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ABSTRACT

Thermal runaway and its propagation are major safety is-
sues in containerized lithium-ion battery energy storage systems.
While conduction-driven propagation has received much atten-
tion, the thermal hazards associated with propagation via hot
gases vented from failing cells are still not fully understood.
Vented gases can lead to global safety issues in containerized
systems, via heat transfer to other parts of the system and poten-
tial combustion hazards. In this work, we validate the character-
istics of vented gases from cells undergoing thermal runaway in
the thermal propagation model LIMITR (Lithium-ion Modeling
with 1-D Thermal Runaway). In particular, we assess the evo-
lution of vented gases, venting time, and temperature profiles of
single cell and multi-cell arrays based on experiments performed
in Archibald et al (Fire Technology, 2020). While several met-
rics for estimating the venting time are assessed, a metric based
on the CO, generation results in consistent predictions. Vented
gas evolution, and venting times predicted by the simulations are
consistent with those estimated during the experiments. The sim-
ulation resolution and other model parameters, especially the
use of an intra-particle diffusion limiter, have a large role in pre-
diction of venting time.

1 Introduction

The need for grid-scale energy storage systems (ESSs) is in-
creasing as renewable energy utilization expands. The unique
characteristics of Lithium-ion batteries (LIBs), such as their high
energy density, high efficiency, load flexibility and relative matu-
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rity, have made them the front runner for grid-scale energy stor-
age thus far. However, serious safety issues are associated with
these ESSs as a significant amount of energy is stored in rel-
atively small spaces. One of these safety concerns is thermal
runaway of LIBs.

Thermal runaway occurs when a LIB is subjected to ab-
normal conditions, such as thermal abuse or overheating, me-
chanical or electrical events [1-3], which induce uncontrolled
reactions between the battery materials. During thermal run-
away hot, combustible gases are produced from the reactions
and are vented out of the battery cell. The rate of venting de-
pends on many factors such as the cell materials, state of charge,
the cause of thermal runaway [4], and cell temperature. A sig-
nificant amount of thermal and chemical energy is stored in the
vented gases. If a battery undergoes thermal runaway in a con-
tainerized ESS, there is a major concern that heat can propagate
to other battery modules via the vented products and compromise
the safety of the entire system. For example, in April 2019, an
explosion of vented gas products in a LIB energy storage facility
in Arizona resulted in serious injuries [5]. In September 2021,
in California, an overheating incident was reported in Phase 1
of the Vistra’s Moss Landing Energy Storage Facility, currently
the largest battery storage facility in the world [6]. Furthermore,
more than 30 ESS fires causing considerable financial loss were
reported in South Korea as of August 2021 [7].

Numerous numerical and experimental studies [8—12] have
investigated how to mitigate the propagation of thermal runaway
caused by heat conduction between adjacent cells. The propa-
gation of thermal runaway of an entire module was studied ex-
perimentally for cylindrical 18650 cells and pouch cells [8]. The
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results of these experiments showed that the gap between cylin-
drical cells plays a major role in limiting heat transfer from a
failed cell to neighboring cells and therefore limits thermal run-
away propagation. While the large direct contact area between
pouch cells increases the chance of thermal runaway propaga-
tion, thermal insulation between cells can play a significant role
in preventing propagation. Ref. [9] shows that heat transfer from
a failed cell can be reduced by installing metal plates of different
materials and thicknesses between cells. The results show that
plates with sufficient heat capacity were able to prevent propa-
gation entirely, while ones with small thickness only mitigated
propagation.

However, few experiments have investigated the characteris-
tics of vented gases during thermal runaway. Archibald et al [13]
performed experiments on 5 Ah and 10 Ah cells to study fail-
ure of pouch LIB cells due to (1) direct external heating and (2)
thermal runaway propagation from adjacent cells, as well as the
characteristics of these two different types of failure. Their ex-
periments showed that thermal runaway induced by direct heat-
ing took longer than by propagation [13]. Such work builds the
foundation for understanding thermal propagation by the vented
gases in containerized ESSs, but more investigation is needed to
further assess the potential hazards and mitigation strategies.

The goal of this work is to validate the ability of LIM1TR
(Lithium-ion Modeling with 1-D Thermal Runaway), a LIB ther-
mal propagation model developed at Sandia National Laborato-
ries [14,15], to predict vented gases characteristics produced dur-
ing thermal runaway. The results of this modeling effort will be
validated using single cell and array experiments of 5 Ah LIB
cells conducted in Ref. [13]. Here we investigate the effect of the
time step used for the conduction model (Ar), the number of con-
trol volumes (N), and the use of a reaction limiting model [16] on
simulated vented gas characteristics. We will assess (1) the total
moles of gas produced, (2) temperature measurements, and (3)
the venting time. Selection of input parameters of LIMITR will
be addressed. This work helps to lay the groundwork for further
investigations of vented gas hazards for a wide array of LIB sizes
and configurations.

2 Methodology

For this effort, single and five-cell array 5 Ah LIB experi-
ments from [13] were used to validate LIM1TR simulations. To
achieve agreement between the simulations and experiments, the
modeling parameters had to be carefully considered. In the fol-
lowing section, we will describe the experiments used for vali-
dation and discuss key modeling considerations, such as heating
times, boundary conditions, and spatial/temporal discretization.

2.1 Validation Experiment Summary

The experiments used for validation were performed in a
sealed pressure vessel. All of the experiments referenced here
used 5 Ah cells that were 75.5 mm x 64.5 mm x 9.0 mm. How-
ever, there were some key differences between the single cell and
array experiments that may have led to significant differences in
the cell failures.

Firstly, in the single cell experiments, a heater on each side
of the cell were used to initiate thermal runaway. These two
heaters were inserted in aluminum blocks to distribute the heat
evenly on the sides of the cell. The remaining perimeter of cell
was insulated with ceramic fiber. Conversely, for the multi-cell
array experiments, a single heater was centered on the side of the
first cell in the array to initiate thermal runaway on that cell and
then propagate to successive cells via conduction [13].

Secondly, for the single cell experiments the cell was heated
at a constant rate of 5 °C/min to cause the failure, while in the
case of the array experiments it was heated at a rate of up to
100 °C/min until thermal runaway began. For single cell experi-
ments, the beginning of the thermal runaway event was identified
by a heating rate (dT/dt) in excess of 100 °C/s measured between
the heater and failing cell. These heating rates resulted in sig-
nificantly different surface temperatures when thermal runaway
began, between 185 and 196 °C for single cell experiments, and
between 400 °C and 500 °C for the array experiments [13].

All of these particulars required consideration when deter-
mining the best parameters for the simulations as will be dis-
cussed further in the following section.

2.2 LIM1TR

In this work, LIM1TR was used to simulate thermal run-
away and make predictions of the heat and gas generated from
failing cells. LIMITR is an open-source software that employs
a finite volume method and temporal operator splitting to solve
the heat equation with chemical source terms on a quasi-1D do-
main [14]. This formulation captures conduction heat transfer in
one direction along a stack of cells and/or inert materials as well
as heat transfer to the surroundings through an applied flux or
convective boundary condition. The heat equation can be written
as

aT n
pep g =V.(VT)+q . (1)

where p is the cell density in kg/m?, and ¢p and k are the specific
heat and thermal conductivity of the cell in J/kgK and W/mK,
respectively. While q”’ is the source volumetric heat in W/m?® due
to reactions in the cell. More details on the model formulation
can be found in Ref. [14].

For the following simulations, a three-reaction mechanism
was modeled in LIM1TR representing three important reactions
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in LIB thermal runaway; 1) SEI decomposition [17], 2) anode-
electrolyte reactions [18,19], and 3) cathode-electrolyte reactions
[20-22]. Details of the reaction system can be found in Ref. [16].
These reactions convert active electrode materials and electrolyte
to solid and gaseous products.

The global reactions for the SEI decomposition, anode-
electrolyte reactions, and cathode-electrolyte reactions are
shown below, respectively:

1
(CH,0CO,Li); — LipCO3 4+ C,Hy +CO, + > 0,,

2CgLi+ C3Hy03 — 2C 4+ LinCO3 + CoHy, P
5C00s + C3Hys03 — 5C00 4 3CO, +2HO.

In addition to the global reactions, an intra-particle diffusion
limiter as implemented in Ref. [16] was included in the anode-
electrolyte and cathode-electrolyte reactions. This model con-
siders the diffusion of lithium and oxygen through the anode and
cathode particles, respectively. When matched in serial with the
electrolyte reactions at the surface of the particles, the reaction
rate takes the form k;/(1+ Da;), where the subscript “j” indexes
the anode and cathode reactions. The Damkohler number has the
form:

Da; = 3)

E.
aAjexp (—ﬁ) (ro—ri)ro
appDy exp(

Epj\..
TRT )r,

which describes the ratio of the electrode-electrolyte reaction rate
to the intra-particle diffusion rate through a spherical shell with
inner radius r; and outer radius r,. At high temperatures, the
propagation of thermal runaway becomes controlled by diffusion
as the Damkohler number becomes larger. This will be referred
to as the Damkdhler limiter model (DLM) in the following sec-
tions. More details on this model can be found in Ref. [16].

This multi-physics model combines both the conduction and
combustion mechanisms, allowing for simulation of reaction
front propagation through LIBs in 1D if the correct boundary
conditions and parameters are used. The importance of the mod-
eling parameters will be shown in the following sections.

It should be noted, however, that there are some potential
physics that will occur in actual thermal runaway events that are
not captured in the following simulations. For instance, separa-
tor melting can occur at thermal runaway temperatures, leading
to additional short circuit reactions that also release heat. These
short-circuit reactions are not included in the present simulations
because the heating rates associated with the anode and cathode
reactions are much larger than those from short circuits under
these conditions. Further, LIM1TR does not currently include an
explicit model for electrolyte venting during thermal runaway.

Direct electrolyte venting can help in capturing the dynamics
of material loss during thermal runaway as shown by Coman et
al [23], who modeled the vented electrolyte as ideal gas flows
through an orifice. In the current simulations, the electrolyte con-
centration available to react with the electrodes was reduced to
match the observed heat release in lieu of a venting model.

2.3 Single Cell Simulation Input

To model the experiments accurately, the size of the cell,
heating methods, heating rate and heating duration should be set
to reflect the experiment as closely as possible. For the single cell
experiments, the cells were sandwiched between two 0.5 alu-
minum plates as shown in Fig. 1. For the simulations, a heat flux
of 3650 W/m? was distributed over sides of the aluminum plates
for 1700 s to approximate the heating rate and duration measured
in the experiments. A convection coefficient of 5 W/m?K was
used on the external surfaces of the cell (see Fig. 1). The two alu-
minum plates were discretized as 20 control volumes (N = 20).
The initial cell temperature and outside temperature were set to
be 25 °C for all the simulations.

2.4 Five-Cell Array Simulation Input

To match the heating condition in the array experiment, a
heat flux of 5050 W/m? is applied to the first cell for 650 s.
Though the exact heating duration for the experiment was not
reported, thermal runaway of the first cell occurred before 700 s.
Insulation was only modeled after the last cell in the array in the
simulation so the heat flux could be applied to the cell directly.
A convective boundary condition with convection coefficient of
10 W/m?K is used on the external cell faces. This is higher than
the one used for the single cell simulation, because the single cell
experiments use insulation on the external faces. Insulation with
a specific heat of 819.4 J/kgK was modeled on the right side of
the cell array (N = 4). This was chosen based on the value of
calcium silicate board measured in Ref. [24] to give a thermal
diffusivity on the order of 10~7. A convection coefficient of 5
W/m?K is used on the right side of the insulation similarly to
the single cell simulations. This combination of boundary con-
ditions was selected to to emulate the cooling rate seen after the
runaway events in the experiments.

3 Results

A parametric study with forty-five simulations of the single
cell and the five-cell 5 Ah array cases was performed by changing
the simulation time step, Az, number of control volumes in the
cell, N, and whether or not the DLM was used to study the sensi-
tivity of simulation results to these parameters and the agreement
with the experiments. Data from simulations were collected at
uniform time intervals.
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FIGURE 1. Domain table of the single cell simulations layout show-
ing the cell and the two aluminum plates. The dimensions are to scale.

3.1 Single Cell Simulations

Figure 2 shows the interface temperature profiles between
the first aluminum plate and the cell when the DLM is deacti-
vated (At = 0.001 and N = 1 and 10). The temperature response
is similar regardless of the number of control volumes used, but
there is small delay in the thermal runaway going from a sin-
gle control volume simulation to higher resolutions. The maxi-
mum reported vented gas temperature from Ref. [13] was 900 °C,
and the maximum cell temperature of the first control volume for
N =10 is about 840 °C without the DLM (surface temperatures
shown in Fig. 2 are substantially lower because they measure
the average of the cell and aluminum block). For the N = 1 case
without the DLM, the interface temperature when the heater is
turned off (before the reaction occurs) is 191.5 °C, which is in
the range of measured temperature in the experiments (185 to
196 °C).

It is also important to assess the amount of gas vented during
thermal runaway. The moles of vented gases from the simulation
Ngas,sim Were calculated and compare with the moles of vented
gas estimated from the experimental data 744 oxp. For the simu-
lations, the moles of gas produced can be directly calculated as
from the output of the model. To compare this to the experimen-
tal results, the gas production was estimated from the changes
in temperature and pressure after cell venting events during the
experiments performed in a sealed pressure vessel.

Firstly, the volume of the air space in the pressure vessel
was known, and the pressure and temperature before the first cell
failure could be used to estimate the moles of gas in the vessel
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FIGURE 2. Interface temperature profile between the first aluminum
plate and cell for single cell where the DLM is deactivated. The dashed
line indicates the time when the heating stopped, while the dotted line
shows additional 100 s of heating for N= 10 case.

before any reaction products were vented into the vessel using
the ideal gas law:

Pexp,inessel )

nnyi =
> RuTexp,i ’

where ny, ; is the initial moles of nitrogen in the vessel, Ry, is the
universal gas constant, P,y ; initial pressure, and T, ; is initial
temperature of the gas reported in [13]. Note that [13] reported
gage pressures, and an atmospheric pressure of 101.3 kPa was
assumed.

To estimate the moles of gas vented from cell failures, the
temperature after the venting process was used to determine the
partial pressure of the nitrogen in the vessel and any pressure
measured in excess of this amount was assumed to come from
the vented gases. It was further assumed that the vented gases
were ideal the moles of vented gas was calculated as:

_ nNz,iRu Texp,f

PNZ I Vyessel
Pvent :Pexp,f_PNz,f (5)
P PoentVvessel ,
RuTexp, f

where T,y r is the measured temperature after the venting pro-
cess, Pyyp, 1 is the final total measured pressure, Py, r is the partial
pressure of the nitrogen that was initially in the test vessel, and
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Pyens 1s the partial pressure of the vented gases. This was done
similarly for each cell failure for the 10 cell and 5 cell tests of
5Ah cells in [13].

Using this method, the estimated moles of vented gas per
cell failure from the experiments was 0.1836 mol (o = 0.0692
mol) for all the SAh cells. The simulation quantity of vented
gases was in good agreement at 0.1868 mol, suggesting that the
three reaction model used for these simulations gives a reason-
able representation of real scenarios.

It is also important to evaluate the duration of the venting
process and the temperature of the cell during and after thermal
runaway to best understand the associated safety hazards. Vent-
ing time is an important characteristic of vented gases and is di-
rectly related to the reaction rate and further to the exit velocity
of the gases, which is a critical parameter to assess the heat trans-
fer from vented gases. Two approaches were used to evaluate the
venting duration: a heating rate approach and a progress variable
approach based on CO, concentration ([CO;]). The heating rate
was used in Ref. [13] to turn off the heater for five-cell 5 Ah
array, and identify when the rapid heat release occurred for the
single cell.

As an alternate method to evaluate the venting time, we also
introduce the following progress variable 0:

[COs), — [CO2)i=rer
[COZ]max - [C02]z: ref’

0= (©6)

where [CO;] refers to the total mass of CO, of all control vol-
umes in the cell, and [CO3];qy is the maximum CO;, mass, and
[COy]; is the CO;, mass at time ¢. [CO),— rof is the CO, mass at a
reference time where there is no change of CO, mass since some
CO; is produced during heating before the main reaction occurs.
This reference is chosen at = 1200 s for single cell and t = 50
s for five-cell array. This metric is dominated by the cathode re-
action, since CO; is not a product of the anode reaction as it is
shown in Eq. 2. The reaction or venting time can be defined as

tyenting = 1(9 = 099) — t((—) = 025), 7

where (0 = 0.99) is the time where 6 equals 0.99 (the end of the
reaction) and 7(6 = 0.25) is the time where 0 equals 0.25. Simi-
larly, the venting time using the heating rate approach is defined
as

dT _ dT
tvemmg:t(a <=1x10 2)—;(5 >=100), (8)

where #(4L >= 100 is the time where dT /dt is equal or greater
than 100 °C/s, since it is the value that was used to turn off the
heater for five-cell 5 Ah array and where the rapid heat release

occurred for the single cell in [13], and t(% <=1x10"2)is the
time where dT /dt is equal or less than 1072 °C/s. A small value
is chosen to indicate the end of the reaction since no parameter
was mentioned to identify the end of the thermal runaway in the
Ref. [13] for single cell. However, it is important to mention that
dT /dt is directly calculated from the heating rate of the surface
control volume in the simulations (see Eq.1), while it is from a
thermocouple measurement in the experiments. This difference
could lead to some discrepancies. Since the high heating rates
from the simulations are due to chemical reactions, they are a
good indicator of the start and the end of thermal runaway.

Simulations with Az = 0.01,0.005 and 0.001 and N =
1,2,10,30,60, and 90 were performed with and without acti-
vating the DLM to study the sensitivity of the venting time to
these parameters. The results show that the temporal resolutions
used, At, had no effect on the venting time for both cases. Figure
3 shows the estimated venting time for N = 1 and Ar = 0.001
with and without the DLM. This Figure shows that the progress
variable approach estimates higher venting times than the reac-
tion heating rate without DLM, while when employing the DLM
the reaction heating rate approach estimates higher venting time
than the progress variable method. So, there is a significant dif-
ference in venting times between simulations with and without
the DLM, also Ref. [13] estimated about 4 s on average to cap-
ture the travel of the temperature rise form one side of the cell to
other side through the thickness. To study venting time sensitiv-
ity of spatial resolutions, N, and the effect of the DLM, different
spatial resolutions were tested.

To start this analysis, Figure 4(a) and Figure 4(a) show the
progress variable and heating rate of the first control volume for
At = 0.01 and 0.001, and N = 90 with the DLM. This Figure
further shows that the At values used has no effect on progress
variable and heating rate profiles. This is significant as increasing
the temporal resolution by a factor of 10 has a major impact on
the simulation time.

Simulations without the DLM were also performed to eval-
uate its effect on venting time estimates. The progress variable
was used to identify the venting time in this case since it is hard
to identify the beginning of the reaction using the heating rate
approach when the DLM is deactivated. Figure 5 shows that the
venting time approaches 4 s as N increases (4.5 s for N = 90)
using the progress variable approach without the DLM. In gen-
eral, as N increases the venting time converges as heat conduc-
tion through the cell is better resolved. Again, this is close to
the experimentally measured venting time of 4 s. However, us-
ing the DLM led to significantly longer venting time estimates.
Comparing Fig. 4 and Fig. 5, when the DLM was activated the
thermal runaway became slower since longer venting time was
estimated. For DLM simulations,the venting time estimated by
the progress variable was ~ 10-12 s, and ~ 6-9 s using the heat-
ing rate approach and increasing spatial resolution led to longer
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FIGURE 3. Venting time estimated by both progress variable and
heating rate for N= 1 and Ar = 0.001 with/ without activating the DLM
for single cell.

venting times. This is an indication that the DLM is not effective
for this scenario as it excessively limits realistic reaction rates.

Figure 5 also shows that the progress variable approach led
to higher venting time estimates than the heating rate approach.
This could be because of the difference in the bulk cell consider-
ation for the progress variable approach versus the surface con-
sideration of the heating rate approach. This makes the heating
rate approach inaccurate for capturing the beginning of the reac-
tion as the reaction was observed to start in the core of the cell
for these simulations. The efficacy of the progress variable ap-
proach for reaction identification from simulations will be further
expounded upon below.

To summarize the results for the single cell simulations,
three major parameters were considered: the time step, spatial
resolutions, and use of the DLM. It was found that the time step
had no effect on the estimated venting time with the time step val-
ues investigated in this study, which indicates that the conduction
time step was sufficiently resolved at 0.01 s, but the x-dimension
needs to be well-resolved. This was true regardless of the venting
time estimation approach used (progress variable or heating rate).
To match the single cell experiments, no DLM was needed, and
increasing the number of control volumes made the venting time
estimates approach the experimental results. Though this was
true for the single cell situation where the cell was heated on both
sides, it could be significantly different for the array propagation
case where heating is uneven and conduction plays a larger role.
This will be discussed in the following section.

3.2 Five-Cell Array Simulations

We start the validation with temperature profiles of five-cell
5 Ah array in Ref. [13] and the simulated interface temperature
profiles. The results in the first cell in the array will be studied
based on the first control volume since it is the control volume
that is directly in contact with the heat flux. Figure 6(a) shows the
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FIGURE 4. Progress variable and heating rate of the first control vol-
ume for N = 90, and (a) Ar = 0.01 and (b) 0.001 with activating the
DLM for single cell, respectively. Dashed lines indicate the start and
the end of the reaction using the progress variable approach, while dot-
ted ones are related to heating rate approach.

temperature profile of the first node of cell 1, the interface tem-
perature profiles between cells, and between the last cell and the
insulator for N = 90 with the DLM. Figure 6(b) shows the inter-
face temperature measurements between the cells for the five-cell
5Ah array experiment in Ref. [13]. Experimental measurements
in Fig. 6(b) show some high temperature bursts (T > 1000 °C)
that are likely representative of flaming gases from the vented
gases.

Temperature profiles in Fig. 6 show that thermal runaway
in the first cell begins earlier in the simulation than in the exper-
iments, while the total simulated propagation time (~ 90 s) is
longer than the experiment (~ 65 s). This is likely due to some
experimental conditions being unknown, as well as some limita-
tions in the model as it is a quasi 1-D formulation. For example,
the heat flux boundary conditions in the simulations could be
overestimated as we are not resolving the localized heating (cen-
ter of the cell face) from the experiments in the quasi 1-D for-
mulation (full cell face), which could have caused the first cell
to undergo thermal runaway earlier. The duration to apply the
heat flux boundary condition was also not known in detail from
the experiments. Contact resistances between the cells and the
cell thermal conductivity play critical roles in slowing and even
preventing thermal runaway. By comparing the temperatures of
the second and third cells before the thermal runaway occurred
in Fig. 6(a) and 6(b), we can see that the contact resistance be-
tween the cells is likely underestimated or the modeled thermal
conductivity is too large. The effects of these parameters could
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FIGURE 5. Venting time estimated for N = 2, 10, 30, 60, and 90 for
all Ar for single cell using progress variable approach where DLM was
deactivated (6, no DLM), progress variable approach with DLM (8,
with DLM), and heating rate approach with DLM (dT /dt, with DLM).

explain thermal runaway beginning sooner in the simulations and
taking longer to progress through the full stack.

To estimate the venting and heating times for each cell, gas
pressure measurements were used in the experimental tests in
Ref. [13]. For the following results, the progress variable ap-
proach will be used to estimate venting times as it is based on
CO; production, which can be related directly to the gas pres-
sure. Experimental results in Ref. [13] show that the average
venting time is about 11 s, while the average preheating time is
about 4 s.

Figure 7(a) and Figure 7(b) show the progress variable for
simulations with and without the DLM for N = 90. The venting
time for a given cell is estimated as the interval between the ver-
tical dashed and solid lines that identify the beginning and end of
the reaction for that cell, respectively. The preheating time is the
interval between end of the reaction of a prior cell (solid line) and
the beginning of the reaction of that cell (dashed line). For exam-
ple, the heating time of cell 2 is the interval between the first solid
line and the second dashed line. In general, Figure 7 shows that
when the DLM was deactivated the thermal runaway occurred
earlier and the whole stack failed in less time. The evolution of
gases over the duration of stack propagation during thermal run-
away from DLM and non-DLM simulations is shown in Fig. 8.
As each cell goes into thermal runaway gases are generated, and
successive failures add to the vented products collected in the
container. Because these gases are known to be flammable [25]
the overall gas generation from multiple cell failures represents
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FIGURE 6. (a) Temperature profile of the first control volume of cell
1, the interface temperature profiles between cells, and between the last
cell and the insulator for N = 90 and Az = 0.001 with activating the DLM
for five-cell array. The dotted line indicates the time when the heating
stopped. (b) Interface temperature measurements between the cells for
five-cell 5 Ah array experiment [13]. Both figures show the temperature
profiles for 120 s interval. Figure 6(b) was reproduced with permission
from Fig. 6(B) in Ref. [13]).

a significant hazard. This long term gas generation rate is sig-
nificant for heat transfer concerns from flaming combustion as
well. This is also the concern for keeping the gases in a room
or volume containing the cells below a flammability limit. Both
simulations produced the same amount of gases, but non-DLM
simulations showed this gas being produced more quickly.

The estimated venting times with and without the DLM are
shown in Fig. 9(a) and Fig. 9(b). Figure 9(a) shows that vent-
ing times estimated from the DLM simulations are very close to
the venting times estimated in the experiment [13] and that is for
all N values. No significant change was seen in the venting time
estimates when N > 30. This figure also shows that for specific
N as the cell number in the array increases the venting time also
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FIGURE 9. Venting time estimated using progress variable (a) with
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At = 0.001 for five-cell array.

increases, except for the last cell, likely because of the additional
heat lost to the insulation by conduction. However, Ref. [13]
estimated same average venting time value for all cells in the
array. For non-DLM case, Figure 9(b) shows clearly that the es-
timated venting times are smaller than the experimental values in
Ref. [13]. Similar to simulations with the DLM, venting time de-
crease as N increases, and increases as cell number increases. In
contrast to the DLM simulations, there is an obvious difference
between the venting time values with changing N. In general, the
venting times estimated from the DLM cases are higher than the
values estimated form non-DLM cases and that is because the
simulation becomes diffusion-controlled when the DLM is acti-
vated.

Estimated preheating times are shown in Fig. 10(a) and Fig.
10(b) for DLM and non- DLM simulations. In general and sim-
ilar to venting times, the preheating time estimated using the
DLM is higher than those estimated by non-DLM simulations.
For DLM simulations and from Fig. 10(a), as N increases the es-
timated preheating times decrease as a general trend, with almost
same values for N > 30 similar to venting times trend in Fig.
9(a). For non-DLM cases, there is slight fluctuation in preheat-
ing times with N as it is shown in Fig. 10(b). However, we can
say that as N increases venting time decreases, generally. Figure
10(a) and Figure 10(b) show that for certain N as cell number in-
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creases the preheating time increases, while constant preheating
time of about 4 s found in Ref. [13].

In summary for the array simulations, the progress variable
approach was used to estimate the venting and preheating times.
Two parameters were considered: the simulation spatial reso-
lution, and use of the DLM. The DLM made the thermal run-
away propagation slower which led to better estimation of vent-
ing times, close to the experimental values, while the preheating
time values were higher than the measured ones. For DLM, in
general, higher N led to better estimation of venting and preheat-
ing times.

4 Conclusion

This work undertakes a parametric study of simulation pa-
rameters in LIM1TR to establish useful guidelines for the emu-
lation of various thermal runaway scenarios. Of particular im-
portance to this work was matching the characteristics of vented
gas products to experimental results, such as the venting time and
quantity of vented products, which will be important to identify
hazards associated with these combustible products.

The sensitivity study for time step (A7) and spatial resolu-
tion (N) on estimating venting times shows that the time step
has no effect on the venting times; this insensitivity to the time

step is likely a result of the operator splitting and sub-cycling the
stiff chemistry within the split time step. This time step refers
to the operator splitting between the heat transfer and chemical
source. On the other hand, the spatial discretization holds a sig-
nificant effect. The importance of accurately estimating venting
times comes from its relation to calculating the average venting
speed from failed cells. This speed is related to Reynolds num-
ber which is a critical parameter in calculated the Nusselt number
and heat fluxes from impinging jets which represent the vented
gases in this case. The best predictions for cell-to-cell thermal
runaway and venting were obtained with the intra-particle diffu-
sion limiter (DLM), and this is recommended for large-scale ar-
ray propagation events which represents actual scenarios of EES.

After validating the quantity of vented gas produced for the
single cell, the evolution of gas products with time of the array
propagation during thermal runaway was calculated. The amount
of vented gases is important since knowing the amount of these
gases enables us to calculate the lower flammability limit. It is
desirable to remain below this level for fire safety purposes. This
can also be used to estimate the minimum amount of cooling air
needed to dilute the gases without causing undesired combustion.

This work shows the capability of LIM1TR to model vented
gases during thermal runaway and capture their main character-
istics, provides sensitivity study of important parameters in em-
ulating different possible thermal runaway scenarios, this study
can be used as guidelines for LIM1TR users. However, there are
some differences that need further investigation. Future works
will use the characteristics of vented gases to estimate heat trans-
fer from these gases to other parts of an ESS for different cases.
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