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Abstract

The present study explores the parametric investigation of a heat sink filled with compos-
ite of pure phase change material (PCM), nanocomposite phase change material (NCPCM),
metal-foam (MF) by employing the numerical approach for effective passive thermal man-
agement of electronics. The combinations of heat sink are varied by filling PCM, NCPCM,
MF+PCM and NCPCM+MF. Different parameters such as MF materials, porosities, pore
densities (PPI-pores per inch), volume fractions of nanoparticles in NCPCM, power levels
and combination of MF+NCPCM by varying different porosities and nanoparticles volume
fractions. Copper (Cu) nanoparticles of 1%, 3% and 5% volume fraction were dispersed
in RT-35HC, used as a PCM, and copper, aluminium (Al) and nickel (Ni) MFs were
embedded inside the heat sink. Transient simulations with conjugate heat transfer and
melting/solidification schemes were formulated using finite-volume-method (FVM). The
thermal performance and melting process of the NCPCM filled heat sink were evaluated
through melting time, heat storage capacity, heat storage density, rate of heat transfer and
rate of heat transfer density. The results showed that with the addition of Cu nanoparticles
and MF, the rate of heat transfer was increased and melting time was reduced. The melting

time was reduced by —1.25%, —1.87% and —2.34%; and rate of heat storage is enhanced
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by 1.35%, 0.76%, and 0.19% with the addition of 1%, 3% and 5% volume fraction of Cu
nanoparticles, respectively. The composite of MF+NCPCM showed the lower heat sink
temperature and higher liquid—fraction were obtained. The latent—heating phase duration
was decreased with the increase of Cu nanoparticles volume fraction. Additionally, the
lower reduction in melting time of —18.10% and higher rate of heat transfer of 8.12% were
obtained with 1% Cu nanoparticles, 95% porosity and 10 PPI Cu MF based heat sink.
Keywords: Thermal management, Nanocomposite phase change material based heat sink,
Nanocomposite phase change material /metal-foam based heat sink, Phase change

material, Electronics cooling
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1. Introduction

The reliability of smart electronic devices is purely based on their ability to perform
the preprogrammed functions under the safe operating conditions. With the advancement
in electronics and telecommunications industries, the electronics products have shifted to-
wards lightweight, low power consumption, faster and smaller [I]. Gradually, the growing
miniaturization and advanced multi-features of smart electronic devices have led towards
the more complexity in thermal management (TM) solutions subjected the medium to
high-heat-flux. Internal overheating and rise of the temperature as a result of this, lead
to damage or failure of electronic devices around 55% compared with the other failures [2].
Modern TM technologies including active and passive, the active cooling methods such air
or liquid cooling, adopted to cool the portable electronic devices have some limitations such
as high-power consumption, acoustic noise production, bulk in volume and size [I], B]. In
such instances, a novel technology is needed which can ensure the passive TM in the best
possible way. Significant outcomes of cooling through PCMs with heat sink, used as passive
heat exchanger, in electronics equipment have been achieved as they emanate heat during
heavy usage due to their high latent—heat of fusion with isothermal phase transformation
[]. To facilitate the reliable TM of electronic devices, a latent—heat storage unit (LHSU)
containing high thermal conductivity enhancers in form of extruded fins [5H8], metal-foams
[9, 10] and nanoparticles [ITHI3] with PCMs embedded in a heat sink are invariably used
[14, [15].

Many researchers have introduced the applications on PCM with porous medium using ei-
ther metallic foams or carbon material such as expanded graphite integrated with heat sink,
heat pipe and shell and tube heat energy storage system. Zhao et al. [16] conducted a
experimental study to investigate the heat transfer enhancement through a PCM/MF heat
storage system. RT-58 and Cu MF were embedded and melting and solidifying processes
were analysed. The results found that using the Cu MF as heat transfer enhancement
media, increased the overall heat transfer rate by 3-10 times while phase—change process.
Further, Tian and Zhao [I7] conducted a numerical study to effect of MFs on heat transfer
enhancement using 2D LTNE model and conduction and convection heat transfer modes
were considered at phase-transition and liquid—phase. The key findings were reported that
heat conduced rate was improved by using the MF because of high thermal conductivity
and natural convection effects were suppressed because of the large flow resistance in MF.

Sundarram and Li [18] investigated the pore size and porosity of aluminium MFs infiltrated

3
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with paraffin wax as a PCM using a three-dimensional finite element model. The results
found that at a constant porosity, the smaller pore size reduced the more heat source tem-
perature for a longer duration compared with higher pore size. In addition, the effective
thermal conductivity of MF+PCM system was doubled by reducing the pore size from 100
to 25 um. Chen et al. [I9] conducted a experimental and numerical study using aluminium
made MF integrated with paraffin wax at pore scale. Authors studied the temperature
field and melting evolution MF+PCM and found that MF had the capability to enhance
the phase—change heat transfer during solid-liquid phase transformation due to the thermal
conduction in the metal matrix. Nada and his co—authors [20] conducted the comprehensive
parametric study by using carbon—foams of varying porosities and thermal conductivities
and PCMs of different latent—heat of fusions and melting temperatures at different input heat
fluxes. The effects of module thickness and power densities were investigated and the results
showed that by decreasing carbon—foam and PCMs thermal conductivities, increasing the
module height and carbon—foam porosity increased the module temperature and delayed the
steady—state temperature time. Further, the authors used the nano—carbon tubes along with
carbon-foam and PCM (RT-65) and the effect of pure carbon—foam, carbon-foam-+RT-65
and carbon—foam+RT-65/nano—carbon tubes of different porosities were investigated nu-
merically [21].The results revealed that carbon-foam+RT-65/nano—carbon tubes reduced
the 11.5% module surface temperature with less then 75% carbon—foam porosities and a
7.8% reduction was obtained with 88% porosity. Alipanah and Li [22] proposed a numerical
study for TM of Li—ion battery by using octadecane, gallium and octadecane+aluminium
MF'. Three different porosities of 0.88, 0.925 and 0.97 and three heat fluxes of 400, 600, and
800 W/m? were varied. The results revealed that octadecane+aluminium MF of 0.8% led
to the 7.3 times longer discharge time compared to the pure octadecane case. Furthermore,
the addition of aluminium MF increased the uniformity in battery surface temperature.
Zhang et al. [23] conducted the experimental and numerical study consisting of Cu MF
and paraffin wax in a square cavity for thermal energy storage and TM applications. The
phase—change heat transfer and melting phenomenon were studied and found that there was
a quite significant difference between the ligament of Cu MF and paraffin wax because of
the non—equilibrium thermal effects in heat transfer between the paraffin wax and Cu MF.
Mahdi and Nsofor [24] 25] conducted the numerical studies to study the melting and solid-
ification processes in a triplex—tube thermal energy system using Al,O3 nanoparticles and

Cu MF combination under three heat transfer fluid temperatures. Three different nanopar-
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ticles volume fractions of 0.01, 0.03 and 0.05 and two MF porosities of 0.95 and 0.98 were
varied for each inlet fluid temperature. The authors found that melting and solidification
processes were improved with the addition of MF and nanoparticles further improved the
melting and solidification processes with the increase of volume fraction. In addition, the
authors reported that with the increase of MF porosity, the potential of nanoparticles for
enhancing the thermal energy storage was decreased. Further, the combination of NCPCM
and MF was numerically investigated by Bernardo et al. [26] by adding 1% and 5% of Al,O3
nanoparticles in RT-58, as a PCM, and aluminium MF having 80% and 90% porosities. The
authors revealed that MF improved the charging or discharging rate more significantly of the
system instead of the nanoparticles. The nanoparticles could be used to only to adjust the
charging or discharging time moderately during phase-transformation processes. Chamkha
et al. [27] conducted a numerical study using a L—shape enclosure heat sink consisting of
Cu MF and paraffin wax under the pulse heat flux conditions to study the flow and heat
transfer phenomenon. A constant and uniform efficiency were obtained by the MF+PCM
heat during the pulse heating. The results revealed that the higher pulse heat flux showed
that higher heat sink efficiency. The efficiencies of 1.75 and 2.4 were obtained by providing
the element heat flux to fourfold and sixfold of the steady heat flux, respectively. Recently,
Li et al. [28] conduced a numerical study by using porous/NCPCM system in a counter
current triple-tube to explore the effect of MF and NCPCM under different heat transfer
fluid temperatures and directions. The results showed that by 5% of Cu nanoparticles, the
melting/solidification period was reduced by 25.9%/28.2%. In addition, with 95% porosity
of MF, the melting/solidification period was reduced by 83.7%/88.2% which revealed that
embedding the MF with PCM had the more advantage than the adding nanoparticles into
the PCM.

The aforementioned literature reveals that a few studies have explored the effect of adding
nanoparticles into the PCM and MF+PCM specially in an application of latent—heat ther-
mal energy storage system. Therefore, the present study aim to explore the effect of four
different heat absorbing mediums such as PCM, NCPCM, MF+PCM and MF+NCPCM
filled in a heat sink for passive thermal cooling of electronic devices. The RT-35HC is used
as a PCM and copper (Cu) nanoparticles of varying volume fractions are dispersed into the
PCM. Three different MFs made of Cu, aluminium (Al), and nickel (Ni) are investigated
to find the best heat conductive MF with PCM. Three different porosities, five different

pore densities and four different input power levels of 5, 6, 7, and 8 W are varied. Firstly,
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the MF of constant porosity is embedded into NCPCM of different volume fractions and
secondly, the NCPCM of constant volume fraction is varied with different porosities of MF
to explore the effect of two heat conductive mediums. The melting phenomenon and tem-
perature distribution of of pure PCM, NCPCM, MF+PCM and NCPCM+MF based heat
sink is studied. Moreover, thermal cooling performance is presented using four different
performance evaluation parameters such as heat storage capacity, heat storage density, rate
of heat transfer, and rate of heat transfer density along with the total melting time. This
will eventually provide a better picture to select the optimum heat storage medium filled in

a heat sink for efficient solution of passive thermal cooling of electronic devices.

2. Geometric and Mathematical description

2.1. Physics of the problem

In present study, a two-dimensional (2D) heat sink is considered filled up with the
composite of PCM, NCPCM, MF+PCM and MF+NCPCM, as shown in Fig. [I| and the
configuration of each case is presented in Fig. [2| investigated in current study. The heat sink
with width (W = 70 mm) and height (H = 25 mm) is heated with a heat source of volumetric
heat generation (¢") with sizes of | = 50 mm and ¢ = 2 mm. All the sides of heat sink are
adiabatic except top surface which undergoes with natural convection. The internal cavity
of the heat sink has width of w = 60 mm and height h = 20 mm. The heat sink is made
of Cu and numerically modelled to investigate the thermal performance for passive cooling
of electronic devices. The effect of different parameters such as different MF materials,
porosities, pore densities, volume fractions of nanoparticles in NCPCM, combination of
NCPCM+MF by varying different porosities and nanoparticles volume fractions, and power
levels. The RT-35HC is used as PCM having melting temperature of 35 °C. Three different
volume fractions of o = 1%, 3%, and 5% of Cu nanoparticles are dispersed in RT-35HC to
study the effect of NCPCM based heat sink. Three different porosities of 95%, 90%, and 80%
and five different pore densities or PPI of 10, 20, 30, 40 and 50 are varied of MF embedded
inside the PCM heat sink to study the effect of MF+PCM heat sink. The MFs made of
Cu, Al and Ni are investigated with PCM. Five different power levels of 4, 5, 6, 7, and 8 W
are provided at the base of heat sink to analyse the temperature distribution and melting
phenomenon MF+PCM based heat sink. The 95% porosity and 10 PPI of Cu MF is kept
constant with pure PCM and NCPCM of ¢ = 1%, 3%, and 5% heat sink cases. Similarly,
NCPCM of 5% volume fraction of Cu nanoparticles is kept constant with pure PCM and MF

6



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

of 95%, 90%, and 80% porosities to investigate the optimum volume fraction and porosity
of composite NCPCM+MF filled heat sink. The current system is designed based on the
average dimensions of portable hand-held electronic devices to investigate passive thermal

performance using pure PCM, NCPCM, MF+PCM and MF+NCPCM based heat sink.
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Figure 1: Schematic diagram of the computational domain used in current study.

2.2. Mathematical formulation

The governing equations are applied based on the PCM and NCPCM based heat sink
embedded with MF, shown in Fig. [l During melting process of pure PCM and NCPCM,
heat is transferred through conduction mode while in solid—phase and then conduction and
natural convection modes contribute the heat transfer while generation of liquid—phase due
the temperature gradient. Since, the pure PCM has low thermal conductivity, a solid porous
medium is embedded inside the PCM and NCPCM which enhances the heat transfer rate
by conduction rather than convection because of the high flow—resistant effect of MF struc-
ture. Since, the presence of MF increases the volume of heat sink having a similar PCM or
NCPCM mass. Moreover, due to the flow—resistant of MF structure, the effect of natural
convection is negligible in MF+PCM and NCPCM+MF cases. By adding the nanoparticles
into the pure PCM, the thermophysical properties of PCM are changed. The purpose to
add the nanoparticles is to modify the thermal conductivity of PCM. The effective density
is increased, whereas latent—heat of fusion and specific heat capacity are reduced.

In numerical modelling, the enthalpy—porosity method is adopted to model the effect of
phase transformation of pure PCM and NCPCM inside the MF embedded heat sink, where
the porosity is equal to the liquid—fraction of each cell. Due the presence of MF, the vis-

7
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Figure 2: Different configurations of heat sink investigated in current study.

cous and inertial losses are overcome by introducing the pressure drop effect in momentum
equation. The MF as a porous medium is modelled by considering the Darcy—Forchheimer—
Brinkman model (DFBM) and a source term is introduced in momentum equation. The

following assumptions are considered to define the continuity, momentum and energy equa-

tions [29-31]:
e An open cell MF is assumed homogeneous and isotropic.

e An incompressible, transient, laminar and Newtonian fluid is considered of liquid PCM

and NCPCM inside the MF.

e Local thermal equilibrium model is assumed between the PCM, NCPCM and MF in

energy equation.

e Volume expansion of PCM and NCPCM is negligible during phase transformation

process.



165 e Viscous dissipation is negligible and no-slip boundary condition are assumed for ve-

166 locities.

167 e Constant thermophysical properties are considered for nanoparticles, PCM and NCPCM

168 expect the density for PCM and NCPCM.

160 e The heat sink is considered as solid—state with homogeneous and isotropic properties
170 and thermal conduction heat transfer exists.

171 e The Boussinesq approximation is assumed to simulate the buoyancy driven effect under
172 natural convection as p = p,,,/[B(T — T,) + 1], where T,,, = (Ts + 17) /2.

173 e The NCPCM is considered as colloid suspension which exhibits as a Newtonian fluid.
174 The liquid NCPCM flow regime is 2D, laminar, unsteady and incompressible.

175 e The dispersion of nanoparticles in PCM is assumed homogeneous, no agglomeration
176 is considered.

177 e The nanoparticles and PCM are in local thermal equilibrium and there is no-slip
178 between them.

179 e The initial temperature of heat sink, PCM, NCPCM and MF are the same.

180 e Adiabatic boundary conditions are assumed from the surroundings.

181 According to the above assumption the governing conservation equations for mass, mo-

12 mentum and energy can be written as follow:

Mass conservation:
ou Ov

9+, =0 (1)

Momentum conservation:

Pnepem % E% E@ . _@ Hrepem 0%*u 0%u
€ (0t+5833+58y)_ 8:)3+ € 8x2+0y2

A (1 - fl)2 Hnepem Cr \/ﬁ )
- m(flg_0.0()l).u_ K u+ \/fpncpcmu uc +v ( )
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Prepem @ Q_L @ 2 @ . @ Hnepem v O%v
€ (8t+68:v+58y) 83:+ £ 8x2+8y2

A (1 - fl)2 Hnepem Cr \/ﬁ ;
B mm‘v N K v+ \/Kpncpcmv uc+v ( )

> - (pﬁ)ncpcmgg(T_Tref)

where, the pnepem, nepems Bnepem are the density, dynamic viscosity, and thermal ex-
pansion coefficient of the NCPCM, respectively; p and ¢ are the pressure and gravitational
acceleration, respectively. A,, is the mush—zone constant which represents the damping of
the velocity to zero during the solidification. The A,, constant does not affect the behaviour
of melting time of PCM or NCPCM when MF is combined in the system. In present simu-
lation, the value of A,, is set equal to the A,, = 105 [29, 30]. The small numerical value of
0.001 is used to prevent division by zero. The K is the permeability and CF is the inertial
coefficient of MF.
Since, the two models (i) local thermal equilibrium (LTE) and (ii) local thermal non-
equilibrium (LTNE), are employed to solve the energy equation for PCM and NCPCM in
presence of MF. However, the LTE model is used to solve the energy equation in present
to save the computational resource without affecting the solution accuracy, in which the
MF and PCM in each cell have the same temperature [29, 32]. Although, the LTNE model
provide the more accurate solution compared with the LTE model because of considering
the local convective heat transfer coefficient inside pores of porous between the metal-foam
and PCM or NCPCM. Moreover, the difference between LTE and LTNE depends on the ini-
tial and boundary conditions which are more prominent while sensible heating mode rather
than phase—change process due to having an most constant temperature. In addition, it is
notable that, the LTNE model cannot be applied in 2D and axisymmetric models because
of the generation of porous boundaries at the walls between the heat sink and PCM and
limitation of coupled boundary condition for it in FLUENT software [31]. Thus, the energy

equation with LTE is modelled as follows:

Energy conservation:

oT ar AT T 9T af;
(PCp)E + (pcp)ncpcm (U% + Ua_y) - keff (@ + a_y2> - EpncpcancpcmE (4)
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The product (pc,) is evaluated as the weighted average of the densities of MF and
NCPCM as follows:

(pcp) = [1 = e](pcp)ms + e(pCp)nepem (5)

where, (pcy)ms and (pcp)nepem are the volumetric heat capacities of MF and NCPCM,
respectively. The Lycpem represent the latent—heat of fusion of NCPCM.
The effective thermal conductivity (k.fs) introduced in LTE model, Eq. {4 is calculated as

the volume average thermal conductivities of MF and NCPCM as follows:

keff = (1 - g)kmf + 5kncpcm (6)

where, kp,y and kyepen, are thermal conductivity of MF and NCPCM, respectively. Ad-
ditionally, f; is the liquid—fraction during the phase—change in temperature interval of

Ty < T < T; and it varies between 0 (solid) to 1 (liquid), which is defined as:

(

0 it T <T;
Aan cm
ﬁ=7fi—= T if T.<T<T, (7)
ncpem s
1 it T<T,

\

where, AH,,cpem 1s the fractional latent-heat of the NCPCM that gains during the phase-
change process between 0 for solid and Li,cpen, for liquid during melting or releases during
the solidification process. Thus, when all the NCPCM melts, AH,,cpem is equal to the Lycpem

and when the entire NCPCM is still solid, AH,,cpen 1s equal to zero as follow:

0 T < T,
A]¥nc}ocm = (8)
fancpcm it T > Tm

The total enthalpy (H) of the NCPCM is the summation of sensible and latent-heat
defined as:

H=h+ AH,cpem 9)

11
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where, h is the sensible enthalpy which is defined as follows:

T
h=hyes + / CpronenndT (10)

T’V‘Ef

Energy (heat sink):
oT 0*T  9*T
(pcp) s (E) = kus (w + a—yQ) (11)

Energy (heat source):
oT 0*T  O°T "
(PCp)ns (E) = Kns (w + 8_y2) +q (12)

where, (pcp)ms, ks (pcp)ns, and kys are the thermal capacitances and thermal conduc-

tivities of heat sink and heat source, respectively.

2.8. MF characterization

For laminar flow regime driven by pressure gradient, the permeability (K) is widely
to develop the relationship between the pressure gradient and velocity. The permeability,
K and inertial coefficient, Cr are determined using correlation proposed by Calmidi and

Mahajan [33] as follows:

d —1.11
K = 0.00073(1 — g)~0-0024 (d—l) a2 (13)
P
and
d —1.163
Cr = 0.00212(1 — g) 1% (d—l> (14)
P

The other basic parameters such as porosity (¢), ligament or cell diameter (d;), pore
diameter or pore size (d,), and pore density (w) are defined to describe the structure of
MF. The porosity (¢) is the ratio of the pore volume to the MF total volume of pores and
ligaments. The pore density (w) is the number of pores per linear inch (PPI). The ligament

diameter (d;) can be calculated based on the pore diameter (d,) as follows [33]:

dl 1—¢ 1
i~ 118/ = (1 — e[(ls)/ow) (15)

12



234 where, d,, is calculated as:

~0.0254(m)

» = "o(PPI) (16)

25 2.4. Thermophysical properties of NCPCM

236 With the addition of Cu nanoparticles, the thermophysical properties of pure PCM are
237 changed by varying the volume fractions. All the effective properties of NCPCM are constant
28 except thermal conductivity and calculated based on the volume fraction of nanoparticles.

20 The effective density (ppepem ), specific heat capacity ( ), latent—heat (Lycpem ), and ther-

Cpncpcm

2

'

o mal expansion coefficient (S,,cpem) of the NCPCM can be calculated using simple theoretical

21 models of mixtures as follows [24-26), 28]:

Prepem = YPnp + (1 - Sp)ppcm (17)
o(pcp)np + (1 — Cp)pem
e = ( p) P ( 90)(/) p)p (18)
Pncpem
1— L)pem
anpcm _ ( 90)(p )p (19)
Prcpem

Brenem = 2(£8)np + (1 = ©) () pem (20)

Prepem

242 In above Egs. 20, ¢ is the volume fraction of nanoparticles, the subscripts nepem,
a3 np and pem refer to the NCPCM, nanoparticles, and PCM, respectively. The effective
dynamic viscosity (finepem) and thermal conductivity (knepen) of NCPCM are calculated

2

&
IS

25 using modelled by the Vajjha et al.[34]:

[inepem = 0.983e129590) (21)

kncpcm -

Enp + 2Kpem — 2(Kpem — k"p)(pk BT

b 2y Ui — gy 2 0 7 10 B f(T.g) (22
np pcm pcm np

246 where, B is Boltzmann constant which is equal to 1.381x 10723 J /K, 3, = 8.4407(100¢) 07304,
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and function (f(7T,)) is defined as follows:

T
(T, p) = (2.8217 x 10" % +3.917 x 107%)
ref

+ (—3.0669 x 10 % — 3.91123 x 107%) (23)

where, T, is the reference temperature which is equal to 273.15 K. The first part of Eq.
relates with Maxwell model to determine the thermal conductivity of solid PCM while
second part of Eq. [23]accounts the effects of Brownain motion of nanoparticles, nanoparticles
size, volume fraction and temperature dependence. Additionally, ¢ is a correction factor
which comes in Brownian motion term, because there is no Brownian motion in solid—
phase. Therefore, the value of  is defined as the same as for liquid—fraction, f; [35]. The
thermophysical properties of pure PCM (RT-35HC), Cu nanoparticles, all the MFs (Cu, Al

and Ni) are summarized in Table [1]

2.5. Initial and boundary conditions

The initial and boundary conditions applied in current study are labelled in Fig.
The side walls of the heat sink are defined as an adiabatic boundary condition except the
top surface which is undergoes the natural convection effect. Following are the initial and

boundary conditions applied in this work to solve the governing equations as follows:

1. Initial conditions
t=0,T="T;,;,=29.15 K, f; =0

2. Boundary conditions

e No-slip condition at walls: u=v =0

o Adiabatic walls:

—k ?)—f om0 W — 0 Along vertical walls
ar -
—k Ay |2=0—10,60—70 — 0 At bottom surface
y:

0
e Natural convection:

—k‘g—g o MT —Tw) At Top surface

e Volumetric heat generation provided from heat source:

"

e=10-60 — 4
y=0-2

_I or
Oy
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2.6. Numerical methodology

The commercial package of CFD ANSYS-FLUENT 19.1 is used to solve the unsteady
simulations. The governing equations of continuity, momentum and energy are solved are
discretized by finite volume method (FVM) with double precision. The “melting/solidification”
model in connection with local thermal equilibrium porous model is adopted to study the
phase-change phenomenon of PCM or NCPCM. The melting/solidification model is based
on the enthalpy-porosity method in which the solution is based on a fixed-gird. The gov-
erning equations are modified in such a manner that they are valid for both solid and liquid
phases. The mush-zone where these both phases coexist is treated as “pseudo” porous
medium where porosity behaves according to the liquid fraction. A User-defined function
(UDF) is written in C++ language to account the temperature dependent &ycpe,, of NCPCM
due to dispersion of Cu nanoparticles. The PRESSURE-BASED method is selected which
is recommended for incompressible flow with high—order Quadratic Upstream Interpolation
for Convective Kinematics (QUICK) differencing scheme presented by Leonard [37] to en-
hance the accuracy of the numerical method. The Semi-Implicit Pressure-Linked Equation
(SIMPLE) algorithm was adopted for pressure-velocity coupling by Patanker [38]. The
PRESTO (PREssure STaggering Option) scheme was adopted for pressure correction equa-
tion. The gravitational effect is also considered and second—order upwind difference scheme
is selected to discretize convective terms in momentum and energy equations. The under-
relaxation factors for pressure, velocity, energy and liquid-fraction are set to 0.3, 0.3, 0.8
and 0.5, respectively. The convergence criteria are set to 1074, 1076 and 10~® for continuity,
momentum and energy equations, respectively.

The grid independence test is also carried out using different gird size of 43753, 48305,
54087 and 60796 to avoid its effects on numerical accuracy. The results of melting time and
total energy of PCM are summarized in Table 2 The maximum deviation in melting time
and total energy is obtained of 0.38% and 0.06% between the elements size of 48305 and
54087, respectively. Thus, the grid with the size of 54087 elements is selected for further
simulation. Three different time-steps of 0.05, 0.1 and 0.2 s are varied for mesh size of 54087
elements and no significance variation is observed. The reason is that PCM upfront velocity
and thermal front movement are low, reflecting a low Peclet number and Courant number
situation. Therefore, the mesh-size and time-step are 54096 elements and 0.1s, respectively,

considered are set in current study.
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sa 2.7. Performance evaluation parameters

305 To estimate the thermal performance of pure PCM, NCPCM, MF+PCM and NCPCM+MF
206 based heat sink, four different performance evaluation parameters such as heat storage ca-
w7 pacity (@), heat storage density (¢q), rate of heat transfer (Q), and rate of heat transfer
w3 density (¢) along with the total melting time (¢,,e;). The total @ is defined as the total
300 thermal energy storage capacity during the pre—sensible heating, latent—heat of fusion, and
s post—sensible heating of pure PCM or NCPCM. Whereas, ¢ indicates the total thermal en-
su  ergy storage capacity per unit mass of the pure PCM or NCPCM. Since, the pre-sensible
;2 heating and latent—heat are the most significant parameters to determine the () of pure PCM,

a3 NCPCM, MF+PCM and NCPCM~+MF based heat sink whiling charging mode. Therefore,
@ and ¢ can be defined by Egs. and , respectively, as follows [39]:

3

-
IS

Cpncpcm dT)

~ mncpcm [Cpncpcm (Tm - j—‘l) + fancpcm] (24)

Q - mmf / Cpmf dT + mncpcm (/ Cpncpcde + )\anpcm + /
solid

liquid
315 and

o Q o mmf f Cpmf dT + mncpcm (fsolid Cpncpcm dT + fl anpcm + ‘fliquid Cpncpcm dT)
= my a My f + Mpcpem
~ Mncpem [Cpncpcm (Tm - ﬂ) + fancpcm] (25)

M + Mpepem

316 Since, the ) and ¢ can only evaluate the storage capacity of pure PCM, NCPCM,
sz MF4+PCM and NCPCM+MF based heat sink relative to the mass of PCM or NCPCM.
s However, there is no relationship of total ¢,,.;; of PCM or NCPCM with @) and ¢. Thus, the
a9 overall thermal performance of heat sink cannot be evaluate only with () and ¢q. Therefore,
20 the effect of tpeir, Mmp, Mucpem, and @ are combined together to define the rate of heat
= transfer (Q) and rate of heat transfer density (¢). The Q indicates the total thermal energy
1 storage capacity per unit melting time and ¢ is defined as total thermal energy storage
33 capacity per unit melting time and per unit mass of MF ad PCM or NCPCM, by Egs.
2 and 27], respectively, as follows:
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(27)

3. Model validation

3.1. Experimental validation with PCM based heat sink

The current model is validated with experimental results of a no fin heat sink filled
with PCM having the dimension of similar dimensions used in Ashraf et al. [5]. The RT-
35HC was used as a PCM having melting temperature of 35 °C at a input power level of
5W. The results of average temperature of heat sink was compared of both numerical and
experimental cases, as shown in Fig. The results of both numerical and experimental
results showed a good agreement and revealed that the present numerical model can be used

for further simulations.

3.2. Experimental and numerical validation MF/PCM based thermal energy storage

A comprehensive validation is carried with the previous experimental and numerical
studies reported by Zhao et al. [I6] and Tian and Zhao [I7], respectively, and numerical
study by Liu et al. [40] by using both LTE and LTNE models of MF+PCM system. The
2D system of MF+PCM is adopted for validation proposed in experimental and numerical
results of Zhao et al. [16] and Tian and Zhao [17] and as well as Liu et al. [40]. A rectangular
geometry having the dimensions of 200 x 50 mm? is selected and a constant heat flux of 1600
W /m? is provided at the bottom. The RT-58 is used as a PCM and Cu MF having 95%
porosity and 10 PPI. Natural convection effects are considered at the side and top walls as
considered in Refs. [16,[17] and [40] to get the more better results. The result of temperature

variations are presented at a height of 8 mm in comparison with the Zhao et al. [16] and
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Tian and Zhao [I7], as shown in Fig. A excellent agreement can be seen between the
LTNE model of present study with experimental and numerical results with Refs. [16, [17]
and numerical results of Ref. [40]. The results of LTE model also show a good agreement
with LTE model results reported by Liu et al. [40]. The variations in results of numerical
and experimental studies reported in Zhao et al. [I6] and Tian and Zhao [17], respectively,
are because of considering a constant melting temperature in numerical study, as reported
in Liu et al. [40]. Therefore, in present study and the study reported by Liu et al. [40] use
the different solidus (7}) and liquidus (7;) temperatures for the simulations. The maximum
deviation of 4.2 °C is obtained between the current study results and experimental results
of Zhao et al. [16]. In addition, it is always difficult to justify the discrepancy in results,
shown in Fig. BD, because the data is taken out from the experimental and numerical
results of electronic copies of Refs [16, 17, 40]. Although, the LTNE model can predict
the Tys and f; more accurately compared to the LTE model. However, due the to higher
computational cost of LTNE model in porous—-PCM medium, especially in 3D solid-liquid
cases, LTE model is employed for further analysis. It has been revealed in previous studies,
the difference between LTE and LTNE models is very small due to the primary domination

of heat conduction rather than the natural heat convection effect [41].

4. Results and discussion

4.1. Effect of MF materials

The average heat sink temperature (Tys) and melt—fraction (f;) variations for PCM,
Cu, Al and Ni MF+PCM cases are shown in Fig. [dal The uniform and non-uniform
melting of PCM can been seen clearly for PCM and MF+PCM embedded heat sinks cases.
At a constant input power level, the transient variation of Tyg for each case shows that
MF+PCM embedded heat sinks have the significant reduction in heat sink temperature, as
shown in Fig. [dal The reduction in Ty is due to uniform heat transfer from the heat sink
base towards the ambient due to conjugate heat transfer mode. This reveals that a heat
sink embedded with MF+PCM has the better heat transfer performance. Thus effective
cooling performance is achieved compared to a heat sink of pure PCM filled. A closer look of
temperature variation between the different materials of MF reveals that Cu MF+PCM heat
sink shows the better reduction in Tyg compared to the Al and Ni MF+PCM embedded
heat sinks. The reduction in heat sink temperature by Cu MF heat sink is because of the

higher thermal conductivity of Cu, followed by Al and Ni. The variations in f; of all cases,
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Figure 3: Validation of present simulation (a) with experimental results based on PCM case
and (b) experimental results by Zhao et al. [16] and Tian and Zhao [17], and numerical
results by Liu et al. [f0] with MF case.

shown in Fig. [da] reveals that the higher rate of f; is obtained for the MF cases compared to
the pure PCM case because of the higher heat transfer area by MF+PCM which strengthen
the conduction heat transfer. The melting rate is different between the PCM and MF+PCM
cases. The variation in f; of MF embedded heat sinks is slightly varying and the highest f; is
obtained by Cu MF heat sink, followed by Al and Ni MF heat sinks. This trend is expected

since Cu has the higher thermal conductivity compared to Al and Ni. The evolution of ¢,,¢;,
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@ and Q of all cases is shown in Fig. . It can be seen that the t,,.: of PCM is decreased
by embedding the MF+PCM and lower time of 44.17 min is obtained with Cu MF+PCM
compared to PCM, Al and Ni MF+PCM filled heat sink cases by obtaining 53.42, 44.92,
and 47.08 mins, respectively. The reduction in t,,.; is obtained of —17.32%, —15.91% and
—11.86% for Cu, Al and Ni MF+PCM cases compared to the pure PCM case. The similar
trend is obtained in @) for pure PCM and MF+PCM cases. The @) of 279.78, 266.15, 266.27
and 270.76 kJ are obtained for PCM, Cu, Al and Ni MF+PCM heat sinks, respectively. The
reductions in @ due to embedding the MFs are achieved of —4.87%, —4.83% and —3.22%
for Cu, Al and Ni MF+PCM heat sinks, respectively. However, the enhancement in Q is
obtained with MF+PCM compared to the pure PCM based heat sink. The Q for pure
PCM, Cu, Al and Ni MF4+PCM heat sinks is obtained of 80.28, 86.84, 86.31 and 84.30 W,
respectively. It can be revealed that highest enhancement of 8.16% in @ is obtained with
Cu MF+4+PCM compared to the Al and Ni MF+PCM of 7.51% and 5.01%, respectively,
compared to the pure PCM filled heat sink, because of the higher thermal conductivity.
Thus, it can be suggested that a PCM filled heat sink with Cu MF+PCM shows the better
thermal cooling performance. Since, the Fig. 4| presents thermal cooling performance in
terms of Tyg, fi, tmer, @ and Q, however the further comparison of melting phenomenon
of pure PCM and all MF+PCM embedded heat sinks is shown in Fig. [5] The f, contours
are presented at different flow times of 900, 1500, 2100, 2700 and 3300 s. It can be seen
clearly that by using MF+PCM, the melting pattern of PCM melting changes significantly.
In addition, the uniform and faster melting of PCM is obtained with the case of MF+PCM
embedded heat sinks especially in case of Cu MF+PCM followed by Al and Ni MF+PCM
heat sinks. Initially, at 900 s, the layers of solid-liquid interface (i.e. heat transfer area)
can been seen clearly through blue and red colours, respectively, for a PCM heat sink case.
Whereas a uniform melting patterns can be seen with MF+PCM heat sinks by showing no
visible solid-liquid interface. With the increase of melting time, the gradually solid-liquid
interface can be seen showing the effect of buoyancy and gravitational forces. A uniform
melting is observed in case of MF heat sinks due the conduction and natural convection
heating modes. At 3300 s, the complete melting of PCM is observed in case of MF+PCM
whereas there is still small tiny portion of solid PCM, which shows that the addition of MFs

with PCM improves the heat transfer rate and melting process uniformly.
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Figure 4: Effect of different MF materials: (a) Tyg and fi, and (b) tmey, Q and Q.

4.2. Effect of power levels

Fig. [0] presents the effect of different power levels of a Cu MF+PCM embedded heat
sink. The Tg and f results are presented in Fig. [6al Whereas, the comparison of ¢,,.; and
Q at different power levels are presented in Fig. . It is can be seen that latent—heating
phase duration of PCM is reduced and Tpg is increased as the input power level increase,
as expected. In addition at lower input power of 4 W, there is no phase changing occurred
even after 3600 s and supplied heat is absorbed by the PCM due to its higher latent—heat
enthalpy. The maximum Txg and f; of 309.62 °C and 0.941 are obtained at lower power
level of 4 W. The comparison of t,,.,; and Q of Cu MF+PCM embedded heat sink shows
that with the increase of power level, the t,,.; of PCM is decreased whereas Q increases, as
shown in Fig. [6b] The t,,.; of PCM is obtained of 44.17, 36.83, 31.58, and 27.75 mins for 5,
6, 7, and 8 W, respectively. Similarly, the () is obtained of 86.84, 104.34, 121.81, and 139.19
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W for 5, 6, 7, and 8 W, respectively. The higher @ is because of the lower t,,.; of PCM
filled in MF heat sink. Furthermore, it can be suggested that at lower power level, the Tyg
does not rise enough to melt the PCM. Therefore, a MF+PCM embedded heat sink has less

advantage for passive thermal management of electronic devices at lower power level.
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Figure 6: Effect of different power levels of MF+PCM filled heat sink: (a) Tgs and f;, and
(b) tmerr and Q.

4.3. Effect of PPI

Fig. [7] shows the effect of changing the PPI or pore density of MF embedded in a PCM
filled heat sink. The five different values of 10, 20, 30, 40 and 50 PPI are investigated of Cu
MF+PCM heat sink a constant porosity of 95% and input power level of 5 W. A slight vari-
ation in t,,.; of PCM is obtained by changing the PPI of MF. The t,,.; of PCM is obtained
of 44.17, 44.08, 44.0, 43.92, and 43.83 mins for 10, 20, 30, 40 and 50 PPI, respectively. It
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can be revealed that a small variation in t¢,,.; and temperature distribution is achieved by
changing the PPI of MF under local thermal equilibrium heat transfer conditions. Further-
more, a closer look of t,,.,; result reveals that a MF with lower PPI enhances the %,,.; of
MF+PCM filled heat sink resulting in reduces the base temperature of the heat sink. The
higher number of PPI means the unit cell is divided into higher number of small pore which
reduce the effect of low thermal conductivity of the PCM. In addition, a higher value of PPI
contains a smaller size of a pore which possesses the higher surface area per unit volume.
Thus, higher heat transfer rate exists between the PCM and MF ultimately reduces the ¢,
of the PCM. Contrarily, the higher PPI suppresses the natural convection effect of PCM
melting with the MF because of the high thermal resistance in the PCM flow direction.
Thus, the influence of PPI is negligible for a MF+PCM embedded heat sink under local
thermal equilibrium heat generation conditions which has also been reported in literature
[40, 42]. As shown in Fig. [7] that negligible effect of PP is achieved on the variation of f;.
The higher f; is obtained by increasing the PPI from 10 to 50.
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Figure 7: Effect of different PPI: comparison of PCM t,,e;.

4.4. Effect of Porosities

Fig. [§]illustrates the effect of different porosities (95%, 90%, and 80%) of Cu MF+PCM
embedded heat sink compared with the pure PCM filled heat sink with 10 PPI at 5W. The
result of Tyg and PCM f; as a function of time are presented in Fig. for MF+PCM and
PCM cases. It can be seen clearly that Tpg reduces significantly by embedding the MF
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inside the heat sink. In addition, a close look of the Tygs and f; results of the porosities
95%, 90%, and 80% show that a Cu MF+PCM based heat sink of 95% porosity has lower
Tgs and f;. The minimum Tgg of 323.09 °C is obtained with 95% MF+PCM heat sink
compared with 90%, 80% and pure PCM heat sink cases. More further, a lower f; is obtain
with 95% MF+PCM heat sink compared with 90% and 80% MF+PCM cases. Since, the
complete meting of PCM occurs after 3065 s. By increasing the porosity of MF, as a result
reduced the amount of higher thermal conductivity MF inside the heat sink, thus higher
PCM melting time is achieved due to lower rate of heat transfer, as expected.

Fig. shows the results of ¢,,,.;;, the amount of () and Q of all cases of PCM and MF+PCM
filled heat sinks. The t,,.,; and @) are reduced with the reduction of porosity since higher
amount of MF inside the heat sink exhibits the higher effective thermal conductivity of the
PCM result in increases the heat transfer rate. The reduction in t¢,,.; and () are obtained of
—17.32% and —4.87%, —20.28% and —5.44%, and —22.93% and —5.46% for 95%, 90%, and
80% MF+PCM, respectively, compared with PCM filled heat sinks. Whereas, in comparison
with PCM filled heat sink, the @ is increased of 8.16%, 10.77% and 13.22% with 95%, 90%,
and 80% MF+PCM cases, respectively. Therefore, it can be suggested that a heat sink with
constant mass of PCM, the higher porosity of 95% is favourable for passive thermal cooling

of electronics, since it prolongs the PCM t,,.; duration and lower the Tpg.

4.5. Effect of NCPCM

Fig. [0 reveals the effect of nanoparticles dispersion in PCM filled heat sink by varying
the loading contents of 1%, 3% and 5%. The addition of higher thermal conductivity
nanoparticles improve the thermal conductivity of pure PCM on the cost of decreasing the
latent—heat of fusion and specific heat capacity which is not preferable for passive cooling
of electronic components. The results of Tyg and f;, as shown in Fig. [9a] reveal that Tpg
is decreased initially but reaches higher as the volume fraction of nanoparticles increases.
Further, the higher f; is obtained with the increase of nanoparticles loadings which improve
the PCM melting rate. Since the amount of PCM increases with the increase of nanoparticles
loadings, the time of complete PCM melting is almost constant. The t,,.; of PCM is obtained
of 52.75, 52.45 and 52.17 mins for 1%, 3% and 5% volume factions of Cu nanoparticles,
respectively, as shown in Fig. The t,,e is reduced of —1.25%, —1.87%, and —2.34%
by 1%, 3% and 5% concentrated NCPCM heat sink, respectively, compared with PCM
filled heat sink. Similarly, the results of () and Q are almost negligible. The @) and Q) are
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Figure 8: Effect of different porosities: (a) Tus and fi, (b) tmen, @ and Q.

increased initially at 1% of Cu nanoparticles concentration, however, these are decreased for
later on 3% and 5% NCPCM cases which is due to the increase of PCM mass by adding the
nanoparticles. Since, the system has a close boundary so the heat sink volume is constant
however, by the addition of nanoparticles the thermophysical properties such as density,
latent—heat of fusion, thermal expansion coefficient, specific heat capacity, viscosity and
volumetric heat capacity of PCM are changed which also effect the thermal performance
of heat sink. The @ is enhanced by 1.35%, 0.76%, and 0.19% by adding 1%, 3% and 5%
volume concentration of Cu nanoparticles, respectively, compared with the PCM filled heat
sink case. Similarly, the variations in @ are obtained of 0.34%, —0.69%, and —1.68% for 1%,
3% and 5% NCPCM cases, respectively, compared with PCM filled heat sink. It can been
reveal that Q and best @ are obtain at 1% of Cu nanoparticles concentration. Therefore,

it is recommended that by adding 1% loading of nanoparticles has the optimum results in
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terms of thermal cooling performance because the higher concentrations can lead toward
the agglomeration and sedimentation of nanoparticles in real time system. Additionally,
these are also reduced the latent—heat fusion and increase t,,.; of PCM. A rapid decreasing
trend can observed in results of ¢ and ¢ because of increase of the PCM mass with the
increase of Cu nanoparticles concentrations, as shown in Fig. [Obl By adding the 1%, 3%
and 5% loadings of Cu nanoparticles the ¢ is decreased of —8.63%, —23.27%, and —34.04%,
respectively, compared with PCM filled heat sink case. In similar manner, the ¢ for NCPCM
filled heat sinks is reduced by —7.70%, —22.16%, and —32.79%, respectively, compared with
PCM filled heat sink.

For better understanding the effect of NCPCM heat sinks of different volume fractions,
Figs. and illustrate the results of ks and ks enhancement, respectively, for
PCM and NCPCM filled heat sinks. It can be seen that k.f; increases with the increase
of Cu nanoparticles concentration with respect to time. More further, it has been reported
that k.ss also increases and decreases with respect to temperature during melting and
solidification processes, respectively, with the increase of nanoparticles loading by using
Equation [22[ [28]. After 3600 s, the maximum enhancement in k¢ are obtained of 17.99%,
24.33%, and 31.50% for 1%, 3% and 5% loadings of Cu nanoparticles.

Further, the distribution of T g at the surface of heat sink in vertical direction is shown in
Fig. by representing the isotherm contours at different time intervals for different ¢ of
Cu nanoparticles. The Tyg is increased gradually with the increase of operating time and ¢
during the melting process. Initially, at the 1200 s, the lower to higher variation in Ty g can
be seen for all cases of PCM and NCPCM filled heat sinks over the surface because of the
conduction and natural convection modes. A clear observation of conduction heat transfer is
reflected at the boundaries of PCM and heat sink due to the temperature gradient. During
the heating process, a uniform the distribution of Tyg isotherms is seen between the solid—
liquid interfaces of both PCM and NCPCM filled heat sinks which that the conduction heat
transfer mode is more dominant than convection mode. With the increase of time from 1800
to 3000 s, the both conduction and natural convection heat transfer modes are observed from
the isotherms for all heat sink cases by seeing the deformation in PCM shape, which shows
the initiating of natural convection inside the heat sink. In addition, the circulating pattern
of isotherms are observed at the bottom of the heat sink because of the buoyancy effects
and gravity force. The more dominant convection patterns of isotherms are obtained with

the increase of time, developed by the temperature gradient, because of the growing role of

27



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

convection heat transfer in melt zone.

The further visualization of melting phenomenon of PCM and NCPCM filled heat sink
cases is illustrated using f; contours presented in Fig. [12] Initially, at 1200 s, there are
clear zones of solid and liquid PCM representing by blue and red colours, respectively, and
layers of PCM melting can be observed at the bottom and sides walls for all heat sink cases.
With the increase of melting time, at 1800 and 2400 s, the clear observation of circulating
patterns of liquid PCM is found at the bottom of the heat sink due the effect of buoyancy
and gravity forces. Since, the addition of nanoparticles enhance the thermal conductivity of
NCPCM as the well as the viscosity of NCPCM which enhance the heat transfer rate and
also affects the melt movement of PCM. Therefore, conduction heat transfer mode dominates
over convection mode. In addition, the significance of natural convection is noticeable by
appearing the more deformation and size of rotating circles of melted PCM during melting
process of NCPCM. Moreover, a regular decrease in circulating patterns is observed with
the increase of nanoparticles volume fraction. A closer look reveals that relative cold PCM
moves downward from solid-liquid interface because of gravitational effect which improves
the complete melting of PCM. This movement of melted PCM enhances the rate of PCM
melting at the bottom half of the heat sink compared to the upper half. Later on during
the melting process, at 3000 s, the higher rate of f; of NCPCM is obtained in most of
the part of heat sink domain which shows the dominant contribution of natural convection
heat transfer because of the influence of buoyancy effects. There is still movement of cold
or relative less melted PCM towards the bottom because of gravity effects. At 3600s, the
complete melting of NCPCM is obtained for 1%, 3%, and 5% ¢ because of conduction and
natural convection contribution. Since, the addition of nanoparticles improves the thermal
conductivity of PCM, thus, it improves the conductive heat transfer rate within the PCM

and faster melting is achieved.

4.6. Effect of different nanoparticles concentrations with constant MF

Fig. presents the effect of varying Cu nanoparticles volume concentrations in presence
of MF+PCM filled heat sink. The constant porosity and PPI of 95% and 10 are selected,
respectively, and three different volume fractions of 1%, 3% and 5% of Cu nanoparticles
are investigated individually. Since it has been explored that the MF having 95% and 10
porosity and PPI, respectively, has the best thermal cooling performance. Thus, effect of

nanoparticles concentrations are investigated further with MF+PCM embedded heat sink.
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Figure 9: Effect of PCM and NCPCMs filled heat sink: comparison of (a) Tys and fi, (b)
tmelt; Q; Q; q and q

Fig. shows the results of Ty and f; for PCM, MF+PCM and MF+NCPCM heat sink
cases at a constant input power level of 5 W. The lower Tyg and higher f; are obtained
for both MF+PCM and MF4+NCPCM heat sink cases. Furthermore, a closer look reveals
that MF+NCPCM heat sink has the higher f; and less latent—heat phase—change duration
result in increases the T g after complete melting of PCM. The melting durations of PCM
are obtained of 53.42, 44.17, 43.75, 42.92, and 42.08 mins for the case of PCM, MF+PCM,
MF+NCPCM (1%), MF+NCPCM (3%), and MFE+NCPCM (5%), respectively, as shown
in Fig. . A reduction in PCM #,,.,; was obtained of —17.32%, —18.10%, —19.66%,
and —21.22% for MF+PCM, MF+NCPCM (1%), MF+NCPCM (3%), and MF+NCPCM
(5%), respectively, compared with PCM filled heat sink. Since, both MF and nanoparticles
have the higher thermal conductivity which results in enhance the heat transfer rate within

PCM and reduced the t,,.;. Similarly, a decreasing trend in results of () are obtained and
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Figure 10: Results of (a) kegy (b) kesy enhancement of NCPCMs.

a reduction of —4.87%, —5.68%, —7.19%, and —8.70% for MF+PCM, MF+NCPCM (1%),
MF+NCPCM (3%), and MEF+NCPCM (5%), respectively, compared with PCM filled heat
sink. It can be seen that a slight variation in Q of MF+PCM and MF+NCPCM heat sinks
cases. The @ sharply increases by adding the MF however, by adding the Cu nanoparti-
cles of 1%, 3%, and 5% it is slightly decreased which is less significant in overall thermal
performance. The enhancement in Q is obtained of 8.16%, 8.12%, 7.99%, and 7.86% for
MF+PCM, MF+NCPCM (1%), MF4+NCPCM (3%), and MF+NCPCM (5%), respectively,
compared with PCM filled heat sink. It can be seen from Fig. that sharp decreasing
trend is obtained in results of ¢ and ¢ for the case of MF+NCPCM heat sinks which is due
to increase of the total mass of the PCM by adding the different concentrations of nanopar-
ticles. The ¢ is reduced by —4.87%, —14.11%, —28.30%, and —38.75% for MF+PCM,
MF+NCPCM (1%), MF+NCPCM (3%), and MF+NCPCM (5%), respectively, compared
with PCM filled heat sink. The result of ¢ presents that ¢ increases by 8.16% adding the MF
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(m) 1200 s, NCPCM (5%) (n) 1800 s, NCPCM (5%) (o) 2400 s, NCPCM (5%) (p) 3000 s, NCPCM (5%)

Figure 11: Variation of isotherms contours at various t of PCM filled heat sink and various
nanoparticles concentrations of NCPCM based heat sinks.
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Figure 12: Variation of f; at various t of PCM filled heat sink and various nanoparticles
concentrations of NCPCM based heat sinks.
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however it is decreased by —1.54%, —16.57%, and —27.64% by adding the Cu nanoparticles
of 1%, 3%, and 5% concentration, respectively, in MF because of the increase of the total
mass of PCM.

The comparison of MF+PCM and MF+NCPCM isotherms are further presented in Fig.
for different time intervals of 1200, 1800, 2400 and 3000 s. It can be seen that the
temperature increases with the increase of time and with the increase of Cu nanoparticles
. The MF provides a constant heat transfer path from bottom to top of the heat sink
due to interconnected MF structure. Thus, the main contribution of heat transfer is be-
cause of heat conduction. In addition, nanoparticles have the higher thermal conductivity
which further improve the heat transfer enhancement with the increase of added amount.
A closer look reveals that in combination of nanoparticles and MF, the significance heat
transfer contribution is because of the MF. Further more, the comparison of NCPCM and
MF-+NCPCM isotherms, shown in Figs. [I1]and [T4] respectively, reveals that the addition of
MF in PCM provide a more uniform heat distribution compared to the NCPCM heat sink.
Furthermore, Fig. shows the f; contours of MF+PCM and MF+NCPCM heat sink at
different time periods of 1200, 1800, 2400 and 3000 s. The melting behaviour of PCM shows
the uniform melting because of the addition of MF with increase of time. However, the
higher f; contours can be seen the addition of nanoparticles for each time step especially at
2400 s. The PCM melting improves as the ¢ increases from 1% to 5% because of the higher
thermal conductivity of Cu nanoparticles. Since, the both MF and nanoparticles have the
thermal conductivity, thus, improves the melting of the PCM resulting in lower t,,.; and
latent—heating phase is obtained. However, the higher heat transfer rate is achieved with
the addition of MF. Therefore, by comparing the results, shown in Figs. [13b] [I1] and [I5] it
can be suggested the nanoparticles having 1% volume fraction is enough in combination of

MF embedded heat sink for effective thermal cooling performance.

4.7. Effect of different MF porosities with constant nanoparticles concentration

Fig. |16]illustrates the effect of varying MF porosities (85%, 90% and 95%) with a con-
stant nanoparticles concentration of 5% and PPI of 10 at 5 W. The results of Txg and
fi of PCM, NCPCM and MF+NCPCM heat sinks are presented in Fig. [I6al It can be
revealed that lower Tyg is achieved initially before the complete melting of PCM for the
cases of NCPCM and MF+NCPCM heat sinks which is due the effective heat transfer from

the heat sink base towards ambient in presence of high thermal conductive nanoparticles
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Figure 13: Effect of different nanoparticles concentrations with constant MF+PCM based
heat sink: (a) Tys and fi, (b) tmen, @, @, q¢ and q.

and porous medium with PCM. However it can be seen that MF+NCPCM heat sink of
5% Cu concentration and 95% porosity has the lowest Tyg of 326.11 °C and higher latent—
heating phase completion duration after 3600 s compared with the NCPCM (5%) heat sink.
This reveals that a MF+PCM heat sink has the better thermal performance compared with
PCM-only and NCPCM heat sinks. Similarly, higher f; is obtained for MF+NCPCM heat
sinks compared with PCM and NCPCM heats sink. However, a closer analysis presents that
NCPCM heat sink has the higher f; compared with PCM-only heat sink results in shorter
the melting time of PCM. Moreover, a 95% porosity and 5% nanoparticles concentration
heat sink has the lower f; which takes the higher time to melt the PCM completely compared
with 90% and 85% porosities MF+NCPCM heat sinks. The t,,.; for PCM, NCPCM and
MF+NCPCM of 95%, 90% and 85% porosities is obtained of 53.42, 52.17, 41.50, 40.08 and
38.83 mins, respectively, as shown in Fig. [l6b] The reduction in ¢, is obtained of —2.34%,
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(e) 1200 s, MF+NCPCM (1%)  (f) 1800 s, MF+NCPCM (1%)  (g) 2400 s, MF+NCPCM (1%)  (h) 3000 s, MF+NCPCM (1%)
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Figure 14: Variation of isotherms at various t of MF+PCM and MF+NCPCM heat sink of
different nanoparticles volume fractions.
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(q) 3000 s, MF+PCM (r) 3000 s, MF+NCPCM (1%)  (s) 3000 s, MF+NCPCM (3%)  (t) 3000 s, MF+NCPCM (5%)

Figure 15: Variation of f; at varioust of MF+PCM and MF+NCPCM heat sink of different
nanoparticles volume fractions.
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—22.31%, —24.96%, and —27.30% for NCPCM, MF+NCPCM (95%), MF+NCPCM (90%),
and MF+NCPCM (85%), respectively, compared with PCM filled heat sink. The results of
@) and ¢ reveal the decreasing trend for both NCPCM and MF+NCPCM filled heat sink
compared with PCM filled heat sink. However, it can be observed that the variations in
@ and ¢ for MEF+NCPCM heat sink cases are very less significant. The reduction in @)
is achieved of —1.68%, —9.23%, —9.52%, and —9.64% for NCPCM, MF+NCPCM (95%),
MF+NCPCM (90%), and MF+NCPCM (85%), respectively, compared with PCM filled
heat sink. Similarly, the reduction in ¢ is obtained of —34.04% for NCPCM heat sink, how-
ever, a slight decrease is obtained of —39.10%, —39.30%, and —39.38% for MF+NCPCM
heat sink of 95%, 90%, and 85% porosities, respectively, compared with PCM filled heat
sink case. Fig. , a increasing trend is observed in @ for NCPCM and MF+NCPCM
heat sinks. A slight enhancement of 0.19% for NCPCM heat sink, however, a sharp en-
hancement of 7.97%, 10.44%, and 12.85% is obtained for MF+NCPCM heat sink of 95%,
90%, and 85% porosities, respectively, compared with PCM filled heat sink. Comparably,
the reduction in ¢ results is obtained of —32.79%, —27.57%, —25.91%, and —24.28% for
NCPCM, MF+NCPCM (95%), MF+NCPCM (90%), and MF+NCPCM (85%), respec-
tively, compared with PCM filled heat sink. The result illustrates that only NCPCM heat
sink reduced the ¢ and ¢ more significantly as compared to MF+NCPCM heat sink. Since,
the ¢ and ¢ depend on the mass of the PCM which means that more the PCM mass more

the decrease in ¢ and ¢ or vice versa.

5. Concluding remarks and suggestions

The present study explores the parametric investigation of a two-dimensional (2D) heat
sink filled up with the composite of PCM, NCPCM, MF+PCM and MF+NCPCM through
numerical approach. The influence of Cu nanoparticles is evaluated by varying the volume
fraction with PCM and MFs. The effect of different parameters such as different MF mate-
rials, porosities, pore densities, volume fractions of NCPCM, combination of MF+NCPCM
by varying different porosities and nanoparticles volume fractions, and power levels. The
contours of liquid—fraction and isotherms are presented at different time periods and volume
fractions of Cu nanoparticles. Thermal performance of heat sink is evaluated using different
performance indicators such as melting time, heat storage capacity, heat storage density,
rate of heat transfer, and rate of heat transfer density. The key findings from results are

identified as follows:
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Figure 16: Effect of different MF porosities with constant nanoparticles concentration
NCPCM based heat sink: (a) Tys and fi, (b) tmen, @, @, q and q.

666 e A uniform heating and melting of PCM is observed b by embedding the MF with

667 PCM filled heat sink. The lower heat sink temperature and enhanced melting rate
668 is obtained by Cu MF followed by Al and Ni MFs. The higher heat transfer rate of
669 86.84 W and lowest melting time of 44.17 min are obtained Cu MF+PCM embedded
670 heat sink.

671 e The melting time and latent-heating phase duration were decreased with the increase
672 of power level. However, the rate of heat transfer increased with the increase of power
673 level.

674 e The pore size showed a slight variation in reduction of heat sink temperature and
675 melting of PCM. However, the 10 PPI showed the lower heat sink temperature and
676 higher melting time. In addition, the comparison of porosities revealed the highest
677 porosity of 95% showed the lowest heat sink temperature and liquid—fraction of PCM.
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The higher reduction melting time and heat storage capacity were obtained of —17.32%
and —4.87%, respectively, however, lower rate of heat transfer was increased of 8.16%

with 95% porosity and 10 PPI Cu MF+PCM based heat sink.

There are less significance effects observed by adding the nanoparticles inside the PCM
in reduction of heat sink and PCM temperatures. The lower heat sink and NCPCM
temperatures were achieved with the increase of volume fraction of nanoparticles.
The addition of nanoparticles improved the thermal conductivity and viscosity of
PCM with the increase of volume fraction and improved the uniformity in melting
process. The melting time was reduced by —1.25%, —1.87% and —2.34% with the
addition of 1%, 3% and 5% volume fraction of Cu nanoparticles. Increasing trend was
observed in heat storage capacity and rate of heat transfer at 1% volume fraction of Cu
nanoparticles. Later on, they were decreased. A rapid decrease in heat storage density
and rate of heat transfer density was obtained. The rate of heat storage is enhanced
by 1.35%, 0.76%, and 0.19% by adding 1%, 3% and 5% volume concentration of Cu

nanoparticles, respectively, compared with the PCM filled heat sink case.

The addition of nanoparticles enhanced the melting rate and thermal conduction mode
of PCM with the increase of volume fraction because of the enhancement in effective
thermal conductivity and viscous effects of NCPCM. Addition of nanoparticles im-

proved the uniformity in melting process.

e With the addition of the NCPCM and MF, lower heat sink temperature and higher

liquid—fraction were obtained. Additionally, the latent—heating phase duration was
decreased with the increase of Cu nanoparticles volume fraction. The reduction in
melting time was obtained of —18.10%, —19.66% and —21.22% by adding the 1%, 3%
and 5% volume fraction of Cu nanoparticles with 95% porous Cu MF. Higher rate of
heat transfer of 8.12% was obtained at 1% volume fraction of Cu nanoparticles. How-
ever, a sharp decrease in heat storage density and rate of heat transfer density because
of increase in total mass of the PCM due to addition of nanoparticles. A uniform tem-
perature distribution and melting phenomenon was observed through isotherms and

liquid—fraction contours.

The different porosities (85%, 90% and 95%) of MF with constant volume fraction

of 5% revealed that lower heat sink temperature and higher latent—heating phase
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completion duration. The lower liquid—{raction was obtained with 95% porous of MF
and 5% volume fraction of Cu nanoparticles. The reduction in melting time was
obtained of —2.34%, -22.31%, -24.96% and -27.30% for for NCPCM, MF+NCPCM
(95%), MF+NCPCM (90%), and MF+NCPCM (85%), respectively, compared with
PCM-only case. The slight improvement of 0.19% for NCPCM heat sink, however, a
sharp enhancement of 7.97%, 10.44%, and 12.85% is obtained for NCPCM /MF+PCM
heat sink of 95%, 90%, and 85% porosities, respectively, compared with pure PCM
filed heat sink.

After carefully analysis of the pure PCM, NCPCM, MF4+PCM and MF+NCPCM based
heat sink, it can been reveal that optimum heat transfer rate and heat absorption capacity
are obtained at 1% of Cu nanoparticles concentration with 95% porosity and 10 PPI Cu

MF heat sink for efficient thermal cooling performance of electronic devices.
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Nomenclature

Abbreviations
Al Aluminum
Cu  Copper

FVM Finite volume method
HS Heat sink

NCPCM Nanocomposite phase change

material

Ni Nickel

DFBM Darcy-Forchheimer-Brinkman
model

LTE Local thermal equilibrium
LTNE Local thermal non-equilibrium
PCMs Phase change materials

PPI  Pores per inch

TM  Thermal management

UDF User-defined function
Symbols

A,,  Mushy zone

B Boltzman constant (J/K)

~ N owm e, A

S

v
w
Cp
AH
2D

Rate of heat transfer density
(W/Kg)

Volumetric heat generation (W/m?)
Source term in momentum equation
Temperature (K)

Time (sec)

Velocity component in x—axis
(m/s)

Velocity component in y—axis (m/s)
Width (mm)

Specific heat capacity (J/kg.K)
Fractional latent-heat (J/kg.K)

Two dimensional

Greek letters

2
s
I
fr; A

3

pc,  Volumetric heat capacity (J/m3.K) ,

Cr  Inertial coefficient

K Permeability

d, Ligament or cell diameter (m)
d, Pore diameter or pore size (m)
g Gravitational acceleration (m/s?)
H Height (mm)

Q Heat storage capacity (J)

q Heat storage density (J/Kg)

k Thermal conductivity (W/m.K)
L Latent heat of fusion (J/kg.K)
m Mass (Kg)

P Pressure (Pa)

Q Rate of heat transfer (1)

Volume fraction

Thermal expansion coefficient (1/K)
Viscosity (Pa.s)

Liquid fraction

Porosity

Pore density

Subscripts

HS  Heat sink

hs Heat source

it Initial

l Liquidus

m Melting

mf  Metal-foam

ncpem Nanocomposite phase change mate-
rial

np Nanoparticles

ref  Reference

T r—axis

Y y—axis
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Table 1: Thermophysical properties of PCM, nanoparticles,

and MFs [10, 28], 36].

Physical properties | RT-35HC Nan(z]g()jaur)tlcles Met(ai—lf)oam Met(aé—j;am Metgil—if)oam
T, (K) 308 - - -

T, (K) 307 - - -

T, (K) 309 - - -

L (kJ/kg) 240 - - -

k (W/m.K) 0.2 400 202.4 400 91
¢p(J/kg.K) 2000 380 871 385 440

p (kg/m?) ??8 Elellcll()i) 8920 2719 8960 8902

B (1/K) 0.0006 - - -

Table 2: Grid independence analysis.

Number of elements | Melting Time | Deviation (%) | Total energy (kJ/kg) | Deviation (%)
43753 1290 0.00 242.47 0.00
48305 1300 0.78 242.34 0.05
54087 1295 0.38 242.49 0.06
60796 1295 0.00 242.39 0.04
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