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Abstract: If a Li-ion cell fails and the electrolyte leaks out into air, a flammable premixed gas
cloud can be formed. The electrolyte combustion energy is 65–70% of the total energy content
of the cell. The main objective of this study is to determine the laminar burning velocity and
the Markstein length for dimethyl carbonate and propane in a 20-liter explosion sphere with ini-
tial conditions at 100 kPa and 300 K. Five different stretch extrapolation models for the laminar
burning velocity give practically the same result. The experimental results agree well with the
previously published data and are slightly lower than the theoretical predictions. The laminar
burning velocity for dimethyl carbonate is measured close to the saturation point under the initial
conditions, which has not been previously reported.
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INTRODUCTION

With the increasing need for clean and sustainable
energy, Li-ion batteries (LIBs) have become a popu-
lar choice for energy storage. They are characterized
by a high energy density and power compared to other
rechargeable batteries. A challenge with the Li-ion tech-
nology is that it must have a protection circuit to en-
sure safety [1–3]. A combination of a flammable organic
electrolyte with highly energetic materials present a po-
tential for an accident [4]. In the last two decades, there
have been several reports of fire- and explosion-related
incidents caused by LIB failure [3–6].

The electrolyte is one of the main components in
the Li-Ion cell/battery and consists of one or several
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organic carbonates (e.g., dimethyl carbonate) together
with a Li-ion salt. Typical electrolytes are flammable.
Mikolajczak et al. [7] estimated that the heat of com-
bustion of the organic carbonates contributes 65–70%
of the total energy content in the 18650 Li-ion cell, de-
pending on the state of the charge.

In the Li-ion battery/cell, a thermal incident can
be initiated by an internal or external short circuit, heat
exposure, overload, over-discharge, overcharge, and me-
chanical abuse [7]. Such an incident can lead to the
release of the electrolyte, hydrogen, carbon monoxide,
methane, and other flammable species [6–12]. If these
species mix with air, a flammable premixed gas cloud
can be formed. If such a cloud is ignited, a gas explosion
can occur.

Johnsplass [13] documented gas explosions in
clouds of a vented electrolyte from the 18650 Li-ion cell
that was externally heated to 425 K. The flame veloc-
ity observed on the high-speed video was up to 10 m/s.
Figure 1 shows two still images from one of the exper-
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Fig. 1. Still images of an inhomogeneous flame prop-
agating in a 0.45 × 0.10 × 0.10 m explosion chan-
nel; the 18650 Li-ion cell was externally heated until
the combustible gas/mist vented; (a) image taken
soon after ignition; (b) image taken when the flame
reached the end of the channel.

iments. The cell lost roughly 2 g, which was assumed
to be mostly the electrolyte. With an ambient temper-
ature of 300 K and assuming a homogenous mixture
in the channel, the concentration of dimethyl carbon-
ate (DMC) in air would be approximately 8%. A closed
volume combustion calculation shows that the explosion
pressure can reach almost 1 MPa [14].

When studying flame propagation, the laminar
burning velocity (LBV) is one of the essential param-
eters. At the beginning, the flame is usually slow and
laminar with a flame speed in the order of 3–4 m/s. It
propagates faster as the flame is affected by turbulence
generated due to concentration differences, obstacles,
self-generated turbulence, etc. [15]. The LBV is often
a key parameter in modeling the turbulent flame speed
and can be used to validate chemical kinetics [16–18].
Two previous studies on the LBV of DMC have been
published. Bardin et al. [19] measured the LBV of DMC
using a heat flux burner at different conditions. Persis
et al. [20] measured the LBV of DMC in an explosion
sphere with the initial conditions at 318 K and 1 atm.

In this study, a typical 20-liter explosion sphere
is used to determine the laminar burning velocity and
Markstein length for DMC and propane. The experi-
ments are performed in a typical manner, as described
in other studies [21–26]. The experimental results are
compared with previously published studies and with
theoretical calculations. The initial conditions for all
experiments were the absolute pressure of 100 kPa and
temperature of 300 K. This paper is an extended version
of the work presented at the 9th International Seminar
on Fire and Explosion Hazards in April 2019 [27].

Fig. 2. Experimental setup: (1) explosion chamber;
(2) oxidizer inlet; (3) flush inlet; (4) fuel (liquid) injec-
tion port; (5) fuel (gas) inlet; (6) vacuum port; (7) gas
outlet; (8) ignition system; (9) thermocouple; (10) glass
window (100 mm); (11) LED light source; (12) high-
speed camera; (13) control/trigger unit; (14) data ac-
quisition system; (15) ambient pressure transducer;
(16) dual explosion pressure transducers.

MATERIALS AND METHODS

The experimental setup (20-liter explosion sphere)
is schematically shown in Fig. 2. A detailed descrip-
tion of the setup and the procedure has been previ-
ously published [27]. A heating jacket controls the
ambient temperature in the sphere. In the bottom of
the sphere, there is a heated plate for evaporating liq-
uids. Two identical pressure transducers measure the
explosion pressure, and a separate pressure transducer
records the ambient pressure during sphere evacuation
and filling. Dedicated inlets are used for the oxidizer,
liquid fuel, and gaseous fuel to reduce uncertainties in
the fuel–air concentration. DMC has a purity above
99% and propane has a purity above 99.95%. An ig-
nition coil generates a spark between two metal wires
with a variable gap.

A focused shadowgraphy technique [28] was used to
enhance the visibility of the propagating flame, which
was recorded with a high-speed camera operating at
20 000 fps. Image processing and data analysis were
undertaken using the tool/code generated in Python.

Image background subtraction was used to remove
noise that could potentially influence flame front de-
tection. As the shadowgraphy technique was used, the
images contain two intensity gradients corresponding to
the inner and outer perimeter of the flame. The outer
perimeter was chosen because it is closer to the unburnt
mixture. In each image, the threshold that separates
the flame from the background is set individually. The
perimeter of the flame is then fitted to a circle using the
least square minimization to obtain the overall radius.
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Table 1. Stretch extrapolation models

Model name/description Expression Reference

Linear stretch model (LS) Sb = S0
b − Lbκ [30, 31]

Linear curvature model (LC) Sb = S0
b

(
1− 2Lb

rf

)
[32, 33]

Nonlinear model with three fitting parameters (N3P) Sb = S0
b

(
1− 2Lb

rf
+

c

r2f

)
[29]

Nonlinear model in the expansion form (NQ) S0
b + c = rf + 2Lb ln(rf )−

4L2
b

rf
− 8L

3r
[34]

Quasi-steady nonlinear model (NE)

(
Sb

S0
b

)2

ln

(
Sb

S0
b

)
= −2Lbκ

S0
b

[35, 36]

Table 2. Implicit functions of the flame radius derived from the expressions in Table 1

Model name Implicit dependence rf (t)

LS rf = S0
b t− 2Lb ln rf + Cst

LC rf − S0
b t− 2Lb ln(rf − 2Lb) + Cst

N3P (A > 0) rf = S0
b t − Lb(r

2
f − 2Lbrf + c)− 2L2

b − c

2
√
A

ln

(
− rf +

√
A+ Lb

rf +
√
A− Lb

)
+ Cst

−−−−−−−−−−−−−−−− −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

N3P (A < 0) rf = S0
b t− Lb(r

2
f − 2Lbrf + c)− 2A√−A

arctan

(
r − Lb√−A

)
+ Cst

−−−−−−−−−−−−−−−− −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
A− L2

b − c

NQ rf = S0
b t+ c− 2Lb ln(rf ) +

4L2
b

rf
+

8L3
b

3r2f

The code saves the set of the images together with the
temporal evolution of the radius.

The first step in the post-processing tool/code is
to set the radius range to be considered in the calcu-
lations. The lowest radius is set to 10 mm but may
be changed to fit the product of the Markstein number
Ma and Karlovitz number Ka (Ma ·Ka) in the interval
from −0.05 to 0.15 [29]. The radius above 37.5 mm is
removed due to an increase in the variation in the data.
From the conditioned radii, the laminar flame speed and

the Markstein length are calculated. Table 1 shows the
stretch extrapolation models used in this study.

By representing the flame speed Sb as the deriva-

tive
drf
dt

, the expressions in Table 1 can be written as

differential equations. In particular, the equation be-
low shows the differential equation for the linear stretch
model:

drf
dt

(
1 +

2Lb

rf

)
= S0

b .
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Here rf [m] is the flame radius, t [s] is the time, and
Lb [m] is the Markstein length for the burnt gas. The
solution to the differential equation above yields an im-
plicit function of the flame radius. This function can be
fitted to the measured variation of the radius in time
with the least square minimization method. Chen [16]
and Liu et al. [26] previously published a similar method
for the LS model. Table 2 shows the implicit functions
for the expressions in Table 1, except for the NE model.

The NQ model in the expansion form (see Table 1)
is already expressed as an implicit function of the flame
radius. An analytical solution to the differential equa-
tion of the NE model could not be found. Liu et al. [36]
proposed a method for solving the NE model, but the
regression is on the flame speed and stretch rate rela-
tion. This method is represented by the equations

κ = ASb −BS2
b ln(S

2
b ),

A = ln(S0
b )/LbS

0
b , B = (1/2)LbS

0
b ,

S0
b = exp(A/2B), Lb = (1/2)BS0

b ,

where κ [s−1] is the stretch rate and A [m2] is the
area. To reduce noise from the image processing, the
flame radius and flame speed were post-filtered with
the Savitzky–Golay smoothing algorithm [37] and used
in the NE method by Liu et al. [36]. All other models
were fitted using the raw data from the image process-
ing.

The equilibrium states and the LBV for constant-
pressure combustion were calculated in the chemical
kinetics, thermodynamics, and transport process sim-
ulation tool Cantera (version 2.3.0) [38]. For a one-
dimensional freely propagating planar flame, the Can-
tera routine called FreeFlame was used to calculate the
LBV. Two different reaction mechanisms for DMC ox-
idation were used for comparison: those of Glaude et
al. [39] and Sun et al. [40]. A constant-pressure equilib-
rium solver was used to determine the density ratio for
DMC and propane. The reaction mechanism of Glaude
et al. [39] and the GRI-Mech 3.0 mechanism [41] were
used in the equilibrium calculations.

RESULTS

Tables 3 and 4 summarize the results for propane
and DMC, respectively. Propane has the highest mea-
sured LBV and flame speed at the equivalence ra-
tio φ = 1.2 of the four different concentrations. Com-
paring the DMC results, the highest LBV and flame
speed were obtained at φ = 1.04. The LBV of DMC is
nearly constant in the concentration range 1.0 � φ �
1.2. For both fuels, the highest LBV values are located

near stoichiometric concentrations, with the highest val-
ues slightly on the rich side, which could be expected.

For propane, there is only a small difference in
the laminar flame speed between different models. By
comparing the average value for each concentration,
the variation is between ±41 mm/s for φ = 0.82 and
±18 mm/s for φ = 1.2. For DMC, the variation is some-
what larger, from ±90 mm/s for φ = 0.84 to ±2.4 mm/s
for φ = 1.43. For the relatively high variation at φ =
0.84 for DMC, the Ma ·Ka value is equal to 0.24, which
is above the recommended value of 0.15. It was not
possible to reduce the Ma ·Ka value by simply remov-
ing the smaller radii. The result from the experiment
was still kept because the variation in the LBV between
the models was not significant (see Table 4).

There is a larger variation in the Markstein length
between all models compared to the variation in the
laminar burning velocity. By comparing the average Lb

value for each concentration, the variation for propane
is between ±0.4 mm for φ = 0.82 and ±0.1 mm for φ =
1.2. DMC had a higher variation compared to propane:
from ±1.0 mm for φ = 0.84 to ±0.02 mm for φ = 1.43.
The maximum and minimum variations of the Mark-
stein length corresponds to the same experiments with
the maximum and minimum variations in the laminar
flame speed.

The coefficient of determination R2 is almost iden-
tical for the four stretch models used to fit the depen-
dence of the flame radius on time. At the same time, the
NE method proposed by Liu et al. [26] yields smaller R2

values in all experiments. As the models are fitted based
on different parameters, it is difficult to compare the R2

values between the NE method and the other four mod-
els.

DISCUSSION

When using an explosion sphere to determine the
flame speed, the thermal diffusion, hydrodynamic insta-
bilities, and buoyancy can cause instabilities and may
influence the flame propagation [21, 42]. Choosing the
concentration close to stoichiometry (φ = 1.0) will re-
duce instabilities. For some of the rich mixtures, small
flame front instabilities can be seen in Fig. 3. These in-
stabilities may cause small errors in the calculated LBV.
Regarding the buoyancy effects, Ronney and Wach-
man [43] reported that buoyancy would not cause any
significant errors in the radius measurements in the ex-
periments with LBV values above 150 mm/s. As the
measured LBV is above 200 mm/s in all experiments
of the present study, the discrepancies due to buoyancy
are considered as negligible.
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Table 3. Summary of results for propane–air mixture burning
at the initial temperature of 300 K and initial absolute pressure of 100 kPa

φ Flame parameters
Stretch extrapolation model

LS LC N3P NE NQ

0.82

S0
b , mm/s 2047.2 2000.4 2004.3 2004.5 1977.0

Lb, mm 1.80 1.31 1.35 1.34 1.11

S0
u, mm/s 287.0 280.5 281.0 281.1 277.2

R2 0.999997 0.999998 0.999998 0.999998 0.995362

0.99

S0
b , mm/s 2976.4 2932.3 2974.2 2 935.5 2905.7

Lb, mm 1.39 1.08 1.38 1.10 0.94

S0
u, mm/s 378.8 373.1 378.5 373.6 369.8

R2 0.999999 0.999999 0.999999 0.999999 0.991300

1.20

S0
b , mm/s 3139.5 3120.9 3138.5 3121.8 3108.0

Lb, mm 0.84 0.72 0.84 0.72 0.65

S0
u, mm/s 396.0 393.7 395.9 393.8 392.1

R2 0.999999 0.999999 0.999999 0.999999 0.978764

1.43

S0
b , mm/s 1926.5 1925.6 1924.2 1925.6 1896.2

Lb, mm −0.22 −0.23 −0.24 −0.23 −0.39

S0
u, mm/s 252.0 251.9 251.7 251.9 248.1

R2 0.999998 0.999998 0.999998 0.999998 0.563832

Pressure changes can also cause hydrodynamic in-
stabilities. However, in the recorded pressure within the
radius measurement range, no significant pressure in-
crease was detected. Ignition-induced instabilities often
propagate along with the flame development [44]. For
this reason, the experiments with non-spherical flame
propagation were rejected. By varying the spark gap
in the interval 0.5–2.0 mm for different concentrations,
the ignition-induced instabilities were reduced. Figure 3
shows that the flame exhibits spherical propagation in
most experiments and has a smooth surface with rela-
tively few wrinkles.

Figure 4a shows the unfiltered measured radii and
the regression curves, except for the NE model. The
light tone markers are all measured radii, and the black
markers are the radii used in the regression study. The
radii below 10 mm were automatically removed be-
cause of the relatively large change in the flame speed
(Fig. 4b). Kelley et al. [44] reported a similar observa-
tion when investigating the critical radius necessary to
sustain flame propagation. The flame propagates ini-
tially with a high velocity due to ignition, but decel-
erates as it propagates. At a certain flame radius, the
flame speed starts to increase until it reaches a flame
speed that approaches the LBV. For radii above 10 mm,
the flame radius increased almost linearly in time for
most of the experiments; therefore, this value was cho-
sen as the initial minimum radius. More experimental

points were removed for which the product of the Mark-
stein number and the Karlovitz number was outside the
recommended range of −0.05 to 0.15 proposed by Wu
et al. [29], who demonstrated that the LBV measure-
ment should be conducted within the mentioned range
to minimize the extrapolation uncertainties:

MalinearKamid =
Lb

δL

κδL
Sb

=
2Lb,linear

rf,mid

(δL is the laminar flame thickness). In Fig. 4a, all mod-
els fit equally well with the measured radii, which is ex-
pected based on the R2 value in Tables 3 and 4. Based
on the results in Tables 3 and 4, the models for extrap-
olating the laminar flame speed and burning velocity
yield fairly similar results, which are almost indepen-
dent of the model if used within the interval −0.05 <
Ma ·Ka < 0.15.

Figure 5a shows the propane–air combustion re-
sults compared with previously published studies [22–
26, 45]. The DMC results are also compared in Fig. 5b
to the results of [19] and with the predictions by two
reaction mechanisms [39, 40]. For comparison of the
experimental results, only the LS model was used be-
cause it was this model that was used in the previous
studies. It is worth mentioning that the variation in
the LBV between the methods is significantly smaller
(±5 mm/s at most) than the variation between the dif-
ferent studies (±30 mm/s on the average).
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Table 4. Summary of results for DMC–air mixture burning
at the initial temperature of 300 K and initial absolute pressure of 100 kPa

φ Flame parameters
Stretch extrapolation model

LS LC N3P NE NQ

0.84

S0
b , mm/s 1895.1 1804.6 1729.3 1814.8 1783.9

Lb, mm 2.84 1.79 0.97 1.86 1.53

S0
u, mm/s 250.8 238.8 228.9 240.2 236.1

R2 0.999968 0.999987 0.999993 0.999984 0.991726

1.01

S0
b , mm/s 2436.2 2383.8 2395.3 2388.3 2361.5

Lb, mm 1.74 1.28 1.38 1.30 1.11

S0
u, mm/s 293.6 287.3 288.6 287.8 284.6

R2 0.999997 0.999998 0.999998 0.999998 0.994419

1.04

S0
b , mm/s 2491.8 2446.3 2464.8 2450.0 2425.3

Lb, mm 1.57 1.18 1.34 1.21 1.03

S0
u, mm/s 300.3 294.8 297.0 295.2 292.2

R2 0.999998 0.999998 0.999998 0.999998 0.993317

1.13

S0
b , mm/s 2494.2 2474.8 2491.8 2475.9 2461.6

Lb, mm 0.98 0.81 0.96 0.82 0.73

S0
u, mm/s 297.3 294.9 297.0 295.1 293.4

R2 0.999998 0.999998 0.999998 0.999998 0.988313

1.16

S0
b , mm/s 2522.3 2497.8 2529.2 2499.4 2482.3

Lb, mm 1.10 0.90 1.14 0.90 0.80

S0
u, mm/s 300.9 298.0 301.8 298.2 296.2

R2 0.999996 0.999996 0.999996 0.999996 0.962149

1.32

S0
b , mm/s 2144.8 2141.5 2143.8 2141.6 2140.3

Lb, mm 0.41 0.38 0.40 0.38 0.37

S0
u, mm/s 261.0 260.6 260.9 260.7 260.5

R2 0.999999 0.999999 0.999999 0.999999 0.910555

The propane results are compared well with the
previously published data, which indicates that the ex-
perimental setup and method provide acceptable re-
sults. The experimental results for DMC in this study
match reasonably well with the data reported in [19].
Although there are only a few overlapping points in
Fig. 5, the trend from the two datasets shares the same
curve profile.

The results of this study include LBV values at
300 ± 2 K with the equivalence ratios φ > 1, which
have not been reported previously. For the LBV at φ =
1.32, the partial pressure in that experiment (8.5 kPa
at 302 K) was close to the estimated DMC vapor pres-
sure of 8.8 kPa in [46]. The small pressure difference
may cause some uncertainties of the concentration in
the experiment.

The reaction mechanism of Sun et al. [40] agrees
with the experimental results better than that by
Glaude et al. [39]. Both calculations predict a higher

LBV value than the results for DMC from both exper-
imental studies. It is uncertain what is the reason for
this discrepancy. Meanwhile, the radiative heat loss can
contribute to the discrepancy between simulations and
experiments, according to Chen [16].

Figure 6 shows comparisons of the explosion pres-
sure (a) and the rate of explosion pressure rise (b)
for propane and DMC. DMC has the highest explo-
sion pressure of 0.94 MPa, which is higher than that
of propane. However, propane has the higher rate of
explosion pressure rise of 43 MPa/s. The higher rate of
explosion pressure rise for propane is consistent with the
LBV value. In Fig. 6, there are more data points than
in Fig. 5 because Fig. 6 also shows the LBV measure-
ments earlier rejected due to pronounced non-sphericity
of flame propagation.

In the case of a leak of DMC into a confined space,
the vapor concentration is determined by the vapor–
liquid equilibrium, if the leaked amount is sufficient.
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Fig. 3. Shadowgraph images of DMC combustion: the initial conditions are the temperature of
300 K and absolute pressure of 100 kPa.

At 1 atm and 300 K, the equilibrium vapor pressure
for DMC corresponds to φ = 1.25, which is above the
stoichiometric value. At the same time, it means that
the fuel–air mixture will never exceed the upper explo-
sion limit under these conditions. An extra amount of
DMC above the vapor–liquid equilibrium concentration
induces vapor condensation, and the concentration of
DMC in the gas phase is practically the same. The
partial density of the DMC vapor at φ = 1.25 under
the above-mentioned conditions is 0.29 g/liter. The
equilibrium explosion pressure at this concentration is
0.93 MPa, which is very close to the maximum explo-
sion pressure recorded in this study. Also note that
the ignition energy at φ = 1.25 is close to its minimum
value.

CONCLUSIONS

The laminar flame speed, Markstein length, and
laminar burning velocity for propane and dimethyl car-
bonate at different concentrations were determined in
a 20-liter explosion sphere at the initial temperature of

300 K and the initial absolute pressure of 100 kPa. If
the product of the Markstein and Karlovitz numbers
is within −0.05–0.15 for each experiment, then the re-
sults for the laminar flame speed are practically inde-
pendent on the stretch extrapolation model used. The
measured laminar burning velocities agree with the pre-
viously published data. The measurement procedure
and the experimental setup provide consistent results
and offer a suitable method for determining the lami-
nar burning velocities.

For dimethyl carbonate, the highest laminar burn-
ing velocity of 300 mm/s was found at the fuel–air equiv-
alence ratio of 1.04. This is slightly on the rich side, as
expected. In this study of the laminar burning veloc-
ity, the concentration range for DMC is wider than that
studied by Bardin et al. [19]. The laminar burning ve-
locity measured near the saturated vapor pressure at
302 K is 261 mm/s.

The reaction mechanism of Sun et al. [40] yielded
the laminar burning velocity closer to the experimental
results than that of Glaude et al. [39]. Both reaction
mechanisms overpredicted the laminar burning veloc-
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Fig. 4. Comparison of models used for extrapolation of LBV values: DMC, φ = 1.04, the initial conditions are
the temperature of 300 K and absolute pressure of 100 kPa.

Fig. 5. Measured laminar burning velocity versus the equivalence ratio: (a) propane flame (comparison with
previously reported results); (b) DMC flame (comparison with previously reported results and predictions with
two reaction mechanisms); the initial conditions are the temperature of 300 K and absolute pressure of 100 kPa.
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Fig. 6. Comparison of the explosion characteristics for propane and DMC: (a) explosion pressure;
(b) rate of explosion pressure rise; KG is the deflagration index; the initial conditions are the
temperature of 300 K and absolute pressure of 100 kPa.

ities compared to the experimental results. This dis-
agreement may be due to the radiative heat losses in
the explosion sphere compared to the adiabatic condi-
tions assumed in the theoretical calculation.

Dimethyl carbonate has the higher maximum ex-
plosion pressure of 0.94 MPa, and propane exhibits
the higher rate of explosion pressure rise (43 MPa/s),
which is consistent with the higher burning velocities in
propane–air mixtures.
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