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ABSTRACT

In light of the recent high temperature flame experiment conducted in a shock tube, the main objective
of the present study is to understand flame initiation regimes and propagation features with various ig-
nition energy and various extents of unburnt mixture reaction progress. Flame initiation and propagation
are numerically investigated for a partially reactive, near stoichiometric n-heptane/air/He mixtures under
elevated temperature 700 K in a one-dimensional planar domain under nearly isobaric condition. Empha-
sis on flame initiation is placed on the effects of ignition energy and initial reaction progress. For ignition
timing at ti; = 0 s, while regular hot flames are directly initiated with higher ignition energy as expected,
a class of autoignition-assisted cool flames can be directly triggered with relatively low ignition energy.
By postponing ignition at later times, more pronounced chemical reaction progress is associated with the
unburnt mixture such that autoignition-assisted hot flame can be achieved. For such flames, a notable
flame speed increment is observed after the first-stage ignition occurs in the upstream unburnt mixture.
It is found that both autoignition-assisted cool and hot flames prior to the first-stage ignition strongly
depend on the ignition energy and ignition timing, and hence are case-sensitive. Extra caution needs to
be taken to evaluate and compare these data. Hot flames in the post first-stage ignition mixture never-
theless exhibit much less variation to the ignition energy and initial reaction progress. For steady-state
simulation, it is emphasized that a sufficiently short upstream and sufficiently long downstream domain
are needed to obtain desired flame solution in the classical diffusion-reaction limit. A good agreement
between the steady and unsteady simulations demonstrates the unsteady flame propagates in a quasi-
steady manner with the classical flame structure, as long as T chem/T fame>>1. Sensitivity analysis and re-
action network analysis have further suggested the similar key reactions on flame speed compared with
regular conditions and demonstrated indirect effects from the low temperature ignition chemistry. This
work provides useful insights into flame initiation regimes and propagation features under elevated tem-
perature.

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

are substantially lower compared to flame conditions under con-
ventional practical combustors in internal combustion engines, gas

Initiation and propagation characteristics of laminar flames are
key thermal-chemical properties of a reacting mixture and have
been main themes of combustion research [1-5]. As combus-
tion research becomes increasingly quantitative, laboratory burn-
ers with various well-defined flame configurations including flat
flame [6], Bunsen flame [7], counterflow flame [8], spherical flame
[9] have been developed to measure the flame speed with the as-
sistance of laser diagnostic tools. However, most of the experimen-
tal data acquired are unfortunately limited to chemically frozen
mixtures under room or only slightly elevated temperatures, which
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turbines, ram- and scram- jet engines. Due to the elevated ambient
temperature, the unburnt mixture in practical systems is partially
reactive and can lead to substantial gaps to the understanding of
practical flame behaviors, the development of advanced combus-
tion strategies like spark assisted compression ignition (SACI) [10],
as well as prediction of abnormal combustion scenarios like hot-
spot induced pre-ignition [11]. Recent research has identified novel
flame physics and regimes under elevated temperatures, includ-
ing cool flame [12], warm flame [13], autoignition-assisted flame
[14], and thermal pyrolysis induced overdriven flame [15]. Some of
these phenomena are systematically reviewed by Ju and coworkers
recently [16,17].

0010-2180/© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. Evolution of temperature and density for the isobaric adiabatic ignition of
the target mixture n-heptane/O,/N,/He (18% O,, 41% N,, 41% He by mole).

A major physical effect expected from elevated unburnt mixture
temperature is the inevitable non-zero reaction progress from au-
toignition and/or thermal pyrolysis chemistry in the immediate up-
stream of a flame, especially for large hydrocarbon and oxygenated
fuels exhibiting pronounced low-temperature chemistry and two-
stage ignition [18]. With partially reactive nature of such mixture
under elevated temperature conditions, reaction progress can fur-
ther accumulate as combustion evolves, leading to substantial ther-
mal and chemical changes in the reformed mixture directly enter-
ing the flame structure. From combustion theory, this is by nature
a severe cold-boundary difficulty [19] that cannot be ignored with
the intrinsic coupling of flame and upstream reaction progress un-
der elevated temperature. Due to the complexity and experimen-
tal challenge of this problem, previous relevant studies are mostly
computational [14,20-25]. For example, in a recent work [25], it is
found that the flame speed can be increased up to 100% or higher
with increasing reaction progress, and a reduced mixture strategy
is developed to capture the flame speed under autoignition condi-
tions.

Only until very recently, it becomes feasible to experimentally
investigate high-temperature laminar flames in a shock tube with
well-controlled thermodynamic conditions [26-29]. Hanson and
coworkers innovatively integrated systems of laser ignition system
and chemiluminescence capture to the test section of a regular
shock tube. As such, laminar flames can be initiated at the de-
sired thermodynamic conditions induced by the reflective shock,
and at the desired extent of chemical reaction progress during au-
toignition [29]. Good consistency has been achieved with previ-
ous experimental data and kinetic modeling reported in the lit-
erature, especially for simple fuels such as methane and propane
[26]. However, relative larger amount of scatter is observed in the
shock tube flame experiment for large hydrocarbon fuels such as
n-heptane and isooctane [27,28]. Furthermore, wrinkling and dis-
tortion of flames have been observed for these fuels, which have
added more ambiguity to the interpretation of the experimental
results. To gain more insights into these new and valuable experi-
mental targets, recent simulation by Yang et al. [15] have identified
a novel pyrolysis induced overdriven flame during flame evolution,
which can successfully explain the observed non-monotonicity in
isooctane flame speed in the intermediate temperature regime. For
n-heptane with higher reactivity, Zhang et al. [30] have shown the
potential role of double flame in the observed non-monotonicity in
the n-heptane flame speed, by simulation in a 1-D spherical con-
stant volume configuration. However, given the coupled complexi-
ties of flame stretch, flame front instability, upstream chemical re-
activity, shock-induced flow, and flame transition, it adds to sub-
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stantial challenges to fully understand the experimental data and
guide future experiments.

To completely understand the features of flame initiation and
propagation under high temperatures, the current work conducts
transient and steady simulation of the simplest flame configura-
tion - 1D planar flames with detailed chemistry and transport, for
the mixture and thermodynamic conditions similar to the Stanford
shock tube experiment [29]. Given the absence of flame stretch,
this study focuses on the thermal-chemical effects of reaction
progress on flame initiation and propagation. First, a range of ig-
nition energy has been applied to identify the regime and fea-
tures of flames that can be initiated at elevated temperatures; sec-
ondly, ignition timing - the instant when ignition energy is ap-
plied has been varied to demonstrate the effects of unburnt reac-
tion progress on the subsequent flame initiation; thirdly, by com-
paring the steady and unsteady solution of the flames, sensitivity
and time scale analysis are further conducted on the steady-state
flame to understand the controlling thermal chemical characteris-
tics of these flames. Flame regime transition is analyzed to provide
insights into future experiments and for general high-temperature
combustion control.

2. Numerical model and methodology

In the present study, the numerical simulation is conducted us-
ing the in-house reacting flow platform reactingFOAM-SCT based
on OpenFOAM 6.0, which solves the Navier-Stokes equations
together with the species and energy conservation with de-
tailed chemistry and transport by incorporating recent advances
in computational combustion. The accuracy and performance of
reactingFOAM-SCT are systematically validated against DNS re-
sults or analytical solutions in different configurations, includ-
ing ignition delay, shock and expansion fan, diffusion-convection
process, 1D spherical flame initiation and propagation, 1D non-
premixed counterflow flame, 2D premixed flame instabilities, 2D
non-premixed co-flow flame [31]. More recently, this computa-
tional platform has been utilized to investigate cool flame initi-
ation [12], autoignition and reaction front dynamics in stratified
mixtures [32], high-temperature flame initiation and propagation
[15], two-stage ignition in a laminar boundary layer [33], etc.

The unsteady simulation adopts a 1-D planar computational do-
main with a length of 5.75 cm. Uniform grid of 10 um is em-
ployed across the whole region to resolve the flame initiation
and propagation, which is also justified by additional grid inde-
pendence study. The maximum CFL number is set to be 0.4 to
control the integration time step and ensure convergence. Zero-
gradient and symmetry boundary condition are imposed on both
inner (x = 0 cm) and outer (x = 5.75 cm) boundaries, respectively.
To avoid growing acoustic waves and achieve nearly constant-
pressure environments, a wave transmissive boundary condition is
applied at the outer boundary. Initially, a static homogeneous n-
heptane/O,/N,/He (18% O, 41% N,, 41% He by mole) mixture with
equivalence ratio of 0.9 fills the domain, at a temperature of 700 K
and pressure of 1 atm, close to the experiment. Following [15], the
flame initiation is achieved by heat deposition from a hot spot,
which is described by an extra source term with a time and spatial
dependence in the energy conservation equation:

8
Ej
qig:{?x?‘irfge""[<xl) } 0=t~ti =Ty
0 t_tigztig

where Ej, is the total ignition energy, Tj; is the duration of the
energy source, and X is the ignition kernel size. Following [15],
the duration time and ignition kernel are set as constant with
Ty = 50 us and x;; = 2 mm, respectively, t;, is the ignition tim-
ing, when ignition energy starts to be deposited.
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In the computation, ignition energy is varied from 1 mJ to 100
m] to observe the subsequent flame evolution and regimes. Given
the elevated temperature and chemical reactivity, two-stage igni-
tion is expected to occur in the mixture, with the adiabatic, iso-
baric first-stage ignition delay 7; controlled by the low tempera-
ture chemistry and identified by local maximum temperature rise
rate. To characterize the reaction progress in the unburnt mixture
during flame initiation and propagation, a dimensionless residence
time is defined as time normalized by the first-stage ignition de-
lay, i.e., t/T; where 7; = 29.73 ms as in Fig. 1. In the case of steady
and unsteady flame propagation, this dimensionless time also can
be referred to as the ignition Damkohler number (Da) in the up-
stream unburnt mixture, for example, as used in [13,30]. This di-
mensionless residence time is also used to indicate the ‘dimen-
sionless ignition timing’ when the ignition energy starts to be de-
posited, i.e,, tj;/77. In addition to the baseline with dimensionless
ignition timing of 0, ignition timing is varied below unity to trig-
ger a flame prior to the first-stage ignition delay, as well as above
unity values to trigger flames in mixtures reformed by the low
temperature chemistry. For data post-processing, the flame front X
is identified by tracking the position with local peak heat release
rate and the burned flame propagation speed S, can be obtained

For 1D steady planar premixed flame simulation, the AN-
SYS Chemkin-Pro-V2020 R1 with detailed chemistry and mixture-
average transport model is utilized to calculate the steady laminar
premixed flame propagating into the partially reactive mixtures
prior to or after the first-stage auto-ignition. Both the adaptive
mesh criteria - GRAD and CURV are both set to 0.01 so that more
than 1000 grids points are included in the converged flame struc-
ture. This can guarantee the grid independence of laminar flame
speed. At each running case, the upstream domain length is grad-
ually decreased to the shortest values so that the relative error of
the flame speed can be less than 10~ to ensure the flame front
is independent of domain size. The instantaneous thermodynamic
condition and chemical composition is adopted from the homoge-
neous adiabatic isobaric ignition data (Fig. 1) at different reaction
progress to produce the partially oxidized mixtures as the inlet
boundary conditions of a premixed flame.

A detailed mechanism for n-heptane including 135 species and
651 reactions [34] has been utilized in this work, where the ther-
mal and transport properties of helium are obtained from the ki-
netic mechanism [35]. Further mechanism validation can be found
in the Supplemental materials, which demonstrates the Andre 2013
mechanism can well capture the ignition delay time and laminar
flame speed under a wide range of conditions. It should be noted
that although the thermodynamic condition in the current study
is limited to 1 atm and 700 K, the results can provide general in-
sights to flame initiation and propagation for arbitrary fuels with
low temperature chemistry in the NTC regime. With further in-
creased temperature beyond NTC, for example 1000 K under 2 atm
for the same mixture, the effect of low temperature will be ab-
sent, and the ignition will become a single stage. Such a problem
is less challenging and can be addressed using the same method
and analysis in the current work.

3. Results and discussion
3.1. Unsteady flame initiation and propagation

3.1.1 Overall flame regimes and behaviors at tig/T1 = 0: hot and cool
flames

Our recent work has shown that for DME/air mixtures at el-
evated temperature, it is possible to directly initiate cool flames
when ignition energy is below the minimum ignition energy (MIE)
of conventional hot flames [12]. To understand the overall regimes
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Fig. 2. Evolution of flame front position with various ignition energies for n-
heptane/air/He mixture at P = 1 atm, ¢ =0.9, T = 700 K, showing regimes for both
cool and hot flames.

of flame initiation and propagation regimes, an ignition energy
sweep is first performed for the current n-heptane/air/He mixture
under the targeted conditions P = 1 atm, ¢=0.9, T = 700 K. As
baseline, ignition energy is deposited at t;; = 0 s, i.e., the dimen-
sionless ignition timing is t;;/7;= 0. Fig. 2 shows the flame front
position evolution for ignition energy from 1 mJ to 100 m]. Two
distinct regimes have been found - both hot flames with fast prop-
agation and cool flames with much slower propagation. It is seen
that hot flames can be directly initiated after a certain period of
induction time, when ignition energy is higher than 7 mjJ. In this
regime, a hot flame can be triggered faster with higher ignition en-
ergy. When the ignition energy is around 20 mJ or higher, the hot
flame trajectories tend to collapse in the time range of interest, in-
dicating that a flame will be initiated almost immediately regard-
less of the ignition energy. On the other hand, for ignition energy
below the 7 mJ, instead of ignition failure, cool flames can be initi-
ated with a much longer induction time and much slower propaga-
tion. When ignition energy is approaching 6.8 mJ, cool flame onset
is advanced to 0.02 s, which is the shortest induction time for cool
flame initiation, and still much longer than hot flame initiation. It
is worth noting that for all cool flames, flame evolution regime of
interest is before the first-stage ignition delay. Here we select the
four lower ignition energies at 6.8 m], 5.8 mJ, 5.4 mJ, and 4 m] to
illustrate the cool flame initiation and propagation characteristics.

Figs. 3(a)-(b) show the flame front position X; vs. time t and
burned flame speed S, vs. reaction progress for cool flame regimes.
Due to the much longer induction time of these cool flames, the
reaction progress in the unburnt mixture eventually approaches
unity toward the first-stage ignition. Consequently, these cool
flames are essentially autoignition-assisted cool flames. Unlike the
eventually collapsed hot flames, these autoignition-assisted cool
flames strongly depends on the ignition energy even at the same
upstream reaction progress, before the first-stage ignition occurs.
In other words, the dynamics of autoignition-assisted cool flames
sensitively depends on the initiation trajectory even for the same
reaction progress in the unburnt mixture. As shown in Fig. 3(b),
before reaching the plateau, a cool flame front creeps very slow,
controlled by the ignition kernel development and diffusion; when
the unburnt reaction progress reaches about 0.6 or higher, a sud-
den acceleration occurs and then a self-sustained cool flame forms
and stays on a plateau with nearly quasi-steady propagation. Until
reaction progress reaches 0.8 or higher, a very strong acceleration
occurs accompanying the first-stage ignition. Therefore, cool flame
propagation includes a period of quasi-steady propagation (i.e., the
plateau) follows by a strong autoignition driven acceleration when
reaction progress approaches unity. Also, although the 6.8 mJ case
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reaction progress, t/t; for cool flame initiation & propagation under E;; = 6.8, 5.8,
5.4 and 4 m].

initiates a cool flame earlier, the propagation velocity of the corre-
sponding cool flame is the lowest among all the ignition energies;
the 4 mJ case initiates a cool flame the latest, the cool flame propa-
gation velocity is the fastest, at the same unburnt reaction progress
of 0.85. As the first stage autoignition occurs at 29.73 ms, the cool
flame speeds sharply increase and overlap on the S, vs. Da plot
due to the nearly instantaneous heat release in the unburnt mix-
ture.

To illustrate flame propagation acceleration characteristics with
increasing unburnt reaction progress, three instants at E;, = 5.8 m]
are selected along cool flame evolution to further demonstrate the
thermal-chemical structures of different cool flame structures. In-
stant 1 at 0.02343 s (reaction progress t/t1= 0.79) denoting the
normal cool flame with minor autoignition effect right on the
plateau; Instant 2 at 0.02619 s (reaction progress t/7;= 0.88) with
immediate autoignition effect toward the end of the plateau; In-
stant 3 at 0.02932 s (reaction progress t/t1= 0.99) at a later stage
right before autoignition effect takes over. As shown in Fig. 4, it is
observed that the unburnt temperature of Instant 1 stays around
700 K, while it increases by 20 K for Instant 2 with the autoigni-
tion assisted effects. Meanwhile, apparent increase of low temper-
ature chemistry products CO, CH,0, and H,0, is seen within the
flame. At Instant 3, the unburnt temperature rises by 80 K, and the
peak cool flame temperature increases by 30 K. Substantial con-
sumption of n-C;H;g, O, and production of low temperature prod-
ucts are further observed. These changes in the thermal-chemical
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Fig. 4. Comparisons of the thermal-chemical structures of regular cool flame and
auto-ignited cool flame under three different instants.

structure of different types of cool flames demonstrates the critical
role of unburnt mixture reaction progress.

3.1.2. Flame initiation with varying ignition timing tig/ T

Given the fast flame initiation and propagation, negligible un-
burnt reaction progress is involved in the baseline hot flame cases.
For example, the 7 m] ignition energy case with longest time
for flame propagation corresponds to a final unburnt reaction
progress around 0.3. As such, the effect of unburnt mixture reac-
tion progress is nearly negligible on hot flame initiation and prop-
agation. In this section, we fix the ignition energy at 20 m]J, and
change the ignition timing before or after the first-stage ignition
to explore the flame initiation and propagation features with vary-
ing extent of unburnt reaction progress. With 20 mJ ignition en-
ergy, the hot flame initiation is almost immediate, in the order of
0.01 ms. As expected, with delayed ignition for dimensionless ig-
nition timing tj;/7; from 0.88 to 0.98, the remaining delay time
to the first-stage ignition will be further shortened. Therefore, we
can expect the occurrence of first-stage ignition during the hot
flame propagation, such that the changes in flame properties can
be investigated when the unburnt mixture is reformed by the low-
temperature chemistry.

Fig. 5(a)-(b) show the burned flame speed S;, vs. X; for dimen-
sionless ignition timing both less and greater than unity, includ-
ing t;;/71 = 0.88, 0.94, 0.96, 0.98 and 1.2, 1.4 and 1.6 respectively.
It can be observed that there is a clear bump in the flame speed
during the flame propagation processes, induced by the first-stage
ignition. This is because, as autoignition occurs, substantial ther-
mal expansion is induced by volumetric heat release in the un-
burnt mixture ahead of the hot flame, which causes increased up-
stream flow velocity and in turn leads to the observed increment
in burnt flame speed. At the location with peak autoignition heat
release, effects from thermal expansion are the strongest. As igni-
tion finishes, the ignition heat release rate decreases to zero. Con-
sequently, thermal expansion disappears, and a uniform unburnt
velocity profile is restored. Another interesting phenomenon is that
for delayed ignition timing, the bump will appear sooner and leave
a longer distance for the hot flame propagation in the post first-
stage ignition, low-temperature chemistry reformed products. After
the occurrence of first-stage ignition, all flames initiated at differ-
ent ignition timing collapse on the S, vs. X; plots and exhibit the
same S;,. The results suggest that as long as the first-stage igni-
tion has already occurred in an unburnt mixture, hot flames tend
to have the same flame speed, completely forgetting about the his-
torical effects before the first-stage ignition. Also, an increase in Sy
is observed across the bump due to the thermal-chemical effects
of the low temperature chemistry, similar to [23,25].
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Fig. 5. Burned flame speed S, vs. X; for auto-ignited hot flame initiation at dimen-
sionless ignition timing tig/7; = (a) 0.88-0.98 (b) 1.2-1.6, with E;; = 20 m].

3.1.3. Flame initiation for non-zero unburnt reaction progress with
varying ignition energy

As the ignition energy plays a key role to trigger different flame
regimes, we further investigate the flame initiation and propaga-
tion features under given unburnt reaction progress with vary-
ing ignition energy, before and after the first-stage auto-ignition.
Fig. 6(a)-(b) show the flame front position burned flame speed S,
vs. X¢ with ignition energy from 4 to 8 mJ at fixed dimensionless
ignition timing t;,/7; at 0.85 and 1.2. For the t;;/7; = 0.85 cases,
it is seen that obvious first-stage autoignition occurs for the three
lower ignition energy cases, while the 20 m] case does not allow
sufficient residence time for the first-stage ignition to occur, given
the faster flame induction. Before the first-stage ignition occurs,
the lower ignition energy cases tend to induce higher flame speed.
It is hence emphasized that due to the differences in flame induc-
tion timing, these cases do not overlap in the S, vs. Xy phase plot,
causing greater difficulties in define and compare flame data.

However, for the tj,/7; = 1.2 cases, it can be observed that,
there exhibits negligible difference in the flame induction time,
and the flame front trajectories and phase evolution largely over-
lap as well. When further reducing the ignition energy to 4 m],
under which condition a hot flame cannot be initiated in the base-
line cases as shown in Fig. 2, a hot flame can nevertheless be suc-
cessfully triggered for the current case at delayed ignition timing
tig/T1 of 1.2. This indicates that the mixture reactivity is dramat-
ically enhanced after the first-stage autoignition, such that a hot
flame can be triggered more easily. Overall, the results here sug-
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ignition energies at dimensionless ignition timing t;;/7; of (a) 0.85 and (b) 1.2.

gest that with unburnt reaction progress beyond first-stage igni-
tion, flame induction time becomes very insensitive to ignition en-
ergy. As such, flames can be triggered in a more reliable manner.
The enhanced mixture reactivity further reduces the minimum ig-
nition energy and extends the regime for hot flame initiation.

3.14. Observation of double flames

Double flame is an interesting flame regime including both
cool and hot flame fronts during combustion evolution under el-
evated thermodynamic conditions, for fuels exhibiting NTC behav-
iors [30,36-38]. Depending on if the cool or hot flame front ap-
pears first, there can be two mechanisms for the formation of a
double flame. One scenario is starting from a hot flame, with a cool
flame gradually splitting from the preheat zone, and thereby form-
ing a double flame structure [38]. On the contrary, the other type
is starting from a cool flame, with a hot flame eventually estab-
lished in the downstream [36]. Chemiluminescence images from
the shock tube flame experiment [29] also show the multilayer
flame structures under autoignitive conditions, implying the poten-
tial relevance of double flames. In the current isobaric planar flame
simulation, we have also observed these two cool flame formation
mechanisms, although they are quite mild and highly transient, as
such do not obviously affect the flame speed and regimes.

Fig. 7 shows the thermal-chemistry structure of a typical dou-
ble flame. It can be observed that the double flame structure con-
sists of a leading cool flame and a trailing hot flame. The lead-
ing cool flame front generates low temperature products such as
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CO, CH,0, H,0, and further feeds these species to the trailing
hot flame, where more complete oxidation occurs and produces
large amounts of CO,, H,O and heat. As this is still in the ini-
tial stage of flame initiation, high concentration of CO remains in
the downstream of the hot flame. Double peaks are shown in the
heat release rate profile, where the peak from the hot flame seg-
ment is about two orders of magnitude higher than that of the cool
flame. Therefore, we can track the locations of both local peaks in
the heat release rate profiles to show the evolution of the double
flames.

Fig. 8(a) shows the evolution of the first type of double flame
that occurs in the case with ignition energy 20 mJ and dimension-
less ignition timing tig/7; of 1.0. Initially, a hot flame is directly
triggered. Shortly after at t = 29.75 ms, a faster propagating cool
flame is split from the base of the hot flame generating a dou-
ble flame structure consisting of a leading cool flame and a trail-
ing hot flame. As the first-stage ignition completes, burning inten-
sity of the cool flame gradually decays. Eventually, the trailing hot
flame catches up with the cool flame front and merges with it at
0.03001 s. In fact, the double flame in this case is closely coupled
and completely separated as opposite to the scenarios where an
obvious plateau can appear in the temperature profile [38]. The
double flame in this case can be referred to as “hot flame induced
double flame”, which only lasts about 0.26 ms, as such it plays
negligible role in the subsequent flame propagation.

Another type of double flame, the cool flame induced double
flame, is shown in Fig. 8(b). Different from the previous category
splitting from a hot flame, the second type of double flame starts
with a cool flame at t = 0.02547 s, and then a hot flame is formed
t = 0.02667 s in the downstream of the leading cool flame by high
temperature autoignition. It is interesting to be seen that there is
a turning point in the cool flame trajectories when the hot flame
is initiated, as shown by the steeper slope in Fig. 8(b). This is due
to the strong thermal expansion by the downstream hot flame ini-
tiation, which further pushes the cool flame to move forward. In
the meantime, the leading cool flame feeds low temperature chem-
istry reformed products including CH,O0, CO, etc., to the hot flame,
which in turn facilities its propagation. Unlike the hot flame in-
duced double flame shown in Fig. 8(a), the cool flame burning
intensity remains constant during its propagation process with a
heat release rate about 2 x 107 W/m3. While the hot flame has a
release rate around 1 x 10'®© W/m3, about three orders of magni-
tude higher than that of the cool flame. The hot flame has a much
higher speed and eventually swallows the leading cool flame after
a co-existing period about 0.4 ms. It is seen that the cool flame in-
duced double flame can appear in wider ranges of ignition timing
with sufficiently low ignition energies.
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and Ej; = 7 m].

3.2. Comparison with quasi-steady flames in partially reactive
mixture

Due to the partially reactive nature of the unburnt mixture
at T, = 700 K, it is not a trivial practice to obtain the steady
laminar premixed flame solution in the classical diffusion-reaction
limit. Our goal is to seek an adequately refined laminar premix
flame, whose structure and propagation property is independent of
computational domain, and meanwhile, whose burning flux is the
eigenvalue of the governing equations for the desired intermedi-
ate mixture. The following procedures are hence adopted to obtain
such a solution. First, the instantaneous mixture composition is
sampled at the desired reaction progress t/t; during the homoge-
nous adiabatic, isobaric autoignition process, which serves the up-
stream inlet mixture for the flame. Secondly, continuation studies
are performed to show the dependence of the flame property on
the computational domain. As shown in Fig. 9(a), for a typical par-
tially reactive mixture at reaction progress of 0.92, the flame speed
only converges at sufficiently short upstream domain length e.g.,
below 0.1 cm, to avoid the effects of autoignition. With sufficiently
reduced upstream, flame thickness § = (T,-Ty)/max(dT/dx), flame
integration time scale f9x/u from inlet to flame front, and the
flame characteristic time scale §/S, all tend to converge. With in-
creasing upstream domain, the flame speed substantially increases
and eventually exponentially depends on the domain as it reaches
the spontaneous propagation limit. Furthermore, the downstream
domain length has to be sufficiently long to ensure the chemi-
cal equilibrium and adiabatic flame temperature T, is reached, as
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Fig. 9. (a) Dimensionless burned flame speed S;,/Syo as a function of the upstream domain size and (b) flame time scales as a function of upstream domain length (c) flame
thickness as a function of upstream domain length (d) Dimensionless burned flame speed S;,/Syo as a function of downstream domain length, for steady premix flames with

inlet unburnt mixture reaction progress t/t;=0.92.

shown in Fig. 9(d). Meanwhile, a solution should satisfy the zero-
gradient conditions at both upstream and downstream boundaries.
Therefore, a well-defined steady laminar premixed flame solution
can only be obtained with sufficiently short upstream and suffi-
ciently long downstream domain.

Fig. 10 compares the unsteady and steady flame speeds and
summarizes the burned flame speed as a function of unburnt reac-
tion progress t/t;. Good quantitative agreement has been achieved
between the steady and unsteady solutions, indicating that the un-
steady flame propagates in a quasi-steady manner in the diffusion-
reaction limit. It can be observed that the flame experiences three
different regimes when the same ignition energy is applied at
varying ignition timing. For sufficiently small unburnt reaction
progress, 0 < t/7; < 0.7, flame propagation is weakly assisted by
autoignition as such the burning velocity is about 8.4 m/s and re-
mains insensitive to the increasing unburnt reaction progress. For
sufficiently high unburnt reaction progress, t/t; of 1 or higher, the
first-stage ignition has already occurred during the hot flame initi-
ation, leading to enhanced unburnt mixture reactivity and the tem-
perature, as such the burnt flame speed is increased to a constant
value around 10 m/s. This is a regime where the flame propaga-
tion is strongly assisted by autoignition, and the flame speed is
also insensitive to the reaction progress in the post first-stage ig-

nition mixture. Transitions between these two regimes will occur
with intermediate unburnt reaction progress, 0.7 < t/t; < 1, where
the flame speed is highly sensitive with ignition timing prior to
the first-stage ignition, and stays around 10 m/s afterwards. There-
fore, extra caution should be taken for hot flame experiment in the
transition regime.

Given the varying effects of ignition products on flame propa-
gation, we have selected the more refined steady-state premixed
flame solution to further investigate the time scales, scaling laws
and controlling chemical reactions for these autoignition assisted
flames. Fig. 11 demonstrates the comparison of flame and ig-
nition time scales for the steady state flames in the diffusion-
reaction limit. Tq,ne is the characteristic flame time /Sy, Tchem
is the remaining time relative to the closest ignition event. For
reaction progress t/ty < 1, Tchem refers to the remaining delay
time to the first-stage ignition for the unburnt mixture; for t/7;
> 1, Tepem refers to the remaining delay time to the main ig-
nition. As long as the reaction progress t/r; is away from unity,
the steady solution always allows a much shorter flame time scale
compared with the chemistry time scale. In other words, the ra-
ti0 Tfame/Tchem 1S always far less than unity, to ensure ignition is
absent within the flame structure, which is an important criterion
to justify the steady-state flame solution. When Tq me/T chem be-
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comes order unity, transient effects from autoignition become non-
negligible, such as the “bump” in flame speed induced by pres-
sure disturbance when the first-stage ignition occurs. Under other
thermodynamic conditions, we have observed substantial deceler-
ation even back propagation as the flame is pushed by the pres-
sure disturbance before eventually transitioning to an autoignitive
reaction front from the unburnt mixture autoignition. In general,
as autoignition delay is close to the flame propagation time scale,
the interaction of pressure wave and flame becomes significant,
and the phenomenon becomes highly transient. Our previous rele-
vant studies [22,39] have suggested interaction of autoignition and
flame is highly case by case, and can be usually classified using the
detonation peninsula theory proposed by Bradley [40,41].

To demonstrate the generality of quasi-steadiness, in addition
to the current set of unburnt condition, we have so far investigated
transient flame initiation and propagation for n-heptane, DME and
propane (all exhibit NTC) under a wide range of thermodynamic
conditions. Based on our observation, as long as the remaining
autoignition delay to the first-stage or the main ignition event is
much longer than the characteristic flame time (7 chem/T flame>>1),
the unsteady effect during flame propagation is negligible, as there
is negligible involvement of acoustic waves and pressure fluctu-
ations, the flame in general propagates quasi-steadily in a par-
tially reacting mixture both prior-to or post the first-stage igni-
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Fig. 12. (a) Laminar burning flux f and laminar flame thickness § (b) the product
f 8 and ratio f/§ as a function of unburnt mixture reaction progress.

tion. Such observations are justified by the comparison of steady
and unsteady flame solutions, as well as budget term analysis from
convection, diffusion and reaction terms in the transient solution,
showing negligible magnitude of the unsteady terms.

Another two important flame properties are further evaluated
at different upstream reaction progress. The first one is the flame
thickness &, which is a unique flame length scale and key scaling
parameter in turbulent combustion. The other one is the laminar
burning flux f, eigenvalue of the species and conservation equa-
tion. In the laminar flame theory, simple scaling rules can be ob-
tained using f and §, by recognizing the dominant balance be-
tween convection and diffusion in the preheat zone, as well as the
reaction-diffusion balance in the reaction zone. For example, it can
be shown that f § « A/c, only depends on the transport parame-
ter, while f/§ o w/Ze, the ratio of reaction rate and the Zel'dovich
number Ze. As shown in Fig. 12, for upstream mixture far prior to
the first-stage ignition, i.e., t/t; < 0.7, or post the first-stage igni-
tion (t/7; > 1.0), both the laminar flame thickness and burning flux
exhibit negligible change with variation in upstream mixture reac-
tion progress, however, compared with upstream mixture prior to
the first-stage ignition, laminar burning flux f increases by nearly
20% and the laminar flame thickness § increases by about 5% in
the post first-stage mixture. By plotting both the product and ra-
tio of f and § with varying upstream mixture reaction progress, it
can be seen that f § and f/§ are still invariants for mixtures ei-
ther far prior to or post the first-stage ignition, but corresponding
to different values. Overall, it can be concluded that the post first-
stage ignition mixture has a stronger facilitation effect for flame
propagation, allowing faster flame speed, thicker flame structure
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Fig. 13. Comparison of (a) thermal (b) chemical structures of steady premixed
flames with three mixtures of different unburnt reaction progress before or after
the first-stage ignition.

and higher burning flux. This is a combined thermal-chemical ef-
fect including the contribution from both elevated temperature and
mixture composition reformed by the low-temperature chemistry.

Fig. 13 shows the comparison of thermal and chemical struc-
tures of autoignition assisted flames at three different unburnt

Combustion and Flame 236 (2022) 111765

reaction progress before or after the first-stage ignition. As ex-
pected, these flames have different upstream temperature, unburnt
composition and heat release rate, they nevertheless should al-
ways share the same adiabatic flame temperature. As t/7; in-
creases, concentration of n-heptane and O, keep decreasing, and
the amount of intermediates including CH,0, CyH4, and H,0,
keeps increasing in the upstream unburnt composition. Regardless
of such differences, the profiles of major products downstream of
the flame are largely similar, including H,0, CO,, CO, and OH. It
is therefore of interest to identify the key reactions that affect the
flame speed with different unburnt reaction progress.

Results of global sensitivity analysis (SA) on the most important
reactions are listed in the supplementary material for the steady-
state laminar premixed flames at t/t; = 0.65, 0.92 and 1.2. 10%
perturbation is introduced on the A factor of the corresponding
reaction to calculate the logarithmic sensitivity coefficient (LSC):
LSC = A;/Su*(ASu/AA;). Given the strong role of ignition played in
these flames, the flames before perturbation are obtained with suf-
ficiently short upstream and sufficiently long downstream domain,
in the classical diffusion-reaction limit. After the perturbation on
a certain A factor is introduced, flame and chemistry time scales
are further examined in the flame, to ensure the ratio Tqime/T chem
is far less than unity, as listed in the last column of the tables in
the supplementary material. This is important to ensure the effect
from ignition is decoupled from the evaluation of key reactions to
the flame propagation. The top 10 most important sensitive reac-
tions that promoting and retarding flame propagation are selected
respectively with their LSC shown in Fig. 14. It is interesting to ob-
serve that the most important reactions facilitating flame propaga-
tion include H + O, = 0+0OH, CO+0OH = CO,+H consistent with
our understanding on regular laminar flames [42]. No low temper-
ature pathway is explicitly seen from the sensitivity calculations,
different from the sensitivity analysis performed in [22] with very
long upstream domain, where the effect on ignition dynamics and
flame propagation is not appropriately decoupled. However, it is
certainly not correct to claim low temperature chemistry is not im-
portant in these flame speed. The reason is two-fold: on one hand,
low temperature fuel reforming and chain branching substantially
affects the chemical composition entering the flame structure, and
such they are intrinsically needed to determine the flame speed;

t/r,=1.2 t/7,=0.92
1 1

t/1,=0.65

C,H,+0,=C,H,+H,0
C,H,+H=C,H +H,

H+HO,=20H
CH,(S)+H,0=CH,+OH
CH,CHC-H,+0=CH,CHCHO+H
CH,(S)+0,=CO+OH+H
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HCO+M=H+CO+M
CO+OH=CO,+H

0+OH=0,+H
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Fig. 14. Sensitivity analysis of steady premixed flames in three mixtures with different reaction progress t/t;= 0.65, 0.92 and 1.2 following the ignition trajectory.
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on the other hand, although the low temperature reactions are not
directly associated with a large sensitivity coefficient, the low tem-
perature products and their derivatives appear in many key reac-
tions. For example, CH,0 is known to be a major product from low
temperature chain branching reactions, which is also a primary
source for the formation of HCO. It is clear that HCO participates
in many key reactions that facilitate and retard flame propagation
including the chain branching HCO+M = H+CO+M, and chain ter-
minations HCO+H = CO+H,, HCO+OH = H,0+CO. This point is
however not emphasized in the recent work by [24].

Chemical reaction network analysis is further conducted to un-
derstand the controlling chemical at different locations within
the flame structure with unburnt reaction progress, as shown in
Fig. 15. Take the t/7y= 0.65 case for example, at the upstream
boundary of 700 K, it is seen that the low temperature oxidation
RO,, QOOH, QOOHO,, and ketone decomposition reactions play
the most important role in fuel consumption. At the flame front
around 1400 K, it is seen that the fuel decomposition to C1-C4
fragments becomes dominant. At downstream of the flame around
2000 K, the oxidation of C1 species and formation of CO, are most
important. These distinct reaction network demonstrates the spa-
tial dependence of the domain reaction pathways within the flame.
The results have suggested limited importance of low temperature
chemistry at the upstream of the flame, but not at the flame front
and the downstream. Similar observations are obtained for the
other two cases t/71= 0.92 and 1.2 and are added in the Supple-
mentary Material. Such important information about the local ther-
mochemistry is however not properly reflected through the global
sensitivity analysis of flame speed. A fair and complete evaluation
on the role of low temperature chemistry in flame propagation in
partially reactive mixtures therefore requires both global sensitivity
analysis and local reaction network constructed from thermochem-
ical states sampled within the flame structure.

4. Conclusion

1-D laminar flame initiation and propagation in a partially re-
acting n-heptane/air/He mixture with two-stage ignition is compu-
tationally investigated with detailed chemistry and transport. The

10

study focused on the flame initiation and transition regimes with
variable ignition energy and reaction progress before and after the
first-stage ignition under isobaric condition, where a variety of
flame regimes are observed, including both hot and cool flames,
as well as two types of double flames. Detailed findings and con-
clusions are summarized below:

(1) For flame initiation with zero reaction progress, hot flames
can be triggered for relatively large ignition energies. These
hot flames all collapse in speed when approaching quasi-
steady. Autoignition-assisted cool flames are triggered for
relatively low ignition energies. Different from the hot flame,
these cool flames each take a unique path in the speed
phase plot.
For flame initiation in mixture with reaction progress t/t;
< 0.65, the coupling between ignition and flame propaga-
tion are weak and the laminar flame speed shows insensi-
tive dependence on the unburnt mixture reaction progress.
For flame initiation in mixtures with high reaction progress
(t/T7around unity or higher), autoignition and flame prop-
agation are strongly coupled, and the flame propagation
in a post first-stage ignition mixture is substantially in-
creased, which also has insensitive dependence on the reac-
tion progress t/t;. For cases with reaction progress in be-
tween, substantial change in flame properties is observed
prior to first-stage ignition and the flame speed is not well-
defined. Once first-stage ignition occurs, a bump appears in
the flame speed phase plot due to thermal expansion, a hot
flame eventually transitions to the high reaction progress
scenarios with well-defined properties regardless of any his-
torical effects.

(3) Well-defined steady laminar flames with non-negligible up-
stream reaction progress can be calculated with sufficiently
short upstream while sufficiently long downstream domain
length, in the classical diffusion-reaction limit. The good
agreement between steady and unsteady simulation sug-
gests the quasi-steady nature of the planar flame propaga-
tion as long as T cpem/Tfaame>>1, Which is also justified by
the budget term analysis. When T e, and 7pggme are of sim-
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ilar orders of magnitude, the interaction of pressure wave
and flame becomes significant, and the flame propagation
becomes highly transient.

Fundamental flame properties including flame speed, flame
thickness and flame burning flux all increase in the post
first-stage ignition mixtures, as compared to the conditions
with upstream reaction progress prior-to first-stage ignition.
Two kinds of double flames are observed, one is hot flame
induced and the other one is cool flame induced. Given their
fast transition, no obvious effects have been found on the
subsequent flame propagation in the current condition.
Ignition energy and ignition timing can be used as con-
trol knobs to initiate flames in different flame regimes and
achieve desired flame mode transition. The choice of ignition
energy and ignition timing can trigger regular hot flame,
cool flame, and autoignition-assisted flames. Without quan-
tifying the ignition energy deposition, it is possible to mis-
interpret the experimental observation. The relative signifi-
cance of ignition energy also depends on the ignition timing,
and in general, their effects are coupled and should be care-
fully quantified to control the flame initiation and transition.
Carefully conducted sensitivity analysis with sufficiently
small time ratio Tq,me/Tchem has been conducted, which
suggests similar controlling chain branching reactions as in
regular flames, such as H + O, = 0+0OH, CO+OH = CO,+H.
While no direct significance has been found in the
sensitivity coefficient of the low temperature chemistry,
the low temperature products and derivatives partici-
pate in some of the key reactions, including the chain
branching HCO+M = H+CO+M, and chain terminations
HCO+H = CO+H,, HCO+0OH = H,0+CO. Reaction network
analysis using absolute rate of production further confirms
the limited importance of low temperature chemistry up-
stream of the flame, while fuel decomposition and CO, for-
mation are dominant in the flame front and downstream, re-
spectively. A fair and accurate evaluation on the role of low
temperature chemistry therefore requires information from
both the global sensitivity analysis and the local chemical
network sampled within the flame.
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