines [57],
underscoring the need to understand their interaction.

For fuels exhibiting NTC behavior, multi-stage ignition adds more
complexity [45]. A cool flame, raising temperature by only 200-300
K, can propagate as a self-sustaining front and sensitize the mixture
for subsequent hot ignition, introducing flame-autoignition interaction.
Consequently, the presence of cool/warm flames, along with differen-
tial diffusion and flame stretch (characterized by Lewis and Markstein
numbers), introduces additional complexity to the dynamics of flame
propagation into autoigniting mixtures.

In addition, spherical flame propagation after central ignition in
an initially static mixture is popularly used to measure the lami-
nar flame speed S, [59-63]. Usually S, is measured in chemically
frozen mixtures. Recently, expanding spherical flames in constant-
volume spherical chambers [64-69], shock tubes [70-77], and rapid
compression machines (RCMs) [78-81] have been used to obtain .S, un-
der high-temperature and high-pressure environments where the flame
interacts with pre-ignition chemistry. Therefore, flame-autoignition in-
teraction and autoignition-assisted flames are current hot topics in
fundamental flame dynamics.

Transition to detonation. The third key process is the transition from
premixed flame propagation to detonation. Under strong acceleration,
a flame generates compression waves that coalesce into a leading
shock. This shock compresses the unburned gas and thereby accelerates
flame propagation. When the reaction front couples coherently with
the shock, a supersonic detonation wave forms, characterized by a
leading shock followed immediately by a reaction zone [5]. The exact
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mechanism of DDT has been debated for decades and remains a major
challenge in combustion science [1-9].

Similar to flame propagation, detonation development and DDT
have been mainly considered for chemically frozen mixtures [1-9].
Unlike previous studies [1-9], this paper focuses on transition to deto-
nation in an autoigniting mixture. Under engine-relevant conditions,
the end-gas may autoignite ahead of the flame. This volumetric au-
toignition can generate pressure waves that, under suitable conditions,
couple with the reaction front and evolve into a detonation.

For detonation development in autoigniting mixtures, Zel’dovich’s
reactivity gradient theory [82,83] provides a fundamental framework.
Bradley and co-workers [84,85] subsequently introduced the “detona-
tion peninsula” to determine critical conditions for detonation develop-
ment. However, the boundaries for detonation development depend on
many factors, including thermal conditions (temperature and pressure),
mixture composition (equivalence ratio and dilution), fuel type, and
temperature distribution in a hot spot. Recent studies have tried to
elucidate the influence of these factors on the detonation regime and
underlying mechanisms. A major challenge remains in applying these
boundaries to predict detonation development in practical engines with
complex turbulent flows and real multi-component fuels.

In spark-ignition engines (SIEs), detonation development in au-
toigniting mixtures is responsible for super-knock and should be pre-
vented [57,58]. Similar DDT-like phenomena have also been observed/
hypothesized in scramjet engines [86,87], and autoignition might assist
detonation initiation in rotating and oblique detonation engines [17—
24]. Therefore, this review focuses on the less-explored but practically
important regime of detonation development in autoigniting mixtures.

Scope and outline. This paper reviews recent progress in the dynamics
and critical physical conditions governing premixed flame ignition,
propagation and transition to detonation. It mainly focuses on combus-
tion in laminar, premixed, gaseous mixtures. Rather than suggesting a
universal progression from ignition to detonation, this paper concen-
trates on selected links among ignition, flame propagation, and the
transition to detonation. For flame propagation and DDT, this paper
mainly focuses on autoigniting mixtures (for which the ignition delay
time is comparable to the characteristic flame time) rather than chemi-
cally frozen mixtures. It is noted that numerous DDT scenarios involve
only flame acceleration and gas-dynamic feedback, without end-gas
autoignition. Besides, in many cases of forced ignition and flame prop-
agation, especially in chemically frozen mixtures, the process never
approaches DDT.

The remainder of this paper is organized as follows (see Fig. 1). Sec-
tion 2 reviews recent advances in forced ignition of premixed flames,
with emphasis on recent theory determining the critical ignition ra-
dius and minimum ignition energy. The effects of chemistry, flow
and transport on forced ignition are also examined. Section 3 ad-
dresses flame propagation and its interaction with autoignition under
high-temperature and high-pressure conditions. End-gas autoignition,
flame-autoignition interaction, and cool flame propagation are dis-
cussed. Section 4 analyzes the final stage — the transition to sustained
detonation. The mechanisms by which compression waves coalesce into
a leading shock, and the conditions under which the reaction front
couples with the shock to form a self-sustained detonation wave, are
discussed. The recent progress in understanding detonation develop-
ment in engines is also presented. Finally, concluding remarks and
suggestions for future research are presented in Section 5.

2. Forced ignition of premixed flames

Ignition is the process by which a flammable medium is brought
to a rapid combustion state [27]. There are two types of ignition:
autoignition and forced-ignition. Autoignition, also called self-ignition,
is caused by chain branching or thermal feedback in a homogeneous
mixture without input of either an external source of thermal energy
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Fig. 1. Schematic of contents covered in Sections 2, 3 and 4.
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Fig. 2. Different outcomes of forced ignition in a quiescent mixture.

or active radicals into the system. Unlike autoignition, forced-ignition
is the result of electrical discharge (spark), heated surface, shock wave,
or pilot flame, with the locally initiated flame front subsequently
evolving into a self-propagating state where the ignition source can be
removed without extinguishing the combustion process. This section
focuses on forced-ignition in a gaseous mixture. First, recent progress in
premixed flame ignition theory is introduced. Then, the effects of low-
temperature chemistry and imposed flow on the forced ignition process
are discussed.

2.1. Premixed flame ignition theory

Forced ignition of a quiescent premixture is a fundamental com-
bustion process. Depending on mixture composition, thermal state, and
energy deposition, different outcomes can occur (Fig. 2). If the ignition
energy is insufficient or the mixture lies outside its flammability limits,
the ignition kernel decays, and ignition fails. In contrast, with sufficient
energy and a mixture within the flammability limits, the ignition kernel
grows into a self-sustained spherical flame, indicating a successful
ignition. For mixtures near or below the flammability limit with a low
Lewis number, self-extinguishing flames or stationary flame balls can
form under microgravity conditions [88,89].

Over the past century, theoretical studies on forced ignition have
progressively incorporated more realistic physics, evolving from simple
thermal balance models to fully transient descriptions. Fig. 3 illustrates
the physical and chemical processes incorporated in various ignition
theories. The governing equations are written in a coordinate frame
moving with the flame front at normalized speed U [42]; thus, the
convection term accounts for flame propagation. Classical thermal
ignition theory considers the balance between conductive heat loss
and chemical heat generation. Flame ball theory further includes re-
actant transport alongside heat transport, as flame chemistry involves

Transient ignition theory

Quasi-steady ignition theory
Flame ball theory
Thermal ignition theory
oT or 10 or
- v 2|5 e
ot or r-or or
oY oY Le' 0 ,0¥
| gL (B .ait,
ot or r* or or
1L t t t
1 1 1
1 1 | |
Unsteady Flame Heat/mass Chemical
term propagation transport reaction

Fig. 3. Different ignition theories considering various terms in the non-
dimensional equations for temperature and mass fraction of the deficient
reactant. Reprinted from [34].

both heat release and fuel consumption. Quasi-steady ignition theory
describes the transition from an ignition kernel to a self-sustained
spherical flame. As highlighted by the blue box in Fig. 3, it includes
the convection term (flame propagation) but neglects unsteady ker-
nel evolution. Transition ignition theory additionally incorporates the
unsteady term, making it the most comprehensive ignition theory to
date. A comprehensive review on premixed flame ignition theory is
provided by Yu and Chen [34]; and only key theoretical developments
are summarized below.

Thermal ignition theory. The thermal ignition theory [90,91] deter-
mines the critical ignition conditions by balancing chemical heat re-
lease inside a spherical ignition kernel with conductive heat loss to
the surroundings. The kernel is considered to be at the adiabatic flame
temperature T, while the unburned gas is at 7,,. The critical kernel size
is determined by the condition that the rate of heat generation inside
the kernel equals the rate of heat conduction from its surface. This
yields a minimum radius R, below which conductive loss dominates
and the kernel extinguishes. The energy balance yields R, ~ 6; =
a/S;, i.e., the minimum flame kernel is comparable to the laminar
flame thickness [90,91] . The MIE is then E,;, ~ giz(éL)3puCp(Tad —-T).
The thermal ignition theory provides a clear physical picture and
can successfully explain the effects of pressure, dilution, and equiva-
lence ratio on ignition. For example, at low pressure or near flamma-
bility limit, the flame thickness 6% increases, leading to a large critical
radius and thus a high E,_;,, which explains why ignition becomes
extremely difficult under such conditions. However, the theory neglects
mass diffusion and reactant consumption; and thereby it cannot account
for Lewis number effects. Moreover, it ignores flame stretch and kernel
propagation, making it inaccurate for mixtures with Le # 1.
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Flame ball theory. The flame ball theory, pioneered by Zel’dovich [90],
considers a stationary spherical flame in a quiescent combustible mix-
ture, sustained solely by the diffusion of heat and mass without any
imposed flow. The flame front is at rest, and the deficient reactant is
supplied entirely by molecular diffusion from the surroundings. The
characteristic equilibrium radius — the flame ball radius, R, — is
found to depend strongly on the Lewis number Le = a/D (thermal
diffusivity over mass diffusivity) [90]. Stability analysis showed that an
adiabatic flame ball is inherently unstable: a small perturbation causes
either inward collapse (extinction) or outward propagation (successful
ignition). Therefore, the flame ball radius R, was considered as the
critical length controlling premixed flame ignition [8,90] and the MIE
was proposed to be proportional to the cube of the flame ball radius
instead of the flame thickness, E;, ~ R3Z. The theory shows that the
flame ball radius R, and flame temperature T, depend strongly on Le:
for Le < 1 (e.g., lean Hy/air), R, is smaller than the laminar flame
thickness and 7, exceeds the adiabatic flame temperature, promoting
ignition; for Le > 1 (e.g., lean heavy hydrocarbons), the opposite
occurs, making ignition more difficult.

The flame ball theory incorporates both heat and mass diffusion,
thereby accounting for Lewis number effects. It explains why mixtures
with Le > 1 are more difficult to ignite. However, this theory neglects
flame kernel propagation and stretch. The critical ignition radius de-
rived from flame ball theory overestimates the actual R, for mixtures
with large Lewis number, and it cannot describe the dynamic evolution
of an expanding flame kernel.

Quasi-steady ignition theory. The thermal theory and flame ball theory
on premixed flame ignition do not consider the ignition kernel prop-
agation. The ignition kernel has very large curvature and is highly
stretched during its outward propagation. Therefore, the coupling be-
tween positive stretch rate and preferential diffusion between heat and
mass (i.e., Lewis number) is expected to greatly affect the ignition
kernel propagation and the critical ignition conditions. Considering this
fact, the quasi-steady theory on ignition was developed [41,42]. The
model is shown in Fig. 4, in which ignition is caused by heat flux at
the center and the spherical flame propagates outwardly. The change
of flame propagation speed U with the flame radius R depends on the
ignition power at the center, Lewis number and radiative heat loss [42].

For adiabatic propagating spherical flames, the following equa-
tions for flame propagating speed U (normalized by adiabatic planar
flame speed), flame radius R (normalized by adiabatic planar flame
thickness), and flame temperature T, (normalized by adiabatic flame
temperature increase) is obtained [42]:

T;R™2e7UR
[z v Utdr

1 R 2eULeR [Z
Xp

— QR 2UR

T,-1
Le R ] m

2 6+ (1- o)y

Proceedings of the Combustion Institute 42 (2026) 106299

10° —
I I I - ‘R,
Le=1 Le=Le’ .7
1 ’ <
N 10 3 L
14 2 R¢
s
o
14
10°
10" { L L )
0.5 1 1.5 2 2.5
Le

Fig. 5. Change of the critical flame radius and the flame ball radius with the
Lewis number. Reprinted from [43].

where Le, Z, and o are, respectively, the Lewis number, Zel’dovich
number, and the ratio of burned to unburned gas densities. The ignition
power, Q, is provided as a heat flux at the center (see Fig. 4). By
solving Eq. (1) numerically, the relations for the flame propagating
speed, flame radius, and flame temperature, as well as the existence
of different flame regimes for different Lewis numbers and/or ignition
powers can be obtained [42,43].

It is found that for each mixture at a given Lewis number, there
is a critical flame radius, R., above which the flame can successfully
propagate outward and eventually become a planar flame [42,43]. No
quasi-steady solution exists below the critical flame radius. Therefore,
to successfully initiate a spherical flame, the ignition source must be
large enough to sustain a flame to a radius beyond R..

Fig. 5 shows the variation of the critical flame radius and the
flame ball radius (both normalized by the flame thickness) with Lewis
number. They are both shown to depend strongly on the Lewis number.
Three regimes in terms of the Lewis number are observed [43]. In
regimes I and II, with a Lewis number less than Le* = 1.36, the critical
flame radius is the same as the flame ball radius and it is smaller/larger
than the flame thickness when the Lewis number is below unity (regime
I)/above unity (regime II). In regime III, with Le > Le*, the critical
flame radius is smaller than the flame ball radius but larger than the
flame thickness. The difference between the critical flame radius and
the flame ball radius/flame thickness is of order-one magnitude when
Le > 2.0. As a result, the MIE is substantially over-predicted/under-
predicted based on the flame ball radius/flame thickness for mixtures
with large Lewis numbers [43]. Therefore, the flame ball radius can be
considered as the flame initiation controlling length only for mixtures
with Le < Le* while the flame thickness only for Le = 1.

The quasi-steady ignition theory has the advantages that it incorpo-
rates flame stretch and preferential diffusion, correctly predicting the
Lewis number effect and showing that the flame ball radius overesti-
mates MIE for large Le. However, it assumes quasi-steady propagation,
neglects unsteady terms, and cannot evaluate MIE for finite-duration
heating.

Transient ignition theory. All the above theories assume either a con-
stant heat source or an instantaneous deposition, and they neglect
the unsteady term in the governing equations. The transient ignition
theory developed by Yu and Chen [38] removes these limitations. It
solves the time-dependent energy and species equations for a finite-
duration heating source, using a coordinate transformation that maps
the moving flame front to a fixed domain. The theory reveals a “mem-
ory effect” [38]: after the external heating is switched off, the flame
kernel can continue to propagate for some time because of the thermal
and chemical energy already deposited. This memory effect reduces the
MIE compared to quasi-steady predictions, especially at high heating
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Table 1
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Different ignition theories considering various controlling physical/chemical processes.

Theory

Governing Physics/Chemistry

Limitations/Key findings

Thermal Ignition
Theory

Balance between chemical heat release
and conductive heat loss.

Neglects

mass diffusion and reaction depletion

of fuel. The critical ignition length scale is the
flame thickness 5,, and MIE ~ &;.

Flame Ball
Theory

Considers the balance between chemical
heat release and conductive heat loss as
well as the balance between mass
diffusion and reaction depletion of the
deficient reactant.

No flame propagation. The critical ignition
length scale is the flame ball radius R, and
MIE ~ RBZ, showing strong Lewis number (Le)
dependence.

Quasi-Steady
Ignition Theory

Considers flame kernel propagation
(convection term) in a quasi-steady state
manner, coupling heat/mass transport

No temporal memory of energy deposition.
Demonstrates that R, differs from both 6, and
R, especially for Le > 1.

with flame stretch.

Transient
Ignition Theory

Incorporates unsteady terms in

energy deposition.

governing equations and finite-duration

Most complete theory considering one-step
global chemistry. Captures “memory effect” of

powers. As the heating power increases, the MIE predicted by the tran-
sient theory asymptotically approaches a finite lower bound, whereas
the quasi-steady MIE continues to increase without bound - an non-
physically behavior. The transient theory also explains why repetitive
heating pulses (e.g., nanosecond repetitively pulsed discharges) can
reduce the MIE: each subsequent pulse revitalizes the kernel before it
extinguishes [92,93].

Table 1 summarizes the various controlling physical and chemical
processes considered in different ignition theories as well as their
limitations.

In all the studies mentioned above, one-step, irreversible, global
reaction models were employed, and thus the role of energetic active
radicals was not considered. In practical combustion of hydrocarbon
fuels, elementary reactions related to fuel and reactive intermedi-
ate species appear [94]. Zhang et al. [95,96] analyzed the spherical
flame initiation and propagation with thermally sensitive intermediate
kinetics [94] within the framework of large activation energy and
quasi-steady assumptions. The minimum chemical and thermal ignition
powers were compared and it was found that for most cases, heat
deposition is more efficient in ignition than radical addition [95,96].
The above ignition theories were developed for gaseous mixtures, while
fuel droplets might appear during the forced ignition in engines. Han
and Chen [97] developed ignition theory for spherical spray flames
with finite-rate droplet evaporation. It shows that droplet load and
vaporization Damkdohler number significantly affect flame propagation
speed, Markstein length, and minimum ignition power. For lean mix-
tures, increased effective Lewis number makes ignition much more
difficult than for rich mixtures.

The above ignition theories have the advantage of clearly revealing
the physicochemical mechanisms that control ignition. However, an im-
portant limitation is their difficulty in incorporating complex reactions,
such as LTC and cool flames which may affect the ignition process.
This will be discussed in the following subsection. Moreover, practical
ignition is often probabilistic, as electric spark breakdown is inherently
stochastic [29,33]. Consequently, unlike the sharp deterministic thresh-
old of MIE predicted by theory, experimental determination of MIE
typically relies on statistical methods — such as logistic regression — to
obtain the value corresponding to a 50% ignition probability [29,33].
In addition, the MIE measured in experiments strongly depends on
the mixture composition (equivalence ratio, dilution), thermal state
(pressure and temperature), ignition configuration (geometry of the
electrodes, spark gap distance, discharge circuit), and flow conditions
(uniform flow, turbulence) [27,29-34,98]. These factors should be
considered in future development of ignition theory.

2.2. Effects of low-temperature chemistry

It is well known that chemical reactions occurring at low temper-
ature play an important role in ignition of most hydrocarbon fuels,

heating.
P
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Fig. 6. Comparing the MIE for cool and hot flame ignition in DME/air mixture
at 1 atm and 600 K under different normalized equivalence ratios. Reprinted
from [100].

especially under engine-relevant conditions [44,45]. The LTC may
induce a cool flame at certain conditions. It was found that a cool flame
can be directly initiated in a dimethyl ether (DME)/air mixture by a hot
spot [99] at a proper temperature that only triggers LTC. The premixed
cool flame was found to substantially accelerate the subsequent hot
flame initiation and propagation, leading to a double-flame structure
with coexisting premixed cool and hot flames [99]. This indicates that
LTC may promote forced ignition.

Yang and Zhao [100] found that at elevated temperatures, pre-
mixed cool flames exhibit a lower MIE and wider flammability limits
compared with hot flames. Fig. 6 compares the MIE for cool and hot
flames in DME/air over a range of normalized equivalence ratios. The
LTC greatly reduces the MIE of cool flames, which is generally less
than half of that required for hot flames under the same conditions.
Furthermore, LTC markedly extends the lean and rich flammability
limits of cool flames, allowing ignition to occur in mixtures where
hot flames cannot be initiated. This demonstrates that LTC not only
lowers the ignition barrier but also broadens the operational window
for premixed combustion [100].

Previous numerical studies [99,100] on cool flame ignition were
mostly conducted in 1D, quiescent mixtures, neglecting the influence
of flow fields. Wang et al. [101] performed transient 2D simulations
of forced ignition in a laminar axisymmetric counterflow, considering
both low- and high-temperature chemistry. They systematically inves-
tigated the effects of ignition energy and strain rate on the initiation of
premixed cool and hot flames. They found that the strain rate strongly
affects flame kernel quenching and the transition from cool to hot
flame.
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Fig. 7 illustrates the ignition process at a low global strain rate of
20 s~!. First, a cool flame kernel forms and expands outward. Because
the strain rate is low, the intermediate species produced by the cool
flame have sufficient residence time to trigger high-temperature chem-
istry. Consequently, a hot flame kernel appears near the stagnation
point at around 7 = 107.1 ms. The hot flame, with a heat release rate
about two orders of magnitude higher than that of the cool flame,
propagates rapidly outward and eventually overtakes the leading cool
flame, forming a double-flame structure (Fig. 7). Eventually, the cool
flame disappears and only the hot flame remains.

Fig. 8 presents a regime diagram with four distinct regions for
forced ignition behavior in the counterflow: (I) only cool flame (low
to moderate strain rate, moderate ignition energy), (II) only hot flame
(high ignition energy), (III) ignition failure (insufficient ignition energy
or excessive strain rate leading to kernel quenching), and (IV) tran-
sition from cool to hot flame (low strain rate, where the cool flame
first appears and later triggers a hot flame) [101]. It clearly demon-
strates that the ignition energy primarily controls whether low- or
high-temperature chemistry thermal runaway occurs, while the strain
rate mainly determines whether the kernel survives or quenches, and
whether a cool flame can transition to a hot flame. Besides strain rate,
the heat loss was also found to affect the transition from cool flame to
hot flame in a channel [102].

The study of forced ignition of cool flames in the premixed sys-
tem was also extended to non-premixed systems including mixing
layer [103] and non-premixed counterflow [104,105]. Wang et al. [104]
investigated the forced ignition of cool, warm, and hot flames in a
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- and the ignition energy of E;,, = 0.825 mJ. Reprinted from [101].

laminar, axisymmetric, non-premixed counterflow of dimethyl ether
(DME) versus air using 2D transient simulations. The effects of strain
rate and ignition energy on the ignition processes as well as cool and
hot flame transitions were systematically examined, and six distinct
ignition regimes were identified in the plane of ignition energy versus
strain rate [104]. The MIE for cool and hot flames was found to
exhibit a non-monotonic dependence on strain rate due to competing
effects of mixture reactivity and heat loss. These results provide insights
into the flow-affected multi-stage ignition of cool and warm flames in
non-premixed systems.

The above results indicate that LTC can reduce the MIE and extends
the flammability range for DME and n-heptane. Note that the outcome
depends on fuel, temperature, strain rate, residence time, heat loss,
pressure, and the competition between cool-flame chemistry and trans-
port, which needs to be explored in future studies. Besides, LTC enables
cool flame ignition at lower energies, and under low strain rates, a cool
flame can transition to a hot flame, forming double-flame structures.

However, current understanding relies almost entirely on numer-
ical simulations. Theoretical models capturing LTC effects on forced
ignition are still lacking, and experimental validation remains scarce.
More systematic studies are needed to develop predictive theories and
benchmark experiments.

2.3. Effects of imposed flow

Compared to ignition in quiescent premixed mixtures, forced igni-
tion in flowing/turbulent premixed reactants is generally more difficult
because the deposited energy dissipates more rapidly [28,32-34]. Many
studies (e.g., [106-111]) found that the imposed laminar flow strongly
affects the flame kernel development and MIE.

Lefkowitz and Ombrello [112] experimentally investigated nanosec-
ond pulsed high-frequency discharges (NPHFD) for igniting flowing
methane-air mixtures. They identified three inter-pulse coupling regimes
based on the pulse repetition frequency, illustrated in Fig. 9. In the
fully-coupled regime (shortest inter-pulse time, = < 2 x 107 s),
successive pulses deposit energy into a small volume, producing a
single large ignition kernel with ignition probability of 1. The partially-
coupled regime (intermediate ) leads to elongated kernels where
only local ignition occurs, resulting in the lowest ignition probabil-
ity. In the decoupled regime (longest 7), pulses act independently,
creating multiple non-interacting kernels; ignition probability becomes
the product of pulse number and single-pulse probability. These three
inter-pulse coupling regimes were further interpreted by Lefkowitz and
coworkers [113-116]. However, a quantitative theoretical framework
that can predict the transition among these three coupling regimes
and the corresponding ignition probabilities is still lacking, and the
underlying mechanisms remain to be fully elucidated.
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Besides laminar flow, the effects of turbulent flow on forced ignition
were reviewed by Mastorakos [28,32] and Shy [33]. In typical con-
ditions, turbulence hinders ignition by accelerating the dissipation of
the energy deposited for kernel development and thereby enhancing
heat loss. However, recent experiments reported a counterintuitive
phenomenon known as turbulence-facilitated ignition (TFI) in mixtures
with large Lewis numbers [46,47].

Fig. 10 illustrates how the MIE of a hydrogen-air mixture with
Le ~ 2.3 (¢ = 5.1) depends on the r.m.s. turbulent fluctuating velocity
' for a small gap of 0.58 mm. The laminar MIE is shown to be extremely
high (255.5 mJ) due to severe heat losses and positive curvature stretch
that weakens the reaction rate. When weak turbulence is introduced,
the turbulent MIE drops sharply, reaching a minimum of 36.8 mJ at ' =
5.4 m/s—a clear manifestation of TFI, where turbulence surprisingly
makes ignition easier [47]. However, as u’ increases beyond this point,
the turbulent MIE begins to rise again, indicating that sufficiently in-
tense turbulent dissipation eventually overcomes the beneficial effects
of differential diffusion [47].

The mechanisms underlying TFI are still not well understood. A
key contradiction is that direct numerical simulations by Uranakara
et al. [48] in a turbulent H,/air mixture with large Le did not repro-
duce TFL; instead, turbulence created more positively stretched flame
fronts, hindering ignition. This discrepancy between experiment and
simulation indicates a fundamental gap in understanding how stretch,
differential diffusion, heat loss to electrodes, and turbulence dissipation
collectively determine ignition outcome. Shy and coworkers [33,47,
117] suggested that weak turbulence may blow the kernel away from
cold electrodes, reducing conductive heat loss and altering curvature.
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Fig. 11. Temporal development of the reaction front (identified by the T
700 K isosurface) for quiescent (left, U, = 0 m/s) and flowing (right, U;,
3 m/s) conditions in H,/air mixture (¢ = 5.1, Le ~ 2.3). The electrode gap
is dy,, = 0.64 mm. The coloring indicates the local curvature magnitude. The
images on the right column are reproduced from Fig. 6 of Ref. [47], which
show experimental ignition kernels in turbulent flow by Shy et al. Reprinted

from [118].

Recently, Chen et al. [118] have numerically investigated forced
ignition in laminar premixed hydrogen/air mixtures with ¢ = 5.1 and
Le ~ 2.3, aiming to isolate the effects of heat loss to electrodes and
imposed flow — factors that are coupled in turbulent TFI experiments.
They considered both quiescent and flowing mixtures. In quiescent
mixtures, small electrode gaps (d,,, = 0.64 mm) cause high positive
curvature and severe heat loss to isothermal electrodes, leading to
ignition failure despite large ignition energy. Remarkably, imposing a
flow normal to the electrodes (U;, = 3 m/s) reverses the outcome for
the case with large Le and small d,,,: ignition becomes successful. They
called this phenomenon flow-facilitated ignition (FFI) [118], which
closely mirrors the experimentally observed TFI [46,47].

Fig. 11 compares the evolution of reaction front in quiescent versus
flowing mixtures for the case with a large Lewis number and a small gap
distance. In the quiescent case, the flame kernel remains highly curved
and attached to the electrodes, while the imposed flow blows the
kernel downstream, drastically reducing both the contact area with cold
electrodes (thus conductive heat loss) and the positive curvature. This
reduction in heat loss greatly promotes the development of the ignition
kernel [118]. The competing effects of flow were found: the flow
introduces both negative (convective heat loss, hindering autoignition)
and positive (reduced heat loss to electrodes and decreased curva-
ture, promoting flame kernel transition) influences. For large Lewis
number and small gap distance, the positive effects dominate and the
flow-assisted kernel movement becomes the key enabler of TFI [118].

The concept of FFI was further extended by demonstrating nu-
merically its occurrence in low-Lewis-number mixtures under reduced-
pressure conditions [119]. While imposed flow was previously believed
to promote ignition primarily for mixtures with Le > 1, this study
demonstrated that FFI can also occur in a fuel-lean H,/air mixture
with Le < 1 under reduced pressure and small gap distance between
electrodes [119]. Fig. 12 shows the ignition kernel evolution for a lean
H,/air mixture (¢ = 0.4, Le = 0.43) at P = 0.3 atm, dgyp = 1.44 mm
and fixed E;, = 0.37 mJ. Under quiescent conditions (U;, = 0 m/s),
the kernel fails to propagate. At U;, = 6 m/s, the kernel successfully
develops into a self-sustained flame, demonstrating FFI. However, at
U,, = 10 m/s, the kernel fails again due to excessive convective dissi-
pation. This non-monotonic behavior reveals an optimal flow window
for FFI even in low-Le mixtures. Generally, FFI is likely to occur in an
ignition process that is limited by the difficulty of the flame kernel to
grow beyond the critical ignition radius [119].

However, contrary to the simulation [119] reporting FFI at reduced
pressure (0.3 atm), the experiments by Mai et al. [120] showed no FFI
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for Le < 1 or Le ~ 1 at 0.3 atm; instead, the MIE always increases with
flow velocity. They found that heat loss alone cannot cause FFI and the
role of differential diffusion is crucial. These conflicting results between
simulation [119] and experiment [120] indicate that the effects of
imposed flow on premixed flame ignition are still not well understood
and thereby further research is needed.

Recently, hot-surface ignition has attracted increasing attention due
to the critical safety risks posed by accidental ignition of flammable
mixtures in aviation and industrial settings [121]. Systematic studies
on hot-surface ignition of n-hexane in air have been conducted at
Caltech [121-126], and it was found that both LTC and natural convec-
tion play important roles in the ignition process. Hot-particle ignition
is also of great importance in industrial and fire safety [127,128].
Recent studies [128-139] have revealed that the ignition temperature
threshold depends on particle size, convective flow, preferential dif-
fusion, boundary layer development, and LTC. Unlike spark ignition,
which features an extremely high hot-spot temperature and rapid en-
ergy deposition, hot-surface and hot-particle ignition involve relatively
low temperatures and slow heating rates. Consequently, different time
scales need to be considered in the theory and modeling of hot-surface
and hot-particle ignition.

The above survey indicates that successful ignition depends not only
on ignition kernel formation but also on its subsequent propagation.
Therefore, in ignition studies, the flame propagation of the ignition
kernel with high curvature and stretch must be considered [32,34].

3. Flame propagation into autoigniting mixtures

Central ignition in a quiescent mixture can produce spherical flame
propagation, widely used to measure laminar flame speed S, [59-63].
Conventionally, premixed flames are assumed to propagate into a
chemically frozen unburned mixture, where no pre-ignition chemistry
occurs ahead of the flame front [49-55]. This assumption underpins the
classical eigenvalue problem for the laminar flame speed and is valid
when the ignition delay time of the unburned gas, 7;, greatly exceeds
the characteristic flame transit time, 7z, = §,/5,. However, in spark-
ignition engines (SIEs), the end-gas is compressed by the advancing
flame and piston, reaching high temperatures and pressures. Then t;
may become comparable to 7, causing significant pre-ignition chem-
istry occurring in end-gas [57,58]. The resulting flame-autoignition
interaction yields a rich spectrum of combustion modes—from mildly
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accelerated flames to violent end-gas autoignition—posing a practically
important and scientifically challenging problem [44,57,58]. Therefore,
this section focuses on flame propagation into autoigniting mixtures.
End-gas autoignition is discussed first, followed by flame-autoignition
interaction, and cool flame propagation.

Note that combustion processes controlled solely by autoignition
[140] such as MILD combustion [141,142] and autoignited lifted
flames [143,144] are not covered here.

3.1. End-gas autoignition

The spontaneous ignition of the end-gas ahead of a propagating
flame is commonly considered as the main cause for knock in SIEs [56—
58]. Although end-gas autoignition has been extensively studied, the
present work concentrates on its fundamental aspects.

Prediction of end-gas autoignition by the Livengood—Wu integral. The oc-
currence of end-gas autoignition depends on the competition between
propagating flame and autoignition in the unburned mixture. If the
flame consumes the end-gas before the ignition delay time elapses,
no autoignition occurs. Otherwise, autoignition takes place. This com-
petition can be characterized by the Livengood-Wu integral [145]:

B dr
! ‘/ T P) @

where 7;(T, P) denotes the ignition delay time depending on the instan-
taneous temperature and pressure. Autoignition is expected to occur
when the integral I reaches unity.

For a 1D closed chamber of length L, the pressure rise rate is:

dP Su P l/Yu
= P, —P 3
dt L<P0> (Fe =) 3

where P and P, are the initial and equilibrium pressures, respectively,
and y, is the specific heat ratio of the unburned mixture. The lami-
nar flame speed .S, depends on both pressure and temperature, often
approximated by:

Su = SO (Tu/Ts)a (P/Px)ﬁ “)

with S, being the flame speed at reference conditions (7}, P,), and a,
p constants.

By substituting Egs. (3) and (4) into Eq. (2) and adopting the
isentropic compression assumption to eliminate T, ie., T, = T
(P/PO)('_I/ y“), we obtain the following form of the Livengood-Wu
integral:
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The laminar flame speed can be computed at various initial condi-
tions. Curve fitting gives « = 2.058 and # = —0.114 for stoichiometric
hydrogen/air mixtures at reference values of T, = 900 K, P, = 10
atm, and S, = 40.77 m/s. The equilibrium pressure P, and ignition
delay times 7; under different initial conditions can be obtained from
zero-dimensional homogeneous ignition calculations.

As shown in Fig. 13, the critical boundary for autoignition predicted
by the Livengood-Wu integral agrees reasonably well with the 1D
simulation results. Therefore, the Livengood-Wu integral provides a
useful tool for estimating autoignition onset, although its accuracy
depends heavily on the fidelity of the models used for laminar flame
speed and ignition delay time.

Recently, the Livengood-Wu integral has been extended to large
hydrocarbon fuels with multi-stage autoignition [146] and for forced-
ignition of premixed flames [147].
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Fig. 13. Critical conditions for autoignition in stoichiometric hydrogen/air
mixtures. Symbols represent simulation results: open squares indicate autoigni-
tion, crosses indicate no autoignition. The solid line connects the simulation
data, while the dashed line corresponds to predictions from the Livengood-Wu
integral, Eq. (5).

Asymptotic analysis of end-gas autoignition. While the Livengood-Wu
integral offers a practical criterion for estimating the onset of end-
gas autoignition, its zero-dimensional nature averages over the spatial
structure of the flame and the unburned mixture. To overcome this
limitation, Kagan and Sivashinsky [148] performed an asymptotic anal-
ysis of the 1D compressible reactive flow equations under the small-
Mach-number approximation and developed a hydrodynamic theory of
end-gas autoignition.

Kagan and Sivashinsky [148] examined a planar flame traveling in
a closed vessel of length L. Within the small-Mach-number framework,
acoustic phenomena are eliminated from the leading-order dynamics,
and the pressure becomes spatially uniform throughout the vessel,
depending only on time. This simplification is justified because de-
flagrative combustion remains strongly subsonic, yet it preserves the
essential compressibility effect arising from the global pressure increase
due to thermal expansion. When the ratio of flame thickness to vessel
length, ¢ = 6§ /L, is a small parameter, i.e., ¢ < 1 and the activation
energy is large, an asymptotic treatment can separate the reactive-
diffusive layer (the flame front) from the outer inviscid flow regions.
Consequently, the diffusion terms in the governing equations can be
neglected in the hydrodynamic theory of end-gas autoignition.

In the analysis of Kagan and Sivashinsky [148], the unburned gas
remains spatially uniform in both temperature and composition since
diffusive transport is negligible outside the thin reaction zone. For the
burned gas region, the entropy conservation equation can be solved
analytically, yielding an expression which predicts a non-uniform tem-
perature field within the burned products [148]. By matching the inner
and outer solutions across the flame interface and applying integral
conservation laws, Kagan and Sivashinsky [148] reduced the full 1D
description to a zero-dimensional system of ordinary differential equa-
tions which can be solved numerically. The detailed asymptotic analysis
can be found in [148].

Kagan and Sivashinsky [148] obtained the following non-dimensional
mass burning velocity 1 from the classical Zeldovich-Frank-Kamenetsky
asymptotic analysis of the reactive-diffusive layer:

() +[5(7)

which indicates that when the unburned gas approaches complete con-
sumption through autoignition, the flame speed diverges. This behavior
signals a transition from flame propagation to volumetric autoignition
in end-gas [148].
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Fig. 14. Temporal evolution of chamber pressure for outwardly and inwardly
propagating flames (OPF and IPF). Solid and dashed-dotted lines corre-
spond, respectively, to cases without and with end-gas autoignition. Reprinted
from [149].

The analysis of Kagan and Sivashinsky [148] was extended by
Yang et al. [149] to compare inwardly and outwardly propagating
flames (IPF and OPF). Fig. 14 compares OPF and IPF at two initial
temperatures. For low initial temperature without end-gas autoigni-
tion (solid lines), OPF exhibits shorter combustion duration than IPF.
For high initial temperature with end-gas autoignition (dash-dotted
lines), IPF shows shorter duration. Therefore, end-gas autoignition
occurs more readily in inwardly propagating flames due to more rapid
pressure buildup resulting in higher unburned gas temperature and
pressure [149].

It is noted that the small-Mach-number approximation employed by
Kagan and Sivashinsky [148] filters out acoustic waves and thereby
cannot describe the detailed pressure oscillations characteristic of en-
gine knock or the eventual transition to detonation.

Detailed simulation of end-gas autoignition. While the asymptotic anal-
ysis of Kagan and Sivashinsky [148] offers valuable physical insight
and helps elucidate the mechanisms underlying end-gas autoignition, it
suffers from several inherent limitations when quantitative predictions
are required. Chief among these is the use of one-step global reaction
kinetics, which cannot accurately capture the complex autoignition
behavior of real hydrocarbon fuels, particularly those exhibiting NTC
behavior and multi-stage ignition. Moreover, the asymptotic reduction
relies on the small-Mach-number approximation that filters out acoustic
wave dynamics. Consequently, numerical simulations that incorporate
detailed chemical mechanisms and realistic transport properties have
been conducted to investigate end-gas autoignition phenomena under
engine-relevant conditions [150-158].

Yu and Chen [152] conducted 1D simulations of end-gas autoigni-
tion in a closed chamber using stoichiometric hydrogen/air mixtures
with the detailed chemistry. Through systematic variation of the initial
temperature 7, initial pressure P), and chamber length L, Yu and
Chen [152] identified three distinct modes of end-gas combustion:
normal flame propagation without autoignition, autoignition without
detonation development, and detonation development. Fig. 15 presents
the temporal evolution of temperature, pressure, and heat release rate
distributions for the case with end-gas autoignition. The time sequence
from line #1 to line #9 shows the progression from normal flame
propagation through autoignition onset to final consumption of the
end-gas. At r = 323.68 ps (line #3), autoignition first appears near the
right boundary. The autoignition front then propagates leftward (lines
#4-#8) and eventually collides with the rightward-propagating flame
front at x ~ 1.52 cm (line #9). The rapid heat release from autoignition
causes the quick pressure rise and strong pressure oscillation [152].

For hydrocarbon fuels with LTC and NTC behavior, multi-stage
autoignition in end-gas may occur. Pan et al. [155] simulated flame
propagation in a closed chamber filled with n-heptane/air mixtures.
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rate during end-gas autoignition (stoichiometric H,/air, L =2 cm, T, = 1000 K,
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ps, and 9-325.02 ps. Reprinted from [152].

They found that autoignition preferentially occurs upstream of the
flame front at lower initial temperatures but shifts to the near-wall
region at higher initial temperatures, owing to the competition between
the temperature gradient established by flame compression and the
NTC behavior of n-heptane.

Besides 1D simulations, multi-dimensional ones have also been
used to study end-gas autoignition. For example, Robert et al. [159]
performed LES of knocking combustion in a spark-ignition engine and
found that knock intensity is proportional to the autoignited end-
gas mass at low intensities but increases exponentially at high in-
tensities. Morii et al. [160] conducted 2D DNS of knocking in an n-
heptane/O,/Ar mixture, reproducing experimental pressure and Schli-
eren images, and capturing cool flame ignition and knock timing. El-
Asrag and Ju [161] showed via DNS that 1000 ppm NO enhances
DME/air autoignition under HCCI conditions by boosting OH radical
pool (10-600 times). Krisman et al. [162] performed DNS of DME au-
toignition at diesel-relevant conditions, finding that cool flames shorten
high-temperature ignition delays, forming kernels at richer mixtures
than the homogeneous most-reactive mixture. Wei et al. [163] used
LES to investigate combustion in a RCM, revealing that turbulence
from the piston crown edge and compressive strain critically affect end-
gas autoignition. These studies indicate that LTC is important during
end-gas autoignition.

Besides theory and simulation, experiments in optical engines and
RCMs have been conducted to understand end-gas autoignition. Wang
and co-workers [57] have conducted extensive experimental studies of
end-gas combustion modes in RCM configurations. Their experiments
have revealed a rich variety of end-gas combustion modes. Wei and
co-workers [58] have investigated the interaction between turbulent
flame propagation and end-gas autoignition in engine-like configura-
tions. Wei et al. [164] demonstrated through combined experimental
and numerical studies that the interaction between the propagating
flame and shock waves reflected from the chamber walls can trigger
autoignition in the end-gas through compression heating. Details on
recent progress in experimental studies on end-gas autoignition can be
found in recent reviews [57,58].

Despite the above progress, accurate quantitative prediction of end-
gas autoignition remains critically important for engine control yet not
fully achievable due to many complex factors (e.g., turbulence, multi-
stage chemistry, pressure wave interaction), thus demanding further
in-depth research.
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3.2. Flame—autoignition interaction (FAI)

When the ignition delay time of the unburned gas becomes com-
parable to the characteristic flame transit time (rig ~ rf), pre-flame
exothermic reactions progressively alter the thermochemical state ahead
of the front. This yields an autoignition-assisted flame whose structure,
propagation speed, and stability differ qualitatively from a classi-
cal deflagration. Autoignition-assisted flames might appear in ICEs,
gas-turbine engines, and scramjet combustors in which elevated tem-
perature, pressure, or reactivity places the unburned mixture near its
autoignition boundary [22,57,58,165,166].

Early evidence of FAL The recognition that pre-flame chemistry can
distort apparent flame speed dates to the pioneering simulation by
Kaufmann and Roth [167], who showed that burning velocity increases
monotonically with the reaction progress of the unburned gas in H, /O,
and C,Hg/0, mixtures, with the enhancement depending on whether
radical or thermal effects dominate. The phenomenon was subsequently
characterized in RCMs and high-pressure constant-volume spherical
chambers. Assanis et al. [78] found that the influence of autoignition
on flame propagation was maximized by igniting the mixtures early in
the autoignition process. Xiouris et al. [64] and Movaghar et al. [65]
reported that the apparent flame speed increased markedly under
conditions approaching the autoignition limit. However, Fan et al. [79]
confirmed that, within the NTC regime, the measured flame speed can
exceed the true laminar flame speed by up to an order of magnitude.
These observations raised a fundamental question: what is the intrinsic
speed of a flame whose unburned gas is no longer chemically frozen?

Habisreuther et al. [168] addressed this question for single-stage
fuels by computing the structure of premixed methane/air flames at
unburned temperatures up to 1450 K using detailed chemistry. Their
transport-budget analysis revealed a progressive transition: as the un-
burned gas temperature approaches the autoignition limit, the preheat
zone begins to release heat, the classical eigenvalue structure weakens,
and the maximum flame temperature can exceed the adiabatic equi-
librium value. Martz et al. [169,170] introduced the time-scale ratio
Triame/ Tchem @S @ quantitative diagnostic for identifying the deflagration-
to-spontaneous-ignition transition in iso-octane/air mixtures, establish-
ing the methodology later adopted by Pan et al. [154,171,172]. Build-
ing on these foundations, Sankaran [173] used 1D steady-state compu-
tations to define a reference flame speed Sy in autoigniting H,/air, show-
ing that even deep in the spontaneous-propagation regime, molecular
diffusion contributes a residual speed of ~2 m/s. Krisman et al. [174,
175] formalized and extended this framework for two-stage ignition
fuels (e.g., n-heptane, DME) and identified two distinct reference flame
speeds—one for the cool flame and one for the hot flame—each corre-
sponding to a premixed deflagration.

Experimental characterization of FAL Different experimental setups have
been designed to study flame propagation in autoigniting mixtures.
Egolfopoulos and coworkers [64-69] designed a high-pressure, high-
temperature spherical chamber and conducted a series of experimen-
tal and numerical investigations on flame propagation under engine-
relevant conditions using the confined spherically expanding flame
(CSEF) method. For example, Lawson et al. [66] demonstrated that
CSEF-generated isentropic compression can induce two-stage ignition
in dimethyl-ether mixtures, capturing low-temperature chemistry and
defining characteristic ignition delay times with high repeatability.
Subsequently, they quantified the effects of end-gas reactivity on pri-
mary reference fuels blended with ethanol [67], showing that ethanol
addition increases ignition delay times and that kinetic model discrep-
ancies grow with fuel octane number.

To isolate flame propagation from far-field autoignition, Hanson
and co-workers developed the “Constrained Reaction Volume” (CRV)
shock-tube technique [70-77]. Susa and Hanson [74] used schlieren
and OH* imaging to visualize the transition from near-wall to dis-
tributed spontaneous ignition as post-shock temperature decreases,
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Fig. 16. Non-monotonic temperature dependence of flame speed under
autoignitive conditions. Upper: measured S[? of stoichiometric n-heptane-
oxygen-argon mixture at two spark timings, showing ~24% enhancement in
the NTC window when first-stage autoignition precedes ignition [76]. Bottom:
simulated S, vs. temperature for hot (blue) and double (green) flames with
shock-tube data (squares). Reprinted from [177].

confirming a true deflagration at lower temperatures. Combining CRV
with laser-induced spark, Ferris et al. [70] established a non-intrusive
method for measuring laminar flame speeds above 1000 K. Using this
platform, The Hanson group measured flame speeds for n-heptane,
iso-octane, propane, and DME [71,72,75,77]. Susa et al. [71,72] pro-
vided the first experimental evidence of a negative temperature depen-
dence of iso-octane burning velocity within the NTC window: flame
speed decreases with increasing temperature, directly showing that
suppressed low-temperature radical generation weakens the pre-flame
radical pool. Yang et al. [176] attributed part of this anomaly to
thermal-pyrolysis-induced over-driven flames.

More recently, Zheng et al. [76,77] systematically measured n-
heptane and DME flame speeds behind reflected shocks with controlled
pre-flame autoignition chemistry. By varying spark timing, they iso-
lated flame speed enhancement as a function of first-stage reaction
progress, reporting a ~24% increase near the first-stage autoignition
boundary followed by non-monotonic temperature dependence (Fig.
16, upper). This directly confirms that upstream autoignition acceler-
ates the flame. Independent validation came from Goyal and Samimi-
Abianeh [178,179] using an RCM-Flame at 616-621 K and 6.85 bar,
reporting up to 40% enhancement when cool-flame chemistry is active.
Zhang et al. [177] explained this non-monotonic behavior using un-
steady spherical flame simulations. They identified three regimes (cool,
double, hot) controlled by the ignition Damkéhler number. The double
flame (trailing hot flame sustained by a leading cool flame) propagates
much faster than the hot flame alone, producing the observed non-
monotonic S;-T dependence (Fig. 16, bottom). They also showed that
the spherical cool flame has a much lower Markstein length than the
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Fig. 17. Mapping of unburned gas temperature against pressure illustrating
distinct thermodynamic zones for different existing experiments of laminar
flame speed measurement. Reprinted from [180].

hot flame at T > 600 K, and proposed a Dajr-based criterion for
accurate flame speed measurement under autoignitive conditions.

Note that many studies have been devoted to measuring lami-
nar flame speed which is one of the most important properties of
a flammable mixture [59-63]. Fig. 17 illustrates the unburned gas
temperature—pressure landscape relevant to laminar flame speed mea-
surement [180]. Different experimental setups were used to measure
laminar flame speeds in different regions. Region 7, characterized by
moderate pressure and temperature, has been extensively investigated
using various conventional flame configurations [59-63]. Regions 4-6,
each covering progressively higher pressures but lower temperatures,
have been studied with the constant-volume spherically expanding
flame (CVSEF) technique. Region 3, featuring high pressure but near-
ambient temperature, relies on a double-chambered apparatus. Region
2, with high temperature but low pressure, has been explored using
heated diverging channels and shock tubes. The most challenging re-
gion is Region 1, which represents actual engine in-cylinder conditions;
currently, it is accessible through the CVSEF technique and RCMs. It is
worth noting that in Region 1, the ignition delay of the end-gas can
become comparable to the flame transit time, leading to a significant
FAI which may considerably affect the accuracy of laminar flame speed
measurements.

Flame structure and flame speed scaling. High-fidelity simulations help
to reveal the structure of autoignition-assisted flames. Using A-SURF,
Faghih et al. [181] studied DME flame propagation into autoignit-
ing mixtures, identifying four stages: initial propagation, first-stage
autoignition acceleration, NTC plateau, and second-stage rapid accel-
eration. Pan et al. [154,171,172] mapped critical transition boundaries
between flame-dominated and autoignition-dominated regimes at en-
gine pressures. For NTC fuels, they found a “folded S-curve” in the
speed-Damkohler number diagram, with unity speed ratio at cool-flame
arrival and hot ignition onset.

Zhang et al. [177,182] provided an analytical model for the
autoignition-assisted flame speed. By decomposing the flame into a
convection—autoignition zone (from the inlet x to the preheating point
x,), a low-temperature autoignition zone, and a conventional thin
reaction-diffusion zone (Fig. 18a), Zhang and Ju [182] derived an
analytical expression for the autoignition-assisted flame speed. Using a
one-step Arrhenius model in the convection-autoignition zone and the
classical large-activation-energy flame speed formula, the preheating
temperature 7, is obtained from the ignition Damkdhler number Da;, =
Triow/ Ty (Where 7, = /Oxf dx/u(x) is the flow residence time)
as [182]:
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where T, = E,/R is the activation temperature, T, the initial temper-
ature, and 7; the ignition temperature. In the limit of large activation
energy, we have T, =~ T/.

The autoignition-assisted flame speed then follows as [182]:

T, -T,

T, =T,

SL,Daig = SL,Daig=0 ®)
where S} p, - is the flame speed at zero ignition Damkohler number
(i.e., with no pre-flame autoignition).

Egs. (7)-(8) predict that S; increases nonlinearly with Da;, and
diverges as Da;, — 1—the condition at which the flow residence
time equals the ignition delay and the entire upstream mixture au-
toignites before reaching the flame front (Fig. 18b). This divergence,
verified against detailed-chemistry simulations using the idealized one-
dimensional quasi-steady premixed flame model across multiple equiv-
alence ratios and pressures, provides a first-principles explanation for
the dramatic flame speed enhancement observed experimentally. Note
that in practice S; cannot become infinite since it can be regular-
ized by finite domain size, multidimensionality, heat loss, and other
factors. Zhang et al. [177] subsequently confirmed this framework
through unsteady spherical flame simulations and shock-tube exper-
iments, demonstrating that the analytical §,-Da;, scaling holds for
both cool and hot flames. Gong and Ren [183,184] complemented this
theoretical framework with an empirical flame speed decomposition
methodology for autoignition-assisted n-heptane/air and jet-fuel/air
flames, successfully separating the contributions of deflagration and
autoignition to the observed propagation speed.

To examine micro-scale thermodynamic and kinetic feedbacks within
the enhanced flame zone, several studies decoupled pre-flame ef-
fects. Ansari et al. [185] showed LTC indirectly enhances burning
rate by modifying mixture composition and state. Desai et al. [186]
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Fig. 19. Structural signatures of turbulent spontaneous ignition versus defla-
gration indicated by the contours of H,0, and HO, mass fraction from DNS
of H,/vitiated air. Reprinted from [196].

analyzed displacement speed budgets for DME/air with thermal strat-
ification; while Soriano and Richardson [187] modeled flame speed
for methane/n-heptane blends. Lin et al. [188] found that flame speed
enhancement is predominantly thermal while LTC intermediates exert
opposing effects.

Systematic regime mapping by Xiao et al. [189] identified
autoignition-assisted cool/hot/double flames and transition regimes for
n-heptane/air mixtures as functions of ignition energy and Damkdhler
number. Akita et al. [190] extended this to stretched flames and
showed traditional Markstein-length models fail under autoignitive
conditions. Tajima et al. [191] further quantified isochoric reaction
progress effects on gasoline-surrogate flame speeds, isolating thermal,
pressure, and chemical contributions.

Rencetly, Tsunoda et al. [192] have proposed a theoretical criterion
for engine knock onset based on the transition between Zel’dovich—
Frank-Kamenetskii (ZFK) mode and Fisher-Kolmogorov-Petrovsky—
Piskunov (FKPP) flame propagation regimes, triggered when preheat-
zone reactions exceed a threshold. Through linear eigenvalue analysis
and re-analysis of DNS data for n-heptane and PRF mixtures, they
showned that this transition accurately predicts knock timing, offering
a physically grounded alternative to traditional autoignition-based
models.

FAI in turbulent flows and engines. Beyond fundamental laminar con-
figurations, the autoignition-assisted flame concept is critical for flame
stabilization in modern engineering applications, notably sequential
(reheat) gas-turbine combustors, ramjets and scramjets [22,165,166,
193-195].

Savard et al. [196] constructed a comprehensive turbulent regime
diagram for spontaneous ignition versus deflagration, using over 30
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DNS cases of H,/vitiated air. Contrary to the laminar picture, they
showed that turbulence can trigger the transition from spontaneous
ignition to deflagration—the opposite of the homogeneous-mixture
expectation—through a modified Zel’dovich criterion incorporating tur-
bulent diffusivity. The structural differences between these two regimes
are strikingly evident in Fig. 19: in the spontaneous ignition case
W'/S, = 1), H,0, and HO, accumulate in broad distributed zones up-
stream of the reaction front, whereas in the deflagration case («'/S; =
4), these intermediates are sharply localized at the flame front—a
direct visualization of the fundamentally different radical generation
mechanisms.

Farjam and Savard [197] extended this framework to real-fuel
two-stage ignition by performing DNS of n-dodecane turbulent pre-
mixed flames under Engine Combustion Network (ECN) Spray A condi-
tions, demonstrating that both cool-flame and hot-flame fronts can in-
dependently undergo spontaneous-ignition-to-deflagration transitions.
Aditya et al. [198] performed DNS of flame stabilization in a reheat
gas-turbine configuration, showing that autoignition kernels in the
windward mixing layer trigger and sequentially assist global flame
anchoring. Gruber et al. [199] characterized stable and unstable spon-
taneous ignition regimes in hydrogen combustion at gas-turbine reheat
conditions, demonstrating that compressibility effects are critical for
flame stabilization and quantifying the turbulent reaction-front veloc-
ity. Collectively, these studies establish that autoignition-assisted flame
propagation is not merely a transient phenomenon in ICEs but a fun-
damental stabilization mechanism in advanced turbulent combustion
systems, where a spatially and temporally dynamic coexistence of defla-
gration, autoignition-assisted propagation, and volumetric autoignition
governs the overall combustion behavior.

Several rigorous diagnostic tools have been developed to clas-
sify the local combustion mode. The reaction-progress-variable (RPV)
framework of Xiao et al. [189] decomposes the total heat release
into deflagration and autoignition contributions via the RPV transport
equation, demonstrating that the transition between the two modes
is sharp and occurs over a narrow range of initial temperatures.
Chemical Explosive Mode Analysis (CEMA) [200,201] provides a com-
plementary approach which mathematically distinguishes autoignition
from diffusive-reactive fronts, revealing the topological boundaries of
autoignition-assisted flames [202,203].

Goldsborough et al. [204] provided a comprehensive review of FAI
in engines, surveying early RCM studies on FAI and knock. They also
discussed the so-called “mild ignition” (or “weak ignition”) observed
in shock tubes and RCMs, which introduces substantial scatter in ig-
nition delay time measurements. Mild/weak ignition typically arises
from the interplay between volumetric autoignition and a reaction
front [204-209]. In shock tubes, the reaction front might be initi-
ated by a localized hot spot produced by shock-boundary interaction
(e.g., [210,211]). In RCMs, the reaction front might be initiated by
thermal inhomogeneities [204].

In summary, when pre-flame chemistry becomes significant (Da;, ~
O(1)), the classical frozen-mixture flame picture breaks down. The
flame speed increases nonlinearly with Da;, and eventually the entire
upstream mixture autoignites. Shock-tube and RCM experiments con-
firm this enhancement and reveal non-monotonic temperature depen-
dence for NTC fuels. DNS further demonstrates that the spontaneous-
ignition-to-deflagration transition can be reversed by turbulence, chal-
lenging laminar-based regime criteria. Despite these advances, a unified
theoretical framework that quantitatively couples flame propagation
with multi-stage autoignition across laminar and turbulent conditions
remains to be developed.

3.3. Cool flame propagation

Section 3.2 mainly treats pre-flame chemistry as spatially uni-
form autoignition. However, for fuels such as n-heptane, DME and
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n-dodecane, LTC sustains an independently propagating cool flame—
an active front that reshapes upstream conditions before the hot flame
arrives. Cool flames are driven by first-stage autoignition with ignition
delay ;,; short relative to the flame transit time, yielding a large
ignition Damkdhler number Daj, = 7,/7,,. Thus autoignition—flame
coupling is inherent to cool flame propagation, unlike hot flames
where such coupling requires extreme thermodynamic conditions (Sec-
tion 3.2).

This section first examines cool flame propagation governed by
LTC, then discusses how the cool flame alters the upstream conditions
encountered by the trailing hot flame—a perspective inaccessible from
the uniform autoignition framework of Section 3.2. For broader aspects
of cool flame dynamics and chemistry, see reviews by Ju et al. [44,45].

Characteristics of premixed cool flames. Cool flames, sustained by LTC
with low heat release rate and weak thermal expansion, exhibit funda-
mentally different propagation from hot flames. Yang and Zhao [100]
found that premixed cool flames always decelerate with increasing
stretch rate (positive Markstein number), unlike hot flames whose
stretch response depends on ¢ and Le. Wang et al. [103] showed that
the density-weighted displacement speed S of a DME/air cool flame
varies linearly with Karlovitz number. The unstretched cool flame speed
increases with initial temperature but is nearly pressure-insensitive,
reflecting the weak pressure dependence of 7, ;.

The large Da;, of cool flames makes autoignition-flame competi-
tion always significant. Zhang and Ju [182] computed n-heptane/air
cool/warm flame structures and speeds over 650-1000 K, 1-20 atm,
¢ = 0.2-20. Cool flame speed increases nonlinearly with Da;,; at
¢ = 0.2, it can exceed the hot flame speed near the NTC region. The
cool-to-warm flame transition (a double-flame structure) occurs when
ketohydroperoxide decomposition triggers thermal runaway [99]. At
the upper NTC end (~960 K at elevated pressures), warm flames become
pure hot flames [182].

Wang et al. [212] simulated spherically expanding DME/air cool
flames under gravity using 2D DNS. With propagation speeds < 20 cm/s
and a small density ratio, buoyancy effects are strong: at S,(]) < 8 cm/s,
natural-convection vortices deform the flame into a mushroom shape.
The volume-based equivalent radius R, ) reliably extracts the un-
stretched flame speed from distorted shapes, enabling future terrestrial
experiments [212].

Effects of cool flame on subsequent hot flame. The preceding paragraph
established the intrinsic propagation properties of cool flames. A key
consequence for this review is that the cool flame, as a moving front,
creates spatially non-uniform upstream conditions for the trailing hot
flame—fundamentally different from the uniform autoignition in Sec-
tion 3.2. In the double-flame configuration, the hot flame no longer
propagates into a frozen or uniformly pre-reacted mixture, but instead
enters a field of partially oxidized intermediates whose composition and
reactivity are imprinted by the cool flame’s own dynamics.

Fig. 20 compares the transient behavior of flames initiated by hot
spots at two different temperatures. For T;; = 800 K (insufficient to
directly trigger high-temperature chemistry), a premixed cool flame
first propagates outward (OA in Fig. 20). Later, a hot flame ignites at
the center and travels behind the cool flame (HB in Fig. 20). Owing to
partial fuel consumption and the temperature rise induced by the cool
flame, the trailing hot flame moves significantly faster than a single hot
flame (OC in Fig. 20) started at T = 1200 K. Eventually, the hot flame
catches up and overtakes the cool flame, after which its speed relaxes
to the normal hot flame speed. The cool flame itself maintains a nearly
constant propagation speed before being overtaken. In contrast, when
Ty = 1200 K, only a single hot flame is observed from the beginning,
with no cool flame formation. The above results indicate that the
premixed cool flame can substantially accelerate the subsequent hot
flame initiation and propagation, leading to a double-flame structure
with coexisting premixed cool and hot flames [99].
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(T; =800 K or 1200 K) in a DME/air mixture. Reprinted from [99].

Savard et al. [213] showed that in 1D simulations of cool flames
under NTC conditions, diffusion within the cool flame zone reduces fuel
conversion relative to homogeneous autoignition. Thus, the hot flame
propagating into post-cool-flame products encounters a less reactive
mixture, and its speed is significantly lower than predictions based on
homogeneous chemistry alone. This diffusion-mediated “reactivity dis-
count” means the cool flame’s propagation mode governs downstream
hot flame behavior.

The cool flame’s spatial imprint becomes more complex with non-
uniform upstream mixtures. Wang et al. [214] found that stratification
with increasing ¢ in the propagation direction promotes cool flame
propagation, while decreasing ¢ suppresses it—opposite to stratified
methane hot flames [215]. A scaling law based on the stratification
Damkohler number Dag collapses the data. In mixing layers, cool
flames propagate preferentially from lean to rich via reaction-diffusion,
redirecting hot ignition. Krisman et al. [162] showed that a cool flame
from the lean DME/air mixture accelerates autoignition in the rich
region, forming multi-armed structures. Borghesi et al. [216] found
similar behavior in an n-dodecane/air jet. Wang et al. [103] observed a
five-armed (penta-brachial) flame with cool, warm, and hot branches in
a DME/air mixing layer—an LTC extension of the classical triple flame.

In multi-dimensional geometries, hydrodynamic-chemistry coupling
adds further non-uniformity. Zhang et al. [217] performed 2D simula-
tions of laser-induced ignition in n-heptane/O,/inert mixtures (700 K,
1 atm) and identified a vortex-radical coupling mechanism: the laser
spark generates a vortex pair that transports OH radicals into the low-
temperature mixture, triggering a C-shaped cool flame roughly three
times faster than homogeneous first-stage ignition. At higher laser en-
ergies (~10 mJ), a transient premixed double flame (leading cool flame
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Fig. 21. Time-averaged S;/S;, A;/A,, and stretching factor I, versus u’/.S;
for turbulent premixed cool flames. Reprinted from [218].

attached to hot flame) was observed, with propagation speed 25%
higher than the pure hot flame speed [217]. These 2D vortex-driven
structures create locally non-uniform cool flame products that cannot
be captured by 1D models, underscoring that the spatial distribution
of the cool flame zone—not just average properties—determines the
upstream conditions for the hot flame.

Under turbulent conditions, double-flame coupling becomes more
complex. Wang et al. [218] studied turbulent premixed n-C;H,,/0,/05/
N, cool flames using flame-in-box DNS. The normalized turbulent
cool flame speed S /S, increases monotonically with «’'/S; (Fig. 21),
driven mainly by flame surface area growth, while the stretching factor
I, remains nearly constant below unity. S, is strongly negatively
correlated with curvature and insensitive to «'/S; and ¢ [218]—in
sharp contrast to turbulent hot flames. This insensitivity implies that
spatial non-uniformity from a turbulent cool flame is governed primar-
ily by area-weighted flame speed, simplifying modeling of upstream
conditions for the trailing hot flame.

For two-stage ignition fuels under spray-relevant conditions, Farjam
and Savard [197] showed that the cool and hot flames can indepen-
dently undergo the spontaneous-ignition-to-deflagration transition. In
DNS of n-dodecane premixed flames at ECN Spray A conditions (¢ =
1.3, P = 60 atm, T, = 813 K), they identified a “split” regime: the cool
flame transitions to a deflagration and anchors near the inlet, while
the hot flame remains stabilized by spontaneous ignition downstream.
When the cool flame is a deflagration, diffusion within its reaction
zone reduces product reactivity, increasing second-stage ignition delay
by up to 2.5 times relative to the homogeneous value [197]. Thus,
the cool flame’s propagation mode determines the thermochemical
state delivered to the hot flame—a mechanism absent in uniform
autoignition.

Finally, shock-cool flame interaction offers a distinct route to
autoignition-assisted flame. Fan et al. [219] simulated planar shocks
(Ma = 1.1-2.6) impinging on spherical DME/air cool flames at 500 K
and 1 atm (Fig. 22). Weak shocks (Ma = 1.1) stretch or extinguish small
flames via Richtmyer-Meshkov instability. Moderate shocks (Ma =
1.6-2.1) compress the cool flame zone enough to activate intermediate-
temperature chemistry, producing a cool-warm coexisting flame that
relaxes back to a cool flame (Cases 2 and 5 in Fig. 22). Strong shocks
(Ma = 2.6) trigger a rapid cool-to-hot transition: heat release rate
increases by three orders of magnitude, flame speed jumps from ~0.5 to
~4.5 m/s, and Da rises from ~0.03 to ~5 (Cases 4 and 7 in Fig. 22) [219].

In summary, cool flames introduce a qualitatively new element into
flame-autoignition coupling: a self-propagating LTC-governed front
that creates spatially non-uniform, partially reacted upstream condi-
tions for the trailing hot flame. This moving-front perspective—absent
from the uniform autoignition framework of Section 3.2—reveals mech-
anisms such as diffusion-mediated reactivity discount, independent
cool/hot flame regime transitions, and shock-induced cool-to-hot flame
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conversion. However, most current understanding is based on 1D or
simplified 2D configurations with a limited number of NTC fuels.
Systematic studies of cool flame propagation and its coupling with
hot flames at engine-relevant pressures, in turbulent environments,
and for practical multi-component fuels are needed to close the gap
between fundamental insights and predictive capability. Under certain
conditions, the flame can undergo rapid acceleration and eventually
transition into a detonation wave, which is the focus of the next section.

4. Detonation development in autoigniting mixtures

Unlike traditional studies [1-9] on detonation and DDT in chemi-
cally frozen mixtures, this section focuses on detonation development in
autoigniting mixtures for which the ignition delay time is comparable
to the characteristic flame time. Such conditions arise at high tem-
peratures and pressures in spark-ignition engines [57,58], supersonic
combustors [22,86,87,165,166], as well as in RCMs and shock tubes.

First, the mechanisms of detonation development in autoigniting
mixtures are introduced, and the reactivity gradient theory—which ex-
plains how compression waves couple with chemical energy release—is
presented. Subsequently, detonation development in a 1D closed tube is
analyzed using simplified model configurations. Finally, the transition
to detonation in engines is discussed, highlighting the roles of pressure
wave reflections, shock focusing, and multi-dimensional interactions.
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4.1. Detonation development induced by reactivity gradient

A key concept for characterizing autoignition and detonation devel-
opment is the spontaneous ignition front speed introduced by Zel’dovich
[82,83]:

-1
S, = ‘vr,.g| , ©

which represents the speed at which an autoignition front propagates
through a mixture with a spatial gradient of ignition delay time as
shown in Fig. 23. The unsteady heat release from chemical reactions
generates pressure waves that propagate at the local sound speed, a.
These pressure waves can increase the temperature and pressure of
unburned gas, thereby accelerating the chemical reactions within it.
The enhanced reactions, in turn, produce stronger pressure waves. Con-
sequently, a coherent coupling between chemical reaction and pressure
wave occurs when the spontaneous wave speed Sy, approaches the
sound speed a (i.e., Sy & a), a condition that may lead to detonation
development. This is the essence of the reactivity gradient theory
proposed by Zel’dovich [82,83]. Similarly, Lee et al. [1,220] introduced
the SWACER (Shock Wave Amplification by Coherent Energy Release)
mechanism to explain detonation initiation driven by reactivity gradi-
ents. Asymptotic analyses have been performed to better understand
detonation development from temperature gradients, revealing the im-
portant roles of spontaneous waves, weak detonations, and multi-step
chain-branching kinetics [221-224].

Building on Zel’dovich’s framework, Bradley and co-workers [84,
85] introduced the é-¢ diagram to classify the modes of reaction front
propagation from a hot spot:
e=2 €= M’

S T,

sp e

(10

where r, is the hot-spot radius and 7, is the excitation time (the time
interval from 5% to 100% of peak heat release). & is proportional to
the temperature gradient in the hot spot and ¢ is the ratio of acoustic
time to heat release time.

In the é-¢ diagram, five modes of autoignitive front propagation
are identified based on comparisons among autoignition front speed
Sips sound speed a, and laminar flame speed .S, (Fig. 24) [84,85,225]
. For a uniform mixture (¢ = 0,e = 0), homogeneous autoignition
occurs and S;, = oo (Mode I, thermal explosion). For very small
reactivity gradient, S, >a (Mode 11, supersonic reaction front), which
occurs in end-gas autoignition as shown in Fig. 15. When S, ~ a,
detonation may develop (Mode III). For larger gradients, S, < a (Mode
IV, subsonic reaction front), also possible during end-gas autoignition.
Further increase in the reactivity gradient yields deflagration with a >
S,p ~ S, (Mode V).
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Fig. 25. Detonation development regimes mapped in the é—¢ plane for various
fuel/air mixtures. Curve 1: hydrogen/air, ¢ = 1.0, T, = 1000 K, Py = 20 atm.
Curve 2: syngas/air (50% H,-50% CO), ¢ = 1.0, T, = 1000 K, P, = 50 atm.
Curve 3: n-heptane/air, ¢ = 1.0, Ty = 802 K, P, = 40 atm. Curves 4-6: DME/air,
¢ = 1.0, P, = 40 atm, with T;, = 802 K, 982 K, and 1035 K respectively. Reprinted
from [225].

The “detonation peninsula” [84,85], Mode III in Fig. 24, defines
conditions for hot-spot induced detonation. It has been widely used to
interpret super-knock in SIEs [57,226-228]. However, it was originally
computed for syngas/air mixtures [84,85]. Later studies [225,229-245]
systematically examined the effects of initial temperature, pressure,
equivalence ratio, dilution (CO,, N,), fuel type (hydrogen, methane,
DME, n-heptane, iso-octane, PRF blends), low-temperature chemistry,
hot-spot size, chamber closure, and wall reflection on the boundaries
for detonation development.

Fig. 25 compares the é—e diagrams for detonation development
across different fuels and thermal conditions. The regimes differ markedly
among hydrogen, syngas, n-heptane, and DME, indicating a strong
fuel dependence. Moreover, for DME, variations in initial temperature
(802, 982, and 1035 K) produce distinct regime boundaries: higher T;,
narrows the detonation peninsula, while lower T;, broadens it. These
observations demonstrate that the detonation development regime is
not universal; it is sensitive not only to fuel type but also to the specific
thermodynamic state (temperature and pressure) of the unburned
mixture. Consequently, predictions of engine knock or super-knock
must employ regime diagrams derived for the exact fuel and operating
conditions of interest.

Most of these studies [84,85,225,229-245] used 1D simulations
without turbulence. Recently, Robert et al. [246] have employed LES
of a turbocharged SIE to investigate DDT induced super-knock. They
found that for late spark timings, isolated autoignition spots produce
weak pressure waves that do not couple with the reaction front, causing
moderate knock. For very early timings (mimicking pre-ignition), pres-
sure waves become strong enough to locally raise fresh-gas tempera-
ture, drastically reducing autoignition delay. This mutual reinforcement
produces a self-sustained reactive front with propagation speeds near
Chapman-Jouguet velocity — clear evidence of DDT. A local detona-
tion indicator based on Bradley’s é—¢ diagram [84,85] was shown to
successfully predict DDT location and timing [246].

Wei et al. [163] performed 1D LEM simulations using time-varying
pressure profiles from experiments, revealing a mutual reinforcement
between pressure waves and autoignition fronts that induces DDT and
super-knock. Similar behaviors were reported in LES of a downsized SI
engine by Zhong et al. [247]. Zhang et al. [248] conducted 2D DNS
and showed that rapid turbulent mixing can suppress autoignition-to-
detonation transition, consistent with earlier findings; larger turbulent
mixing length scales weaken knock intensity by creating broader pre-
heated regions ahead of detonation waves. Luong and co-workers [249—
251] performed 2D and 3D DNS on the effects of turbulence velocity
and temperature fluctuations. Increasing the most energetic length
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Fig. 26. Time-resolved distributions of temperature, pressure, and heat release
rate for Case 5 (stoichiometric hydrogen/air, L = 2 cm, T, = 1100 K, P, =
10 atm). Curves 1 to 8 correspond to ¢ = 75.00, 83.01, 86.00, 86.50, 86.76,
86.88, 87.11, and 87.81 ps. Reprinted from [152].

scale of temperature or energy enhances detonation propensity by
providing a longer run-up distance. Intense turbulent mixing distributes
temperature inhomogeneities over wider scales, supporting detonation
waves and increasing detonation likelihood. However, very high tur-
bulence intensity with short mixing timescales reduces super-knock
intensity due to finer, broken-up detonation structures.

Despite the progress discussed above, there is still a significant chal-
lenge in applying Bradley’s diagram ¢é- ¢ to predict the development of
detonations in practical engines, where complex turbulent flows and
real multi-component fuels are involved. Bridging the gap between
idealized theoretical criteria and realistic engine conditions requires
further research, particularly on the coupled effects of turbulent flow,
fuel chemistry, and thermal inhomogeneities.

4.2. Detonation development in a 1D closed tube

In order to eliminate disturbances from complex flow fields, wall
boundary layers, and heat losses, the study of detonation development
can be conducted in a 1D closed tube. This simplified configuration iso-
lates the essential coupling between autoignition and pressure waves,
enabling a deeper understanding of the physicochemical mechanisms
by which end-gas autoignition leads to detonation.

As mentioned in Section 3.1, Yu and Chen [152] performed detailed
1D simulations for autoignition and detonation development in a stoi-
chiometric hydrogen/air mixture. Among their cases, Case 5 (L = 2 cm,
T, = 1100 K, By = 10 atm) clearly exhibits DDT and serves as a
representative example for understanding the mechanism of detonation
development in autoigniting end-gas.

Fig. 26 shows the temporal evolution of temperature, pressure, and
heat release rate distributions for Case 5 with detonation development.
At t =75 ps, the flame propagates rightward at a speed about 70 m/s,
and the end-gas temperature and pressure increase slowly due to
adiabatic compression. However, after 1 ~ 80 ps, a distinct negative
temperature gradient appears upstream of the preheat zone (see Fig.
14b in [152]). This negative gradient implies a spatial variation of
reactivity in the end-gas — the gas closer to the flame is hotter and
has a shorter ignition delay. When a pressure pulse generated by local
heat release propagates downstream, it further compresses the not-yet-
autoignited end-gas, raising its temperature and drastically shortening
its ignition delay [152]. A positive feedback loop is thus established:
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the pressure wave enhances chemical reaction, and the heat release
further strengthens the pressure wave. From curve 2 to curve 6 in Fig.
26, the peak pressure jumps from about 20 atm to 130 atm, and the
peak heat release rate increases by several orders of magnitude. This
stage corresponds to a violent acceleration of the reaction front, whose
propagation speed rises from an initial 70 m/s to 2233 m/s, eventu-
ally forming an overdriven detonation wave around ¢ ~ 87 ps that
approaches the C-J speed of 1960 m/s. The close-up in pressure profiles
further reveals that just before detonation formation, the pressure wave
has already advanced ahead of the reaction front, but because the end-
gas is highly reactive, the compressed gas ignites almost immediately
upon arrival of the shock wave, enabling strong coupling between the
pressure wave and chemical reaction. It is this coupling that causes the
reaction front to accelerate beyond the sound speed and spontaneously
evolve into a detonation.

Yu and Chen [152] also showed that increasing the initial pres-
sure or the channel length can similarly lead to detonation devel-
opment, whereas reducing the end-gas reactivity (by lowering initial
temperature or pressure) yields only autoignition without detonation.
Therefore, sufficient end-gas reactivity, characterized by a strong tem-
perature sensitivity of the ignition delay, is a prerequisite for detonation
development.

Recently, Clavin and Chen [252] have developed a theoretical
framework to explain the detonation onset observed in the 1D closed
tube simulations of Yu and Chen [152]. The analysis focuses on the
period immediately before detonation development, when the chem-
ical heat release is still weak but exhibits an extremely high ther-
mal sensitivity due to the chemical reactions at around the crossover
temperature.

In the low-Mach-number regime, the end-gas temperature 7,(r)
evolves under two contributions: adiabatic compression by the prop-
agating flame and weak exothermic reactions during the induction
period [252]. Its governing equation is
dT, Q/c, a/c,

a YO VTay T nay

1)

where 7,(T,) = L/U,(T,) is the flame transit time, 7,,(7,) the induction
reaction time scale, QO the total heat release per unit mass, and ¢ < Q
the small amount of heat released during induction [252]. The thermal
sensitivity of the induction reaction is characterized by

T, 07,
7, oT,

ri u

Bi=- > b, 12)
with b being the thermal sensitivity of the laminar flame speed. Because
p; is large, a slight temperature increase makes the induction term

dominate. Once

q/c, Q/c,
_T,,-(Tu) > (y — 1)_T0(Tu)’ 13)
Eq. (11) reduces to
dTu q/cll
? - Tri(Tu)' (14)

Adopting an Arrhenius form for 7,;(T,) and introducing the reduced
temperature 0, = T, /T,; where T,; is the temperature at which the two
heating rates become comparable, the solution of Eq. (14) exhibits a
finite-time singularity [252]:

t—t;
pi6;—1)=—-In [1 - ar ] N (15)
with the characteristic time
1 T
Atc = F L= Tri(Tui)' (16)
1

As t — 1; + At,, the right-hand side of Eq. (15) diverges, meaning
0; — 1 ~ O(1/p;) remains small but the reaction rate 1/z,; becomes
unbounded. This mathematical singularity signals the breakdown of the
low-Mach-number approximation [252].
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Fig. 27. Time evolution of the reaction front location for various threshold
values Q; of the heat release rate in the end-gas. Reprinted from [252].

The flame acceleration diverges as [252]

19U, b 1
Up ot " g+t —t
so that the time scale of flame acceleration becomes shorter than
the acoustic time, leading to the formation of shock waves ahead of
the flame. The positive feedback between the shock and the highly
sensitive induction reactions then blows off the inner flame structure
and spontaneously generates a detonation [252].

This theoretical picture is strongly supported by numerical experi-
ments in which the weak heat release in the end-gas is artificially sup-
pressed (by setting a threshold on the heat release rate): the transition
to detonation is delayed or even eliminated (Fig. 27). Therefore, Clavin
and Chen [252] provided a clear physical framework for understanding
detonation development induced by end-gas autoignition.

The mechanism described above differs from Clavin’s previous the-
ory [9,253-255] on DDT at the tip of an elongated flame initiated by
a spark at the center of a closed vessel and propagating into a cold
mixture. In that earlier scenario for frozen mixtures, the transition is
driven by the impingement of a backflow on the flame tip; whereas
in the present case for autoigniting mixtures, the ultimate accelera-
tion originates from the extreme thermal sensitivity of the induction
chemistry in the end-gas itself, without requiring wall reflection or
obstacles.

Note that besides detonation development in autoigniting mixtures,
many experimental and numerical studies [256-273] have been re-
cently conducted for flame acceleration and DDT in flammable mixtures
at normal temperature and pressure in tubes/channels. For exam-
ple, Yanez and Kuznetsov [260] identified a quasi-stationary ‘“strange
wave” as an intermediate stage during DDT, consisting of a strong
shock followed by a wrinkled funnel-shaped flame. Such “strange
wave” was also observed in experiments using simultaneous two-
direction schlieren visualization [261]. The novel two-directional high-
speed schlieren technique offers an unprecedented perspective on DDT,
capturing three-dimensional flame-shock structures that single-view
or one-dimensional approaches cannot resolve. Using this technique,
Ballossier et al. [266] revealed that asymmetries dominate flame ac-
celeration while walls and corners play a key role in creating ignition
centers, challenging common symmetry assumptions in modeling. The
experimental observation was confirmed by recent 3D simulations
performed by Alzer et al. [271]. Mejia-Botero et al. [272,273] intro-
duced a flame morphology classification scheme based on fundamental
combustion properties, which categorizes flame/shock evolution pat-
terns and detonation onset mechanisms according to morphological
characteristics. Using a simple model and asymptotic analysis, Deshaies
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and Joulin [274] identified a critical flame folding factor beyond which
self-similar deflagration solutions cease to exist, leading to thermal
runaway and DDT. Based on Deshaies-Joulin theory [274], Sivashinsky
and coworkers [275-279] demonstrated that DDT occurs when the
flame folding factor exceeds a critical threshold for both planar and
spherical geometries.

Recently, studies on the effects of plasma, ozone addition and
LTC on DDT and detonation propagation have begun to emerge. For
example, plasma-assisted DDT in H,/0, [280,281] and DME/O,/Ar
mixtures [265] have been investigated experimentally and numerically,
revealing that coupling between plasma and combustion chemistry
helps to accelerate DDT. Recent progress on plasma-assisted detonation
can be found in [31,282-284]. As a strong oxidizer and long-lifetime
product by plasma, ozone can be introduced to enhance combustion
and detonation development [31,285]. Shi et al. [286] experimentally
investigated how ozone addition affects detonation limits in small tubes
for stoichiometric H,/0, and CH4/0, mixtures. They found that ozone
can substantially reduce detonation cell size and delay the onset of
spinning detonation, yet it negligibly alters velocity deficits far from the
limit. Sun and Chen [287] numerically investigated cellular detonation
dynamics in C,H,/0,/05;/N, mixtures and found that weak initia-
tion first produces a low-speed single-cellular detonation sustained
solely by first-stage reactions, which later transitions to double-cellular
structures through vorticity-induced hot spots and second-stage energy
release. Besides, ozone has also been found to promote DDT and deto-
nation development [288-293]. Usually, LTC is neglected in detonation
studies because of the high post-shock temperatures. However, in au-
toigniting or highly diluted mixtures, LTC might significantly influence
detonation initiation, propagation and quenching [230,231,244,294—
297]. Romano et al. [294,295] experimentally investigated how LTC
oxidation affects DDT in pentane-oxygen mixtures. They found that
ignition during the early cool flame reduces the run-up distance by
half due to radicals and peroxides, whereas delayed ignition after the
cool flame desensitizes the mixture and increases the run-up distance.
Liang et al. [296] examined the effects of LTC on ZND detonation
structure in highly CO,-diluted n-heptane/oxygen mixtures, revealing
two-stage energy release with LTC controlling the first stage. However,
their simulations yield detonation induction length exceeding 10 cm,
making experimental realization of such two-stage detonation challeng-
ing. In a brief summary, plasma, ozone addition, and LTC each offer
unique kinetic pathways to modulate detonation dynamics. Combining
these approaches could enable detonation control. However, complex
interaction between chemistry and gas dynamics will be involved and
it needs to be explored in future studies.

4.3. Detonation development in engines

In spark-ignition engines, detonation development in autoigniting
mixtures results in extremely high pressure as well as pressure rise
rate which may damage engine components and reduce thermal ef-
ficiency [56-58]. Recently, Wang et al. [57] and Zhou et al. [58]
have comprehensively reviewed the fundamental understanding and
engineering solutions for detonation development in engines.

Wang et al. [57] extensively employed optical engines and RCMs
to experimentally investigate detonation development under engine-
like conditions. As shown in Fig. 28, different types of detonation
development were observed in their experiments [298-300]. They
found that detonation in super-knock is mainly driven by shock wave
reflection. Flame propagation from a pre-ignition hotspot compresses
the end-gas, raising its pressure and temperature. A local auto-ignition
event generates an incident shock wave. Upon reflection at the cylin-
der wall, the incident and reflected waves interact to form a Mach
stem, which further compresses the adjacent unburned mixture. This
compression shortens the ignition delay and couples chemical heat
release with the pressure wave, a process termed Shock Wave Reflec-
tion Induced Detonation (SWRID) [57,301]. The resulting self-sustained
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Fig. 28. Different end-gas combustion modes observed in experiments by
Wang and coworkers: (a) triple-detonation [298], (b) double-detonation [299]
and (c) double-tongue reaction front [300].

detonation propagates at or above the Chapman-Jouguet speed, consis-
tently initiating near the wall. Therefore, detonation development in
the specific RCM and engine-like configurations studied by Wang and
co-workers [57,301] arises from SWRID.

Yang et al. [302] used 2D simulations with detailed chemistry
to investigate end-gas autoignition and detonation development in a
closed circular domain, imposing near-wall temperature disturbances
of varying amplitude AT. The numerical results capture three distinct
combustion modes (Fig. 29) that closely resemble the experimental
observations of Wang and co-workers (Fig. 28). Fig. 29 shows that for
small AT, a triple-detonation structure forms, comprising a radial deto-
nation from shock-flame coupling and two circumferential detonations
via near-wall shock compression. Moderate AT suppresses the radial
detonation, yielding a double-detonation structure with two circumfer-
ential detonations through near-wall autoignition. Large AT prevents
detonation entirely; rapid autoignition consumes the end-gas, produc-
ing a double-tongue front. These simulations elucidate how tempera-
ture disturbance amplitude governs the transition from deflagration to
detonation in engines.

Note that, besides ICEs and RCMs, detonation development in au-
toigniting mixtures provides plausible hypotheses for fast-flame flash-
back occurring in scramjet engines [86,87]. For instance, Wang et al.
[87] examined combustion instabilities in an ethylene-fueled scramjet
engine. For injection configurations that create a premixed region
upstream of the cavity, the cavity pilot flame periodically reignites the
mixture, producing strong flame oscillations as shown in Fig. 30. Dur-
ing flame flashback, the flame accelerates upstream at absolute speeds
exceeding 1000 m/s — higher than half the Chapman-Jouguet (CJ)
detonation speed. They proposed a DDT-type oscillation cycle [87]:
reignition delay, flame acceleration akin to DDT, flash-forward to the
injector, then blowoff and recession. Although detonation does not
fully develop due to insufficient mixing at the injector, it was hy-
pothesized that local detonation initiation may occur [87]. Recently,
Zhao et al. [303] have also attributed flame flashback in a supersonic
combustor to a DDT-like process. They found that enhanced injection
parameters increase heat release, promoting boundary layer separa-
tion and thermal choking. The flame front then accelerates upstream,
reaching speeds between CJ detonation and deflagration velocities,
supporting a DDT interpretation [303].

As mentioned before, detonation engines including PDEs, RDEs and
ODEs have promising applications in advanced propulsion [16-26].
In PDEs [16,17], detonation development usually occurs in cold non-
autoigniting mixtures and DDT can be accelerated by a Shchelkin spiral.
In RDEs [21,23], detonation development in autoigniting mixtures may
occur when fresh reactants mix with hot products. In ODEs [22,24],
the mixture ahead of the oblique shock can reach high temperatures
such that autoignition occurs before the oblique detonation wave devel-
ops. Recently, Yu and coworkers [304,305] have investigated oblique
detonation initiation in supersonic reactive flows. They showed that
the reactivity-gradient theory of Zel’dovich [82,83] can be used to
explain the formation of oblique detonation wave induced by thermal
nonuniformity in a supersonic autoigniting mixture.
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In summary, this section reviews detonation development in au-
toigniting mixtures, focusing on the reactivity-gradient mechanism,
the spontaneous front speed S,, and the ¢-¢ diagram for classifying
reaction-front modes. Importantly, in practical engines, ignition kernel
formation by forced-ignition, flame propagation and its interaction
with autoignition, and the transition to detonation are not isolated
processes; they are tightly coupled and must be investigated together.
This integrated nature introduces great complexity and poses signifi-
cant challenges for developing accurate quantitative prediction models
essential for engine design.

5. Conclusions
5.1. Summary

This paper reviews the continuous physical chain from forced ig-
nition to flame propagation and finally to detonation development in
laminar, premixed, gaseous mixtures.

For forced ignition, theoretical advances reveal that critical ignition
radius and minimum ignition energy (MIE) strongly depend on Lewis
number, flame stretch, and the unsteady memory effect of energy
deposition. Low-temperature chemistry (LTC) can promote ignition by
reducing MIE and extending flammability limits, enabling cool flames
that may transition to hot flames under low strain rates.

For flame propagation into autoigniting mixtures, when end-gas
ignition delay becomes comparable to flame transit time, end-gas au-
toignition occurs. This can be predicted by the Livengood-Wu integral,
asymptotic analysis, and detailed simulations. The resulting flame—
autoignition interaction gives rise to autoignition-assisted flames whose
speed increases nonlinearly with ignition Damkohler number. Cool
flames, driven by LTC, propagate even below the hot flame flammabil-
ity limit, creating non-uniform upstream conditions that fundamentally
alter hot flame behavior.

For transition to detonation, a positive feedback loop between
pressure wave and chemical reaction can lead to detonation develop-
ment via the reactivity-gradient mechanism. In practical engines, such
autoignition-induced detonation is responsible for super-knock in SIEs
and might also happen in scramjet engines as well as rotating and
oblique detonation engines.

Note that forced ignition, flame-autoignition interaction, and deto-
nation transition are tightly linked and should be studied together to
advance practical engine design.

5.2. Future research

While significant progress has been made in understanding flame
initiation, propagation, and transition to detonation, there are still
important challenges that remain to be addressed.

Forced ignition with low-temperature chemistry and flow. Current ignition
theories are mostly based on one-step chemistry and quiescent mix-
tures. Future work should develop ignition theory that incorporates
low-temperature chemistry to capture cool flame ignition and its transi-
tion to hot flames. The counterintuitive phenomena of flow-facilitated
ignition (FFI) and turbulence-facilitated ignition (TFI) remain poorly
understood and require combined experimental, numerical, and the-
oretical efforts to resolve discrepancies between simulations and ex-
periments. Finally, benchmark experiments on forced ignition with
high-speed diagnostics are urgently needed for hierarchical validation
of ignition theory and modeling.

Autoignition-assisted flame propagation. Accurately predicting flame be-
havior in autoigniting mixtures remains difficult due to the inter-
play of turbulence, multi-stage chemistry, and pressure-wave feed-
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Fig. 30. High-speed luminosity images showing flame oscillations at the
cavity-anchored flameholding position for Scheme 5. Reprinted from [87].

back. Reduced-order models based on ignition Damkéhler number Da;,
should be validated against high-fidelity DNS and advanced optical
diagnostics. Furthermore, the current Da;, framework treats upstream
autoignition as a lumped effect. Future work should decompose it into
its chemical contribution and its thermodynamic contribution, so that
mechanism-informed models can replace empirical correlations. The
propagation and stability of cool and warm flames at elevated pressures
also need systematic characterization, including their stretch response
and role in creating non-uniform upstream conditions for hot flames.
Beyond passive characterization, an active-design perspective is called
for: given a target combustion mode under extreme engine conditions
(ultra-lean, ultra-high pressure, or supersonic inflow), can the requi-
site upstream thermochemical state be reverse-engineered—through
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fuel blending, thermal stratification, or plasma actuation—to achieve
desired combustion organization while avoiding knock or extinction?

Detonation development in autoigniting mixtures. The transition from
deflagration to detonation in autoigniting mixtures is a highly nonlinear
multi-scale problem. There is presently no accurate quantitative the-
oretical model for predicting detonation development under realistic
engine conditions. Future studies should elucidate the coupled effects
of multi-stage autoignition and pressure waves on detonation devel-
opment. The “detonation peninsula” based on Bradley’s é-¢ diagram
and the shock-wave-reflection-induced detonation (SWRID) mechanism
identified in RCMs offer useful frameworks, but quantitative criteria
for detonation onset in engines are still missing. To connect simplified
theoretical predictions with real engine environments, additional inves-
tigation is needed, especially into the interactions among turbulence,
fuel chemistry, and temperature non-uniformities.
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