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Abstract: 

Electric vehicles mainly depend on Li-ion batteries. Temperature beyond a permissible range is 

caused by the rapid charging and discharging of high-power Li-ion batteries. Because of the high 

thermal efficiency, Passive cooling using Phase Change Material is the most effective cooling 

methods. In this study, the 1D Li-ion battery model attached to a 3D heat transfer model using a 

heat generating variable is studied using the Multiscale modelling technique. Numerical analysis 

is done by simulating the battery pack by using computational fluid dynamic software COMSOL 

Multiphysics 5.5. The behavior of battery pack’s temperature is investigated at various C-rates. 

The outcome clearly suggests that adding nickel foam to the battery pack enhances temperature 

control. Nickel paraffin composite temperature is about 31% lower than that of natural air 

circulation. The pure PCM also reduces the temperature by 23% when compared to natural air 

circulation. 
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Introduction: 

A wide range of applications uses Li-ion batteries, ranging from remote controls to electric 

vehicles, due to their high energy density and extended life. High operating temperatures when 

charging and discharging endanger the safety and durability of Li-ion batteries. The battery's 

operating temperature should not exceed 60°C [1]. To increase the performance and life span of 

Battery Thermal Management System (BTMS), several cooling techniques are offered. The first 

involves internal alterations such as changing chemicals compositions and materials, while the 

second involves eliminating heat from the battery externally. Currently, the external thermal 

management system has been mainly focused on. The external thermal management system is 

divided into two parts: active cooling, which mostly uses air convection, and latent heat thermal 

storage, which uses PCM to attain the appropriate battery temperature because PCM can store 

a large amount of heat. [3]. Using PCM, Lazrak et al. [4] attempted to make the temperature 

distribution inside a lithium-ion battery pack and its cells as uniform as possible. After the phase 

change process inside the PCM was finished, computational and experimental results showed 

that the new system was more effective at lowering the system temperature. Samimi et al. [5] 

investigated the thermal performance within the PCM by evaluating the effect of carbon fibre 

loading. Some authors suggested that using metal foam with PCM can enhance the thermal 

conductivity of PCM up to 70 W/m.K [6][7][8]. 



 

In the current numerical analysis, the electrochemical reactions and heat generation were 

computed using Newman’s pseudo-2D electrochemical model [9]. The coupling technique used 

in current work was studied by Bohayra et al. [10] using COMSOL Multiphysics. 

 

Numerical Modeling: 

Figure 1 depicts the numerical model used in this research. Newman's pseudo-2D 

electrochemical model [9] was used to drive the model used in this study to model Li-ion batteries 

at various C-Rates. To simulate battery performance, a one-dimensional (1D) model presents the 

three-dimensional (3D) structure as shown in Fig 1. During battery discharge at various C-Rates, 

the electrochemical processes inside the battery were leveraged to achieve reversible and 

irreversible volumetric heat generation. The major purpose of the electrochemical model was to 

figure out how much heat was generated inside the battery at different C-Rates. The heat 

generated was then used to investigate the temperature rise in the battery pack with a 3D heat 

transfer model. 

The battery pack's 3D model, as illustrated in Figure 1, 1b, consists of six embedded Li-ion 

batteries in either PCM-metal foam composite or PCM. The diameter and height of each battery 

are 18.4mm and 65mm, respectively, based on the Panasonic NRC18650B commercial cell with 

a capacity of 3.4Ah. The thermal conductivity of each cell is 3.3 W/m K, while the heat capacity is 

1300 J/g K, and the density is 2500 kg/m3. [11]. 

Electrochemical Model: 

The positive anode, the electron-impeding separator, and the negative cathode filled with 

electrolyte make up the basic Li-ion battery as presented in Figure 1. Based on the 2D Newman's 

pseudo model, four coupling partial differential equations (PDE) were solved to determine the 

performance of the Li-ion cell. The time evolution and potentials of the lithium (Li) focus profile 

undergo charge conversation inside the electrode and electrolyte. The differential equations are 

addressed as a 1D issue in the numerical model to simulate the solid particles that contain Li 

atom transport. The positive and negative electrodes in the following experiment are composed 

of Graphite (LiyC6), Meso carbon micro bead (MCMB) and LMO (LixMn2O4), respectively. LiPF6 is 

used as an electrolyte. The reactions for two electrodes are written as  

𝐿𝑖𝑦−𝑥𝑀𝑛2𝑂4  +  𝑥𝐿𝑖
+  +  𝑥𝑒−  →

𝐶ℎ𝑎𝑟𝑔𝑒
 𝐿𝑖𝑦𝑀𝑛2𝑂4             (1) 

     𝐿𝑖𝑥𝐶6    →               𝐿𝑖𝐶6

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

 +  𝑥𝐿𝑖+  +  𝑥𝑒−        (2) 

Newman’s pseudo-2D model is commonly applied to Li-ion battery modelling [12][13], the 

differentials equations and boundary conditions are briefed in Table 1. Bruggeman’s relation [14] 

was used to acquire the effective properties.  

 



 

 

Figure 1. Illustration Of Model Developed in This Study (a) Electrochemical Model (b) 3D Heat Transfer Model 

 

Table 1 - Boundary Conditions and Governing Equations as per Newman’s pseudo-2D model and Bergman’s relation 

[10] 

Electrochemical Equation  Boundary Condition 

Mass balance (Electrolyte 
phase) 

𝜕(𝜀𝑒𝑐𝑒)

𝜕𝑡
=
𝜕

𝜕𝑥
(𝐷𝑒

𝑒𝑓𝑓 𝜕

𝜕𝑥
𝐶𝑒)

+
1 + 𝑡+

0

𝐹
𝑗𝐿𝑖  

𝜕𝑐𝑒
𝜕𝑥

|𝑥=0 =
𝜕𝑐𝑒
𝜕𝑥

|𝑥=𝐿𝑛+𝐿𝑠𝑒𝑝+𝐿𝑝 = 0 

Mass balance (Solid-
phase) 

𝜕𝑐𝑠
𝜕𝑡

=
𝐷𝑠
𝑟2

𝜕

𝜕𝑟
(𝑟2

𝜕𝑐𝑠
𝜕𝑟
) 

𝜕𝑐𝑠
𝜕𝑟

|𝑟=0 = 0,−𝐷𝑠
𝜕𝑐𝑠
𝜕𝑟

|𝑟=𝑅𝑠 =
𝑗𝐿𝑖

𝑎𝑠𝐹
 

Electric potential 
(Electrolyte phase) 

𝜕

𝜕𝑥
(𝑘𝑒𝑓𝑓

𝜕

𝜕𝑥
𝜑𝑒) +

𝜕

𝜕𝑥
(𝑘𝐷

𝑒𝑓𝑓 𝜕

𝜕𝑥
𝑙𝑛𝑐𝑒)

+ 𝑗𝐿𝑖 = 0 

𝜕𝜑
𝑒

𝜕𝑥
|𝑥=0 =

𝜕𝜑𝑒
𝜕𝑥

|𝑥=𝐿𝑛+𝐿𝑠𝑒𝑝+𝐿𝑝 = 0 

Electric potential (Solid-
phase) 

𝜕

𝜕𝑥
(𝜎𝑒𝑓𝑓

𝜕

𝜕𝑥
𝜑𝑠) = 𝑗𝐿𝑖  −𝜎𝑛

𝑒𝑓𝑓 𝜕𝜑𝑠
𝜕𝑥

|𝑥=0 = 𝜎𝑝
𝑒𝑓𝑓 𝜕𝜑𝑒

𝜕𝑥
|𝑥=𝐿𝑛+𝐿𝑠𝑒𝑝+𝐿𝑝

=
𝐼

𝐴

𝜕𝜑𝑠
𝜕𝑥

|𝑥=𝐿𝑛

=
𝜕𝜑𝑠
𝜕𝑥

|𝑥=𝐿𝑛+𝐿𝑠 = 0 

Effective properties   

   

Electrolyte ionic 
conductivity 

 𝑘𝑒𝑓𝑓 = 𝐷𝑒𝜀𝑒
𝑏𝑢𝑟𝑔

 

Solid-phase electronic 

conductivity 

 𝜎𝑒𝑓𝑓 = 𝜀𝑠𝜎 

Electrolyte ionic diffusion 
conductivity 

 
𝑘𝐷
𝑒𝑓𝑓

=
2𝑅𝑇𝑘𝑒𝑓𝑓

𝐹
(1 − 𝑡+

0) 

Electrolyte ionic diffusivity  𝐷𝑒
𝑒𝑓𝑓

= 𝐷𝑒𝜀𝑒
𝑏𝑢𝑟𝑔

 

 

The interface between the active particles and the electrolyte’s charge transfer rate was 

simulated using the Butler-volume equation [9]: 



 

𝑗𝑖𝑖 = 𝑎𝑠𝑖0 {𝑒𝑥𝑝 [
0.5𝐹

𝑅𝑇
ŋ] − 𝑒𝑥𝑝 [−

0.5𝐹

𝑅𝑇
ŋ]}            (3) 

The electrochemical 1D model has three line segments among which one is positive electrode, 

second is negative electrode with a third separator, was solved using COMSOL. 

𝑄ℎ = 𝑐𝑜𝑚𝑝1. 𝑎𝑣𝑒𝑜𝑝1(𝑐𝑜𝑚𝑝1. 𝑙𝑖𝑖𝑜𝑛. 𝑄ℎ) ·
(𝐿𝑛𝑒𝑔+𝐿𝑠𝑒𝑝+𝐿𝑝𝑜𝑠)

𝐿𝑏𝑎𝑡𝑡
      (4) 

Where, Qh represents the heat generated in the li-ion battery model. 

Table 2 - Electrochemical parameters for Li-ion battery model [12][16][17] 

Parameter Description Positive electrode Separator Negative electrode 

ϭ Solid phase conductivity 10  100 

L Electrode’s length (µm) 70 25 73.5 
𝜀𝑠 Volume fraction of solid phase 0.55 - 0.50 

Ki Coefficient of reaction rate (A 
m2.5/mol1.5) 

6.67x10-11 - 1.764x10-11 

 
𝜀𝑒 Electrolyte phase volume fraction 0.30 0.45 0.44 

Cs, max Solid phase’s max. concentration 
(mol/m3) 

49943 - 31858 

𝜀𝑏 Binder volume fraction 0.15 - 0.0566 

r Radius of solid particle (µm) 8.5 - 12.5 

t0 Transfer number of electrolyte 0.363 0.363 0.363 

Ce,0 Electrolyte’s initial concentration 
(mol/m3) 

2000 2000 2000 

     

Ds Coefficient of solid phase diffusion 
(m2/s) 

10x10-14 - 3.89x10-14 

brug Bruggeman coefficient 1.5 2.3 4.1 

 

Heat Transfer Model: 

A three-dimensional heat transfer model with six Li-ion batteries inside a solid domain that acts 

as either PCM or PCM-Metal foam composite is presented in Fig.1. b. Cells have a radius of 

18.4mm and a height of 65mm. The PCM/PCM-metal foam composite domain has dimensions of 

165mm x 25mm x 65mm, and the cells are inserted inside at 18.3mm to produce a 6s battery 

pack. 

Based on our research [18], the PCM employed in this investigation is Rubitherm 42. Table 3 lists 

the characteristics of PCM and metal foam. 

 

 

 

 

 



 

Table. 3. 

Properties of PCM and Nickle foam 

Property Nickle Foam [19] PCM [20] 

Density (solid) (kg/m3) 8900 880 

Density (liquid) (kg/m3)  760 

Heat Capacity (J/K)  2000 

Thermal expansion coefficient (1/K)  0.0005 

Thermal conductivity (solid) (W/(mK)) 90 0.2 

Melting temperature (°C) 1450 38-41 

Latent heat (J/kg)  165 

Thermal conductivity (liquid) (W/(mK))  0.2 

 

Governing equations: 

The method implied to simulate phase-change material composed of continuous, momentum and 

energy equations. 

Continuity equation: 

𝜕𝜌

𝜕𝑡
+
𝜕(𝜌𝑢)

𝜕𝑥
+
𝜕(𝜌𝑣)

𝜕𝑦
+
𝜕(𝜌𝑤)

𝜕𝑧
= 0               (5) 

The above equation represents time as t and u, v, and w presents the direction towards x, y, 

and z plane. PCM begins to melt during the heating phase, and the flow process can be 

predicted using the momentum equation: 

𝜌𝑝

𝜀

𝜕𝑢

𝜕𝑡
+
𝜌𝑝

𝜀2
(𝑉→△→). 𝑢 = −

𝜕𝑝

𝜕𝑥
+
𝜇

𝜀
(△2 𝑢) − (

𝜇

𝐾
+
𝜌𝑝𝐶

√𝑘
|𝑢|) 𝑢 + 𝑆𝑢      (6) 

𝜌𝑝

𝜀

𝜕𝑣

𝜕𝑡
+
𝜌𝑝

𝜀2
(𝑉→△→). 𝑣 = −

𝜕𝑝

𝜕𝑦
+
𝜇

𝜀
(△2 𝑣) − (

𝜇

𝐾
+
𝜌𝑝𝐶

√𝑘
|𝑣|) 𝑣 + 𝑆𝑣     (7) 

𝜌𝑝

𝜀

𝜕𝑤

𝜕𝑡
+
𝜌𝑝

𝜀2
(𝑉→△→).𝑤 = −

𝜕𝑝

𝜕𝑧
+
𝜇

𝜀
(△2 𝑤) − (

𝜇

𝐾
+
𝜌𝑝𝐶

√𝑘
|𝑤|)𝑤 + 𝑆𝑤     (8) 

𝑆𝑢 =
(1−𝜃)2

(𝜃3+𝜓)
𝐴𝑚𝑢    (9),        𝑆𝑣 =

(1−𝜃)2

(𝜃3+𝜓)
𝐴𝑚𝑣 + 𝜌𝑝𝑔𝛽(𝑇 − 𝑇𝑟𝑒𝑓)     (10),          𝑆𝑧 =

(1−𝜃)2

(𝜃3+𝜓)
𝐴𝑚𝑤   (11) 

According to Volter and Prakash [21], the source term on the right side of the above three 

equations is due to the presence of solid, and 𝜇 is the dynamic viscosity, 𝜃 is the volume fraction 

of liquid, and Am is the mixture region's consecutive number; it can also be considered porous 

media permeability. The value of Am is introduced to be smaller than 0.0001 to avoid division by 

zero, and the value of Am is fixed at 105, as Chenzhen et al. [22] concluded for Rubitherm 42. 

𝜃(𝑇) can be defined as: 

𝜃(𝑇) =

{
 
 

 
 0𝑇 <  (𝑇𝑚 −

△ 𝑇
2⁄ )

𝑇−𝑇𝑚+
△𝑇

2𝑆⁄

△𝑇
(𝑇𝑚 −

△𝑇

2
)

1𝑇 >  (𝑇𝑚 +
△𝑇

2
)

≤  𝑇 ≤ (𝑇𝑚 +
△𝑇

2
)      (12) 



 

Two separate energy equations are employed for PCM and Nickle foam under non-thermal 

equilibrium conditions. The energy equation for PCM: 

𝜀𝜌𝑝𝐶𝑝𝑓
𝜕𝑇𝑓

𝜕𝑡
+ 𝜀𝜌𝑝𝐶𝑝𝑓 (𝑢

𝜕𝑇𝑃

𝜕𝑥
+ 𝑣

𝜕𝑇𝑝

𝜕𝑥
+𝑤

𝜕𝑇𝑝

𝜕𝑧
) = 𝑘𝑝 (

𝜕2𝑇𝑝

𝜕𝑥
+
𝜕2𝑇𝑝

𝜕𝑦
+
𝜕2𝑇𝑝

𝜕𝑧
) + ℎ𝑠𝑓𝐴𝑠𝑓(𝑇𝑠 − 𝑇𝑃)  (13) 

The energy equation for metal foam: 

(1 − 𝜀)𝜌𝑠𝑐𝑝𝑠
𝜕𝑇𝑠

𝜕𝑡
= 𝑘𝑠 (

𝜕2𝑇𝑠

𝜕𝑥
+
𝜕2𝑇𝑠

𝜕𝑦
+
𝜕2𝑇𝑠

𝜕𝑧
) − ℎ𝑝𝑠𝑎𝑝𝑠(𝑇𝑠 − 𝑇𝑝)      (14) 

The coefficient of interstitial heat transfer between PCM and metal foam is represented by ℎ𝑝𝑠. 

The Zukauskas expression [23] was used to calculate it. 

ℎ𝑝𝑠 = 0.76𝑅𝑒𝑑
0.4𝑃𝑟0.37

𝑘𝑝

𝑘𝑑
,     1 ≤ 𝑅𝑒𝑑 ≤ 40      (15) 

For metal foam, permeability and the inertial coefficient is calculated using Calmidi’s model[7] 

Permeability: 𝐾 = 0.00073𝑑𝑝
2(1 − 𝜀)−0.224 (

𝑑𝑓

𝑑𝑝
)
−1.11

      (16) 

Inertial coefficient: 𝐶 = 0.00212𝑑𝑝
2(1 − 𝜀)−0.132 (

𝑑𝑓

𝑑𝑝
)
−1.63

      (17) 

The specific area calculation is carried out using the formula [24]: 

 𝑎𝑃𝑆 =

3𝜋𝑑𝑓(1−𝑒
−((

1−𝜀
0.004

))
)

(0.59𝑑𝑝)
2        (18) 

Where, dp is the pore diameter and dr is the equivalent diameter of the metal foam fibers. 

The effective thermal conductivity of PCM and metal foam is calculated using the formula [25]: 

𝑘𝑃𝑒 = 𝑘𝑒𝑓𝑓|𝑘𝑠 = 0  ,   𝑘𝑆𝑒 = 𝑘𝑒𝑓𝑓|𝑘𝑓 = 0 

𝑘𝑒𝑓𝑓 =
1

√2(𝑀𝐴+𝑀𝐵+𝑀𝐶+𝑀𝐷)
      (19) 

𝑀𝐴 =
4𝜉

(2𝑒2+𝜋𝜉(1−𝑒))𝑘𝑠+(4−2𝑒
2−𝜋𝜉)𝑘𝑓

      (20) 

 𝑀𝐵 =
(𝑒−2𝜉)

(𝑒−2𝜉)𝑒2𝑘𝑠+(2𝑒−4𝜉−(𝑒−2𝜉)𝑒
2)𝑘𝑓

      (21) 

   

𝑀𝑐 =
(√2−2𝑒)

2

2𝜋𝜉2(1−2√2𝑒)𝑘𝑠+2(√2−2𝑒−𝜋𝜉
2(1−2√2𝑒))𝑘𝑓

      (22) 

    

𝑀𝐷 =
2𝑒

𝑒2𝑘𝑠+(4−𝑒
2)𝑘𝑓

      (23) 

 



 

Where,  

𝜉 = √
√2(2−(

5

8
)𝑒3√2−2𝜀)

𝜋(3−4√2𝑒−𝑒)
, 𝑒 = 0.339       (24) 

For PCM, 𝜀=1, kPe=kSe and hPSaPS(TS-TP)=0. 

The numerical model is solved using FEA with COMSOL Multiphysics. The solver was selected 

automatically by COMSOL, and necessary modifications were made.  

 

Mesh Study: 

Four different element sizes were used to investigate the sensitivity of mesh size, as seen in the 

image. The melt fraction changed similarly for all mesh sizes, with a minor variance, between 0 

and 1 percent. The solution is more exact when the mesh size is small. A mesh size of 260103 

elements is used in this study. 

 

Figure 2. Effect Of Mesh Size Variation on Melt Fraction 

 

 

 

Results and Discussion: 

Battery Pack performance under different cooling modes at different C-Rates: 

Natural air convection, pure PCM, and nickel paraffin composite were utilised to test the battery 

pack's performance. The coefficient of heat transfer was calculated to be 8.75 W/m2.K [26]. The 

metal foam with 𝜀=0.97 and 30 PPI was chosen for this simulation. The surface temperature of 

all six cells is recorded but only cell 3 is presented here. The temperature profile for 0.5C is shown 

in fig 3(a). In case of natural convection, the temperature reaches 37°C during 0.5C discharge. 
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The temperature in case of Pure PCM and Nickle Paraffin composites reaches 35°C and 33°C, 

respectively. Because convective air has a low heat transfer coefficient, the temperature of the 

cell surface more in natural convection. 

For 1.5C discharge, simulation is repeated, and the temperature profile is sown in fig 3(b). In the 

case of Nickle Paraffin composite, the cell surface temperature rises to 40°C, which is 25% lower 

than that of natural convection. Pure PCM achieves a cell surface temperature of 44°C, which is 

19% lower than natural convection. Due to the low heat conductivity of PCM, the cell surface 

temperature rises dramatically. In the case of PCM, the temperature of the PCM near the cell 

rises faster than the rest of the pack, and phase change begins to reach the melting threshold. 

There are two elements to the temperature profile: sensible heat and latent heat. Nickle paraffin 

composite provides an enhanced thermal conductivity for better heat dissipation within the pack 

hence reaching a lower value of cell surface temperature. 
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Fig 3. Temperature profiles under different cooling modes (a) 0.5C (b) 1.5C (c) 2C 

 

Figure 3 depicts the temperature profile for a 2C discharge (c). The cell surface temperature of 

the Nickle Paraffin composite reaches 44 °C, which is 31% lower than that of natural air. The cell 

temperature hits 49 °C when pure PCM is utilized as a cooling medium, which is 23 % lower than 

natural convection. These temperature differences across all three discharge rates indicate that 

the Nickle Paraffin composite is the optimum cooling medium for Li-ion battery thermal 

management. 

Uniformity of Temperature: 

A battery pack of 6s arrangement is under investigation. For the battery pack's longevity, it's 

critical to achieve a uniform temperature distribution. Figure 4 (a) shows the temperature 

differential between cell 1 and cell 3 for a 2C discharge using Pure PCM and Nickle Paraffin 

composite cooling modes. Under Pure PCM cooling mode, a temperature differential of 2.5 °C is 

recorded between cells 1 and 3. The same difference is reduced to 1.5 °C in the case of Nickle 

Paraffin composite. This variation is observed due to the melt fraction difference of the Pure PCM 

and Nickle Paraffin composite. The melt fraction comparison in both cases is shown in fig 4(b). 

Pure PCM starts melting earlier than Nickle Paraffin composite, according to the results. Metal 

foam does, in fact, improve thermal conductivity and so increase the rate of heat transport. The 

PCM's limited thermal conductivity reduces heat spread, resulting in a greater temperature in cell 

3. 

 

                                                    (a)                                                                         (b) 

Figure 4. (a) Temperature Comparison of cell 1 and cell 3 under 2c Discharge (b) Melt Fraction Comparison under 2c 

Discharge 

Fig 5 shows the surface temperature profile under 2C discharge for Pure PCM and Nickle Paraffin 

composite. The temperature profile can show the difference in surface temperature between cells. 

The cell in the battery pack's middle gets a higher temperature than the cells on the sides. In the 

case of the Nickle-Paraffin composite, the temperature gradient is reduced. 

0 5 10 15 20 25 30

25

30

35

40

45

50

△1.5°C

T
e
m

p
 (

°C
)

Time (min)

 Cell1 Pure PCM

 Cell3 Pure PCM

 Cell1 Nickle Paraffin Composite

 Cell3 Nickle Paraffin Composite

△2.5°C

0 5 10 15 20 25 30

0.0

0.2

0.4

0.6

0.8

1.0

L
iq

u
id

 F
ra

c
ti
o

n

Time (min)

 Pure PCM

 Nickle-Paraffin Composite

Equity between Pure PCM

and Nickle-Paraffin Composite

(0.40, 1010 sec)



 

 

(a) (b) 

Fig 5. Temperature profile under 2C discharge rate (a) Pure PCM (b) Nickle Paraffin Composite 

 

Capacity Fading: 

Figure 6 depicts the capacity fading of a single cell at various discharge rates. The current 

research relies on the integration of electrochemical and heat transfer models. The capacity 

fading of the cell is unaffected by the battery pack's temperature behavior. As a result, all 

cooling modes show the same pattern at varying discharge rates. 

 

 

Figure 6. Voltage drop under different C-Rates 
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Validation of the results: 

The numerical model's results were compared to the experimental data from Abid et al. [18] to 

validate the model. Figure 7 depicts the percentage inaccuracy within a 3-percentage-point range. 

The error range for natural air convection is only 1%, while the error range for Pure PCM and 

Metal foam is 2% and 3%, respectively, which is negligible. Overall, the current numerical findings 

generated are in good agreement with the experimental data, indicating that the model is credible 

and logical. 

 

Figure 7. Comparison between Numerical and Experimental study 

 

Conclusion: 

The present numerical model validates the experimental study for Li-ion batteries using the 

electrochemical coupling technique in COMSOL Multiphysics. At 0.5C discharge rate, a very less 

temperature difference is observed in all three cooling techniques due to temperature gradient 

and low heat production. The results indicates that for 1.5C discharge rate, temperature reaches 

40.2°C with Nickle-Paraffin composite, which is 25% less than that of natural air and 8% less than 

Pure PCM. For 2C discharge rate, temperature reaches 44.2°C with Nickle-Paraffin composite, 

which is 31% less than that of natural air and 10% less than Pure PCM. The effectivity of Nickle-

Paraffin composite increases with the increase in C-Rate due to high temperature gradient. Metal 

foam also plays a vital role in decreasing thermal resistance and distributing the heat hence 

keeping the battery surface at less temperature. The effect of temperature on capacity fading 

cannot be concluded using the current modelling technique.  
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Nomenclature: 

k thermal conductivity [
𝑊

𝑚𝐾
] 

ℎ𝑝𝑠 Co-efficient of interstitial heat transfer 

K permeability (m2) 

T temperature (°C) 

t time (s) 

c Li-ion concentration of (
𝑚𝑜𝑙

𝑚3 ) 

L length (µm) 

D diffusion coefficient (
𝑚2

𝑠
) 

r solid particle radius (µm) 

ρ density (kg/m3) 

𝜃 volume fraction 

𝜀 porosity 

𝑎𝑃𝑆 specific area 

Ϭ solid phase conductivity 

𝜀𝑠 solid phase volume fraction 

Ki reaction rate co-efficient 

𝜀𝑒 electrolyte phase volume fraction 

𝜇 dynamic viscosity 

t0 transfer number of electrolyte 
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