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A B S T R A C T

Hotspot ignition is a key problem in fundamental flame initiation, combustion control and prevention of
abnormal combustion phenomena. Depending on the characteristics of the hotspot and the thermochemical
condition of the reactive mixture, subsequent reaction front initiated from a hotspot can vary substantially. The
current paper focus on the dynamics and chemistry for one of the most complicated scenarios - hotspot induced
double flames, which include a cool and a hot flame segment. This work adopts a recently developed
compressible reacting flow simulation code COGNAC to investigate the initiation and propagation of double
flame dynamics from hotspot ignition in a one-dimensional spherical coordinate. The results have shown that
under atmospheric pressure, double flame initiation is not feasible for sufficiently small hotspot. Under elevated
pressures, double flame can be initiated within a much wider hotspot window, exhibiting complex flame dy-
namics, such as variations in cool and hot flame bifurcation behaviors and their initiation locations. Analysis on
thermochemical structure and dynamics of double flame has shown that the interaction of cool and hot flames in
a double flame structure is inherently intermutual, in that the leading cool flame enhances trailing hot flame
speed through reform of the unburnt mixture, while the trailing hot flame initiation affects the leading cool flame
via thermal expansion effects.

1. Introduction

Hotspot induced flame initiation has been a crucial problem in both
fundamental and applied combustion [1]. Active flame triggering for
combustion phasing control in practical systems such as spark-ignition
[2] and laser-ignition [3] is frequently modeled as hotspot ignition.
Furthermore, undesired abnormal combustion phenomena in engines
and turbines are frequently caused by hotspot ignition, such as engine
knock [2], super knock [4], and low-speed pre-ignition [5]. Therefore,
understanding of hotspot characteristics and the subsequent flame
initiation processes plays a critical role for both active combustion
control and prevention of abnormal combustion in practical power and
propulsion systems.

Fundamentally, depending on the nature of the hotspot (e.g., size,
peak temperature, gradient) and the thermal chemical condition of the
local mixture, the consequence of hotspot ignition can be a regular hot
flame, autoignition-assisted hot flame [6], spontaneous autoignition
front propagation [7], cool flame [8], double flame [9], and detonation
[10]. Among these reaction fronts, the direct initiation of double flame,
including a hot and a cool flame segment, either coupled or decoupled, is

most complicated and least understood. Numerical simulation per-
formed by Ju et al. [11] is a pioneering study to identify double flame
formation from flame splitting for lean n-heptane/air in a specific 1D
cylindrical configuration. With a relatively large size of hotspot, Zhao
et al. [12] have found that a cool flame can always be involved in hot-
spot ignition in 1D planar configuration, for hot pockets with tempera-
tures below, within, and beyond the negative-temperature coefficient
(NTC) regime. Zhang et al. [8] examined effects of hotspot size and
temperature on flame initiation in various DME/air mixtures, providing
insights into the evolution of 1D planar premixed cool, double, and hot
flames.

Experimentally, recent advances in flame measurement using shock
tubes [13] and rapid compression machines [14] have made it feasible
to observe the hotspot induced initiation and propagation of laminar
flames in mixtures under elevated thermodynamic conditions. A key
observation from the shock tube flame experiment includes multistage
flame structures and non-monotonic temperature dependence of the
flame speed in the NTC region for a n-heptane/O2/Ar/He mixture.
Assisted by 1D [9] and 2D [15] numerical simulations, Zhang et al.
provided explanations to the multilayer flame structure and
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non-monotonic flame propagation by relating to the double flame
concept.

Indeed, all these experimental and numerical studies have laid a
solid background for double flame investigation. However, the depen-
dence on geometry, thermodynamic condition, and hotspot character-
istics for direct double flame initiation subject to curvature effects lacks
systematic study and remains unclear. Such gap in double flame
research is also partially attributed to the fact that the major physical
components included in this problem, such as dynamics of spherical cool
flame [16] and stretched hot flame subject to reaction progress effects
[17,18], are not fully understood until very recently.

The objective of this study is therefore three-fold: first, we aim to
identify the dependence of double flame initiation on hotspot sizes in 1D
spherical coordinate. Second, we evaluate the effects from elevated
pressure on spherical double flame initiation, especially novel com-
bustion mode including complex flame bifurcation. Last, we demon-
strate the inherent coupling in double flame dynamics, where we have
found that the propagation of leading cool flame can be strongly affected
by the burnt condition in the trailing hot flame. To the best of the au-
thors’ knowledge, this is the first work demonstrate novel combustion
mode and inherent coupling in double flame dynamics by a spherical
hotspot.

2. Numerical methods

We employed an in-house reacting flow simulation software,
COGNAC (COmpressible Gas with Navier-Stokes And Combustion) [18]
to investigate the initiation and propagation of spherical double flames.
COGNAC solves the fully compressible governing equations with spe-
cies, momentum, and energy conservation, accommodating detailed
transport and chemistry [19]. To avoid redundancy and stay focused, we
have not included them in the current manuscript. Finite volume
method (FVM) is applied for spatial discretization. The monotonic
upstream-centered scheme for conservation laws (MUSCL) [20] is uti-
lized to ensure a third-order spatial accuracy. The numerical fluxes of
convective terms are calculated by the Harten-Lax-van leer contact
(HLLC) Riemann solver [21]. Second-order terms including the viscous
force, heat conduction, and mass diffusion terms are calculated by
second-order central difference scheme. Time integration is realized by
the total variation diminishing (TVD) Runge-Kutta scheme with
third-order accuracy [22]. Chemistry integration is achieved by a fast
and robust Jacobian-free minimum-error adaptation of a
chemical-kinetic solver (MACKS) [23]. The simulation is sufficiently
validated against Chemkin and other codes such as A-SURF [24],
including spherical flame initiation and propagation. Further details
regarding the numerical models and validation results are available in
previous publications [18,25].

N-heptane, as a primary reference fuel, is adopted in the current
paper, exhibiting both high and low temperature chemistry. A skeletal
model with 88 species and 387 reactions [26] is adopted, which has
been validated against flame speed and ignition delay in a wide range of
thermodynamic conditions. The computational domain is in 1D spher-
ical coordinate and has a radius of r = 6.0 cm. Within this domain,
constant grid sizes of Δr = 20 µm and 6 µm are applied for simulations at
1.0 and 10.0 atm, respectively, which has shown satisfactory grid in-
dependence. The grid size in our simulations is carefully chosen to
ensure adequate resolution and grid independence of the flame front.
Specifically, at least 10 grids are included within flame thickness,
ensuring that the flame structure is accurately captured during evolu-
tion. Beyond the r = 6.0 cm domain, the grid size is gradually increased
towards the right boundary to minimize the reflection of pressure waves.
Symmetric and outlet boundaries are applied for the left (r = 0 m) and
right (approximately r = 10 m) boundaries, respectively.

We intentionally select 10 atm in the current study to provide
practical insight for understanding pressure effects on double flame
initiation. One major consideration is that ignition and flame initiation

frequently occur at the end of compression stage either from piston or
compressor, where the pressure is frequently around 10–15 bar. The
much higher pressure in the later stage of these practical power systems
is nevertheless induced by severe heat release from the intense com-
bustion. Meanwhile, double flame initiation is significantly influenced
by the difference in the ignition delay times of cool and hot flames, as
governed by factors such as pressure, hotspot features, and mixture
compositions. At pressures beyond 10 atm, due to increased collision
frequency and chemical reactivity, the ignition delay times between
them become shorter, causing a narrower window for double flame
observation.

The flame initiation is achieved by the following hotspot tempera-
ture profile [24]:

TH(r) = ΔTexp

[

−

(
r
RH

)M
]

+ T0 (1)

where T0 is ambient temperature, ΔT is temperature difference between
hotspot central temperature, TH, and ambient temperature, T0 = 700.0
K, RH is a hotspot radius, andM is a geometric parameter for the hotspot
gradient. For simulations under atmospheric pressure, a small hotspot
radius of RH = 2.0 mm withM = 2 and a large RH = 5.0 mm withM = 5
are applied. Under 10 atm, small hotspot radius of RH = 2.0 mm with
gradient factor ofM = 2 are consistently applied in hotspot temperature
profiles. It should be noted that the degree of hotspot thermal stratifi-
cation is approximately constant as both RH and M vary proportionally
with a fixed ΔT, as seen in Fig. 1.

The initial temperature significantly impacts flame initiation results,
as shown in our previous studies [12,31]. Specifically, at higher initial
temperatures, low-temperature reactions become weaker and may not
be able to initiate a self-sustaining cool flame ahead of the hot flame.
Conversely, at lower initial temperatures, the substantial temperature
rise caused by the cool flame may lead to a quicker initiation of the hot
flame, resulting in a shorter duration of the double flame structure.
Hence, we select an intermediate ambient temperature T0 = 700 K for
demonstration. As shown in Fig. 1, the configuration of the simulation is
demonstrated by the initial hotspot temperature profile, which drives
reaction front initiation and propagation in the subsequent stages. This
work utilizes heat release rate peak locations to identify both cool and
hot flame fronts, and the burnt flame speed is defined by the time rate of
change in the flame position, dr/dt.

3. Results and discussion

3.1. Effects of hotspot radius and temperature under atmospheric pressure

Fig. 2 shows the temporal evolution of the flame radius indicated by
peak heat release rate for lean n-heptane/air with ϕ = 0.5. The hotspot

Fig. 1. Temperature distribution of hotspot with different radius but similar
temperature gradient.
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temperature rise, ΔT, are varied with constant hotspot radius RH = 2.0
mm. It can be seen that hotspot temperatures exceeding 650 K lead to
the propagation of single spherical hot flames. For ΔT > 650 K, as the
hotspot central temperature TH decreases, the induction time for hot
flame initiation is delayed. For ΔT < 640 K, single spherical cool flames
are initiated with a much slower propagation speed. Within the cool
flame initiation regime, as ΔT decreases, the location for cool flame
initiation starts to move from the edge to the center of the hotspot.
Expansion of the initial radius is attributed to the sensitivity and in-
tensity of low-temperature reactions within the hotspot.

Fig. 3 presents the time evolution of temperature and heat release
rate (HRR) profiles for ΔT = 640 and 650 K, corresponding to the cool
and hot flame initiation conditions, respectively. For both cases with RH
= 2.0 mm, the temperature at the center of the hotspot drops quickly due

to conductive and convective heat transfer into the surrounding mixture.
As seen in Fig. 3, for ΔT = 650 K, the intense exothermic reactions occur
before the hotspot temperature declines, leading to successful hot flame
initiation. While for ΔT = 640 K, just slightly below ΔT = 650 K, the
hotspot intensity diminishes quickly before achieving the high-
temperature ignition. Consequently, the hotspot of ΔT = 640 K fails to
trigger the hot flame propagation. However, after a certain induction
period, the diminished hotspot triggers the single cool flame from r =

0.3 cm, characterized by considerably lower flame temperature and
HRR peak, as shown in Fig. 3.

To explore the effects of hotspot size on the cool and hot flame ini-
tiations, a larger hotspot radius of RH = 5 mm is applied. Fig. 4 shows
time evolution of flame radius for RH = 5 mm with various hotspot
temperature rises, ΔT. For RH = 5 mm, the hotspot temperature required
to induce hot flame propagation is reduced to 450 K, which is signifi-
cantly lower than the condition with RH = 2 mm. For a smaller hotspot
radius, the central temperature decreases much faster, which conse-
quently requires a higher hotspot temperature to trigger a hot flame.

At ΔT = 450 K slightly above the critical hotspot temperature for hot
flame initiation, a cool flame is also triggered ahead of propagating hot
flame. Thus, a larger hotspot with near critical hotspot temperature
ensures induction time for cool flame before the hot flame, which can
realize direct initiation of double flame from a hotspot. The trailing hot
flame eventually catches up with the leading cool flame, and the double
flame merge into a regular hot flame.

Following the results in Fig. 4, temporal evolution of temperature
and heat release rate (HRR) profiles with hotspot temperature rises of
ΔT = 440 K (Cool flame) and 450 K (Double flame) are shown in Fig. 5.
Different from the single peak in HRR profile of a hot flame, HRR dis-
tribution of the double flame exhibits double-peak phenomena, which
are initially separated, and gradually merged as the hot flame catches up
with the leading cool flame.

Fig. 6a and 6b show burnt flame speed as a function of flame radius
and flame stretch rate, respectively. As indicated by dashed lines in
Fig. 6a, cool flame speed drops quickly during initial phase of ignition
kernel development period. Then, the cool flame achieves a quasi-steady
propagation stage. As the low-temperature ignition (LTI) approaches,
the cool flame gradually evolves into the autoignition-assisted propa-
gation mode and eventually becomes a spontaneously propagating LTI
reaction front [27].

For the hot flame represented by solid lines in Fig. 6a, after the
ignition kernel growth stage, the hot flame speed converges to a quasi-
steady limit, corresponding to the classical stretched flame regime, as

Fig. 2. Temporal evolution of flame radius with a hotspot radius of RH = 2 mm
and various hotspot temperature rises at initial temperature of T0 = 700 K and
atmospheric pressure for n-heptane/air mixture at equivalence ratio of ϕ = 0.5.

Fig. 3. Temporal evolution of temperature and heat release rate (HRR) profiles
with hotspot temperature rises of ΔT = 640 K (Dashed line, Cool flame) and
650 K (Solid line, Hot flame) and hotspot radius of RH = 2 mm at ϕ = 0.5 and T0

= 700 K under atmospheric pressure.

Fig. 4. Temporal evolution of flame radius with hotspot radius of RH = 5 mm
and various hotspot temperature rises at ϕ = 0.5 and T0 = 700 K under at-
mospheric pressure.
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shown in Fig. 6b. However, as LTI approaches, the hot flame speed starts
to steadily increase because of non-negligible low-temperature reaction
progress developed in the unburnt mixture. Upon the LTI event, there is
a noticeable enhancement and fluctuation in flame speed, which is
caused by the strong thermal expansion and the resulting pressure wave
from the LTI. These fluctuations depend on the initiation method and
configuration, and hence are not an essential part of the flame phe-
nomenon. After the LTI, flame speed converges to second quasi-steady
flame speed limit exhibiting increased flame speed and slightly weaker
stretch dependence, as seen in the zoom-in plot of Fig. 6b. This is the
limit corresponding to flame propagation in the post first-stage ignition
mixture that is reformed by the partial equilibrium of low-temperature
chemistry. The reformed mixture after the LTI has smaller molecular
size of reactants, resulting in reduced effective Lewis number and
Markstein length in the lean mixture. It is noted that these two quasi-
steady limits are independent of the hotspot characteristics, showing
no memory effects on the initial condition for flame initiation. More in-
depth discussion on the transition of flame between these two limits and
the change of flame speed and Markstein length through the LTI event
has been presented in our recent study [18], and hence is not elaborated
here. It is worth noting that for ΔT = 450 K in Fig. 6a, during latter part
of the ignition kernel expansion period prior to first quasi-steady speed
limit, there is minor acceleration in hot flame speed. This observation is
consistent to the previously reported over-driven flame near minimum
ignition energy (MIE) condition in ignition kernel growth period [28].

From the results in this part, it should be clear that double flame
initiation strongly depends on the hotspot properties. For a given
mixture and ambient thermodynamic condition, a double flame can only
be triggered with hotspots with sufficiently large size and intermediate
value of temperature difference ΔT.

3.2. Pressure dependence of double flame initiation

In this section, we examine the effects of elevated pressure on double
flame initiations from hotspot. At elevated pressures, the low-
temperature reactions become more significant primarily due to
enhancement of pressure-dependent oxygen addition reactions, such as
R + O2 = RO2 and QOOH + O2 = QOOHO2 [29]. Consequently, the
substantial heat release from low-temperature chain reactions and the

Fig. 5. Temporal evolution of temperature and heat release rate (HRR) profiles
with hotspot temperature rises of ΔT = 440 K (Dashed line, Cool flame) and
450 K (Solid line, Double flame) and hotspot radius of RH = 5 mm at ϕ = 0.5
and T0 = 700 K under atmospheric pressure.

Fig. 6. Burnt flame speed as a function of (a) flame radius and (b) stretch rate
with hotspot radius of RH = 5 mm at ϕ = 0.5 and T0 = 700 K under atmo-
spheric pressure.

Fig. 7. Temporal evolution of flame radius with a hotspot radius of RH = 2 mm
and various hotspot temperature rises at ϕ = 0.5 and T0 = 700 K under 10 atm.
Arrows indicate the direction of propagation – either outwardly or inwardly.
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advanced LTI delay time at high pressure as noted by [30] enables the
direct initiation of the double flame.

Fig. 7 shows the dependence of cool and hot flame evolution on
hotspot temperature with RH = 2 mm at ϕ = 0.5 under 10 atm. Above
ΔT = 600 K, the single hot flame is initiated by high-temperature igni-
tion (HTI) without any involvement of low-temperature heat release.
For ΔT = 400–500 K, with much longer induction time for the hot flame
initiation, the heat release from the low-temperature reaction and cool
flames are observed ahead of the hot flame, forming a double flame. The
critical ΔT required for double flame initiation is between 300 and 400
K. For ΔT below 300 K, only cool flames are initiated, with no accom-
panying hot flames.

For the wide hotspot temperature range ΔT = 200–500 K, cool
flames are induced from the thermal boundary layer of the hotspot. As
ΔT is decreased from 500 to 200 K, the initiation points of cool flame
shift toward the center of the hotspot. This is because, prior to the LTI,
the peak of the low-temperature heat release is constrained around
840–860 K within the hotspot. This temperature is close to the initial
temperature that yields the shortest low-temperature ignition delay time
at ϕ = 0.5 under 10 atm. For ΔT = 200–400 K, low-temperature heat
release is bifurcated at the LTI event. The bifurcated inwardly propa-
gating cool flame travels further distance towards the center for hotspot
with lower ΔT, whereas the outwardly propagating cool flame travels
until either the trailing hot flame catches up with it (ΔT = 400–500 K) or
when the LTI occurs (ΔT = 50–300 K). When ΔT is reduced to 50 K, the
cool flame induction time is further delayed. Only a single cool flame is
directly initiated from the hotspot center and propagates outward.

It is known that although the low-temperature ignition delay time is
insensitive to the equivalence ratio, the cool flame temperature is higher
for richer mixtures [30]. The variations in the thermal and chemical
properties of the stoichiometric mixture especially after LTI lead to
distinct double flame initiation dynamics from the lean scenario pre-
sented in Fig. 7.

Fig. 8 shows time evolution of flame radius with RH = 2 mm for
stoichiometric n-heptane/air mixture under 10 atm. The results indicate
that both cool and hot flames can be initiated from either the thermal
boundary layer at the edge of the hotspot or the center of the hotspot,
with and without bifurcation, depending on ΔT. Above ΔT = 600 K in
Fig. 8, the only hot flame starts to propagate from the center of the
hotspot. At ΔT = 500 K, the propagation of the hot flame is followed by a
cool flame initiated in the thermal boundary layer, forming a double
flame structure. For ΔT = 400 K, with a further delay in HTI, the
propagating cool flame is initiated from the edge of the hotspot, fol-
lowed by the hot flame initiated from the center. For ΔT = 300 K, both

cool and hot flames are initiated from the edge of the hotspot rather than
the center. Interestingly, both the cool and hot flame initiation exhibit a
bifurcation behavior, leading to inwardly and outwardly propagating
cool and hot flame branches. At ΔT = 200 K, the inwardly propagating
cool flame is able to reach the center, since the hotspot temperature is
below the cool flame temperature. Despite the lower hotspot tempera-
ture, the induction time for hot flame at ΔT = 200 K is earlier, and the
initiation location is closer to the core of the hotspot, compared to that at
ΔT = 300 K. This is attributed to the fact that hot flame initiations are
influenced by the thermal and chemical state of the reformed mixture
from cool flame propagation. At ΔT = 50 K, the central temperature in
hotspot is below the NTC temperature range and the LTI delay time at
the center is shortest within hotspot radius. As a result, both cool and hot
flames initiate from the center of the hotspot. For mixture at ϕ = 1.0 and
10 atm, even at lower ΔT, the single cool flame cannot be induced, due
to more pronounced exothermicity from the low-temperature reactions
and the shorter residence time between LTI and HTI.

To further elucidate the double flame dynamics, time evolution of
OH mole fraction and temperature profiles for ΔT = 400 and 300 K is
shown in Fig. 9a and 9b, respectively. For ΔT = 400 K, the low-
temperature reaction starts in the edge of the hotspot at t = 0.6 ms
and low-temperature heat release is bifurcated at the LTI event. These
two bifurcated low-temperature reaction fronts propagate inwardly and
outwardly respectively at t = 0.9 ms. At t = 1.7 ms, the inwardly
propagating cool flame decays soon due to the NTC effects in the hotter
region of the hotspot. Meanwhile, the outwardly propagating cool flame
continues to propagate until the subsequent hot flame catches up and
overtakes it after t = 1.9 ms. For ΔT = 300 K, after the initiation (t = 0.5
ms), ignition bifurcation (t = 0.9 ms), and propagation (t = 4.8 ms) of
the cool flames, the local temperature around r= 0.2 cm behind the cool
flames becomes higher than that at the hotspot center. As a result, the

Fig. 8. Temporal evolution of flame radius with a hotspot radius of RH = 2 mm
and various hotspot temperature rises at ϕ = 1.0 and T0 = 700 K under 10 atm.

Fig. 9. Temporal evolution of OH mole fraction and temperature profiles at ΔT
= (a) 400 K and (b) 300 K with RH = 2 mm for a stoichiometric n-heptane/air
mixture under 10 atm.
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initiation of the hot flame occurs in the middle of hotspot rather than at
its center, and then the hot flame is bifurcated at the HTI event and
propagates in both directions. The observation of the hot flame bifur-
cation for the stoichiometric mixture is due to a higher LTI temperature
rise relative to the lean mixture. A similar bifurcation of the hot flame
following the cool flame from static hotspot has been reported in the
planar transient simulation for a stoichiometric DME/O2/N2 mixture
with a highly increased proportion of O2 at 300 K and 1 atm [12].

Now it is clear that there can be complex coupling between the
leading cool flame and the hot flame initiation dynamics. In particular,
the former can lead to substantial differences in initiation location and
time for the latter. Fig. 10a and b show burnt flame speed of the
outwardly propagating cool and hot flame branches as a function of
flame radius and flame stretch rate, respectively, for stoichiometric n-
heptane/air mixture under 10 atm. The bifurcated inwardly propagating
flames which have negative flame speed are not shown. The squared
markers indicate the moments when the trailing hot flames merge with
the leading cool flames. It is seen that the cool flame speed tends to
approach a quasi-steady speed limit, manifested similarly as the plateau
behavior shown in Fig. 6a. Such cool flame speed limit is insensitive to
the hotspot intensity. As hot flame is initiated, a sudden, substantial
increase in the cool flame speed is seen. Another observation is that the
hot flame before merging is overdriven, whose speed is strongly boosted
in the reformed mixture following the leading cool flame, and it takes a
transition period after the merging instant to achieve the stretch flame

dynamics regime, where the flame speed is solely controlled by stretch.
The results in Fig. 10 further show that the interaction between cool

and hot flames in a double flame structure is intermutual. At the moment
of HTI, the cool flame speed undergoes a significant increase. It’s a well-
established fact that laminar flame speed relative to the static mixture,
Su, is determined from the principle of mass conservation equation:
ρuSu = ρbSb to reflect the thermal expansion effect, where ρu and ρb
represent the unburnt and burnt densities, respectively. However, for
the cool flame branch in a double flame structure, the cool flame speed is
driven by the burnt density behind the hot flame at r = 0 cm, instead of
the immediate burnt mixture following the cool flame itself. This is
demonstrated in Fig. 11, where the density and temperature profiles at
ΔT = 400 K for a stoichiometric n-heptane/air mixture under 10 atm are
shown. After the HTI, density at the center (r = 0 cm) significantly de-
creases, inducing substantial acceleration of the cool flame speed by the
thermal expansion as shown in Fig. 10, whereas the density in the im-
mediate burnt region of the cool flame (r ~ 0.2–0.3 cm at 1.9 ms) is
largely unchanged. The observed increase in cool flame speed has to
correlate to the burnt density of the trailing hot flame. Therefore,
quantitative measurement and analysis of cool flame speed involving a
double flame should be based on the burnt mixture condition in the hot
flame segment.

4. Conclusions

To understand initiation and propagation of double flames by a static
hotspot, transient one-dimensional numerical simulations for fuel-lean
and stoichiometric n-heptane/air mixture are performed in a spherical
coordinate under atmospheric and elevated pressure with different
hotspot characteristics.

Under atmospheric pressure, double flame is not possible for small
enough hotspot sizes. As the hotspot radius increases, threshold tem-
perature required for hot and cool flame initiation substantially de-
creases, and double flame initiation becomes possible for intermediate
hotspot temperatures. For hotspot radius of RH = 5 mm with near crit-
ical hotspot temperature for hot flame initiation, cool flame is also
triggered ahead of hot flame, resulting in the formation of the double
flame structure.

With increasing pressure, dynamics of double flame initiation be-
comes more complicated. For lean n-heptane/air under 10 atm, single
hot flame is observed for ΔT above 600 K, double flame for ΔT =

400–500 K, cool flames are initiated for lower ΔT with different dy-
namics. Three different cool flame initiation dynamics are observed,
depending on the low-temperature HRR bifurcation and the location of
initiation. When temperature gradient is steep (ΔT = 500 K), a cool

Fig. 10. Burnt flame speed as a function of (a) Flame radius and (b) stretch rate
with a hotspot radius of RH = 2 mm and various hotspot temperature rises at ϕ
= 1.0 and T0 = 700 K under 10 atm.

Fig. 11. Temporal evolution of density and temperature profiles at ΔT = 400 K
with RH = 2 mm for a stoichiometric n-heptane/air mixture under 10 atm.
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flame first initiates from the edge of the hotspot, followed by a hot flame
initiated from the center. When hotspot temperature is below NTC
temperature (ΔT = 50 K), a single cool flame is initiated from the center
of the hotspot. Between ΔT = 300 and 400 K, the bifurcation of cool
flame is observed, where two cool flames are initiated from the thermal
boundary layer and propagate inwardly and outwardly respectively.

For stoichiometric mixture under 10 atm, in addition to cool flame
bifurcation, the hot flame can also bifurcate due to the strong LTI tem-
perature rise. For hotspot with sufficiently low temperatures, a single
cool flame is not possible, instead, a double flame will be triggered, with
both cool and hot flame initiated from the center. Further thermal-
chemical and flame dynamic analysis shows that the interaction of the
cool and hot flames in a double flame is inherently intermutual. Hot
flame in a double flame structure is overdriven, with substantially
higher flame speed subject to the thermochemical change from the
leading cool flame. While the cool flame speed is enhanced by the
thermal expansion effect from the trailing hot flame.

Future study will cover a wider range of thermodynamic and mixture
conditions for the construction of a double flame initiation regime dia-
gram, which strongly depends on the novel double flame dynamics and
interaction mechanism identified in the current study.
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Novelty and significance statement

This research gives a novel understanding of how pressure and hot-
spot features influence the initiation and propagation of double flame
dynamics. Under engine-relevant high-pressure conditions, the double
flame initiation exhibits complex flame dynamics with changes in cool
and hot flame bifurcation behaviors and their initiation locations.
Analysis of thermochemical structure in double flame has shown that
the interaction of cool and hot flames in a double flame structure is
inherently mutual, in that the leading cool flame enhances trailing hot
flame speed through reform of the unburnt mixture, while the trailing
hot flame initiation affects the leading cool flame via thermal expansion
effects. The findings in this work contribute valuable insights into
fundamental double flame initiation and hotspot ignition in practical
combustion applications.
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