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A B S T R A C T

Cool flame speed is a fundamental parameter, which requires special consideration in terrestrial measurement
due to the slow propagation of the cool flame, the intrusion of gravity, and multiple flame regimes (cool, hot,
and double flames). The current study employs multiscale numerical simulations with and without gravity
to investigate premixed spherical cool flame ignition and propagation. One-dimensional simulations without
gravity are adopted to study the effects of initial ambient temperature 𝑇0, pressure 𝑃0, equivalence ratio 𝜙, and
ignition kernel temperature 𝑇𝐻 on feasible conditions for an isolated cool flame measurement, emphasizing the
intrinsic couplings among the cool flame, hot flame, and autoignition. Besides considering the minimum and
maximum ignition energies for low-temperature ignition (LTI), the results highlight the impacts of the auto-
ignition upstream and hot flame downstream of the cool flame on speed measurement. Comprehensive effects
of 𝑇0, 𝑃0, and 𝜙 are evaluated in order to obtain accurate flame speed versus stretch rate data for extrapolation.
Two-dimensional simulations focus on the cool flame deformation with buoyancy. Buoyancy induces a toroidal
vortex, causing the spherical cool flame to be mushroom-like at high Richardson numbers, a non-dimensional
metric used to evaluate the relative importance of buoyancy. The flame deformation at different ambient
temperatures and equivalence ratios are observed. Detailed analyses of the flow field, the deformed flame
structure, and the effects of stretch and diffusion are performed. In addition, three equivalent flame radius
definitions are proposed and compared to extrapolate cool flame speed. Different from the previous studies on
the gravitational hot flames, the current results identify the flame volume-based radius (i.e., 𝑅𝑒𝑞,𝑉 ) to be the
best one for extrapolating non-spherical cool flame speed, with which cool flames faster than 8 cm/s can be
measured within 5% uncertainty. Finally, a systematic strategy is proposed to guide the experimental design.
The current work reveals unique cool flame dynamics under gravity conditions and helps to measure the cool
flame speed in a terrestrial environment.
1. Introduction

The cool flame was discovered in the 1800s [1] and received re-
newed interest in recent years due to the critical role of
low-temperature chemistry (LTC) and cool flame in advanced engine
design [2–4]. Under engine-relevant conditions, LTC and cool flame
significantly affect combustion processes, including flammability, igni-
tion timing, flame propagation, heat release rate, and engine knocking
[5–8].

Experimental studies have been conducted extensively on cool
flames and LTC, including shock-tubes [9], rapid compression ma-
chines [10], heated burners [11], jet-stirred reactors [12], heated flow
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reactors [13–15], microgravity droplet flame [16], counterflow burn-
ers [17–20], and spherical porous burners [21]. However, premixed
cool flame’s laminar flame speed (LFS), one of the most important
parameters for cool flame dynamics, only received a few investigations.
Pearlman et al. [22,23] measured the unsteady outwardly propagating
spherical cool flames of n-C4H10/O2 mixtures under microgravity con-
ditions. However, the pre-ignition prior to the cool flame formation
may lead to auto-ignition-assisted cool flame, which biases the flame
speed measurement [8]. Belmont and co-workers [24–26] used the
Hencken burner to obtain an isolated cool flame and measure the
laminar flame speed. Ozone was added to the mixture to help form
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cool flames, but it complicated the chemical kinetics and involved extra
uncertainties in quantifying flame propagation speed. Consequently,
measuring laminar premixed cool flame speed in experiments remains
challenging.

Numerical modelings of cool flames advance rapidly and reveal
the rich physics and intricacy of the laminar premixed cool flame
propagation. The pioneering work by Ju et al. [27] identified au-
toignition wave and cool flame governed by LTC and predicted the
double flame structure, where a leading cool flame is followed by a
hot flame burning the partially oxidized cool flame’s products. Ju [28]
later performed a comprehensive study on the cool flame speed and
a new flame flammability diagram, which clarified different transi-
tion types among cool, hot, and double flames. The extended cool
flame flammability was also observed by Liang and Law [29]. Zhao
et al. [30] found a dimethyl ether (DME)/O2/N2 cool flame’s existence
time window, above which the cool flame transits to a hot flame. Zhang
et al. [31] identified the time window and double flame dynamics,
considering different initial temperatures and equivalence ratios. Yang
et al. [32] showed that the cool flame’s minimum ignition energy (MIE)
is lower than the hot flame. Zhang and Ju [33] systematically studied
autoignition-assisted cool flame speed and revealed a non-monotonic
relation between the cool flame and initial temperature due to the
negative temperature coefficient (NTC) effect. Zhang et al. [34,35]
demonstrated the autoignition-assisted cool flame model under engine-
relevant conditions. They also revealed the critical role of the laser
ignition method in cool flame formation and observed non-uniform
double flame structure. The numerical investigations shed light on
the premixed cool flame formation and propagation characteristics.
They concluded cool flame’s unique features regarding flame structure,
flammability, propagation speed, and NTC effect. Besides, there are two
aspects requiring extra attention in experimental design. The first is the
transitions between cool and hot flames. A lower MIE for a cool flame
does not mean the easiness for a cool flame to ignite. Instead, additional
constraints exist to avoid an instant high-temperature ignition (HTI)
overriding the cool flame. In addition, since a hot flame can ignite
in a cool flame’s partially oxidized products, the ignition conditions
need to be carefully quantified to achieve a sufficient time window for
cool flame to propagate without hot flame interference. Second, since
the characteristic time scales of the low-temperature ignition (LTI) and
cool flame propagation are closely coupled, the premixed cool flame
propagation can be significantly affected by the autoignition in the
unburned mixture. The ignition Damköhler number must be lower than
0.3 for a well-defined cool flame speed [33]. The effects of residence
time, radical sensitization, extra heating, and heat loss need to be
considered.

Regarding the burner choice, the spherical bomb is widely adopted
to measure the LFS of hot flames due to the advantages of simple
configuration and well-defined stretch rate [36,37]. The spherical bomb
can provide a suitable environment for cool flame ignition and prop-
agation. The main concern is the intrusion of gravity in terrestrial
experiments. Previous studies on hot flames suggested a minimum LFS
of 15 cm/s for flames to remain spherical so that the normal gravity
can be neglected for flame speed extraction [38,39]. Since the cool
flame usually propagates slowly, the spherical cool flame might be
distorted by the natural convection induced by buoyancy [40–45].
However, whether the 15 cm/s speed limit applies to the cool flame is
questionable. There are two reasons. First, considering the Richardson
number, 𝑅𝑖, a parameter quantifying the effects of buoyancy on the
spherically expanding flames, which is defined as [45,46]

𝑅𝑖 =
(𝜌𝑢 − 𝜌𝑏)

𝜌𝑢
𝑔𝑅
𝑅̇2

(1)

where 𝜌𝑢 and 𝜌𝑏 denote the density of the unburned and burned gas,
𝑔 the gravitational acceleration, 𝑅 the flame radius, and 𝑅̇ refers to
the flame front speed. It should be noted that the thermal expansion,
i.e., (𝜌 − 𝜌 )∕𝜌 in Eq. (1), of cool flames is much smaller than hot
2
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flames, which would substantially decrease the value of 𝑅𝑖. Conse-
quently, it is unclear what the lower speed limit is for the cool flame to
remain spherical under normal gravity. Second, even if the cool flame
is mildly distorted, a proper equivalent radius definition can alleviate
the flame shape distortion in flame speed extraction and help quantify
the unstretched flame speed within a tolerable uncertainty [45].

Based on the above discussion, the objective of this work is twofold:

1. Given the constraints of a low ignition Damköhler number for
an unburned mixture and a sufficient time window to measure
cool flame propagation, we aim to identify the ignition condition
regime for spherically expanding cool flames, including thermo-
dynamics conditions and mixture compositions for the ignition
kernel and the ambient mixture. In particular, both the minimum
ignition energy and maximum ignition energy for cool flame
ignition and speed measurement are discussed;

2. To identify the effects of buoyancy on the propagation of spher-
ically expanding cool flames and determine a proper way to de-
fine the equivalent cool flame radius. In addition, the buoyancy-
induced speed extraction uncertainty and lower limit for the cool
flame speed are analyzed.

The paper is organized as follows. First, the numerical method and
simulation setup is introduced. Second, one-dimensional simulations
based on the spherical coordinate are performed. Cool and hot flame
propagations and transitions are observed. The dependence of an iso-
lated cool flame measurement time on ignition kernel temperature,
ambient temperature, pressure, and equivalence ratio is identified. One-
dimensional simulations also provide a benchmark for the laminar cool
flame speed measurement under normal gravity. Then the buoyancy
effect and cool flame distortion are investigated via two-dimensional
simulations. Transient evaluations of the cool flame and its propagation
speed are analyzed. Three different equivalent radius methods are
compared. The relationship between the flame speed extraction and the
Richardson number is presented. Finally, conclusions are drawn. Sup-
plementary materials include code cross-validation, grid convergence,
and detailed mechanism comparison.

2. Numerical models and methods

We consider the transient cool flame ignition and propagation of
DME/air mixtures in a closed vessel. As shown in Fig. 1, the flame is
ignited by a hot spot with the radius of 𝑅𝐻 and temperature of 𝑇𝐻 ,
which is a classical configuration for the spherical flame ignition. 𝑇𝐻
s varied to mimic the varying ignition energy in experiments, while
𝐻 = 2 mm is used throughout this work unless otherwise specified.

n the first step, the focus is placed on the cool flame ignition so that
he buoyancy effect is neglected due to the very short duration of
he ignition process. As such, the problem is spherically symmetrical,
hus allowing for 1-D numerical simulations. When the buoyancy is
onsidered, the 2-D simulations employing the cylindrical coordinates
ccount for flow motion and flame shape distortion induced by the nat-
ral convection. The axisymmetric structure assumption for buoyancy
ool flame has been verified by comparing the results from 2D and 3D
imulations as shown in the Supplemental Material A.

The in-house code A-SURF [47,48] simulates the 1-D cool flame
gnition and propagation in a spherical chamber. The chamber radius
𝑊 = 10 cm is used. As shown in Fig. 1(a), the computational domain

s 0 ≤ 𝑟 ≤ 𝑅𝑊 with wall boundary conditions applied on both sides.
The hot spot is at the center (i.e., 𝑟 = 0). The DME/air mixture with
an equivalence ratio of 𝜙 is initially static at unburned temperature 𝑇0
and pressure 𝑃0. In A-SURF, the compressible Navier-Stokes equations
for a multi-component, reactive mixture are solved using the finite
volume method in 1-D spherical coordinates. The reaction rates and the
thermodynamic and transport coefficients are calculated by CHEMKIN
[49] and TRANSPORT [50] packages. The mixture-averaged transport

model is employed to compute the diffusion flux. The Soret diffusion
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Fig. 1. Schematics of the 1-D (a) and 2-D (b) simulation configurations.
and radiation heat loss are not considered. To accurately and efficiently
resolve the ignition process and flame front structure, the dynamically
adaptive mesh refinement (AMR) is applied based on the temperature
gradient. A 4-level AMR with the minimum mesh size of 64 μm is used,
and the grid convergence is ensured (See Supplemental Material B).

The OpenFOAM-based [51] solver EBIdnsFoam, developed by Zir-
wes et al. [52], is used to simulate the 2-D cool flame propagation
in a closed cylindrical chamber under normal gravity condition. As
shown in Fig. 1(b), the 2-D computational domain is built from a
wedge that has a radius of 𝑅𝑊 , a length of 2𝑅𝑊 , and a small open-
ing angle of 3◦. The wall boundary condition is applied on the top,
down, and right sides, while the left side is the axis of symmetry. The
gravity vector is co-aligned with the 𝑧 direction. The hot spot is also
placed at the chamber center (i.e., 𝑟 = 0 and 𝑧 = 𝑅𝑊 ). The same
parameters for a hot spot as in 1-D simulations are adopted here. In
EBIdnsFOAM, the compressible Navier-Stokes is solved using the finite
volume method. The open-source library Cantera [53] is incorporated
to calculate chemical kinetics, thermodynamic, and transport proper-
ties. The mixture-averaged transport model is also employed without
the consideration of Soret diffusion. The radiation effect is neglected
either. Considering the large simulation domain (i.e., 10 cm × 20 cm)
and long simulation time (in the order of 0.5 s), these 2-D simulations
are computationally expensive. To this end, the dynamic load balancing
algorithm developed by Tekgül et al. [54] is integrated to balance the
chemistry load and thus accelerate the calculation of reaction rates. In
addition, the load-balanced 2-D adaptive mesh refinement technique
developed by Rettenmaier et al. [55] is also adopted for efficiency.
Based on the normalized temperature gradient, a 3-level AMR with the
minimum mesh size of 64 μm is used. As presented in Supplemental
Material C, the locally refined meshes accurately resolve the cool flame
front. Simulation results from EBIdnsFoam agree with those from A-
SURF when the buoyancy effect is neglected, which verifies our 2-D
simulations.

In both 1-D and 2-D simulations, the DME oxidation is modeled by
a 39-species skeletal mechanism [56,57], which includes both the low-
temperature and high-temperature chemistry. This mechanism has been
used in many previous studies [31,32,58,59] and showed satisfactory
results. Besides, additional 0-D, 1-D, and 2-D simulations based on
some more comprehensive and up-to-date chemical mechanisms have
also been performed. Similar results were observed as shown in the
Supplemental Material D. Therefore, it is expected that the findings
from the present study is not sensitive to the choice of chemical
mechanisms.

Both A-SURF and EBIdnsFoam have been successively applied to
model ignition and flame propagation in various setups, including
both cool flames [31,58,59], and hot flames [39,47,52,60]. Detailed
descriptions of the governing equations and numerical methods can be
found in Refs. [47,52] and thus are not repeated here. It should be
noted that A-SURF has been verified to have great predictive capacities
on the flame ignition and transient propagation process through a direct
comparisons with experimental data [47,61].
3

In the spherically expanding flame method, the flame radius history
𝑅𝑓 = 𝑅𝑓 (𝑡) is recorded to derive the LFS. Usually, it is assumed that the
burned gas inside the spherical flame front is static, thus the stretched
flame speed with respect to the burned gas is 𝑆𝑏 = 𝑑𝑅𝑓∕𝑑𝑡. Then,
the unstretched flame speed with respect to the burned gas 𝑆0

𝑏 can be
obtained from extrapolation based on the following linear model [62]:

𝑆𝑏 = 𝑆0
𝑏 − 𝐿𝑏𝐾 (2)

where 𝐾 = (2∕𝑅𝑓 )(𝑑𝑅𝑓∕𝑑𝑡) is the flame stretch rate and 𝐿𝑏 is the Mark-
stein length relative to the burned gas. Knowing 𝑆0

𝑏 , the unstretched
flame speed with respect to the unburned gas 𝑆0

𝑢 , i.e., the LFS, can
be deduced from the mass conservation: 𝑆0

𝑢 = 𝜎𝑆0
𝑏 where 𝜎 = 𝜌𝑏∕𝜌𝑢

is the density ratio between the burned gas (at equilibrium state) and
unburned gas. Unlike hot flames, the temperature and density in the
burned gas of cool flames keep changing due to the high-temperature
chemistry in the partially burned products. Therefore, 𝑆0

𝑏 is utilized
to characterize the cool flame speed to circumvent the ambiguous
definition of 𝜎. In our simulations, the flame radius 𝑅𝑓 is defined by
the temperature iso-surface with the value at the maximum heat release
rate position in the corresponding 1-D planar freely-propagating cool
flame modeled by Cantera. To avoid the effects of the unsteady ignition
process and chamber confinement, only data within the range of 0.5 cm
< 𝑅𝑓 < 2 cm is used to extract 𝑆0

𝑏 .

3. Results and discussion

3.1. One-dimensional simulations for spherical premixed cool flame ignition
and propagation without gravity

Fig. 2 shows the temporal evolution of temperature distribution for
𝜙 = 1, 𝑇0 = 450 K, 𝑇𝐻 = 1100 K, 𝑃0 = 1.5 atm (a) and 2 atm (b). In
Fig. 2(a), an outwardly propagating cool flame is observed with a typ-
ical cool flame front temperature of around 750 K. In the downstream
of the cool flame, the partially burned products keep reacting, which is
confirmed by the increasing downstream temperature. Due to the lack
of reactivity and residence time, the HTI does not appear in Fig. 2(a).
At a higher initial pressure 𝑃0 = 2 atm in Fig. 2(b), it takes a much
shorter time for the HTI to appear at 𝑡 = 0.278 s, after which the hot
flame propagates towards the leading cool flame and the double flame
forms.

Fig. 3(a) shows the flame radius histories 𝑅𝑓 (𝑡) with 𝜙 = 1, 𝑇0 = 450
K 𝑃0 = 1.5 atm, 𝑇𝐻 = 700, 720, 900, 1000, 1180, 1200 K, respectively.
For a low ignition kernel temperature 𝑇𝐻 = 700 K, the ignition energy
is smaller than MIE, so the ignition fails. For a high ignition kernel
temperature 𝑇𝐻 = 1200 K, the hot flame appears right after the forced
ignition, and the flame propagating speed is approximately 450 cm/s.
For 𝑇𝐻 in the range between 720 K and 1180 K, the cool flame
forms, and the flame front speed is approximately 6 cm/s. The cool
flame speed is much lower than the hot flame at the same ambient
condition and remains nearly unchanged with different ignition kernel
temperatures 𝑇 . Fig. 3(b) shows the flame radius histories at a higher
𝐻



Combustion and Flame 259 (2024) 113194Y. Wang et al.

𝑇

Fig. 2. Temporal evolution of temperature distributions in DME/air mixtures with 𝜙 = 1, 𝑇0 = 450 K, 𝑇𝐻 = 1100 K, 𝑃0 = 1.5 atm (a) and 2 atm (b).
Fig. 3. The flame front history 𝑅𝑓 (𝑡) under different hot spot temperature 𝑇𝐻 for DME/air mixtures with 𝜙 = 1, 𝑇0 = 450 K, and 𝑃0 = 1.5 atm (a) and 2 atm (b).
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Fig. 4. The changes of 𝑆𝑏 with 𝐾 in spherically expanding cool flames with 𝜙 = 1,
0 = 450 K, 𝑇𝐻 = 1100 K, and 𝑃0 = 1.5 atm (red line) and 2.0 atm (blue line). The

dashed straight lines starting from the origin denote the flame radius at different stretch
rates depending on its 𝑆𝑏∕𝐾 = 𝑅𝑓 ∕2. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

pressure condition 𝑃0 = 2 atm. The cool flame can also be ignited for
700 K < 𝑇𝐻 < 1140 K, slightly lower than the 𝑃0 = 1.5 atm case because
the increase in pressure enhances reactivity, especially LTC reactivity.
Fig. 3(b) shows an abrupt jump of 𝑅𝑓 (𝑡) curves at about 𝑡 = 0.28 s for
different 𝑇𝐻 conditions. It is worth noticing that the current work tracks
the flame front based on temperature, which equals the maximum heat
release point’s temperature in freely propagating cool flame in Cantera.
Based on the current flame front definition, the sudden jump of the 𝑅𝑓
curve means the trailing hot flame merges with the cool flame, and the
4

hot flame dynamics drive the flame front. The underlying chemical
kinetics that play the dominant role at each stage are different, and they
can be identified by a pathway analysis as shown in the Supplemental
Material E.

There are several implications in the flame radius history at differ-
ent ignition temperatures 𝑇𝐻 . First, there are three possible outcomes
right after the forced ignition: extinction, cool flame ignition, and hot
flame ignition. In addition, an isolated cool flame will always transit to
a double flame and hot flame in ideal cases without heat and radical
losses if the domain is long enough and the cool flame’s product has
sufficient residence time to react. The flame radius curve is expected
to have similar jumps in Fig. 3(a) if extending the simulation domain.
Thus, we focus on the time window length for the cool flame to survive.
Second, the results show that the flame radius histories for cool flames
ignited by different 𝑇𝐻 almost coincide, indicating that the cool flame
propagation speed and hot flame formation time are not sensitive to the
ignition temperature 𝑇𝐻 . Such robustness in flame propagation speed
has laid the foundation for LFS extraction. Consequently, the key is
identifying the ignition temperature 𝑇𝐻 regime at different conditions
to ignite a cool flame. In other words, we need to find the upper limit
of the 𝑇𝐻 to avoid hot flame ignition at the beginning and the lower
imit to avoid flame extinction. In addition, the cool flame survival time
epends on the initial conditions, so we need to know what conditions
an provide a sufficient measurement time to extract spherical cool
lame speed.

Fig. 4 compares the changes of burned flame speed 𝑆𝑏 with the
tretch rate 𝐾 during flame propagation at 𝜙 = 1, 𝑇0 = 450 K, 𝑇𝐻 =
100 K, and 𝑃0 = 1.5 atm (red line) and 2.0 atm (blue line). The dashed
ines denote the flame radius at different stretch rates. For 𝑃0 = 1.5 atm,
fter a short unsteady ignition stage (𝑅 < 0.5 cm), the cool flame’s
𝑓
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Fig. 5. The 𝑆0
𝑏 calculated by the planar freely-propagating flame model in Cantera (dashed lines), and extracted from spherically expanding cool flames (solid lines) under different

𝜙 (a), 𝑃0 (b) and 𝑇0 (c) conditions.
Fig. 6. The dependence of 𝑇𝐻 ranges on 𝑃0 (a), 𝑇0 (b) and 𝜙 (c). The regions surrounded by the solid lines represent the feasible conditions for cool flame speed measurement.
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𝑆𝑏 −𝐾 curve reaches a linear region for 0.5 cm < 𝑅𝑓 < 2.0 cm, which
llows for an accurate linear extrapolation (Eq. (2)) for unstretched
urned flame speed 𝑆0

𝑏 . For 𝑃0 = 2 atm, the 𝑆𝑏−𝐾 curve is similar to the
ure cool flame case until a hot flame comes up with the cool flame at
bout 𝑅𝑓 = 1.8 cm. Although the occurrence of hot flame substantially
eflects the 𝑆𝑏 −𝐾 curve at the left end, the linear region in the range
f 0.5 cm < 𝑅𝑓 < 1.8 cm can still be used to extrapolate the 𝑆0

𝑏 ,
whose result is equal to the one-dimensional planar freely-propagation
cool flame speed calculated by Cantera. These results demonstrate that
once the cool flame’s 𝑆𝑏 −𝐾 curve has a sufficient linear region before
merging with the hot flame, the cool flame LFS can be accurately
extracted. In the present study, our results show that the criterion of the
cool flame radius is around 𝑅𝑓,𝑐𝑟𝑖𝑡 = 0.6 cm. In other words, if the hot
flame catches up with the cool flame at 𝑅𝑓 > 𝑅𝑓,𝑐𝑟𝑖𝑡, there is sufficient
𝑆𝑏 −𝐾 data for cool flame speed measurement.

Fig. 5 validates the unstretched cool flame speed 𝑆0
𝑏 (solid line)

using the linear extrapolation of 𝑆𝑏−𝐾 data based on the current 𝑅𝑓,𝑐𝑟𝑖𝑡
criterion. The reference 𝑆0

𝑏 (dashed line) is obtained from a 1-D planar
freely-propagating cool flame modeled by Cantera. It can be seen that
the 𝑆0

𝑏 extracted from the spherical cool flame has a good agreement
with 1-D planar flame results. The result shows that 𝑆0

𝑏 increases
monotonically with increasing 𝜙 and 𝑇0 and is not sensitive to 𝑃0, which
is consistent with the results reported in previous studies [31,32].

Fig. 6 summarizes the dependence of 𝑇𝐻 ranges on 𝑃0, 𝑇0, and 𝜙
considering the 𝑅𝑓,𝑐𝑟𝑖𝑡 constraint on the cool flame propagation. More
specifically, the initial condition is considered feasible when a cool
flame is ignited by the forced ignition at the beginning and propagates a
distance longer than the 𝑅𝑓,𝑐𝑟𝑖𝑡. The regime is achieved by exhaustively
searching four variable parameters in phase space (i.e., 𝑇𝐻 , 𝑃0, 𝑇0, and
𝜙). The resolution in 𝑇𝐻 , 𝑃0, 𝑇0, and 𝜙 spaces is 20 K, 0.2 atm, 50
K, and 0.2, respectively. Fig. 6(a) shows the 𝑇𝐻 ranges at different 𝑃0
conditions for DME/air mixtures at 𝜙 = 1 and 𝑇0 = 450 K. It can be
seen that the available 𝑇𝐻 exists at certain 𝑃0 ranges, i.e., 1 atm ≤ 𝑃0
≤ 3.5 atm. For 𝑃0 < 1 atm, only the hot flame can be observed since the
ignition delay time difference between LTC and HTC is minimal at low
pressure. For 𝑃 > 3.5 atm, the second-stage high-temperature ignition
5

0

appears so fast that the hot flame catches up with the leading cool flame
at 𝑅𝑓 < 𝑅𝑓,𝑐𝑟𝑖𝑡. Fig. 6(b) shows the relationship between the 𝑇𝐻 and
𝑇0 at 𝜙 = 1 and 𝑃0 = 2 atm. It is seen that the initial temperature 𝑇0
eeds to be between 350 K to 550 K. For 𝑇0 < 350 K, only hot flame is
bserved after the forced ignition, similar to the low-pressure cases. For
0 > 550 K, the preheat zone undergoes noticeable LTC auto-ignition
hich dominates the cool flame propagation at 𝑅𝑓 < 𝑅𝑓,𝑐𝑟𝑖𝑡. Fig. 6(c)

hows that the available 𝑇𝐻 range only exists at 0.5 ≤ 𝜙 ≤ 4.0 for
ME/air mixtures with 𝑇0 = 450 K and 𝑃0 = 2 atm. For 𝜙 < 0.5, neither
ool nor hot flame can be ignited because of the lean flammability. For
> 4.0, the second-stage high-temperature ignition appears too fast to

apture enough cool flame propagation data.
Fig. 7 shows the effects of 𝑃0 and 𝜙 on the feasible 𝑇0 regimes. The

pper limit of 𝑇0 remains 550 K regardless of 𝑃0 and 𝜙. Higher initial
mbient temperature 𝑇0 > 550 K accelerates the auto-ignition in the un-
urned mixture, leading to high ignition Damköhler number 𝐷𝑎𝑖𝑔 > 0.3
t 𝑅𝑓 < 𝑅𝑓,𝑐𝑟𝑖𝑡. In contrast, the lower limit of 𝑇0 substantially extends
ith increasing 𝑃0 and 𝜙. For a fixed equivalence ratio 𝜙 = 1, Fig. 7(a)

hows that the feasible 𝑇0 domain expands with increasing pressure.
imilar trends of 𝑇𝐻 and 𝑇0 can be observed in Fig. 7(b) considering
ifferent equivalence ratios. Besides, another two detailed mechanisms
espectively developed by Wang et al. [63] and Yan et al. [64] were
sed to reproduce the results shown in Fig. 7 and similar trends are
bserved (see Supplemental Material D). Fig. 7 can be interpreted in
nother way: high pressures and rich mixtures are preferred to initialize
he experiments because such conditions allow a wider range for 𝑇0 and
lower 𝑇𝐻 regime, which are favored by the experimentalists.

Fig. 8 shows the effects of 𝜙, 𝑃0 and 𝑇0 on time instants when the
ot flame is initiated (i.e., 𝑡ℎ𝑜𝑡) and the cool flame radius (i.e., 𝑅𝑓,ℎ𝑜𝑡)
t the corresponding time 𝑡 = 𝑡ℎ𝑜𝑡. Since 𝑡ℎ𝑜𝑡 is the time limit to
easure an isolated cool flame, and 𝑅ℎ,ℎ𝑜𝑡 determines the upper limit

f usable 𝑆𝑏 − 𝐾 data to extrapolate 𝑆0
𝑏 , larger 𝑡ℎ𝑜𝑡 and 𝑅𝑓,ℎ𝑜𝑡 are

esired in the current context. As shown in Figs. 8(a–b), 𝑡ℎ𝑜𝑡 and
𝑓,ℎ𝑜𝑡 decreases with increasing 𝜙 and 𝑃0 where the LTC has stronger

eactivity to accelerate the hot flame formation. Fig. 8(c) shows that
and 𝑡 have the opposite trend with increasing 𝑇 . This is
𝑓,ℎ𝑜𝑡 ℎ𝑜𝑡 0
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Fig. 7. The dependence of 𝑇𝐻 ranges on 𝑇0 under different 𝑃0 (a) and 𝜙 (b) conditions.
Fig. 8. The variations of the time instant (𝑡ℎ𝑜𝑡) when the hot flame is initiated and the cool flame radius at 𝑡ℎ𝑜𝑡 (𝑅𝑓,ℎ𝑜𝑡) with 𝜙 (a), 𝑃0 (b), and 𝑇0 (c).
ecause the significant increase in the cool flame speed compensates
or the shortened propagation duration time. Therefore, the cool flame
an propagate for a longer distance. Generally, lower pressures and
quivalence ratios lead to a longer measurement duration and a larger
ool flame radius to extrapolate. As Fig. 7 recommends higher pressures
nd equivalence ratios, it can be concluded that the roles of pressure
nd equivalence ratio are twofold. On the one hand, high pressure
nd equivalence ratio ease the constraint on the initial temperature
ange. On the other hand, low pressure and equivalence ratio help
he experimental measurement and extrapolation. Depending on the
xperiment’s specific measurement ability, initial conditions must be
arefully selected.

.2. Two-dimensional simulations for spherical premixed cool flame prop-
gation under normal gravity

It is widely accepted that the flame with a low speed suffers the
ntrusion of the buoyancy and the flame shape will be significantly
eformed. Considering the cool flame speed relationship with 𝑃0, 𝑇0,
nd 𝜙, two groups of cool flame simulations with a fixed 𝑃0 but varying
0 and 𝜙 are considered to yield different cool flame speeds. In the
irst group, five cool flames with 𝑇0 ranging from 400 K to 550 K
re considered. In the second group, another five cool flames with 𝜙
anging from 0.3 to 4.0 are considered. The parameters for these 10
ases (9 different cases as Case 4 and Case 9 are identical) are listed
n Table 1. The corresponding 𝑆0

𝑏 covers a wide range spanning from
.4 cm/s to 18.8 cm/s.

Fig. 9 shows the temporal evolution of cool flame shapes in a gravi-
ational environment. Similar to the study on buoyant hot flames [45],
he variation in time is characterized by a non-dimensional number,
ichardson number 𝑅𝑖, defined as

𝑖 =
(𝜌𝑢 − 𝜌𝑏) 𝑔𝑅𝑒𝑞,𝑉

0 2
(3)
6

𝜌𝑢 (𝑆𝑏 )
Table 1
Parameters for cases considered in Section 3.2. 𝑙𝑓 is the cool flame thickness, defined
as the width of the region with a heat release rate larger than 5% of the maximum
heat release rate. 𝑇𝑓 is the flame temperature at the position where the heat release
rate is maximum. 𝑇𝑚𝑎𝑥 is the maximum temperature. 𝑅𝑖𝑚𝑎𝑥 is the maximum 𝑅𝑖 number
that the cool flame will experience. Reference flame parameters are obtained from the
corresponding 1-D freely-propagating cool flames using Cantera. 𝑃0 = 1 atm in all
cases.

Case 𝑇0 (K) 𝜙 𝑆0
𝑏 (cm/s) 𝑙𝑓 (mm) 𝑇𝑓 (K) 𝑇𝑚𝑎𝑥 (K) 𝑅𝑖𝑚𝑎𝑥

1 400 2.0 6.4 1.87 695.5 749.5 22.5
2 420 2.0 6.8 1.79 698.5 752.6 16.7
3 450 2.0 8.7 1.70 702.9 757.3 10.5
4 500 2.0 12.4 1.53 711.4 765.9 4.3
5 550 2.0 18.8 1.37 721.9 775.8 1.6

6 500 0.3 6.4 2.64 666.3 690.5 13.6
7 500 0.5 8.3 2.10 681.3 710.5 8.5
8 500 1.0 10.7 1.71 698.1 736.5 5.5
9 500 2.0 12.4 1.53 711.4 765.9 4.3
10 500 4.0 12.5 1.48 719.5 784.6 4.6

where 𝜌𝑢 and 𝜌𝑏 are the densities of the unburned and burned mixtures,
𝑔 the gravitational constant, 𝑆0

𝑏 the burned flame speed, and 𝑅𝑒𝑞,𝑉 the
equivalent radius. The 𝑅𝑒𝑞,𝑉 is defined as the radius of the equivalent
sphere, whose volume is the same as the flame volume 𝑉𝑓 . 𝑉𝑓 can
be computed by integrating the volume surrounded by the flame front
(i.e., the temperature iso-surface) in 3-D space. All parameters except
𝑅𝑒𝑞,𝑉 in the right-hand side of Eq. (3) are constants determined using
Cantera before the transient 2-D simulations. As the flame radius
expands monotonically, flame equivalent radius 𝑅𝑒𝑞,𝑉 serves as the
indicator for the physical time. Note that the numbers of sub-figures
in each column are different, and some sub-figures are empty in Fig. 9.
Cool flames are tracked before reaching the upper flame radius limit

𝑅𝑓 ≤ 2 cm to avoid the chamber confinement effect. The maximum



Combustion and Flame 259 (2024) 113194Y. Wang et al.
Fig. 9. Flame shapes for all cases listed in Table 1 at different Richardson numbers 𝑅𝑖. Each column represents a different initial condition 𝑇0, 𝜙, and 𝑆0
𝑏 . The colorbar shows the

normalized temperature field 𝛩 = (𝑇 −𝑇0)∕(𝑇𝑚𝑎𝑥−𝑇0). The comparison focuses on the flame shape instead of the flame kernel size. Consequently, spatial coordinates are dynamically
adjusted by the 𝑅𝑒𝑞,𝑉 to depict the flame shape better. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
𝑅𝑖 in Table 1 is therefore calculated at 𝑅𝑒𝑞,𝑉 = 2 cm. The color of
contours in Fig. 9 represents the normalized temperature 𝛩 = (𝑇 −
𝑇0)∕(𝑇𝑚𝑎𝑥 − 𝑇0), where 𝑇𝑚𝑎𝑥 is the maximum temperature obtained
from 1-D planar freely-propagating cool flames. As there is some high-
temperature chemistry reaction downstream of the cool flame front, the
maximum of the normalized temperature 𝛩 may exceed 1.0.

As shown in Fig. 9, the cool flames with speeds 𝑆0
𝑏 < 8 cm/s (Cases

1, 2, 3, and 6) exhibit substantial deformation. This deformation occurs
gradually, starting with a spherical shape, then flattening on the bottom
side as 𝑅𝑖 increases, and finally transforming into a mushroom-like
shape at the lower part. In particular, the concave part of the flame
in Case 1 develops into a cusp at 𝑅𝑖 > 20. These observations are
consistent with previous experimental [23,40] and numerical [42,45]
studies on spherical hot flames under buoyant conditions.

In the following part, Cases 1 and 5 are selected as representative
cases to analyze the buoyancy effect on the spherical cool flames. Case
1 represents the strongest buoyancy effect, while Case 5 represents the
weakest.

Fig. 10 shows the evolution of flame fronts for Case 5 (left column,
𝑇0 = 550 K) and Case 1 (right column, 𝑇0 = 400 K). 𝑇𝐻 = 1100 K,
𝜙 = 2.0, 𝑃 = 1 atm for both cases. The time instants are denoted
near the flame contours. Note that the flame front is defined as the
7

temperature 𝑇𝑓 iso-surface. For Case 5 at 𝑇0 = 550 K, although the
heat release rate is non-uniform along the flame front contours, the
cool flame is nearly spherical for 𝑡 = 0.05−0.2 s. In contrast, for the
cool flame in Case 1, the shape is significantly distorted and the flame
is raised upward. Moreover, the heat release rate distribution shows a
more complex pattern along the temperature contours. It is noteworthy
that gravity accelerates the upward movement of the spherical cool
flame, even for the fast-propagating cool flame that is nearly spherical
and experiences minimal distortion (see Fig. 10(a)). The non-central
spherical flame causes certain difficulties for the experiment as the
flame center movement speed is comparable to the flame displacement
speed, and the upper side of the flame front tends to touch the chamber
wall first. As a result, the strong flame-wall interaction, such as the heat
loss and flame shape distortion, will substantially hinder the accurate
measurement of cool flame speed. Therefore, using the constant-volume
method to measure cool flame speeds will face more challenges than
the constant-pressure method considered in the present study.

To better analyze the mushroom-type of cool flame structure, the
streamlines, the contours of temperature, and the mass fraction of
representative radical for low-temperature chemistry (CH3OCH2O2, de-
noted as RO2) are plotted in Fig. 11 for Case 1 at 𝑡 = 0.4 s. Toroidal
Vortices driven by buoyancy and thermal gradient are observed. The
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Fig. 10. The temporal evolution of cool flame fronts for Case 5 (a, 𝑇0 = 550 K) and
Case 1 (b, 𝑇0 = 400 K). 𝑇𝐻 = 1100 K, 𝛷 = 2.0, 𝑃 = 1 atm for both cases. The normalized
heat release rate colors the flame front. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. The contours of temperature (a, left) and mass fraction of CH3OCH2O2 (b,
right) at 𝑡 = 0.4 s for cool flame in Case 1 with 𝑇0 = 400 K.

flow motion distorts the flame surface and pushes the flame kernel
upward. This eventually results in the formation of a cusp at the inner
bottom side of the flame at 𝑅𝑖 = 22.

A detailed flame speed analysis is conducted to understand the
nonuniformity of chemical reactivity along the curved cool flame sur-
face, which adopts the following two equations. The local flame dis-
placement speed (𝑠𝑑) can be modeled as:

𝑠𝑑 =
𝜔̇′
𝑇

𝜌𝐶𝑝|∇𝑇 |
⏟⏞⏞⏟⏞⏞⏟
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

+
∇ ⋅ (𝜆∇𝑇 )
𝜌𝐶𝑝|∇𝑇 |
⏟⏞⏞⏞⏟⏞⏞⏞⏟
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

(4)

where 𝐶𝑝 is the heat capacity of the mixture, 𝜆 the thermal conduc-
tivity and 𝜔′

𝑇 the heat release rate. Eq. (4) indicates that the local
flame displacement speed depends on two processes, local chemical
reaction, 𝑠𝑑,𝑟𝑒𝑐 , and the thermal diffusion, 𝑠𝑑,𝑑𝑖𝑓𝑓 . In addition, the local
flame speed is affected by the flame stretch rate 𝐾, which can be
expressed [65]:

𝐾 = ∇𝑡 ⋅ 𝑢
⏟⏟⏟
𝑠𝑡𝑟𝑎𝑖𝑛 𝑟𝑎𝑡𝑒

+ 𝑆𝑑𝜅
⏟⏟⏟
𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒

(5)

where ∇𝑡 represents the gradient along the tangential direction of the
flame surface, 𝜅 = ∇ ⋅ 𝑛 is flame curvature, and 𝑛 = −∇𝑇 ∕|∇𝑇 | is
8

Fig. 12. Distributions of the normalized density-weighted flame displacement speed 𝑠∗𝑑
and its two components: 𝑠∗𝑑,𝑟𝑒𝑐 and 𝑠∗𝑑,𝑑𝑖𝑓𝑓 (a) and the normalized stretch rate 𝐾∗ and
its two components: 𝐾∗

𝐶 and 𝐾∗
𝑆 (b) along the arc of the flame front for Case 1 at 𝑡 =

0.4 s. In the sub-figure, the flame front is marked by squares to identify the positions
of the relative arc lengths.

the unit normal vector of a temperature iso-surface. As such, 𝐾 can be
decomposed into two terms: the strain rate part 𝐾𝑆 and the curvature
part 𝐾𝐶 .

Fig. 12 plots the normalized flame displacement speed (𝑠∗𝑑 = 𝑠𝑑 ∗
𝜌∕(𝜌𝑢 ∗ 𝑆0

𝑢 )) and stretch rate (𝐾∗ = 𝐾 ∗ 𝑙𝑓∕𝑆0
𝑢 ) as well as their compo-

nents along the flame front (cases shown in Fig. 11) in normalized arc
length coordinate. The origin is set at the top of the flame. As shown
in Fig. 12(a), 𝑠∗𝑑,𝑟𝑒𝑐 and 𝑠∗𝑑,𝑑𝑖𝑓𝑓 are comparable in magnitude. There
are two peaks in the 𝑠∗𝑑 curve, which is consistent with the findings
in Figs. 10(b) and 11(b). The first peak in 𝑠∗𝑑 , which is located at the
downward tip of the flame (near the 65% arc length), is coincident
with the peak in 𝑠∗𝑑,𝑟𝑒𝑐 , while the second peak in 𝑠∗𝑑 , which is at the
cusp formed at the inner edge of the flame (near 90% arc length), is
coincident with the peak in 𝑠∗𝑑,𝑑𝑖𝑓𝑓 . This observation indicates that these
two peaks in local cool flame speed are attributed to the promotion of
chemical reaction and the weakened dissipation of thermal diffusion,
respectively. Consistent with previous studies [32,35], the cool flame
reactivity 𝑠∗𝑑,𝑟𝑒𝑐 is inversely proportional to the stretch rate (𝐾∗ or
𝐾∗

𝑆 ), but the overall displacement speed depends on both stretch rate
and curvature. The effective Lewis number for cool flames and the
theoretical relationship among flame speed, stretch rate, and curvature
appears to be an interesting question but beyond the current work’s
scope.

Now the focus is placed on the extraction of 𝑆0
𝑏 from the buoyant

cool flames. Due to the deformed flame shape, the main challenge is to
determine the equivalent flame radius 𝑅𝑓 . Three techniques are intro-
duced. Firstly, as suggested in [42,44], the outer horizontal position of
the flame front (denoted as 𝑅ℎ) is recorded to derive the flame speed.
Secondly, the equivalent flame radius based on the 2-D cross-section of
the flame is chosen, denoted as 𝑅𝑒𝑞,𝐶𝑅 =

√

𝐴∕𝜋 where 𝐴 is the cross-
section area. In the third technique, the equivalent radius based on the
3-D flame volume (i.e., 𝑅𝑒𝑞,𝑉 as introduced in Eq. (3)) is applied. These
techniques evaluate the flame speed through the geometrical properties
of the flame, which can be obtained conveniently from Schlieren images
in experiments.

Figs. 13 and 14 assess the performance of these three techniques on
evaluating the flame radius 𝑅 and stretched flame speed 𝑆 = 𝑑𝑅 ∕𝑑𝑡
𝑓 𝑏 𝑓
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Fig. 13. The flame radius history 𝑅𝑓 (𝑡) (a) and corresponding 𝑆𝑏 −𝐾 curve (b) based on a different equivalent radius for Case 5: 𝑇0 = 550 K, 𝜙 = 2 and 𝑃0 = 1 atm. The results
from the corresponding 1-D spherical cool flame 𝑅𝑓,0𝑔 (black line) without buoyancy are also plotted for comparison. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Fig. 14. The flame radius history 𝑅𝑓 (𝑡) (a) and corresponding 𝑆𝑏 −𝐾 curve (b) based on a different equivalent radius for Case 1: 𝑇0 = 400 K, 𝜙 = 2 and 𝑃0 = 1 atm. The results
from the corresponding 1-D spherical cool flame 𝑅𝑓,0𝑔 (black line) without buoyancy are also plotted for comparison. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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for Cases 1 and 5. Note that the stretch rate is computed by 𝐾 =
(2∕𝑅𝑓 )(𝑑𝑅𝑓∕𝑑𝑡). The results from the corresponding 1-D spherical cool
flame without buoyancy effects (denoted as 𝑅𝑓,0𝑔 , solid black lines) are
also plotted for comparison. For Case 5 at 𝜙 = 2, 𝑃0 = 1 atm, 𝑇0 =
550 K, as shown in Fig. 13, the three equivalent radii 𝑅𝑓 are in very
good agreement with the one at zero gravity condition. Moreover, the
resultant 𝑆𝑏 − 𝐾 curves also coincide with each other, leading to no
more than 0.5% relative error of extrapolated 𝑆0

𝑏 between buoyant and
non-buoyant cool flames. This is as expected since the cool flame with
relatively high propagating speed is not much biased by the buoyancy
effects and remains a nearly spherical shape as observed in Figs. 9 and
10(a).

In contrast, for Case 1 at 𝜙 = 2, 𝑃0 = 1 atm, 𝑇0 = 400 K, as shown
n Fig. 14(a), the equivalence radii 𝑅𝑓 obtained from the buoyant cool
lame with mushroom-like shape deviates from the 𝑅𝑓,0𝑔 significantly.
oreover, three different definitions of the equivalent radius show

ivergent behavior to capture buoyant cool flame propagation speed.
ℎ increases much faster than 𝑅𝑒𝑞,𝑉 and 𝑅𝑒𝑞,𝐶𝑅, which is also reflected

n the derived 𝑆𝑏 − 𝐾 curves in Fig. 14(b). In addition, 𝑆𝑏 − 𝐾 curves
ased on 𝑅ℎ and 𝑅𝑒𝑞,𝐶𝑅 do not have a well-defined linear region after
he ignition stage: for large flame radii (i.e., small stretch rate), the
𝑏 − 𝐾 curve based on 𝑅ℎ shows a clear upwarp with decreasing 𝐾
hile 𝑅𝑒𝑞,𝐶𝑅 shows a decaying burned flame speed, neither of which are

uitable for extrapolating flame speed. Besides, significant fluctuations
n 𝑅ℎ-based 𝑆𝑏 − 𝐾 curves are observed in Figs. 13(b) and 14(b),
ndicating 𝑅ℎ is not an ideal choice for equivalent radius definition.
ompared to 𝑅ℎ and 𝑅𝑒𝑞,𝐶𝑅, the 𝑆𝑏 − 𝐾 curve based on 𝑅𝑒𝑞,𝑉 exhibits
9

etter linearity at 0.5 cm< 𝑅𝑒𝑞,𝑉 < 1 cm, although the 𝑆𝑏 from 𝑅𝑒𝑞,𝑉 is 4
Fig. 15. The relative errors between 𝑆0
𝑏 obtained from 𝑅𝑒𝑞,𝑉 and 𝑅𝑓,0𝑔 for all cases

isted in Table 1. The data points represented by the red circles with filled color are
elected for linear fitting.

igher than the reference value 𝑅𝑓,0𝑔 by 20% (7.8 cm/s vs. 6.4 cm/s).
evertheless, Fig. 14 demonstrates the superiority of 𝑅𝑒𝑞,𝑉 over 𝑅ℎ and
𝑒𝑞,𝐶𝑅 on extracting 𝑆0

𝑏 from non-spherical cool flames.
Choosing the equivalent radius definition as 𝑅𝑒𝑞,𝑉 , Fig. 15 summa-

izes the relative errors between 𝑆0
𝑏 and 𝑅𝑓,0𝑔 for all cases listed in

able 1 together with two new cases at 𝑇0 = 410 K (𝑅𝑖𝑚𝑎𝑥 = 19.4) and

30 K (𝑅𝑖𝑚𝑎𝑥 = 14.4). The relative errors are defined by the difference
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Fig. 16. Key requirements for the accurate extraction of cool flame speed drawn from the multiscale modeling and their implications for the design of spherically expanding flame
experiments.
of 𝑆0
𝑏 at zero-gravity and normal-gravity conditions. It turns out that

the relative errors of 𝑆0
𝑏 are a piece-wise linear function of 𝑅𝑖𝑚𝑎𝑥. When

𝑅𝑖𝑚𝑎𝑥 < 8, the relative errors remain negligible, while when 𝑅𝑖𝑚𝑎𝑥 > 18,
they reach a plateau where the relative error is around 20%. For 8 <
𝑅𝑖𝑚𝑎𝑥 < 18 (the data points are represented by the red circles with filled
color in Fig. 15), the relative errors grow linearly with 𝑅𝑖𝑚𝑎𝑥 and the
linear correlation coefficient is higher than 0.9. As such, the buoyant
spherical cool flames can be measured under gravitational conditions
with reasonable accuracy at 𝑅𝑖𝑚𝑎𝑥 < 10. In the current context, the
initial condition range for feasible cool flames is 𝑇0 ≥ 450 K or 𝜙 ≥ 0.5.
The corresponding flame speeds are 𝑆0

𝑏 ≥ 8 cm/s or equivalent 𝑆0
𝑢 ≥

5 cm/s. Note that for hot flames, 𝑆0
𝑢 ≥ 15 cm/s is suggested [38,39].

The cool flame seems measurable for terrestrial experiments but has a
higher requirement than the hot flames.

3.3. Discussion

In 1-D simulations, the available thermodynamic conditions (𝑇0 and
𝑃0) and mixture compositions (𝜙) are systematically assessed to allow
an isolated spherically expanding cool flame to ignite and propagate
with a sufficient time window. Then, through 2-D simulations, the
effects of buoyancy on spherical cool flame propagation are investi-
gated. More importantly, the equivalent radius definition for spherical
cool flame speed extrapolation is determined. In short, a comprehen-
sive methodology can be proposed to guide the design of spherically
expanding cool flame experiments. Fig. 16 summarizes key steps for
choosing 𝑇0, 𝑃0, and 𝜙, which is explained in detail as follows:

First, the ignition delay time of the mixture is preferred to be in the
order of O(1000)s (Requirement 1 in Fig. 16) for the experiments to
prepare the heated premixed gas, so the estimated upper limit of 𝑇0 is
450 K (see Supplemental Material F for ignition delay time at different
temperatures). Second, according to the 1D simulation results, high
pressure and rich equivalence ratio are preferred because they allow a
wide initial temperature range to ignite an isolated cool flame without
incurring auto-ignition in the preheat zone (Requirement 2). However,
at the same time, suppressing downstream hot flame formation requires
upper limits for the pressure and equivalence ratio to obtain sufficient
𝑆𝑏 − 𝐾 data (Requirement 3). Consequently, there is a trade-off for
𝑃0 and 𝜙 conditions considering Requirements 2 and 3. In addition, a
high propagation speed is required to minimize the buoyancy-induced
flame deformation (Requirement 4). Since the cool flame speed remains
insensitive to pressure while increasing with 𝜙, a rich equivalence ratio
is suggested. After determining 𝑇0 and 𝜙, locating the available 𝑃0
ranges becomes straightforward. For example, the DME/air mixture
with 𝜙 = 2, 𝑇0 = 450 K and 𝑃0 = 1 atm, i.e., Case 3 in Table 1, would
fulfill all the aforementioned requirements.
10
4. Conclusions

In this study, 1-D and 2-D numerical simulations considering de-
tailed chemistry are performed to investigate the ignition and propa-
gation of spherically expanding cool flames under gravitational con-
ditions, aiming at helping measure cool flame speed using a spherical
bomb.

In 1-D simulations without buoyancy, the available thermodynamic
conditions (𝑇0 and 𝑃0) and mixture compositions (𝜙) are systematically
assessed so that an isolated spherically expanding cool flame can
propagate for a sufficient distance. Results demonstrate that coupling
constraints exist for 𝑇0, 𝑃0, and 𝜙 conditions, considering the low-
temperature autoignition in the ignition kernel and the upstream pre-
heat zone, and the hot flames downstream. Specifically, the cool flame
cannot be ignited without incurring instantaneous high-temperature
ignition under very low 𝑇0, 𝑃0, and 𝜙 conditions. In contrast, the
upper limits of 𝑇0 and 𝑃0 allow for sufficient 𝑆𝑏 − 𝐾 data before the
hot flame catches up with the cool flame, while the upper limit of 𝜙
help avoids the occurrence of end-gas auto-ignition. As such, the lower
and upper limits of ambient temperature, pressure, and equivalence
ratio are identified, and the criterion for flame speed extrapolation is
established.

In 2-D simulations with gravity, the effects of buoyancy on spherical
cool flame are studied. Two groups of cool flames with varying 𝑇0 and
𝜙 are considered to cover a wide range of cool flame speeds. Various
levels of deformation at different propagation speeds and Richardson
numbers are observed. Detailed analyses of the flame structure and
the effects of the stretch rates and diffusion are performed. For the
equivalent radius of the deformed cool flame, the radius based on the
3-D flame volume (i.e., 𝑅𝑒𝑞,𝑉 ) is found to have the best performance
on extrapolating 𝑆0

𝑏 , compared with the definitions relying on the most
outer horizontal position (i.e., 𝑅ℎ) or the 2-D flame cross-section area
(i.e., 𝑅𝑒𝑞,𝐶𝑅). As such, the relative errors of 𝑆0

𝑏 between buoyant and
non-buoyant cool flames can be reduced within 5% for 𝑅𝑖𝑚𝑎𝑥 < 10
or 𝑆0

𝑏 > 8 cm/s. Finally, a comprehensive methodology is proposed
to guide the design of spherically expanding flame experiments on
measuring cool flame speeds.

The present study, for the first time, has systematically analyzed
the dependence of isolated cool flame’ existence time window and
investigated the cool flame propagation under gravitational conditions.
Therefore, it will improve our understanding of cool flame dynamics
in gravitational environments and also contribute to the experimental
design to measure cool flame speed in the future.
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