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Optimization of a Battery Thermal Management System Using a Microchannel Heat
Sink Containing Metal Foam and Al,O, Nanofluid
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ABSTRACT: In this study, the performance of a lithium-ion battery thermal management system
incorporating a microchannel heat sink with a water—Al,O, 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-
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objective approach, and the design was selected using the Technique for Order Preference by Similarity Metal Foam
to Ideal Solution method with entropy weighting. The optimized configuration reduced the maximum  ALO, Nanofluid
temperature and temperature difference by 70% and 80%, respectively, compared with the no-cooling  Cooling Plate

case, and improved performance compared with the uniform foam-length configuration.

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 metal
foam properties such as porosity, material, and to some extent,
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
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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]:

V. (G+V®+ ) = _j electrochemical (1 )

V' (O-—vg— ) = ] electrochemical (2)
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The reaction current density j and heat source O,

electrochemical

andQ, . . arccomputed via the NTGK submodel [11]:
. 2 2\
Qb = (O'+ |V@+| +0_ |v®_| )+ Qelectrochemical (3)
jelectrochemical = % Y [U - V] (4)

. . dU
Qelectrachemical = .] electrochemical |:U - V B T ﬁ:| (5)

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 C, = 0.475, pore diameter
d =211 um, and specific surface area @, = 1.5 x 10* m™)
is modeled using Darcy-Brinkman-Forchheimer and local
thermal non-equilibrium (LTNE) formulations [9]. The
water-Al,O, 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]:

VIV =0 (6)
Pu OV ()7 =—vp+ Bty Ly

& O & & K

P, 2
_ e\

Nad

Thermal interaction in the foam is modeled using LTNE

[6]:

oT, _
P, Crny 67;1] + pnfv'(m/' ) =&k, sz:u' +hya, (1; =T, ) (8)

Koy

0
(1=-6)p,Cp,

T, =(1-6)k, VT, ~hya (n.-1,)

o i ©)
Kepr s
For the solid heat sink[13]:
o7,
phsCPhs a_:S = khSVZT;m (10)

Natural convection with /=7 W/(m*>K)and T , =298.15
K is applied to external surfaces. Numerical simulations were
performed in ANSYS Fluent 25.1.
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Fig. 1. Phase velocity dispersion curves for a steel pipe
with outer diameter of 220 mm and wall thickness of
4.8 mm

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 thermal resistance agreed well with the results reported
by Ho et al. [16], 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 foam length on the
thermal performance of the battery, metal foams with lengths
ranging from 20 to 140 mm were uniformly inserted into
the microchannel. As shown in Figure 1, increasing the
foam length consistently reduces 7, . The 140 mm foam
reduces 7, by approximately 42% (5 K) compared with
the case without metal foam and by 76% (21 K) compared
with the uncooled case. However, AT 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 to 140 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 7, by up
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Fig.2. T and T , for different metal foam locations
at the end of the discharge process for a Re, of 100.

t0 9.25% (0.94 K) and increases 7, by up to 22% (1.25 K).
Consequently, shifting the foam location from 10 to 90 mm
reduces AT by up to 48% (2.17 K), resulting in improved
temperature uniformity with a negligible effect on pumping
power.

3- 3- Multi-Objective 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 L) were defined design variables. Latin
Hypercube Sampling and TOPSIS method coupled with
Entropy weight determination is used for optimization. The
optimal design yielded foam lengths of:

L,=10mm, L,=99 mm, L, = 114 mm, L, = 122 mm, L,
=53 mm, L, =7 mm, L,= 106 mm

This customized distribution of metal foam lengths
resulted in AP = 4492 Pa, AT = 1975 K, and T, =
306.445 K (a 70% reductionin 7, and an 80% improvement
in AT 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 7, , more than twice improvement
in AT (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.

4- Conclusions

In this study, a transient numerical model of a BTMS
combining water-Al203  nanofluid and non-uniform
aluminum metal foam inserts was developed and optimized.
Shifting a 50 mm metal foam block toward the microchannel
outlet reduces 7, by 92% and AT by 48% with
negligible hydraulic penalty. Treating the foam lengths in
the microchannels as designed variables, multi-objective
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TOPSIS optimization yielded a customized cooling structure
that reduced 7, by 70% and AT, by 80.5% compared to
uncooled conditions
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Fig. 1. Schematic view of the battery pack and the microchannel heat sink used in the battery thermal
management system.
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Fig. 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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Table 3. Polynomial coefficients of the U and Y functions [28].
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Table 4. Properties of the metal foam used [24, 31, 32].

o519 g JS

)y JUS gy

JEE ey deh (owpl e pe 38lw b (il Sudgyuud s
Jiw gl o Jlow g ol (290
w
2 -1
e k) ¢ e oa(oN) 46w d(m)
-If5 Voo -EY0 Vs +F v . 3% ')

S il sy 6515 psb L 350 ol (Gt Lalyy 4 a2 L
ol o S F Jgs > o polie
Jlewosib il o =¥ Y

O B SO 0)SGey 3l edlatel b Jlwsl (imeh cpl o
ol )3 3936 g b Sl 3945 0 o3 )] 53 4 ol ok (gl S
s 4080 cpl WS e S PSSy Co g b g Wi (5>
ol 3y90 /0 I oS oo Sl (35 Sl bl sl 0308
aoia by ads Sl ojlul a4 sla s i Llgi o |y cunl a8 )5 )8
LYY YY) s &) Jaine (Slaolxe

Py =(1-0)p,+dp,, (\¥)

(PC,), =(1-9)(pC,), +4(pC,),, (Y2)

odlitwl b iy a4 Jlwgil ()l colin g (Seolud 459y
oms 2 o [PV T en g B Jae o [V oS dlail,

PNigud o0

oo 3illae & cal Bl (SSle a3 ol S Wl e cnts ()

IV o oy (Vo) bl 51 oy 8= 5568

a, :6(28) A
&d; )
T 150(1-¢) )

S po8 3 Jlow = dolr (9o )l JUi] (o p5 Ao sl

Sdsyion S gl Sk o] 35 ol 5 (1) el
Nu o [V 0] oo oty (V) abasly 51 5] Jse ol 51 48 ol J8Lio
(V) oy ollos "l o St ) ] e & conl el s0c

Pry cyps ol dsuy 00 Re, daly ol 0 YV e cony

ol Jily sae
hy = Nuk,, ()
d,
2
d,=3d, (Ov)
1
Nu=2+1.1Re2Pr ()

3. Brinkman
4. Patel et al

1. Kozeny-Carman
2. Wakao

Yo«



VY B YYR doxin VFD Jlo o 0yl DA 095 ¢y pool Siln i 4y

10 Jogwimeg)l 315 9 ALO 0 Jlwgil clisagll 0,395 (Ll O (S jadg0 5 polos -0 Jgio

Table 5. Thermophysical properties of pure water, Al,O, nanoparticles, the water—Al,O, nanofluid,
and aluminum [35].
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Fig. 3. Effect of the number of computational cells on pressure drop
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Fig. 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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Fig. 6. Comparison of battery voltage versus discharged capacity at 3C and 5C discharge rates with the
results of Mazhar et al. [29].
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Fig. 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]

350
» Hetsroni study, APD=20pm{ | = | = | | | |
325 H Current study, APD=20pum P
1| A Hetsroni study,APD=60pm ® ~
300 L Current study, APD=60um /
J : D :
275 ;
250
- ]
Z 225
200
175
150
125
100 T T - - - - - . . .
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Re

JYR]ol ) Ko o (g it (iRg5s U yiogySue Fo g Vo oy phad Sl 93 (651 4 gy das o g Sl dus g Ul A JSUS

Fig. 8. Comparison of battery voltage versus discharged capacity at 3C and 5C discharge rates with the results
Comparison of the Nusselt number versus the Reynolds number for mean pore diameters of 20 and 60 pm with
the results of Hetsroni et al. [39].

yov



0.06

—T—
! [—®—Ho study
! |=—Current study|

0.05

0.04

0.03

0.02

JFe]oy o g 92 Lidgia b gy das o 0 Sl o o duan Ul .4 S5

Fig. 9. Comparison of the friction factor versus the Reynolds number with the results of Hu et al. [40].
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Fig. 10. Comparison of the thermal resistance versus the pumping power with the results of by Hu et al. [40].
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Table 6. Mean and maximum validation errors of the numerical results compared with reference studies.
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Fig. 11. Variation of (a) the maximum battery temperature and (b) the maximum battery temperature dif-
ference with time at 3C, 4C, and 5C discharge rates.
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Fig. 12. Temperature distribution contours in the battery pack at different time instants for the SC discharge rate.
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Fig. 13. Variation of (a) the maximum battery temperature and (b) the maximum battery temperature dif-
ference with time for different inlet Reynolds numbers.
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Fig. 14. Maximum and minimum battery temperatures for different metal foam lengths at the end of the discharge
process for a Reynolds number of 100.
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Fig. 15. Maximum battery temperature difference for different metal foam lengths at the end of the discharge
process for a Reynolds number of 100.
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Fig. 16. Velocity contour on the mid-plane of the microchannel heat sink at the end of the discharge process for a
Reynolds number of 100.
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Fig. 17. Temperature contour on the mid-plane of the microchannel heat sink at the end of the discharge process
for a Reynolds number of 100.
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Fig. 18. Temperature contour on the mid-plane of the battery cell at the end of the discharge process for a Reyn-
olds number of 100.

Y€



VY B YYR doxin VFD Jlo o 0yl DA 095 ¢y pool Siln i 4y

28000

24000

20000

16000

12000

Pressure drop [pa]

8000

4000

No MF 20mm 50mm
MF lenght

26411

20758

15105

80mm 110mm 140mm

Now jaai, das ) 5l adsd wolyd (Ll 4 o5 eg8 Jsb comes w Jluw jLid CdI pdlie NA JSUS

Fig. 19. Fluid pressure drop for different metal foam lengths at the end of the discharge process for a Reynolds
number of 100.
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Fig. 20. Maximum and minimum battery temperatures for different metal foam locations at the end of the dis-
charge process for a Reynolds number of 100.
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Fig. 21. Maximum battery temperature difference for different metal foam locations at the end of the discharge
process for a Reynolds number of 100
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Fig. 22. Partial representation of the sampling space of the design parameters.
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Fig. 23. Schematic representation of the optimal point selection process using the TOPSIS method and entropy-
based weighting of the objective parameters [41].
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Table 7. Design and objective parameter values at the optimum point obtained using the TOPSIS method..
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