Simulation of burning velocities in gases vented from thermal run-
a-way lithium ion batteries

Jonathan Johnsplass, Mathias Henriksen, Knut Vagsether, Joachim Lundberg and
Dag Bjerketvedt
University College of Southeast Norway, Porsgrunn, Norway, knutv@usn.no

Abstract

This paper describes the results from simulations of lam-
inar burning velocities in the premixed air and flamma-
ble gases vented from abused Li-ion batteries. The re-
leased mixture from such batteries contain mixtures of
hydrogen, methane, ethylene, carbon monoxide and car-
bon dioxide. The study also includes the combustion
properties of an electrolyte, dimethyl carbonate. The
simulation results show the laminar burning velocities
as a function of concentration, pressure and temperature
for the gas mixtures and electrolyte. The goal of the pre-
sent project is to use the simulated burning velocities in
curve fitted functions for use in computational fluid dy-
namics (CFD) codes.
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1 Introduction

In the recent years, we have seen a strong increase in the
use of Li ion batteries as an energy carrier in the
transport sector. This growth is expected to continue in
future transport applications on road, rail, and sea. The
advantage of Li ion batteries is the relatively high en-
ergy density. However the high energy density also
represents a hazard. If the battery experiences a thermal
run-a-way or overheating it might vent combustible
gases, mists and particles which can cause fires or ex-
plosions. Such an explosion occurred in Sweden in 2016
during a Li-ion battery test.

Harris et al. (2009) studied the impact from the car-
bonate solvents used in Li-ion batteries where they re-
ported that flames of carbonate solvents are less ener-
getic than hydrocarbons as propane.

Most lithium-ion studies are primarily focused on the
gases vented from the batteries, the other phases are ne-
glected. The study by Ponchaut et al. (2014) studied two
combustion properties, the deflagration index and the
overpressure at constant volume combustion of the
vented gases from two lithium-ion pouch batteries. The
study concludes that the gases vented from the li-ion
pouch battery are comparable to the hydrocarbons me-
thane, and propane, but that vented gas have a broader
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combustion range, due to the presence of hydrogen, and
carbon monoxide.

In order to make a risk assessment and consequence
analysis we need to know the combustion properties of
the gases involved. Such information is lacking in the
open literature today. There are two ways of finding that
type of information; one way is to carry out experi-
mental investigations the other is to perform simula-
tions. In this paper we describe the simulation approach
using the open-source chemical kinetics software Can-
tera.

The overall objective of this activity is to develop a CFD
(Computational Fluid Dynamics) tool for simulation of
dispersion and combustion of gas, mist and particles
emitted from abused Li-ion batteries. The present paper
presents the first part of this activity, which is to simu-
late the laminar burning velocity of the different mix-
tures. In order to find these coefficients we use the Can-
tera program (Goodwin et al, 2017) to simulate the lam-
inar burning velocities and the thermodynamic proper-
ties of the combustion products for different stoichiom-
etry, initial pressure and temperature. The planned path
from these simulated velocities is to use a Python
LMFIT non-linear optimization program to find the fit-
ted functions to be used in the CFD software. The route
from Cantera simulations to the CFD simulation is illus-
trated in figure 1. The aim of presented paper is to show
the method and the results of the simulation of the burn-
ing velocity as a function of stoichiometry (equivalent
ratio), pressure and temperature.
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Figure 1. The planned activity path from simulated burn-
ing velocities to CFD simulations.

2 Materials and Methods

In this section we describe the Cantera program and the
reaction mechanisms that we used to simulate the lami-
nar flames for the different pre-mixed gas mixtures. The
following subsections describe the flammable sub-
stances we have studied; i) gas composition emitted
from 18650 Li-ion batteries, ii) dimethyl carbonate elec-
trolyte and iii) methane, propane and hydrogen.

2.1 Cantera Software

Cantera 2.3.0 is an open-source software (Goodwin et
al, 2017) for simulations of thermodynamic states, ho-
mogeneous and heterogeneous chemistry, chemical
equilibrium, reactor networks, steady 1-D flames, reac-
tion path diagrams, non-ideal equations of state and
electrochemistry. It can easily be used as plugin or
toolbox in Python and Matlab.

2.2 reaction mechanisms

We used the laminar flame model in Cantera 2.3.0
which takes into account the multi-component heat and
mass transfer, convective transport and elementary
chemical reactions. The K+2 conservation equations be-
low have to be solved to find the laminar burning veloc-
ity, S.. Where K is the number of species. Equation (1)
is the continuity equation, equation (2) is the mass con-
servation of each specie and equation (3) is the conser-
vation equation for energy.
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Where, 111 is the mass flow, p is the density, u is the flow
velocity, Y;, is the mass fraction of specie k, V, is the
diffusion velocity of specie k, wy, is the reaction rate of
specie k, Wy, is the molecular weight of specie k, T is the
temperature, c,, is the specific heat capacity, A is the heat
conductivity, A is the cross sectional area, hy, is the spe-
cific enthalpy of specie k.

The reaction rate of specie k is calculated from the ele-
mentary reaction mechanism, which is solved as shown
in equation 4. Equation 5 is the Arrhenius rate constant.
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Where: J is the the elementary reactions containing
specie K, k; is the rate konstant for reaction j, I is the
number of reactants in reaction j, ¢ is the molar
concentration of the reactants, v is the stoichiometric
index of component i, A is the pre-exponential factor, 8
is the temperature index, E,, is the activation energy. The
three constants in the Arrhenius rate constant are found
in the reaction mechanism.

2.3 Reaction Mechanisms

To calculate the reaction rates we use Cantera 2.3.0 with
the GRI-Mech 3.0 mechanism (Gregory et al). The
mechanism has 325 reactions and 53 species. It is opti-
mized for natural gas combustion, i.e. CH4, but includes
several other species, e.g. Hz, CO, C2H4 and C2He. GRI-
Mech3.0 is the only default reaction mechanism in Can-
tera which includes all the relevant species from the Li-
ion vented gas. We have therefore chosen GRI-Mech 3.0
for all simulation except for the dimethyl carbonate (i.e.
DCM) simulations.
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For the dimethyl carbonate electrolyte, we used the
reaction mechanism of Glaude et al 2004 with 805 reac-
tions and 102 species

e L

Figure 2. Picture of an 18650 Li-ion battery after a rupture
test.

2.4 Gas Composition emitted from Li ion
batteries

Golubkov et al, (2014) analyzed the gas composition of
the vented gas emitted from three different 18650 bat-
teries, i.e. an LCO (Lithium Cobalt Oxide: LiC002),
NMC (Lithium Nickel Manganese Cobalt Oxide: LiN-
iMnCo0O2) and LFP (Lithium Iron Phosphate:
LiFePO4) lithium-batteries. Table 1 gives the specifi-
cations for the three Li-ion batteries. We should notice
that these batteries contain flammable materials in form
of Li, electrolytes and graphite. When an 18650 battery
is overheated or experiences a thermal run-a-way the
pressure inside the battery will increase. If the battery
reaches around 150 °C a rupture disc will open and relief
the pressure and combustible gases, mists and possible
particles will then be vent into the surrounding atmos-
phere. Figure 2 shows a picture of an 18650 battery.
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Table 1. Specfications of three different types of Li-ion
batteries.

Property Variable | LCO LNMCO LFP
Cellmass |g 44.3 43.0 388
Capacity Ah 2.6 1.5 1.1
Minimum |V 3.0 30 25
voltage
Maxinum |V 42 41 35
voltage
Electrolyte DMC:EMC:EC (6:2:1) DMC:EMC:EC:PC DMC:EMC:EC:PC
solvents (7112 1) (42:3:1)
Cathode LiCoO;: Li(Nig:Mng 2sCo LiFePOy
material Li(NiosMno 25Co025)0n 010)02

2:1)
Anode Graphite Graphite Graphite
material
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Figure 3. The composition of the emitted gas from three
different Li-ion batteries.

Golubkov et al. used a GC to quantified composition of
the vented gas. The result from the measurements is
shown in Figure 3. For all the three batteries the H, con-
tent was around 30%. The emitted gas contains also sig-
nificant amounts of combustible hydrocarbons in form
of ethylene, C2Hs, and methane, CHs. The sum of CO;
and CO was more or less constant, but the CO, and CO
concentration vary for the three cases. The LCO battery
gave nearly 30% CO while LFP gave less than 5 %.

3 Results and Discussions

The present simulations are for air mixtures with DMC,
hydrogen, methane and ethylene. The hydrogen, me-
thane and ethylene included as reference fuels.

3.1 Burning Velocity vs. Equivalence Ratio
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Figures 4 and 5 show the laminar burning velocity as
a function of equivalence ratio for initial condition 1 atm
and 298.15 K. The equivalence ratio, ¢, is the fuel-to-air
ratio to the stoichiometric fuel-to-air ratio. For an equiv-
alence ratio less than one (i.e. ¢ < 1), the fuel-air mixture
is fuel lean and we have an excess of air (or oxidizer).
For ¢ >1, the mixture is fuel rich. It is evident from that
the maximum burning velocity is slightly on the rich
side for all components, i.e. when ¢ > 1.

Except for pure H, the maximum laminar burning ve-
locities are in the range of 0.35-0.65 m/s. Hydrogen
however, has a maximum laminar burning velocity of 3
m/s. This value reflects the high reactivity and the high
thermal diffusivity of H.. The two other reference fuels
gave maximum laminar burning velocities of 0.45 m/s
for propane and 0.38 m/s for methane, which is typical
values for gaseous hydrocarbons. We found that the
electrolyte component; dimethyl carbonate (DMC) had
maximum laminar burning velocity in the same range as
methane but with higher burning velocities on the rich
side. The Li-ion LFP gas and methane are also similar
with respect to laminar burning velocity.

The Li-ion LCO gas shows a higher laminar burning
velocity than the other gasses at a maximum of 0.65 m/s
at equivalence ratio at 1.28. The simulation of S, for
LCO gas gave the highest S. when we exclude Hz. This
high S, for the Li-ion LCO gas is likely due to the low
CO: content and high CO content in the gas mixture.

Li-ion LNCMO gas propagates at the same burning
velocity as propane.

We also observe that the CO content in the emitted
gas has a significant influence on the laminar burning
velocity.

& LY on LNCM(

Adiabatic laminar burnign velocity [cm/s

Figure 4. Comparison of the laminar burning velocity of
the discharged gas emitted from an LCO, LNCM, and an
LFP battery premixed with air, dimethyl carbonate-air and
methane-air at initial conditions of 1 atm, and 298.15 K,
were the burning velocity is a function of equivalence ratio.
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Figure 5. Comparison of the laminar burning velocity of
the discharged gas emitted from an LCO, LNCM, and an
LFP battery premixed with air, electrolyte component di-
methyl carbonate-air and methane-air at initial conditions
of 1 atm, and 298.15 K, were the burning velocity is a func-
tion of equivalence ratio.

3.2 Burning Velocity vs. Initial Pressure

Figure 6 shows the laminar burning velocity, Si, for stoi-
chiometric mixtures at 298 K and initial pressure from
0.51t0 10 bar. The burning velocity, in general, decreases
with the pressure rise for all the Li-ion battery mixtures.
However, the burning velocity for hydrogen has a peak
at 2.25 bar. Even though the gas from the Li-ion LCO,
LNCMO and LFP batteries constitute approximately of
30 % hydrogen this does not seem to cause the pressure
dependency for the burning velocity of the gaseous mix-
tures to behave as a pure hydrogen-air mixture. The
pressure dependency for the burning velocity is equal to
the Li-ion battery gases, and the electrolyte component;
dimethyl carbonate.

Li-ion LNCMO gas

— 2

50
s Lidon LFP gas
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Figure 6. Comparison of the laminar burning velocity of
the discharged gas emitted from an LCO, LNCM, and an
LFP battery premixed with air, dimethyl carbonate-air and
methane-air at initial conditions of 298.15 K, were the
burning velocity is a function of the initial pressure in bar.

3.3 Burning Velocity vs. Initial Temperature

Figure 7 shows the laminar burning velocity, Si, for stoi-
chiometric mixtures at 1 bar and initial temperature from
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250 to 950 K. The laminar burning velocity is a strong
function of the initial temperature of the reactants. The
gases from the Li-ion batteries are behaving uniformly;
the velocity is steadily increasing from 250 < T < 950
with a very rapid increase at T = 950 K. For the purpose
of this study, temperatures below 650 K is the most in-
teresting. The sudden increase in burning velocity at 950
K is probably because the mixture is close to the auto
ignition temperature.

The electrolyte component; dimethyl carbonate, is less
sensitive to temperature compared to the vented gases
from the Li-ion batteries.
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Figure 7. Comparison of the laminar burning velocity of
the discharged gas emitted from an LCO, LNCM, and an
LFP battery premixed with air, and methane-air at initial
conditions of 1 atm, were the burning velocity is a function
of the initial temperature in Kelvin.

4 Conclusion

We have simulated the laminar burning velocity for
three gas mixtures vented from thermal runaway lithium
batteries, one electrolyte and three reference fuels. The
laminar burning velocities for these gases are similar to
methane or even higher. This finding is important
knowledge and will be used as input to computational
fluid dynamics (CFD) codes for simulating gas explo-
sions. To our knowledge these data is unique. The Can-
tera software has proven to be a useful tool for estima-
tion of the laminar burning velocities for gas vented
from Li-ion batteries and dimethyl carbonate electro-
lyte, DCM.

The emitted gas from Li-ion batteries and the DMC
electrolyte, when mixed with air, burns at flame speeds
similar to hydrocarbons such as methane and propane.

The burning velocity for all mixtures is decreasing for
elevated initial pressure and increases for elevated tem-
perature.

It is clear from our simulations that the gas vented from
a thermal runaway in a Li ion battery burns comparable
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to methane and propane. These gases will therefore un-
der certain conditions, such as confinement and ob-
structed areas, represent a serious hazard with regard to
explosions and fires.
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