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ARTICLE INFO ABSTRACT

Keywords: This investigation evaluates the hydrothermal efficiency of a micro-porous heat sink, utilizing water as a coolant
T}}ermﬂhydra‘ﬂic Pe.rformance and employing a single-phase model for analysis. The heat sink incorporates an aluminum metal foam as the
Micro-porous heat sink micro-porous medium, with a focus on determining the optimal porosity (¢) and pore density (PPI) by examining

Heat and Fluid Flow variations within the ranges of 0.50 < ¢ < 0.90 and 10 < PPI < 50. This examination aims to delineate the effects

of these variables on heat transfer and fluid flow characteristics. Assessment of thermal performance includes
metrics such as log mean temperature difference (LMTD), average Nusselt number (Nugy,), thermal resistance
(Ry), volumetric flow rate (Q), pumping power (PP), overall performance (OP), and performance evaluation
criteria (PEC). Additionally, fluid flow characteristics are analyzed through the examination of thermal contours
and flow streamlines. Findings indicate that reducing & from 0.90 to 0.50 and PPI from 50 to 10 yields superior
Nugy, and diminished Ry, compared to conventional water-cooled micro-porous heat sinks. Notably, the most
significant improvements in LMTD and Ry, 83.04% and 61.44%, respectively, are observed with € = 0.50 and PPI
= 30 at a pressure drop (Ap) of 570 Pa. Consequently, ¢ = 0.50 and PPI = 30 are identified as the optimal
parameters, achieving an enhancement of 396% compared to traditional non-porous heat sinks at the same
pressure drop. This study recommends these parameters for achieving optimal thermohydraulic cooling per-
formance in micro-porous, water-cooled heat sinks.

forced convection [4,5], liquid boiling heat transfer [6], impingement
cooling [7], spray cooling [8], two-phase cooling [9,10], Immersion

1. Introduction cooling [11], and microchannel and micro heat sink cooling [12]. The
limit to air cooling is around 100 W/cm? for high heat fluxes

The electronics industry faces increasing challenges due to over- impingement and spray cooling are not recommended due to the com-
heating caused by the compactness of modern integrated circuit systems. plex configuration needed for these methods and limited by the degree
This trend of miniaturization leads to higher heat generation in limited of compactness needed [13]. Liquid cooling when combined with
spaces, posing significant difficulties for thermal management [1]. Data microchannel, micro pin—fin, and micro-porous heatsinks could be uti-
centres, which are critical for global digital infrastructure, consume a lized for high heat fluxes and compact structures. In response, innova-
substantial amount of electricity, with a significant portion dedicated to tive cooling strategies have been explored, such as optimizing heat sink
cooling systems [2]. The reliability of integrated circuits is notably geometry and employing advanced coolants like metal-based nano-
affected by temperature, and overheating is a major cause of electronic fluids, supercritical CO,, hybrid nanofluids, and porous micro heat
component failure. Traditional cooling methods struggle to meet these sinks. These approaches aim to offer superior thermal conductivity and
demands. To date, many ways are being explored for heat dissipation convective heat transfer rates to meet the thermal requirements of high-

including but not limited to; natural and forced convection [3], liquid
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Nomenclature

Al Aluminum

PPI Pores per inch

pp Pumping power

PEC Performance evaluation criteria
op Overall performance

LMTD  Log mean temperature difference
Lys Length of heat sink

Wis Width of heat sink

Hpys Height of heat sink

Lng Length of metal-foam

Wif Width of metal-foam

dout Outlet diameter

din Inlet diameter

Q Heat transfer rate

q Heat flux

Q Volumetric flow rate

Nugyg Average Nusselt number
Ra Thermal resistance

tmf Thickness of metal-foam
Ap Pressure drop

® Pore density

€ Porosity

tech electronics [14].

In recent times, porous materials have also been employed due to
their larger contact surface area and enhanced thermal efficiency in
comparison to traditional fins [15,16]. Nevertheless, the pressure drops
experience a significant increase when a porous medium is placed across
the entire width of a channel with solid (non-porous) sidewalls. Essen-
tially, this configuration hinders the flow along the length of the chan-
nel. This characteristic is anticipated to reduce the pressure drop when
compared to a channel filled with a porous medium [17]. Consequently,
a porous microchannel heat sink could be a suitable option for dissi-
pating a substantial amount of heat in scenarios where high heat flux is
generated, such as rocket engines, avionics, and fusion reactor blankets.
Furthermore, the addition of nanoparticles to commonly used liquids (e.
g., water or glycerine) in a heat sink might enhance the thermophysical
properties and disrupt the formation of boundary layers [18].

Several research studies have demonstrated that the use of porous
media can enhance the heat transfer capacity of a coolant in contact with
a solid material [19,20]. As a result, scholars have explored the ad-
vantages of incorporating this method in Miniature Channel Heat Sinks
(MCHSs) to enhance their efficiency [32-40]. Huang and Vafai [21]
have examined the convective heat transfer of a porous block array
configuration on an external surface. They have analyzed the impact of
employing multiple porous block structures on fluid flow and heat
transfer properties, considering various physical and geometric param-
eters through a stream function-vorticity transformation. The study
delves into recirculation patterns, temperature field variations due to
the porous medium, and the optimal arrangement for the porous matrix.
Ould-Amera [22] investigated the use of a porous matrix between heat-
generating blocks in a parallel plate channel. Their findings suggest that
employing a porous medium significantly boosts the heat transfer rate.
Furthermore, Huang and Vafai [23] explored heat transfer enhancement
using alternative porous cavity-block wafers. They proposed an inno-
vative approach to manipulate fluid flow and heat transfer on a surface
by using porous cavity-block obstacles with different Reynolds, Darcy,
and Prandtl numbers, as well as geometric parameters. Calmidi and
Mahajan [24] conducted experimental and numerical investigations on
forced convection in highly porous aluminium metal foams to gather
Nusselt number data and determine empirical values for constants
related to thermal dispersion and interfacial heat transfer coefficients
across various porous samples. Yang and Hwang [25] implemented
porous baffles at the top and bottom of rectangular channels to assess
their influence on turbulent fluid flow and heat transfer properties. Their
computational analysis revealed significant differences in flow patterns
compared to solid baffles, indicating that porous baffles lead to lower
friction factors while offering comparable heat transfer enhancement,
especially for taller baffle heights.

Kau et al. [8] demonstrated the potential applications of open-cell
metal foam for electronic cooling purposes. Meanwhile, Hunt et al.
[26] conducted a study on the impact of intra-pore fluid mixing within

the foam through forced convective heat transfer. Xu [27] provided a
precise assessment of the thermal efficiency of porous media. When
dealing with small duct scales and significant disparities in thermal
conductivity between the solid and fluid, it is crucial to account for local
thermal non-equilibrium (LTNE). Consequently, the subsequent study
[28] investigated forced convection in a micro-channel partially filled
with a porous medium under LTNE conditions. It was observed that fluid
friction parameters decrease with higher Darcy and Knudsen numbers,
as well as reduced porous media thickness. Despite being small in size,
an open-cell metal foam heat sink is effective in dissipating heat from the
CPU [29]. Nevertheless, maximizing heat dissipation in the processing
unit can prove challenging due to various constraints like device size,
materials, and current procedures. Therefore, exploring the impact of
porosity in a micro-heat sink on enhancing thermal efficiency could be a
valuable area of research, given the current limited understanding of
this concept.

Extensive literature review highlights the importance of finding
advanced thermal management solutions for electronic cooling. This
involves exploring innovative materials and configurations like micro-
porous metal foams and optimized coolant flows. However, there is a
gap in understanding the relationship between the physical character-
istics of micro-porous structures and their thermohydraulic perfor-
mance. To address this gap, our study investigates the hydrothermal
behavior of a micro-porous heat sink, which integrates an aluminum
metal-foam with water as the coolant. Our aim is to identify the con-
figurations that yield superior thermal resistance and heat transfer ef-
ficiency by examining the effects of varying pressure drops, porosity (e),
and pore density (PPI) on heat transfer and fluid flow dynamics. We
apply varying pressure drops to discern the optimal ¢ and PPI values
within specified ranges, thereby illuminating the intricate dependencies
that govern the heat sink’s performance.

This research stands out due to its rigorous methodology and inno-
vative approach. This research innovatively combines a thorough ex-
amination of the effects of porosity (¢) and pore density (PPI) on the
thermohydraulic performance of aluminum metal-foam heat sinks,
using water as the coolant. By exploring a wide range of ¢ (0.50-0.90)
and PPI (10-50) values with advanced numerical simulations, this study
offers new insights into optimizing micro-porous heat sinks for superior
thermal resistance and heat transfer efficiency. This comprehensive
approach marks a significant advancement in electronic cooling solu-
tions for high-heat-flux devices. The range of € and PPI are chosen in
such a way that the pressure drops are not significant, as this flow
through individual pores is not modelled and not in the scope of this
study. Advanced numerical simulations and a solid-fluid conjugate
model guide this process. The research not only enhances our under-
standing of micro-porous heat sinks but also opens up new possibilities
for optimizing the design and operation of these systems. The novelty of
this work lies in its comprehensive examination of how & and PPI work
together to affect thermohydraulic efficiency. This represents a new
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frontier in the optimization of micro-porous heat sink performance. The
knowledge gained from this research has the potential to significantly
contribute to the development of cooling solutions that can address the
thermal management challenges posed by high-heat-flux electronic de-
vices. This research is a significant step forward in the ongoing inno-
vation of electronic cooling.

2. Numerical Formulation
2.1. Problem description

The physical representation of micro-porous heat sink computed in
current study is shown in Fig. 1. The overall dimensions of heat sink are
Lys = 21 mm, Wys = 18 mm and Hys = 4 mm with inlet and outlet
diameter of d;; = doye = 2 mm for circulating fluid inside the heat sink.
An aluminium made micro-porous metal-foam having thickness of t,,; =
2.5 mm and Iy X Wy = 10 x 10 mm? is embedded inside the heat sink,
called micro-porous heat sink, with varying the porosity (0.50 < ¢ <
0.90) and pore density (10 < PPI < 50). A constant heat flux (q) of 300
kW/m? was applied at heat sink base of 10 x 10 mm? and pressure drop
(Ap) was applied of 570 Pa < Ap < 2760 Pa across the heat sink. A
constant heat flux was supplied at the lower surface of the micro-porous
heat sink, ensuring a steady and continuous flow of thermal energy. The
constant flow of water is circulated inside the heat sink at ambient
temperature. The thermophysical properties of heat sink, micro-porous
metal-foam and coolant are provided in Table 1. In current study, an
open-cell micro-porous metal-foam is considered which is formed from
independent metal-foam ball, considered as the basic elemental unit of
micro-porous metal-foam. The microstructure of micro-porous metal-
foam adopted in current study is based on the physical model proposed
by Boomsma and Poulikakos [30]. The three-dimensional

Pressure inlet
Heat source

Pressure outlet

Fluid domain

Solid domain

Heat source
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Table 1

Thermophysical properties of materials [33,34].
Material p (kg/m®) k(W/mK) # (kg/m.s) ¢p (J/kg K)
HyO 997.1 0.613 0.00103 4179
Al 2719 202.37 - 871.0

microstructure and physical model generation of micro-porous metal-
foam is illustrated in Fig. 2 [31,32].

2.2. Mathematical model

In order to accurately analyse and comprehend the convective flow
and heat conduction processes that transpired within the micro-porous
heat sink, the solid-fluid conjugate model was employed. This sophis-
ticated model allowed for a comprehensive understanding of the intri-
cate interplay between the solid structure of the heat sink and the fluid
medium it interacts with. Moreover, the micro-porous medium of the
heat sink was meticulously represented and accounted for by utilizing
the Darcy-Forchheimer-Brinkman (DFB) momentum equation, which
effectively captures the complex fluid dynamics taking place within the
micro-porous heat sink [35,36].

The current problem considers the single-phase model in which fluid
is modelled as a continuous phase in a three-dimensional (3D) micro-
porous heat sink. There are some assumptions considered for numeri-
cal modelling:

(i) The flow is laminar, incompressible, single-phase, and steady
state. At the pore lever, due to the pore size, a turbulent flow can
be expected locally. Since individual pores are not modelled and
not in the scope of this study.

Adiabatic walls

Fig. 1. Schematic micro-porous heat sink with boundary conditions.
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truncated octahedron

central sphere subtracted

sphere — centered
tetrakaidecahedron

(b) Model generation procedure for micro-porous metal-foam.

Fig. 2. The microstructure and physical model generation procedure of micro-porous metal foam [28,29].

(ii) The thermophysical properties of the heat sink, porous media and
fluid (the temperature difference from inlet to outlet for the fluid
is less than 4 K) are assumed to be constant.

(iii) No-slip boundary conditions are considered for velocities. The
radiative heat transfer and viscous dissipation are neglected, the
Darcy-Forchheimer-Brinkman equation implicitly considers the
viscous loss in the momentum equation.

(iv) The local thermal equilibrium (LTE) model is assumed between
the micro-porous media, fluid, and heat sink domain in the en-
ergy equation.

(v) Interfacial losses between the fluid, micro-porous media, and
heat sink are negligible.

(vi) The initial temperature and pressure conditions for heat sink,
fluid and micro-porous media are the same.

(vii) The heat sink and micro-porous media are assumed to be
considered in solid-state with homogenous and isotropic prop-
erties. An open cell micro-porous media is considered.

Consequently, by considering the above assumptions, the funda-
mental governing equations of mass conservation, momentum conser-
vation, and energy conservation for the conjugate heat transfer problem
can be written as follows [37]:

Mass conservation:

VV=0 (@9)]
Momentum conservation:

Ps

Y vV = -p +’%fv2v s, @

Energy conservation:
For fluid and micro-porous domain:
(pCy)(V.VT) = key V2T (3)

The effective thermal conductivity (kes) in Eq. (3) is introduced in
LTE model which is calculated by volume averaging thermal conduc-
tivities of fluid (k;) and micro-porous media (k;) as follows:

kesr = (1 — )k + ks @

For solid domain:

kV2T =0 %)

In above Equations, 1-5, V denotes the velocity vector with u, v, and
w, as the velocity components in x, y, and z directions. The p, u;, py, Cys
and T are the pressure, dynamics viscosity, specific heat capacity and
temperature, respectively. The porosity ¢ is defined as the ratio between
the void volume and the total volume of the micro heat sink. The ¢ is zero
for non-porous walls and between 0 and 1 for porous wall. The source
term S, in Eq. (2) is zero for non-micro-porous heat sink and defined by
[38] for micro- porous wall.

Hy PsCr
Sy=—| L V+==|V|V ©
L
Darcy Forchheimer

Here, the K, and Cr are permeability and inertial coefficient,
respectively. In Eq. (6), the right-hand side consists of Darcy and For-
chheimer terms which refers to viscous loss and inertial loss terms,
respectively. The Darcy terms consider the general porous resistance
experienced by fluid while flowing through the porous media, whereas
the Forchheimer term considers the inertial resistance occurred by the
porous media as velocity or Reynolds number of fluid accelerates. The
Brinkman coefficient (advective term along the porosity of porous
media) takes into account the viscous resistance offered by the porous
zone to fluid flow. The LTE model is assumed for heat transfer in fluid
and solid porous substrate because of the fine pore size and higher
thermal conductivity of porous substrate [39-41].

2.3. Micro-porous characterization

The geometric characteristics of micro-porous metal-foam are
mainly dependent on the pore size and porosity of metal-foam which
further define the other parameters such as permeability (K}), inertial
coefficient (Cr), etc. For a laminar incompressible flow regime driven by
Ap, the K, is a key parameter which defines the ability of fluid flow
through porous media and depends on fluid velocity and pressure
gradient. The K, and Cr used in Eq. (6) are determined using the cor-
relation proposed by Calmidi and Mahajan [24] as follows:
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mzommma,ﬂoquQ # .
and
-1.163
Cr = 0.00212(1 — ¢) *** (%) N
P

The other parameters such porosity (¢), relative porosity (), cell or
ligament diameter (d;), pore size or pore diameter (d,) and pore density
(w) which is the number of pores per inch (PPI), are also defined to
describe the structure of metal-foam. These parameters are defined as
follows [35,42]:

Vi
&= 7T 9
&= (1-—¢) 10)
1-—¢ 1
0.0245
b = o pPI) 12)

2.4. Boundary conditions

According to the reported experimental investigation [43], the
pressure inlet and pressure out boundary conditions are applied at inlet
and outlet of the heat sink, respectively. All solid-fluid interfaces and
inner solid domains has been imposed as a no-slip boundary condition.
Meanwhile, all outer domain wall except the heat source area and top lid
of the heat sink are treated as adiabatic surfaces. The temperature of
incoming fluid and pressure at the outlet of the heat sink are considered
equivalent to the ambient conditions. Fig. 1 shows the schematic dia-
gram of the computational domain.

2.5. Numerical procedure, grid analysis and validation

The current problem of conjugate heat transfer has been replicated
through the utilization of the Finite Volume Method (FVM), a numerical
technique for solving fluid flow and heat transfer problems, which has
been implemented in a widely-used commercial software known as
Ansys-FLUENT. The process of coupling the pressure and velocity
components has been estimated and established through the employ-
ment of a coupled scheme, a method that ensures the accurate repre-
sentation of the interaction between pressure and velocity. To discretize
the pressure terms, a standard scheme has been utilized, which involves
the division of the domain into control volumes and the application of
suitable numerical approximations to the governing equations. On the
other hand, the interpolation of the remaining parameters, which refers
to the estimation of properties at intermediate locations within the
computational domain, has been conducted through the implementation
of the second-order upwind scheme, a numerical technique that pro-
vides improved accuracy and stability by considering the direction of
flow and the associated numerical diffusion. The convergence criteria
for all parameters (continuity, momentum, energy) have been limited to
10°%. The grid topology study of used micro-porous heat sink is con-
ducted extracting the results similar to Ikhlaq et al. [44] and variations
are listed in Table 2 and presented in Fig. 3. The minimum percentage
difference of 0.06% and 1.73% is obtain in Theqer and Ry, between M4
and M5 grid size, respectively. Therefore, M4 mesh is selected for further
simulations to reduce the convergence cost and to ensure the solution
accuracy. Later, results were validated against the single-phase bench-
mark numerical [45] and experimental data [43], as shown in Fig. 4.
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Table 2
Mesh independence study of water-cooled micro-porous heat sink.
Mesh Neell Theater (K) Diff. (%) Rn (K/W) Diff. (%)
M1 909,385.00 310.650 0.45 0.422 11.64
M2 1,150,127.0 309.258 0.35 0.375 10.07
M3 1,561,923.0 308.179 0.09 0.339 2.68
M4 2,040,605.0 307.910 0.06 0.330 1.73
M5 2,382,293.0 307.740 - 0.325 —
321 ~ T T T T T 0.5
319 5
] - 0.4
317 r
315 9 Lo3 ~
) ] -2
< 313 [ 2
= ] - =
311 02 o
309 - L
1 0.1
307 4 I
305 - . . . . . 0.0
M1 M2 M3 M4 MS

Mesh Sizes

Fig. 3. Mesh independence results for different mesh sizes.

2.6. Performance evaluation parameters

The thermal hydraulic performance of micro-porous heat sink is
determined by various parameters.
The thermal resistance (Ry,) is calculated using Eq. (13) as follows
[35,371:
Ry =T 13)
Q

The average Nusselt number (Nug,) is obtained using average convec-
tive heat transfer coefficient (ha,) and hydraulic diameter (dy) of fluid
flow as follows, Eq. (14) [46,47]:

hayed,
Nuavg = kih

14

where, d; and k¢ are the hydraulic diameter and thermal conductivity of
fluid, respectively. The hgy, is calculated using Eq. (15) as follows [36]:
q

havg = T, — Tf

(15)

where, q is the constant heat flux provided at the heat sink base. The Ty is
the film temperature which is determined by averaging the inlet tem-
perature (Tj) and outlet temperature (T,y) of fluid using Eq. (16), as
follows [48]:

_ (Tin + Taut)

Ty 3

16)
The log mean temperature difference (LMTD), which considers the
average temperature difference between the surface temperature of heat
sink base and mean temperature of coolant at inlet, is calculated in Eq.
(17), as follows [47]:
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Fig. 4. Validation with experimental (Chiu et al. [43]) and numerical (Ambreen et al. [45]) studies for different Ap across the heat sink, (a) Ry, and (b) Q.
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The volumetric flow rate (Q) is calculated using Eq. (18) as follows [49]:

v

Aoy (18)

Q=

Where, v and Ay, are the average fluid velocity and average cross-
sectional area of at the inlet of heat sink, respectively.

The pumping power (PP), which is required to pump the fluid across
the heat sink, is computed using Q and Ap in Eq. (19), as follows [36]:

PP=Qx Ap 19
The overall performance (OP) is evaluated by taking the ratio of heat
transfer (Q) and PP in Eq. (20), as follows [50]:
Q

OP = PP (20)

The performance evaluation criteria (PEC) is calculated using Eq. (21),
as follows [36]:

where, the subscripts mf and wmf refer to the metal-foam and without
metal-foam, respectively.

3. Results and discussion

3.1. Effect of varying porosity

The results of Ry, Nugyg, LMTD, Q, PP, OP and PEC as function of Ap
by varying two major geometric parameters of micro-porous media
embedded in heat sink, € and PPI, are shown in Fig. 5 and Fig. 6,
respectively. Fig. 5A, illustrates the reduction in Ry, with the decrease in
¢ from 0.90 to 0.50. A uniform reduction in Ry, is observed by apply
different Ap which shows the uniform heat distribution within the heat
sink by using the micro-porous media of higher thermal conductivity
compared to the without micro-porous media in case of ¢ = 0.0. A higher
Ry, is obtained without micro-porous media of around 0.80 K/W at Ap =
570 Pa. The lowest Ry, is obtained of between 0.226 to 0.163 K/W in
case of ¢ = 0.5 by applying Ap from 570 Pa to 2760 Pa. It can be seen
clearly that the variation in Ry, results is not very significantly changing
by using € of 0.5, 0.6 and 0.7 especially operating at higher Ap condi-
tions. However, this difference is uniformly and consistent, in case of



A. Arshad et al.

0‘35 PRSI TR T ST T S S TR TR S S NS S T TN N U T N N T T T

I RON) —a— PPI=10

] —A— PPI=20
0.30 —r—PPI=30} [

] —>— PPI=40

—+— PPI=50

0.25

R, (K/W)

0.20 - -
0.15 - -
0.10 T[T
0 500 1000 1500 2000 2500 3000
Ap (Pa)
100 1 L 1 1 1
] ® :
9 (B) 3
80 3 —a—PPI=10f F
] —A—PP1=20f
70 3 —r—PPI=30f F
] —>—ppPI=40f
< 60 4 —&—rPI=50f F
= ] —— [
B W 3
40 3 =
10 ] 1 1 1 1 1 :
0 500 1000 1500 2000 2500 3000
Ap (Pa)

Thermal Science and Engineering Progress 57 (2025) 103129

42 PRI T S T SO ST S N T ST S T N N SN SN T NS SN T T N T S T
I ©
4.0 - '-
3.8 .
a 4 I
H
=
= 36 -
1 —®—PrI=10
] —o—PPI=20
3.4 4 l—A—PPI=30 5
1 |—=r—rpri=40
{ —»—PPI=50
3.2 +——r——r———rr——r———————————
0 500 1000 1500 2000 2500 3000
Ap (Pa)
4.5 PRI T S S T T T ST T T T N T T S T NN TS S N T T N1
p —»— PPI=10 D) I
07 —a—ppP=20 -
—y— PPI=30 i
359 | ——pPI=40 -
——PPI=50 i
3.0 4 —— -
~
= 5
E 25 -
o ;
2.0 4 -
1.5 4 -
1.0 - -
°.5 +———r+—+—1r———1r—r——r
0 500 1000 1500 2000 2500 3000
Ap (Pa)

Fig. 6. Variation of (a) R, (b) Nuayg, (C) LMTD, (D) Q, (E) PP, (F) OP and (G) PEC as a function of Ap for different PPIL

Nug,, results, as shown in Fig. 5B, in case of all selected € range and at
each Ap. The highest value of Nug,, was obtained of 77.97 and 87.87 at
Ap of 570 Pa and 2760 Pa, respectively, by using a micro-porous media
with e = 0.50 and PPI = 10. The results of N, show that the increase in
Nugy, with the decrease of € range is because of higher surface area of
micro-porous media, hence the higher convective heat transfer rate. The
lowest Ny, of 21.67 and 27.18 with € of 0.90 at Ap of 570 Pa and 2760
Pa, respectively.

Fig. 5C illustrates the variation of LMTD as a function of Ap for
variable e. LMTD is also an important parameter to evaluate the thermal
performance of heat sink which consider the average temperature dif-
ference between the surface temperature of heat sink base and mean
temperature of coolant at inlet. LMTD and Nugy, have the opposite trend
to characterize the heat sink performance with increasing Ap unlike the
Ry The decreasing trend in LMTD shows the more heat dissipation ca-
pacity of water-cooled micro-porous heat sink and lower values of LMTD
are obtained upon decreasing of € of micro-porous medium. The lowest
decrease of 81.3% and 76.2% are obtained at Ap of 570 Pa and 2760 Pa,
respectively, in case of ¢ = 0.50 compared to the ¢ = 0.0. The comparison
of LMTD of varying ¢ from 0.90 to 0.50 shows that lowest LMTD is
achieved in case of ¢ = 0.50 followed by the 0.60, 0.70, 0.80 and 0.90

because of the more presence of micro-porous skeleton such as
aluminium in present case, which resulted in higher surface area for heat
augmentation. The lower values of LMTD shows the higher efficiency of
micro-porous skeleton and heat dissipation capacity of fluid. In addition,
increasing Ap from 570 Pa and 2760 Pa, decreases the LMTD values of
water-cooled micro-porous heat sink and augments the flow rate driven
by the higher pressure gradient [51].

Fig. 5D presents variation of Q of coolant flowing through the micro-
porous heat sink with the change of Ap and increasing flow rate of fluid
is obtained with the increase of Ap for all porosities of micro-porous
media. The increasing pressure gradient resulted in higher inlet veloc-
ity of fluid however, there is no significant variation in Q is observed
with the change of € from 0.50 to 0.90 which is because of constant pore
density of PPI = 10, selected in present study. The results of PP as a
function of Ap for all cases of € are shown in Fig. 5E. PP is an important
parameter to investigate the thermal hydraulic performance of micro-
porous heat sink which is the power being required to pump or circu-
late the coolant inside the heat sink. PP depends on the Q of coolant and
Ap across the heat sink. It is observed that PP augmented with the in-
crease of Ap however, the variation is not very significant because of the
constant pore size for each € from 0.50 to 0.90. In case of € = 0.0, a slight
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increase of 3.22% and 1.95 in PP is observed at Ap of 570 Pa and 2760
Pa, respectively compared to the ¢ = 0.50.

The results of overall performance (OP = Q/PP) of micro-porous
heat sink is presented in Fig. 5F as a function of Ap for all cases of e.
The OP is the ratio of Q and PP which simultaneously evaluates the effect
of heat transfer and pumping power. It can be seen that there is no
significant variation in OP results are observed by e of micro-porous
media at constant PPI which is because of constant pore size of metal-
foam. However, it is revealed that OP decreases with the increase of
Ap because higher PP is required to flow the fluid at higher flow rate. A
closer analysis reveals that a micro-porous media having € of 0.5 has the
better OP in comparison of all other ¢ of metal-foam.

The results of PEC of water-cooled micro-porous heat sink of varying
¢ are presented in Fig. 5G. PEC is defined as the ratio of convective heat
transfer coefficient or Nusselt number and pressure drop therefore, it
evaluates both positive and negative parameters. The higher value of
PEC is obtained in case of ¢ = 0.50 for each Ap followed by 0.60, 0.70,
0.80 and 0.90. The enhancement in PEC in case of ¢ = 0.50 compared to
the e = 0.0 or non-porous media, is obtained of 385% and 313% at Ap of
570 Pa and 2760 Pa, respectively. Almost a linear decreasing trend can
be seen for each ¢ of micro-porous media at a certain Ap across the heat
sink. Therefore, the results of Fig. 5 reveal that € = 0.50 and PPI = 10
micro-porous heat sink shows the optimum and favourable

thermohydraulic performance cooled with water.

3.2. Effect of varying pore density

In continuation of thermal performance analysis of micro-porous
heat sink with water-cooled, the PPI of micro-porous media is
explored from 10 to 50 at different Ap for a constant of ¢ = 0.50. The
results of Ry, of different PPI, 10, 20, 30, 40 and 50, as a function of Ap
are shown in Fig. 6A. An interesting trend is observed that R, decreased
from 50 to 20 PPI exponentially. However, the Ry of PPI = 10 slightly
increases from Ap 820 Pa to 2760 Pa and reaches at the same level of PPI
= 50 at Ap of 2760 Pa. The exponential trend in the case of each PPI is
because of the change in the pore size of micro-porous which increases
the heat transfer area, hence heat transfer rate as well. The trend of Nuy,
of different PPI 10 to 50 is shown in Fig. 6B as a function of Ap. The
higher trend in Nug,y is obtained in the case of 10 PPI at a constant € of
0.50. The Nug,, decreased with the increase of PPI in a constant trend
from 10 to 50. The reduction trend Nug,, in different PPI is because of the
varying pore size of a single cell. A closer look reveals that by increasing
the number of PPI the reduction in Nugy, slightly decreases from the
previous number of PPI. To explore the simultaneous effect of Q and PP,
the OP is investigated for all cases of PPI operating at different Ap.

The variation of LMTD for different PPI at constant € of 0.50 as a
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function of Ap, as shown in Fig. 6C. A decreasing trend in LMTD is
achieved with the increase of Ap and lowest LMTD is obtained with a
micro-porous media having PPI of 30 which shows the highest heat
dissipation capacity with water as a coolant. A maximum decrease of
83.04% and 79.03% is achieved at Ap of 570 Pa and 2760 Pa, respec-
tively, in case of PPI = 30 compared to the PPI = 0 or non-porous media.
The variation in LMTD in case of 20 to 50 PPI is very slightly different
especially at lower values of Ap.

Fig. 6D illustrates the results of Q of fluid flowing through the micro-
porous heat sink by changing the PPI from 10 to 50 at varying Ap. The
higher Q is achieved with the change of PPI at a certain Ap which means
that velocity increases with the increase of Ap across the heat sink.
However, at a constant Ap such as Ap = 570 Pa, the Q decreases with the
increase of PPI from 10 to 50 at constant of € = 0.50 because of the
change of pore size diameter as well as the ligament diameter. As, pore
density is changing from lower to higher ligament diameter therefore,
fibre size increases or cell size decreases which resists the flow of fluid
resulted in reduced the fluid flow velocity resulted in reduced the Q of
coolant. The lowest reduction in Q is achieved of 46.95% and 28.14% at
Ap of 570 Pa and 2760 Pa, respectively, in case of PPI = 50 compared to
PPI = 0 micro-porous heat sink.

To qualify the required power to circulate the fluid or coolant inside
the heat sink a certain Q, the results of PP are depicted in Fig. 6E. As the
Q of flowing fluid is lower at higher PPI thus, lower PP is required at a
certain Ap. The PP for 50 PPI is reduced of 46.24% and 28.05%
compared to PPI = 0 at Ap of 570 Pa and 2760 Pa, respectively. How-
ever, in case of PPI = 10, the reduction in PP is obtained of 4.30% and
1.91% at Ap of 570 Pa and 2760 Pa, respectively. It reveals that with the
increase of PPI, the PP is reduced similar to the Q with the increase of Ap
across the micro-porous heat sink. As, the analysis of solely PP and Q are
not enough to optimize thermal hydraulic performance of micro-porous
heat sink by varying the 10 < PPI < 50 at constant ¢ of 0.50, thus effect
simultaneous effect of PP and Q is evaluated by OP.

The OP decreases exponentially for was each PPI lower to high value
of Ap, as shown in Fig. 6F. It reveals a micro-porous heat sink operates at
lower flow rate exhibits the higher thermohydraulic performance. The
higher value of OP is obtained in case of 50 PPI at lower Ap of 570, 820
and 1120 Pa and a slight variation in OP is observed further applying the
Ap from 1470 to 2760 Pa in comparison of other selected PPI. Like Nug,,
results for different PPI, a similar trend in reduction in OP results are
observed for different PPI against varying Ap. The reduction in OP of two
consecutive PPI, such as 50-40 or 40-30, is lower than the next two
consecutive PPI especially at lower Ap of 570, 820 and 1120 Pa. The
percentage in reduction of OP is very negligible at higher Ap or higher
flow rate which requires higher PP.

Finally, the comparison of PEC for all PPI from 10 to 50 as a function
of Ap is illustrated in Fig. 6G. As PEC contributes the simultaneous effect
of Nug,; and Ap and an interesting finding is revealed that higher PEC of
5.12,5.07, and 4.98 is obtained for PPI = 20 at Ap of 570, 820, and 1120
Pa, respectively, whereas at Ap of 1470, 1850, 2280, and 2760 Pa the
higher PEC of 4.83, 4.78 and 4.63, respectively, is obtained in case of
PPI = 30. In addition, a close look reveals that PEC slightly decreases
with the increase of Ap for PPI of 10 and 20. In case of PPI = 30, the
maximum enhancement of 396% and 399% at Ap of 570 Pa and 820 Pa,
respectively, compared to the PPI = 0 or non-porous media embedded
heat sink. However, the maximum enhancement of 412% and 407% at
Ap of 570 Pa and 820 Pa, respectively, is achieved in case ofPPI = 20
compared to the PPI = 0. As mentioned earlier, the PEC increases at
higher Ap across the heat sink at PPI = 30, therefore the optimum PPI =
30 is recommended for a micro-porous media.

In addition, the results of Ry, Nugy, LMTD, Q, PP, OP and PEC of
different ¢ and PPI of micro-porous media, shown in Figs. 5 and 6,
respectively, reveals the optimum value of € and PPI of 0.50 and 30
operating at lower Ap or flow rates of coolant which gives the optimal
thermal cooling performance.
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3.3. Velocity, streamlines, temperature contours

The velocity contours at different x-z planes and flow streamlines
across the micro-porous heat sink at a Ap of 570 Pa are shown in Fig. 7.
The streamlines show the uniform and well-aligned distribution of fluid
through the porous media which causes the high flow resistance and
suppresses the fluid mixing. However, the large eddies and recirculation
of fluid are observed at the inlet header because of high inlet fluid ve-
locity. At the outlet header, fluid exits uniformly passing through the
porous media. The uniform distribution and fluid mixing because the
micro-porous media having higher thermal conductivity enhances the
heat transfer rate and as a result enhances thermal cooling efficiency.
The temperature distribution of fluid across the x-y and x-z planes along
with the isometric view of heat sink are shown in Fig. 8. The lower
temperature is observed at the inlet header and at the top of the heat sink
along the micro-porous heat sink. In addition, a micro-porous heat sink
uniformly distributes the heat from the heat sink base towards the top of
heat sink. The local pressure distribution is illustrated in Fig. 9 along the
x-y and x-z planes at different locations of micro-porous heat sink at a Ap
of 570 Pa for the case of ¢ = 0.50 and PPI = 30. A higher pressure ex-
hibits at the inlet header of the heat sink and along the heat sink toward
the outlet header, a decreasing trend in pressure distribution is exhibi-
ted. The higher pressure at the inlet header of heat sink is because of the
porous-fluid interface, however, the decreasing pressure towards the
downstream of heat sink is because of the fully developed flow inside the
porous zone and existing of fluid at the interface of flow-porous
interface.

4. Conclusion

The current numerical study explored the effects of two major geo-
metric parameters of micro-porous media such as € and PPI in a range of
0.50 < & < 0.90 and 10 < PPI < 50, respectively, at different pressure
drops (Ap) boundary conditions at inlet and outlet of a water-cooled
micro-porous heat sink. The heat and fluid flow characteristic of
coolant was investigated by changing the ¢ and PPI. A uniform heat
distribution and laminar flow phenomenon was observed at different
flow conditions. The key findings and suggestions of this study are
highlighted as follows:

e The thermal resistance (Ry,) diminishes as the porosity (¢) decreases
and the pore density (PPI) increases across various Ap. Notably, a
substantial decrease in Ry, reaching a maximum of 71.89%, is
observed at a Ap of 570 Pa when ¢ is set to 0.50 and PPI to 10.
Conversely, with the same porosity of € = 0.50 but at a higher PPI of
30, the reduction in Ry, is slightly less, achieving a 61.44% decrease.
This variation underscores the significant impact of pore density, in
addition to porosity, on enhancing the heat sink’s thermal perfor-
mance under different operational conditions.

e The average Nusselt number (Nug,) experiences an upsurge as
porosity (¢) diminishes and pore density (PPI) transitions from
higher to lower values, specifically from 0.90 to 0.50 for € and 50 to
10 for PPI. Notably, the peak Nug,, values recorded are 87.87 at a Ap
of 570 Pa and 79.97 at a Ap of 2760 Pa, both achieved with a
configuration of ¢ = 0.50 and PPI = 10. Nonetheless, the variation in
Nug,; becomes less pronounced as PPI increases from 20 to 50,
particularly when contrasted with the change observed between PPI
values of 10 to 20. An optimal Nu,, of 26.54 and 32.83, for Ap values
of 570 Pa and 2760 Pa, respectively, is identified under conditions of
€ = 0.50 and PPI = 30. This suggests a nuanced relationship between
PPI and the heat transfer efficiency, highlighting the importance of
optimizing both porosity and pore density to achieve superior ther-
mal performance.

e The comparison of the log mean temperature difference (LMTD)
across different porosity (e) levels reveals that a lower LMTD is
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Fig. 7. Velocity contours and flow streamline of fluid across the heat sink atAp = 570 Pa for ¢ = 0.50 and PPI = 30.
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Fig. 8. Temperature contours and flow streamline at different x-y and x-z planes of microporous heat sink atAp = 570 Pa for ¢ = 0.50 and PPI = 30.

achieved at € = 0.50 and PPI = 10, witnessing a significant reduction between these two parameters for achieving optimal heat dissipation
of 81.3% and 76.2% for Ap values of 570 Pa and 2760 Pa, respec- efficiency.

tively. However, upon adjusting the pore density (PPI) from 10 to 50, e The results of Q, PP and OP by changing the different ¢ at constant
while maintaining a constant € of 0.50, the most substantial decrease PPI = 10 show that Q and PP are increased with increase of Ap
in LMTD is observed with € = 0.50 and PPI = 30, where reductions of however, OP is decreased with increase of Ap. In addition, there is no
83.04% and 79.03% are recorded at Ap values of 570 Pa and 2760 significant change in observed in Q, PP and OP by varying the € at
Pa, respectively. This indicates that optimizing both porosity and constant PPI because of the constant pore size diameter of the micro-
pore density to specific values can significantly enhance the thermal porous resulted in constant flow velocity of fluid is achieved. How-
performance of the heat sink, underscoring the critical balance ever, by changing the PPI from 10 to 50 at constant ¢ = 0.50, the
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Fig. 9. Local pressure contours at different x-y and x-z planes of microporous heat sink at Ap = 570 Pa for ¢ = 0.50 and PPI = 30.

results of Q, PP and OP reveals the significance characteristics in Q,
PP and OP because of different pore size diameter, and optimum &
and PPI is revealed of 0.50 and 30, respectively.

The evaluation of performance evaluation criteria (PEC) across
varying porosities (¢) and pore densities (PPI) reveals that significant
enhancements in PEC, by 385% and 313%, are observed at pressure
drops (Ap) of 570 Pa and 2760 Pa, respectively, when ¢ is set to 0.50
and PPI to 10. However, adjusting PPI from 10 to 50, while keeping &
constant at 0.50, results in even greater enhancements. Specifically,
PPIs of 20 and 30 achieve PEC improvements of 412% and 396%,
respectively, at Ap of 570 Pa. Moreover, as the pressure drop in-
creases, the most substantial increase in PEC is observed with PPI =
30, underlining this configuration as the optimal choice for micro-
porous media. This analysis underscores the nuanced interplay be-
tween porosity, pore density, and operational conditions in maxi-
mizing the thermal efficiency of micro-porous heat sinks,
recommending a pore density of 30 as the most effective for
enhancing heat sink.

The bottom line from the discussed conclusions highlights the critical
influence of porosity (¢) and pore density (PPI) on the thermal perfor-
mance of micro-porous heat sinks using water as a coolant. Specifically,
an optimal configuration of ¢ = 0.50 and PPI = 30 emerges as the most
effective for enhancing heat transfer efficiency, reducing thermal resis-
tance, and improving the performance evaluation criteria (PEC) across
varying pressure drops. This optimal setting not only achieves signifi-
cant reductions in the log mean temperature difference (LMTD) but also
maximizes the average Nusselt number (Nug,), underscoring the
nuanced balance between porosity and pore density in optimizing the
thermohydraulic efficiency of micro-porous heat sinks. These findings
provide a clear direction for the design and operation of cooling systems
in high-heat-flux applications, suggesting that careful adjustment of
these parameters can lead to superior cooling performance.
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