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a b s t r a c t 

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 t ig = 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 τ chem / τ flame >> 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. 
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. Introduction 

Initiation and propagation characteristics of laminar flames are 

ey thermal-chemical properties of a reacting mixture and have 

een main themes of combustion research [1–5] . As combus- 

ion research becomes increasingly quantitative, laboratory burn- 

rs with various well-defined flame configurations including flat 

ame [6] , Bunsen flame [7] , counterflow flame [8] , spherical flame 

9] have been developed to measure the flame speed with the as- 

istance of laser diagnostic tools. However, most of the experimen- 

al data acquired are unfortunately limited to chemically frozen 

ixtures under room or only slightly elevated temperatures, which 
∗ Corresponding author. 
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re substantially lower compared to flame conditions under con- 

entional practical combustors in internal combustion engines, gas 

urbines, ram- and scram- jet engines. Due to the elevated ambient 

emperature, the unburnt mixture in practical systems is partially 

eactive and can lead to substantial gaps to the understanding of 

ractical flame behaviors, the development of advanced combus- 

ion strategies like spark assisted compression ignition (SACI) [10] , 

s well as prediction of abnormal combustion scenarios like hot- 

pot induced pre-ignition [11] . Recent research has identified novel 

ame physics and regimes under elevated temperatures, includ- 

ng cool flame [12] , warm flame [13] , autoignition-assisted flame 

14] , and thermal pyrolysis induced overdriven flame [15] . Some of 

hese phenomena are systematically reviewed by Ju and coworkers 

ecently [16,17] . 
. 

https://doi.org/10.1016/j.combustflame.2021.111765
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Fig. 1. Evolution of temperature and density for the isobaric adiabatic ignition of 

the target mixture n-heptane/O 2 /N 2 /He (18% O 2 , 41% N 2 , 41% He by mole). 
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A major physical effect expected from elevated unburnt mixture 

emperature is the inevitable non-zero reaction progress from au- 

oignition and/or thermal pyrolysis chemistry in the immediate up- 

tream of a flame, especially for large hydrocarbon and oxygenated 

uels exhibiting pronounced low-temperature chemistry and two- 

tage ignition [18] . With partially reactive nature of such mixture 

nder elevated temperature conditions, reaction progress can fur- 

her accumulate as combustion evolves, leading to substantial ther- 

al and chemical changes in the reformed mixture directly enter- 

ng the flame structure. From combustion theory, this is by nature 

 severe cold-boundary difficulty [19] that cannot be ignored with 

he intrinsic coupling of flame and upstream reaction progress un- 

er elevated temperature. Due to the complexity and experimen- 

al challenge of this problem, previous relevant studies are mostly 

omputational [14,20–25] . For example, in a recent work [25] , it is 

ound that the flame speed can be increased up to 100% or higher 

ith increasing reaction progress, and a reduced mixture strategy 

s developed to capture the flame speed under autoignition condi- 

ions. 

Only until very recently, it becomes feasible to experimentally 

nvestigate high-temperature laminar flames in a shock tube with 

ell-controlled thermodynamic conditions [26–29] . Hanson and 

oworkers innovatively integrated systems of laser ignition system 

nd chemiluminescence capture to the test section of a regular 

hock tube. As such, laminar flames can be initiated at the de- 

ired thermodynamic conditions induced by the reflective shock, 

nd at the desired extent of chemical reaction progress during au- 

oignition [29] . Good consistency has been achieved with previ- 

us experimental data and kinetic modeling reported in the lit- 

rature, especially for simple fuels such as methane and propane 

26] . However, relative larger amount of scatter is observed in the 

hock tube flame experiment for large hydrocarbon fuels such as 

-heptane and isooctane [27,28] . Furthermore, wrinkling and dis- 

ortion of flames have been observed for these fuels, which have 

dded more ambiguity to the interpretation of the experimental 

esults. To gain more insights into these new and valuable experi- 

ental targets, recent simulation by Yang et al. [15] have identified 

 novel pyrolysis induced overdriven flame during flame evolution, 

hich can successfully explain the observed non-monotonicity in 

sooctane flame speed in the intermediate temperature regime. For 

-heptane with higher reactivity, Zhang et al. [30] have shown the 

otential role of double flame in the observed non-monotonicity in 

he n-heptane flame speed, by simulation in a 1-D spherical con- 

tant volume configuration. However, given the coupled complexi- 

ies of flame stretch, flame front instability, upstream chemical re- 

ctivity, shock-induced flow, and flame transition, it adds to sub- 
2 
tantial challenges to fully understand the experimental data and 

uide future experiments. 

To completely understand the features of flame initiation and 

ropagation under high temperatures, the current work conducts 

ransient and steady simulation of the simplest flame configura- 

ion – 1D planar flames with detailed chemistry and transport, for 

he mixture and thermodynamic conditions similar to the Stanford 

hock tube experiment [29] . Given the absence of flame stretch, 

his study focuses on the thermal-chemical effects of reaction 

rogress on flame initiation and propagation. First, a range of ig- 

ition energy has been applied to identify the regime and fea- 

ures of flames that can be initiated at elevated temperatures; sec- 

ndly, ignition timing - the instant when ignition energy is ap- 

lied has been varied to demonstrate the effects of unburnt reac- 

ion progress on the subsequent flame initiation; thirdly, by com- 

aring the steady and unsteady solution of the flames, sensitivity 

nd time scale analysis are further conducted on the steady-state 

ame to understand the controlling thermal chemical characteris- 

ics of these flames. Flame regime transition is analyzed to provide 

nsights into future experiments and for general high-temperature 

ombustion control. 

. Numerical model and methodology 

In the present study, the numerical simulation is conducted us- 

ng the in-house reacting flow platform reactingFOAM-SCT based 

n OpenFOAM 6.0, which solves the Navier-Stokes equations 

ogether with the species and energy conservation with de- 

ailed chemistry and transport by incorporating recent advances 

n computational combustion. The accuracy and performance of 

eactingFOAM-SCT are systematically validated against DNS re- 

ults or analytical solutions in different configurations, includ- 

ng ignition delay, shock and expansion fan, diffusion-convection 

rocess, 1D spherical flame initiation and propagation, 1D non- 

remixed counterflow flame, 2D premixed flame instabilities, 2D 

on-premixed co-flow flame [31] . More recently, this computa- 

ional platform has been utilized to investigate cool flame initi- 

tion [12] , autoignition and reaction front dynamics in stratified 

ixtures [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- 

ain with a length of 5.75 cm. Uniform grid of 10 μm is em- 

loyed across the whole region to resolve the flame initiation 

nd propagation, which is also justified by additional grid inde- 

endence study. The maximum CFL number is set to be 0.4 to 

ontrol the integration time step and ensure convergence. Zero- 

radient and symmetry boundary condition are imposed on both 

nner ( x = 0 cm) and outer ( x = 5.75 cm) boundaries, respectively.

o avoid growing acoustic waves and achieve nearly constant- 

ressure environments, a wave transmissive boundary condition is 

pplied at the outer boundary. Initially, a static homogeneous n- 

eptane/O 2 /N 2 /He (18% O 2 , 41% N 2 , 41% He by mole) mixture with

quivalence ratio of 0.9 fills the domain, at a temperature of 700 K 

nd pressure of 1 atm, close to the experiment. Following [15] , the 

ame initiation is achieved by heat deposition from a hot spot, 

hich is described by an extra source term with a time and spatial 

ependence in the energy conservation equation: 

˙ 
 ig = { 

E ig 
4 π
3 x 3 

ig 
τig 

exp 

[
−
(

x 
x ig 

)8 
]

0 ≤ t − t ig < τig 

0 t − t ig ≥ τig 

here E ig is the total ignition energy, τig is the duration of the 

nergy source, and x ig is the ignition kernel size. Following [15] , 

he duration time and ignition kernel are set as constant with 

ig = 50 μs and x ig = 2 mm , respectively, t ig is the ignition tim- 

ng, when ignition energy starts to be deposited. 
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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, φ = 0.9, T = 700 K, showing regimes for both 

cool and hot flames. 
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In the computation, ignition energy is varied from 1 mJ to 100 

J to observe the subsequent flame evolution and regimes. Given 

he elevated temperature and chemical reactivity, two-stage igni- 

ion is expected to occur in the mixture, with the adiabatic, iso- 

aric first-stage ignition delay τ1 controlled by the low tempera- 

ure chemistry and identified by local maximum temperature rise 

ate. To characterize the reaction progress in the unburnt mixture 

uring flame initiation and propagation, a dimensionless residence 

ime is defined as time normalized by the first-stage ignition de- 

ay, i.e., t/ τ1 where τ1 = 29.73 ms as in Fig. 1 . In the case of steady

nd unsteady flame propagation, this dimensionless time also can 

e referred to as the ignition Damköhler number (Da) in the up- 

tream unburnt mixture, for example, as used in [13,30] . This di- 

ensionless residence time is also used to indicate the ‘dimen- 

ionless ignition timing’ when the ignition energy starts to be de- 

osited, i.e., t ig / τ1 . In addition to the baseline with dimensionless 

gnition timing of 0, ignition timing is varied below unity to trig- 

er a flame prior to the first-stage ignition delay, as well as above 

nity values to trigger flames in mixtures reformed by the low 

emperature chemistry. For data post-processing, the flame front X f 

s identified by tracking the position with local peak heat release 

ate and the burned flame propagation speed S b can be obtained 

y S b = dX f /dt. 

For 1D steady planar premixed flame simulation, the AN- 

YS Chemkin-Pro-V2020 R1 with detailed chemistry and mixture- 

verage transport model is utilized to calculate the steady laminar 

remixed flame propagating into the partially reactive mixtures 

rior to or after the first-stage auto-ignition. Both the adaptive 

esh criteria – GRAD and CURV are both set to 0.01 so that more 

han 10 0 0 grids points are included in the converged flame struc- 

ure. This can guarantee the grid independence of laminar flame 

peed. At each running case, the upstream domain length is grad- 

ally decreased to the shortest values so that the relative error of 

he flame speed can be less than 10 −4 to ensure the flame front 

s independent of domain size. The instantaneous thermodynamic 

ondition and chemical composition is adopted from the homoge- 

eous adiabatic isobaric ignition data ( Fig. 1 ) at different reaction 

rogress to produce the partially oxidized mixtures as the inlet 

oundary conditions of a premixed flame. 

A detailed mechanism for n-heptane including 135 species and 

51 reactions [34] has been utilized in this work, where the ther- 

al and transport properties of helium are obtained from the ki- 

etic mechanism [35] . Further mechanism validation can be found 

n the Supplemental materials, which demonstrates the Andre 2013 

echanism can well capture the ignition delay time and laminar 

ame speed under a wide range of conditions. It should be noted 

hat although the thermodynamic condition in the current study 

s limited to 1 atm and 700 K, the results can provide general in-

ights to flame initiation and propagation for arbitrary fuels with 

ow temperature chemistry in the NTC regime. With further in- 

reased temperature beyond NTC, for example 10 0 0 K under 2 atm 

or the same mixture, the effect of low temperature will be ab- 

ent, and the ignition will become a single stage. Such a problem 

s less challenging and can be addressed using the same method 

nd analysis in the current work. 

. Results and discussion 

.1. Unsteady flame initiation and propagation 

.1.1. Overall flame regimes and behaviors at t ig / τ1 = 0 : hot and cool 

ames 

Our recent work has shown that for DME/air mixtures at el- 

vated temperature, it is possible to directly initiate cool flames 

hen ignition energy is below the minimum ignition energy (MIE) 

f conventional hot flames [12] . To understand the overall regimes 
3 
f flame initiation and propagation regimes, an ignition energy 

weep is first performed for the current n-heptane/air/He mixture 

nder the targeted conditions P = 1 atm, φ= 0.9, T = 700 K. As

aseline, ignition energy is deposited at t ig = 0 s, i.e., the dimen- 

ionless ignition timing is t ig / τ1 = 0. Fig. 2 shows the flame front 

osition evolution for ignition energy from 1 mJ to 100 mJ. Two 

istinct regimes have been found – both hot flames with fast prop- 

gation and cool flames with much slower propagation. It is seen 

hat hot flames can be directly initiated after a certain period of 

nduction time, when ignition energy is higher than 7 mJ. In this 

egime, a hot flame can be triggered faster with higher ignition en- 

rgy. When the ignition energy is around 20 mJ or higher, the hot 

ame trajectories tend to collapse in the time range of interest, in- 

icating that a flame will be initiated almost immediately regard- 

ess of the ignition energy. On the other hand, for ignition energy 

elow the 7 mJ, instead of ignition failure, cool flames can be initi- 

ted with a much longer induction time and much slower propaga- 

ion. When ignition energy is approaching 6.8 mJ, cool flame onset 

s advanced to 0.02 s, which is the shortest induction time for cool 

ame initiation, and still much longer than hot flame initiation. It 

s worth noting that for all cool flames, flame evolution regime of 

nterest is before the first-stage ignition delay. Here we select the 

our lower ignition energies at 6.8 mJ, 5.8 mJ, 5.4 mJ, and 4 mJ to

llustrate the cool flame initiation and propagation characteristics. 

Figs. 3 (a)-(b) show the flame front position X f vs. time t and 

urned flame speed S b vs. reaction progress for cool flame regimes. 

ue to the much longer induction time of these cool flames, the 

eaction progress in the unburnt mixture eventually approaches 

nity toward the first-stage ignition. Consequently, these cool 

ames are essentially autoignition-assisted cool flames. Unlike the 

ventually collapsed hot flames, these autoignition-assisted cool 

ames strongly depends on the ignition energy even at the same 

pstream reaction progress, before the first-stage ignition occurs. 

n other words, the dynamics of autoignition-assisted cool flames 

ensitively depends on the initiation trajectory even for the same 

eaction progress in the unburnt mixture. As shown in Fig. 3 (b), 

efore reaching the plateau, a cool flame front creeps very slow, 

ontrolled by the ignition kernel development and diffusion; when 

he unburnt reaction progress reaches about 0.6 or higher, a sud- 

en acceleration occurs and then a self-sustained cool flame forms 

nd stays on a plateau with nearly quasi-steady propagation. Until 

eaction progress reaches 0.8 or higher, a very strong acceleration 

ccurs accompanying the first-stage ignition. Therefore, cool flame 

ropagation includes a period of quasi-steady propagation (i.e., the 

lateau) follows by a strong autoignition driven acceleration when 

eaction progress approaches unity. Also, although the 6.8 mJ case 
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Fig. 3. (a) Flame front position X f vs. time t; (b) Burned flame speed S b vs. unburnt 

reaction progress, t/ τ1 for cool flame initiation & propagation under E ig = 6.8, 5.8, 

5.4 and 4 mJ. 
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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. 
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nitiates a cool flame earlier, the propagation velocity of the corre- 

ponding cool flame is the lowest among all the ignition energies; 

he 4 mJ case initiates a cool flame the latest, the cool flame propa-

ation velocity is the fastest, at the same unburnt reaction progress 

f 0.85. As the first stage autoignition occurs at 29.73 ms, the cool 

ame speeds sharply increase and overlap on the S b vs. Da plot 

ue to the nearly instantaneous heat release in the unburnt mix- 

ure. 

To illustrate flame propagation acceleration characteristics with 

ncreasing unburnt reaction progress, three instants at E ig = 5.8 mJ 

re selected along cool flame evolution to further demonstrate the 

hermal-chemical structures of different cool flame structures. In- 

tant 1 at 0.02343 s (reaction progress t/ τ1 = 0.79) denoting the 

ormal cool flame with minor autoignition effect right on the 

lateau; Instant 2 at 0.02619 s (reaction progress t/ τ1 = 0.88) with 

mmediate autoignition effect toward the end of the plateau; In- 

tant 3 at 0.02932 s (reaction progress t/ τ1 = 0.99) at a later stage

ight before autoignition effect takes over. As shown in Fig. 4 , it is

bserved that the unburnt temperature of Instant 1 stays around 

00 K, while it increases by 20 K for Instant 2 with the autoigni-

ion assisted effects. Meanwhile, apparent increase of low temper- 

ture chemistry products CO, CH 2 O, and H 2 O 2 is seen within the 

ame. At Instant 3, the unburnt temperature rises by 80 K, and the 

eak cool flame temperature increases by 30 K. Substantial con- 

umption of n-C 7 H 16 , O 2 and production of low temperature prod- 

cts are further observed. These changes in the thermal-chemical 
4 
tructure of different types of cool flames demonstrates the critical 

ole of unburnt mixture reaction progress. 

.1.2. Flame initiation with varying ignition timing t ig / τ1 

Given the fast flame initiation and propagation, negligible un- 

urnt reaction progress is involved in the baseline hot flame cases. 

or example, the 7 mJ ignition energy case with longest time 

or flame propagation corresponds to a final unburnt reaction 

rogress around 0.3. As such, the effect of unburnt mixture reac- 

ion progress is nearly negligible on hot flame initiation and prop- 

gation. In this section, we fix the ignition energy at 20 mJ, and 

hange the ignition timing before or after the first-stage ignition 

o explore the flame initiation and propagation features with vary- 

ng extent of unburnt reaction progress. With 20 mJ ignition en- 

rgy, the hot flame initiation is almost immediate, in the order of 

.01 ms. As expected, with delayed ignition for dimensionless ig- 

ition timing t ig / τ1 from 0.88 to 0.98, the remaining delay time 

o the first-stage ignition will be further shortened. Therefore, we 

an expect the occurrence of first-stage ignition during the hot 

ame propagation, such that the changes in flame properties can 

e investigated when the unburnt mixture is reformed by the low- 

emperature chemistry. 

Fig. 5 (a)-(b) show the burned flame speed S b vs. X f for dimen- 

ionless ignition timing both less and greater than unity, includ- 

ng t ig / τ1 = 0.88, 0.94, 0.96, 0.98 and 1.2, 1.4 and 1.6 respectively. 

t can be observed that there is a clear bump in the flame speed 

uring the flame propagation processes, induced by the first-stage 

gnition. This is because, as autoignition occurs, substantial ther- 

al expansion is induced by volumetric heat release in the un- 

urnt mixture ahead of the hot flame, which causes increased up- 

tream flow velocity and in turn leads to the observed increment 

n burnt flame speed. At the location with peak autoignition heat 

elease, effects from thermal expansion are the strongest. As igni- 

ion finishes, the ignition heat release rate decreases to zero. Con- 

equently, thermal expansion disappears, and a uniform unburnt 

elocity profile is restored. Another interesting phenomenon is that 

or delayed ignition timing, the bump will appear sooner and leave 

 longer distance for the hot flame propagation in the post first- 

tage ignition, low-temperature chemistry reformed products. After 

he occurrence of first-stage ignition, all flames initiated at differ- 

nt ignition timing collapse on the S b vs. X f plots and exhibit the 

ame S b . The results suggest that as long as the first-stage igni- 

ion has already occurred in an unburnt mixture, hot flames tend 

o have the same flame speed, completely forgetting about the his- 

orical effects before the first-stage ignition. Also, an increase in S b 
s observed across the bump due to the thermal-chemical effects 

f the low temperature chemistry, similar to [23,25] . 



G. Xiao, H. Ge and P. Zhao Combustion and Flame 236 (2022) 111765 

Fig. 5. Burned flame speed S b vs. X f for auto-ignited hot flame initiation at dimen- 

sionless ignition timing t ig / τ1 = (a) 0.88–0.98 (b) 1.2–1.6, with E ig = 20 mJ. 
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Fig. 6. Burned flame speed Sb vs. X f for auto-ignited hot flame initiation for various 

ignition energies at dimensionless ignition timing t ig / τ1 of (a) 0.85 and (b) 1.2. 
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.1.3. Flame initiation for non-zero unburnt reaction progress with 

arying ignition energy 

As the ignition energy plays a key role to trigger different flame 

egimes, we further investigate the flame initiation and propaga- 

ion features under given unburnt reaction progress with vary- 

ng ignition energy, before and after the first-stage auto-ignition. 

ig. 6 (a)-(b) show the flame front position burned flame speed S b 
s. X f with ignition energy from 4 to 8 mJ at fixed dimensionless 

gnition timing t ig / τ1 at 0.85 and 1.2. For the t ig / τ1 = 0.85 cases, 

t is seen that obvious first-stage autoignition occurs for the three 

ower ignition energy cases, while the 20 mJ case does not allow 

ufficient residence time for the first-stage ignition to occur, given 

he faster flame induction. Before the first-stage ignition occurs, 

he lower ignition energy cases tend to induce higher flame speed. 

t is hence emphasized that due to the differences in flame induc- 

ion timing, these cases do not overlap in the S b vs. X f phase plot,

ausing greater difficulties in define and compare flame data. 

However, for the t ig / τ1 = 1.2 cases, it can be observed that, 

here exhibits negligible difference in the flame induction time, 

nd the flame front trajectories and phase evolution largely over- 

ap as well. When further reducing the ignition energy to 4 mJ, 

nder which condition a hot flame cannot be initiated in the base- 

ine cases as shown in Fig. 2 , a hot flame can nevertheless be suc-

essfully triggered for the current case at delayed ignition timing 

 ig / τ1 of 1.2. This indicates that the mixture reactivity is dramat- 

cally enhanced after the first-stage autoignition, such that a hot 

ame can be triggered more easily. Overall, the results here sug- 
5 
est that with unburnt reaction progress beyond first-stage igni- 

ion, flame induction time becomes very insensitive to ignition en- 

rgy. As such, flames can be triggered in a more reliable manner. 

he enhanced mixture reactivity further reduces the minimum ig- 

ition energy and extends the regime for hot flame initiation. 

.1.4. Observation of double flames 

Double flame is an interesting flame regime including both 

ool and hot flame fronts during combustion evolution under el- 

vated thermodynamic conditions, for fuels exhibiting NTC behav- 

ors [30,36–38] . Depending on if the cool or hot flame front ap- 

ears first, there can be two mechanisms for the formation of a 

ouble flame. One scenario is starting from a hot flame, with a cool 

ame gradually splitting from the preheat zone, and thereby form- 

ng a double flame structure [38] . On the contrary, the other type 

s starting from a cool flame, with a hot flame eventually estab- 

ished in the downstream [36] . Chemiluminescence images from 

he shock tube flame experiment [29] also show the multilayer 

ame structures under autoignitive conditions, implying the poten- 

ial relevance of double flames. In the current isobaric planar flame 

imulation, we have also observed these two cool flame formation 

echanisms, although they are quite mild and highly transient, as 

uch do not obviously affect the flame speed and regimes. 

Fig. 7 shows the thermal-chemistry structure of a typical dou- 

le flame. It can be observed that the double flame structure con- 

ists of a leading cool flame and a trailing hot flame. The lead- 

ng cool flame front generates low temperature products such as 
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Fig. 7. Thermal-chemical structure of a double flame at t = 29.81 ms in the case 

with ignition energy 20 mJ and dimensionless ignition timing t ig / τ1 around 1.0. 
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Fig. 8. (a) Double flame mode 1: Hot flame induced cool flame at t ig / τ1 = 1.0 and 

E ig = 20 mJ; (b) Double flame mode 2: Cool flame induced hot flame at t ig / τ1 = 0.85 

and E ig = 7 mJ. 
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O, CH 2 O, H 2 O 2 and further feeds these species to the trailing 

ot flame, where more complete oxidation occurs and produces 

arge amounts of CO 2 , H 2 O and heat. As this is still in the ini-

ial stage of flame initiation, high concentration of CO remains in 

he downstream of the hot flame. Double peaks are shown in the 

eat release rate profile, where the peak from the hot flame seg- 

ent is about two orders of magnitude higher than that of the cool 

ame. Therefore, we can track the locations of both local peaks in 

he heat release rate profiles to show the evolution of the double 

ames. 

Fig. 8 (a) shows the evolution of the first type of double flame 

hat occurs in the case with ignition energy 20 mJ and dimension- 

ess ignition timing t ig / τ1 of 1.0. Initially, a hot flame is directly 

riggered. Shortly after at t = 29.75 ms, a faster propagating cool 

ame is split from the base of the hot flame generating a dou- 

le flame structure consisting of a leading cool flame and a trail- 

ng hot flame. As the first-stage ignition completes, burning inten- 

ity of the cool flame gradually decays. Eventually, the trailing hot 

ame catches up with the cool flame front and merges with it at 

.03001 s. In fact, the double flame in this case is closely coupled 

nd completely separated as opposite to the scenarios where an 

bvious plateau can appear in the temperature profile [38] . The 

ouble flame in this case can be referred to as “hot flame induced 

ouble flame”, which only lasts about 0.26 ms, as such it plays 

egligible role in the subsequent flame propagation. 

Another type of double flame, the cool flame induced double 

ame, is shown in Fig. 8 (b). Different from the previous category 

plitting from a hot flame, the second type of double flame starts 

ith a cool flame at t = 0.02547 s, and then a hot flame is formed

 = 0.02667 s in the downstream of the leading cool flame by high

emperature autoignition. It is interesting to be seen that there is 

 turning point in the cool flame trajectories when the hot flame 

s initiated, as shown by the steeper slope in Fig. 8 (b). This is due

o the strong thermal expansion by the downstream hot flame ini- 

iation, which further pushes the cool flame to move forward. In 

he meantime, the leading cool flame feeds low temperature chem- 

stry reformed products including CH 2 O, CO, etc., to the hot flame, 

hich in turn facilities its propagation. Unlike the hot flame in- 

uced double flame shown in Fig. 8 (a), the cool flame burning 

ntensity remains constant during its propagation process with a 

eat release rate about 2 × 10 7 W/m 

3 . While the hot flame has a

elease rate around 1 × 10 10 W/m 

3 , about three orders of magni- 

ude higher than that of the cool flame. The hot flame has a much 

igher speed and eventually swallows the leading cool flame after 

 co-existing period about 0.4 ms. It is seen that the cool flame in-

uced double flame can appear in wider ranges of ignition timing 

ith sufficiently low ignition energies. 
6 
.2. Comparison with quasi-steady flames in partially reactive 

ixture 

Due to the partially reactive nature of the unburnt mixture 

t T u = 700 K, it is not a trivial practice to obtain the steady

aminar premixed flame solution in the classical diffusion-reaction 

imit. Our goal is to seek an adequately refined laminar premix 

ame, whose structure and propagation property is independent of 

omputational domain, and meanwhile, whose burning flux is the 

igenvalue of the governing equations for the desired intermedi- 

te mixture. The following procedures are hence adopted to obtain 

uch a solution. First, the instantaneous mixture composition is 

ampled at the desired reaction progress t/ τ1 during the homoge- 

ous adiabatic, isobaric autoignition process, which serves the up- 

tream inlet mixture for the flame. Secondly, continuation studies 

re performed to show the dependence of the flame property on 

he computational domain. As shown in Fig. 9 (a), for a typical par- 

ially reactive mixture at reaction progress of 0.92, the flame speed 

nly converges at sufficiently short upstream domain length e.g., 

elow 0.1 cm, to avoid the effects of autoignition. With sufficiently 

educed upstream, flame thickness δ = (T b -T u )/max(dT/dx), flame 

ntegration time scale ∫ d x/u from inlet to flame front, and the 

ame characteristic time scale δ/S u all tend to converge. With in- 

reasing upstream domain, the flame speed substantially increases 

nd eventually exponentially depends on the domain as it reaches 

he spontaneous propagation limit. Furthermore, the downstream 

omain length has to be sufficiently long to ensure the chemi- 

al equilibrium and adiabatic flame temperature T is reached, as 
b 
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Fig. 9. (a) Dimensionless burned flame speed S b /S b0 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 b /S b0 as a function of downstream domain length, for steady premix flames with 

inlet unburnt mixture reaction progress t/ τ1 = 0.92. 
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hown in Fig. 9 (d). Meanwhile, a solution should satisfy the zero- 

radient conditions at both upstream and downstream boundaries. 

herefore, a well-defined steady laminar premixed flame solution 

an only be obtained with sufficiently short upstream and suffi- 

iently long downstream domain. 

Fig. 10 compares the unsteady and steady flame speeds and 

ummarizes the burned flame speed as a function of unburnt reac- 

ion progress t/ τ1 . Good quantitative agreement has been achieved 

etween the steady and unsteady solutions, indicating that the un- 

teady flame propagates in a quasi-steady manner in the diffusion- 

eaction limit. It can be observed that the flame experiences three 

ifferent regimes when the same ignition energy is applied at 

arying ignition timing. For sufficiently small unburnt reaction 

rogress, 0 < t/ τ1 < 0.7, flame propagation is weakly assisted by 

utoignition as such the burning velocity is about 8.4 m/s and re- 

ains insensitive to the increasing unburnt reaction progress. For 

ufficiently high unburnt reaction progress, t/ τ1 of 1 or higher, the 

rst-stage ignition has already occurred during the hot flame initi- 

tion, leading to enhanced unburnt mixture reactivity and the tem- 

erature, as such the burnt flame speed is increased to a constant 

alue around 10 m/s. This is a regime where the flame propaga- 

ion is strongly assisted by autoignition, and the flame speed is 

lso insensitive to the reaction progress in the post first-stage ig- 
7 
ition mixture. Transitions between these two regimes will occur 

ith intermediate unburnt reaction progress, 0.7 < t/ τ1 < 1, where 

he flame speed is highly sensitive with ignition timing prior to 

he first-stage ignition, and stays around 10 m/s afterwards. There- 

ore, extra caution should be taken for hot flame experiment in the 

ransition regime. 

Given the varying effects of ignition products on flame propa- 

ation, we have selected the more refined steady-state premixed 

ame solution to further investigate the time scales, scaling laws 

nd controlling chemical reactions for these autoignition assisted 

ames. Fig. 11 demonstrates the comparison of flame and ig- 

ition time scales for the steady state flames in the diffusion- 

eaction limit. τ flame is the characteristic flame time δ/S u , τ chem 

s the remaining time relative to the closest ignition event. For 

eaction progress t/ τ1 < 1, τ chem 

refers to the remaining delay 

ime to the first-stage ignition for the unburnt mixture; for t/ τ1 

 1, τ chem 

refers to the remaining delay time to the main ig- 

ition. As long as the reaction progress t/ τ1 is away from unity, 

he steady solution always allows a much shorter flame time scale 

ompared with the chemistry time scale. In other words, the ra- 

io τ flame / τ chem 

is always far less than unity, to ensure ignition is 

bsent within the flame structure, which is an important criterion 

o justify the steady-state flame solution. When τ / τ be- 
flame chem 
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Fig. 10. Comparisons of the steady and unsteady burned flame speed S b as a 

function of unburnt mixture reaction progress t/ τ1 demonstrating the quasi-steady 

propagation and flame transition with increasing reaction progress. 

Fig. 11. Flame and chemistry time scales as a function of unburnt mixture reaction 

progress t/ τ1 . 
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Fig. 12. (a) Laminar burning flux f and laminar flame thickness δ (b) the product 

f δ and ratio f/ δ as a function of unburnt mixture reaction progress. 
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omes order unity, transient effects from autoignition become non- 

egligible, such as the “bump” in flame speed induced by pres- 

ure disturbance when the first-stage ignition occurs. Under other 

hermodynamic conditions, we have observed substantial deceler- 

tion even back propagation as the flame is pushed by the pres- 

ure disturbance before eventually transitioning to an autoignitive 

eaction front from the unburnt mixture autoignition. In general, 

s autoignition delay is close to the flame propagation time scale, 

he interaction of pressure wave and flame becomes significant, 

nd the phenomenon becomes highly transient. Our previous rele- 

ant studies [22,39] have suggested interaction of autoignition and 

ame is highly case by case, and can be usually classified using the 

etonation peninsula theory proposed by Bradley [40,41] . 

To demonstrate the generality of quasi-steadiness, in addition 

o the current set of unburnt condition, we have so far investigated 

ransient flame initiation and propagation for n-heptane, DME and 

ropane (all exhibit NTC) under a wide range of thermodynamic 

onditions. Based on our observation, as long as the remaining 

utoignition delay to the first-stage or the main ignition event is 

uch longer than the characteristic flame time ( τ chem 

/ τ flame >> 1), 

he unsteady effect during flame propagation is negligible, as there 

s negligible involvement of acoustic waves and pressure fluctu- 

tions, the flame in general propagates quasi-steadily in a par- 

ially reacting mixture both prior-to or post the first-stage igni- 
8 
ion. Such observations are justified by the comparison of steady 

nd unsteady flame solutions, as well as budget term analysis from 

onvection, diffusion and reaction terms in the transient solution, 

howing negligible magnitude of the unsteady terms. 

Another two important flame properties are further evaluated 

t different upstream reaction progress. The first one is the flame 

hickness δ, which is a unique flame length scale and key scaling 

arameter in turbulent combustion. The other one is the laminar 

urning flux f , eigenvalue of the species and conservation equa- 

ion. In the laminar flame theory, simple scaling rules can be ob- 

ained using f and δ, by recognizing the dominant balance be- 

ween convection and diffusion in the preheat zone, as well as the 

eaction-diffusion balance in the reaction zone. For example, it can 

e shown that f δ ∝ λ/ c p only depends on the transport parame- 

er, while f/ δ ∝ ω/Ze , the ratio of reaction rate and the Zel’dovich 

umber Ze. As shown in Fig. 12 , for upstream mixture far prior to 

he first-stage ignition, i.e., t/ τ1 < 0.7, or post the first-stage igni- 

ion ( t/ τ1 > 1.0), both the laminar flame thickness and burning flux 

xhibit negligible change with variation in upstream mixture reac- 

ion progress, however, compared with upstream mixture prior to 

he first-stage ignition, laminar burning flux f increases by nearly 

0% and the laminar flame thickness δ increases by about 5% in 

he post first-stage mixture. By plotting both the product and ra- 

io of f and δ with varying upstream mixture reaction progress, it 

an be seen that f δ and f/ δ are still invariants for mixtures ei- 

her far prior to or post the first-stage ignition, but corresponding 

o different values. Overall, it can be concluded that the post first- 

tage ignition mixture has a stronger facilitation effect for flame 

ropagation, 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. 
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nd higher burning flux. This is a combined thermal-chemical ef- 

ect including the contribution from both elevated temperature and 

ixture composition reformed by the low-temperature chemistry. 

Fig. 13 shows the comparison of thermal and chemical struc- 

ures of autoignition assisted flames at three different unburnt 
Fig. 14. Sensitivity analysis of steady premixed flames in three mixtures with differe

9 
eaction progress before or after the first-stage ignition. As ex- 

ected, these flames have different upstream temperature, unburnt 

omposition and heat release rate, they nevertheless should al- 

ays share the same adiabatic flame temperature. As t/ τ1 in- 

reases, concentration of n-heptane and O 2 keep decreasing, and 

he amount of intermediates including CH 2 O, C 2 H 4 , and H 2 O 2 

eeps increasing in the upstream unburnt composition. Regardless 

f such differences, the profiles of major products downstream of 

he flame are largely similar, including H 2 O, CO 2 , CO, and OH. It 

s therefore of interest to identify the key reactions that affect the 

ame speed with different unburnt reaction progress. 

Results of global sensitivity analysis (SA) on the most important 

eactions are listed in the supplementary material for the steady- 

tate laminar premixed flames at t/ τ1 = 0.65, 0.92 and 1.2. 10% 

erturbation is introduced on the A factor of the corresponding 

eaction to calculate the logarithmic sensitivity coefficient (LSC): 

SC = A i /S u 
∗( �S u / �A i ). Given the strong role of ignition played in

hese flames, the flames before perturbation are obtained with suf- 

ciently short upstream and sufficiently long downstream domain, 

n the classical diffusion-reaction limit. After the perturbation on 

 certain A factor is introduced, flame and chemistry time scales 

re further examined in the flame, to ensure the ratio τ flame / τ chem 

s far less than unity, as listed in the last column of the tables in

he supplementary material. This is important to ensure the effect 

rom ignition is decoupled from the evaluation of key reactions to 

he flame propagation. The top 10 most important sensitive reac- 

ions that promoting and retarding flame propagation are selected 

espectively with their LSC shown in Fig. 14 . It is interesting to ob- 

erve that the most important reactions facilitating flame propaga- 

ion include H + O 2 = O + OH, CO + OH = CO 2 + H consistent with

ur understanding on regular laminar flames [42] . No low temper- 

ture pathway is explicitly seen from the sensitivity calculations, 

ifferent from the sensitivity analysis performed in [22] with very 

ong upstream domain, where the effect on ignition dynamics and 

ame propagation is not appropriately decoupled. However, it is 

ertainly not correct to claim low temperature chemistry is not im- 

ortant in these flame speed. The reason is two-fold: on one hand, 

ow temperature fuel reforming and chain branching substantially 

ffects the chemical composition entering the flame structure, and 

uch they are intrinsically needed to determine the flame speed; 
nt reaction progress t/ τ1 = 0.65, 0.92 and 1.2 following the ignition trajectory. 



G. Xiao, H. Ge and P. Zhao Combustion and Flame 236 (2022) 111765 

Fig. 15. Reaction network at selected (a)upstream, (b)flame front and (c) downstream locations for the flame with unburnt reaction progress t/ τ1 = 0.65. 

o

d

p

t  

t

s

i

i  

m  

h

d

t

F  

b

R

t

a

f

2  

i

t

T

c

a

o  

m

m

s

o

p

a

i

4

a

t

s

v

fi

fl

a

c

n the other hand, although the low temperature reactions are not 

irectly associated with a large sensitivity coefficient, the low tem- 

erature products and their derivatives appear in many key reac- 

ions. For example, CH 2 O is known to be a major product from low

emperature chain branching reactions, which is also a primary 

ource for the formation of HCO. It is clear that HCO participates 

n many key reactions that facilitate and retard flame propagation 

ncluding the chain branching HCO + M = H + CO + M , and chain ter-

inations HCO + H = CO + H 2 , HCO + OH = H 2 O + CO. This point is

owever not emphasized in the recent work by [24] . 

Chemical reaction network analysis is further conducted to un- 

erstand the controlling chemical at different locations within 

he flame structure with unburnt reaction progress, as shown in 

ig. 15 . Take the t/ τ1 = 0.65 case for example, at the upstream

oundary of 700 K, it is seen that the low temperature oxidation 

O 2 , QOOH, QOOHO 2 , and ketone decomposition reactions play 

he most important role in fuel consumption. At the flame front 

round 1400 K, it is seen that the fuel decomposition to C1-C4 

ragments becomes dominant. At downstream of the flame around 

0 0 0 K, the oxidation of C1 species and formation of CO 2 are most

mportant. These distinct reaction network demonstrates the spa- 

ial dependence of the domain reaction pathways within the flame. 

he results have suggested limited importance of low temperature 

hemistry at the upstream of the flame, but not at the flame front 

nd the downstream. Similar observations are obtained for the 

ther two cases t/ τ1 = 0.92 and 1.2 and are added in the Supple-

entary Material. Such important information about the local ther- 

ochemistry is however not properly reflected through the global 

ensitivity analysis of flame speed. A fair and complete evaluation 

n the role of low temperature chemistry in flame propagation in 

artially reactive mixtures therefore requires both global sensitivity 

nalysis and local reaction network constructed from thermochem- 

cal states sampled within the flame structure. 

. Conclusion 

1-D laminar flame initiation and propagation in a partially re- 

cting n-heptane/air/He mixture with two-stage ignition is compu- 

ationally investigated with detailed chemistry and transport. The 
10 
tudy focused on the flame initiation and transition regimes with 

ariable ignition energy and reaction progress before and after the 

rst-stage ignition under isobaric condition, where a variety of 

ame regimes are observed, including both hot and cool flames, 

s well as two types of double flames. Detailed findings and con- 

lusions 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. 

(2) For flame initiation in mixture with reaction progress t/ τ1 

< 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/ τ1 around 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/ τ1 . 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 τ chem 

/ τ flame >> 1, which is also justified by 

the budget term analysis. When τ chem 

and τ flame 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. 

(4) 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. 

(5) 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. 

(6) 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. 

(7) Carefully conducted sensitivity analysis with sufficiently 

small time ratio τ flame / τ chem 

has been conducted, which 

suggests similar controlling chain branching reactions as in 

regular flames, such as H + O 2 = O + OH, CO + OH = CO 2 + 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 2 , HCO + OH = H 2 O + 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 2 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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