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ARTICLE INFO ABSTRACT
Keywords: Finned metal foam heat sinks are well-known because of their excellent performance in cooling of powered
Finned aluminum foam heat sinks electronics. In this study, three-dimensional transient numerical simulations of finned aluminum foam heat sinks

Cooling electronics

Numerical simulation

Forchheimer-Brinkman extended Darcy model
Forced convection

in a forced convection of air were carried out using commercial COMSOL. The geometry under consideration
consists of an array of finned aluminum foam heat sinks mounted on heater blocks and placed on a plate in a
horizontal channel. Heat sink aluminum foam regions were considered as porous media with a local non-
equilibrium thermal model to evaluate thermal characteristics, while the Forchheimer-Brinkman extended
Darcy model is considered for the flow analysis. Our main concern in the present study is to evaluate the
transient thermal-hydraulic behavior and the cooling performance under constant flux heat sources while
varying the Reynolds number and variable morphological parameters of the aluminum foam, i.e., porosity (e)
varied from 0.85 to 0.95. The thermal performance ratio and the average Nusselt number of the finned aluminum
foam heat sinks are 23.14% and 30%, respectively, larger than the finned aluminum heat sinks. As the Reynolds
number increases, the thermal characteristics are enhanced, and the pressure drop is increased. An increase in
porosity causes a reduction in heat transfer rate and an elevation of pressure drop.

electronic technology [1-6]. Metallic foam has a light weight and a high
surface/volume ratio (1000-3000 mz/ms), which provides an excellent
opportunity to enhance heat exchange with a forced fluid during cool-
ing. It should also be noted that several recent solar collector applica-
tions use metallic foams at the exchange surfaces to enhance thermal
performance [7-11]. Currently metallic foams are used in composite
structures with phase change materials in the field of latent heat storage
to improve quality and performance [12], as well as used to enhance
heat exchange in different types of heat exchangers [13].

Experiments were performed by Dukhan et al [14] on the cooling

1. Introduction

Advanced technology is increasingly being used for compact elec-
tronic components and very high computing power, producing excessive
heat in circuits. In the near future, the specific heat flux generated by the
high-power electronic devices will exceed 1000 W/cm?, and to ensure
high efficiency and optimal lifetime of these devices, an efficient and fast
cooling process is required. Conventional heat sinks have reached their
limits in attempting to guarantee the cooling processes for this advanced
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Nomenclature

[ heat capacity of fluid (J kg! K1)

Dy hydraulic diameter (m)

f friction factor (-)

h convective heat coefficient (W m 2 K1)
k thermal conductivity of fluid (W m 'K
Nu Nusselt number (-)

o thermal performance ratio (-)

p pressure (Pa)

Ap pressure drop (Pa)

Re Reynolds number (-)

Qw thermal source heat flux (W)

T temperature (K)

t time (s)

\Y% air velocity (m/s)

Uin air velocity entering channel (m/s)

Greek symbols

o thermal diffusivity (m?s™)
p fluid density (kg m—>)

p fluid viscosity (kg m~! s™1)
Subscripts

f fluid

s solid

m average

w wall

in input

Abbreviations

FAFHS Finned aluminum foam heat sink
FAHS Finned aluminum heat sink
AF Aluminum foam

AFHS Aluminum foam heat sink

process with water as a coolant in two porous media: metal foam and
packed spheres. The authors proposed an equation to evaluate the
pressure drop in porous media. Suleiman et al. [15] numerically inves-
tigated the metallic foam with open cells; they determined the thermal
characteristics and compared them to those found analytically, which
showed good agreement. Experimental studies were conducted by
Dukhan et al [16] on a cylinder made of metal foam, cooled by water
and exposed to an imposed thermal flux. They discussed the different
flow regimes established inside the cylinder: Darcy, transitional, and

Aluminum fins

(a) Horizontal channel with FAFHSs.

Aluminum fin Metal

;
e

%
S5

0“\\0\

(b) FAFHS.

Fig. 1. Principal diagram of (a) horizontal channel with FAFHSs, and
(b) FAFHS.
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Forchheimer. They proposed an analytical solution for the thermal
analysis whose results coincide perfectly with their experimental results.
Combined experimental and numerical investigations were performed
by Bayomy et al. [17] to analyze the cooling process of a developed
processor using a water-cooled metal foam block. The authors have
shown that water as a cooler shows better thermal performance than air.
Paknezhada et al. [18] investigated the temperature distribution of a flat
plate exposed to an imposed heat flux with and without heat sink made
of metallic foam in a free-convection environment. They found that the
overall cooling efficiency using foam at a 90° inclination angle is
approximately 17%.

Mohammadian and Zhang [19] undertook numerical study to
investigate the thermal management of a lithium-ion battery using
porous matrices with air-cooled pin fins. They showed that a porous
aluminum matrix with aluminum fins subjected to air-cooled flow is an
excellent alternative for improving the cooling capacity inside the bat-
tery cell. Li et al. [20] analyzed two types of heat sinks: the first type
included metal foam only, and the second type incorporated pin fins
within the porous matrix. They showed that the second configuration
provides a high thermal performance, low thermal resistance, and a
suitable pressure drop.

A detailed review of the literature reveals that despite the numerous
theoretical and experimental studies conducted on metallic foams, very
few studies have analyzed the three-dimensional transient behavior of
multiple finned aluminum foam heat sinks (FAFHSs) in a channel.
Moreover, the impacts of the foam porosity on the thermal-hydraulic
behavior and cooling performance have rarely been reported. The pur-
pose of the present study is to evaluate the cooling performance and the
thermal-hydraulic behavior of an array of air-cooled finned aluminum
foam heat sinks mounted on thermal sources inside a horizontal channel.
To achieve this objective, transient three-dimensional numerical simu-
lations have been performed using the commercial software COMSOL.
The study focuses on the impacts of foam porosity parameter at varying
Reynolds number on the thermal-hydraulic characteristics of the heat
sinks. The novelty of this study lies in the numerical evaluation of the
transient thermal-hydraulic behavior and cooling performance of mul-
tiple air-cooled finned aluminum foam heat sinks used to cool power
electronic devices. Heat dissipation occurs under forced convection and
constant heat flow, while varying the inlet air velocity and the porosity
of the aluminum foam.

2. Problem description and assumptions

We consider a laminar flow of air inside a horizontal channel of
rectangular cross-section, in which three FAFHSs are placed on its
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(a) Channel with FAFHSs.

L.,

(b) FAFHS.

Fig. 2. Geometrical dimensions of (a) channel with FAFHSs, and (b) FAFHS.

bottom side (Fig. 1). Each FAFHS consists of a square base of aluminum
to which five rectangular aluminum foam fins (AFFs) and four
aluminum fins (AFs) are attached. The detailed geometrical dimensions
of the channel and FAFHSs are listed in Fig. 2 and Table 1. Air with
constant thermo-physical properties was utilized as a coolant fluid. As
cited below in the section on boundary conditions related to the physical
model, all sides of the channel except the base are considered adiabatic.
At the channel inlet, a constant velocity of air was considered, and at the
channel outlet, a zero pressure (p = 0 Pa) was specified. To simulate the
cooling conditions of an electronic device, a constant heat flux (qw = 4
W) was generated using a thermal source at the base of each FAFHS.
The assumptions of the physical model are as follows:

e Aluminum foam is an isotropic and uniform porous material.

e The air used as a coolant is considered as viscous, Newtonian, and
incompressible.

e The air flow is considered as laminar.

e In the energy equation, the viscous dissipation term is negligible.

e Thermal contact resistances are neglected.

3. Mathematical formulation and boundary and initial
conditions

The conservation equations related to the physical model describe
the thermal and fluid flow behavior in three distinct regions: (1) the pure
fluid region is modeled by the Navier-Stokes equations; (2) the metal
foam region, where the Forchheimer-Brinkman extended Darcy model
equations and the local thermal non-equilibrium model are used; (3) the
aluminum fins regions are modeled by the heat equation.

(1) Pure fluid region

428

The conservation equations in fluid region in the channel are given as
[21]:

- Continuity equation:

v(V) =0 ey
- Momentum conservation equations:
ﬁJr(VoV)V— LRV s @
ot Pr Pr
- Energy conservation equation:
JT,
=+ Ve VT; = V2T, &)

Table 1
Detailed geometrical dimensions.

Dimensions Values (mm)
Length of the channel L. 400
Width of the channel W, 100
Height of the channel H, 80
X-axis position of the first FAFHS L, 70
Y-axis position of the first FAFHS Wy 30
X-axis distance to the channel exit of the last FAFHS Ly 70
FAFHSs spacing Lips 70
Length of the FAFHS’s base Ly 40
Height of the FAFHS’s base Hys 4
Length of the AFF Ly¢ 6
Height of the AFF Hg 50
Length of the AF L¢ 6
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Table 2
Numerical results and comparison of the grid independence study.
Mesh No. of Maximum Minimum element Maximum growth Curvature P Ap \4 AV T AT
type elements element size rate resolution (Pa) (%) (m/s) (%) (K) (%)
size
Finer 1,914,469 0.825 0.06 1.4 0.4 101327.7471 - 0.7381 - 298.8199 -
Fine 688,071 1.2 0.15 1.45 0.5 101327.7494 2e- 0.7400 0.25 299.1278 0.1
6
Normal 263,958 1.5 0.27 1.5 0.6 101327.6681 7e- 0.7182 0.25 299.1277 0.1
5
Table 3 heat transfer coefficient between the solid and fluid phases is given by
Properties of aluminum-alloy T-6201 foam with various porosities [30]. the following correlation [22]:
€ d¢ (mm) dp, (mm) K (m?) Cr o (m™Y) ke
_ 05p,.037) [ X
0.85 0.4 2.62 6.20x10°° 0058 1536 by = (O'SzRedf Pr ) (df> ®
0.90 0.4 3.02 1.05 x 1077 0.078 1089
-7
0.925 0.4 3.22 1.37 x 1077 0.089 886 where the Reynolds number referenced to the fiber diameter can be
0.95 0.4 3.32 1.65 x 10 0.099 701
expressed as follows:
. . . _ prdf
(2) Aluminum foam region (porous media). Rey, = M (C)]
f
- Mass conservation equation:
. (3) Aluminum fin region
v(V) =0 ) o
(pcp)sj =V e (kVTy) (10)
- Momentum conservation equations: The hydraulic diameter is defined as:
-
10V 1/— — 1 Rer— —  €Cr |=|— 4(HC OWC)
S (Vev)V=— v +—v2V——V——MV 5) D=tV an
e ot ¢ p; PTe K K 2 "7 2(H+ W)

- Energy conservation equation (fluid phase):

aT
e(pcp)fa—tf +(pcy),V o VT; = eV o ((ki + k) VT, ) +hyat (T, —T;)  (6)

- Energy conservation equation (solid phase):

aTs
(1-¢) (Pcp)aw = (1-¢)V o (k;VT,) + hyotg (T; — Ts) @

Table 3 provides the value of a, which represents the density of the
contact surface between the two solid and fluid phases; hy which the

where H, and W, are the height and the width of the channel, respec-
tively; Uy, is the air velocity at the inlet of the channel; p is the atmo-
spheric pressure; 0 is the dimensionless temperature; and qyy is the flux-
heat source. The permeability K and the coefficient of inertia Cg are
given by Table 3 [23] cited below.
The dimensionless temperature is defined as [24]:
T—Tun

9= — am 12)
q, Hs / K efr

where Hg is the height of the AFF; k. is the effective thermal con-
ductivity of the aluminum foam cited in the reference [24]; and T,y is

5
X0 0.775
| | == Pressure ’
1.01328f| == Pressure lo.77
e

1.01328}| =8= Velocity {0.765

= e o = 10.76

1.01328}+ / lg.7ss
T 1.01328} 1022 Q
o 10.745 £
> £
5 1.01327+ {0.74 2
19 Q
b 10.735 8

v 1.01327}

. o713 =

1.01327} 10.725

{0.72

1.01327} 10.715

{0.71

1.01327}

{0.705
1.01327 ! ! ! ‘ 0.7 g
0.4 0.8 1.6 2 x10

Number of elements

Fig. 3. Grid independence test.
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0.09F | % X =0.375 Experiment .
0.08F H
0.07F 1
0.06
0.05f 1
0.04F
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0.02
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0 1 1 ]

[} 0.2 0.4 0.6
Y=y/H

(a)

T T T T T

8=((T-T0 )-kf/(q-H)

% Experiment finned metal foam [Feng 2014]

— Present finned metal foam
0O Experiment metal foam [Feng 2014]

— Present metal foam

Pressure drop (Pa)

1 1 I I

1.5 ) 2 25
Inlet velocity (m/s)

(b)

760
740
720
700
680
660
640
620+
600
580
560
540

m  Work of Bhattacharya, 2002
" Work of DeGroot, 2009

— Present work

heat transfer coefficient (W/m~2.K)

0.7 0.8

0.9
Velocity (m/s)
(c)

Fig. 4. Validation with experimental data cited in Refs. [23,24,28] and [29] for
AF and FAFHS: (a) temperature, (b) pressure drop; and (c) heat trans-
fer coefficient.

the ambient temperature.
The coefficient f is the friction factor expressed as follows [25]:

p/L)Hs

(Ap/L)Hg
f= (13)
Lo (pUi)
The corresponding Reynolds number is [25]:
Re = PriDn a4
He
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The average Nusselt number is given as [25]:

hy,Hg

_ Gy Hg
Ky

(Tw,m - Tf,m)

Nu, = (15)

The thermal performance ratio (P;) defines the increase in the
average Nusselt number and the resulting flow resistance between the
finned aluminum foam heat sink (FAFHS) and the finned aluminum heat
sink (FAHS), as shown below [25]:

Nup, par / Nuy, pa

i (frar/fra)'’ (e

As described in the boundary conditions section cited below, all walls
of the channel except the bottom wall are considered as adiabatic. The
internal walls and FAFHSs bases are described using no-slip boundary
conditions, and a constant heat flux is generated by the thermal sources.
The initial and boundary conditions that are utilized in this study are as
follows:

(1) At the channel inlet (x = 0,0 <y < W¢, and 0 < z < Hg).

u="U, v=w=0T = Ty
where T, is the ambient temperature; pg is the atmospheric pressure.
(2) At the bottom side of the channel (z=0,0 <x<L¢, 0 <y < W),

no-slip conditions are employed.

u=v=w=20

Without heater:
dT; JT,
= _ S =0
0z "oz

With heater:

_ oT JT,
G = 0z * 0z

(3) At the top of the channel (z = H¢, 0 < x < L¢, 0 <y < W), no-slip
and insulated wall conditions are employed.

u=v=w=20

oM T
oz oz

(4) Along the two sidewalls (y =0andy =W, 0 <x <L, 0<z <
Hc), no-slip and insulated wall conditions are employed.

=0

u=v=w=0

o,
dy

— aTS —
dy

(5) At the channel exit (x = Lg, 0 <y < W¢, 0 < z < Hg), the fully
development conditions are verified.

ou_ov_ow_
ox o0x 0x
oT;

ox =0p=0

(6) Aluminum fins and aluminum foam fins interfaces:

JT; JT¢
— ke K—t
-G

u=v=w=20

0T,
on AF’ [T], = [T"]AF

— kg = [Ty]ap:

(7) Initial conditions:

t:O,u:U;mV:WZO,T:Tam,p:po
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Fig. 5. Comparison of temperature distributions for (a) a clear channel and a channel with (b) FAHS and (c) FAFHSs; q,, = 4 W and inlet air velocity Uy, = 0.21 m/s.

4. CFD details and validation between the meshes were approximately 7e >%, 0.25%, and 0.1%,
respectively. A comparison of the simulation results using the three
The governing equations of the above physical model are solved by meshes shows that the fine mesh can be considered adequate for pre-
COMSOL Multiphysics using the numerical finite element approach, and dicting the numerical results for the channel and FAFHSs.
the computational domain consisted of meshes with triangular non- Fig. 3 shows the variation of pressure and velocity versus the number
uniform distributed grid size meshes [26]. The Table 2 presented the of grid elements. The variation in pressure and velocity corresponding to
grid independence study which compared three different mesh types a change in the number of grid elements is about 0.25% at most. In view
with different sizes (normal, fine, and finer), with a total number of of the computational time of the CFD analysis, the fine mesh type with
elements of approximately 263958, 688071, and 1914469, respectively. 688,071 grid elements was used for the remainder computations for
The maximum variations in pressure, air velocity, and temperature convenience.

431
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-#Clear channel
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e
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(a)

2000

=¥Finned aluminum foam (FAF) heat sink |
==Finned aluminum (FA) heat sink

45
40
35;
30-
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Friction factor, f

500 1000 1500
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2000

(b)

1.7:|===Finned aluminum foam (FAF) heat sink
1.6//=*Finned aluminum (FA) heat sink
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1.4
13
1.2
11
l,
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0.8

0.7
0

Thermal performance ratio, Pf

1000 1500
Reynolds number, Re

500 2000

(c)

Fig. 6. Comparison of the (a) Nusselt number, (b) friction factor, and (c)
thermal performance ratio versus Reynolds number for the first FAHS
and FAFHS.

Lee and Vafai [27], Dukhan [24] and others have confirmed that
solid and fluid phases of an air-cooled aluminum foam have approxi-
mately the same temperature. Therefore, in the present numerical
simulation results, only the local equilibrium temperature is presented
for the indicated temperature within the metal foam.

Fig. 4.a shows plots of validation of the CFD simulation results versus
the experimental data within the 20 PPI aluminum foam, with € = 68.6%
and Uj, = 2.71 m/s. The experimental data presented in the study of
Dukhan et al. [24] are derived from thermal measurements of aluminum
foams subjected to a constant heat flux. The non-dimensional temper-
ature curves of the present CFD simulation and the experimental ones
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are presented versus the non-dimensional height distance, which cor-
responds to various positions of non-dimensional axial distance. The
relationship of the temperature inside the aluminum foam to the dis-
tance follows an exponential curve, in which the temperature increases
as the distance to the heated wall decreases.

Fig. 4.b shows comparisons of pressure drop versus inlet velocity
with experimental results for FAHS and FAFHS. This comparison is made
between the present CFD simulation results and the experimental data
presented in a study by Feng et al [23]. The results predicted by the
present simulation study are in good agreement with the published
experimental results cited above, with a maximum deviation of 7.14%
for the pressure drop. The discrepancies are mostly due to the experi-
mental uncertainties and the values of the thermo-physical properties of
the air used in the physical model and those used but not presented in
reference [23].

Fig. 4.c shows a comparison between the numerical simulation re-
sults of the present study and those of the works of Bhattachariya [28]
and DeGroot [29] with respect to the variation of the heat transfer co-
efficient with velocity. The results of this study are in perfect agreement
with those of the above works, with a relative error of only 1.96%.

5. Results and discussion
5.1. Thermal-hydraulic performance comparisons

The transient three-dimensional temperature distributions for the
finned aluminum foam heat sinks (FAFHSs), finned aluminum heat sinks
(FAHSs), and clear channel are shown in Fig. 5. To better understand the
temperature evolution during the cooling process inside the channel,
three times were selected to present the simulation results: (t = 300 s)
for the beginning of the cooling process, (t = 900 s) corresponding to the
full evolution of the heating process by the thermal sources, and (t =
1800 s) for the establishment of forced convection cooling mode. As can
be seen in Fig. 5.a, and for all the times cited above, inside the clear
channel, the heat sources temperatures are relatively high, with
maximum values equal to T = 366 K, T = 453 K and T = 506 K,
respectively, corresponding to the specified times cited above, while the
air temperature is relatively low, except for the regions behind the heat
sources in the flow direction.

Fig. 5.b presents the simulation results of the temperature evolution
inside the channel with multiple FAHSs. It is clearly seen that, in com-
parison with the case of the clear channel, the use of FAHSs significantly
reduces the temperature distribution of the heat sources for the times
mentioned above, with values of T = 310K, T =332 Kand T = 344 K,
respectively, but the temperature distribution of the aluminum fins and
the heat sources remains high, and the air temperature is relatively low.

As shown in Fig. 5.c, and compared with the two previous cases of
the clear channel and FAHSs, the use of the FAFHSs enables the reduc-
tion of the temperature distribution of the thermal sources and fins with
T=308K, T=324Kand T = 329 K, respectively, at the specified times
cited above, while the internal air temperature is higher. This clearly
indicates that the thermal characteristics and fluid flow performance of
the FAFHSs are significantly improved, which favors their use in high-
power electronics thermal management applications.

Fig. 6.a shows the variation of the corresponding average Nusselt
numbers (Nuy,) with the Reynolds number (Re) for the clear channel, the
FAHSs and FAFHSs. As expected, Nuy, increases with an increase in Re,
and the variation becomes significant at higher Reynolds numbers for
the last two cases cited above. At Re = 2000, Nu, of the first FAFHS in
the channel was 30% larger than that of the first FAHS. The FAFHS has a
better Nuy, compared with the clear channel and FAHSs cases because of
the enhanced effective thermal conductivity, which is related to the
addition of aluminum fins to the fins of aluminum foam. Consequently,
more heat flux is transferred by conduction from the thermal sources via
the aluminum fins and then dissipated by forced convection to the
cooling fluid.
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Fig. 7. Transient thermal behavior of FAFHSs at U;, = 0.21 m/s.

Fig. 6.b shows the variation of the friction factor as a function of
Reynolds number for the first FAFHS and FAHS heat sinks. The friction
factors of both configurations decrease with increasing Reynolds num-
ber; however, the friction factor of FAFHS is larger than that of FAHS.
Aluminum foam, with its porous structure, offers more contact area with
air, which increases resistance to air flow and causes a significant
pressure drop.

The thermal performance ratio (Ps) of the FAFHS was calculated by
considering the thermal enhancement and pressure drop, as given by
Equation (16), Fig. 6.c shows a comparison of the thermal performance
of the first FAHS and FAFHS versus Re. As can be seen in the figure, P¢ for
the two types of heat sinks increases as Re increases. At Re = 2000, the P
of the FAFHS is 23.14% larger than the FAHS. Consequently, the FAFHS
is the most appropriate electronic cooling management configuration.

5.2. Thermal-hydraulic behavior

In the present transient CFD simulation, each FAFHS in the hori-
zontal channel is heated from below using a constant flux heat source,
qw = 4 W. To mimic the temperature rise in electronic equipment and to
understand the FAF heat sink cooling process in a forced convection
environment, the FAFHS were heated from room temperature (near
24.5 °C), where the air velocity at the inlet of the channel has a constant
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value. Our main concern in this study is to determine the cooling per-
formance under a constant flux heat source, while varying the inlet air
velocity, and with variable morphological properties of the aluminum
foam: porosity (e) varying from 0.85 to 0.95.

Under the fixed parameters of thermal source heat flux qy = 4 W,
inlet air velocity Uj, = 0.21 m/s, porosity ¢ = 0.95, and density of
porosity PPI = 30, Fig. 7 shows the temperature distribution within the
channel for various times, i.e., t = 60, 300, 900, 1800, 2700, and 3600 s.
initially, and at the time t = 60 s, the temperatures of the thermal
sources are close to the ambient temperature Ty, Subsequently, at t =
300 s, the FAFHS are fully heated, and the temperature increases further
to reach T = 302 K for the first FAHS, and T = 306 K for the second and
third FAFHS. At t = 900 s, the FAHS heat up further to reach T = 305 K,
T = 315 K, and T = 320 K for the first, second and third FAFHS,
respectively. From the moment t = 1800 s, the temperatures of the
FAFHS are almost constant, and the progress of the forced cooling
process proceeds until time t = 3600 s, demonstrating that the first heat
sink is cooled at an average temperature close to T = 308 K, the second
at T = 320 K, and the third at T = 330 K.

The heat generated by the thermal sources to the FAFHSs was used to
imitate the temperature increase in electronic devices. Fig. 8 shows the
average temperature evolution of FAFHS’s base, aluminum fin, and
aluminum foam fin for each FAFHS in the channel versus time. Under
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Fig. 8. Transient temperatures of the FAFHSs and thermal sources.

the following fixed parameters, i.e., thermal source power q,, = 4 W,
inlet air velocity Uj, = 0.21 m/s, porosity € = 0.95, and density of
porosity PPI = 30, the heating process is performed by conjugate heat
transfer, by heat conduction from the aluminum fins, and by conduction
and convection heat from the fins made of aluminum foam. As can be
seen in the Fig. 8.a, for the first FAFHS, the temperatures of FAFHS’s
base, aluminum fin, and aluminum foam fin increase with time until the
thermal study state is reached, when these temperatures reach 308.2 K,
308 K, and 307.8 K, respectively. Fig. 8.b and 8.c show the same
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behavior for the second and third FAFHSs, showing higher temperatures
than the first FAFHS.

The 3D transient velocity profile of the cooling fluid inside the
channel is shown in Fig. 9.a. To cover the entire cooling time of the
thermal sources in forced convection, we chose three different times to
represent the evolution of fluid velocity and pressure within the channel:
t=60s,t=1800s, and t = 3600 s. As shown in the Fig. 9.a, the air flows
through the aluminum foam fins (porous medium) of the FAFHSs with a
low velocity V = 0.05 m/s, this is due to the velocity at the pore given by
Vp = Uin/d;, [22], where dj, is the pore diameter of the aluminum foam.
However, to maintain the continuity of the air flow within the channel,
the velocity in front and at the lateral sides of the FAFHSs takes rela-
tively high value V = 0.5 m/s. As can be seen, and as a result of the low
inlet velocity of the air Uj, = 0.21 m/s, the transient velocity profile for
the three times mentioned above is almost similar.

Fig. 9.b shows the pressure evolution of the cooling fluid within the
channel as a function of time, which is represented by three values: t =
60s,t=1800 s, and t = 3600 s. As mentioned above for the case of the
evolution of the air velocity within the channel as function of time, and
as a result of the low inlet velocity of air, the evolution of the pressure
within the channel is almost identical for the times mentioned above.
The air pressure takes relatively high values at the first FAFHS, relatively
medium at the second, and low at the third.

5.3. Porosity effect

In this section, the effect of aluminum foam porosity on the ther-
mal-hydraulic characteristics and performance of the first air-cooled
FAFHS is presented. Table 3 presents the properties of the aluminum
alloy T-6201 with various porosities.

The Nup, of the first FAFHS in the channel with various porosities
increases with Re. As can be seen in Fig. 10.a, Nuy, decreases as the metal
foam porosity increases. Under the conditions of heat input of qy = 4 W
and PPI metal foam of 30, the 85% porosity shows a relatively higher
Nuy, compared with the other aluminum foams because of the greater
number of fiber ligaments and the greater surface area for heat transfer.
If the porosity of the aluminum foam increases, this leads to an increase
in pore size, which reduces the total surface area available for heat ex-
change with the fluid. Thus, thermal convection decreases and the
Nusselt number also decreases. In addition, increased porosity can lead
to increased pressure drop, which reduces the thermal efficiency of the
metal foam heat sink. Consequently, low porosity is preferred to maxi-
mize the thermal performance of the metal foam heat sink.

Fig. 10.b shows the variation of the average pressure drop inside the
first FAFHS in the channel with Re for various aluminum foam poros-
ities. As the porosity increases, the average pressure drop increases. At
Re = 2000, and for the porosities ¢ = 0.95, 0.925, 0.9 and 0.85 cited in
the Table 3, the average pressure drop takes the following values 3.15,
2.9, 2.6 and 2.5 Pa/m, respectively, which shows the growth of the
average pressure drop with increasing porosity. The pressure drop in
aluminum foam is primarily due to viscous friction between the fluid
and the foam walls. An increase in porosity means that there are more
voids and less solid material to guide the fluid flow, which increases the
viscous friction. In other words, although the increase in porosity may
increase the heat transfer surface area, it is more than offset by the in-
crease in viscous friction, resulting in an increase in pressure drop in the
metal foam. Thus, the decrease in flow resistance is offset by the increase
in viscous friction.

Fig. 10.c shows the variation of the thermal performance ratio P¢ for
the first FAFHS in the channel with Re with various porosities. The
thermal-performance ratio decreases as the porosity of the aluminum
foam increases. It can be easily seen in this figure that with a porosity of
85%, FAFHS has the best thermal performance ratio compared to other
porosity values due to the larger heat exchange area.
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Fig. 9. Transient (a) air velocity and (b) pressure inside the channel.
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6. Conclusions

In this study, three-dimensional transient numerical simulations of
forced convective flow of air in a horizontal channel equipped with
FAFHSs were carried out using commercial COMSOL. An array of
FAFHSs was mounted on thermal sources and placed on the lower plate
inside a horizontal channel. The transient thermal-hydraulic behavior
and performance of the FAFHSs were studied and analyzed under con-
ditions of a constant flux heat source, while varying the inlet air velocity,
and aluminum foam porosity.

The simulation results were compared with the experimental results
and showed good agreement. The main conclusions of this study are as
follows:

Alexandria Engineering Journal 78 (2023) 426-437

Under the combined effects of the aluminum fins and aluminum
foam fins on the enhancement of the thermal characteristics and
performance, Nuy,, and Pf of the FAFHS are 30% and 23.14%
respectively larger than that of the AFHS at Re = 2000.

Average temperatures of FAFHS’s base, aluminum fin, and
aluminum foam fin of the FAFHS increase with time until the thermal
study state is reached, when the second and third FAF heat sinks,
showing higher temperatures than the first FAFHS.

As a result of a low inlet velocity of air, the transient velocity profile
for three different times mentioned above is almost similar. The air
flows through the aluminum foam fins (porous medium) of the
FAFHS with a low velocity, however in front and at the lateral sides
of the FAFHS the air velocity takes relatively high value.

e The evolution of the air pressure in the channel is almost identical for
all the times mentioned above. The pressure takes relatively high
values at the first FAFHS, relatively medium at the second, and low at
the third.

As the aluminum foam porosity increased from 0.85 to 0.95, the Nuy,
and P¢ decreased, while the pressure drop increased. Consequently,
to obtain better thermal-hydraulic characteristics and performance,
the internal morphological parameters of the AF should be
optimized.
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