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Abstract: Thermal runaway occasionally happens in batteries. A single battery, after thermal runaway,
will release heat and transfer it to neighboring batteries, leading to thermal runaway of battery packs.
Thus, it is necessary to explore the diffusion law of thermal runaway in battery modules. Heating is by
far the most common way to trigger thermal runaway propagation of battery modules. In this paper,
experiments and simulations were conducted to explore the influence of different heat insulation
thicknesses on the thermal propagation of lithium iron phosphate batteries, and the result shows that
the best thickness between adjacent batteries is 2 mm. For complex modules, the simulation analysis
shows that when the spacing between adjacent modules in the battery pack was 10 mm and thermal
runaway occurred on one side of the battery pack, it did not occur on the other side for a certain
period of time. Therefore, the recommended spacing between modules in the battery pack is 10 mm.
This lays a foundation for the safe design of battery modules.

Keywords: triggered by heating; thermal runaway; thermal propagation; heat insulation thickness;
lithium iron phosphate battery

1. Introduction

With the energy shortage becoming more and more serious, lithium-ion batteries with
electrochemical energy storage have become the core power technology of electric vehicles
and energy storage systems [1-3]. However, as the lithium-ion battery energy density
has increased significantly, the safety problem of battery modules composed of series and
parallel connections becomes more prominent [4,5]. Mechanical abuse, electricity abuse
and heat abuse will all lead to thermal runaway of batteries, which can lead to battery
module failure and eventually lead to safety accidents [6-9]. At present, to completely
prevent thermal runaway from happening in single batteries is still difficult. Therefore,
the prevention and control of thermal runaway diffusion through group safety design
become key issues to be considered. After thermal runaway occurs in a single battery, how
to restrain the spread of thermal runaway between batteries, such as adding insulation
materials between batteries, increasing the spacing between batteries, etc., is of practical
significance and research value to prevent fire accidents and avoid the occurrence of more
serious damage.

Many researchers have studied thermal runaway and thermal propagation processes
of batteries. Wang et al. [10] used simulations to study the key factors affecting thermal run-
away propagation. Their results showed that reducing the charging rate and environment
temperature and increasing the battery spacing can reduce the possibility of heat propaga-
tion. Li et al. [11] measured the heat transfer flux between adjacent batteries, and a heat flux
test showed that heat conduction strength was significantly greater between batteries with
a shell than those without shells. Hu et al. [12] explored the law of thermal runaway propa-
gation of lithium-ion batteries by experiments and found that 67% of the total heat transfer
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occurs via air conduction, so it is useful to reduce the thermal conductivity of air to delay
the thermal runaway propagation process. Wang et al. [13] explored the main characteristic
parameters affecting the thermal runaway propagation process of batteries. Their study
showed that repeated use of battery modules had little influence on the heat propagation
process of batteries when thermal runaway occurs; a parallel connection mode increased
the probability of thermal runaway propagation of batteries; and SOC significantly affected
the thermal runaway propagation process of batteries. Fang et al. [14] studied the effect of
different states of charge and spacing on vertical thermal runaway propagation between
two cylindrical batteries. The result showed that radiation and convection are the pivotal
factors in the propagation process, while the proportion of heat conduction is very low. The
SOCs were 80% and 100% batteries, and the critical spacing trigger propagation was 4 mm
and 6 mm, respectively. Huang et al. [15] conducted a full-scale heating experiment on an
energy storage battery module to analyze the thermal behavior of the battery module. They
used the classical Semenov and Frank-Kamenetskii model input to analyze the triggering
temperature of the battery and delay heat propagation time, etc. to explore the causes of
fire and explosion.

Experiments and models are both vital research methods in the study of thermal
propagation and inhibition of thermal runaway propagation [16-18]. Models have great
advantage for the study of complex modules and battery packs, but their use for battery
thermal propagation is limited at present. They are mostly used to explore thermal runaway
in simple modules instead of complex modules [19-21]. Moreover, there are few studies on
lithium iron phosphate batteries with a single battery capacity exceeding 150 Ah [22,23].
With the development trend to larger battery capacity, it is necessary to carry out research
on large-capacity batteries.

In this paper, a series of four parallel simple modules was experimentally studied, and
the accuracy of the thermal runaway propagation model was verified by the experimental
data. Then, the thermal runaway propagation law of a complex module was simulated, and
the heat diffusion law after thermal runaway of complex modules was revealed, and the
best insulation thickness was determined. The research can provide a technical reference
for the safe design of battery packs.

2. Experiments
2.1. Battery Cell

The single battery used in this experiment is a lithium iron phosphate 173 Ah square
battery with rated voltage of 3.2 V. The size of the single battery is 41 x 174 x 207 mm,
weighing 3.25 kg, and the voltage is up to 3.65 V. Table 1 shows the relevant information of
the experimental battery.

Table 1. Information about the experimental battery.

Specification Information
Mass (kg) 3.25
Anode material Graphite (purity 99.5%)
Cathode material LiFePOy4
Size (mm) 41 x 174 x 207
Rated capacity (Ah) 173
Rated voltage (V) 3.2
Cut-off voltage (V) 3.65
The SOC of module 0.5

2.2. Adiabatic Thermal Runaway Study

In order to study the thermal runaway propagation process of a battery module, an
adiabatic acceleration calorimeter was first used to obtain the temperature variation of the
single battery under adiabatic conditions. Figure 1 shows the adiabatic acceleration calorimeter.
Before the experiment, the thermocouple was calibrated and drift-tested. The operating mode
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of the adiabatic acceleration calorimeter was “heating-waiting—search” [24-27] to ensure
that the battery was always kept in an adiabatic state during the whole experiment, so the
temperature rise of the battery all came from the self-generated heat of the battery. The
temperature rising rate of the battery obtained in the experiment was used to establish the
subsequent 3D thermal propagation model.

Figure 1. Photo of adiabatic accelerated calorimeter.

2.3. Thermal Propagation Test of Battery

The experimental module was composed of four individual batteries, as shown in
Figure 2. The experiment was carried out in an explosion-proof box. A mica heater
(165 mm x 195 mm x 1 mm) with a heating power of 960 W was used to heat battery 1.
During the experiment, the batteries would expand obviously after thermal runaway to
ensure good contact between the batteries, so the preload was added on both sides of
the module.

Heating plate setting

Position of thermocouple arrangement

AN
4 8 16)

Figure 2. System diagram of thermal propagation experiment.

In this experiment, 15 K-type thermocouples and 5 voltage acquisition signals were
set on the front, side, back and upper surfaces of each battery. During the experiment, the
thermocouple in the middle of the front wall of battery 1 would affect the heat transfer process
of the heating plate, so the thermocouple in the left center of battery 1 was removed. The
voltage signals were collected from the four cell voltages and the total voltage of the module.
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Battery 1 was heated in the experiment. After 2052 s, the voltage of battery 1 plum-
meted and the temperature rose sharply, reaching 220.5 °C at the highest. The specified
thermal runaway temperature (Tc) set in the standard was not exceeded during the experi-
ment, that is, the temperature rise exceeded 1 °C/s and lasted for 3 s. The possible causes of
this phenomenon are as follows: 1. The lithium iron phosphate battery safety performance
is good, and high temperature is not likely to trigger thermal runaway; 2. Due to the lack
of insulation measures in the explosion-proof box, the released heat is lost, and thus the
temperature rise rate of 1 °C/s is not reached; 3. In the process of the experiment, the data
on the data acquisition instrument are manually read to determine whether the thermal
runaway condition is reached, which may lead to inaccurate reading; 4. The temperature
collected by the thermocouple was measured at the battery surface, and the internal tem-
perature was not obtained by disassembling the battery, resulting in an inaccurate test.
However, since the thermal runaway temperature rise rate was not reached, the heating
plate was set to continue to heat battery 1 until the end of the experiment.

3. Model Building
3.1. Geometric Models and Grids

Figure 3 shows the geometric model built according to the actual size of the battery
module. The four batteries are labeled as battery 14, the cell battery is simplified as a single
cell, battery 1 is heated by a heating plate, and batteries 2—4 are affected by the thermal
propagation of battery 1. Since no insulation material was added between adjacent cells in
the experiment, an air layer was used in the model, and its thickness was set to 2 mm. The
model can describe the real module in detail. Table 2 summarizes the physical parameters
of each component.

airl air2 air3

RESRAVEN

Heater

AL N\

Batteryl Battery2 Battery3 Battery4

Figure 3. Geometric model of battery module.

Table 2. Physical parameters of each component.

Component Calorific Value (W/m?) Cp kg 1. K1) p (kgm~3) A (W-m-1.K-1)
Battery — 1060 2125.8 Ax=1.6,A, =18.034, A, = 18.034
Heater 960 3280 880 34.8
Air layer — 1006.43 1.169 0.0242
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3.2. Mathematical Model

The 3D thermal propagation model is established in ANYSY Fluent. Equation (1)
summarizes the energy relation, where AE is an increase in battery energy, Q. is the
increase in thermal runaway heat of all batteries, and Q; is the heat transfer between the
battery module and the environment [28]:

AE = Q¢+ Q @

The 3D thermal runaway propagation model of the battery module satisfies the energy
conservation equation [29], as shown in Equation (2):

aT d oT d aT d oT
PCr3r = 35 x$)+@( y@)+g()‘zg)+w 2

where p is the average density of the battery, C, is the average specific heat capacity of the
battery at constant pressure, 0T/0t is the temperature change rate of the battery, V is the
volume of the battery, gy is the volume calorific value of the battery, and the integration
of the cell volume is the heat increase in the cell due to thermal runaway, as shown in

Equation (3) [30]:
Q= [{[ qvav ®)

The heat generation Q mainly comes from the chemical side reaction when the battery
is experiencing thermal runaway [31,32]. Through an ARC experiment, we obtained the
temperature variation law with time when the battery is in thermal runaway. Through a
user-defined function, the average temperature of the battery during thermal runaway was
obtained by an adjust function, and the heat production of the battery was returned by
a source function. The sixth-degree polynomial was used to fit the relationship between
them, and the heating rule of a single battery was compiled into Fluent software as the
internal heat source for calculation.

3.3. Boundary Conditions

The thermal conductivity of the electric core in this model is anisotropic, that is,
Ay = Az # Ay, while the heating plate is isotropic. The related parameter values are shown
in Table 1. The third kind of boundary conditions were used for heat transfer with the
environment. The convective heat transfer coefficient between the battery module and
environment was 5 W-m~2.K~1. The environment temperature was set at 10 °C, which
was consistent with the experimental conditions.

3.4. Grid Division and Independence Verification

The appropriate grid quantity and partition method can not only reduce the computing
resources effectively and improve the computing speed, but can also improve the accuracy
of the calculation results. Therefore, it is necessary to verify the independence of different
numbers of grids. The number of grids ranges from 400,000 to 1.2 million, and 6 kinds of
grids were selected for calculation, and the highest temperature of thermocouple No. 3 was
taken as the standard of measurement. The maximum temperature corresponding to the
number of different grids is shown in Figure 4. When the number of grids is larger than
781,000, the temperature error difference is within 2 °C, which meets the error requirement.
Therefore, 781,000 grids were selected in this study to complete the research. The specific
grid division results are shown in Figure 5.
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Figure 4. Maximum temperature diagram of thermocouple 3 corresponding to different grid numbers.

Figure 5. Study grid division diagram.

4. Results and Discussion
4.1. Model Validation

Since the temperature of the center point of the large surface of a single battery was
closest to the average temperature of the battery, thermocouple No. 3, thermocouple No. 7
and thermocouple No. 11 as shown in Figure 2 were selected for comparative verification.
Figure 6 shows the comparison of the temperature variation of the three thermocouples
between the simulation results and the experiment. The comparison shows that the overall
temperature changes are basically the same, and the relative error is about 6.1%, which
can verify the validity of the model. The battery average temperature distribution when
thermal propagation occurred in the module can be obtained by simulation, as shown in
Figure 7. In battery 1, thermal runaway occurred at 2028 s after the start of simulation and
reached the highest temperature, which was about 225 °C. Later, due to the convective heat
transfer with the environment, and the heat conduction between batteries and insulation
materials, the average temperature of battery 1 decreased, while the average temperature
of battery 2 kept rising. At 9958 s, battery 2 reached the highest temperature, which was
about 358 °C. As can be seen in Figure 7, the time span between battery 1 and battery 2
reaching the maximum temperature was about 7930 s.
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Figure 6. Comparison of experimental and simulation results of three thermocouples.
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Figure 7. Simulation results of battery module.

4.2. Thermal Propagation Simulation of Battery Modules with Different Heat Insulation Thickness

In order to analyze the influence of insulation thickness of different adjacent cells on
heat transmission, TSAF-0525V organic fireproof coating used in our previous research
was selected as the heat insulation material, with thermal conductivity of 0.21 W-m~1.K~1,
specific heat of 1500 J-kg~!-K~! and density of 1420 kg-m 3. Through comparative analysis
of the insulation thickness of 0.5 mm, 1 mm, 2 mm, 3 mm, 4 mm and 5 mm, the temperature
variation chart of each simulation is shown in Figure 8. It can be concluded from the results
that, although increasing the thickness of the heat insulation layer cannot effectively prevent
the thermal runaway propagation process, the insulation layer can separate the thermal
runaway battery from the adjacent batteries, thereby inhibiting heat transfer between the
batteries. The thicker the insulation layer is, the more obvious the inhibition effect is, and
the longer the propagation time between the adjacent batteries.
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Figure 8. Average temperature variation of cells with different heat insulation thicknesses.

Simulation results show that the complete propagation time (maximum temperature
of battery 1 to maximum temperature of battery 4) and the average propagation time of
modules with different insulation thickness are shown in Table 3.

Table 3. Comparison of propagation time with different insulation layer thicknesses.

I,?;‘:iii‘;:;;ﬁr Comple}lfirlr’li(;gagatlon Average Propagation Time/s
0.5 11,846 3948.7
1 12,366 4122
2 15,396 5132
3 18,496 6165.3
4 18,974 6324.7
5 21,842 7280.7

With the increase in the thickness of the insulation layer, the propagation time between
batteries 1 and 2 and between batteries 2 and 3 increased, but the propagation time between
batteries 3 and 4 was less affected by the thickness of the insulation layer. From the analysis
of the thickness of each insulation layer, it is obvious that the thermal propagation transfer
time of battery 1 to battery 2 was longer than that of battery 2 to battery3 and battery 3
to battery 4, due to thermal runaway in battery 1. The average temperature of batteries
2, 3 and 4 was still relatively low, so the temperature rise of battery 2 was relatively slow.
When thermal runaway happened in battery 2, the average temperature of batteries 3 and 4
reached a high level. It can be concluded that when the cell module increases, the thermal
propagation time of the late cell is shortened. Therefore, shortening the heat propagation
time from battery 1 to battery 2 can effectively delay the thermal runaway propagation
process of the whole battery module.

According to the relationship between heat propagation and transfer time of each heat
insulation layer thickness, the analysis shows that when the thickness of the insulation layer
reaches 2 mm, the total propagation time of thermal runaway is greater than 15,000 s. If the
insulation layer is thick, it will not only reduce the energy density of the battery module, but
also prevent heat dissipation during the normal operation of the battery module, affecting
the heat dissipation performance of the battery module. In addition, it can be seen from
the Figure 9 that when the thickness of the insulation layer is 2 mm, the thermal runaway
propagation time of batteries 2 and 3 increases significantly, which can validly control the
thermal propagation time within a certain range. Therefore, the thickness of 2 mm was
selected for the subsequent complex battery module simulation study in this project.
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Figure 9. Relationship between heat propagation and transfer time of each insulation layer thickness.

4.3. Thermal Propagation Model of Complex Cell Modules

Based on the existing battery modules, a complex battery pack model was built, and
the overall size of the battery pack was 597 mm x 439 mm x 227 mm. Based on the
previous single size, a battery module with 1 parallel and 10 series was established. The
two rows of the battery modules were distributed side by side with a spacing of 10 mm.
The thickness of the insulation layer between adjacent monomers was 2 mm, and the
insulation material was TSAF-0525V. The vents on the left and right sides of the battery
module were considered in the establishment of the physical model, the size of which was
50 mm x 50 mm. The specific geometric model is shown in Figure 10.

Figure 10. Physical model of battery pack.

In this model, velocity inlet and pressure outlet were adopted. Considering the air
natural convection, 18 solid domains were set up internally, containing 10 battery fields
and a thermal insulation layer of eight solid domains, with physical parameter settings as
shown in Table 2. An air fluid domain full of incompressible ideal gas was set, and the
environment was 25 °C. An internal heat source was added to each cell to describe the heat
generation law of thermal runaway.
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4.4. Single Battery Thermal Runaway

In the simulation, when a single battery is out of control, a UDF (user-defined function)
is used to heat the battery to the highest temperature and monitor the temperature changes
of other batteries. Figure 11 shows the temperature changes of battery packs after thermal
runaway occurs in batteries 1 and 2.
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Figure 11. Thermal runaway temperature distribution of a single battery.

When battery 1 acted as a heater, battery 2 was triggered to thermal runaway, reaching
the highest temperature of 339.9 °C, and then entering the cooling stage. As the temperature
difference between adjacent battery 2 and battery 3 diminishes, the temperature of battery
3 was not enough to rise to its thermal runaway trigger temperature. Therefore, seen from
the simulation results, when battery 1 acts as a heater, it can only lead to thermal runaway
of neighboring battery 2 in the x direction, while the temperature of other batteries will
only rise to a certain extent.

When battery 3 acted as a heater and thermal runaway occurred, batteries 2 and 4
reached the highest temperature of 356.9 °C almost at the same time around 6800 s. Battery
5 reached a maximum temperature of 403.5 °C at 14,000 s, and battery 1 reached 355.2 °C
at 15,350 s. According to the simulation results, no thermal runaway occurred in batteries
6,7,8,9and 10.

4.5. Multiple Battery Thermal Runaway

When two batteries in the battery module registered thermal runaway, namely bat-
teries 1 and 5, it triggered the thermal runaway of batteries 2 and 4, and then caused
thermal runaway of battery 3. Battery 3 reached the highest temperature of 398 °C at 8550 s,
while batteries 6 to 10 in the y direction were affected by the thermal runaway of batteries
1 and 5 and registered temperature rise, but not as high as the triggering temperature.
When thermal runaway occurred in batteries 1 and 8, thermal runaway would occur in
all batteries, and finally in all batteries of the module. The whole process lasted 18,684 s.
Batteries 6 and 10 thermal runaway occurred at 10,560 s. The propagation speed of thermal
runaway occurring inside the module is faster than that on the edge of the battery module.
The temperature change process is shown in Figure 12.

When thermal runaway occurred in three batteries in the battery module, namely in
batteries 1, 2 and 5, thermal runaway did not occur in batteries 6 to 10. When thermal
runaway occurred in batteries 1, 5 and 10, the thermal runaway speed of the modules
would be significantly accelerated. At 16,814 s, thermal runaway happened in all batteries.
This is shown in Figure 13.
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Figure 12. Temperature distribution of two batteries during thermal runaway.
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Figure 13. Temperature distribution of three batteries when thermal runaway occurs.

According to the simulation results, when a battery in a complex battery module
experiences thermal runaway, if the distance between two battery modules is 10 mm, the
thermal runaway of one battery will cause the temperature of the other battery to rise, but
is not likely to trigger thermal runaway. One reason for this is that the thermal conductivity
of air is lower than that of thermal insulation. Moreover, less heat is transferred and the
spacing between the two adjacent columns is relatively large, so thermal runaway of the
battery on the other side is less likely to occur. When thermal runaway occurs on one side
of the battery, the battery will eventually develop thermal runaway over time.

4.6. Thermal Propagation Effect of Different Module Spacing

According to the simulation analysis in the previous section, when the distance be-
tween two rows in the battery module is 10 mm, when thermal runaway occurs on one
side, the single battery on the other side does not experience thermal runaway within the
simulation time of 3000 s. Therefore, in order to explore the influence of spacing on thermal
runaway propagation, this section continues to simulate and analyze the temperature
changes at 36,000 s when the spacing is 10 mm, 9 mm and 8 mm, respectively, and thermal
runaway occurs in batteries 1 and 5.

Figure 14 shows the temperature change in each battery when the thermal runaway
of batteries 1 and 5 occurs at the same time and the spacing between the two columns of
batteries in the module is 10 mm, 9 mm and 8 mm, respectively. When the spacing is 10 mm,
the maximum temperature of batteries 6 and 10 reaches 385.6 °C and 366.1 °C, respectively,
at 34,250 s after the thermal runaway of batteries 1 and 5. Batteries 7 and 9 reach the highest
temperature at 35,020 s, while battery 8 experiences thermal runaway at 35,636 s. When the
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interval is 9 mm, the time when the thermal runaway reaches the maximum temperature
of battery 10 is 31,566 s in advance. When the interval is 8 mm, the time when thermal
runaway reaches the maximum temperature of battery 10 is 29,700 s. This indicates that the
smaller the spacing between batteries is, the greater is the possibility of runaway thermal
propagation between modules within modules. Therefore, appropriate spacing between
battery modules can be designed according to the safety design requirements of energy
storage power stations.
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Figure 14. The influence of different spacing on thermal runaway propagation: (a) 10 mm; (b) 9 mm;
(c) 8 mm.

5. Conclusions

In this paper, the influence of different insulation thickness of 173 Ah lithium iron
phosphate battery on the thermal runaway spread of a simple module and the influence of
thermal runaway on the temperature of complex battery modules when different number
of batteries experience thermal runaway were studied by experimental and simulation
methods. According to the experimental and simulation results, the following conclusions
are obtained:

(1) The large-capacity lithium iron phosphate battery is relatively safe. When the battery
is heated to trigger thermal runaway, the maximum temperature of the thermal
runaway is about 225 °C at 2000 s after the beginning of the heating. The long
interval may be due to the low heating power of the heating plate and the low thermal
conductivity of the lithium iron phosphate battery itself.

(2) Through simulation, increasing the heat insulation layer thickness can delay the heat
propagation time of the battery module. Considering the heat insulation layer cost
and the energy density of the battery module, this study proposes that the optimal
thickness of the insulation layer is 2 mm. If the thickness of the insulation layer
is increased, the heat diffusion time will be delayed, but the insulation effect will
increase slowly.

(3) In the complex module, when the distance between the two sides is 10 mm, thermal
runaway of the battery on one side will not trigger that of the battery on the other side.
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Nomenclature

Nomenclature Nomenclature

heat transfer between battery
module and environment (J)
G specific heat capacity (J/(kg K)) AE internal energy (J)

T battery temperature (°C) Go heat of single battery (W/m3)
the increasing rate of
temperature (°C/s)

0 battery density (kg/m3) Qr

t time (s) T,

\%4 cell volume (m?) Abbreviations
heat conductivity coefficient in
Ax, Ay, Az the x, y and z directions ARC accelerating rate calorimeter
(W-m~L.K 1)
Gn heating plate power (W/m?3) SOC state of charge
thermal runaway heat of battery
Qe module (]) 3D
T, environment temperature (°C)

three dimensional
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