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In this study, metal foam heat sinks (MFHS) are proposed for thermal management of electronic devic-
es. Metal foams are excellent candidates for improving the heat transfer performance of heat sinks due to
their unique characteristics such as the large surface area to volume ratio and their complex form, which
favors mixing and convection. Numerical investigations of the transient thermal-hydraulic behavior and
performance of the cooling process of electronic devices by MFHS are carried out. The physical model con-
sists of a convective laminar air flow inside a channel equipped with multiple power electronic devices
cooled by MFHS. MFHS consist of three plate fin heat sinks which are made of aluminum foam with a po-
rosity of 0.95 and a permeability of 1.65 x 10-7 m2, and the heat sink base is made of aluminum solid.
Comsol software is used to solve the governing equations. Numerical results reveal that the thermal per-
formance of MFHS is larger than that of a conventional heat sink and a clear channel under the same op-
erating conditions, and the thermal behavior of electronic devices cooled by MFHS is stable and main-
tained at admissible temperatures. The validation of the numerical results shows perfect agreement with
the experimental data with a maximum relative error of 3 %.
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1. INTRODUCTION

In recent decades, components and electronic devic-
es have been faster, smaller, more reliable and effi-
cient, and more productive than ever before. Addition-
ally, the increase in heat generation becomes unfavor-
able, and this can reduce the performance of these
devices and limit their durability [1-4]. Tuckerman and
Pease [5] designed a microchannel heat sink that has
proven to be one of the most promising cooling tech-
niques for microelectronic devices.

A new technique of enhancing heat transfer from
the surface of electronic devices is employing porous
media as a heat sink. Metal foam is a porous material
with a large surface area to volume ratio and low den-
sity, its complex form improves high surface contact
and rises the local mixing between the metal foam and
the coolant fluid, which provides good thermal perfor-
mance [6, 7]. Several researchers experimentally and
numerically investigated the thermal-hydraulic per-
formance of metal foams used for cooling electronic
components. Kim et al. [8] performed an experimental
investigation from an aluminum foam heat sink placed
on a heater in a channel. The aluminum-foam heat
sink can improve the thermal performance by 28 %
compared to a traditional parallel plate heat sink of the
same dimensions. Mohanad A. Alfellag et al. [9] numer-
ically investigated the Metal Foam Pin-Fin Heat Sink
(MFPFHS) and compared it to the conventional Solid
Pin-Fin Heat Sink (SPFHS) in turbulent regime. They
found that the usage of MFPF, compared to SPF, pro-
vides a significant increase in heat transfer perfor-
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mance and a decrease in frictional losses. Hung et al.
[10, 11] examined the thermal performance of micro-
channels (MCHS) with inserted porous media and
showed that foam materials offer better heat-transfer
performance. The numerical results of Kemerli and
Kahveci [12] demonstrate that the addition of metal
foams causes a small increase in the friction factor,
while the heat transfer shows a significant increase
until the addition of a certain number of fins.
Bhattacharya et al. [13] experimentally studied the
forced convective heat transfer in new finned metal
foam heat sinks (MFHS). The results display that heat
transfer is significantly improved when fins are placed
in metal foam. Ghahremannezhad et al. [14] analyzed
three-dimensional models of MCHS with different solid
and porous fin thicknesses. They found that the opti-
mized porous designation can improve the heat trans-
fer and fluid flow performance compared with conven-
tional heat sinks. Huang et Vafai [15, 16] numerically
studied the fluid flow and heat transfer characteristics
using multiple porous blocks arrangement under an
external forced convective laminar flow. It is evident
that the addition of porous blocks can significantly
increase heat transfer. Lu et al. [17] analyzed the wavy
microchannel heat sink with porous fins. They found
that when compared to traditional wavy microchannel
heat sinks with solid fins and the wavy microchannel
heat sink with porous fins, both pressure drop and
thermal resistance are reduced. Al-Athel et al. [18, 19]
studied the influence of forced convection, number of
fins, and fin direction on the performance and thermal
resistance for the 3D porous media model which was
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obtained by a micro-computed tomography scan. They
found that the heat transfer and fluid flow characteris-
tics are largely improved by the use of MFHS for the
thermal management of electronic devices.

Table 1 — Geometrical dimensions of the MFHS

Parameter Value
Heat sink’s fin length (T%n) 6.35 mm
Heat sink’s fin width (Wsn) 20 mm
Heat sink’s fin height (Hfin) 15 mm
Heat sink’s space fin (Stin) 6.35 mm
Heat sink’s base length (Thase) 39.75 mm
Heat sink’s base width (Whase) 20 mm
Heat sink’s base height (Hbase) 3 mm
Extra Width on both sides of fin (Sext) 4 mm
Aluminum foam porosity (¢) 0.95

Air velocity (Um) 3.6 m/s
Heat flux (quw) 5W

In this study we present transient 3D numerical in-
vestigations of the thermal-hydraulic behavior of ther-
mal management of multiple electronic devices in a
horizontal channel through which air flows.

2. PHYSICAL DOMAIN AND ASSUMPTIONS

The physical domain and geometrical parameters,
which are based on the experimental study of Al-Athel
et al. [18, 19], are illustrated in Fig. 1. The dimensions,
geometrical parameters, and morphological parameters
of the metal foam which are based on the experimental
study of Al-Athel et al [18, 19], are given in Table 1.
The channel length (L), width (W), and height (H) are
360 mm, 50 mm, and 50 mm, respectively.

z Electronic device
(heater)

Electronic device
(heater)

Fig. 1 — Schematic diagrams of (a) horizontal channel with
electronic devices and MFHS, (b) MFHS

MFHS consists of three plate fin heat sinks made of
aluminum foam and the heat sink base made of alumi-
num solid. Air is employed as working fluid with con-
stant thermo-physical properties and ps= 1.177kg/m3,
cp = 1006J/kg K, k= 0.0262W/m K, and
H#r=15.6 x 10-6Pa s.
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A heater with a constant heat flux is placed at the
bottom wall of the base to simulate an electronic device.

To simplify the problem formulation, several as-
sumptions are established as part of the numerical
modeling process:

e Thermal properties of the aluminum foam and
the fluid are constant;

e The flow is incompressible, steady-state and
laminar;

e Aluminum foam is isotropic and homogenous;

e The fluid phase and solid phase are in the local
non-equilibrium state.

3. GOVERNING EQUATIONS AND BOUNDARY
CONDITIONS

The fluid flow in MFHS is governed by the Forch-
heimer-Brinkman extended Darcy model to numerical-
ly solve the physical model based on the previous as-
sumptions. The governing equations for continuity,
momentum, and energy are as follows:

Equation of continuity:

V-(pV)=0. (3.1
Momentum conservation equation is
p; 1 &2 (V-V)V =-VP+ u,V*V -
(3.2)

(w1 B)+ (0, INE )V ]V,

where pr and ps are the densities of the fluid phase and
solid phase, respectively; V is the air velocity; P is the
pressure; ¢ is the aluminum foam porosity; u is the
fluid viscosity; K is the permeability, Cr is the inertial
coefficient.

Energy conservation equations:
fluid phase:

(pc, )f (V-vT}) = (kVT] )+ hyay (T2 - T/ ), (3.3)
solid phase:

V(K VT ) -hyay (T2 -T/) =0, (3.4)

where Tff and T, represent the temperatures of the

fluid and solid phases, respectively; ¢, is the heat ca-
pacity, kf is the effective fluid thermal conductivity; kse
is the effective solid thermal conductivity; as is the
thermal diffusivity solid/fluid; hss is the convective
coefficient.

The parameters calculated in this study are as follows:
the friction factor

f:z(Ap/L)Dh/(pfufn), (3.5)
the average heat transfer coefficient
P =@ (T =T} ) (3.6)
the average Nusselt number
Nu,, =h,D, |k, 3.7

thermal performance ratio
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f =(Nuy | Nuy ) (o 1 £) - (38)

As mentioned in the boundary conditions section be-
low and in order to mimic the real behavior of power
electronic devices, we consider that in the first moments
the air flows within the channel by free convection, the
operating electronic devices heat up by a constant heat
flux qu, and their temperatures increase rapidly, and as
soon as one of these temperatures reaches 60 °C (corre-
sponding to #= 1080 s), the process of forced convection
starts with the inlet velocity value V = Uix.

The channel walls are considered adiabatic, except
the base wall, which contains electronic devices. The
no-slip condition is applied to the air velocity at the
surfaces in contact with these walls. At the exit of the
channel, the pressure is equal to atmospheric pressure.
At the base of each MFHS, the heat flux is equal to the
flow dissipated by the electronic device qu.

The boundary conditions used in the numerical
simulation are described as follows:

(1) Inlet (x=0): u=uw,, T=T,,

(2) Bottom wall of heat sinks (y=0):q=g,,

(3) Outlet (x=L) :(anf / ax) = (aT; /6x) =0,
(Gulox)=(ov/dy)=(ow/oz)=0.

The initial conditions are:

v=w=0,

tzoauzorv:()?w :07T:7:1tm’p :patm'

t>1080s,u =u,,,v=0,w=0.
4. GRID INDEPENDENCE AND MESH
CONSISTENCY

In this study, Comsol software is used for the nu-
merical simulation of the transient thermal-hydraulic
behavior during thermal management of electronic
devices by using aluminum foam heat sinks. In order to
study the grid independence and mesh consistency,
four meshes with triangular non-uniform elements
were studied and tested: coarse (153958 elements),
normal (204231elements), fin (638743 elements), and
finer (1813971 elements). The use of the four meshes in
the numerical simulation gives results concerning the
temperature, the air velocity and the pressure with a
maximum difference of 1.19 %, which allows us to
choose the fine mesh in the calculation suite for a sav-
ing of memory space and time.
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Fig. 2 — Study of the grid independence and mesh consistency:
(a) temperature, (b) velocity and (c) pressure

5. VALIDATION OF NUMERICAL RESULTS

Fig. 5 shows plots of validation of the average tem-
peratures of the electronic device (red color), the base
heat sink (black color), and the metal foam fin (green
color) versus the experimental ones presented by Al-
Athel et al. [18, 19]. As can be seen in the figure of
validation, the numerical results are in perfect agree-
ment with the experimental data with a maximum
relative error of 3 %.
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Fig. 3 — Validation of numerical simulation results by experi-
mental data [31] for aluminum foam heat sink

5.1 Comparison of Thermal Performances

The cooling performance of the air-cooled MFHS is
compared with that of conventional aluminum heat
sinks and with a free channel without heat sinks under
the same conditions of heat flux qw=5W, inlet air
velocity Uin = 3.6 m/s, and time ¢ = 2700 s, as shown in
Fig. 4. As can be seen in the figure, the temperatures of
the electronic devices in the free channel without heat
sinks are very high in the order of 370 K, while for the
case of conventional aluminum heat sinks, the maxi-
mum temperatures are in the order of 350 K, and for
the case of aluminum foam heat sinks, the maximum
temperatures are in the order of 340 K. This shows the
cooling performance of aluminum foam heatsinks for
the thermal management of electronic devices.

5.2 Transient Thermal Behavior

Fig. 5 shows the evolution of the cooling process of
electronic devices by MFHS. The cooling process of air
within the channel goes through two phases; in the
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Fig. 4 — Comparison of the thermal performance of: (a) clear
channel with electronic devices, (b) electronic devices with
conventional heat sinks, and (c) electronic devices with MFHS

first, the convection is free, the electronic components
heat up rapidly from the temperature of the ambient
air to the temperature close to 330 K corresponding to
the time ¢ = 1080 s. From this time, the cooling process
passes to the second phase, where the convection is
forced, the air flows with an inlet velocity Uo = 3.6 m/s,
and the fall of the temperatures of the electronic devic-
es is fast, and it can reach 303 K, which shows the good
performance of aluminum foam heat sinks.

Fig. 6 shows the evolution of the average tempera-
tures of five different points located at the level of each
MFHS and at the level of the corresponding electronic
device. These points are chosen as follows: one point at
the base of the heat sink, one point at the first fin, one
point at the second fin, one point at the third fin, and
one point at the electronic device.
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Fig. 5 — Transient thermal behavior of MFHS for Ui, = 3.6 m/s
and qu=5W
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Fig. 6 — Transient temperatures of the MFHS and electronic
devices: (a) heat sink 1, (b) heat sink 2 and (c) heat sink 3

As can be seen in Fig. 6, the evolution of the cooling
process goes through two stages, in the first, corre-
sponding to heating in free convection, the increase in
temperatures is fast linear, while in the second phase,
corresponding to the forced convection, a linear fall of
temperatures is caused by air cooling. It is clear that
the temperature levels increase progressively from the
first to the last MFHS due to the cooling effect.

5.3 Thermal-Hydraulic Parameters
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Fig. 7- Thermal-hydraulic parameters for q.. =5 W: (a) Nusselt
number, (b) friction factor, (c) pressure drop, (d) thermal per-
formance ratio
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As can be seen in Fig. 7, the thermal-hydraulic pa-
rameters of the first MFHS are all high compared to
the second and third heat sinks, with the difference
that the second heat sink shows higher thermal per-
formance than the others due to these high thermal
parameters and its moderate pressure drop.

6. CONCLUSIONS

Transient numerical investigations of convective
laminar flow of air in a horizontal channel equipped
with multiple electronic devices cooled by MFHS were
performed. Comsol software is used to solve the govern-
ing equations. The principal conclusions of these nu-
merical investigations are cited as follows.

e The grid independence and mesh consistency stud-
ies showed that the use of four meshes in numerical
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YucespHi 10CaiKeHHS TEIJIOBOTO KEPYBAHHA KIJIbKOMA €JIEKTPOHHUMU MPUCTPOAMU

3 BUKOPUCTAHHAM paJiaTopiB i3 MeTasieBol miHu
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¥V nmocmimkeHH] 3amporoHoBaHo pamiaropu 3 MerasieBol muu (MFHS) nmisa TermoBoro kepyBaHHS eJIeKT-
pOHHMMEU TpHucTposaAMu. MeTaseBi mMHM — Iie MaTeplaan AJId IMOKpAaIleHHa eeKTUBHOCTI TeIIonepeaadl pa-
1aTOpPIB 3aBASKY IX YHIKAJIBHUM XapaKTepPUCTUKAM, TAKUM SIK BeJIMKe CITIBBIIHOIIEHHS ILJIOII] IIOBEPXHI J10
o0'emy Ta ix ckJiagHa ¢opMa, sTKa CIPHUSIE 3MINIYBAHHIO TA KOHBEKITi. [IpoBeqeHo YmcesbHI TOCITIIsKeHHS
TepexiHOI TEeIIOTIIPABIIIYHOI IOBEJIHKN Ta e(PEeKTUBHOCTI IIPOIECY OXOJIO/PKEHHSI eJIEKTPOHHUX IIPUCTPOIB
3a gorromoroio MFHS. ®isuwyna Moies1b CKIIAIAa€ThCSI 3 KOHBEKTUBHOIO JIAMIHAPHOTO IIOTOKY ITOBITPS BCepe-
JIWHI KaHAJLy, OCHAIIEHOTO K1JIbKOMA MIOTYKHUMU €JIEKTPOHHUMM IIPUCTPOSIMU, 110 oxoJopryoTsess MFHS.
MFHS crnanaerbest 3 TPHOX IIIACTHHYACTUX PAIIATOPIB, SIKI BUTOTOBJIEH] 3 AJIFOMIHIEBOI IIIHU 3 TOPUCTICTIO
0,95 1 mpouukHicTo 1,656X10-7 M2, OcHoBa pajiaTopa BUTOTOBJIEHA 3 TBEPAOTo asaoMiHio. JJ1s poss’asanus
0a30BUX PIBHSHBb BUKOPHUCTOBYEThCS mporpamue 3abesneuenuss Comsol. UucsenHi pe3ynbTaTu MOKa3yIOTh,
mo TemtoBa npoaykruHicts MFHS Ginbira, Hisk y 3BUYaMHOrO pagiaTopa 3a THX CAMHX YMOB €KCILIyaTa-
1ii, a TemI0Ba MOBeAiHKA eJIEKTPOHHMX IIPUCTPOIB, 110 oxonomxkyoTtbea MFHS, crabinsHo 36epiraeTbes mpu
JIOIlyCTUMMX TeMIleparypax. [lepeBipka UnceIbHUX pe3yJIbTATIB BKA3ye HA BUCOKY Y3TO/KEHICTH 3 eKCIle-
PUMEHTAJILHUMU JAHUMH 3 MAKCUMAJIBHOK BiTHOCHOI ITOXUOKOI0 3 %.

Kmouosi ciosa: PamiaTop 3 merasesoi miau, Enexrponui npucrpoi, Enexrponika oxosnomkernnsa, Yucesnb-
ue momesoBauHs, [Iporpamue 3abesmedernns Comsol.
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