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A B S T R A C T   

Recently, low-temperature chemistry (LTC) and LTC-induced cool flames have attracted extensive interest since 
they can substantially influence the ignition process and accelerate the subsequent hot flame propagation. 
However, it is unclear how the flow affects the forced ignition of a cool flame and its subsequent transition to a 
hot flame. In this study, we conduct transient 2D simulations for the forced ignition processes of premixed cool 
and hot flames in a laminar, axisymmetric, counterflow configuration with well-defined flow field. Different 
ignition energies and strain rates are used to ignite and stabilize cool and/or hot flames in a counterflow. The 
critical conditions for the ignition of cool and hot flames are identified, and the cool flame kernel quenching and 
its transition to hot flame are discussed. It is found that the ignition energy determines the highest temperature 
and thereby controls the thermal runaway process. The strain rate influences the flame kernel propagation and 
the transition from cool flame to hot flame. A large strain rate may quench the cool flame, while a small strain 
rate may lead to the transition from cool flame to hot flame due to the sufficiently long residence time. Therefore, 
cool flame ignition and stabilization can only be achieved within a certain range of strain rates. Furthermore, an 
ignition regime diagram in terms of ignition energy and strain rate is proposed, and four regimes are identified: 
(I) only cool flame, (II) only hot flame, (III) ignition failure, and (IV) transition from cool flame to hot flame (with 
appearance of double flame structure). These results provide new insights into how the flow affects the cool 
flame ignition and transition.   

1. Introduction 

A cool flame can be observed during the combustion of large hy
drocarbon fuels [1,2]. It is controlled by the low-temperature chemistry 
(LTC) [3] and is closely related to the two-stage ignition behavior, which 
results in the negative temperature coefficient (NTC) phenomenon [4]. 
Recently, the cool flame has attracted wide attention due to its impor
tant role in high-pressure and low-temperature combustion in advanced 
engines [5,6], such as homogeneous charge compression ignition (HCCI) 
engines and spark assistant compression ignition (SACI) engines. A lot of 
experimental and numerical studies have been conducted for cool 
flames, including cool flames in droplet combustion under microgravity 
[7], spherically propagating cool flames [8,9], cool flames in a coun
terflow configuration [10–12], and cool flames in 

temperature-controlled micro-reactors [13]. These studies mainly 
focused on the flame speed, flammability limit, extinction/ignition 
limit, and transition between cool and hot flames. 

However, there are only a few studies on the forced ignition of cool 
flames. The critical ignition conditions for cool flames are still not fully 
understood, which motivates the present study. Zhang et al. [14] 
investigated the transient evolution of a cool flame ignited by a hot spot 
and found that the cool flame ignition is greatly affected by the hot spot 
temperature and size. Yang and Zhao [15] computed the minimum 
ignition energy (MIE) for cool and hot flames and found that the cool 
flame has a lower MIE and a wider flammability range than the hot 
flame. Wang et al. [16] explored the premixed cool ignition induced by a 
hot particle. Their results indicate that the LTC can substantially pro
mote the ignition process. Wang et al. [17] investigated the forced 
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ignition process in the mixing layer and observed that the cool, warm 
and hot flames can be initiated sequentially, resulting in a 
penta-brachial flame structure consisting of a trailing warm flame and a 
trailing cool flame attached to the hot triple flame. These studies show 
that the LTC-induced cool flame can substantially reduce the ignition 
energy and accelerate the subsequent hot flame development. Most of 
these studies considered static mixtures. However, practical ignition 
usually occurs in flowing environments and the flow may affect the cool 
flame ignition through convective transport of mass and heat. 

There are ample evidences indicating that the flow has a significant 
impact on the forced ignition of premixed flames. Baum and Poinsot 
[18] demonstrated via 2D simulations that the minimal ignition power 
increases nearly linearly with the flow speed. Beduneau et al. [19] 
conducted laser ignition experiments for methane/air mixtures and 
observed that the MIE increases and decreases with flow velocity for 
fuel-rich and fuel-lean cases, respectively. Kobayashi et al. [19] con
ducted laser-induced ignition experiments in dimethyl ether/air mix
tures and found that the MIE first decreases and then increases with the 
flow velocity. Xie et al. [20] simulated the forced ignition process in a 
counter-flowing H2/air mixture and found that the coupling between 
Lewis number and stretch rate greatly affects the ignition kernel 
development. Moreover, the counterintuitive turbulence-facilitated 
ignition ([21] and references therein) and flow-facilitated ignition 
[22] have been observed in recent experiments and simulations, 
respectively. However, these studies only considered the flow effects on 
the forced ignition of premixed hot flames. It is still unclear how the flow 

affects cool flame ignition. 
Based on the aforementioned considerations, this study aims to 

numerically assess the flow effects on the ignition of a premixed cool 
flame and its subsequent transition to a hot flame. We consider the 
forced ignition of premixed DME/air in a 2D, laminar, axisymmetric 
counterflow configuration with a well-defined flow field. Different 
ignition energies and strain rates are considered so that cool and/or hot 
flames can be ignited and stabilized in a counterflow. The remainder of 
the paper is structured as follows. In Section 2, the model and numerical 
specifications are described. Section 3 presents the results from nu
merical simulations. First, the ignition and propagation of cool flame is 
studied. Then, the effects of ignition energy and strain rate on cool 
ignition are assessed. Finally, an ignition regime diagram in terms of 
ignition energy and strain rate is proposed. Section 4 outlines the main 
conclusions. 

2. Model and numerical specifications 

We consider the transient forced ignition process in a 2D axisym
metric counterflow as shown in Fig. 1. A stoichiometric DME/air 
mixture is injected from the upper and lower boundaries with a uniform 
inlet velocity denoted by Uin. The global strain rate of the counterflow is 
ag = 4Uin/L [23], where L is the distance between two inlet nozzles. The 
DME/air mixture is at an elevated temperature and pressure of Tu = 450 
K and P = 5 atm. At this thermal state, the cool flame can be ignited and 
the second-stage autoignition inducing the transition from a cool flame 
to a hot flame is not very long, which helps to reduce the computational 
cost. 

Due to symmetry, the computation domain is reduced to the red 
region in Fig. 1, whose size is 20 × 10 mm2. On the left and bottom sides, 
symmetric boundary conditions are used. The pressure outlet boundary 
is applied on the right side, while a uniform inlet flow is imposed on the 
top side. To ensure grid convergence, a uniform mesh with Δr = Δz = 25 
μm is employed and the reaction zone is always covered by more than 20 
grid points. 

Before ignition, the mixture is frozen and the steady counterflow is 
calculated and used as the initial condition. The center of the ignition 
kernel is set at the stagnation point (r = z = 0). The mixture is ignited by 
adding the following source term q̇ in the energy equation: 

q̇ =
3Eign

4πR3
ignτign

exp

(

−
π
4

(
r2 + z2

R2
ign

)3)
(
H
(
t − τign

)
− H(t)

)
(1)  

where Eign is the total ignition energy, Rign is the radius of energy 
deposition region, τign is the duration of energy deposition, and H(t) is 
the Heaviside function. Here we choose fixed values of Rign = 500 μm 
and τign = 200 μs. Note that the ignition is quantitatively affected by Rign 
and τign [24], but the main conclusions are independent of the values of 
Rign and τign. 

The transient ignition and flame propagation/stabilization processes 
are simulated using the OpenFOAM-based EBI-DNS solver developed by 
Zirwes et al. [25–27]. The governing equations for compressible reactive 
flow are solved using the finite volume method. Details on the governing 
equations and numerical schemes can be found in [25] and thereby are 
not repeated here. Cantera [18] is incorporated into EBI-DNS to evaluate 
the reaction rates as well as thermal and transport properties. The 
mixture-averaged transport model is applied to compute the diffusion 
velocity. This code has been widely validated and used in the simula
tions of ignition and flame propagation [16,17,20,28,29]. A skeletal 
mechanism consisting of 39 species and 175 reactions [30] is used in 
simulations. This mechanism includes both LTC and high-temperature 
chemistry (HTC), and it has been frequently used in previous cool 
flame studies [14,16,17]. Note that radiation heat loss has negligible 
influence on cool flame and thereby is not considered here. 

Fig. 1. Schematic of the forced ignition in a 2D axisymmetric counterflow. The 
computation domain is highlighted in yellow. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.). 

Fig. 2. Temporal evolutions of the maximum temperature Tmax for five typical 
ignition processes with different ignition energies and global strain rates. 
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3. Results and discussion 

In this paper, the ignition processes at different strain rates ag and 
different ignition energies Eign are investigated. Five typical combina
tions of strain rate and ignition energy are listed in the insert in Fig. 2, 
which also shows the maximum flame temperature over time for all 
cases. Case A with ag  40 s− 1 and Eign = 0.825 mJ corresponds to the 
ignition of a cool flame. The cool flame kernel propagates outward and 
eventually evolves into a steady counterflow cool flame whose flame 
temperature is around 800 K. Compared to case A, case B has a higher 
ignition energy of Eign = 1.25 mJ while the same strain rate of ag = 40 s− 1 

is imposed. The increase in ignition energy directly induces the HTC 
reactions. Subsequently, a hot flame with temperature exceeding 2300 K 
is ignited for case B as shown in Fig. 2. On the contrary when the ignition 
energy is reduced to Eign = 0.625 mJ for case C, no thermal runaway is 
triggered, resulting in ignition failure. Fig. 2 shows that the maximum 
temperature gradually decays to the ambient temperature of 450 K for 
case C. 

Cases D and E have the same ignition energy as case A, but have a 
higher and lower strain rate, respectively. When the strain rate is 
increased to ag = 60 s− 1 for case D, the cool flame ignition kernel 
quenches as it travels along the stagnation plane. Fig. 2 shows that the 
maximum temperature for case D suddenly drops at around t = 0.03 s 
when flame quenching happens. On the contrary, when the strain rate is 
reduced to ag = 20 s− 1 for case E, the intermediate species produced by 
the cool flame experience sufficient residence time to undergo high- 
temperature chemical reactions, leading to the formation of a hot 
flame. The maximum flame temperature is shown to reach 2300 K at 
around t = 0.1 s when the hot flame appears. 

In the following, we first analyze the cool flame ignition and prop
agation for case A in Section 3.1. Then, the ignition processes for 
different ignition energies corresponding to the cases A, B, and C are 
discussed in Section 3.2. The cool flame quenching and its transition to 
the hot flame under different strain rates for cases A, D, and E are 
investigated in Section 3.3. Finally, the ignition regime diagram for cool 
and hot flames is summarized in Section 3.4. 

3.1. Cool flame ignition and propagation 

In this subsection, we only consider the cool flame ignition and 
propagation for case A with ag = 40 s− 1 and Eign = 0.825 mJ. 

The evolution of the heat release rate (HRR) distribution is shown in 
Fig. 3. After the thermal runaway, a cool flame kernel is formed. During 
the initial period from 0 to 4 ms, the outward propagation of the cool 
flame kernel is mainly driven by the ignition energy deposition. Then 
during t = 4~26 ms, the effect of ignition energy deposition diminishes, 
and the flame kernel shrinks in the axial direction due to the counterflow 
and thereby evolves into an ellipsoidal shape. After t > 26 ms, the 
chemical reaction rate gradually increases, resulting in an accelerating 
propagation of the cool flame in the radial direction. Finally, around t =
300 ms, the steady cool flame is established in the counterflow. In fact, it 
is a twin cool flame due to the symmetry with respect to the stagnation 
plane. 

Fig. 4 depicts the steady cool flame structure along the symmetry axis 
(i.e., r = 0). Across the cool flame front at z = 0.9 mm, the fuel and 
oxidizer are only partially consumed, and the temperature rises from 
450 K to about 820 K. The intermediate species, formaldehyde (CH2O) 
and hydrogen peroxide (H2O2), are generated by the cool flame (Fig. 4 

Fig. 3. Evolution of heat release rate (HRR) during the cool flame ignition and propagation for case A. The height for each sub-figure is 1.35 mm. An animation is 
provided in the Supplementary Material. 

Fig. 4. The distributions of temperature and mass fractions of different species in the steady cool flame structure along the symmetry axis (i.e., r = 0) for case A at t =
300 ms. 
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right). At the cool flame front, a large amount of CH3OCH2O2 is pro
duced via the LTC reaction CH3OCH3 + O2 = CH3OCH2 + HO2. The cool 
flame structure is similar to that reported by Zhang et al. [14] and details 
on the LTC of DME can be found in [6]. Note that unlike the case of 
ignition in a static mixture in which the hot flame appears after the cool 
flame [14], here no hot flame is produced. This is because in the present 
counterflow with ag = 40 s− 1, there is not sufficient residence time for 
the intermediate products to undergo the high-temperature reactions. 
Only for sufficiently low strain rates, the hot flame will appear after the 

cool flame (e.g., case E, which will be discussed extensively in Section 
3.3). 

To further investigate how the ignition kernel evolves into a steady 
cool flame, we calculate the density weighted displacement speed Sd* 
along the flame front, which is defined as [31]: 

S∗
d =

ρSd

ρu
=

ωCH2O

ρu|∇YCH2O|
+

∇⋅(ρDCH2O∇YCH2O)

ρu|∇YCH2O|
(2)  

where ρ is the local density, ρu the density of unburned mixture, Sd the 
displacement speed, ωCH2O the chemical production rate of CH2O, and 
DCH2O the mass diffusivity of CH2O, and YCH2O the mass fraction of 
CH2O. The isoline of YCH2O = 0.0095 is selected to represent the cool 
flame front because its position is close to the peak of the heat release 
rate in the unstretched planar cool flame. The local stretch rate K is 
calculated according to the following equation [32]: 

K =
1
A

dA
dt

= ∇τ⋅(u + Sdn) = (I − nn) : S + Sd(∇⋅n) (3)  

where ∇τ is the gradient along the flame surface in its tangential di
rection, u the local flow velocity, n the normal vector of the flame front, I 
the unit matrix, and S = symm(∇u) the strain rate tensor. The first term 
on the right-hand side of Eq. (3) is the aerodynamic strain rate 
contributed by the local flow velocity, and the second term represents 
the contribution of flame curvature ∇•n which is positively correlated 
with the flame displacement speed. 

Fig. 5 shows the evolution of the density-weighted displacement 
velocity Sd* and the local stretch rate K for case A. It is observed that Sd* 
decreases rapidly from t = 1.4 ms to t = 4 ms. This is because the initial 
flame kernel propagation is mainly driven by the ignition energy 
deposition and its speed decreases greatly when there is no ignition 
energy deposited around the stagnation point. According to Eq. (3), the 
local stretch rate is proportional to Sd. Therefore, K also decreases 
rapidly from t = 1.4 ms to t = 4 ms. During t = 4~26 ms, the cool flame 
kernel shrinks under the counterflow field. However, the reaction rate of 

Fig. 5. Temporal evolution of (a) density weighted displacement speed Sd* and (b) local stretch rate K along the cool flame front for case A.  

Fig. 6. The variation of density weighted displacement speed Sd* with local 
stretch rate K in the axial and radial directions for case A. The blue solid and 
dashed lines represent the results for cool flame front in the radial (i.e., z = 0) 
and axial (i.e., r = 0) directions, respectively. The red line represents results for 
a spherical flame in a static mixture (i.e., ag = 0 s− 1). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.). 
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LTC starts to increase and so do the displacement speed and local stretch 
rate. After t > 26 ms, Sd* becomes larger than the local flow velocity, and 
thereby the cool flame propagates outward. In the axial direction (i.e., at 
r = 0), the flame curvature gradually decreases and so does the local 
stretch rate. However, in the radial direction (i.e., at z = 0) the flame is 
highly curved, and thereby K increases with Sd according to Eq. (3). For a 
given time of t = 65 or 85 ms, Fig. 5 shows that Sd* and K respectively 
decreases and increases in the clockwise direction along the cool flame 
front. This is because the effective Lewis number is slightly above unity 
and thereby the positive stretch rate slows down the premixed flame 
propagation [32]. 

Fig. 6 plots the change of density weighted displacement speed Sd* 
with local stretch rate K. Similar to the expanding spherical flames re
ported in [33,34], the cool flame propagation in the axial direction (i.e., 
r = 0) consists of three distinct regimes: spark-assisted ignition kernel 
propagation regime (dashed line AzBz in Fig.6), the unsteady flame 
transition regime (BzCz), and the quasi-steady flame propagation regime 

(CzDz). During the first regime, AzBz, with 0 < t < 4 ms, both Sd* and K 
decrease as the cool flame kernel expands. In the second regime, BzCz, 
with 4 < t < 26 ms, the LTC reaction rate starts to increase and so do 
both, Sd* and K. In the quasi-steady regime, CzDz, with 26 < t < 85 ms, 
Sd* increases while K decreases during the cool flame propagation, 
resulting in a linear decrease of Sd* with K and thereby a positive 
Markstein length. Results for an expanding spherical cool flame in a 
static mixture are also shown in Fig. 6 for comparison. A similar trend is 
observed between the expanding cool flame in a static mixture (red line 
ABCD in Fig. 6) and the axial propagating cool flame in the counterflow 
(blue dashed line AzBzCzDz in Fig. 6). Compared to its counterpart in the 
axial direction, the cool flame in the radial direction (i.e., z = 0) shows a 
more unsteady propagation manner due to its high local flame curvature 
induced by the counterflow. 

3.2. Effects of ignition energy 

In this subsection, we study the same global strain rate as in case A, i. 
e., ag = 40 s− 1, but increase the ignition energy. We focus on the thermal 
runaway process due to LTC and HTC. The effect of varying ignition 
energies on the maximum HRR is shown in Fig. 7. It is seen that the 
maximum HRR increases when the ignition energy increases from 0.5 to 
0.625 mJ. However, once its peak value is reached, HRRmax starts to 
gradually decline since the ignition energy is not high enough to trigger 
the LTC thermal runaway. Consequently, no cool flame kernel is formed 
and ignition fails for case C with ag = 40 s − 1 and Eign = 0.625 mJ. When 
the ignition energy is increased to Eign = 0.65 mJ, the LTC thermal 
runaway is successfully triggered, leading to the formation of a cool 
flame kernel whose HRR is around 6 ́ 108 Jm− 3 s− 1. However, Fig. 7 
shows that HRRmax starts to decrease at t = 7.5 ms. This is because the 
cool flame kernel gradually quenches under the influence of the stretch 
rate (similar to case D shown in Fig. 2). Further increasing the ignition 
energy to Eign = 0.825 mJ (corresponding to case A), the cool flame can 
be stabilized in the counterflow as discussed in sub-Section 3.1. This 
specific ignition energy corresponds to the MIE for the cool flame at the 
global strain rate of ag = 40 s− 1. For 0.825 ≤ Eign ≤ 1.2 mJ, the ignition 
energy is not high enough to induce the HTC thermal runaway and 
thereby only the cool flame can be observed. When the ignition energy is 
further increased to Eign = 1.25 mJ, HRRmax is in the order of 1011 Jm− 3 

s− 1, indicating that the HTC thermal runaway is triggered, and a hot 
flame kernel is formed (corresponding to case B shown in Fig. 2). The 
animations of heat release rate contours for cases B and C are provided in 
the Supplementary Material. It is noted that since the time scale of the 
thermal runaway (around 1 ms) is much smaller than the characteristic 
time scale of the flow (above 10 ms for ag < 100 s− 1), the ignition energy 
required to trigger LTC and HTC thermal runaway is almost independent 
of the strain rate. 

The thermal runaway process is similar to the 0D homogeneous 
ignition characterized by an ignition delay time, τig, for each initial 
temperature. The only difference is that the temperature of the ignition 
kernel decreases continuously due to heat losses to the surrounding 
mixture [35]. The time scale for heat conduction is around τα = 1 ms 
according to the relationship, τα = (Rign)2/α, where α is the thermal 
diffusivity of the mixture. When τig < τα, a successful thermal runaway 
can be achieved. The ignition delay time (calculated for the 0D homo
geneous ignition process instead of the 2D ignition process) of the 
stoichiometric DME/air mixture for different temperature ranges at 5 
atm is displayed in Fig. 8. For a temperature below 750 K, the ignition 
delay time is so large that the temperature drops before the thermal 
runaway can occur. In the temperature range from 750 to 850 K, the 
delay time for the first-stage ignition is small enough so that the LTC 
thermal runaway might occur. When the temperature further increases 
to 850~1150 K, the LTC disappears and the global ignition delay time is 
too large and the HTC thermal runaway will not occur. For T > 1150 K, 
the ignition delay time is small enough so that HTC thermal runaway can 
happen. Therefore, with a suitable ignition energy, either LTC or HTC 

Fig. 7. Temporal evolution of maximum heat release rate, HRRmax, for 
different ignition energies with a fixed global strain rate of ag = 40 s− 1. The 
black solid line with Eign = 0.825 mJ corresponds to case A. 

Fig. 8. The ignition delay time for the stoichiometric DME/air mixture at P = 5 
atm, which is calculated for the 0D homogeneous ignition process instead of the 
2D ignition process. The blue dashed line represents the first-stage ignition 
delay time, the black solid line represents the total ignition delay time, and the 
red dashed line represents the ignition delay time predicted by HTC (i.e., the 
LTC is deleted from the chemistry model). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.). 
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thermal runaway can occur in the ignition kernel. 
Fig. 9 illustrates the LTC and HTC thermal runaway occurring in 

cases A and B, respectively. For the LTC thermal runaway in Fig. 9(a), 
the heat release rate increases during 0 ≤ t ≤ 1.3 ms and it peaks in the 
region with the temperature corresponding to the lowest first-stage 
ignition delay time (~800 K according to Fig. 8). Due to the small 
heat release from LTC, there is no sudden temperature rise after the LTC 
thermal runaway. The highest temperature remains to be around 800 K 
when the cool flame propagates to z = 0.6 mm at t = 85 ms. For case B 
with a relatively high ignition energy, Fig. 9(b) shows that after ignition 
energy deposition, the temperature at the center of the ignition kernel is 
close to 1300 K. During 0 ≤ t ≤ 0.52 ms, the heat release rate continu
ously increases and exhibits two distinct peaks corresponding to the LTC 
for T ≈ 800 K and HTC for T > 1300 K. This is consistent with the 
ignition delay time shown in Fig. 8. After HTC thermal runaway com
pletes, a hot flame kernel is formed, resulting in a rapid rise in the 
central temperature. The hot flame kernel propagates outwardly and 
merges with the LTC reaction zone at t = 0.58 ms. Consequently, only 

the hot flame is successfully ignited, and no cool flame can be observed. 

3.3. Effects of strain rate 

In this subsection, we fix the ignition energy to be the same as that in 
case A, i.e., Eign = 0.825 mJ, but consider different global strain rates. 
The strain rate affects the cool flame ignition in two ways: (1) it couples 
with the preferential diffusion between heat and mass (characterized by 
the Lewis number) and affects the local flame strength; (2) it determines 
the residence time of intermediate products from the cool flame and 
thereby affects the transition from cool flame to hot flame. 

Fig. 10 shows the change of the MIE with global strain rate for both 
cool and hot flames. It is noted that the red line indicates the MIE for 
immediate ignition of a hot flame without a cool flame. The MIE is 
calculated by the bisection method with an error below 0.0125 mJ. For 
relatively low strain rates shown in Fig. 10, the MIE for the cool flame 
increases monotonically, while the MIE for the hot flame remains nearly 
constant. This is because the cool flame is relatively weaker and more 
sensitive to the strain rate than the hot flame. Moreover, the successful 
ignition of the hot flame merely requires the occurrence of an HTC 
thermal runaway. The time scale in Section 3.2 indicates that the igni
tion energy required for an HTC thermal runaway is almost independent 
of the strain rate. Therefore, the MIE for the hot flame is almost constant 
for ag = 120 s− 1 as shown in Fig. 10. In Fig. 10, the MIE for cool flame is 
close to that of the hot flame at the intersection of the two curves. This 
corresponds to the critical strain rate, ag,e = 110 s− 1, beyond which the 
cool flame cannot be observed since the hot flame consumes the re
actants before the cool flame appears (see Fig. 9b). 

Compared to case A ag = 40 s− 1, case D has a higher strain rate of ag 
= 60 s− 1. Fig. 11 shows that the cool flame kernel is formed at t = 3 ms. 
At a larger strain rate, the cool flame front experiences a larger aero
dynamic stretch rate in the axial direction and larger curvature in the 
radial direction, both enlarging the local stretch rate K. Due to the 
negative correlation between flame speed and stretch rate (see line CD in 
Fig. 6), the cool flame propagation slows down. Consequently, Fig. 11 
shows that the cool flame kernel gradually weakens and quenches 
during 4 ≤ t ≤ 24 ms. The MIE for ag = 40 s− 1 is 0.875 mJ, which is 
higher than Eign = 0.825 mJ for case D. 

When the global strain rate is reduced from ag = 40 s− 1 in case A to ag 
= 20 s− 1 in case E, both cool flame and hot flame can be observed 

Fig. 9. Evolution of temperature and heat release rate profiles along the symmetry axis (i.e., r = 0) for ag = 40 s− 1: (a) case A with Eign = 0.825 mJ, LTC thermal 
runaway; (b) case B with Eign = 1.25 mJ, HTC thermal runaway. 

Fig. 10. Change of the minimum ignition energy for cool and hot flames with 
global strain rate. 
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simultaneously. This is because at lower strain rate, the intermediate 
products from cool flame have a longer residence time to trigger the HTC 
thermal runaway. Fig. 12 shows that first the cool flame is ignited and 
propagates outward. Then at t = 106.5 ms, the HTC thermal runaway 
starts to occur around the stagnation point. Subsequently, a hot flame 
kernel is formed at around t = 107.1 ms. A double flame structure 
including a hot flame following the leading cool flame is observed af
terwards. Note that the HRR for the cool flame (~6 ́ 108 Jm− 3 s− 1) is 
about two-order lower than that for the hot flame (~1011 Jm− 3 s− 1). The 
hot flame has a much higher flame speed than the cool flame, and 
thereby it eventually catches up and merges with the cool flame. A 
similar observation was reported by Zhang et al. [14] for the cool flame 
ignition in a static mixture. 

Fig. 13 further illustrates the double flame structure. The cool flame 
structure near r = 5 mm is similar to the steady cool flame structure for 
case A, which is shown in Fig. 4. After the cool flame front, the fuel is 
partially consumed and the intermediate species such as CH2O and H2O2 
are produced. The hot flame front is located around r = 1.7 mm, after 
which the fuel is completely consumed and the intermediate species are 
converted into CO2 and H2O. The temperature increases from 450 K to 
around 800 K and 2300 K after the cool and hot flame fronts, 
respectively. 

In order to quantitatively characterize the transition from cool flame 

to hot flame, we introduce the second-stage ignition delay time, τ2, 
which is defined as the time required for the occurrence of the hot flame 
kernel at the stagnation point after ignition energy deposition. Fig. 14 
shows that τ2 increases monotonically with the strain rate, ag. There is a 
critical strain rate, ag,t = 36 s− 1, beyond which the second-stage ignition 
delay time approaches infinity, indicating that no hot flame shall 
appear. Moreover, Fig. 15 demonstrates that, although increasing the 
ignition energy can reduce the second-stage ignition delay time, it has a 
negligible effect on the critical strain rate. With this critical strain rate, 
the cool flame ignition regime is divided into the “only cool flame” 
regime and the “double flame” regime. 

To confirm and interpret the critical strain rate, ag,t = 36 s− 1 from the 
2D simulation, we conduct simulations for a 1D counterflow flame using 
the in-house Universal Laminar Flame (ULF) solver [36]. The change of 
the flame temperature with the global strain rate is shown in Fig. 15. The 
turning points and multiple solutions are calculated using the 
flame-controlling continuation method [37]. Instead of treating the 
strain rate as a prescribed parameter, the value of a flame scalar at a 
specific location is employed as an internal boundary condition, and 
thereby a continuous mapping of the relationship between the flame 
response and strain rate is achieved. The solid red and blue branches 
represent a stable cool flame and hot flame, respectively. The dashed 
lines correspond to unstable flame branches. This allows us to determine 

Fig. 11. Temporal evolution of heat release rate during the cool flame ignition and quenching in case D with ag = 60 s− 1 and Eign = 0.825 mJ. An animation is 
provided in the Supplementary Material. 

Fig. 12. Temporal evolution of heat release rate during the cool flame ignition and propagation as well as the transition from cool flame to hot flame in case E with 
ag = 20 s− 1 and Eign = 0.825 mJ. An animation is provided in the Supplementary Material. 
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three critical strain rates: the hot flame extinction (HFE) strain rate at 
ag,HFE = 15,525 s− 1, the cool flame extinction (CFE) strain rate at ag,CFE 
= 224 s− 1, and the high-temperature ignition strain rate (HTI) at ag,HTI 
= 42 s− 1. The temperature of the hot flame is generally above 1700 K, 
and it decreases with increasing strain rate until the extinction limit is 
reached. The cool flame exhibits a similar behavior and its temperature 
decreases from 900 K to 700 K as the strain rate increases. Note that the 
extinction strain rate for the cool flame, ag, CFE = 224 s− 1, is significantly 
lower than that of the hot flame, ag, HFE = 15,525 s− 1. 

We observe that the cool flame extinction strain rate, ag,CFE = 224 
s− 1, from the 1D counterflow flame calculation is much larger than the 
critical strain rate, ag,e = 110 s− 1, shown in Fig. 10. This is because 1D 
counterflow flame calculation only considers steady flame, while 2D 
simulation considers the transient ignition kernel development and 
propagation processes. The energy deposition in a small region can 
result in excessively high temperature, which easily induces HTC ther
mal runaway and hot flame kernel. The hot flame kernel expands, 

preventing the appearance of the cool flame (see Fig. 9b and related 
discussion). Fig. 15 indicates that a steady cool flame cannot be 
observed for strain rates below ag,HTI = 42 s− 1. This value is close to the 
critical strain rate shown in Fig. 14, ag,t = 36 s− 1, below which the 
transition from cool flame to hot flame always occurs. 

3.4. The ignition regimes 

The results in the previous subsections are integrated into an ignition 
regime diagram in terms of ignition energy and strain rate shown in 
Fig. 16. Four regimes are identified, and they include the cases A~E 
discussed above. In regime I, a cool flame is successfully ignited and 
finally a steady, twin, premixed, cool flame develops in the counterflow 
(see case A). There is no transition from a cool flame to a hot flame in 
regime I. In regime II, a hot flame is ignited and no cool flame appears 
during the ignition process (see case B). In regime III, ignition fails due 
to one of the two possible scenarios: (1) the ignition energy is too low to 
induce the LTC thermal runaway as in case C; (2) the cool flame kernel is 
not strong enough to propagate outward in a self-sustained manner after 

Fig. 13. Double flame structure along the stagnation plane (i.e., z = 0) at t =
107.3 ms for case E. 

Fig. 14. Change of the second-stage ignition delay time τ2 with global strain 
rate for Eign = 0.825 mJ and Eign = 1.2 mJ. Note that τ2 is calculated for the 2D 
ignition process instead of the 0D homogeneous ignition process. 

Fig. 15. Change of maximum flame temperature Tmax with global strain rate ag 
in 1D counterflow of a stoichiometric DME/air mixture at Tu = 450 K and P =
5 atm. 

Fig. 16. Ignition regime diagram for a stoichiometric DME/air mixture at 450 
K and 5 atm in the axisymmetric counterflow. The values of ag and Eign for cases 
A~E are shown in Fig.  2. 
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LTC thermal runaway (i.e. Case D). In regime IV, with a relatively low 
strain rate, a cool flame is first ignited, and then a hot flame develops 
from the stagnation point. The hot flame catches up and merges with the 
leading cool flame. Finally, a steady, twin, premixed, hot flame develops 
in the counterflow (see Case E). 

Consistent with the regime diagram, Fig. 17 summarizes the ignition 
kernel evolution for different ignition energies and strain rates including 
the five typical cases, A~E. It is seen that the ignition energy mainly 
determines whether LTC/HTC thermal runaway occurs, while the strain 
rate mainly determines flame kernel quenching and transition from cool 
flame to hot flame. 

4. Conclusions 

Two-dimensional transient simulations are conducted for the forced 
ignition of cool and hot flames in a laminar counterflow of premixed 
DME/air. Different ignition energies and strain rates are considered, and 
their influences on LTC and HTC thermal runaway, cool and hot flame 
kernel development, and the transition from cool flame to hot flame are 
assessed. An ignition regime diagram in terms of ignition energy and 
strain rate (see Fig. 16) is proposed, in which four ignition regimes are 
identified: (I) only cool flame, (II) only hot flame, (III) ignition failure, 
and (IV) transition from cool flame to hot flame. Cool flame ignition and 
hot flame ignition can be achieved through suitable ignition energy 
deposition at the stagnation point. At low strain rates, the residence time 
is long enough for the second-stage ignition occurring in the products of 
the cool flame, and thereby a hot flame appears and eventually merges 
with the leading cool flame. At intermediate strain rates, the residence 
time is insufficient for the second-stage ignition to occur and thereby a 
cool flame appears only. At large strain rates, the cool flame kernel can 
be quenched, resulting in ignition failure. The findings suggest that the 
ignition energy primarily determines the occurrence of LTC/HTC ther
mal runaway, whereas the strain rate primarily governs flame kernel 
quenching and the transition from cool flame to hot flame. 

This work demonstrates that a counterflow has a strong impact on 
the ignition of a premixed cool flame and on its subsequent transition to 
a hot flame. As an extension of this work, it would be interesting to 
investigate cool flame ignition in a turbulent flow. Besides, only stoi
chiometric mixture is considered here. Fuel-lean and fuel-rich mixtures 
with different effective Lewis number need to be considered in future 
works. 
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Novelty and significance statement 

In this study, we conduct transient 2D simulations for the forced 
ignition processes of premixed cool and hot flames in a laminar, 
axisymmetric, counterflow configuration with a well-defined flow field. 
To the best of authors’ knowledge, this is the first numerical study that 
examines the flow effects on the forced ignition of cool flames and on the 
transition from a cool flame to a hot flame. It is demonstrated that the 
counterflow strain rate has a great impact on cool flame ignition and its 
transition to a hot flame. A novel ignition regime diagram in terms of 
ignition energy and strain rate (see Fig. 16) is proposed, in which four 
ignition regimes are identified: (I) only cool flame, (II) only hot flame, 
(III) ignition failure, and (IV) transition from cool flame to hot flame. 
This study provides new insights into how the flow affects the cool flame 
ignition and transition. 
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