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ARTICLE INFO ABSTRACT
Keywords: This study investigates the thermal performance and temperature uniformity of a hybrid battery thermal man-
Battery thermal management system agement system (BTMS) that integrates phase change material (PCM), metal foam, and minichannels. Compu-

18650-type NMC battery
Thermal energy storage
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Automotive drive cycle

tational fluid dynamics is used to model the PCM melting process and heat transfer between all components. The
primary goal of the work is to investigate BTMS architectures which can enhance thermal uniformity and prevent
critical temperature rise in a high-voltage battery pack under fast discharging and real-world driving cycle. Four
BTMS designs are compared. The design that integrates PCM, metal foam, and counterflow minichannels is
shown to have the best performance. At low pumping power (coolant Reynolds number Re = 10), this design
reduces the peak battery temperature by 11.5 K compared to a design employing pure PCM only. This config-
uration also ensures a temperature difference of less than 5 K among individual battery cells, addressing thermal
safety considerations and extending battery lifespan. Further analysis revealed that the inclusion of metal foam
delays PCM melting, enhances both system and battery thermal uniformity, and offers a higher performance-to-
weight ratio compared to designs without metal foam. Although wavy-shaped minichannels offer minimal
temperature improvement (0.3 K) over straight minichannels, their higher cost and increased pumping power
requirements do not justify their practicality. Under both fast discharging and real driving conditions, the first
design with pure PCM provides uniform heat distribution within batteries but fails to maintain the maximum
battery temperature within the optimal range. Overall, this study highlights the effectiveness of the proposed
hybrid BTMS design in providing uniform temperature distribution and maintaining the maximum battery
temperature within the optimal range under harsh environmental conditions, fast discharging, and the Urban
Dynamometer Driving Schedule (UDDS) drive cycle.

temperature and thermal non-uniformity are two critical factors that
affect the performance of lithium-ion batteries (LIBs) and the entire
battery pack [2]. Normally, the optimal operational temperature for
LIBs falls within the range of 288 to 313 K. Additionally, it is recom-
mended to maintain a maximum temperature difference of no more than
5 K within a single battery or between cells/modules [3]. When the
battery experiences thermal stress beyond safe limits due to failure to
maintain its optimum working temperature, there is a higher risk of
battery thermal runaway, which can result in significant safety issues

1. Introduction

Electric vehicles (EVs) have lower operating costs, less harmful
environmental impact, and zero carbon emissions during operation
when compared to internal combustion engine vehicles [1]. A signifi-
cant obstacle to EV utilization is the cost and complexity associated with
their need for implementation with an efficient and sometimes complex
battery thermal management system (BTMS). The battery maximum

* Corresponding authors at: Faculty of Mechanical and Automotive Engineering Technology, Universiti Malaysia Pahang, Pekan, Pahang 26600, Malaysia.
E-mail addresses: najafi.fme@gmail.com (H. Najafi Khaboshan), kumaran@ump.edu.my (K. Kadirgama).

https://doi.org/10.1016/j.applthermaleng.2024.124910
Received 10 June 2024; Received in revised form 29 September 2024; Accepted 9 November 2024

Available online 12 November 2024
1359-4311/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:najafi.fme@gmail.com
mailto:kumaran@ump.edu.my
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2024.124910
https://doi.org/10.1016/j.applthermaleng.2024.124910
https://doi.org/10.1016/j.applthermaleng.2024.124910
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2024.124910&domain=pdf

	Thermal uniformity analysis of a hybrid battery pack using integrated phase change material, metal foam, and counterflow mi ...
	1 Introduction
	2 Methodology and physics description
	2.1 Battery pack description
	2.2 Thermophysical properties
	2.3 Governing equations
	2.3.1 Modeling of laminar fluid flow
	2.3.2 Modeling of the phase change material
	2.3.3 Modeling of the copper metal foam
	2.3.4 Energy equation accounting for LIB heat loss and the enclosure
	2.3.5 Cell heat generation

	2.4 Boundary conditions
	2.5 Description of thermal energy storage equations
	2.6 Description of entropy generation equations

	3 Computational fluid dynamics model and validation
	3.1 Numerical methods
	3.2 Investigation of grid independence and time step
	3.3 Validation of the numerical models

	4 Results and discussion
	4.1 Thermal performance analysis
	4.2 Thermal uniformity analysis of battery cells
	4.3 Thermal energy storage analysis within the composite PCM
	4.4 Entropy generation analysis within the composite PCM
	4.5 Analyzing the effect of coolant flow Reynolds number
	4.6 Analyzing the effect of the wavy minichannel cold plates
	4.7 Analyzing the effect of fast discharging and harsh environmental conditions
	4.8 Thermal uniformity analysis under real drive cycle

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	datalink5
	References


