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Abstract

In this study, the performance of adithium-ion battery thermal management system incorporating a microchannel
heat sink with a water—Al.Os nanofluid (2% volume fraction) and metal foam was investigated at discharge rates of
3C-5C. The battery consists of four ‘series-connected cells, each with a capacity of 14.6 Ah. The cooling system
comprises seven microchannels with a 2x2 mm cross-section. The battery was modeled using the multi-scale multi-
domain method coupled with the Newman-Tiedemann-GU-Kim submodel. The metal foam was modeled using the
Darcy-Brinkman-Forchheimer equations. The effects of metal foam length and location on performance were
investigated. The results showed that relocating the metal foam toward the end of the microchannels reduced the
maximum battery temperature and temperature difference by up to 9% and 48% relative to placement near the inlet.
Subsequently, the metal foam length in each mierochannel was optimized using a multi-objective approach, and the
design was selected using the Technique for Order/Preference by Similarity to Ideal Solution method with entropy
weighting. The optimized configuration reduced the maximum temperature and temperature difference by 70% and
80%, respectively, compared with the no-cooling case, anddmproved performance compared with the uniform foam-
length configuration.
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1. Introduction

Batteries have emerged as critical energy storage
technologies in modern energy systems[1]. However, their
performance, capacity, and lifespan are highly dependent on
operating temperature, as deviations from the optimal
thermal range accelerate degradation and reduce efficiency
[2]" Consequently, developing effective battery thermal
management systems (BTMSs) has attracted significant
research attention«[3]. Nanofluids have been widely
investigated for battery cooling, as adding highly
conductive< nanoparticles to conventional base fluids
enhances heat transfer [4]¢ Metal foams have also emerged
as an effective cooling enhancement technique by
disturbing fluid flow and_increasing the effective heat
transfer area, thereby lowering maximum temperatures and
improving thermal uniformity [5]. Previous studies [6-9]
have primarily focused on imetal foam.properties such as
porosity, material, and to some.@xtent,, foam length;
however, the effect of metal foam, location within
microchannels remains underexplored. _Furthermore,
existing literature generally applies a‘uniform foam length
across all microchannels. Given “the non-uniform
distribution of heat generation and temperature across
battery cells, using identical foam lengths in every
microchannel is thermally and hydraulically sub-optimal.
To address these gaps, this study investigates the effects of
both metal foam length and placement on the thermal and
hydraulic performance of a nanofluid-based BTMS. Unlike
previous work, the metal foam length in each microchannel
is treated as an independent design variable to accommodate
the localized thermal requirements of different battery
regions. Finally, a multi-criteria decision-making approach
is employed to identify the optimal configuration by
balancing maximum temperature reduction, thermal
uniformity, and pressure-drop constraints.

2. Methodology

The investigated BTMS consists of four series pouch cells
(each 14.6 Ah, 145 x 192 x 4.5 mm) and three aluminum
microchannel heat sinks (MCHSs), each with seven square
channels (2 x 2 mm). The battery considered in this study
has the same properties as those reported in [10]. The
computational grid consists of 2.1 million structured
hexahedral cells. Within the multi-scale multi-domain
(MSMD) framework, The electrode potentials @ and ¢

in the active region are solved as[11]:
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The reaction current density jelectrochemical @nd heat source
Qb and Qelectochemicar are computed via the NTGK submodel
[11]:
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The values of the coefficients of the U and Y functions are
reported in [11]:

The aluminum foam (porosity ¢ = 0.46, permeability
K=10"° m?, inertial coefficient Cr = 0.475, pore diameter
dy= 211 um, and specific surface area as = 1.5 x 10* m?) is
modeled using Darcy-Brinkman-Forchheimer and local
thermal non-equilibrium (LTNE) formulations [9]. The
water-Al,O3 nanofluid (volume fraction ¢ = 0.02) is treated
as a single-phase mixture with effective properties reported
in [12].

The transient laminar conservation equations are solved.

For the metal foam[6]:
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Thermal interaction in the foam is modeled using LTNE [6]:
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For the solid heat sink[13]:
0T, (10)
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Natural convection with h =7 WI(m>K) and Tamp =
298.15 K is applied to external surfaces. .Numerical
simulations were performed in ANSYS Fluent 25.1.

3. Discussion and Results

3.1. Validation



The numerical model was validated against three previous
studies. The predicted battery temperature and voltage were
in good agreement with the numerical results reported by
Xu et al. [10] and Mazhar et al. [14] with maximum relative
errors of 7% and 1%, respectively. For the metal foam, the
predicted pressure drop and Nusselt number showed good
agreement with the experimental results of Hetsroni et al.
[15] with maximum relative error of 11.5% and 12%,
respectively. Similarly, the predicted nanofluid friction
factor and thermalresistance agreed well with the results
reported by Hot al. [26], with maximum relative errors of
6.5% and 9%, respectively. Overall, these comparisons
demonstrate the reliability and satisfactory accuracy of the
developed numerical-model.

3.2 Impact of Metal Foam Length'and Position

To investigate the effect of metal foamilength on the thermal
performance of the battery,“metal foams with lengths
ranging from 20 to 140 mm were unifermly.inserted into the
microchannel. As shown in Figure 1, increasing the foam
length consistently reduces Tmax. The 140'mm foam reduces
Tmax by approximately 42% (5 K) compared with the case
without metal foam and by 76% (21 K){compared with the
uncooled case. However, 4Tmax decreases with foam length
up to approximately 110 mm and then increases, indicating
reduced thermal uniformity at longer foam lengths.
Furthermore, increasing the foam length from 20 to40 mm
increases the pressure drop by approximately eightfold;
while the thermal performance improves by only about
37%. To investigate the effect of metal foam location, a
fixed foam length of 50 mm was positioned at distances of
10, 30, 50, 70, and 90 mm from the microchannel inlet. As
shown in Figure 2, moving the foam farther from the inlet
reduces Tmax by up to 9.25% (0.94 K) and increases Tmin by
up to 22% (1.25 K). Consequently, shifting the foam
location from 10 to 90 mm reduces 4 Tmax by up to 48% (2.17

K), resulting in improved temperature uniformity with a
negligible effect on pumping power.
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Figure 1. Tmaxand Tmin for different metal foam lengths at the
end of the discharge process for a Reiniet 0f 100.
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Figure 2./ Tmaxand Tmin for different metal foam locations
at the end.of the discharge process for a Reinlet 0f 100.

3.3. Multi-Qbjective Optimization

To exploit ‘the localized benefits of metal foam without
excessive pumping penalty,»multi-objective optimization
was performed. The foam lengths in each of the seven
microchannels (L. to L7) were defined design variables.
Latin Hypercube Sampling<and TOPRSIS method coupled
with Entropy weight determination is used for optimization.
The optimal design yielded foam lengthsof:

L; =10 mm, L, =99 mm, L3 = 114mm, Ly =122 mm, Ls =
53 mm, Le =7 mm, Ly = 106 mm

This customized distribution of metal foam lengths resulted
in AP = 4492 Pa, ATmax = 1.975 K, and Thax = 306.445K (a
70% reduction in Tmax and an 80% improvementiin AZmax
compared to the uncooled system). Compared with the
vertical microchannel design of Fu et al. [8] under identical



conditions, the proposed design provides a 1.9% greater
reduction in Tma, More than twice improvement in A7max
(80.5% vs. 37.8%), and over 50% lower pressure drop,
demonstrating the effectiveness of tailoring the cooling
capacity of individual channels to the local heat distribution.

Conclusions

In this study, a transient numerical model of a BTMS
combining water-Al203 nanofluid and non-uniform
aluminumimetal foamiinserts was developed and optimized.
Shifting a.«50 “mm “metal foam block toward the
microchannel outlet>reduces Tmax by 9.2% and ATmax by
48% with negligible hydraulic penalty. Treating the foam
lengths in the microchannels_as designed variables, multi-
objective TOPSIS optimization yielded a customized
cooling structure that reduced Tgax By 70% and ATmax by
80.5% compared to uncooled.conditions
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Figure 2. Schematic view of the computational mesh used in the present study
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Table 1. Performance and geometric parameters of each battery cell [27].
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Table 2. Thermophysical properties of the battery cell [27].
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Figure 3. Effect of the number of computational cells on pressure drop
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Figure 4. Effect of the number of computational cells on the maximum battery temperature
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Figure 5. Comparison of the maximum battery temperature versus time at 3C, 4C, and 5C discharge rates with the
results of Yu et al. [27]
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Figure 7. Comparison of pressure drop versus flow'velocity for mean pore diameters of 20 and 60 pm with the
results’of Hetsroni et al. [39]
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pm with the results of Hetsroni et al. [39].
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Table 6. Mean and maximum validation errors of the numerical results compared with reference studies.
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Figure 12. Temperature distribution contours in the battery pack at different time instants for the 5C discharge
rate.
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with time for different inlet Reynolds numbers.
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Optimization of a Battery Thermal Management System
Using a Microchannel Heat Sink Containing Metal Foam
and Al:Os Nanofluid

Amir Hossein Mosayyebi, Mohammad Gharehkhani, MohammadReza Hajmohammadi®

Department of Mechanical Engineering, Amirkabir University of Technology, Tehran, Iran

ABSTRACT

In this study,.the performance of a lithium-ion battery thermal management system incorporating a
microchannel heat sinkiwith a.water—Al.Os nanofluid (2% volume fraction) and metal foam was investigated at
discharge rates of 3C-5C. The battery consists of four series-connected cells, each with a capacity of 14.6 Ah. The
cooling system comprises seven microchannels with a 2x2 mm cross-section. The battery was modeled using the
multi-scale multi-domain.method coupled with the Newman-Tiedemann—GU-Kim submodel. The metal foam was
modeled using the Darcy-Brinkman—Forchheimer equations. The effects of metal foam length and location on
performance were investigated. The results showed that relocating the metal foam toward the end of the
microchannels reduced the maximum battery temperature and temperature difference by up to 9% and 48%
relative to placement near the inlet. Subsequently, the metal foam length in each microchannel was optimized
using a multi-objective approach, and the design was selected using the Technique for Order Preference by
Similarity to Ideal Solution method with entropy weighting. The optimized configuration reduced the maximum
temperature and temperature difference by 70% and®80%o, respectively, compared with the no-cooling case, and
improved performance compared with the uniform foam-length configuration.

KEYWORDS
Lithium-ion battery, Microchannel heat sink, Metal foam; Al>Oz nanofluid, Cooling plate.
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