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ABSTRACT

Efficient thermal management of lithium iron phosphate (LFP) batteries is essential
to enhance safety and performance in electric vehicle and stationary storage
applications. This study presents a detailed CFD-based thermal simulation of a 23-cell
battery module during charging and discharging cycles using Cradle SCStream. Heat
generation is analytically estimated based on internal resistance, and simulations
capture thermal gradients, heat flow, and temperature evolution over time. Simulation
results reveal critical insights into the thermal performance of LFP cells under different

operating currents.

Keywords: Battery thermal management, LFP battery, CFD, Charging, Discharging,

Heat generation.
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1. Introduction

The demand for high-performance lithium-ion batteries, particularly LFP (LiFePO4)
cells, has grown due to their thermal stability, safety, and long cycle life. However, during
charge and discharge operations, internal resistance results in heat generation, which can impact
battery performance and longevity. Accurate prediction of temperature evolution within battery
packs is crucial to designing effective thermal management systems (TMS).

CFD tools have increasingly been adopted to analyze the complex thermal behaviors of
batteries. Studies such as Rao et al. (2014) and Wang et al. (2021) have highlighted the influence
of design parameters, cooling strategies, and material properties on battery pack thermal
profiles. Yet, specific investigation into single-module LFP packs under realistic 1C/0.6C
operations remains limited. This paper aims to bridge that gap through a rigorous thermal

analysis using experimentally validated parameters.

2. Literature Review

Several researchers have addressed the importance of thermal 89odelling in battery systems:

o Raoetal. (2014) investigated passive and active TMS using CFD and found that natural
convection is often insufficient for high C-rate applications.

o Al-Zareer et al. (2018) developed a detailed electro-thermal model for LFP batteries and
validated it using thermal imaging and sensor data.

o Wang et al. (2021) analyzed thermal behavior of cylindrical and prismatic cells under
various configurations and emphasized the importance of cell interconnection on heat
generation.

o Kimetal. (2017) performed experimental and numerical investigation of a passive air
cooling system for lithium-ion batteries, showing that optimized air channels can reduce
hotspot formation.

e Yangetal. (2018) developed a coupled electro-thermal model for prismatic lithium-ion
batteries and demonstrated the effectiveness of PCM (Phase Change Material)-based
cooling.

e Mahamud and Park (2011) analyzed distributed liquid cooling for EV batteries, showing
the cooling performance under varied flow conditions.

e Zhao et al. (2020) compared different TMS designs including heat pipes, liquid plates,
and air convection methods for LFP and NMC cells, highlighting LFP’s thermal benefits

and challenges.
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This study distinguishes itself by performing high-resolution simulations on a realistic
LFP module geometry under defined operating conditions without the aid of cooling plates or

forced airflow.

3. Geometry and Boundary Conditions

The battery module under investigation comprises 23 Lithium Iron Phosphate (LFP) cells
connected in series. Each cell is designed to store and deliver electrical energy efficiently, and
their series connection ensures that the voltage output is cumulative, meeting the required
specifications for the application.
Cell Arrangement and Connections:

e LFP Cells: The 23 LFP cells are arranged in a linear configuration, optimizing space
and ensuring uniform distribution of electrical load.

e Aluminum Bus Bars: These bus bars serve as the electrical connectors between the
cells. Aluminum is chosen for its excellent electrical conductivity and lightweight
properties, which help in minimizing resistance and enhancing overall efficiency.

o Series Connection: The cells are connected in series, meaning the positive terminal of
one cell is connected to the negative terminal of the next cell. This arrangement
increases the total voltage output while maintaining the same current flow through each
cell.

e Ambient temperature: 45°C

e Pressure: 101325 Pa

e Gravity: 9.81 m/s2

i Domain

Bus Bar

Cells

Gravity (9.81 m/s?)

Figure 1: Battery Model
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3.1  Calculation of Heat Source for Charging of Battery
Given Data:
1. Battery Voltage (Rating; Voltage under load): 72 V
2. Individual Cell Voltage: 3.2 V
3. Single module with 23 cells in series
4. The current passed through the battery pack: 1C 150 Amps
Calculation of Heat released in single cell:
Consider individual cell resistance as ‘r’.
1. Total cell voltage (Open Circuit Voltage, OCV), V =23 x 3.2 (V) =73.6 (V)
2. Voltage drop due to internal resistance, V = Voltageocv — Voltageunder oad =73.6 (V) —
72 (V) =1.6 (V)
3. Internal resistance of the battery pack, Ress = 1.6 (V) / 150 (Amps) = 0.010666 (£2)
4. Individual cell resistance of the pack, r =0.010666 (2) / 23 = 0.000463768 (£2)
5. Heatreleased for singlecell, Q =1x 1 xr; Q =150 (Amps) x 150 (Amps) x 0.000463768
(Q) =10.44 (W)
For charging, the heat source for single cell is 10.44 W

Total Time for simulation of charging is 60 minutes

3.2 Calculation of Heat Source for Discharging of Battery
Given Data:
1. Battery Voltage (Rating; Voltage under load): 72 VV
2. Individual Cell Voltage: 3.2 V
3. Single module with 23 cells in series
4. The current passed through the battery pack: 0.6C 90 Amps
Calculation of Heat released in single cell:
Consider individual cell resistance as ‘r’.
1. Total cell voltage (Open Circuit Voltage, OCV), V =23 x 3.2 (V) =73.6 (V)
2. Voltage drop due to internal resistance, V = Voltageocv — Voltageunder load ;73.6 (V) — 72
(V)=1.6 (V)
3. Internal resistance of the battery pack, Ress = 1.6 (V) / 90 (Amps) = 0.0178 (2)
4. Individual cell resistance of the pack, r=0.0178 (2) / 23 = 0.000774 (£2)
5. Heat released for single cell, Q=1 x 1 xr; Q=90 (Amps) x 90 (Amps) x 0.000774 (Q)
=6.267 (W)
For discharging, the heat source for single cell is 6.267 W
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For discharge, the total simulation time is 100 minutes
3.3 Numerical Calculation for Charging and Discharging

i. Data Provided
o Battery Pack Voltage: 72V
o Battery Pack Capacity: 150Ah
o Number of Cells in Series: 23
o Voltage per Cell: 3.2V
e Charging Current (IC): 150A (1C)
« Discharging Current: 90A (0.6C)
e Ambient Temperature: 45°C

ii. Single Cell Specifications
o Nominal Voltage per Cell: 3.2V
o Capacity per Cell: 150Ah (same as pack)
e Charging Power per Cell: Pcharge=Vcellxlcharge=3.2Vx150A=480W
o Discharging Power per Cell: =Pdischarge=Vcellxldischarge=3.2Vx90A=288W

iii. Internal Resistance (R)
Internal resistance causes a voltage drop and heat generation.
Using the formula: Rinternal =AV/I
The voltage drop AV can be estimated from the losses during charging and discharging.

We'll assume standard loss values.

iv. Voltage per Cell
The voltage of the battery pack is 72V and 23 cells in series:
Vee=72/23=3.13 V

v. Voltage Drop During Charging

The nominal voltage of a single cell is 3.2 V. During charging at 150A, the voltage per
cell is measured to be 3.13V.

Voltage drop

AV=3.2-3.13=0.07 V
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Internal resistance (Rcell):
Rcell=AV/I=0.07/150~0.000467 2

vi. Voltage Drop During Discharging
Assume the voltage during discharging at 90A is the same, 3.13V.
Voltage drop
AV=3.2-3.13=0.07V
Internal resistance (Rcell):
Rcell=AV/I=0.07/90= 0.000778 2
Heat generation per cell during charging:
Qheat, charge=1%charge-Rcell, charge=1502-0.000467~10.51 W.
Heat generation per cell during discharging:

Qheat, Discharge=I%discharge-Rcell, Discharge=902-0.000778<~6.30 W.

vii. Cell material properties:

« Density (p): 2150 kg/m®

« Specific heat (cp): 550 J/kg

« Thermal conductivity (k): 1.02 W/mK
Charging duration: t=1 hour t =3600 Sec
Discharge Duration=150/90=1.67 Hrs=6000 sec
The cell volume is 0.0014799 m3

viii. Cell Mass
The mass of the cell can be calculated using the cell density (p=2150 kg/m3) and the
provided volume (Vcell=0.0014799mq):
Mass =2150-0.0014799~3.181kg

ix. Heat Generated During Charging
The heat generated remains the same as previously calculated:
Qnear=1?-Rcell-t =1502-0.000467-3600~37,800J
e Temperature Rise
The temperature rise (AT) is calculated as:

AT=Qhea/M-C,=37800/3.181*550=21.69°C +45°C=66.69°C
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X. Heat Generated During Discharging
The heat generated remains the same as previously calculated:
Qnear=1?-Rcell-t =902-0.000778:6000~37,707J
e Temperature Rise
The temperature rise (AT) is calculated as:

AT=Qheai/M-C,=37707/3.181*550=21.50°C +45°C+66.69°C=88.19°C
3.3  Boundary Conditions — Charging

Table 1: Charging Boundary Condition

Analysis Conditions | Incompressible Turbulent Flow (Standard k-eps model), Heat,
Transient Analysis

Basic Settings Gravity along Negative Y-Axis, Ambient Temperature — 45°C

Source Condition Apply 10.44 W to the 23 cells

Transient Analysis Time Step — 1 Second
End Time — 3600 (60 minutes)

3.4 Boundary Conditions — Discharging

Table 2: Discharging Boundary Condition

Analysis Conditions Incompressible Turbulent Flow (Standard k-eps model), Heat,
Transient Analysis

Basic Settings Gravity along Negative Y-Axis, Ambient Temperature — 45°C

Source Condition Apply 6.267 W to the 23 cells

Transient Analysis Time Step — 1 Second
End Time — 9600 (60 minutes + 100 minutes)

Restart File The .r file of charging simulation is used to restart the simulation using
the new heat source (discharging heat source)
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Material Properties

Bus Bar — Aluminium 1200

» Density — 2750 Kg/m?®
* Specific Heat — 900 J/kg. K
» Thermal Conductivity — 230 W/m.K

LFP Cell

Air

« Density — 2150 Kg/m?
* Specific Heat — 550 J/kg.K

* Thermal Conductivity — 1.02 W/m.K

» Density — 1.206 Kg/m?®

* Specific Heat — 1007 J/kg.K

» Thermal Conductivity — 0.0256 W/m.K

* Viscosity — 1.83e-05 Pa.s

» Thermal Expansion Rate —0.003495 1/K

4. Meshing

The meshing process for the battery module was conducted using SCSTREAM software,

which is renowned for its capabilities in computational fluid dynamics (CFD) simulations. The

software was utilized to create a structured mesh that accurately represents the geometry and

thermal characteristics of the LFP cells within the battery pack.

Structured Mesh:

Mesh Configuration: A structured mesh was employed to ensure precise modeling of
the battery cells and their surrounding environment. Structured meshes consist of
regular, grid-like patterns that facilitate efficient computation and accurate
representation of complex geometries.

Cell Coverage: The mesh was meticulously designed to capture all parts of the cells,
including the intricate details at the corners. This comprehensive coverage is essential
for accurately predicting temperature variations throughout the cells during charging
and discharging cycles.

Temperature Capture:

Detailed Resolution: The structured mesh allows for high-resolution temperature data

to be obtained at each corner of the cell. This level of detail is crucial for identifying
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potential hotspots and understanding the thermal behavior of the battery pack under
different operational conditions.

« Charging and Discharging: During both charging and discharging processes, the mesh
ensures that temperature results are accurately captured, providing insights into how

heat is generated and dissipated within the cells.

Mesh Count:
o Total Mesh Elements: The total mesh count for the simulation is approximately
635,254 elements. This substantial number of elements reflects the complexity and

precision required to model the thermal dynamics of the battery module effectively.

By utilizing SCSTREAM software and implementing a structured mesh, the simulation
achieves a high degree of accuracy in predicting temperature evolution within the battery pack.
This detailed thermal analysis is essential for designing effective Thermal Management

Systems (TMS) that enhance battery performance, safety, and longevity.

Figure 2: Mesh Model Isometric view
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Lo

Figure 3: Mesh Model Front view

-

Figure 4: Mesh Model Side view
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Figure 5: Mesh Conditions

5. Results and Discussion

The temperature contours obtained from the simulation during the charging process
revealed significant insights into the thermal behavior of the battery module. The analysis
highlighted a peak temperature near the core cells, indicating that heat accumulation was

highest in this region. This is primarily due to the increased current flow during charging, which
generates more heat within the cells.

Charging Process:

o« Peak Temperature: During the charging process, the temperatures reached
approximately 66.67°C. This peak temperature was observed near the core cells, where
the heat generation was most intense.

e Heat Accumulation: The core cells experienced higher heat accumulation due to their
central position and the higher electrical load they bear. This necessitates effective

thermal management to prevent overheating and ensure the longevity of the cells.
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Discharging Process:

Thermal Gradient: In contrast, the discharging process exhibited a relatively lower
thermal gradient. This is attributed to the reduced current flow and consequently lower
heat generation during discharging.

Temperature Increase: Despite the lower thermal gradient, the temperature increased
to 88.11°C immediately after the discharge process. This rise in temperature can be
attributed to the residual heat from the charging cycle and the continued heat generation

during discharging.

Cooling and Convection Effects:

Absence of Forced Cooling: The absence of forced cooling mechanisms, such as fans
or liquid cooling, resulted in modest convection effects in the surrounding air. Natural
convection alone was insufficient to dissipate the heat effectively, leading to higher
temperatures within the cells.

Role of Conduction: The analysis emphasized the significant role of conduction
through the aluminum bus bars. The bus bars facilitated heat transfer away from the

cells, but their effectiveness was limited without additional cooling strategies.

Numerical Validation:

Consistency with Numerical Calculations: The observed temperatures during both
charging and discharging processes were consistent with numerical calculations. This
validation underscores the accuracy of the simulation and the reliability of the CFD

approach in predicting thermal behavior.

Overall, the detailed thermal analysis underscores the necessity for robust Thermal

Management Systems (TMS) to manage heat effectively, especially during fast charging cycles.

Future work will focus on integrating forced cooling mechanisms and exploring alternative

material configurations to further optimize thermal performance and ensure the safety and

efficiency of the battery module.
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5.1. Results Charging Temperature Contour

Ganfeng 130 Ah diacharging 100 mina Ganfeng 150 Ah discharging 100 mins
Time : 3601.000000 Time : 3601.000000

4
:"’}"‘ Temperature [C] e d
-
62. 4339 63. 4930 64. 5521 65.6113 66. 6704

Figure 6: Charging Temperature Contour

Ganfeng 150 Ah Charging €0 mina Ganfeng 150 Ah Charging 60 mins
Time : 3600.000000 Time : 2600,000000

‘
"“’L Temperature [C] Pec¥
64. 5474

66. 6668

62. 4281 63. 4878 65. 6071

Figure 7: Charging Temperature Contour of different view
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Ganfeng 150 Ah diacharging 100 mins Ganfeng 150 Ah discharging 100 mina KA
Time : $600.000000 Tims : 9600.000000 A

$
:"’i"‘ Temperature [C] fecd

- @ o
84. 8871 85. 6930 86. 4989 87. 3048 88. 1108

Figure 8: discharging Temperature Contour of different view

5.2 Heat Path Analysis

Clear heat paths were visible along the bus bar-aligned cells, validating the high
conductivity of aluminum. Discharging simulations confirmed less aggressive heat spreading
compared to the charging scenario.

o Heat Path View — Charging
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Figure 9: Heat Path view information of each part during Charging cycle
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o Heat Path View — Discharging
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Figure 11: Heat path view information of each part during discharging cycle
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Figure 12: Heat balance information of each part during discharging cycle

Conclusion

1. The simulation underscores the critical importance of implementing robust Thermal
Management Systems (TMS), especially during fast charging cycles. Fast charging can

significantly elevate internal temperatures due to increased current flow, which, if not

properly managed, can lead to thermal runaway and reduced battery lifespan.

2. The findings from this study affirm the efficacy of Computational Fluid Dynamics
(CFD) tools in accurately resolving internal pack temperatures. This capability is crucial
for identifying potential hotspots and guiding design improvements to enhance overall

battery safety and performance.

3. The results of the simulation demonstrate that CFD can effectively model the thermal

behavior of battery packs under various operational conditions.
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This modeling provides valuable insights into how different design parameters and
cooling strategies impact temperature distribution within the pack.

By comparing the charging and discharging results with numerical calculations, the
study validates the accuracy of the CFD approach, reinforcing its utility in battery
thermal management research.

Future work will focus on further optimizing battery performance by integrating forced
cooling mechanisms and exploring alternative material configurations.

Forced cooling, such as liquid or air cooling, can significantly enhance heat dissipation,

maintaining optimal operating temperatures even during high-demand scenarios.

. Additionally, experimenting with different materials for battery components can lead to

improved thermal conductivity and reduced internal resistance, further enhancing the
efficiency of the TMS.

Overall, this research highlights the potential of CFD as a powerful tool for advancing
battery technology. By providing a detailed understanding of thermal dynamics, CFD
can guide the development of more effective and reliable TMS, ultimately contributing
to the creation of safer and longer-lasting lithium-ion batteries.
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