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ABSTRACT ARTICLE HISTORY
The minimum ignition energy (MIE) is a crucial parameter that signifies Received 7 November 2025
the minimum external energy required for a successful-induced igni- Revised 16 January 2026

tion. Focusing on primary reference fuel (PRF), a popular gasoline Accepted 30 January 2026
surrogate, we employed numerical simulations to investigate the KEYWORDS

flame initiation and early flame propagation process at elevated pres- Induced ignition; minimum
sures. This study aims to explore the flame initiation and evolution ignition energy; primary
after external energy and the dependence of MIE on pressure and reference fuels; laminar
mixture composition. It uses numerical simulations involving detailed premixed flame
treatment of chemistry and molecular transport for the solution of the

conservation equations during ignition and the early stages of flame

propagation. Due to the low temperature chemistry (LTC) at elevated

pressure, four distinct flame types can be observed after ignition

energy deposition: ignition failure, cool flame ignition and extinction,

two-stage ignition, and hot flame ignition. In contrast to 1 bar condi-

tions, where the hot flame might quench due to curvature, the hot

flame is always self-sustained at elevated pressure for the conditions

investigated in this work. The MIE for a self-sustained flame, MIE,, at

low pressure increases with pressure, but experiences a sudden drop

at some specific pressure, when the cool flame can evolve into a hot

flame. The fact that the LTC of n-heptane is much more stronger than

iso-octane affects the MIE,, of PRF mixtures. Our results corporate the

significance of LTC for induced ignition and early flame propagation

processes of PRFs at elevated pressure, bearing implications in prac-

tical combustion engines and safety considerations.

Introduction

Ignition and early flame propagation studies are not only important for to developing
efficient and clean combustion strategies, but are also crucial for safety considerations.
Understanding the ignition process and its underlying physical and chemical mechanisms is
relevant for various practical applications, including internal combustion engines.
Minimum ignition energy (MIE), which is the minimum required energy for a successful
flame initiation, is characteristic for induced ignition (Warnatz et al. 2006a). The minimum
ignition energy and its dependence on temperature, pressure and mixture composition were
studied numerically and experimentally in the past (Moorhouse et al. 1974; Maas U and
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Warnatz ] 1988; Lewis and Von Elbe 2012; Wu et al. 2021, 2023), for a summary see e.g.
(Uchman and Werle 2018).

Primary reference fuels (PRF, mixtures of iso-octane and n-heptane) are popular surro-
gates for gasoline. They are characterized by the research octane number (RON), which is
the volume-percentage of iso-octane in the mixture. RON = 0 corresponds to n-heptane and
RON =100 corresponds to iso-octane Edgar (1927). Considering efficiency improvement
and emission reduction, lean premixed ignition of PRF is of great interest. Detailed and
reduced chemical kinetic mechanisms of PRF were developed and validated with para-
meters like ignition delay times and laminar flame speeds (Curran et al. 1998a, 1998b;
Curran et al. 2002; Andrae 2008; Andrae and Head 2009). The autoignition process and
steady flame propagation of PRFs are well studied both numerically and experimentally
(Davis and Law 1998; Kumar et al. 2007; Kelley et al. 2011; Yin et al. 2022).

In our previous study, we focused on the spark ignition process of premixed fuel-air
mixtures, and the transition from a flame kernel to a self-sustained flame at 1 bar (Wu et al.
2023). The dependence of MIE on RON at 1 bar was investigated both in experiments and
simulations. For spherical geometry, flame extinction might exist because of the strong
diffusion caused by large curvature right after ignition (Wu et al. 2021). It was observed
both in experiments and simulations, that at 1 bar, MIE depends only weakly on RON until
a certain RONyy,, starting from RONjy,, MIE increases rapidly with RON. This can be
explained by the different oxidation mechanisms of iso-octane and n-heptane (Wu et al.
2023). While 1 bar conditions are not representative of most practical combustion systems
using PRF-type fuels, they serve as an important baseline for fundamental ignition studies.

In this study, elevated-pressure simulations are presented, which are more relevant to
practical applications. At elevated pressures, for hydrocarbon fuels like PRF, low temperature
chemistry (LTC) is very important, and negative temperature coefficient (NTC) behavior is
observed (Griffiths and Scott 1987; Miiller et al. 1992; Curran et al. 1998b; Dagaut and Togbé
2009), which is closely related to engine knock (Griffiths et al. 2002). With simulations and
HCCI experiments, the influence of LTC on auto-ignition processes of large hydrocarbon
fuels like PRF was well studied (Ju et al. 2011; Sun et al. 2015; Pan et al. 2016). Cool flame and
two-stage ignition for large hydrocarbon fuels like PRF were observed (Peters et al. 2002;
Stagni et al. 2018; Zhong et al. 2020; Ju 2021). It was found that the existence of cool flames
extended the flammability limit (Ju 2017; Liang and Law 2017).

Recent experimental studies using high-speed optical diagnostics combined with simula-
tions have further advanced the understanding of cool-flame propagation and LTC-
dominated ignition under high-pressure conditions. In particular, Sim et al. investigated
cool-flame dynamics, early-stage reaction pathways, and cool-to-hot flame transition for
hydrocarbon and PRF fuels, demonstrating the critical role of LTC intermediates and
pressure effects on ignition behavior (Sim et al. 2021, 2023, 2024, 2025). These studies
provide state-of-the-art experimental baselines for high-pressure cool-flame ignition.

However, there are fewer studies investigating the effect of LTC for the transition from
induced ignition to a self-sustained flame of PRFs at elevated pressure. The following
questions remain open:

e What is the behavior of the system after the deposition of energy at elevated pressure?
Does LTC play an important role in determination of different flame regimes? Are
there any differences in comparison to the flame regimes at 1 bar?
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e How does pressure affect the MIE for a self-sustained flame of PRFs?
e How does the MIE of PRFs depend on RON at elevated pressures? Does the same
phenomenon at 1 bar also exist?

To answer these questions, numerical simulations of flame initiation and early flame
propagation of premixed PRF/air mixtures at pressure ranging from 3 bar to 25 bar and
an initial temperature of 373 K with spherical geometry are conducted, considering detailed
chemical kinetics and detailed transport process. Diffusion caused by concentration gra-
dient is modeled using a reduced Stefan formulation with effective mixture-averaged
diffusion coefficients derived from binary diffusivities (Warnatz et al. 2006b; Hirschfelder
et al. 1964; Bird et al. 2002). Thermo-diffusion (Soret effect) is accounted for by an
additional temperature-gradient-driven flux term using the Paul-Warnatz formulation
(Paul and Warnatz 1998). The initial temperature of 373 K is identical to the initial
temperature used in our former ignition study at 1 bar (Wu et al. 2023), and is important
for safety-related issues (Tanoue et al. 2017). This study focuses on fundamental ignition
and flame propagation processes under lean conditions relevant to spark-ignition (SI)
engines with premixed fuel/air mixtures. The objective is to improve insight into the role
of interacting chemical processes and transport phenomena during ignition of PRFs at
elevated pressures, especially regarding the influence of low temperature chemistry.

Numerical methodology

In this study, the ignition and flame propagation process is modeled with an updated
version the in-house code INSFLA (Maas U and Warnatz ] 1988). This code solves the
conservation equations for a reacting flow in one-dimensional configurations, using
detailed chemical kinetics and detailed transport processes. INSFLA uses an adaptive spatial
grid and an adaptive time-stepping with error control. A space- and time-dependent
ignition source term can be implemented. The simulations use a spherically symmetric
domain, which is consistent with our previous study at 1 bar (Wu et al. 2023). Symmetric
boundary conditions at the center and non-catalytic, adiabatic outer boundary conditions
for species and temperature are applied. While this one-dimensional laminar formulation
neglects multidimensional effects and ignition kernel distortions that may arise in practical
systems, it is well suited for isolating the fundamental chemical - diffusive mechanisms
governing forced ignition and MIE scaling, the significantly reduced computational cost
compared to two- or three-dimensional simulations enables detailed parametric studies to
better understand the underlying physics.

The initial condition for species and temperature are homogeneous fuel/air mixtures
with an initial temperature Ty = 373K throughout the entire domain. In this study,
a mixture with ¢ = 0.8 is selected as a representative case, as fuel-lean conditions are
typical of practical engine operation. In addition, several test cases with ¢ = 1.2 demon-
strate that the low-temperature chemistry and transport effects discussed here remain
qualitatively applicable beyond strictly fuel-lean conditions. The investigated pressure
range spans p = 3 — 25bar, aimed at enhancing the understanding of ignition process at
elevated pressure, including the influence of low temperature chemistry. A constant pres-
sure assumption is applied in all simulations because the ignition times considered in this
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study are sufficiently long (7, =1 x 10™* s) to allow pressure equilibration within the
reacting system, for which the uniform-pressure approximation is valid (Maas U and
Warnatz ] 1988). The air composition used in this study comprises 21% O, and 79% N,.

The investigated fuel in this study is PRF, characterized by the research octane number,
which corresponds to the volumetric percentage of iso-octane. In the result section, most of
the detailed analyses focus on PRF0O and PRF100. This choice is motivated by the fact that
the ignition characteristics and low-temperature chemistry of intermediate PRF mixtures
are primarily governed by the relative contributions of these two limiting components.
Accordingly, the dependence of MIE on RON is captured by systematically varying the
relative dominance of n-heptane and iso-octane, with intermediate PRF mixtures expected
to exhibit MIE trends bounded by the two extremes.

Lean mixtures are studied here because of their attractive emission reduction and high
efficiency (see e.g. (Dunn-Rankin 2011)). We use the mechanism based on a semi-detailed
chemical kinetics model for tolune reference fuels (TRF) with 137 species and 633 reactions
for the simulation of PRF (Andrae JC, Brinck T, et al. 2008), which also contains mechanism
of PRF. This mechanism has undergone validation with homogeneous charge compression
ignition (HCCI) experiments and is very popular for simulations of gasoline surrogate fuel
(see e.g. (Yin et al. 2022)). To assess the sensitivity to the choice of chemical kinetic
mechanism, the minimum ignition energy was additionally evaluated at one representative
condition using the LLNL PRF mechanism (Curran et al. 1998b). The resulting MIE was
found to be very similar to that obtained with the primary mechanism (for n-heptane/air
mixture with ¢ = 0.8, Tp =373 K, and py =5 bar, the MIE calculated with current
mechanism is 30.2 m]J, and the MIE calculated with LLNL mechanism is 30.9 m]J), con-
firming that the main trends of ignition energy dependence on RON and pressure are
robust. We note, however, that low-temperature chemistry pathways could exhibit some
mechanism dependence, and the detailed radical evolution may differ for other mechan-
isms, which could influence secondary LTC-related phenomena.

During the ignition duration (r; = 1 x 10*s), an external source term is introduced.
This term is characterized by a power density g = §(r, t) which follows an exponential form
derived from experimental source profiles of analogous ignition processes (Maas U and
Warnatz J 1988):

q qmaxef(ﬁs for 0<t <1, 1)
g=0 for t>1

rs represents the ignition radius. In this study, the value r, = 1.5mm was chosen,
consistent with our previous study at 1 bar, to allow better comparison between ignition
at elevated pressures and at 1 bar. Note that the MIE is sensitive to the ignition radius, as the
ignition volume and diffusion are both affected by r,. While different kernel sizes may alter
the absolute MIE values, the present choice enables a consistent investigation of pressure
and LTC effects on ignition behavior. The influence of r, on MIE is further analyzed in the
Results section (Figure 4). gmay is the maximum ignition power density.

For spherical geometry, the ignition energy E;, has units of J.

Eyg = L L 4nr*gdrdt (2)
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The maximal ignition energy density quqx, which is gmay times ignition duration Ty, is

Gmax = Gmax - Ts = 0.889 ;T’i? : (3)

The factor 0.889 results from integrating the exponential function e~/ )" over the
spherical domain 0 < r < r,. This coefficient thus accounts for the non-uniform spatial
distribution of the ignition power density defined in Eq. (1).

To distinguish between flame propagation and thermal expansion in the evaluation of
simulation results, a mass-based Lagrangian coordinate ¥ is used (Maas U and Warnatz
J 1988; Maas U, Raffel B, et al. 1988) instead of the spatial coordinate r; the advantages of
using ¥ instead of r are explained in detail in (Wu et al. 2023). For spherical geometry, there

is (Maas U, Raffel B, et al. 1988)
oY )
—) = 4
( or ) pr @

t
where p is the density of the mixture. ¥,, represents ¥ at the flame front, which is defined as
the distance between the center (r = 0) and the peak of the heat release rate.
The outcome of the simulations are spatio-temporal profiles of pressure, temperature
and chemical composition during and after ignition.

Results and discussions
Four qualitatively different ignition scenarios

The external energy source raises the temperature in the ignition volume. This may result in
the formation of a flame kernel, i.e., in the ignition of the gas mixture in the ignition
volume. The resulting flame kernel might quench, or propagate and evolve into a self-
sustained flame.

Figure 1 shows four different types of the spatio-temporal evolution of the temperature.
The ignition source, which is active from ¢ = 0 to t= 10"*s, causes a rise in the maximum
temperature for all four cases. The temperature profiles during energy deposition are
highlighted in blue.

For Type I, the low ignition energy causes only a minor temperature increase, insufficient
to trigger fast chemical reactions in the spark volume. As a result, the mixture cools rapidly
due to dissipative losses, and ignition fails because the reaction rate remains below the
critical level required for ignition kernel formation.

For Type II, the gas temperature increases by approximately 100K after the external
energy deposition. This indicates the onset of a weakly exothermic stage, forming
a transient flame kernel where low-temperature chemistry dominates. The chemical reac-
tions proceed slowly due to the limited buildup of reactive radicals, resulting in weak heat
release and only partial oxidation of the mixture. Consequently, the temperature does not
reach the threshold for high-temperature chain branching, and the transient cool-flame
kernel quenches (Ju 2021).

For Type III, a similar first-stage ignition occurs as in Type II, producing a cool flame
governed by low-temperature peroxy chemistry. However, the accumulated intermediates
and radicals (e.g., HO, and OH) gradually increase the reactivity of the mixture. Once the
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(b) Type II: Cool flame ignition and
(a) Type I: Ignition failure flame extinction
n-heptane iso-octane
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< T,=373K
2500 - To = 373K 2500 -
E_=30mJ E_=60mJ
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2000 5 = 10 bar 2000 - 10 bar
¥ 1500 ¥ 1500
— -
1000 - 1000 -
500 ©0.02 500 |
0 = 0
3 . ,/0 = 64 A %107
x10 r [m] time [s] 210 r[m] time [s]

(¢) Type III: Two-stage ignition

(d) Type IV: Hot flame ignition

Figure 1. Spatio-temporal evolution of the temperature for four different types. Red profiles indicate
ignition stages.

temperature reaches the critical threshold for high-temperature oxidation, a second-stage
ignition follows, characterized by rapid chain branching and a steep temperature rise of
approximately 1500K, resulting in complete fuel oxidation to CO, and H,O (Warnatz et al.
2006a; Curran et al. 1998a).

For Type IV, the ignition energy raises the local temperature directly above 1000K,
bypassing the low-temperature reaction regime. This type is termed hot flame initiation.

Previous experimental studies on iso-octane/air mixtures have shown that LTC can
occur over a wide range of equivalence ratios, from very lean (¢ <0.05) to moderately
rich mixtures, and that strength of low-temperature chemistry (LTC) is generally dependent
on the equivalence ratio (Bajwa et al. 2025). Based on these findings, we expect that while
the absolute MIE values would vary with ¢, the qualitative behavior of the four ignition
regimes identified here (Type 1-4) would remain similar, though the transition points
between regimes may shift as the mixture becomes leaner or richer. This expectation is
further supported by additional simulations performed at ¢ = 1.2, which also exhibit the
same four ignition regimes.

The flame structure of the hot and cool flame of n-heptane is shown in Figure 2. The
difference is clearly observed: Although the peak of the OH mass fraction of the cool flame
is about 1000 times smaller than the hot flame, the peak of the HO, and C,H;50,H mass
fraction of the cool flame is 3 times larger than the hot flame, and the peak of the H,0O, mass
fraction of the cool flame is 10 times larger than the hot flame. This indicates the
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2 : 2500 102 : 2500
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Figure 2. The temperature profile and mass fraction profiles of oh, H,0,, HO,, and C;H;50,H for the cool and
hot flame of n-heptane at ¢ = 0.8, p = 10 bar, Ty = 373 K, using spherical geometry with r; = 1.5 mm.

importance of the reactions with HO,, H,0O,, and C,;H,50,H radicals and confirms that the
cool flame is dominated by the low-temperature chemistry of n-heptane. Similar qualitative
trends were observed for iso-octane and PRF mixtures at Ty = 373 K and elevated pres-
sures, and the key features discussed for n-heptane also apply to these fuels (not shown).

Dependence of MIE of n-heptane and iso-octane on pressure

Figure 3 shows the dependence of MIE for both n-heptane/air mixtures and iso-octane/air
mixtures on pressure. Ignition types III and IV (which both create a self-sustained flame)
are highlighted in red. Ignition types I and II (which do not create self-sustained flames) are
highlighted in blue. MIE,,,; and MIEj,, are defined for a successful flame kernel formation
of a cool flame and of a hot flame, respectively. Meanwhile, MIE,,, (red dotted line) is
defined for a self-sustained hot flame, this corresponds to flame type III and IV.

[ 2
©) MIEcooI 120 O ME d
col
100 | O MIE, 10t O ME,,,
80 == MiEyo, ) ) v
E Self-sustained flame ) Self-sustained flame
£ =
o o 60
= w
Z 0
20
0

! 5
Extinction of hot f[ame}0 .
p (bar) Explained in [6] p (bar)

(a) n-heptane (b) iso-octane

Figure 3. The dependence of MIE on pressure for (a) n-heptane/air and (b) iso-octane/air mixtures,
¢ = 0.8, Ty = 373K. Red: successful ignition; blue: extinction.
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Similar to the simulation results of MIE for hydrogen/oxygen mixtures (Maas U and
Woarnatz J 1988), the MIE for n-heptane and iso-octane hot flames increases with pressure.
However, in experiments (see, e.g., Shy et al. (2017)), a contrary tendency (MIE decreases
with increasing pressure) was observed. The reason is that, numerical simulations are
performed for constant r,, resulting in a constant V. Consequently, the MIE increases as
p increases with increasing pressure. On the other hand, in experiments, the gap between
the electrodes is adjusted at each pressure to reach the MIE. At elevated pressures, ignition
is achieved with a much smaller gap compared to 1bar, resulting in a smaller ignition
volume. The mass of the mixture in the ignition volume shows a decreasing tendency with
increasing pressure, and so does the MIE. In simulations, r, affects the MIE. As shown in
Figure 4, at p = 5 bar, MIE = 0.85 m] is reached at r; = 0.3 mm. If the ignition radius in
simulations is adjusted at each pressure to reach the MIE, the MIE shows a decreasing
tendency with increasing pressure, as shown in Figure 5, which is in agreement with the
experimental results.

MIE,,,; is smaller than MIE},,; because the temperature required for initiating cool flame
reactions is smaller than that for a hot flame. This was also observed for DME/air flames by
Ju et al. (Ju 2017). Figure 3 shows that at the same pressure, MIE,,, and MIE,,, are
comparable for iso-octane/air mixtures and n-heptane/air mixtures. For MIEj,, this is
consistent with the observation in (Moorhouse et al. 1974), that the MIE of hydrocarbons
are similar. For MIE,,,;, although the LTC of iso-octane is weaker than LTC of n-heptane,
the LTC time scale for iso-octane is still faster than the time scale of heat dissipation, so the
MIE,,, for iso-octane and n-heptane are comparable. The weaker LTC of iso-octane
compared to n-heptane might then lead to cool flame extinction due to heat losses, instead
of a two-stage ignition.

At 1bar, the hot flame of iso-octane may quench due to strong diffusion effects, as
detailed in our previous study (Wu et al. 2023). At elevated pressures, however, when the
ignition radius is kept the same as at 1 bar, the hot flame remains self-sustained, and no hot-
flame extinction is observed. This can be understood by noting that at higher pressures,

10"} % ;
n-hedatane/air mixture
¢=0.8
T0 =373 K
p =5 bar

MIE (mJ)

X =
100 M'Ep7 0.85mJ

Figure 4. Dependence of MIE on ignition radius for lean n-heptane/air mixtures with ¢ = 0.8 at To = 373 K.
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S ol n-heptane/air mixture
w ¢=038
=

X T0 =373 K
1F
X
X X
O 1 1 1 1 1
0 2 4 6 8 10 12
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Figure 5. Dependence of MIE on pressure with varying ignition radii for lean n-heptane/air mixtures with
¢ =0.8atTy=373K

diffusion is slower and chemical reaction is faster than at lower pressure. Flames propagate
at fast speed directly after ignition, and are self-sustaining.

As mentioned in Sec. 2, we use the mass-based Lagrangian coordinate ¥ to distinguish
flame propagation from pure thermal expansion. The cubic-root of ¥(,, is used here as

a space-like coordinate. Figure 6 shows the temporal evolution of ¥, for iso-octane/air

mixtures at 1bar and at 3 bar. At 1 bar, after ignition, the flame radius is small, and the
curvature is large. Because of the strong diffusion, the flame first propagates slowly and
might quench after a while. After reaching a critical flame radius, it propagates with a fast
speed and is self-sustained from then on. During the slow flame propagation, the flame
quenches if Eig < MIE,,p, which is the MIE of flame propagation (Wu et al. 2023). In the

0.014r
iso-octane/air mixture
0.012¢t % =0.8
0= 373 K

001t E,,=17mJat1 bar
> Eig =51 mdJ at 3 bar
—= 0.008 |
= 0.006 f
" 0.004}

0.002 ——p=3bar

—p=1bar
0

0 0.01 0.02 0.03 0.04 0.05
time [s]

Figure 6. The flame front movement because of chemical reactions for an iso-octane/air flame at 1 bar
and at 3 bar.
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work of Meyer et al. (1973), they found out that the excitation time decreases by a factor of
100 when pressure is increased from 1bar to 10 bar. This is another indication for the
increase of heat release rate with pressure increase.

Figure 3 shows that there exists a distinct pressure limit py,, which is defined as the
minimum pressure at which LTC-driven ignition is observed. Below pj;,,, the LTC is too
weak to allow formation of cool flames. Spark energy deposition either leads to a self-
sustained hot flame, or to an ignition failure. For n-heptane, we found py;, = 5 bar and for
iso-octane, we found pj,, = 8 bar. For pressures above pj;,,, LTC becomes stronger, and
cool flames can be formed if E;, > MIE,,,. However, there is no transition from cool flame
to hot flame: the temperature decreases because of heat conduction, and the cool flame
quenches. The formation of a self-sustained hot flame requires that MIE,,,, = MIE,,. For
the investigated conditions, the transition is sharp within the pressure resolution considered
(e.g., no cool-flame ignition at 4.9 bar but present at 5.0 bar for n-heptane). The reported
Diim values are conditional and are expected to vary with parameters such as ignition radius,
equivalence ratio, and chemical mechanism. Near 8 bar for n-heptane and near 22 bar for
iso-octane, a sudden decrease of MIE,,, is observed. LTC then is strong enough to allow the
cool flame to persist until the second-stage ignition sets in, by which a self-sustained hot
flame is formed, MIE,,,, = MIE .

The determination of flame type after ignition is summarized in Figure 7. For the case
P <piim> if the ignition energy is higher than MIE,,, a self-sustained flame is formed,
otherwise ignition failure is observed. For the case p > pj,, more possibilities exist after
ignition energy deposition: If E;, <MIE.,, an ignition failure is observed. If
MIE;o01 < Ejy < MIEj;, a cool flame is formed. The cool flame can only evolve into a self-
sustained hot flame, if E;; > MIE,,,,, otherwise the cool flame quenches. If Ei; > MIEj,;,
a hot flame is directly formed, without the formation of a cool flame.

As shown in Figure 3, both pj, and the pressure where the cool flame can always
propagate to a hot flame are smaller for n-heptane than for iso-octane. The main reason

Eig < MlEhot R

»| Type [: Ignition failure |
P < Piim
Eig = MIE, I |

» Type IV: Hot flame

Ignition energy (Eig) | | Eig < MIEcoo T
deposition » Type l:Ignition failure |

Eig < MIEprop

Type II: Cool flame
\ P = Pim  [MIEoq < Eig < MIEyq and extinction

Eg = MIE,op
Type Ill: Two-stage
ignition
Eg = MIE,,

:: Type IV: Hot flame

Figure 7. Tree-like classification scheme of different types of evolution after ignition energy deposition.
Red: successful ignition; blue: extinction.
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is that at the same pressure, the LTC is stronger for n-heptane than for iso-octane. Figure 8
compares the flame structure of n-heptane and iso-octane. It is clearly observed, that with
the same ignition energy, although the cool flame temperature of n-heptane is only slightly
higher than that of iso-octane, the peaks of the mass fractions of HO,, H,0,, and CH, O for
a n-heptane cool flame are much larger than for an iso-octane cool flame. For the cool-flame
regime, the enhanced buildup of HO, and H, 0, promotes HO ,-mediated radical ampli-
fication, while the subsequent decomposition of H,O, provides a dominant source of OH
radicals for second-stage ignition (Ju 2021). Meanwhile, the higher concentration of CH,O
in n-heptane flame reflects stronger low-temperature oxidation and contributes to sustain-
ing the cool flame. Hence with exactly the same ignition energy, for n-heptane a cool flame
survives and triggers a self-sustained hot flame, while the iso-octane cool flame quenches.

Dependence of MIE on RON

Figure 9 shows the dependence of MIE;,, on RON at 1 bar (from our previous study (Wu
etal. 2023)) and at 10 bar. At 1 bar, MIE,,,, is nearly independent on RON for small RONs.
Near RON =50, it starts to increase with RON. To check what role LTC plays in this
phenomenon, simulations were repeated with a mechanism in which the reactions invol-
ving peroxidic radicals involved in LTC were removed. This didn’t affect the bend of the
MIE,,op curve, and implies that at 1 bar, LTC for all PRFs is negligibly weak. The bend is due
to the different reaction pathways of n-heptane and iso-octane, as explained in detail in (Wu
et al. 2023).

Differences in the dependence of MIE,,, on RON between 10 bar and 1bar are
observed. First of all, instead of the existence of a bend, the MIE,,, at low RONs depends
weakly on RON. From RON = 30 to RON = 50, MIE,,, increases rapidly with RON. After
that, MIE,,, again depends only weakly on RON. Secondly, with the removal of reactions
with peroxidic radicals, MIE,;,, becomes independent on RON throughout the whole
region. This implies that at 10 bar, LTC which is dominated by peroxidic radicals has
a major effect on the dependence of MIE on RON.

%1073 %107

7 1000 7 1000
iso-octane n-heptane
6 = 6 -
¢=08 800 ¢=08 800
=5 p =10 bar 55 p =10 bar
z T,=373K z T,=373K
S ~ 600 S ~ 600 __
§ 4 Eig_SOmJ < § 4 Eig_SOmJ <
E 3 Temperature {409 ‘% 3 ‘ Temperature 1,00
g, S 5 \
= 2[5 HOLx5) = “
I 200 , [Ho,(x5)/ | 200
__OH(x200) OH (=200
== 0 0 A 0
0 1 2 3 4 0 1 2 3 4
r [mm] r [mm]
(a) iso-octane cool flame (b) n-heptane cool flame

Figure 8. The flame structure of iso-octane and n-heptane cool flame, including profiles of temperature,
and some important species mass fractions.
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Figure 9. The dependence of MIE on RON at 1 bar and at 10 bar, with or without peroxidic radicals,
¢ = 0.8, Ty = 373K

The dependence of MIE,,;,, on RON at different pressures is then investigated. We focus
here on MIE,,, because of its technical significance as the minimum energy for a self-
sustained flame. To better compare the MIE at different pressures, the specific MIE e,,;, is
used here:

MIE,r0p

€min =

where p is the density, and V; is the volume of the ignition kernel. Results are shown in
Figure 10.

The dependence of the ey, on RON varies significantly with pressure:

o The dependence of ey, on RON at 1 bar originates from extinction caused by strong
diffusive losses and different reaction pathways of iso-octane and n-heptane during hot

1200
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-% 'p=8bar
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< 600f
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Figure 10. The dependence of MIEg,, on RON for PRF/air mixtures, ¢ = 0.8, Ty = 373K.
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flame combustion. This dependence has been discussed in detail in our previous work (Wu
et al. 2021).

o At 5bar, diffusive effects are weaker, and ey, becomes nearly independent
of RON.

o When the pressure exceeds 8bar, MIE is again dependent on RON. This
behavior can be explained by the strength of low-temperature chemistry (LTC):
for n-heptane and PRFs with low RON, LTC is strong enough to promote hot-
flame formation, resulting in MIE,;, = MIEo,1. In contrast, for iso-octane and PRFs
with high RON, LTC is weak, and the cool flame quenches before transition to a hot
flame, giving MIEp,, = MIE}. As pressure increases, the LTC of all PRFs becomes
stronger, and the critical RON at which ey, begins to rise shifts toward RON
~ 100.

o At pressures above 20 bar, even iso-octane exhibits sufficiently strong LTC to
allow its cool flame to propagate and evolve into a self-sustained hot flame.
Consequently, the dependence of MIE on RON disappears (see, e.g., MIE,., at
p = 25bar in Figure 10). This insensitivity is expected to be generally valid, as at
sufficiently high pressure the cool flame for both iso-octane and n-heptane can
always transition to a hot flame. However, the specific pressure at which this
behavior occurs may vary depending on the fuel and equivalence ratio.

Conclusions

This study numerically investigated induced ignition and early flame propagation in PRF/
air mixtures at pressures from 3 to 25 bar, resolving detailed chemistry and transport
processes in space and time. The simulations revealed four distinct ignition regimes:
ignition failure, cool flame initiation followed by extinction, two-stage ignition, and direct
hot flame initiation.

The results demonstrate that low-temperature chemistry (LTC) plays a decisive
role in determining the ignition behavior of PRFs at elevated pressure. LTC enables
ignition through a cool flame at temperatures around 700-800 K, considerably lower
than those required for hot-flame initiation. The strength of LTC governs whether
a cool flame can transition to a self-sustained hot flame or extinguishes after
initiation. With increasing pressure, diffusive losses are reduced and LTC becomes
stronger, allowing even iso-octane to sustain a hot flame at sufficiently high
pressures.

The dependence of the minimum ignition energy (MIE) on RON is thus directly linked
to the pressure dependence of LTC activity. At low pressures, strong diffusion causes hot-
flame extinction, while at higher pressures, the transition from MIE.,, to MIEy,, shifts
toward larger RON as LTC strengthens across all PRFs. When pressure exceeds about 20
bar, the influence of RON on MIE,,,,, nearly vanishes because even fuels with weak LTC can
support self-sustained hot flames.

Opverall, this work provides understanding of how low-temperature chemistry, diffusion,
and fuel reactivity interact to control ignition and early flame development under elevated
pressures. These insights are relevant for optimizing ignition systems in advanced combus-
tion engines and for assessing ignition hazards in high-pressure environments.
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