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ABSTRACT

The electrolyte is one of the main components in a Li-Ion cell/battery. It consists of one or a mixture of
organic carbonates (e.g., dimethyl carbonate) together with a Li-ion salt. The heat of combustion of the
organic carbonates can contribute between 65-70% of the total energy content in a 18650 Li-ion cell. If a
cell is heated, either by an external source or due to short-circuit, it may cause the battery to vent and,
under certain conditions, experience thermal runaway. The laminar burning velocity is an essential
parameter for flame propagation. It is also an essential input parameter for several computational fluid
dynamic (CFD) codes. No experimental studies on laminar burning velocities are currently published for
Li-ion electrolytes such as dimethyl carbonate (DMC). In this study, the Markstein length, the laminar
flame speed and burning velocity for DMC and propane are determined for an outwardly propagating
spherical flame (OPF). The flame was analyzed in a 20-liter explosion sphere with initial conditions at
100 kPa absolute and 300 K. The results from the experiments fit well with previously published results
for propane and are slightly lower than theoretical calculation for DMC. Propane has higher laminar
burning velocity compared to DMC, which corresponds well with the higher rate of explosion pressure
rise for propane. DMC has a higher maximum explosion pressure compared to propane.
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NOMENCLATURE

A area (m?) K Stretch rate (1/s)

K deflagration index (bar m3/s) 6 density ratio

L  Markstein length (mm) ¢  Fuel- air equivalence ratio (-)
p  pressure (kPa, MPa) Subscripts

r ) rad1u§ (.m, mm) o b  relative to burnt gas

R”  coefficient of determination

ex maximum explosion pressure for particular

S flame speed (m/s) experiment

T temperature (K) f  flame

t  time (ms) u  relative to unburnt gas
Greek . X Superscripts

p  density (kg/m’) 0 laminar
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INTRODUCTION

Li-ion batteries are popular when it comes to electrochemical energy storage due to its high energy
density and specific energy compared to other rechargeable batteries [1]. In the last two decades,
there have been several reports of fire and explosion related incidents caused by Li-ion battery
failure [2]. Most of the flammable material comes from the electrolyte which is one of the main
components in a Li-Ion cell/battery. It consists of one or a mixture of organic carbonates (e.g.,
Dimethyl carbonate) together with a Li-ion salt. According to an estimate from Mikolajczak, et al.
[3], the heat of combustion of the organic carbonates contributes between 65-70% of the total
energy content in a 18650 Li-ion cell, depending on the state of charge (SOC). In contrast, the
electrical energy for the same cell is only 8-13% of the total energy depending on SOC.

From a safety point of view, this chemical/combustible energy is a potential hazard, especially for
large battery systems found in electric vehicles, ships and power storage for smart grids.
Overcharge, heat exposure, overdischarge, external and internal short-circuit are potential causes for
batteries to become unstable and release a combustible gas mixture. The combustible gas mixture
can be the solvent from the electrolyte and a mixture of hydrocarbons gases [1-9]. Fig. 1 shows two
still images of an inhomogeneous propagating flame, from the released gas/mist vented from an
externally heated 18650 Li-ion cell.

Fig. 1. Two still images of an inhomogeneous flame propagating inside a 0.45x0.10x0.10 explosion channel. A
18650 Li-ion cell was externally heated until the combustible gas/mist vented. a) Short after the ignition. b)
Image when the flame has reached the end of the channel

Laminar burning velocity is an essential parameter for flame propagation. A flame will usually start
slow and laminar with velocities in order of 0.5 m/s. As the flame propagates, it may become
turbulent due to concentration differences, obstacles, self-generated turbulence and more [10]. For
hydrocarbons, the higher laminar burning velocity usually corresponds to a more reactive mixture
with a higher rate of explosion pressure rise. The laminar burning velocity is also an essential input
parameter for several computational fluid dynamics (CFD) codes (e.g., Giilder formulation, [11]).
No experimental studies on laminar burning velocities are currently published for Li-ion electrolytes
such as dimethyl carbonate (DMC).

Laminar flame speed, burning velocity and Markstein lengths for DMC and propane for an
outwardly propagating flame (OPF) are determined in a standard 20-liter explosion sphere. The
experiments are performed in a typical manner as described in other studies [12-18]. Results from
the propane experiments are compared with previously published studies and for DMC with a
theoretical calculation. Initial conditions for all experiments were 100 kPa absolute and 300 K.

MATERIALS AND METHOD
Experimental setup and procedure

Figure 2 shows a schematic of the experimental setup. The vessel is a standard 20-liter explosion
sphere. A heating jacket controls the internal temperature, and there is a heating plate in the bottom
for liquid evaporation (not shown in schematics). Two Kistler 601CAA pressure transducers
measured the explosion pressure at 125 kHz. A Keller PAA-33X pressure transducer recorded the
pressure during the filling process to get the partial pressures for each component. Separate injection
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ports/inlets for all materials were used to reduce uncertainties in the fuel-air concentration. The
ignition system consists of an ignition coil with a primary inductance of 8.0+15% mH. Two metal
wires with a diameter 1 mm, with a variable gap between them of 0.5 and 2.0 mm, is connected to
the ignition coil. By charging the ignition coil with 12 volts, a spark with approximate 100 mJ and
30 000 V was generated. A focused shadowgraphy technique [19] was used to enhance the visibility
of the propagating flame and was recorded with a Photron SA-Z high-speed camera operating at 20
000 frames per second (fps). An image processing tool generated in Matlab was used to analysis the
shadowgraph images. The DMC had a purity above 99% and propane a purity above 99.95%.

Fuel (liquid)

Vacuum
Pump

() Outlet

Fig. 2. Schematic of experimental setup. 1 explosion chamber, 2 oxidizer inlet, 3 flush inlet, 4 fuel (liquid)
injection port, 5 fuel (gas) inlet, 6 vacuum port, 7 gas outlet, 8 ignition system, 9 thermocouple, 10 glass
windows (100 mm), 11 LED light source, 12 high speed camera, 13 control/trigger unit, 14 data acquisition
system, 15, ambient pressure sensor, 16 dual explosion pressure sensors

The explosion sphere was purged with compressed and oil-free air for a minimum of five minutes
before each experiment. The explosion sphere was evacuated to an absolute pressure of 5 kPa (+0.2
kPa) after purging. Fuel was filled to the desired partial pressure, and then the sphere was filled with
air to 100 kPa (£0.5 kPa). Air and fuel were actively mixed for five minutes to ensure a
homogenous mixture. After mixing, the temperature was recorded. The temperature difference
between experiments was within +3.0 K. The ignition was delayed an additional three minutes after
mixing to ensure that the mixture was quiescent. After ignition, the explosion pressure and high-
speed recording were stored for further analysis.

For experiments that included liquid injections, the heating plate was set 10 K above the internal
temperature of the explosion sphere to increase evaporation rate. There is a dip tube from the
injection port down to a heating plate to ensure that the liquid enters on the heating plate. To reduce
the risk of condensation and liquid residue, the maximum partial pressure of DMC was 8.2 kPa
(DMC vapor pressure @ 300 K). After one to two minutes of constant pressure and no visible liquid
residue in the vessel, the procedure continued as described above.

Outwardly propagating spherical flame method

In this study, the outwardly propagating spherical flame method was used to determine the flame
speed (S,). In each shadowgraph image, the flame radius is measured and considered stationary. The
calculated rate of increase in flame radius (dr/dt) is identified as the flame speed. Figure 3 shows an
illustration of flame propagation and Eq. (1) shows how the flame speed was calculated by Eq. (1),
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_ dr
T dt (D

where S, is flame speed (m/s), dr/dt is rate of change in flame radius (m/s).

Sp

The flame radius was found by using the intensity gradients in a shadowgraph image. These
gradients distinguish the outer perimeters of the flame from the burnt and unburnt gas in the image.
The gradient closest to the burnt phase was chosen as the perimeter for the flame. The perimeter of
the flame was then fitted to a circle using least square minimization [20] to obtain the
overall/average radius. All radii are then post-filtered with a Savitzky-Golay smoothing algorithm
[21] to reduce noise from the image processing. Since the flame front is spherical/curved, it does not
conform to the planar laminar flame speed (Sg). The stretch rate needs to be evaluated in order to
determine the unstretched/planar laminar flame speed. Stretch rate is defined by Eq. (2) [22].

_1dA_2dr
T Adt  rdt 2

where « is the stretch rate (1/s), A is a flame area (mz), dA/dt is the rate of change in flame area
(mz/s), r is flame radius (m), dr/dt is the rate of change in flame area (m/s)

K

Products
M2 |

T

reactants

réactants
Fig. 3. llustration of an outwardly propagating spherical flame.

In this study, the linear stretch model was used to determine the laminar flame speed (SZ) and the
Markstein length (L,). The linear expression is shown in Eq. (3).
Sb = Sl? + LbK (3)

where, S, is the flame speed with respect to the burnt mixture (m/s), SZ is the laminar flame speed
with respect to the burnt mixture (m/s), L, is the Markstein length with respect to the burnt mixture,
x is the stretch rate (1/s)

From continuity and assuming quasi-steady flame, the laminar burning velocity (Sg) can be
expressed by Eq. (4) [23].

Pp
S¢=50-— =500
u b pu b (4)

where, S 3, laminar burning velocity with respect to unburnt state (m/s), S Z, laminar flame speed with
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respect to burnt state (m/s), p,, density of equilibrium burnt state (kg/m’), p,, density of unburnt
state (kg/mS), o, is the density ratio (-).

The chemical kinetics, thermodynamics, and transport process simulation tool Cantera (version
2.3.0) [24] was used to theoretically calculate laminar burning velocities and equilibrium states for
constant pressure combustion. To calculate the laminar burning velocity the FreeFlame model was
used with the same initial conditions as in the experiments. The FreeFlame model is a One-
dimensional freely propagating planar flame with adiabatic conditions. The reaction mechanism for
DMC was taken from Glaude et al. [25], and the Gri3.0 reaction mechanism for propane was from
Smith et al. [26]. For density ration (o) the constant pressure equilibrium solver was used. The
established reaction mechanism for the different fuels provided the equilibrium constants and
reaction sets for the calculation.

RESULTS AND DISCUSSION

Instabilities may influence the propagation of the flame and the flame speed due to thermal
diffusion, hydrodynamic instabilities and buoyancy [13]. To reduce instabilities caused by thermal
diffusion, and buoyancy effects, only concentrations closer to ¢ = 1.0 was chosen. For some of the
rich mixtures, small flame front instabilities can be seen in Fig. 4 and Fig. 5. These instabilities may
cause small errors in the calculated laminar burning velocities. Regarding buoyancy effects, Ronney
et al. reported that for laminar burning velocity above 0.15 m/s, the buoyancy would not affect the
flame shape and not cause any significant errors in the radius measurements [27]. Discrepancies due
to buoyancy are therefore considered to negligible.

Propane @ T=300 K, p=100 kPa
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Fig. 4. Shadowgraph images of propane experiments. Flame propagation with radii from 0, 5, 10, 15, 20, 30
and 40 mm with corresponding time after ignition in milliseconds. Initial condition for experiments at 300 K
and 100 kPa absolute

A change in pressure can cause hydrodynamic instabilities. There was no change in pressure in the

time frame the flame speed was determined. Instabilities caused by a change in pressure was
therefore not considered. Hydrodynamic instabilities can also be created during ignition.
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Instabilities caused during ignition will often propagate along with the flame development [28] and
be visible in the high-speed recording. Some experiments were rejected due to large instabilities
from the ignition, which caused the flame to propagate none spherical. By varying the spark gap
between 0.5 and 2.0 mm for different concentrations the ignition induced instabilities was reduced.
By studying Fig. 4 and Fig. 5, the flame surface for most of the experiment is a smooth surface with
relatively few instabilities.

DMC @ T=300 K, p=100 kPa
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Fig. 5. Shadowgraph images of dimethyl carbonate (DMC) experiments. Flame propagation with radii from 0,
5, 10, 15, 20, 30 and 40 mm with corresponding time after ignition in milliseconds. Initial condition for
experiments at 300 K and 100 kPa absolute.

Figure 6 shows the filtered flame radii and the calculated flame velocities as a function of time and
radii for propane (left) and DMC (right). Figure a) and b) shows the filtered flame radii as a function
of time. For experiments with ¢ above 1.0, the radius increases almost linearly with time. The radii
were plotted with and without the filter applied to exclude over processing the data, but gave no
significant difference in radii. Filtering was still applied to reduce fluctuations in the calculation of
the flame speed. Liu et al. [18] reported similar linear trends for the propagation of the flame radius
for propane with ¢ between 1.0 and 1.5.

The flame speed as a function of time is plotted in Fig. 6 ¢) and d) and as a function of flame radii in
e) and d) for propane (left) and DMC (right). Due to small fluctuations between neighboring radii
the change in the local speed can be substantial and therefore smoothed with a filter. The fluctuation
between neighboring radii is caused by the pixel to meter resolution related to flame propagation. If
the flame propagation is slow, the flame may be registered as almost stationary for two frames,
before moving. Filtering this uneven propagation was chosen instead of curve fitting the data to a
polynomial.

The flame has a higher acceleration between 5 and 10 mm than for the rest of the propagation. It is
not clear what is causing this change, but Kelley et al. [28] reported similar results when studying
critical radius for flame propagation. They reported that the flame accelerated until it reached
expected flame speed and then propagate as expected. The acceleration occurred from the point of
ignition to a flame radius of 10 mm, which is equal to what is observed in this study. Due to this
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significant change in flame speed, the data below 10 mm was not used in the evaluation of the
unstretched flame speed.
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Fig. 6. Recorded data from shadowgraphy images and post-processing of images. a) and b) filtered radius as a
function of time for propane and dimethyl carbonate respectively. c¢) and d), Calculated flame speed as a
function of time for propane and dimethyl carbonate respectively. e) and f) Calculated flame speed as a

function of filtered flame radius for propane and dimethyl carbonate respectively. Initial condition for all
experiments was 300 K and 100 kPa absolute. The number of data point is reduced by a factor of 12 in
the plots.

For propane and DMC there is a small and almost linear change in flame speed from 10 mm to 30
mm. Similar results have been reported for propane in previous studies [15, 18]. When the flame
radius exceeds 30 mm, the flame speed changes for some of the concentrations. For propane, a
small deceleration occurs for all expect ¢ = 0.99. The flame speed for DMC does not have the same
type of deceleration as propane. It is uncertain what the causes this change in flame speed. No
pressure change was recorded as mention, so the pressure was not considered to be the cause. The
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image processing could have issues at a radius exceeding 30 mm, due to the thresholding criteria.
Further investigation of the data is needed to determine the cause. Radii above 30 mm were still
used in the evaluation of laminar flame speed to have an equal length range for all experiments.

Figure 7 shows the flame speed as a function of the stretch rate for propane (left) and DMC (right).
The data were fitted with a linear least square method to get the laminar flame speed and the
Markstein length (Ly). There is some variation in how well the plotted data corresponded with the
linear stretch model as shown in Fig. 7. The lowest coefficient of determination (R”) for propane
was 0.82 for ¢=1.4 with an average value of 0.91. For DMC the lowest R* was 0.64 for ¢ = 1.32
with an average value of 0.92. The raw data points in Fig. 7 and Fig. 6 is reduced by a factor of 12
to avoid the points appearing as a complete line. All the raw data points are used in the least square
minimization. For each experiment, the total number of data points fitted varied between 250 and
500 dependent on flame speed. By removing data with a radius above 30 mm would decrease the
R’, but not give any significant change in laminar flame speed and Markstein length.
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Fig. 7. Flame speed as a function of the stretch rate with the Linear stretch model as dashed lines for propane
and dimethyl carbonate. Initial conditions for all experiments was 300 K and 100 kPa absolute. The number of
data point is reduced by a factor of 12 in the plots.

Table 1 and Table 2 summarizes the results. Propane has the highest laminar burning velocity and
flame speed at ¢ = 1.20. For DMC the highest laminar burning velocity and flame speed were found
at ¢ = 1.04. For DMC the values are close to equal for 1.0 < ¢ < 1.2. For both fuels, the highest
burning velocities are located near stoichiometric concentrations, with the highest values slightly on
the rich side, which is expected. Figure 8 shows the propane results compared with previously
published studies [14-18, 29] and the DMC results compared to the reaction mechanism from
Glaude et al. [25]. The propane results compared very well with previously published results, which
indicates that the experimental setup and method gives reasonable results. There is a discrepancy
between the theoretical calculations and the experimental results for DMC. It is uncertain what is
causing this discrepancy. According to Chen et al. [30], radiative heat loss can contribute to the
discrepancy between simulations and experiments. Similar deviations were found in a recent study
[31] where explosion characteristic (explosion pressure and rate of explosion pressure rise) was
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measured. In this study, the explosion pressures for electrolytes were compared with theoretical
calculation.

Table 1. Laminar flame speed, Markstein Length, and laminar burning velocity for propane at 300 K
and 100 kPa absolute

Fuel-Air equivalence Laminar flame speed Markstein length (Ly,) Laminar burning
ratio (Sg) [m/s] [mm)] velocity (SZ) [m/s]
0.82 1.93 -1,19 0.27
0.99 2.89 -1.10 0.37
1.20 3.06 -0.62 0.39
1.43 1.87 0.39 0.25

Table 2. Laminar flame speed, Markstein Length, and laminar burning velocity for dimethyl carbonate
(DMC) at 300 K and 100 kPa absolute

Fuel-Air equivalence Laminar flame speed Markstein length (Ly,) Laminar burning
ratio (SH) [m/s] [mm] velocity (S) [m/s]
0.84 1.72 -1.78 0.23
1.01 2.40 -1.53 0.29
1.04 2.50 -1.54 0.30
1.13 2.31 -0.76 0.29
1.16 2.47 -0.89 0.30
1.33 2.08 -0.17 0.25
S2, [m/s] S0, [m/s]
0.6 0.6
—e— DMC mech [24]
&= DMC, Present study
0.5 1 0.5 1
4 A
A
0.4 L ® A 0.4 1
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0.2 1 : @ Liuetal. 2014, [17] 0.21
@® Lowryetal. 2010, [15]
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Fig. 8. A comparison of laminar burning velocity. Left) Propane laminar burning velocities compared to
previously published results. Right) Dimethyl carbonate compared to reaction mechanism. Initial conditions for
all experiments are 300 K and 100 kPa absolute.
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Figure 9 shows a comparison of explosion pressure (left) and rate of explosion pressure rise (right)
for propane and DMC. DMC has the highest explosion pressure of 938 kPa compared to propane.
Propane had the highest rate of explosion pressure rise of 42.98 MPa/s of the two substances. The
higher rate of explosion pressures for propane corresponds well with the burning velocity results. A
recent study gave similar trends for propane and DMC with initial conditions at 373 K and 100 kPa
[31]. For propane, there is more data point included in Fig. 9 than in Fig. 8. Figure 9 includes
rejected experiments for laminar burning velocity due to a relatively high none spherical flame
propagation.
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Fig. 9. A comparison of explosion characteristics for propane and dimethyl carbonate. Left) Comparison of
explosion pressure. Right) Comparison of rate of explosion pressure rise. Initial conditions for all experiments
is 300 K and 100 kPa absolute.

CONCLUSION

A 20-liter explosion sphere was used to determine the laminar flame speed, Markstein length and
laminar burning velocity for propane and dimethyl carbonate at different concentrations, with the
initial condition at 300 K and 100 kPa absolute. The procedure and experimental setup gave results
consistent with previously published results and is considered a suitable method for determining
laminar burning velocities.

An adiabatic and chemical equilibrium calculation performed using Cantera gave higher laminar
burning velocities compared to experiments for DMC. This disagreement may be due to the
radiative heat losses in the explosion sphere compared to the adiabatic conditions for the theoretical
calculation. The maximum laminar burning velocity of 0.30 was found for fuel-air equivalence ratio
of 1.04 for DMC.
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DMC had the highest maximum explosion pressure of 938 kPa and propane largest rate of explosion
pressure rise of 42.98 MPa/s. The maximum rate of explosion pressure rise for propane compared to
DMC is consistent with propane higher burning velocities.
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