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Thermal runaway of the battery pack is a main safety accident of lithium-ion batteries. To
improve the safety of lithium-ion batteries, it is of great significance to explore the features
and development mechanism of thermal runaway. However, the previous studies mainly
focus on a single triggering condition of thermal runaway, and fail to achieve a high
modeling accuracy. Hence, this paper probes deep into the features and spread mechanism
of thermal runaway for electric car batteries. Firstly, the thermo-physical (TP) parameters
were acquired from the batteries, and several key parameters were identified, including the
heat transfer parameters in the chamber of accelerating rate calorimeter (ARC), and the
thermal parameters of battery debris. Next, the thermal runaway features of the batteries
were discussed in stages, and the internal heat yield of batteries was calculated for each
stage. After that, the thermal runaway spread was modeled, and a discussion was held on
the influence of post-thermal runaway TP parameter changes over the spread features of
thermal runaway. The proposed model was proved effective and accurate through

experiments.

1. INTRODUCTION

The electrification of cars has received lots of social
attention, as the most promising development direction of
automobile power [1-5]. Batteries are the core component of
electric cars, which determine the maximum power and
maximum mileage of the cars. To promote electric cars, it is
critical to improve the service life, charging speed, energy
density, and safety of batteries [6-9]. Thermal runaway of the
battery pack is a main safety accident of lithium-ion batteries.
The potential causes of the accident include quality problems,
mechanical damage, and design defects. Once thermal
runaway occurs, the passengers will suffer huge property
losses and heavy causalities [10-16].

Domestic and foreign scholars have dug deep into the
thermal runaway mechanism of batteries, and proposed
various ways to suppress the thermal runaway and thermal
spread [17-20]. The hybrid thermal management system
(HTMS) of lithium-ion batteries involves complex factors,
making it difficult to optimize the system design. Zhang et al.
[21] designed an HTMS based on phase change materials,
liquid cooling, and heat pipes, and established an accurate and
reliable numerical model for heat transfer.

To prevent thermal runaway and degradation, the working
temperature for the lithium-ion batteries in modern electric
cars should be controlled within the allowable range. Afzal et
al. [22] numerically simulated the influence of operating
parameters (volumetric heat yield, conduction-convection
parameter, Reynolds number, and aspect ratio) on the thermal
behavior of prismatic batteries, and discussed the effects of
Reynolds number and channel spacing on mean pressure and
mean Nusselt number. Burd et al. [23] evaluated the
lightweight material replacement cost and its time variation for
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battery electric vehicles (BEVs) made of advanced high-
strength steel and aluminum, weighed the costs of car body
and closures through process-based cost modeling with a
proper mass scaling factor, and computed the costs of batteries,
motor, chassis, and other car systems. Wang et al. [24] used
18,650 cylindrical lithium-ion batteries to determine the
factors leading to the spread of thermal runaway in the battery
pack, and made two discoveries through experiments: the
cyclic time has little impact on thermal propagation, and the
thermal runaway is more likely to spread when the temperature
of the adjacent battery increases faster than 0.36°C/s. Based on
state representation method, Jiang et al. [25] proposed a data-
driven approach for fault diagnosis and thermal runaway
warming of lithium-ion batteries: the real-time state of each
battery is used to characterize the internal features of that
battery, and the state change is recorded to realize the
diagnosis of battery faults. Li et al. [26] constructed a thermal
runaway model through internal short-circuit simulation, and
solved the model on Ansys Fluent, thereby realizing the mass
and heat transfers between batteries and heat pipes.

The previous studies mainly focus on the modeling of
thermal runaway for different batteries, and the thermal
runaway features of batteries under a single triggering
condition. However, thermal runaway can be triggered by
various conditions. Most studies fail to recognize the thermo-
physical (TP) parameters of battery materials after thermal
runaway. To solve the problem, this paper firstly identifies the
TP parameters of post-thermal runaway batteries, and applies
the results to analyze the features and spread mechanism of
thermal runaway for electric car batteries. Section 2 acquires
the TP parameters from the batteries, and recognizes several
key parameters, including the heat transfer parameters in the
chamber of accelerating rate calorimeter (ARC), and the
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thermal parameters of battery debris. Section 3 discusses the
thermal runaway features of the batteries in stages, and
calculates the internal heat yield of batteries for each stage.
Section 4 models the spread of thermal runaway, and discusses
the influence of post-thermal runaway TP parameter changes
over the spread features of thermal runaway. The proposed
model was proved effective and accurate through experiments.

2. RECOGNITION OF BATTERY TP PARAMETERS
AFTER THERMAL RUNAWAY

To estimate the TP parameters of the batteries after being
internally damaged by thermal runaway, the aluminum shell
battery debris, which obviously bulged in the ARC thermal
runaway experiment, was tested. Figure 1 shows the flow of
TP parameter acquisition and model analysis.

Aluminum shell battery
heating test

'

Recognition of heat
transfer parameters in parameters of battery
ARC chamber debris

\/

Analysis on thermal
runaway triggering
features

v

Analysis on the spread
of thermal runaway
inside batteries

Recognition of TP

Figure 1. Flow of TP parameter acquisition and model
analysis

On COMSOL Multiphysics software, a three-dimensional
(3D) model was established for aluminum shell heating. The
ambient temperature of the aluminum shell was set as the
mean wall temperature of ARC y4rc. The aluminum shell
exchanges heat with the environment via both convection and
radiation. Let y be the radiation coefficient; sy be the normal
conduction coefficient of the boundary material of aluminum
shell; BO be the Boltzmann constant; y be the temperature of
aluminum shell. Then, we have:

0
“Ha _l/j =f

o (V/_V/ARC)+7BO<W*_V/:RC) (1)

The mean temperature and temperature difference between
batteries and the environment determine the size of the
convection coefficient between the two. The temperature
difference between the aluminum shell and the environment
was divided into six segments with an interval of 10°C. The
six corresponding convection coefficients are denoted as fi—
f6. Then, the comprehensive expression of the convection
coefficients can be expressed as:
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where, fi—fs and y are the seven parameters to be recognized
during the heat exchange in ARC chamber.

Table 1. Target heat transfer parameters in ARC chamber

Temperature 141020 20~30 3040 40~50 50~60
difference

Parameter vy N 1 B fa f5 fo
Optimal 50 56 36 46 56 66 76
initial value

Optimal = 0.01~5 ) 550 01-250.01~250.01~250.01~250.01~25
range 0.98

Optimal 30 535 403 456 538 579 681
result

Table 2. Target thermal parameters of the debris

Specific Reciprocal of the thermal
Parameter pe1 pe2 heat resistance between aluminum
capacity shell and internal material
 Optimal 4 &5 000 110
initial value
Optimal 1430 0-~1,600 0~1,100
range
Optimal - 362 19 756.34 35.72
result

Table 1 shows the recognition results of the seven optimal
parameters. Obviously, the convection coefficients of the
aluminum shell in ARC chamber increases with the
temperature difference between the aluminum shell and the
environment. Based on the final recognition results, the
calculated surface temperature of the aluminum shell was
compared with the temperature measured through experiments.
The calculated results on the seven parameters were imported
to the ARC heating model for battery debris.

After the thermal runaway test, a battery debris heating test
was carried out, in which the ARC parameters were configured
the same as those for aluminum shell heating test. The batteries
suffering from thermal runaway would not deform greatly, due
to the pre-tensioning of the end plates. The variation in its
conduction coefficients and heat capacity mainly comes from
combustion and eruption. Therefore, this paper identifies the
heat capacity and conduction coefficients of undeformed
batteries after thermal runaway as the target TP parameters.
Let & and & be the material thickness and air thickness in the
target battery debris, respectively. Then, the ARC test debris
can be viewed as the superposition of uniform layers of the
material and the air.

Let i, pe1, and ueo be the conduction coefficients of the
batteries, the debris, and the air perpendicular to c,
respectively; s, us1, and up be the conduction coefficients of
the batteries, the debris, and the air parallel to b, respectively;
for the air, uo=urp=u4. The conduction coefficient of the
batteries perpendicular to pole piece ¢ can be calculated by:

[, = 4:51 + 52
21y P2
My Heo

€)

The conduction coefficient of the batteries parallel to pole
piece b can be calculated by:

_ Hinbi t MGy

BT

(4)



Table 2 lists the recognition results on the TH parameters of
the debris, including u.1, specific heat capacity, and the
reciprocal of the thermal resistance between aluminum shell
and internal material.

3. THERMAL RUNAWAY FEATURES OF BATTERIES
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Figure 2. Flow of generation of battery thermal runaway

The thermal runaway of batteries could be triggered by three
types of factors: mechanical overuse, electric overuse, and
heat overuse. The three kinds of factors have certain
correlations and differences. Figure 2 illustrates the flow of the
generation of battery thermal runaway. The thermal runaway
of batteries is often accompanied by internal short circuit,
which arises from the transient mutation caused by the external
short circuit, a product of mechanical and electric overuses,
and from the quality and quantity accumulation caused by the
overcharge and over-discharge, the results of heat and electric
overuses. Once short circuit occurs inside the batteries,
thermal runaway will quickly ensue.

There are complex chemical reactions inside batteries. Let
vr be the total heat yield rate of secondary reactions in lithium-
ion batteries; vsgr be the heat yield rate of solid electrolyte
interface decomposition; vr and vz be the heat yield rates of
negative and positive pole materials reacting with electrolyte,
respectively; vp be the heat yield rate of electrolyte
decomposition. The units of vr, vsgs, vr, vz and vp are all W/m?.
Without considering the reactions within the batteries that
generate a limited amount of heat, o7 can be expressed as:

Ur =Ug +U 0, +Up (5)

Let ¢ be the rate constant of electrochemical reactions; w3
be the temperature of lithium-ion batteries; G be the pre-
exponential factor of electrochemical reactions; u be the
concentration of the substances participating in
electrochemical reactions; S be the radius of cylindrical
batteries; Q. be the activation energy of electrochemical
reactions. Then, the heat yield of the electrochemical reactions
of the lithium-ion batteries can be calculated by:

%
4G ©
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Based on the reactive substance contents and activation
energy of secondary electrochemical reactions inside the
batteries, the heat yield and heat yield rate of thermal runaway
can be estimated and analyzed based on reaction kinetics.
According to the sequence of secondary electrochemical
reactions, the analysis could be divided into four stages: Stage
I, heat generation through decomposition of solid electrolyte
interface; Stage II, heat generation through the reaction
between negative pole material and electrolyte; Stage III, heat
generation through the reaction between positive pole material
and electrolyte; Stage IV, heat generation through electrolyte
decomposition.

(1) Stage I

When the battery temperature reaches 70°C-90°C, the solid
electrolyte interface begins to decompose. Let PRszr be the
heat yield rate of decomposition; COr be the carbon content of
negative pole material; DEsg; be the decomposition rate of the
solid electrolyte interface. Then, we have:

Usey = PRy, -CO; - DEg, ®

Let Gser be the pre-exponential factor of solid electrolyte
interface decomposition; Q..sz; be the activation energy of
decomposition; nger be the order of decomposition; usg; be the
proportion of active lithium in the interface; S be the gas
reaction constant. Then, DEsg; can be calculated by:

7Qg—SEI
DEg :GSEIe v uglszElI ©)
du
f = _DESEI (10)

(2) Stage I

Due to the decomposition of solid electrolyte interface, the
battery temperature continues to rise. When the temperature
rises to around 120°C, the negative pole material will react
with the electrolyte. Let PRr, DEF, and COFr be the heat yield
rate, reaction rate, and pre-exponential factor of negative pole
material, respectively. Then, we have:

U = PR -CO. - DE; (11)

Let Q,.r be the activation energy of the reaction of negative
pole material; ng.r be the order of the reaction; ur be the
proportion of the lithium ions in negative pole material that
can react with electrolyte; /sg; be the ratio of solid electrolyte
interface thickness to the size of active particles. Then, DEr
can be calculated by:

_hse Qo
DE; =G.e "oulrre % (12)
thEI
T _ pE 13
ot F (13)
du
—=-DE 14
at F (14)



(3) Stage III

When the battery temperature rises to 180~200°C, the
positive pole material will react with the electrolyte. Let PRz,
DE3z, and COz be the heat yield rate, reaction rate, and pre-
exponential factor of positive pole material, respectively; DE,
be the reaction rate of positive pole material. Then, we have:

v, =PR, -CO, -DE, (15)

Let Gz be the pre-exponential factor of the reaction of
positive pole material; Qg7 be the activation energy of the
reaction; nz.,1 and nz.» be the orders of the reaction; g be the
percentage of positive material participating in reaction. Then,
DE7 can be calculated by:

Qyz
DEZ — C;Zgnz_01 (l— g)”zm e Sy (16)
dg
— =DE 17
~ = DE, (17

(4) Stage IV
When the battery temperature rises to 200~250°C, the
lithium salt reacts with the solvent of the electrolyte. Let PRp
be the heat yield rate of electrolyte decomposition; COp be
electrolyte content; DEp be the reaction rate of the electrolyte.
Then, we have:
v, =PR, -CO, - DE, (18)
Let Gp be the pre-exponential factor of electrolyte reaction;
QO..p be the activation energy of the reaction; up be the
percentage of the part of the electrolyte not involved in the

reaction; np be the order of the reaction. Then, DEp can be
calculated by:

Qg0
DE, =G.e ¥ up (19)
dug
=-DE 20
at D (20)

Based on the triggering temperatures of secondary
electrochemical reactions, the overall temperature of the
overused batteries will continue to increase. When the
temperature reaches around 80°C (the starting point of solid
electrolyte interface decomposition), the batteries enter Stage
I and begin to generate heat, and the heat yield of the
decomposition is enough to drive up the battery temperature at
a constant rate. When the temperature reaches around 120°C
(the starting point of the reaction between negative pole
material and electrolyte), the batteries enter Stage II and

generate heat more quickly, under the new secondary reactions.

Eventually, the temperature climbs up to 250°C (the starting
point for stable thermal decomposition of positive pole
material). Then, the batteries enter Stage III, and the positive
pole material decomposes, releasing active oxygen that can
burn with the combustibles in the batteries. In this stage, the
central temperature of the batteries will surpass 1,000°C.
Under the high temperature, all secondary electrochemical
reactions will be more violent, releasing even more heat. As a
result, the temperature will rise again. The mutual promotion
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process makes the thermal runaway of batteries difficult to
suppress and prevent.

4. MODELING OF THERMAL RUNAWAY SPREAD

Thermal runaway causes significant changes to the TH
parameters of batteries, which in turn bring changes to the
conduction properties between batteries. The conduction
changes manifest as the spread of thermal runaway across
batteries. Based on the heat yield of thermal runaway, and the
TH parameters obtained in the preceding section, this paper
models the spread of thermal runaway of batteries, and
discusses how the changing TH parameters of batteries affect
the spread of thermal runaway.

The proposed model of thermal runaway spread can
simulate the spread of local thermal runaway, which obeys the
solid heat transfer law, within batteries. The energy release of
thermal runaway can be described by the temperature-based
solid heat transfer equation. Considering the anisotropic
conduction of batteries, the internal heat source of batteries
could be calculated based on the results of ARC adiabatic
thermal runaway test, and the exchange boundary conditions
between battery temperature and environment temperature
were determined, laying the basis for temperature field
prediction after thermal runaway.

Let & be the core material density of batteries; SHys and a be
the specific heat capacity and conduction coefficient of core
material, respectively; a, b and ¢ be the subscripts of different
directions; Py be heat yield power per unit volume. Then, the
heat transfer of battery thermal runaway can be described by:

oy

[ &)aleE ) e

During the thermal runaway of a single battery, the
temperature of core material will increase violently till the
peak level after reaching y'. Let w; be the j-th TH parameter of
core material within batteries; w;-0, and Aw; be the initial
values and variations of the conduction coefficients, density,
and specific heat conductivity, respectively; v be the
percentage of the heat released by the secondary reactions of
core material. Suppose the thermal parameters of core material
increase linearly as the temperature rises from y' to w". The
entire variation process can be described by:

0
Py +—
M Ga
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&SH,, o

o;, w<y',v>0
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Table 3. Battery components and their TH parameters

Film
Component Aluminum Negative Positive Needle between
shell pole pole core and
shell
Material ~ Aluminum Copper Aluminum Steel Air
Density 2,800 8,980 2,800 7,950 &4
Specificheat 395 890 465  SHu
capacity
Conduction 34 410 239 456 100%as
coefficient




Table 3 lists the battery components and their TH
parameters. Note that there is a thin layer of gap between the
core and the shell. This paper sets the gap into the air.
Considering the different flows and heat transfer states
between the static air and the actual air, the conduction
coefficient of the thin layer was corrected into 100 times the
conduction coefficient a4 of the air.

Let dyrcu be the heat yield of the secondary reactions of the
core; dyna be the heat yield of the short circuit induced by
needling. These are two main heat sources of the model. Let
Ecy and Eny be the total energy released by the two sources,
respectively; Ucy and Uns be the volumes of the core and
needle, respectively. Then, the relationship between the power
of the core as a heat source per unit volume and the total heat
release can be described by:

Een ZJ J de,CHdUCHdt

7 Ugy (23)

The relationship between the power of the needle as a heat

source per unit volume and the total heat release can be
described by:

= :J j de,NAdUNAdT

L (24)

The total energy Er released by battery thermal runaway
roughly equals the sum of Ecyand Ena. Let f be the proportion
of Ey4. Then, we have:

ET = ECH + ENA (25)

Eww=8-E; (26)

Based on the data of adiabatic thermal runaway test on
batteries, the total heat yield E7 can be calculated as follows:
Let ywo be the initial temperature of the heat yield process;
ecu(y) be core material density; SHy.cu(y) be the specific heat
capacity of core material. Then, we have:

ET - I I; e (V/) SHM*CE (V/).WARCdeUCH
Uch (27)

0 Heating or waiting mode
Wi =
1 Other modes

The energy released by short circuit at the needling point
was subjected to thermocouple simulation of short circuit. Let
o(h) be the factor function of short circuit power release rate.
The energy release rate of the internal short circuit induced by
needling can be calculated by:

(28)

The chemical energy release rate of batteries was defined
according to the temperature rise data of ARC adiabatic
thermal runaway. The energy release rate of battery thermal
runaway is a function of temperature. It is assumed that the
heat release rate of adiabatic thermal runaway equals that
induced by needling. Let ' be the triggering temperature of
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thermal runaway. When the internal temperature of batteries
falls below v/, the energy release rate can be calculated based
on the temperature rise rate of adiabatic temperature rise rate.
When the internal temperature of batteries surpasses ¥/, the
secondary thermochemical reactions become increasingly
intense under high temperature. Then, the residual energy will
be released at a constant rate, and can be calculated by:

de
dt

(29)

The heat yield of batteries is so small as to be negligible,
when the temperature is below 145°C. Let (dy/dt)4rc be the
temperature rise rate of batteries obtained through ARC test.
Then, the change rate of e can be expressed as:

EcH (W)UCH SHy, _ce (V/)
Uy

<y’)

(d—"') (O<e<lye, <y
dt ARC

={SH, (0<e<ly>y,)

Other conditions

pm (30)

The insulating layer between the core and the shell is easily
affected by the contact thermal resistance, and has a small
conduction coefficient. Therefore, the heat transfer effect on
the normal direction of the thin layer cannot be ignored. Our
model defines this thin layer between the core and the
aluminum shell. Let a4 and a,-» be the normal conduction
coefficients of the materials before and behind the thin layer,
respectively; y, and w; be the temperatures of the two
materials on the contact surface, respectively; ap be the
conduction coefficient of the thin layer, which can be single-
layered or multi-layered; &, be the thickness of the thin layer.
Then, the heat flow density of the core and the shell can be
calculated by:

—a 6Wq _ab(l//q_wh)
" oon S

€2))

- v, _ ab('//q _'//h)
T oon Sh

(32)

Let n, 0, and o be normal convection coefficient, convection
coefficient, and radiation coefficient of boundary materials,
respectively; w4 be ambient temperature. The battery surface
directly exposed to the environment undergoes heat exchange
through convection and radiation. The corresponding
boundary equation can be expressed as:

0
L

e Oy —y,)+o- BO((//* —@;)

(33)

The other boundary conditions of our model were
configured, and the exchange parameters between batteries
and environment were adjusted, according to the actual results
of simulation. Table 4 lists the thermal resistance layers and
transfer coefficients. The layers include the first insulating
layer, second insulating layer, and the air layer at four places:
top surface of the core 1, side surface of the core 2, bottom of
the core 3, and inside of the upper cover 4.



Table 4. Thermal resistance layers and transfer coefficients
of thermal runaway induced by needling

Location 1 2 3 4
Name Layer 1Layer 2Layer 1Layer 2Layer 1Layer 2Air layer
& 02 003 016 04 1.6 3 2
n 023 0.05 023 005 023 0.05 0.05
€ 920 1.4 920 1.4 920 1.4 1.4
SH 1,895 1,100 1,895 1,100 1,895 1,100 1,100

5. EXPERIMENTS AND RESULTS ANALYSIS
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Figure 3. Temperature change at battery detection point
under different thermal source temperatures

To capture the changes of thermal runaway features with
thermal source temperatures, the temperatures of battery
detection point under driving states 1 and 2 of an electric car
were compared. Without changing thermal source locations
and coefficients of heat release, the temperature of external
heat source was initialized as 20°C. After that, the temperature
was increased at 1°C per second until the preset level, and then
kept stable. Figure 3 intuitively displays the temperature
change at battery detection point, i.e., the center of negative
pole material, under two driving states.

As shown in Figure 3, the temperature curve of state 1 was
generally ahead of that of state 2, but the peak temperature of
state 1 was higher than that of state 2. Under state 1, the
temperature reached the peak of 324.08°C at 512s; Under state
2, the temperature peaked at 284.12°C at 689s.

The battery temperature curve under state 1 inflected clearly
at 310s. The temperature rise slowed down, mainly because
the batteries mainly rely on secondary electrochemical
reactions to increase temperature, after reaching the
temperature of external heat source.

The battery temperature curve also inflected clearly at 573s.
The higher the temperature of external heat source, the faster
the battery enters thermal runaway, and the higher the peak
temperature. After reaching the peak, the battery temperature
slowly decreased. The decreasing rate was relatively small,
when the external heat source was hot.

To capture the changes of thermal runaway features with
coefficients of heat release, the temperatures of battery
detection point under charging states 1 and 2 of an electric car
were compared. Without changing thermal source locations
and heat source temperatures, different coefficients of heat
release were configured for batteries. Figure 4 compares the
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temperature change at battery detection point, i.e., the center
of negative pole material, under two charging states.

As shown in Figure 4, the temperature curve under state 2
was gentler than that under state 1. No peak was observed.
Besides, the temperature did not mutate as that under state 1.
The reason is that the coefficient of heat release is relatively
large for battery management under state 2. Hence, the heat
can be transmitted to the outside of the aluminum shell quickly
to avoid the peak temperature. As a result, it is more difficult
for batteries to enter the stage of thermal runaway.

350
= Charging state 1
300

Charging state 2

Temperature

400 600

Time

800 1000

Figure 4. Temperature change at battery detection point
under different coefficients of heat release
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Figure 5. Total heat yield variation with charging speeds



To analyze the changes of thermal runaway features with
charging speeds, the temperatures of battery detection point
under charging states 1 and 2 of an electric car were compared.
It can be inferred that the battery temperature curves followed
almost the same trend under different charging speeds: the
peak temperatures all appeared at around 260s, reaching about
350°C.

Figure 5 shows the variation of total heat yield of the
batteries’ thermal runaway at different charging speeds.
Comparing subgraphs (a) and (b), it can be learned that the
greater the internal heat yield of the batteries, the more serious
the thermal runaway. In subgraph (a) with a relatively low
charging speed, the total heat yield of the batteries’ thermal
runaway plunged quickly from the initial value of 0.27W to
0.13W, and then gradually rose to 0.277W. In subgraph (b)
with a relatively fast charging speed, the total heat yield
nosedived quickly from the initial value of 1.12W to 0.47W,
and then fluctuated at around 0.6W.
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Figure 6. Comparison between experimental results and
simulation results

Several experiments were carried out to verify the accuracy
of our model for thermal runaway and spread of batteries.
During different groups of experiments, the data were
collected from temperature sensors at different points. To
enhance the reliability, the mean data of all groups were taken
as the final results. Figure 6 compares the mean experimental
results with the mean simulation results. It can be seen that
both sets of data first increased and then declined. The initial
temperature of experimental results was lower than that of
simulation results, because the lab temperature is 5°C lower
than the ambient temperature for simulation. The different
between the mean experimental results and the mean
simulation results was within 5%. Therefore, the proposed
model for thermal runaway and spread of batteries is accurate
enough for simulation analysis.

Table S. Fitted convection coefficients of battery pack

Mean temperature 125 116 110 105 98 92
Temperature 6 16 26 36 46 56
difference
Convection 237 405 463 534 579 681
coefficient

The proposed model was adopted to compute the thermal
runaway spread of battery pack. Table 5 lists the fitted
convection coefficients of battery pack. Without considering
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the slow heat release within batteries, the post-thermal
runaway temperature drop rate was calculated, and compared
with the experimental result. Through the comparison, the heat
yield and slowdown of temperature drop rate were obtained
for the batteries after thermal runaway.

Figure 7 presents the curves obtained from internal
temperature experiments on batteries. Note that w; is the
central temperature of the i-th battery starting from the side of
the ARC. Table 6 lists the experimental results and simulation
results on thermal runaway spread time, as well as the relative
error between them. The spread time from the first battery to
the second battery, that from the second battery to the third
battery, and that from the third battery to the fourth battery are
denoted as 1., t.3, and 3.4, respectively. As shown in Figure
7 and Table 6, the thermal runaway simulation time simulated
by our model agrees well with experimental results, and the
error was controlled within 10%.

Table 6. Thermal runaway spread time

Time -2 13 13-4
Experimental value 95 112 118
Simulation value 100 110 108
Relative error 6.5% -2.9% -8.61%
1200
1000
300
g 600
5
E
S 400
200 -yl ——y2
——y3 ——y4
0
200 400 600 200 1000
-200
Time

Figure 7. Experimental curve of internal temperature

6. CONCLUSIONS

This paper extensively explores the features and spread
mechanism of thermal runaway for electric car batteries.
Specifically, the acquisition of TH parameters of the batteries
was detailed, and the heat parameters in the ARC chamber
were recognized, as well as the thermal parameters of battery
debris. After that, the analysis was divided into four stages
according to the sequence of secondary electrochemical
reactions, the thermal runaway features of the batteries were
analyzed, and the internal heat yield of the batteries was
calculated under each stage of thermal runaway. Next, the
thermal runaway spread of batteries was modeled. Through
experiments, the authors compared the temperature changes at
the battery detection point under different heat source
temperatures, coefficients of heat release, and charging speeds,
and drew the relevant conclusions. In addition, the mean
experimental results were compared with the mean simulation
results, revealing the accuracy of the proposed analysis model
for thermal runaway and spread of batteries. Finally, the
proposed model was applied to compute the thermal runaway



spread of battery pack, and the effectiveness and precision of
our model were further confirmed by comparing measured
spread time and internal temperature with the simulation

values.
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