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Abstract: In this paper, a computational fluid dynamics (CFD) model to predict the transient temper-
ature distributions of a prismatic lithium-ion polymer battery (LiPo) cooled by natural convection
at various discharge cycles is developed. The thermal behavior of a lithium-ion (Li-ion) battery
cell is important for its safety, performance and degradation, and it requires both measurement
and modeling. However, most existing thermal models for Li-ion battery cells only account for
steady-state temperature fields, while the exercise of a Li-ion battery cell is usually transitory. The
Newman'’s pseudo-2D approach was used to perform an electrochemical CFD analysis. This ap-
proach treats the porous electrode as a collection of equal-sized, isotropic, homogeneous spherical
particles. This simplifies the electrode microstructure and assumes a smooth and uniform lithium
insertion/extraction in the electrode. The model has been validated through variable discharge rate
experimental tests in a controlled chamber. Additionally, infrared images of the battery cell during
discharging are taken and the experimental numerical gradient temperature was compared. We have
validated the CFD simulations by comparing the temperature, state of charge and voltage curves
with experimental data. The model predictions match the experimental data very well. The difficulty
in CFD battery simulations with an electrochemical approach lies in the setting of many physical
parameters that are difficult to find. In this work, the parameters’ characteristics of the simulated
battery are assumed and validated; these can be useful for modeling batteries of the same type. Con-
sequently, the model developed in this work can be applied to predict the temperature distribution
of the LiPo prismatic battery and can be used by the battery designers and by the designers of all
systems that include batteries.

Keywords: CFD; lithium battery; Newman’s model; simulation; temperature distribution

1. Introduction

A historical overview of lithium batteries is provided by [1]. In the article he discusses
the evolution of lithium batteries and their applications over time. The issues and challenges
facing rechargeable lithium batteries are discussed by [2]. They highlight the importance
of developing new materials and technologies to improve the performance and safety of
these batteries. The challenges of developing better batteries and the importance of finding
sustainable ways to provide power for modern lifestyles are described by [3]. They also
highlight the need for new materials and technologies to improve battery performance and
safety. Lithium batteries are common nowadays. The main steps that led to the success and
industrial production in a relatively short time have been described by [4]. Lithium batteries
are marketed in a wide range of shapes and sizes. They mainly come in configurations:
cylindrical, button, pouch and prismatic. The battery used in this study is a LiPo and
falls into the single prismatic cell type. The long-term durability and safety features of
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Li-ion batteries are major limitations for their performance [5]. Li-ion batteries typically
operate within the temperature range of 0—40 °C. Excessive or uneven heat generation
in the cells can cause cell degradation and cell breakdown. Cell degradation results in a
significant reduction in open circuit voltage and electric capacity, while cell failure can
result in thermal runaway or even a fire hazard [6].

Therefore, in the Li-ion battery design process, the thermal management has to be
carefully considered to ensure that the operating temperature of the batteries stays within a
narrow optimal range [7].

To achieve this goal, simulation can be used, which allows you to predict system
performance as an alternative to experimental tests, which in addition to a high cost, may
have some limitations: in some cases, it may be difficult to calculate physical quantities,
such as temperature in the heart of the component.

There are different types of simulation models for batteries, the main categories
are analytical models, equivalent circuit models (ECM) and electrochemical models [8].
Analytical models are the simplest and fastest, but also the least accurate. They use
mathematical equations to describe the battery behavior [9]. ECM are based on electrical
components that mimic the battery dynamics, such as resistors, capacitors and voltage
sources. They can capture the nonlinear effects of temperature, state of charge (SOC)
and state of health on the battery performance. They are intended for dynamic and long-
run simulation studies [10]. Electrochemical models describe the physical and chemical
processes that occur inside the battery, such as diffusion, reaction and transport. They are
the most accurate and detailed, but also the most complex and computationally intensive.
They are suitable for battery design and analysis at the molecular level [8]. Several studies
have examined the thermal behavior of Li-ion batteries using various methods and models.
For example, a 3-D CFD model was developed by [11] to analyze the natural convection
effects on the batteries. A Li-ion battery module was investigated both experimentally
and computationally by [12] for its thermal management. A mathematical model and
infrared images were used by [13] to estimate the transient temperature distributions
of a large-sized 20Ah-LiFePO4 prismatic battery at various discharge rates. A similar
approach was used by [14] to study the transient temperature and voltage distributions
of 18650 cylindrical Li-ion battery at different C-rates with an air-cooling method. Later,
they developed a numerical model using commercial code. Two cooling methods for
Li-ion battery cells used in electric vehicles are compared by [15]: immersion cooling
and cold-plate based cooling for different discharge rates and for different coolant flow
rates by performing 3D CFD simulations using an experimentally validated numerical
methodology. A combination of CFD simulations and optical measurements was employed
by [16] to explore the distribution of the vanadium electrolyte and an alternative fluid
substitute in a carbon felt electrode in three dimensions. They obtained qualitatively
consistent results. Different cell arrangement structures and various air-cooling strategies
were evaluated by [7] for their effects on the thermal performance of a battery module.
They used a 3D CFD method and a lumped model of a single cell in the simulation. [17]
Furthermore, a calibration of the model was performed based on the experimental tests
to obtain more accurate results. A study on the thermal characteristics of Li-ion batteries
is described by [18]. The authors created a 3D electrochemical-thermal-flow coupling
model. Through the analysis of simulation results, they explored the thermal characteristics
of Li-ion batteries for electric vehicles. The thermal characterization of a commercially
available Li-ion battery is discussed by [19]. The study measures the heat generation of
the battery at different operating conditions and charge and discharge rates. The study
found some important parameters that have a significant influence on total generated
heat. The heat generation during charging and discharging of a battery and how it affects
temperature behaviors is discussed by [20]. The study shows that enthalpy heating and heat
of mixing, generally neglected, should be included to accurately and completely describe
the heat generation. An electrochemical-thermal model including these additional terms is
experimentally validated against calorimetric measurements. An electrochemical-thermal
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model for a commercial Li-ion battery to simulate the distribution of electrochemical and
thermal variables 3D through the electrode layers in the pouch cell is presented by [21].
The model is validated against experimental voltage and temperature distribution data. A
physics-based electrochemical model for the study of Li-ion batteries is presented by [22].
The article discusses two challenges to apply Newman’s models in the electrochemical-
thermal coupled battery simulation. A 3D thermal modeling of a single Li-ion battery
cell and a 50 V Li-ion battery pack composed of 14 prismatic batteries using an ECM for
subscale electrochemical modeling was developed by [23]. The study aimed to predict
the thermal behavior of the battery pack under fast discharging and abusive conditions.
A 3D electrochemical-thermal coupled model was developed by [24] for a 30 Ah ternary
cathode Li-ion battery. The model was used to study the internal electrochemical processes
and thermal characteristics and results were compared with experimental data showing
a good agreement. An insight into the discharge behavior of Li-ion batteries based on
investigations conducted by researchers was given by [25]. The Dual-Potential Multi-Scale
Multi-Domain (MSMD) Battery Model was used to analyze the discharge behavior of Li-ion
batteries. The development of 3D-FEA models to simulate the electro-thermal behavior of
Li-ion battery cells with various geometries is described by [26]. They focus on the thermal
behavior of Li-ion battery cells with different geometries, electrical loads and cooling
conditions. Modeling results and performance prediction for a Li-ion battery are presented
and compared to experimental data for several different experimental cell configurations
on both charge and discharge by [27] and different system designs are explored using the
mathematical model. A model for the galvanostatic charge and discharge of a lithium cell
with a lithium anode, solid polymer separator and insertion cathode is described by [17].
The model uses concentrated solution theory and is general enough to include a wide
range of polymeric separator materials, lithium salts and composite insertion cathodes.
The insertion of lithium into the active cathode material is simulated using superposition,
greatly simplifying numerical calculations. A study that investigates the nail penetration
process in a large-format Li-ion cell using a 3D multiscale electrochemical-thermal coupled
model is described by [28]. The study reveals strong coupling of the cell thermal response
and electrochemical behavior, which is influenced substantially by key parameters. A
3D electrochemical-thermal coupled model is used by [29] to scrutinize the internal short
circuit process in a large-format Li-ion cell and a parametric study was carried out.

In this paper, a numerical and experimental validation of a prismatic Li-ion battery is
carried out using the Newman’s pseudo-2D approach also called Newman’s approach in
commercial code. To date, studies on CFD modeling of Li-ion batteries are few and only a
part of these have been developed with an electrochemical approach. This approach can
accurately capture Li-ion migration in the cell. The electrochemical models require many
parameters to be set which are different according to the type of cell. These parameters are
difficult to find in the literature and depend on the type of battery and on the materials
used for the cells. Through this work they are highlighted and experimentally validated so
that they can be used for the simulation and optimization of other batteries.

2. Test Case and Experimental Analysis
2.1. Battery

An LMP battery is used and shown in Figure 1. The positive current collector is made
of aluminum, while the negative is made of copper. The cathode material is LiMn,;Oy4
while the anode is LiC6 (graphite). The battery has a capacity of 4890 mAh, a discharge
nominal voltage of 3.8 V and a rated power of 18.5 Wh. With a mass of 75 g, the specific
capacity is 65.2 mAh/g, while the dimensions are 100 x 110 x 3 mm3, proving a heat
exchange area of 22,000 mm?. A total of 11 sheets of material with a length of 1030 mm
and an overall thickness of about 0.27 mm are folded on themselves 11 times to compose
the internal structure of the prismatic cells. A schematization of the internal configuration
is taken from the literature and shown in Figure 2 [30]. Meanwhile, Figure 3 reports
a scheme of the experimental apparatus. Infrared imaging provides the bidimensional
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temperature distribution on the battery surface. This methodology is also able to detect
small temperature variations caused by the low current values used in this analysis. A
test box with black painted walls is realized on purpose to avoid the incidence of ambient
radiations on the battery. The battery supports are made of plastic to behave as an adiabatic
material to prevent undesired heat loss. Moreover, a high emissivity material covers the
side of the battery inspected by the camera to avoid ambient reflections and to increase
the measurements’ accuracy. Ambient conditions are monitored and regulated at dry-bulb
temperature and relative humidity.

Figure 1. Battery under study: (a) assembled, (b) disassembled.

Cell can
—

Separator
Cathode — {
Separator

Anode — (

Figure 2. Schematization of a prismatic battery [30].
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Figure 3. Scheme of the experimental setup. The infrared camera, the battery in the test box, the
bidirectional power supply, and a sample image of the battery in the infrared band are reported.

2.2. Measurements Procedures

Discharge tests are run applying different current ratings and profiles. The current rate
of 1 C, corresponding to 4.89 A for this battery, is the value that would completely discharge
itin 1 h. Values of 0.5 C, 1 C and 2 C are set for the constant discharge tests. Moreover,
a variable current profile that reproduces the homologation drive cycle Worldwide Light
duty Test Cycle (WLTC) is considered. Given a 37 kW electric vehicle, a battery pack with
20 cells connected in parallel and 100 in series is considered. Dividing the WLTC load
to the 20 parallel cells results in a peak value of 2.8 A per cell, that is about 0.5 C. More
test specifications are reported in Table 1. The voltage and the current signals measured
and provided by the bidirectional power supply are monitored and recorded by home-
made software in the Labview environment. The infrared camera is placed in front of
the battery and detects the thermal radiation through a frontal opening in the test box.
The camera resolution is 320 x 256 pixels and the optical range is from 3.0 to 5.5 pm.
Whereas the 50 mm lens lowers the range to 3-5 um. The images are taken with an
acquisition frequency of 0.1 Hz and an exposure time of 260 ps. This time grants good
recording quality, preventing the images’ saturation. The distance between the camera
and the battery is 1 m. The calibration of the infrared camera is performed regularly by
the supplier. The uncertainty of the infrared camera is measured by noise-equivalent
temperature difference (NETD). For the cell and the absolute temperature of the case under
examination, NETD = 0.1. In addition, a thermocouple, K-type, is stuck on the battery
surface to compare the temperature data. The thermocouple sensitivity is 0.5 °C. Further
details on the testing procedure are described in [31,32].

2.3. Image Elaboration for Temperature Detection

Image processing of the infrared data is performed to extract the temperature of the
battery surface and of the background, which is used as an ambient temperature indicator.
First, the emissivity of the material and the ambient temperature are set in the raw image
to compensate for temperature offsets. Then, the temperature distribution is estimated.
As reported in the high-contrast picture of Figure 3, the temperature distribution is quite
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homogeneous. The temperature difference is only 0.3 °C, from the bottom-left corner
of the battery (current collectors) to the top-right one. In percentage, this is 1.3% of the
average battery temperature, and then a constant temperature can be assumed across the
surface. Finally, the average temperature is evaluated within each region of interest (ROI)
by summing up the values of all the pixels and then dividing by the total number of pixels.

Table 1. Test plan specifications (initial SOC = 100%).

Cycle Initial Voltage Final Voltage Current Rating/Profile Discharge Time

1 42V 3.8V 0.5 C/Constant 690 s

2 42V 34V 1 C/Constant 690 s

3 42V 27V 2 C/Step 690 s

4 42V 41V Peak value 0.5 C/WLTC 1850 s
3. CFD Model

The simulation of the internal electrochemistry of Li-ion batteries is a challenge be-
cause the physics to be simulated develops on different scales. Indeed, the temperature
distribution is the goal of the thermal analysis and affects the battery length scale. The
Li-ion transport is governed by the physics in the anode-separator-cathode sandwich layers
(the electrode pair length scale). Li-ion transport in an active material occurs at the atomic
length scale. The thermal and electrical fields of the battery are solved in the CFD domain
at various scales using differential equations highlighted in the following section. This ap-
proach, called MSMD, offers a relatively high computational speed (a simulation generally
requires time in the order of minutes) and results in relatively high accuracy [14,33].

The developed MSMD model is based on a Newman’s pseudo-2D approach. This
approach combines the two-dimensional physics-based electrochemical models with the
charge conservation and heat diffusion equations across the battery domain to determine
the temperature distributions.

3.1. Governing Equations

The governing equations of the model are: the conservation of lithium in solid and
electrolyte phases, the conservation of charge in solid and electrolyte phases, the Butler-
Volmer equation and the potential and energy equations. The Li-ion transport phenomena
in the porous electrode and electrolyte can be explained by the charge and mass conser-
vation laws. Charge conservation determines phase potentials, while mass conservation
determines the phase concentrations. The conservation equations relevant to electrolyte
and solid phases are given as:

Lithium conservation in the solid phase:

dcs  Ds 0 [ 50c5\
at_r28r<rar>_0 @

Lithium conservation in the electrolyte phase:

0 d 9 1-19) /., »
(%e:e) _ P (Dgffacxe) + IZS( - +) (]mt +Z]szde> @)
Charge conservation in the solid phase:
% (O-Effaaq:) —as (jint + stide) -0 (3)

Charge conservation in the electrolyte phase:

9 d d ol i si
) ) )
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The Lithium conservation diffusion equation must be solved at every discretized
spatial location in the electrode zone. The Lithium conservation equation is solved in the
r-dimension of the spherical particles—the pseudo second dimension. That is why the
model is often referred to as the Newman’s P2D model in the literature [34].

The Butler-Volmer equation is used to couple the charge and species governing equations.

it _ i Loxo (%) — exp (—%F
i = ifew(rn) —ew(~5) | ®

The reference temperature T, is set at 298 K.
Potential equations:
V(04 Vo) = —(jech — jshort) ©)
V(0-V¢-) = jech = jshort

Energy equation:

9pCpT
ot

- V(kVT) = U+|V§0+|2 +o- |V(P* |2 + qE.Ch + qsﬁort + qub.use (7)

By default, the entropic heating term is ignored in the calculation but you can include
it. In practice, the Newman’s P2D model is solved on the electrode scale [34].

For more information about the Newman’s P2D Model, see [17,34].

For modeling and simulating, the same parameters reported in [13] are used. Some of
these are the result of the calibration process carried out on our battery and will be better
described later; others depend on its intrinsic characteristics.

3.2. Computational Domain

The folding of the battery layers under study is ignored in the geometry of the model
which is drawn as a single solid body with dimensions equal to the external dimensions of
the battery case. In addition, in order to simulate the battery, it was necessary to draw the
external poles (tab), which are two other solid bodies. So, the geometry of the battery is
made up of three joined bodies: the outer case and the positive and negative poles (called
tabs) that come out of the case (Figure 4).

The battery case and inside it have been defined as the active zone, instead the tabs
were defined as the passive zone.

The top surfaces of the connectors have been selected as contacts.

3.3. Mesh Used

The geometry was meshed with a Cartesian grid (Figure 5). This was possible because
the battery has a simple geometry. This type of mesh has a higher computational efficiency
than nonstructured meshes. The meshes of the coupled bodies have been created to
conform. For this type of problem, it is recommended to use uniform meshes.

The generated mesh is cartesian, conform and uniform and consists of 3.2 million
hexahedral elements and 13.3 million nodes. The mesh has 18 elements in the thickness,
400 in the width and 440 in the height of the cell, and 10 elements in the thickness, 20 in the
width and 40 in the height of the tabs.

3.4. Boundary Conditions

Figure 1 shows the battery under study, the internal structure is made up of 11 sheets
of material with a length of 1030 mm, with an overall thickness of about 0.27 mm, folded
on themselves 11 times to make them fit within the overall dimensions of the battery case.

These 11 sheets of different materials consist in order of a polypropylene separa-
tor, lithium permanganate, aluminum cathode, lithium permanganate, polypropylene
separator, graphite, copper and graphite anode, all immersed in a liquid electrolyte.



Batteries 2023, 9, 397 8 of 20

5 5
Negative Tab | 11,50 ‘ 0,20 _
Positive Tab \ | 22,50 - 1,40
O’Active zone L
- ~ .
9
U
N 100 o3

Figure 5. Simulated mesh of the battery cell.
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Nevertheless, according to the Newman’s P2D Model, the battery is internally formed
by a positive electrode, a negative electrode, a separator between the electrodes and an
electrolyte. The battery body is considered active material excluding the tabs.

The materials set in the simulation code (Table 2) were aluminum for the cathode
current collector, copper for the anode current collector, LiMn, Oy for the anode, graphite
for the cathode and plastic film for the separator as those defined by [35,36].

Table 2. Characteristics of the battery layers.

Element Material Thickness Electric Conductibility
[m] [S/m]
Separator Polyethylene 25.4 x 107° 47 x 10714
Anode LiMn, Oy 36.4 x 107° 1.0x 1074
Cathode current collector Aluminium 25.0 x 107° 3.4 x 107
Anode current collector Copper 25.0 x 107° 5.8 x 107
Cathode Graphite 50.0 x 107° 1.5 x 10°

It is assumed that the plastic material of the separator is polyethylene because it is one
of the most common according to [37].

To define the thicknesses of the various materials, reference is made to [38], who
modeled a pouch battery of the same type.

The density of the material defined for the cell was obtained as the ratio between mass
and volume obtaining a value of 2272 kg/m?3. The specific heat value of 1174 J/kg °C
was obtained as an average between the extremes of the range indicated by [39] for the
Li-ion batteries.

As ref. [11] explained in detail, the predicted temperature values are not affected much
by the choice of a A value and using different thermal conductivity values in axial and
radial directions does not make a noticeable difference in the results. Therefore, we choose
the A value of 3 W/mK, a common value in the literature, as the nominal value for the
simulations performed in this study.

To obtain the o value for the cell material, a volume weighted average of the electrical
conductivity values of the materials composing it was carried out.

The o values of each single material of which the cell is composed are shown in Table 3
and with the exception of the separator taken with reference to [40], the others have been
taken with reference to [41].

Table 3. Parameters used in the simulation.

Parameter Notation Value Unit

Thickness of current collectors I 25 um
Conductivity for +ve electrode oy 0.05 S/m
Ionic conductivity for electrolyte material O 0.02 S/m
Conductivity for —ve electrode fo 1 S/m
Nominal capacity of cell C 4.89 Ah

The result obtained is an o value of 8.46 x 10° S/m.
Copper is the material for the positive and negative tabs.
A temperature of 300 K was set on the external surfaces of the case.
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The minimum stop voltage (V,,,;,,) was set to 1.0 V, the maximum stop voltage (Viuax)
was set to 4.3 V, the reference temperature (T, ) was set to 300 K and the convective heat

transfer coefficient (/;), calculated from the experimental tests, was set to 26 (Kivr\;z)

The time-step size was chosen at 0.5 s.

At each time-step, the equations are solved with 15 iterations, which is needed to
achieve convergence. Four discharge cycles at different rates and trends were simulated
and tested experimentally as shown in Table 4:

Cycle 1 consist in a constant discharge of the battery at 0.5 C-rate;

Cycle 2 consist in a constant discharge of the battery at 1 C-rate;

Cycle 3 consist in a constant discharge at 2 C-rate only within the interval between the
corresponding instants of time at 5 and 625 s inclusive, from zero to 4 s and from 626 to 690
a zero discharge was imposed.

Cycle 4 is a WLTC cycle.

The convergence criterion selected compatibly with the type of problem and was set
to achieve residual values relating to the equations of the energy and conservation at least
in the order of 107 = 107>,

A generic simulation the calculation times are in the order of 1 day for the CFD model
using a computer with Intel Xeon processor CPU E5-1620 3.60 GHz and 16 Gb of RAM.

Table 4. Types of simulated discharge cycles.

Discharge Type Cycle Time
0.5 C-rate Cycle 1 690 s

1 C-rate Cycle 2 690 s

2 C-rate Cycle 3 690 s
WLTC Cycle 4 1850 s

4. Numerical Calibration

Since the battery case and inside it are considered an active zone in the model inde-
pendent of the effective structure, but the internal resistance cannot be explicitly set, a
calibration of the model was necessary. Nine simulations were carried out varying the
conductivity parameters, as shown in Table 5, to get closer to the results obtained experi-
mentally. To carry out the comparison, the discharge cycle at 2 C-rate was considered and
the voltage was monitored (Figure 6). The parameters that lead to the result closest to the
experimental results are those of the “Run 9” and are reasonable for the characteristics of
the battery studied. They were then used as a setting for all the simulated cases.

Table 5. Parameters used for calibration.

Run Ionic Conductivity for Conductivity for +ve Conductivity for
Electrolyte Material [S/m] Electrode [S/m] —ve Electrode [S/m]

Run 1 0.1 3.8 100
Run 2 0.05 3.8 100
Run 3 0.02 2 50
Run 4 0.02 1 20
Run 5 0.02 0.5 10
Run 6 0.02 0.25 5

Run 7 0.02 0.12 2

Run 8 0.02 0.08 15

Run 9 0.02 0.05 1
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Figure 6. Time-Voltage Graph for model calibration.

5. Results and Validation

The results are shown in terms of V, Tg,,, £ and SoC.
V is calculated as the difference between the cathodic and anode voltage averaged
over the volume. Calculated from:

V-(cVg)+5=0 ®)

where ¢ is the electric potential, ¢ is the electric conductivity in a solid zone or ionic
conductivity in a fluid zone and S is the source term.
Tsyrs is calculated as the integral divided by the total face area:

Zf Af Tsurff
surf = ‘7 9)
Zf‘f“f
SoC is calculated as:
50c—1—V7"l/t'dt (10)
= 3600Quom Jo !

where Vol denotes the active zone’s volume of a single battery, Qi is the battery total
electric capacity in Ampere hours and j is the current flux.

While the qualitative results are reported in terms of temperature contour, total heat
source contour and current vector plot.

The numerical experimental comparison of battery voltage at different discharge cycles
is show in Figure 7.

The battery has an initial voltage of 4.2 V over the different cycles. The discrepancy
between the Vcpp and the Veyp is almost always within the 2% error bar (orange color). In
Cycle 1, the difference between the experimental and the simulated one is constant and
of about 0.1 V. In Cycle 2, the difference vanishes towards the end of the cycle. In Cycle 3
the difference is almost zero at the beginning and tends to increase towards the end of the
cycle. In Cycle 4, the difference decreases as time increases.

Figure 8 shows the numerical experimental comparison of the SOC results at the
different discharge cycles. The battery has an initial SOC of 1 under the different cycles.
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Figure 9 compares the numerical experimental results of the averaged surface temper-
ature Ty, s at the different discharge rates and cycles. The battery has a T of 300 K under
the different cycles.
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Figure 9. Time-Average surface temperature graph.
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Figure 10 compares the temperature contour at the battery surface for the WLTC cycle
with IR image and simulation by the numerical model.
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Figure 10. Numerical-experimental comparison of Temperature Contour at 3200 time-step (1600 s) in
a discharge WLTC cycle.

We can see that, both with the simulation and with the IR image, the temperature and
the magnitude of the gradient are very close. We also observed that the gradient has the
same trend, with the highest temperature in the middle compared to the ends of the main
surfaces of the battery.

As shown in Figure 9, the T, ¢ increases by 1 K, 5K, 12K and 2 K above Ty for the
first, second, third and fourth cycles described, respectively. We can also see that the T, £
rises more quickly at a higher discharge rate. The internal heat generation may cause the
change of temperature profile with discharge time. The temperature difference between
what was measured experimentally and what was obtained from the model is very limited.
The numerical experimental comparison of T, £ is about 1%. A discrepancy is observed
only in Cycle 3; this was expected since the pseudo-2D (P2D) model assumes that the
porous electrode consists of equal-sized, isotropic, homogeneous spherical particles [42].
This homogeneous description of electrode microstructure results in smooth, uniform
intercalation or de-intercalation of lithium inside the electrode and this works well for
low to moderate rates of discharge or charge [43]. However, this is not what real Li-ion
electrodes look like. They have a very complex and uneven structure [44]. The P2D model
cannot account for phenomena that depend on the electrode’s inhomogeneous structure,
such as performance drop at high rates [45]. Furthermore, this could be due to the discharge
C-rate chosen for this case, which is very high compared to the usual operating conditions
of the battery used.

It was also observed that the highest temperature distribution was found in the middle
as compared to the tabs (positive and negative electrode) and at the end of the battery’s
principal surface along the height of the battery (Figure 11). At the last simulated time-step
ATmax, Cycle 1is 0.3 K, Cycle 2 is 1.4 K, Cycle 3 is 6 K and Cycle 4 is 0.1 K. At the last

surf

simulated time-step, ATy,qx, with respect to the initial instant in Cycle 1 is 1.2 K, in Cycle 2
itis 4.6 K, in Cycle 3 itis 19 K and in Cycle 4 it is 1.6 K (Table 6).

Table 6. Temperature differences for the discharge cycles.

Cycle ATmax ATmax
surf
Cycle 1 03K 12K
Cycle 2 14K 46 K
Cycle 3 6.0K 19.0K

Cycle 4 01K 1.6 K
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Figure 11. Temperature Contours (a—c) at 1200 time-step (600 s); (d) at 2400 time-step (1200 s).

The heat source was also found to be strongest near the tabs (positive and negative
electrode) (Figure 12). The electrochemical reaction heat is calculated as:

. au
qECh = JECh (U -V Tﬁ) (11)
where U and V are model parameter functions of the battery depth of discharge, T is
the temperature.

From the comparison between Cycle 1, Cycle 2 and Cycle 3, it can be observed that
as the intensity of the discharge increases, the heat generated increases. This is due to an
increase in heat due to more intense chemical reactions and an increase in heat generated
by the Joule effect.

The current magnitude was also highest near the tabs (positive and negative electrode)
(Figure 13). The apparent current density is calculated as:

j=Y(¢c — ¢ —U) (12)

where (¢c — ¢q) is the difference between the cathode and anode side electric potentials at
the separator interface and Y is the inverse of the slope of the voltage—current curve of the
battery cell.

From the comparison between Cycle 1, Cycle 2 and Cycle 3, it can be observed that as
the intensity of the discharge increases, the current magnitude increases.
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Figure 12. Total heat source Contours (a—c) at 1200 time-step (600 s); (d) at 3200 time-step (1600 s).
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Figure 13. Current Vector (a—c) at 1200 time-step (600 s); (d) at 3200 time-step (1600 s).

6. Conclusions

Li-ion batteries are becoming increasingly widespread in various applications, from
electric vehicles to portable devices. Models such as the one developed in this paper are a
valuable tool for predicting the behavior of batteries under different operating conditions
and scenarios. They can help in the design of new shapes or cooling systems, highlight
potential issues, assist in the improvement of energy storage capacity, test alternative
materials, and evaluate the heat generated by the batteries. This paper has presented a
3D CFD model able to simulate a 4.89 Ah-Li-ion prismatic battery with an electrochemical
approach. While the equivalent circuit model (ECM) needs to know the electrical behavior
of the battery, the electrochemical models simulate the battery behavior from the physical
parameters of the cell. The difficulty with this approach is that many parameters must be
set, some of which are difficult to estimate. The advantage is that the model is completely
predictive of the battery behavior. Thanks to the development of these models, it is possible
to predict the performance of the battery without the need to create prototypes or the use
of test benches which involve higher costs and longer times.

Computational models also make it possible to improve the design of battery packs
and to evaluate temperature distribution and heat generation to size any cooling systems
under different conditions of use.

An IR camera was used in this work to take IR images at different discharge rates,
and temperature nonuniformity was seen visually. The computational model has been
compared with experimental tests for different battery discharge cycles showing that the
numerical and all physical parameters of the cell setting are correct, and to obtain more
accurate results, a calibration of the model was performed on the basis of experimental tests.

The results of the simulations are calculated in terms of the voltage curves, the SOC
and the averaged and maximum surface temperature generated from the battery during
the discharge at different C-Rates (constant and variable). Other results also show the
temperature gradient, heat flow and current flow.

The following points can be concluded from this study: (i) the surface temperature
of the battery rises with the increase in the C-rates, Teur £ increases by 1K, 5K, 12K,
respectively, for the discharge at 0.5, 1, 2 C-rates and AT,y with respect to the initial
instant increases by 1.2 K, 4.6 K, 19 K, respectively; (ii) the center of the cell has the
highest temperature, at the last simulated time-step its temperature is higher than 0.3 K,
14 K, 6 K, 0.1 K compared to the colder areas of the cell at the last simulated time-step,
respectively, for Cycle 1, Cycle 2, Cycle 3 and Cycle 4. The temperature nonuniformity
shows the nonuniformity heat generation on a surface of the battery and nonuniformity
heat dissipation.
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It is important to note that the greatest discrepancies between model’s and experimen-
tal results were observed at higher discharge C-rates. This suggests that the model may
not accurately represent the battery’s behavior at higher C-rates and it is affected by an
“out-of-design” use of the battery, which is a current limitation.

In the literature, there are only a few works that simulate the Li-ion battery with an
experimentally validated 3D electrochemical CFD approach. Nowadays, for the increase
in electrified systems, it is crucial to have accurate and valid simulation models of the
batteries available. Models such as the one studied in this work may be more useful to
battery manufacturers and this work adds knowledge to the literature in this field.

One potential area for future research is the introduction of X-ray diffraction analysis
of the cell materials. This technique could provide valuable insights into the crystal
structure and composition of the materials, allowing for more accurate characterization
and improved model accuracy. Another area for future development is the improvement of
the model’s ability to represent behavior at higher C-rates. This could involve refining the
model’s parameters or incorporating more detailed models of heat generation and transfer,
or incorporating additional electrochemical reactions or additional physical phenomena
to better capture the battery’s behavior under these conditions to better represent the
battery’s behavior.
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Nomenclature

Variable Symbol
Active material pore-wall current flux due to lithium int. sside
intercalation reaction and due to side reactions 7
Activation energy that controls the temperature sensitivity EE

of Dg and the reaction rate constant dr=r
Average surface temperature Tsur £
Charge transfer coefficient at anode and at cathode Qg e
Diffusion coefficient of Li in solid D
Diffusion coefficient of Li+ in the electrolyte phase D,
Effective electric conductivity oeff
Effective electric conductivities for the positive and S
negative electrodes JECH? Jshort
Electrical conductivity o
Electrolyte activity coefficient f+
Electrolyte and solid phase concentrations Ce; Cs

Electrolyte ionic conductivity and diffusional conductivity  k; kgf
Faraday constant F
Heat generation due to the thermal runaway reactions

under the thermal abuse condition. Aabuse
Initial temperature Ty
Maximum temperature difference ATax
Maximum temperature difference on the surface ATmax

surf
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Measured voltage Vexp
Overpotential 1
Phase potentials P45 P—
Reference reaction rate constant ki ref
Reference solid diffusion coefficient Dy ref
Simulated voltage Verp
Solid/electrolyte interfacial area per unit volume K
State of charge SoC
Surface temperature Tour f
Thermal conductivity A
Transference number of lithium ion t&
Universal gas constant R
Voltage 14
Volume fraction of the electrolyte phase in electrode €
Volume fraction of active material in electrode €
Volume fraction of the filler material in electrode €f
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