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1 Introduction

Lithium-lon batteries are used in most electronic devices as well as in electric vehicles. As the proportion
of electric vehicles on the road is rapidly increasing in many countries, more and more collisions
involving these vehicles are to be expected. In case of severe collision, the battery can be crushed or
penetrated which can lead to a short circuit (electric abuse) and eventually to thermal abuse and thermal
runaway when the reactive electrolyte (a mixture of linear and cyclic carbonates, essentially) reacts due
to the heat [1]. As the electrolyte reacts (a pyrolysis process, essentially), flammable gases are created
which can lead to a fire if the hot flammable gases vent to the air. Thermal runaway gases (TRG) from
Li-ion batteries have been characterized in many studies [2], but their combustion properties have never
been investigated at the fundamental combustion level. One of the reasons behind that is due to the fact
that the TRG composition varies with the electrolyte composition, the nature of the electrode, the state
of charge of the battery, the failure environment (air, N, vacuum...), etc. [2,3].

However, despite this large number of factors influencing the TRG composition, it is worth mentioning
that the detected species are very similar between studies, although their specific concentrations can
vary greatly. In the present study, we assembled the detailed composition of the vent gases from the
studies listed in [2] and in [3], and forty compositions were identified. An average mixture was
determined from these forty compositions, and a few assumptions were made: the O, and N>
concentration were disregarded, as they most likely essentially come from air; no vaporized battery
electrolytes were taken into account as only one study detected them [4]; and their combustion properties
are not well-known (some linear carbonates) or not known at all (cyclic carbonates), so they need to be
studied separately. Finally, the components with too low of an average concentration (C,H; and CsHe)
are not likely to make any difference on the combustion properties of the final mixture, and these were
excluded. The final mixture is composed of seven components and is defined in Table 1. As one can
see, all the fuels listed in this table have been studied extensively. However, to the best of our knowledge,
such a complex mixture of these gases was never investigated before. Note also the large proportion of
CO- which, while inert, can pose a challenge to kinetics mechanisms when used as a diluent, even for
very simple mixtures, at least at high pressure [5]. The mixture studied herein is therefore a great way
to assess the accuracy of the base chemistry of detailed kinetics mechanisms available in the literature.
To do so, ignition delay times and laminar flame speeds were measured in a shock tube and in a closed
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vessel, respectively. The fuel/air mixtures were studied at (flame speed) or close to (ignition delay time)
atmospheric pressure. The following models were used for comparison with the data and assessment:
GRI3.0 [6], JetSurfll [7], AramcoMech 1.3 [8], CRECK2003 [9], and NUIG 1.1 [10].

Table 1: Li-ion battery thermal runaway gas mixture used during this study.
Fuel C3H8 Csz C2H4 CH4 H, CcoO COz
Mole fraction | 0.007 | 0.019 | 0.027 | 0.119 | 0.144 | 0.168 | 0.516

2 Experimental methods

2.1 Shock tube and ignition delay time measurements

Ignition delay time measurements of the TRG mixture were performed in a single-diaphragm
(polycarbonate, 0.25-mm thickness), stainless-steel shock tube (15.24-cmi.d., 4.72-m long and 7.62-cm
i.d., 2.46-m long for the driven and driver sections, respectively). Five PCB-113B22 piezoelectric
pressure transducers were used to measure the velocity of the incident shock wave, which was
extrapolated to the endwall to determine post reflected-shock conditions. Using this method, the
uncertainty in the temperature behind reflected shock waves (Ts) is maintained below 10 K. Test pressure
was monitored by one Kistler 603-B1 transducer located on the sidewall (16 mm from the endwall), and
one PCB-113B22 transducer on the endwall. At both these locations, OH* signals were recorded using
an interference filter at 307 + 10 nm. The test section was evacuated to 2x10° Torr or better using a
roughing pump and a turbomolecular pump before each experiment. The ignition delay time was
measured using the OH* signal from the endwall with the endwall pressure signal to determined time
zero, Fig. 1. The uncertainty in these measurements is estimated to be about 10%. Test mixtures were
prepared manometrically in a stainless-steel mixing tank. The gas purities were the following: Hz, Air
(premixed, certified 21% O, 79% N,) (Praxair, 99.999%), CH4 (Praxair, 99.97%), C.H. (Praxair, 99.995
%), C2Hs, (Acetylene Oxygen Company, 99.5%), CsHs (Praxair, 99.5%), CO (Praxair, 99.9%), and CO,
(Praxair, 99.99%).
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Figure 1: Determination method for the ignition delay time.
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2.2 Closed vessel and laminar flame speed measurements

Spherically expanding flame experiments were conducted using a cylindrical chamber with
approximately 34 L of internal volume. The chamber is equipped with opposed, 12.7-cm diameter
windows, providing optical access to a schlieren diagnostic. Flame-front-tracking software was
developed in-house to extract flame radii from the schlieren images using contrast adjustment and Canny
edge detection. The rate of change of the flame radius is determined from the time history of the flame
radius. The propagation speed of the flame relative to the burned gas was extrapolated to its unstretched
value using Eq. 1, which is a nonlinear relationship between the burned flame speed and the stretch rate
of the flame described originally by Markstein [11], investigated by Frankel and Sivashinsky [12], and
analyzed in detail by Chen [13]. For spherically expanding flames with positive or near-zero Markstein
lengths, Eq. 1 is highly accurate [13]. To arrive at the unstretched, unburned flame speed, continuity is
applied in Eg. 2, where the burned-gas speed is multiplied by the ratio of the densities of the burned and
unburned gases. More detail on this analysis process is given by Sikes et al. [14].

2
Sp=Sp —SoLyp - 1)

S = oSy )

In Eq. 1, Ly, refers to the burned-gas Markstein length, and r refers to the radius of the flame. The
mixture densities were calculated using AramcoMech 1.3 [8] and the equilibrium chemistry routine in
Chemkin-Pro. A large batch of fuel mixture (Table 1) was prepared manometrically in a stainless-steel
mixing tank, and this mixture was mixed with air at the desired equivalence ratio directly in the flame-
speed vessel prior to each experiment.

3 Results and Comparison with Models

3.1 Ignition delay time measurements

The ignition delay time results are visible in Fig. 2. The comparison between the equivalence ratios ()
investigated, Fig. 2(a), shows a large effect of the equivalence ratio on the ignition delay time. Increasing
the equivalence ratio from 0.5 to 1.0 increases the ignition delay time from between a factor of about 2
(high temperature) and 1.5 (high temperature). Similar factors are observed when increasing ¢ from 1.0
to 2.0. For the fuel-lean results, (Fig. 2(b)) the comparison with the models show that the models
considered herein are relatively accurate and within the experimental uncertainty above 1250 K but tend
to underpredict ignition delay time. Below this temperature, it is interesting to observe that the two oldest
models considered herein are very close to the data (the GRI3.0 model being the closest to this set of
data overall), whereas the modern mechanisms over-predict the increase of the delay as the temperature
decreases by 33% (NUIG 1.1 and CRECK 2003) or higher (Aramcomech 1.3).

For the stoichiometric condition (Fig. 2(c)), the GRI3.0 mechanism is this time the least accurate and
predicts ignition delay times that are too short by a factor of about 1.5-2.0 but presents an activation
energy that is close to the data. The JetSurf Il model is closer to the data on the colder-temperature side,
and the three recent models are close to the data overall but tend to over-predict the activation energy.
For the fuel-rich data (Fig. 2(d)), the prediction difference amongst the models is larger, and the NUIG
1.1 model is the only one that is relatively accurate in predicting the data. The other models present an
over-reactivity (too short of an ignition delay time), especially for the JetSurf Il and GRI3.0 models.
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Figure 2: Ignition delay times of a mixture representative of thermal runaway gases from a Li-ion battery
(Table 1) at various equivalence ratios and comparisons with models from the literature.

3.2 Laminar flame speed measurements

As can be seen in Fig.3, the laminar flame speed of the TRG mixture presents the classical shape
observed with hydrocarbons and passes by a maximum (23.25 cm/s) at an equivalence ratio of around
1.1, also like most hydrocarbons. Concerning the models, only the CRECK and, to a lesser extent, NUIG
1.1 and AramcoMech 1.3 models are able to reproduce the data with high accuracy. The GRI3.0 model
is the only one that over-predicts the data (over the entire range of equivalence ratios investigated) by
about 7.5% at the peak value. The other model considered (JetSurfll) tends to under-estimate the flame
speed above ¢ = 0.9, by up to about 5%, the experimental uncertainty being estimated to be below 3%

[14].
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Figure 3: Laminar flame speeds of a flammable gas mixture representative of the gases formed during
a thermal runaway from a Li-ion battery (Table 1) in air at 1 atm and an initial temperature of 298 K.

4 Conclusion

An average mixture of vent gases from the thermal runaway of Lithium-ion batteries was determined
based on forty different mixtures. The final mixture contains seven components, and the combustion of
this complex mixture was investigated in a shock tube (ignition delay time) and closed vessel (laminar
flame speed) in air. Results were compared to detailed kinetics mechanisms from the literature. Recent
detailed kinetics mechanisms can predict the data with high accuracy, with the most recent one (NUIG
1.1) being the most accurate overall. The complexity of the present mixture, investigated for the first
time, will allow for further improvement of the models in the future.
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