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Abstract: Current thermal simulation methods are not suitable for small-size fast-activation thermal
batteries, so this paper provides an improved simulation method to calculate thermal cell temperature
changes using the COMSOL platform. A two-dimensional axisymmetric model of thermal batteries
has been established, considering the actual heat release situation and the mobile heat source of
thermal batteries. Based on it, the temperature change and electrolyte melting of thermal batteries
under high-temperature conditions (50 ◦C) have been simulated, in which the temperature change
law, thermal characteristics, and electrolyte melting characteristics have been analyzed in depth. The
results show that the additional heating flakes and insulation design above and below the stack can
effectively reduce heat loss. Most of the melting heat of the electrolyte flows in from the negative
side. In addition, the thermal battery activation time has been calculated to be 91.2 ms at the moment
when all the thermal battery electrolyte sheets begin to melt, and the absolute error was within 10%
compared with the experimental results, indicating that the simulation model has high accuracy and
can effectively broaden the simulation area of thermal batteries.

Keywords: thermal battery; transient heat-transfer analysis; phase transition; activation time

1. Introduction

Thermal batteries are a kind of primary battery mainly used for missile and rocket
electronic instruments, which have short activation time, wide operating temperature range,
and high output power characteristics [1,2]. When stored at room temperature, thermal
battery electrolytes are a nonconductive solid, and the heating agent inside is ignited by
an electric ignition or striker. When heated to the melting point, the electrolytes turn to
a molten state and become ionic conductive. Thus, thermal batteries are activated [3–5].
However, in order to prevent unexpected thermal runaway or even explosion during battery
operation, accurate and reliable thermal cell designs need to be further developed [6]. The
melting points of thermal batteries with melting electrolytes generated by the pyrotechnic
agent are mostly between 350 and 550 ◦C. The excess heat should not decompose the
cathode and anode materials, so the choice of electrode materials for thermal batteries is a
key factor that must be considered in the battery design. Among all, FeS2 is widely used
as the cathode material in thermal batteries due to its high reliability, capacity, low cost,
and material accessibility. However, it usually decomposes near the operating temperature
of thermal batteries, resulting in a significant decrease in the operating voltage [7,8]. To
suppress the decomposition, one novel choice is to directly modify the interface features of
the FeS2 cathode material. For example, Liu et al. [9] modified the FeS2 cathode with Al2O3
nanoparticles. The high interface wettability expands the contact area, which increases
the transport rate of lithium ions at the active-substance interface and suppresses the
decomposition of FeS2. LiSi alloy is currently the most commonly used anode material,
which becomes molten-state at 734 ◦C, though its structure deteriorates rapidly during
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abnormal discharge, resulting in leakage, short circuit, and even explosion of thermal
batteries [7,10]. The ternary all-lithium electrolyte used in the isolation sheet has an ionic
conductivity of 3.3 S/cm at 500 ◦C and a melting point of 430 ◦C [11]. The high ionic
conductivity provides support for the high-power output of the battery, though the higher
melting point also requires more pyrotechnic agents to provide energy, increasing the
battery volume and cost. To block the flowing of electrolytes at high temperatures, MgO is
always selected as the flow-blocking agent [12].

With the continuous development of thermal battery applications, the traditional ther-
mal battery design relying on empirical “design-experimental verification-improvement”
research methods can no longer meet the actual needs. Finite-element simulation technol-
ogy is a modern design theory method widely used in electrochemical investigations. Com-
mercial finite-element analysis software such as ANSYS, COMSOL, and PHOENICS [13]
can simulate the internal temperature changes, electrolyte melting, voltage changes, and
other data of thermal batteries, providing a more reliable theoretical basis for thermal
battery design [14–18]. Computational models of molten salt battery performance focus
on heat transfer and ignore electrochemical or mechanical phenomena. By predicting the
spatial temperature distribution of each material, the maximum temperature reached by
each material can be evaluated, and data such as the approximate time of the battery tem-
perature rise time and lifetime can be obtained [8]. For the simulation calculation of thermal
batteries, in the late 1970s, the Sandia National Laboratory (SNL) in the United States
began thermal battery thermal simulation research using computer simulation methods.
However, the computing power at that time was not enough, and the result was not ideal.
Korean researchers such as Mun et al. [19] used COMSOL software to analyze the thermal
characteristics of the activation and working stages of low-capacity thermal batteries. The
simulation results of the large-capacity thermal battery were only 6% different from the
experimental data. Dekel et al. [20] used the thermal battery simulator (TABS v3) devel-
oped by the Sandia National Laboratories to study thermal battery input parameters and
obtained more realistic simulation results and model verification through understanding
the relationship between uncertain input and probabilistic output. In order to study the
thermal runaway and corrosion of thermal batteries, Jang Hyeon Cho et al. [21] studied the
optimal discharge temperature of thermal batteries and studied the influence of thermal
battery heating-sheet thickness on the temperature of positive and negative electrodes and
electrolytes based on the COMSOL software, which contributed to the design of electrodes,
electrolytes, heat sources, insulators, and other components. Haimovich et al. [22] devel-
oped a portable thermal batteries simulator and compared the calculation results of the
simulator with multiple case studies. They found that the simulator had good accuracy and
could support the analysis and development of most thermal battery structures and designs.
Domestic researchers Wang et al. [16] carried out the development of some thermal battery
simulation platforms and initially realized the automation of modeling, simulation, and
postprocessing, which can obtain the thermal distribution, phase change characteristics,
discharge voltage, and current density distribution of the activation and discharge process
of the whole thermal battery. Chen et al. [15] used COMSOL software to study the phase
transition and thermal characteristics in the activation process of thermal batteries. Based
on the FLUENT software, Li et al. [5] carried out numerical calculations and experimen-
tal research on the performance of the thermal battery activation stage, considering the
ignition heating-sheet time and using UDF and dynamic grid to achieve thermal battery
thermal characterization. Compared to the experimental results, the error of the model was
reduced from 10.6% to 1.6%, compared with the traditional model. In order to study the
thermal runaway and corrosion of thermal batteries, Jang Hyeon Cho et al. [15] studied the
optimal discharge temperature of thermal batteries and studied the influence of thermal
battery heating sheet thickness on the temperature of positive and negative electrodes and
electrolytes based on the COMSOL software, which contributed to the design of electrodes,
electrolytes, heat sources, insulators, and other components. In addition, Wei et al. [11]
conducted a thermal simulation of a small-size thermal battery based on ANSYS software.
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The calculation results with the experimentally-measured top core temperature and top
insulation temperature were verified, which found that the maximum values and arrival
times of the simulated and measured temperatures were (127.0 ◦C, 315 s) and (131.5 ◦C,
261 s), respectively. At the same time, the average temperature of the thermal battery was
used as the standard for thermal battery activation, and the error was within 3.5%, com-
pared with the experiment. Wang et al. [16] discussed a numerical simulation method based
on the ANSYS thermal battery activation process, which realized the prediction of heat
distribution and open-circuit voltage curve during activation and verified the open-circuit
voltage simulation results through thermal battery activation experiments. The accuracy
of the model was high. At present, the melting point of the thermal battery electrolytes is
mostly used as the standard to determine thermal battery activation, for which the time
scale is only on the microsecond level. This is a challenge for the models mentioned above
to predict the activation time accurately. Based on it, the reported simulation methods
are unable to accurately obtain the temperature and electrolyte phase transition character-
istics during the activation of thermal batteries as a uniform heat source, which usually
display large absolute errors. Furthermore, the cut-off time of thermal battery activations
is usually determined by the temperature assumptions, in which thermal batteries are
activated when the average and maximum temperature of each isolation piece reaches
the electrolyte melting point. However, for thermal batteries with an activation time of
microseconds, the predicted activation time error of this method is relatively large. To
solve the limitations, this work will use the multiphysics simulation software COMSOL,
combined with literature methods, to analyze the electrolyte average temperature change
characteristics and thermal battery phase-transition characteristics. A simple user-defined
heat-source function will be used to describe the thermal batteries more accurately. Simple
custom functions will also be added to represent the method of moving the heat source,
fully considering the various heat sources in the thermal battery activation process. The
phase transition and thermal diffusion of the electrolyte will be simulated and calculated to
study the temperature change and the electrolyte-phase change in the activation stage of
the thermal battery at 50 ◦C. The temperature change characteristics, the electrolyte-phase
change characteristics, and the activation time will be obtained. In addition, by analyzing
the thermal battery electrolyte-melting characteristics during the activation-control process,
the time when the cathode and anode are connected will be used as the cut-off time for the
shortest activation time, which will overcome the uncertainty in predicting the activation
time from the temperature results. The electrolyte melting state can also be used to analyze
the load-carrying capacity of thermal batteries, which will show higher accuracy than
the traditional open-circuit voltage-curve description method. This paper will provide a
theoretical basis for the design of thermal batteries with better performance.

2. Methods

The flow chart of this work is shown in Figure 1. The simulation was performed using
COMSOL Multiphysics 6.0 software, in which the solid heat transfer module solves the solid
heat transfer problem in thermal battery simulation. The simulation of thermal batteries
can be divided into four steps, including meshing, calculation and solution settings, and
postprocess. The temperature system considered in this work is based on degrees Celsius.

During the geometric modeling establishment process, a thermal battery consists of a
stack, a battery cover, and a battery case, of which the radius is about 10 mm. Every single
cell is composed of a cathode, anode, heat pellet, electrolyte sheet, collector sheet, and
felt ring. FeS2, LiSi, and LiF-LiBr-LiCl are chosen as the cathode, anode, and electrolyte,
respectively. The current collector is Ni in this work. Eight single cells are stacked, bundled,
and fixed to form a stack. The battery cover is composed of a cover plate, a terminal post,
an asbestos pad, and a cover lead. The battery case consists of the insulation material and
housing. The ignition head is located on the top of the stack and electricity is used for
igniting, which has a much shorter time compared to the activation time, so the ignition
time is ignored during the simulation. For the meshing of the simulation, the geometric
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model is discretized using a free triangular mesh provided by the COMSOL software,
whose size is set to 353 mm2. There are 27,606 meshes with 5328 edge units and 157 vertex
units. The smallest mesh quality is 0.082. The middle of the meshing is a stack composed
of 14 battery single cells, the peripheral heating layer, and shell wraps the stack, while the
grid is divided by a triangle, of which the density is increased in the area of the stack and
the heating plate to make the calculation accuracy higher.
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Figure 1. The flow chart of this work.

To build a thermal battery model, it is necessary to obtain basic parameters such as
density, specific heat capacity, and thermal conductivity of each component. Parameters
of electrolytes were directly taken from the supplier, and others were obtained from the
literature [8,11,15]. All are standard parameters for the components. The main material
parameters were summarized in Table 1 below.

Table 1. Table of the main material parameters.

Components Material Density
ρ/(g·cm−3)

Specific Heat
Capacity

CP/(J·g−1·K−1)

Thermal
Conductivity

k/(W·m−1·K−1)

cathode FeS2-MgO 3.058 0.99 1
electrolyte LiF-LiBr-LiCl 2.33 0.87 1.02

anode LiSi 0.91 2.073 5.4
heat pellet Fe/KClO4 3.877 0.745 22

current collector Ni 8.9 0.46 71.4

In the thermal battery activation stage, the heat from the pyrotechnic agent is trans-
ferred to the electrolyte phase change material region and transforms it into a liquid phase,
connecting the cathode and anode, thus, it realizes the thermal battery conduction. In
order to inhibit the fluidity of the molten electrolyte, magnesium oxide is added to the
electrolyte layer and the cathode to reduce electrolyte leakage. The simulated electrolyte
adopts LiF-LiBr-LiCl, which has a melting point of 430 ◦C and a melting heat of 266 J/g.
The phase-change enthalpy of the electrolyte sheet and the cathode is set according to the
phase-change material region [19].

The activation stage of thermal batteries includes physical and chemical processes
such as heat source, heat release, heat conduction, heat convection, heat radiation, and
phase change [15]. In this work, only the heat transfer process in the activation stage is



Crystals 2023, 13, 641 5 of 11

considered while the heat of the chemical reaction and the Joule heat are ignored. The
temperature change control equation of the thermal battery is as follows:

ρCP
∂T
∂t

= ∇ · (k∇T) + Qs −Qc −Qf (1)

where ρCP
∂T
∂t represents the temperature change per unit volume,∇ · (k∇T) represents the

incoming heat per unit volume; ρ, CP, k represent the density, heat capacity, and thermal
conductivity of the material, respectively, T represents temperature, and t represents time.
Qc represents the heat of the thermal battery to ambient heat convection. Qf represents the
heat of melt required for melting molten salts in the electrolyte sheet and cathode sheet.
The equation for Qc and Qf are as follows:

Qc = h(Ts − Ta) (2)

Ts−Ta represents the temperature difference between the battery case and the ambient
temperature and h is the thermal conductivity.

Qf = ρχ ·Hf
∂w
∂t

(3)

χ, Hf, w represent the mass fraction, the heat of melt, and the liquid phase volume
fraction of molten salts in phase change materials, respectively.

The initial temperature of the thermal battery was 50 ◦C and the test temperature was
the ambient temperature. Additional heating plates and insulation mica gaskets in the
upper and lower parts of the stack, as well as insulation layers on the sides to slow down
the temperature loss of the thermal battery, were added to maintain a longer working time.
The outer boundary of the thermal battery was set to thermal convection with a convection
coefficient of 10 W m−1 k−1.

In order to obtain the temperature change of each component of the single cell, a
temperature probe is set in the single cell area. In order to obtain the average temperature
change of the electrolyte, domain probes are set up in each electrolyte region.

3. Results and Discussion

A multiphysics finite element analysis software that has the advantages of a simple
interface, flexible definition of the model, and rich postprocessing functions have been
used in this work. It is a finite element simulation software that can solve multiple physical
field problems. The activation of thermal batteries is mainly a heat transfer process, so
the thermal model established by the COMSOL software can be based on the transient
heat-transfer physical fields. In order to simplify the calculation, the three-dimensional
physical model is simplified to a two-dimensional axisymmetric model to simulate the
heat-transfer process of thermal batteries, omitting the activation mechanism and other
components that have little impact on heat transfer. The mesh has been meshed by a free
triangle, and the established two-dimensional axisymmetric model and meshing are shown
in Figure 2, which gives the specific thermal battery model and size.

When a thermal battery works, it goes through two stages: the activation process
and the discharge process. In order to obtain the temperature changes of the activation
process and the phase transition of the electrolyte, this work mainly studies the thermal
characteristics of the thermal battery activation stage. The time scale is within hundreds of
milliseconds, and the transient solid heat-transfer model is established without considering
the influence of current in the activation stage. The ignition method of the thermal battery
is the first mechanical ignition, of which the time is directly measured by the experiment
and recorded as t1. The heat-release melting electrolyte sheet time of the pyrochemical
agent is recorded as t2, which is calculated by a simulation. Based on it, the predicted
activation time is considered to be the value of t1 + t2. The stack is the main area in the
thermal battery to generate heat and electricity [10]. Additional heating plates and asbestos
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pads are added above and below the stack to provide sufficient thermal energy for the
thermal battery, maintaining the temperature of the stack and extending the working time
of the battery.
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Figure 2. (a) Thermal battery model and (b) the corresponding meshing diagram.

According to the actual heat-release sequence and characteristics, the heat-source
function is written. The top ignition strip of the thermal battery is ignited first, followed by
the ignition strip on the top of the ignition stack, the side ignition strip, and each heating
plate. Taking the ignition sheet as an example, a coordinate system for the ignition sheet
has been established in Figure 3. The shaded area in the figure represents the reaction area.
The calorific value of this area can be calculated based on the burning rate of the heating
plate. The combustion direction is set according to the actual situation. The heat source
function can be expressed as follows:

Qi =
Qv

a/vi
· f(vi · t− x) (4)

Qv is the heat density of the ignition strip; f(u) is a piecewise function;

f(u) =
{

1, 0 < u < 0.1
0, u ≤ 0.1∨ u ≥ 0.1

(5)

The segmentation function is introduced to realize the continuous heat release of the
heat source. The a is the heat source reaction area, set to 0.1 mm; v is the combustion speed.
For different heat sources, the heat-source function needs to be written according to the
actual model, in which the calorific value of the heat pellet is 1270 J/g and the burning rate
is 9.8 cm/s. The heat release and the combustion rate of the pilot sheet are 1800 J/g and
1.5 m/s, respectively.

It is well known that the internal temperature data of thermal batteries by experimental
measurements are difficult to obtain under the condition of maintaining the integrity of
thermal batteries. Based on it, simulations about internal-temperature distribution and
change have been performed by COMSOL. In order to obtain the temperature change
of each component of the single cell, a temperature probe is set in the single-cell area.
In addition, domain probes are set up in each electrolyte region to obtain the average
temperature change of the electrolyte. According to the temperature cloud map at different
moments of the simulation results (Figure 3), the temperature-change characteristics during
the activation process of the thermal battery have been analyzed. The calculation results of
the temperature probe show that the temperature rise of each component has been analyzed
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according to the temperature time change curve of the single cell. Additionally, the phase-
transition characteristics of the thermal battery activation process have been analyzed and
the activation time has been predicted according to the phase-transition situation.
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To visually illustrate the internal temperature change of the thermal battery during
activation, the temperature clouds of 60 ms, 140 ms, and 400 ms are selected, as shown in
Figure 4. The upper and lower parts of the stack have a higher temperature due to the large
number of heating plates, which can also better maintain the temperature of the thermal
battery. At 60 ms, the heating plate is in an unburned state with the temperature of the
burned area gradually rising. At 140 ms, the heating plates are all burned out and the heat
is transferred inside the thermal cell; At 400 ms, the internal temperature of the stack tends
to be stable. Then, the temperature is maintained at about 525 ◦C. In this situation, the
thermal battery model is equipped with an asbestos insulation layer and the temperature
of the stack drops slowly.

Crystals 2023, 13, x FOR PEER REVIEW  8  of  12 
 

 

 

Figure 4. Temperature cloud of thermal battery at different times. 

As shown in Figure 5, the temperature change of the single cell (the fourth cell from 

top to bottom) is monitored during the activation process. The heat of the heating plate is 

transferred from the ignition strip to the components of the thermal battery within 400 

ms. At 400 ms, the temperature tends to be consistent and is maintained at 525 °C, which 

is consistent with the temperature cloud result. The highest temperature of the heater pel‐

lets and the current collectors reach 1376 °C and 940 °C, respectively. The anode needs to 
withstand a thermal shock of 700 °C, but it does not reach the melting temperature of the 

LiSi alloy. The highest temperature of the cathode is 525 °C. The temperature curves of 

the cathode and the electrolyte sheet fluctuate slightly during the heating process, show‐

ing that a certain proportion of the electrolyte phase change material is added to the cath‐

ode, and a part of the heat is absorbed during the electrolyte melting process. Due to the 

working mechanism and fast‐activation requirements of thermal batteries, the tempera‐

ture of  electrolytes  rises  faster  than  the  as  reported Li‐ion battery  electrolytes  [23,24]. 

Based on it, the curves have a small fluctuation, which is in line with the actual situation. 

 

Figure 5. Temperature‐change diagram of thermal battery cells. 

Figure 4. Temperature cloud of thermal battery at different times.

As shown in Figure 5, the temperature change of the single cell (the fourth cell from
top to bottom) is monitored during the activation process. The heat of the heating plate is
transferred from the ignition strip to the components of the thermal battery within 400 ms.
At 400 ms, the temperature tends to be consistent and is maintained at 525 ◦C, which is
consistent with the temperature cloud result. The highest temperature of the heater pellets
and the current collectors reach 1376 ◦C and 940 ◦C, respectively. The anode needs to
withstand a thermal shock of 700 ◦C, but it does not reach the melting temperature of the
LiSi alloy. The highest temperature of the cathode is 525 ◦C. The temperature curves of the
cathode and the electrolyte sheet fluctuate slightly during the heating process, showing
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that a certain proportion of the electrolyte phase change material is added to the cathode,
and a part of the heat is absorbed during the electrolyte melting process. Due to the
working mechanism and fast-activation requirements of thermal batteries, the temperature
of electrolytes rises faster than the as reported Li-ion battery electrolytes [23,24]. Based on
it, the curves have a small fluctuation, which is in line with the actual situation.
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The average temperature rising curves of electrolytes are shown in Figure 6. Electrolyte
1 and electrolyte 8 represents the electrolyte in the single cell at the top and bottom of the
stack, respectively, beside which additional heating plates are located. As a result, the
temperature curves of electrolytes 1 and 8 have a faster temperature increase compared
with other curves. The average temperature of all electrolytes exceeds the melting point of
430 ◦C at 142 ms.

In order to predict the activation time more accurately with the small-size thermal
battery model, the phase-change domain is set in the electrolyte and cathode regions with
the activation time predicted by the electrolyte melting situation. The phase change cloud of
the thermal battery is shown in Figure 7, in which red regions indicate complete electrolyte
melting while blue ones indicate unmelted. Due to the exothermic order of the heat pellet,
the upper electrolyte sheet melts prior to the lower electrolyte sheet. The melting area
spreads from the right to the left with all electrolytes beginning to melt at 90 ms until
270 ms. According to the analysis above, the temperature of the collector sheet and the
anode in the single battery rises rapidly. The phase change cloud diagram of the thermal
battery and the temperature map of the monomer can verify each other, indicating that
the main heat flows into the electrolyte region from the anode. It can be seen from the
literature [25,26] that the cathode material has a lower thermal diffusivity, and the heat is
hard to enter the electrolyte from the cathode side, so the development of a higher thermal
conductivity electrode material can reduce the activation time. It is believed that when
all electrolytes begin to melt and connect the cathode and anode, the thermal battery is
in an active state with an on-load capacity. Based on it, the electrolyte melting time at
50 ◦C t2 = 90 ms. Combined with the mechanical activation ignition time, the forecast for
activation is 91.2 ms, which is consistent with the widely known experimental activation
time of below 200 ms for thermal batteries.
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To verify the reliability of the model, mechanical-activation experiments have been
performed on thermal batteries. In the experiment, the (acoustic target) at the moment of
hammer overload action was used as the zero point of the acquisition-activation time. The
thermal battery has an operating voltage of 12 V. Five experiments have been conducted at
high and low temperatures, and the test results are shown in Table 2.

Comparing the activation time predicted to the simulation with the activation time of
the experimental test, the maximum relative error at high temperatures is only 3.8%, which
is comparable with the reported results, indicating that the accuracy is high. It is believed
that the analysis error is due to certain errors between the material property settings and
calculation errors.
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Table 2. Thermal battery activation-phase curve (time to reach the following voltages, unit ms).

Pilot Project 0 V 5 V 8 V 12 V Average Activation Time (12 V)

High-temperature
hammering electrical

properties

62 79 84 91

94.8
58 79 82 88
62 87 89 97
51 81 86 95
70 96 98 103

4. Conclusions

In this study, the “Solid Heat Transfer” module in the COMSOL multiphysics simula-
tion software has been used to simulate heat generation and transfer during the activation
process of thermal batteries. The custom function setting method of the mobile heat source
and the activation time of thermal cells have been predicted according to the electrolyte
melting characteristics. The temperature change characteristics and electrolyte phase
transition characteristics of thermal batteries have been analyzed.

The heat pellet was set in the upper and lower parts of the thermal battery to maintain
the internal temperature of the thermal battery. The thermal insulation shell could also
reduce heat loss. The additional heat generated by the firework agent could slightly
decompose the cathode material and have no effect on the anode material. Most of the
melting electrolyte heat flowed in from the anode side with high thermal conductivity. The
simulation model predicted that the activation time at 50 ◦C was 91.2 ms, with the relative
error compared to experimental results being only 3.8%, which were comparable to the
reported results using other methods. All these results can provide a theoretical basis for
the design of thermal batteries with desirable performances.
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