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Summary

The design of thermal management system needs to be made in such a way that

can avoid the possible overheating and failure of electronic components because

of higher power density. Thermal performance of heat sink (HS) configurations

involving different number of cavities (1, 4, 9, 16, 25, and 36), formed by cross

plate fins arrangement, as applicable to thermal management of electronic com-

ponents, are studied numerically by employing pressure-based finite volume

method. Mass and thermal capacity of each HS configuration are kept constant

and various heat flux values (1.0, 1.5, and 2.0 kW/m2) are used in the analysis.

The performance of various HS configurations is evaluated based on the transient

temperature variation of HS base, PCM melt fraction, average Nusselt number,

and energy absorbed by PCM through both latent and sensible heat. The study

also investigates the effect of various PCM materials on thermal performance

of HS. Maximum 10�C of temperature reduction is achieved in case of HS with

25 cavities compared to HS with a single cavity. For HS with 36 cavities, the melt-

ing time of the PCM reduces by 46.5% with the increase in the heat flux values

from 1.0 to 2.0 kW/m2. The study on effect of PCM type reveals that paraffin wax

is ideally suited for those electronic devices which have the critical set point tem-

perature (SPT) above 60�C and below 70�C.
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1 | INTRODUCTION

The demand for electronic components involving advanced
features and compact sizes increases because of advance-
ments in technology. The amount of heat dissipation from
the electronic circuit increases which results in an increase
in their operating temperature. It is reported that more
than 55% of electronic devices fail due to overheating.1 The
engineers need to develop an advanced cooling technique

that could maintain the safe temperature limit of the
printed circuit boards (PCBs). Most of the electronic
devices are equipped with conventional cooling techniques,
namely, air cooling, liquid cooling, and heat pipes. How-
ever, these cooling techniques require additional space and
power compared to passive cooling systems which result in
higher operating cost.2-6 Phase change materials (PCMs)
that use latent storage have attracted interest as an alterna-
tive cooling technique, and can be utilized to manage and
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control the temperature of the electronic devices.7-10 In
such a case, waste heat dissipated by electronic compo-
nents is absorbed by PCM and later on released to the
ambient keeping the temperature of the critical compo-
nents within a safe limit.

PCM find application in a variety of commercial and
residential applications such as waste heat recovery, ther-
mal control of building, refrigeration and air-conditioning,
spacecraft and satellite, textile industries, photovoltaic
system, heat exchanger, and cooling of electronics because
of its isothermal phase change behavior.11-15 The latent
heat thermal energy storage system (LHTESS) involving
PCMs (especially organic) is found to be very effective in
stretching the overheating time of the critical components
of the electronic devices subjected to an intermittent and
higher value of heat flux. Among others, organic PCM is
widely recommended because of favorable chemical and
thermophysical properties such as higher value of latent
heat of fusion on a volumetric basis, non-corrosiveness,
high specific heat, low toxicity, congruent melting, and
almost isothermal solid-liquid phase transformation.16-19

However, organic PCM exhibits a major drawback of
lower thermal conductivity value (0.1-0.3 W/m K), which
decreases the rate of heat absorption and release.20 There-
fore, the addition of thermal conductivity enhancers
(TCEs) inside the PCM-based heat sink (HS) has been
widely studied in recent years. There are various thermal
conductivity enhancement techniques such as inclusion of
extended surface (metallic fins),21-25 metallic foams,26-30

and metallic nanoparticle31-34 which may counterbalance
the low thermal conductivity of organic PCM.

Among the several thermal conductivity enhancement
techniques, the extended surface (metallic fins) is found
to be most promising.21-25 Several researchers carried out
numerical and experimental investigation on PCM filled
HS involving fins as TCEs. Studies have been made on
PCM (RT-80) based HS involving internal plate fins with
varying thickness.35 Thermal performance increases with
the increase in height and number of fins and does not
change with the fin thickness. Nayak et al.36 did a numer-
ical investigation to compare the performance of three dif-
ferent types of TCEs namely plate fins, rod fins, and
porous matrix. It is reported that TCE with thinner fins
greatly improves heat transfer performance. Also, rod type
fins are found to maintain more uniform temperature
than plate type fins. Baby and Balaji21 experimentally
examined various configurations of HS (no fin, 3 plate
fins, and 72 pin fins) integrated with n-eicosane as PCM.
The authors maintained a constant amount of TCE (9%),
with a uniform input power of 2-7 W supplied from the
bottom side of the test section. An augmentation in oper-
ating time of 18 times is obtained for the pin finned HS to
attain 45�C temperature at 7 W heat input. Saha et al.37

studied numerous parameters, namely aspect ratio of HS
enclosure, input heat flux, and different non-dimensional
numbers (Fourier number, Rayleigh number, Nusselt
number, and Stefan number) during melting of PCM
in HS assembly. An effort has been made to develop cor-
relations for Nusselt number as a function of Rayleigh
number in the PCM based HS enclosures (shallow, rect-
angular, and tall). The influence of height and width of
plate fins on the melting rate of PCM was analyzed
through numerical investigation by Bondareva et al.38

The intensity of heat transfer is found to increase with the
decrease in fins width. The melting time of PCM is found
to decrease by 16%-18% and 37%-40% with the elongation
of the fin length from 0.1 to 0.3 and 0.3 to 0.6, respec-
tively. Kothari et al.39 reported the effect of the aspect
ratio of a rectangular container on PCM solidification
rate for different thermal boundary conditions. It is found
that solidification time is reduced by 93% and 99% by
decreasing the aspect ratio from 8.0 to 0.125 and 5 to 0.2,
respectively. Studies have been made for different HS
configurations involving single cavity, parallel arrange-
ment of plate fins, cross fin arrangement, and honeycomb
insert.40 Six different PCMs have been used in their study.
They reported that the use of honeycomb insert shows
higher effectiveness with reference to cost and light-
weight. Melting heat transfer analysis of multiple PCMs
inside a rectangular cavity was performed by Li et al.41

through experimental and numerical investigation. It is
reported that the use of multiple PCMs makes the
heat transfer more uniform and decreases the melting
time. An effort has been made to optimize the number of
fins through analysis of variance (ANOVA) approach by
Kalbasi et al.42 It is concluded that there exist optimum
fin spacing and fin volume fraction. These are influenced
by fin thickness, heat input, and height of the HS. PCM
cooling can also be used in a battery thermal management
system (BTMS). Zhao et al.43 conducted numerical and
experimental investigations by employing composite

Highlights

• Reports performance of PCM based heat sink
with various cross plate fins.

• The melting pattern, melt fraction, and heat
transfer mechanism are investigated.

• Isotherm contour, energy storage rate, and
Nusselt number variation are studied.

• Effect of heat flux and various PCM types on
thermal performance is studied.

• The operating time to achieve a particular set
point temperature is studied.
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phase change material (CPCM) to cool the lithium-ion
battery module. It is reported that hybrid BTMS involving
both CPCM and liquid cooling is efficient for high energy
density and high power density systems.

The above mentioned review reveals that the use of
PCM-based HS can play a potential role in the augmenta-
tion of thermal comfort of electronic components, which
can increase the long term reliability and efficiency of
the devices. Most of the previous studies21,35,36,40 report
that the thermal performance of PCM-based HS can be
enhanced because of numerous parameters such as
increase in the number of fins, height of the fin, and
increase in PCM volume. It may be noted that the
increase in these parameters (number of fins, height of
the fin, and PCM volume) increases the overall thermal
conductivity, thermal capacity, and latent heat capacity
of the system and leads to improvement of thermal per-
formance. Most of the earlier studies focus on HS config-
urations that consider different mass for different HS
configurations. Here, the mass of each HS configuration
is kept same for all the cases, which has not been exten-
sively reported in the literature. Also, most of the studies
focus on the parallel plate fin arrangement-based heat
sinks (HSs) during their investigation. It may be noted
that for a given weight of fin materials, different fin
arrangements can be adapted to augment the heat trans-
fer characteristics of the system. Based on the fin arrange-
ment design, the natural convection effect, surface area
density can be improved which may lead to an improve-
ment in thermal performance. Nevertheless, not a single
study has been reported to analyze the heat transfer
capacity of PCM-based HS with cross plate fins through
numerical investigation. In addition to this, the influence
of convection induced due to density difference during
the melting of PCM, evolution of melt front and melting
pattern, and isotherm contour can be studied in more
detail in numerical investigation compared to experimen-
tal investigation.44 It was reported that cross plate fins
exhibit better performance compared to parallel plate
fins.40

Therefore, the present work reports the three-
dimensional numerical investigation of PCM-based cross
plate fin HS to characterize the thermal performance and
phase change phenomena throughout the melting pro-
cess of PCM. The Boussinesq approximation is employed
to estimate the natural convection during the melting of
PCM. To study the efficacy of HS, the thickness of fins
and wall is varied to ensure the mass and thermal capac-
ity of LHTESS remains constant. The specific objective of
the present study is given below.

1. To investigate the thermal performance of PCM-
integrated HS assembly involving cross plate fins with

a different number of cavities (1, 4, 9, 16, 25, and 36)
for a given value of mass and thermal capacity
through numerical investigation.

2. To study various thermal performance parameters
such as enhancement in melting rate, energy storage
rate (latent and sensible heat), and propagation of
melt front, temperature uniformity inside the PCM
cavity, variation of Nusselt number with dimension-
less time, and time to attain set point temperatures
(60�C and 70�C).

3. To estimate the effect of heat flux on thermal perfor-
mance parameters such as liquid fraction and HS base
temperature.

4. To select an optimum number of cross fins in terms
of lowering the base temperature and ease of
manufacturing.

5. To investigate the effect of different PCM, namely
paraffin wax, PCM-HS29P, PCM-HS34P, PCM-
OM37P, PCM-OM46P, and PCM-HS58P on HS base
temperature.

2 | MATHEMATICAL MODELING

2.1 | Physical model

The isometric view of the present physical model with
different numbers of cross plate fin HS which forms dif-
ferent cavities are depicted in Figure 1. The overall size of
the HS is kept as constant (100×100 × 25 mm3). Table 1
depicts the dimension of HS configurations used in this
study. The fin volume fraction is kept at 6.60% for all the
cases, while the thickness of the wall and fin material is
varied in different HS configurations. Here, the material
of the HS and fins are chosen as aluminum because of
lightweight (ρ =2719 kg/m3), higher thermal conductiv-
ity (K =202.4 W/m K), and high specific heat value (Cp

=871 J/kg K). The schematic view of one of the models
(16 cavities HS) is presented in Figure 2. Here, square
HS (L × W = 100 × 100 mm2) with the base thickness
(tb = 2 mm), and height (H = 25 mm) is considered as
constant for all six designs of the HS. Here, tw, tf, h, and
d represent the thickness of the wall, thickness of the
fin, height of the PCM element, and size of the PCM stor-
age cavity, respectively, and are selected in such a way
that mass and heat capacity of each thermal storage unit
remain constant. Constant heat flux is applied on the
back surface of the HS, while the top surface and side
walls of the HS are considered to be thermally insulated.
Initially, commercially available paraffin wax (melting
point = 58�C-62�C)45 is selected as PCM for storing ther-
mal energy due to its various favorable thermophysical
properties.
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2.2 | Numerical procedure
and governing equations

Enthalpy-porosity approach46,47 is utilized to model the
phase change phenomena of PCM during melting. In
this approach, energy equation involving enthalpy varia-
tion, which accounts for the phase change process of
PCM melting, is considered for the analysis. The compu-
tational domain of the physical model is assumed to be a
porous medium. The porosity value of an individual cell
is defined by a term called melt fraction (;) which helps
in tracking the melting of PCM. The value of ; = 0 indi-
cates a solid state of PCM while ; = 1 corresponds to
fully melted PCM. The following are the necessary
assumptions used to solve the present numerical model
of the PCM-based HS assembly:

a. Three dimensional and unsteady state.
b. The flow of the molten PCM is Newtonian, laminar,

and incompressible with negligible viscous dissipation.

c. Heat transfer through radiation is not accounted.
d. The expansion of PCM upon melting is not

considered.27,44

e. The PCM and aluminum are pure with constant
thermophysical properties. Also, the thermophysical prop-
erties of PCM are considered to be phase independent.

The Boussinesq approximation can be applied to
simulate the solidification and melting of PCM while con-
sidering natural convection.27,44,48 In this approximation,
material properties remain constant for each phase except
the variation of fluid density on buoyancy lift is considered.
In order to incorporate natural convection, the Boussinesq
approximation is applied in the momentum equation.

ρ=
ρl

β T−Tlð Þ+1ð Þ ð1Þ

where ρl and β are the density of molten PCM at melting
temperature and coefficient of thermal expansion,
respectively.

FIGURE 1 Isometric views of various HS configuration used for numerical study: (A) 1 cavity, (B) 4 cavities, (C) 9 cavities,

(D) 16 cavities, (E) 25 cavities, and (F) 36 cavities [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Dimensions of HS and fins

Heat sink
Dimension
(L × W × H mm3)

tb
(mm)

tw
(mm)

tf
(mm)

Cavity
(d × d × h) mm3

1 cavity (No fin) 100 × 100 × 25 2 3.5 — 93 × 93 × 23

4 cavities (1 × 1) fin 100 × 100 × 25 2 2 2.00 47 × 47 × 23

9 cavities (2 × 2) fin 100 × 100 × 25 2 2 1.50 31 × 31 × 23

16 cavities (3 × 3) fin 100 × 100 × 25 2 2 1.00 23.25 × 23.25 × 23

25 cavities (4 × 4) fin 100 × 100 × 25 2 2 0.75 18.6 × 18.6 × 23

36 cavities (5 × 5) fin 100 × 100 × 25 2 2 0.60 15.5 × 15.5 × 23
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Based on the foregoing assumptions the governing
equations (mass, momentum, and energy) for PCM based
LHTESS can be expressed as44

Continuity equation:

∂ρ

∂t
+r� ρu

!� �
=0 ð2Þ

Momentum equation:

∂ ρu
!� �

∂t
+r� ρu

!
u
!� �

= μr2u
!−rp+ ρg

!
+ S

! ð3Þ

Energy equation:

∂

∂t
ρHð Þ+r� ρu

!
H

� �
=r� krTð Þ ð4Þ

where ρ is the density, u, k, and, μ are the velocity, ther-
mal conductivity, and dynamic viscosity, respectively,
and S

!
denotes the momentum source term which is

defined by Equation (5).

S
!
=A ;ð Þu! ð5Þ

where A(;) is the “porosity function” and can be
defined as:

A ;ð Þ=Cmush 1−;ð Þ2= ;3 + ε
� �

ð6Þ

where Cmush denotes mushy zone constant to enhance
the suppression effect. This reflects the nature of PCM
melting, whose value varies between 104 to 107 and 105 is
taken in the present investigation.44 Here, ε is the small
computational constant typically set to be 0.001 to avoid
zero in the number.44 Also, ; is the melt fraction during
the solid-liquid phase change over a temperature range of
TS < T < Tl and is defined by Equation (7). Here, the
mushy zone is involved that allows gradual transition in
flow velocity at the interface of liquid and solid during
melting. The value ; is defined as:

;=
0, T <TS

1, T >TL

T−TS

TL−TS
, TL >T >TS

8>><
>>:

ð7Þ

The enthalpy(H) can be expressed as:

H = href +Hsen +Hlat ð8Þ

where href is the reference enthalpy at a reference
temperature Tref; while Hsen and Hlat can be
defined as:

FIGURE 2 Schematic view

of the computational domain

(16 cavities HS) [Colour figure

can be viewed at

wileyonlinelibrary.com]
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Hsen =
ðT
Tref

CpΔT ð9Þ

Hlat = ;L ð10Þ

As the melt fraction ranges from 0 to 1, hence the
value of the latent heat (Hlat) changes from 0 to specific
enthalpy L for solid and liquid PCM, respectively.

2.3 | Initial and boundary conditions

The initial and boundary conditions are expressed as
below:

a. Initial condition: At the beginning of the calculation,
the initial temperature of the physical model is set at
ambient temperature (27�C). Also, since at ambient
temperature, PCM is in the solid phase, hence initial
velocity is zero.

t=0, T 0ð Þ=Ti =Tamb =27�C, u! 0ð Þ= u
!

i =0 ð11Þ

b. Boundary condition:

No slip boundary conditions are adopted at all the
walls for velocity.

u
!

i =0 ð13Þ

3 | COMPUTATIONAL
METHODOLOGY

The numerical solution of the physical problem with the
given boundary conditions is obtained using commercial
Ansys fluent software. The finite volume method (FVM)
is employed to discretize the computational domain. The
pressure based solver with an implicit solution formula-
tion is utilized to solve the pressure based Navier-Stokes
equations. Transient formulation involving a first-order
implicit time-stepping method is selected. Patankar's
SIMPLE algorithm is utilized for coupling between veloc-
ity and pressure and the standard scheme is employed for
pressure correction equations.49,50 Second order upwind
scheme is employed to discretize the energy and momen-
tum equations. The convergence is checked at each time
step and is declared to be converged when residuals of
the solution lie below 10−5, 10−6, and 10−8 for continuity,
momentum, and energy equations, respectively. The
maximum 20 iterations for each time step are considered
for the present numerical simulation. Moreover, the pre-
sent simulations are carried out using an Intel Xenon E5,
CPU 3.50 GHz, and 32 GB of RAM. Each run took
between 3 and 6 days and thus entire simulation took
about three and a half months.

Both grid and time dependency check of the compu-
tational model has been carefully carried out to obtain

the optimum grid sizes and time step size. Three different
grid sizes involving 177 000, 215 000, and 277 000 ele-
ments for PCM based HS and different time sizes (0.1,
0.5, and 0.7 seconds) are examined. Figure 3A,B depicts

At the bottom and top surface −k
∂T
∂z

����x=0−100mm

y=0−100mm

z=0mm

= q
00
in, −k

∂T
∂z

����x=0−100mm

y=0−100mm

z=25mm

=0

At side walls −k
∂T
∂x

���� x=0mm

y=0−100mm

z=0−25mm

=0, −k
∂T
∂x

���� x=100mm

y=0−100mm

z=0−25mm

=0

−k
∂T
∂y

����x=0−100mm

y=0mm

z=0−25mm

=0, −k
∂T
∂y

����x=0−100mm

y=100mm

z=0−25mm

=0

ð12Þ

6 KUMAR ET AL.



the grid and time dependence test, respectively, for PCM-
based HS. The mesh with the quadrilateral grid system
is generated and, the mesh involving 215 000 elements
and a time step of 0.5 seconds is considered for further
numerical simulation.

4 | MODEL VALIDATIONS

4.1 | Experimental validation for PCM-
based HS

Here, the test data of Mahmoud et al.40 are considered to
validate the numerical model (Figure 4A). The authors
conducted tests of different HS designs, namely, single cav-
ity, cross fin arrangement, parallel fin arrangement, which
forms various cavities and honeycomb structures. Present
results are compared to their test data that consider PCM

(RT-42) based HS with three and nine cavities and sub-
jected to 4 W of heat input. The temperature history of the
base of the HS is plotted in Figure 4A. The maximum dif-
ference between present numerical results with test data is
found to be less than±9%. The variations in the experimen-
tal results and numerical prediction are mainly because of
variations in the thermophysical properties of the PCM
during the experiments while the constant value of these
properties is used in the numerical computations.

4.2 | Validation for PCM phase change
process

To ensure the accuracy of the numerical results the tem-
poral variation of the melt fraction of RT-42 PCM inside
a rectangular enclosure with double fins is obtained and
compared with the numerical results of Ji et al.44 For the
studied configuration, constant temperature boundary

FIGURE 3 (A) Mesh independence test with cell number

varying from 177 000, 215 000, and 277 000 at time step of

0.5 second; (B) time independence test with time size varying from

0.1, 0.5, and 0.7 second at cell number of 215 000 [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 4 (A) Validations of present numerical results with

experimental results of Mahmoud et al.40 (B) Comparison of

present numerical model results with numerical results of Ji et al.44

[Colour figure can be viewed at wileyonlinelibrary.com]
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condition (70�C) was applied on the left wall, while other
walls were maintained at the insulated condition. The
initial temperature of the domain was considered to be
30�C. The heater plate has a thickness of 5 mm, while
fins of equal length have a thickness of 2 mm. The com-
parison of the area-weighted average melt fraction of the
present study with the results of Ji et al.44 is plotted in
Figure 4B. Figure 4B reveals that the present results
show excellent agreement with the numerical results of Ji
et al.44 The present model reasonably predicts the test
data of Mahmoud et al.40 and numerical results of Ji
et al.44 and therefore used for further simulation.

5 | RESULTS AND DISCUSSION

As discussed in Section 1, most of the earlier studies are
focused on the parallel arrangement of plate fins inside
PCM-based HS. In the present investigation, different
cross fin arrangement of plate fins which forms different
cavities (1, 4, 9, 16, 25, and 36) filled with paraffin wax
as PCM are investigated numerically. Heat flux is varied
between 1 and 2 kW/m2. The results obtained from the
present numerical investigation are elaborated in the sub-
sequent sections.

5.1 | Performance of HS with
and without PCM

The average temperature of single cavity HS with and
without PCM for q

0 0
= 1.0 kW/m2 is compared and shown

in Figure 5. Temperature rise for HS without PCM is found
to be steady and faster and the average temperature
reaches 80�C (353 K) within 635 seconds. It may be noted
that this situation may influence the reliability and safety
of the electronic components. While, the HS integrated
with PCM (paraffin wax) exhibits a steady temperature rise
for the first 1500 seconds, which represents the sensible
heating of PCM. After 1500 seconds, PCM tends to attain
the melting temperature, and PCM tends to melt near the
base and this process continues up to 5000 seconds. The
average temperature of the HS is found to be low from
1500 to 5000 seconds. This period of heating is also known
as the latent heating phase. For the HS module with no
PCM, the latent heat storage phase is absent, and therefore
sharp rise in temperature is observed for given heat flux.
The temperature of the HS module involving PCM is
maintained close to the melting temperature of PCM
throughout the phase transition. This indicates that PCM-
based HS needs to be used for cooling of electronic devices
for the intermittent condition so that PCM gets enough
time for solidification.

It can be noticed that even though the PCM takes
some time to start melting, a rapid rise in temperature is
observed for the HS module with no PCM compared to HS
involving PCM. This is because of the higher specific heat
value of paraffin wax compared to air. The operating time
to attain a set point temperature (SPT) of 320 K is found to
increase by 220% for HS involving PCM compared to HS
without PCM. In a similar study, the operating time to
attain the SPT of 320 K is found to increase by 60% for HS
involving PCM compared to HS without PCM.35 Therefore,
HS involving PCM has enough potential to increase the life
and reliability of portable electronics.

5.2 | PCM melting rate with the addition
of TCE

The melting rate of PCM is affected by both HS configu-
rations and the amount of heat input to the HS. The rate
of melting is studied by calculating the melt fraction (;)
as given below.44

;=
ð ð ð

s T >58�C½ �
S

dxdydz ð14Þ

Here, s[T > 58 � C] represents the volume of the lique-
fied PCM, when its temperature reaches beyond 58�C
and S represents the total PCM volume inside the HS cav-
ity. Figure 6A–C describes the temporal variation of melt
fraction of PCM for various HS configurations at different
heat flux values (q

0 0
= 1 − 2 kW/m2). Figure 6A illustrates

the variation of ; with time for different HS configura-
tions (1, 4, 9, 16, 25, and 36 cavities) filled with paraffin

FIGURE 5 Average temperature variation of HS against time

with and without PCM [Colour figure can be viewed at

wileyonlinelibrary.com]
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wax and subjected to q
0 0
= 1.0 kW/m2. The melting of the

PCM (paraffin wax) begins earlier in the case of HS with
a single cavity, while the melting of PCM finishes at last
compared to other HS configurations. The melting rate of
PCM is found to be increased for HS assembly involving
cross fins and increases with an increase in the number

of cross fins. This is due to the higher contact surface area
density of PCM with aluminum in the case of finned HS
compared to unfinned HS. Similar behaviors are obtained
for other heat flux values and are depicted in Figure 6B,C.
The enhancement ratio (ratio of time taken for complete
melting of PCM in finned HS to that of unfinned HS) in
melting involving cross fins is summarized in Table 2. The
maximum enhancement ratio of 22.67% is obtained for the
case of 36 cavities HS followed by 25 cavities HS (21.33%)
at 1.0 kW/m2. Single cavity HS possesses a lower number
of heat conducting paths (walls of the cavity acts as con-
ducting paths) compared to HS with multiple cavities. The
propagation of heat energy takes place from the base of the
HS to PCM in case of single cavity HS, while the heat
energy flows to different layers of PCM in case of HS
involving multiple cavities because of more number of con-
ducting paths. During the initial stage of heating, the maxi-
mum amount of heat energy flows to PCM through the
bottom of HS in the case of single cavity HS. This may be
the reason the melting of PCM takes place at a faster rate
during the initial stages of melting in single cavity HS. It
may be noted that the thermal conductivity of PCM is very
low and therefore PCM at the bottom layer conducts heat
to the next adjacent layer at a much slower rate and it
takes longer time for complete melting of PCM. In the case
of multiple HS cavities, the heat is conducted to the upper
region of HS through fins and some heat energy is
absorbed by fins in the form of sensible heat during the ini-
tial period of heating. In such a case, the volume average
temperature of PCM does not reach to melting temperature
and therefore melting takes place at a slower rate in multi-
ple cavities HS. In a similar study, Ji et al.44 obtained an
enhancement ratio of 15% by changing the fin length ratio
from 1 to 0.25 for double fin arrangement in a rectangular
enclosure. A closer look at Figure 6 reveals that, with an
increase in q

0 0
the energy absorption rate increases which

leads to a higher melting rate of the PCM. With increasing
the heat flux values from 1.0 to 2.0 kW/m2, the melting
time of the PCM is reduced by approximately 46.5% in
36 cavities HS.

5.3 | Characterization of melting heat
transfer mechanism

The mechanism of melting heat transfer induced by the
introduction of cross fins can be explored by studying
temperature distribution and liquid fraction contours. In
addition to this, energy stored by the PCM (latent and
sensible) and surface averaged Nusselt number Nu

� �
are

investigated throughout the melting process of the paraf-
fin wax to study the heat transfer characteristics of
LHTESS.

FIGURE 6 Transient variation of ; for different HSs

(A) q
00
=1.0 kW/m2, (B) q

00
=1.5 kW/m2, and (C) q

00
= 2.0 kW/m2

[Colour figure can be viewed at wileyonlinelibrary.com]
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5.3.1 | Liquid fraction and temperature
distribution

Figure 7 exhibits the transient variation of PCM melt
fraction, melting pattern, and strength of convection cur-
rent of each HS configuration taken on the y-z plane. The
amount of PCM in all the cases is kept constant. For this,
we have varied the thickness of the fins. Heat flux
(1.0 kW/m2) is employed at the base of the HS. The heat
energy is transferred to PCM through the base, wall, and
fin surfaces of HS and the melting of PCM begins by
absorbing latent heat of fusion. The melting of PCM
increases with time. Initially, at, t = 0, the entire HS is
filled with solid PCM. After t = 2500 seconds, PCM near
the base, side walls, and fin walls begins to melt. As time
passes t = 3500 seconds, the PCM layer near the base,
side walls, and fins, tends to melt and liquid PCM tends
to move due to natural convection. As time elapses, more
melting of PCM takes place. The evolution of the solid-
liquid interface is influenced by the introduction of cross
fins. For HS with a single cavity, melting starts only from
base and side walls and moves upward due to natural
convection. When fins are introduced melting of PCM

takes place from all sides of the HS. PCM flow motion in
case of finned HS is more active and aggressive. A closer
look at Figure 7 reveals that the flow strength during
melting of PCM in 25 and 36 cavities HS is stronger com-
pared to the other four configurations. PCM flow motion
seems to be weaker in the case of the rest four HS config-
urations. It can be noticed from Figure 7 that PCM in
1, 4, 9, and 16 cavities not fully melted even after
5800 seconds of heating. At the same time, PCM in the
case of 25 and 36 cavities HS is about to melt completely
after 5800 seconds of heating. After t =5800 seconds PCM
melts completely and consequently, convection current
tends to weaker. This indicates the melting rate of PCM
is faster in the case of 25 and 36 cavities HS. From the
above analysis, it can be inferred that HS involving cross
fins increases the melting rate of PCM due to an increase
in natural convection and melt fraction. However, after
complete melting convection heat transfer is weaker in
HS with multiple fins compared to HS with no fin.

The rate heat transfer in PCM integrated cross plate
finned HS can be studied from isotherm contours pres-
ented in Figure 8. Figure 8 presents the temperature dis-
tribution of various HS configurations on the y-z plane at

TABLE 2 Enhancement in melting

with the addition of cross finHeat sink
Time for complete melting (s) Enhancement ratio (%)

q
0 0
(kW/m2) 1.0 1.5 2.0 1.0 1.5 2.0

1 cavity 7500 5000 3900 — — —

4 cavities 6500 4500 3500 13.33 10.00 10.26

9 cavities 6200 4300 3300 17.33 14.00 15.38

16 cavities 6000 4200 3200 20.00 16.00 17.95

25 cavities 5900 4100 3100 21.33 18.00 20.51

36 cavities 5800 4000 3100 22.67 20.00 20.51

FIGURE 7 Variation of ; for different HS configurations at various time periods (A) No fin, (B) 1 × 1 fin, (C) 2 × 2 fin, (D) 3 × 3 fin,

(E) 4 × 4 fin, and (F) 5 × 5 fin [Colour figure can be viewed at wileyonlinelibrary.com]
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different heating time at q
0 0
= 1 kW/m2. It can be noticed

that the rise in temperature in case of no fin HS is higher
compared to other HS configurations. The rise in temper-
ature decreases with the increase in the number of cross
fins. However, there exists an optimum number of fins
beyond that any further increase in fin numbers does not
improve the heat transfer. It can also be observed from
Figure 8 that the uniformity of temperature increases
with the increase in the number of the cross fin. The tem-
perature varies from 314 K to 339 K in the case of single
cavity HS after 2500 seconds of heating. Contrarily, it var-
ies from 331 K to 333 K for 25 and 36 cavities HS. The
peak temperature is also found to be decreased in the
case of finned HS. The improvement in HS performance
in the case of finned HS is because of the reduction in
thermal resistance due to the addition of cross fins which
leads to augment the heat transfer through the PCM.

5.3.2 | Energy stored by the PCM

The energy stored inside the PCM while melting
(q

0 0
= 1.5 kW/m2) is expressed in terms of latent (Qlat) and

sensible (Qsen) heat as depicted in Figure 9. Figure 9 rep-
resents the cumulative sensible and latent energy storage
at a different time interval during the melting of PCM. It
can be noticed that for t<2500 seconds, the energy absorp-
tion rate in the sensible heat curve for the 36 cavities HS

is higher compared to the single cavity HS, while the
opposite tendency can be noticed for t>2500 seconds.
In addition, along the latent heat curve, the energy
absorption rate for the 36 cavities HS is lower than the
single cavity for t< 2000 seconds, while the opposite trend
can be noticed for t>2000 seconds. This is because the
melting of paraffin wax in a single cavity HS starts from
800 seconds, while in the case of 36 cavities HS melting
starts after 1200 seconds of heating. The volume average

FIGURE 8 Variation of isotherm contours of different HS configurations at various time periods (A) No fin, (B) 1 × 1 fin, (C) 2 × 2 fin,

(D) 3 × 3 fin, (E) 4 × 4 fin, and (F) 5 × 5 fin [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Energy storage rate in terms of sensible and latent

heat for various HS at q
00
=1.5 kW/m2 [Colour figure can be viewed

at wileyonlinelibrary.com]
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temperature of paraffin wax before 2500 seconds of
heating is higher in 36 cavities HS compared to single
cavity HS. Therefore, sensible heat energy absorbed by
PCM in 36 cavities HS is higher than single cavity HS
before 2500 seconds. After 2500 seconds, the volume aver-
age temperature of paraffin wax in single cavity HS is
higher compared to 36 cavities HS. Therefore, the sensible
heat energy absorbed after 2500 seconds in single cavity
HS is higher compared to 36 cavities HS. In a similar
manner, up to 2000 seconds of heating, Qla for single
cavity HS is higher since melt fraction value up to
2000 seconds is higher for single cavity HS compared to
36 cavities HS. After 2000 seconds, the melt fraction value
of 36 cavities HS is higher compared to single cavity
HS. It may be noted that the value of ; at 2000 seconds
for a single cavity HS is 0.29 and for 36 cavities HS is
0.282. While at 2100 seconds, the value of ; is 0.317 for
single cavity HS and 0.322 for 36 cavities HS as can be
seen in Figure 6B. Therefore after 2000 seconds, the latent
heat value of 36 cavities HS is higher. After complete
melting, the energy storage takes place through sensible
means.

5.3.3 | Surface-averaged Nusselt number
Nu
� �

The surface-averaged Nusselt number Nu
� �

is esti-
mated as44:

Nu=
hlc
k

ð15Þ

where h is the surface averaged heat transfer coefficient,
lc is the characteristic length of the PCM container
(height of the cavity), and k is the thermal conductivity
of the PCM. The h can be obtained by the following
expression44:

h=
Qabs

At Ts−Tmð ÞΔT ð16Þ

where Qabs is the heat energy absorbed by paraffin wax in
a time interval of ΔT, At is the overall heat transfer area
including the HS and fin surfaces, Ts is surface average
temperature, and Tm is the mean temperature of the
PCM. The variation of surface average Nusselt number
with dimensionless time τ for various HS configurations
for q

0 0
= 1.5 kW/m2 is presented in Figure 10. Fourier

number (Fo) alone is not sufficient to express the general-
ize trend of heat transfer variation because of the effect of
the phase change process. The dimensionless time τ is
expressed as51

Fo=
αt

l2c
ð17Þ

Ste� =
Cpq00lc
kL

ð18Þ

τ=Fo× Ste� ð19Þ

where α is the thermal diffusivity of the PCM, t is the time,
q
0 0
input heat flux to the HS, lc is the characteristics dimen-

sion, and L denotes the specific latent heat of the PCM.
Based on the variation of Nusselt number with dimension-
less time τ, the melting heat transfer through the PCM can
be characterized into different stages such as heat conduc-
tion, strong convection, and weak convection.

During the heat conduction stage, the Nusselt num-
ber (Nu) starts from its peak value and drops rapidly. This
indicates convection is very weak in this region. The
PCM mainly starts to melt by heat transfer through con-
duction from the base, wall surface, and fins surface. The
larger value of Nu in the beginning is mainly due to
the smaller thermal resistance. Since in the beginning
liquid layer of the PCM is very thin which results in
very less thermal resistance. As time elapses, the liquid
phase thickness of the PCM increases which leads to an
increase in thermal resistance. Therefore, the heat trans-
fer rate gradually decreases. At this point, the Nu for all
fin-PCM cases should necessarily be the same as the total
fin length for all the cases are the same.

In the strong convection regime, Nu decreases at a
slower rate. In this regime, natural convection tends to
intensify the heat transfer because of the larger melting
rate of PCM. Although resistance to heat conduction con-
tinues to increase but strong convection enhances the

FIGURE 10 Variation of �Nu with dimensionless time τ for
various HS configurations at q

00
=1.5 kW/m2 [Colour figure can be

viewed at wileyonlinelibrary.com]
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heat transfer rate. Therefore, Nu still decreases but at a
slower rate. From Figure 10, one can observe that Nu
for HS with 25 and 36 cavities shows the slowest decline
rate compared to other HS configurations. This may be
due to the strong convection region throughout the PCM
melting.

In the weak convection regime, the Nu decreases con-
tinuously but at a faster rate in comparison to a strong
convection regime. This shows a decrease in heat trans-
fer, weakening convection current, and shorter length of
the solid and liquid interface.

6 | OPTIMIZATION OF HS
CONFIGURATIONS

The above analysis illustrates that introduction of cross
plate fins plays a critical role in enhancing the melting of
paraffin wax. At this juncture, it is important to optimize
the number of cross fins. Here, the base temperature is
taken as a reference to investigate the effectiveness of the
HS module involving PCM and cross fins. The variation of
HS base temperature against time for different q

00
values

(1.0, 1.5 kW/m2) of PCM-based HSs with no fin and differ-
ent cross fin arrangement (1 × 1, 2 × 2, 3 × 3, 4 × 4,
and 5 × 5) are shown in Figure 11A,B. Here, paraffin wax
is used as PCM. It is observed that an increase in the num-
ber of cross fins decreases the HS base temperature due to
an increase in the localized heat diffusion in the PCM. At
q
0 0
= 1.5 kW/m2, the HS with a single cavity, 25 cavities,

and 36 cavities takes 765, 1500, and 1500 seconds, respec-
tively, to achieve the SPT value of 60�C. While, these
HS configurations (single cavity, 25 cavity, and 36 cavities)
takes 1713, 4023, and 4021 seconds, respectively, to
achieve the SPT value of 70�C. This clearly indicates that
there exists an optimum number of cross fins for which
the maximum reduction in HS base temperature takes
place and a further increase in fins does not reduce the
base temperature further. It may be noted that the effec-
tive thermal conductivity of PCM integrated HS assembly
increases with the increase in the number of cross fins,
which increases the melting rate and decreases the base
temperature of the HS. However, at the same moment,
the natural convection heat transfer in post melting is
prevented due to the increase in the number of cross fins.
This may be the reason that the base temperature in
36 cavities HS increases at a faster rate after complete
melting of PCM in comparison to 25 cavities HS. A similar
phenomenon has been observed at different heat flux
values for 25 and 36 cavities HS. This indicates that the
4 × 4 cross fin (25 cavities) is the optimum HS configura-
tion. Also, 25 cavities HS is found to be more cost effective
compared to the 36 cavities HS because of lower weight

and ease of manufacturing. The maximum 10�C of tem-
perature reduction is achieved in the case of 25 cavities
HS compared to HS with no fin. The SPT is the critical
temperature beyond which the thermal performance of
electronic components deteriorates or even gets damaged.
Table 3 depicts the heat transfer performance in terms
of SPTs and enhancement ratio in operating time (er)
for input heat flux varying from 1.0 to 2.0 kW/m2. The
enhancement ratio (er) in operating time is determined as
the ratio of enhancement in operating time to reach the
critical SPT by HS with TCE to the time taken by the HS
without TCE and can be expressed as44:

er =
tSPT with TCE− tSPT without TCE

tSPT without TCE
ð20Þ

For 60�C SPT highest er of 139.52 is obtained for 25 cavi-
ties HS while for 70�C SPT highest enhancement ratio
170.62 is achieved for 36 cavities HS at q

00
= 2 kW/m2.

FIGURE 11 Variation of HSs base temperature with time

(A) q
00
= 1.0 kW/m2 and (B) q

00
=1.5 kW/m2 [Colour figure can be

viewed at wileyonlinelibrary.com]
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Most of the electronic components have critical SPT
between 60�C and 70�C.52,53 Therefore, the temperature of
60�C and 70�C are selected as critical SPTs for the present
study. Enhancement in operating time increases with an
increase in the number of cross fins. The highest er can be
seen in 4 × 4 fin (25 cavities) arrangement for most of the
cases. Figure 12A,B presents the time required to achieve
SPT of 60�C and 70�C at various input q

00
values for each

HS configuration. The HS with 25 cavities takes a longer

time to achieve SPT of 60�C and 70�C for various values of
input q

00
. It may be noted that as the value of heat flux

increases, the latent heating phase duration of the PCM
is shortened. From the above analysis, it can be inferred
that the HS with 4 × 4 fins arrangement can augment the
overall thermal performance of PCM integrated HS and
can improve the reliability and life span of electronic
components.

7 | EFFECT OF VARIOUS PCM

Paraffin wax is the most widely used PCM. Various PCM
materials, whose melting temperature range lies below and
close to the melting temperature of paraffin wax, are tested
using 25 cavities HS. Table 4 presents the list of the PCM
with their thermophysical properties used in the present
investigation.54,55 It may be noted that PCM-HS29P and
PCM-HS34P are inorganic chemicals that constitute the
right mix of various additives like salts and other mixtures.
These characteristics ensure to maintain equilibrium con-
ditions of various phases (solid and liquid). PCM-OM37P
and PCM-OM46P are organic mixtures of fatty acid, vari-
ous salts, additives, and nucleating agents that appear
white waxy flake in a solid phase and combustible at
the higher temperature. PCM-HS58P includes a mixture of
organic and inorganic materials and exhibits thermal sta-
bility and non-flammability characteristics. PCMs HS29P,
HS34P, and HS58P include salt and corrosive effect that
may affect the material of the HS assembly.

Figure 13 presents the comparison of melting response
of different PCM in 25 cavities HS at q

00
= 1.5 kW/m2. The

variation of transient temperature of the HS base is con-
sidered here. PCMs with low melting temperatures such
as HS29P and HS34P yield lower base temperature for
a longer duration compared to the HS37P and OM46P.
Therefore, HS29P and HS34P can be used for electronic
components whose critical SPT is lower than 40�C. The
PCMs such as HS37P and OM46P show a comparable
operating temperature to the paraffin wax. The phase

TABLE 3 Enhancement in operating time for various SPTs at different heat flux

Heat sink
Time to reach SPT of 60�C (s) Time to reach SPT of 70�C (s)

q
0 0
(kW/m2) 1.0 er (%) 1.5 er (%) 2.0 er (%) 1.0 er (%) 1.5 er (%) 2.0 er (%)

1cavity 1400 — 765 — 501 — 3234 — 1713 — 1079 —

4 cavities 1900 35.71 1164 52.16 700 39.72 5600 73.16 2535 47.99 1633 51.34

9 cavities 2100 50.00 1200 56.86 804 60.48 6000 85.53 3400 98.48 2023 87.49

16 cavities 2300 64.29 1400 83.00 930 85.63 6029 86.43 3900 127.67 2544 135.77

25 cavities 2400 71.43 1500 96.08 1200 139.52 6127 89.46 4023 134.85 2835 162.74

36 cavities 2500 78.57 1500 96.08 1036 106.79 6053.5 87.18 4021 134.73 2920 170.62

FIGURE 12 Time to reach SPT at various heat flux values

(A) 60�C and (B) 70�C [Colour figure can be viewed at

wileyonlinelibrary.com]
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change in the case of HS29P, HS34P, and HS58P is
almost isothermal because they have a sharp melting
point temperature and higher specific and latent heat
capacity. PCM-HS58P tends to change phase even after
5300 seconds. Although paraffin wax does not possess a
sharp melting point like the others, they usually have bet-
ter chemical properties and less costly compared to inor-
ganic PCMs. Therefore, paraffin wax is ideally suited for
those electronic devices which have the critical SPT above
60�C and below 70�C and for which other PCMs are not
suitable.

8 | CONCLUSIONS

The present study reports the thermal performance of HS
integrated with PCM based on various cross plate fin
arrangements through numerical investigation. Different
heat flux values (1.0, 1.5, and 2.0 kW/m2) are used in the
analysis. The Boussinesq approximation is employed to

incorporate the natural convection during the melting of
PCM. Based on the analysis following conclusions are
drawn.

1. HS assembly with PCM can lower the heating rate of
the base of the HS which results in better thermal
management of electronic components.

2. The melting of PCM during the initial stage is faster
in single cavity HS. However, complete melting of
PCM occurs at a faster rate in the case of multiple
cavities HS because of the higher values of
effective thermal conductivity due to the introduction
of fins.

3. An increase in the input heat flux reduces the latent
heating phase change duration and increases the rate
of melting of PCM. With the increase in the heat flux
values from 1.0 to 2.0 kW/m2, the melting time of the
PCM is reduced by approximately 46.5% in 36 cavi-
ties HS.

4. For t< 2500 seconds, the energy absorption rate in the
sensible heat curve for the 36 cavities HS is higher
compared to the single cavity HS, while the opposite
tendency can be noticed for t>2500 seconds. In addi-
tion, along the latent heat curve, the energy absorp-
tion rate for the 36 cavities HS is lower than the single
cavity HS for t< 2000 seconds, while the opposite
trend can be noticed for t>2000 seconds.

5. From the variation of Nusselt number Nu with dimen-
sionless time τ, the heat transfer in PCM can be cate-
gorized into three stages such as heat conduction,
strong convection, and weak convection. In the sec-
ond stage, the convection current is strengthened
which leads to higher heat transfer.

6. After the optimum fin numbers, an increase in the
number of fins does not yield the thermal perfor-
mance of the HS. In the present investigation, 4 × 4
cross fin (25 cavities) is found to be the optimum con-
figuration. The maximum 10�C of temperature reduc-
tion is achieved in the case of 25 cavities HS
compared to HS with no fin.

TABLE 4 Thermophysical properties of the various PCM45,54,55

PCM type

Solidus
temperature
(�C)

Liquidus
temperature
(�C)

Density
(kg/m3)

Thermal
conductivity
(W/m K)

Specific
heat
(J/kg K)

Latent
heat
(kJ/kg)

Viscosity
(kg/m s)

PCM-HS29P 29 29 1840 1.09 2260 190 0.0179

PCM-HS34P 34 34 1980 0.5-0.6 2344.6 150 0.0166

PCM-OM37P 36 37 880 0.16 2550 218 0.0237

PCM-OM46P 45 48 860 0.20 2500 245 0.210

PCM-HS58 57 58 1290 0.65 2500 250 0.0261

Paraffin wax 58 62 900 0.21 2800 193.2 0.0235

FIGURE 13 Temperature time response of the base of the

25 cavities HS filled with various PCM at q
00
=1.5 kW/m2 [Colour

figure can be viewed at wileyonlinelibrary.com]
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7. Based on the isotherm contour it is observed that
HS with 25 and 36 cavities keeps the HS temperature
more uniform and lower compared to other HS
configurations.

8. The melting time in PCM-based HS assembly with
25 cavities is found to reduce by 21.33% compared to a
single cavity HS.

9. PCM with a sharp melting point temperature can
keep the base temperature of the HS lower for a lon-
ger duration.
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NOMENCLATURE
A surface area (m2)
A(;) porosity function
Cp specific heat at constant pressure (J/kg K)
Fo Fourier number
g
!

acceleration due to gravity (m/s2)
h average surface heat transfer coefficient

(W=m2KÞ
H enthalpy (J/kg)
HS heat sink
k thermal conductivity (W/m K)
l length (m)
L latent heat (kJ/kg)
LHTESS latent heat thermal energy storage system
Nu average Nusselt number
PCM phase change material
p pressure (Pa)
q
00

heat flux (kW/m2)
S
!

momentum source term (N/m3)
Ste* modified Stefan number
t flow time (s)
T temperature (�C or K)
TCE thermal conductivity enhancer
u
!

velocity vector (m/s)

GREEK SYMBOLS
α thermal diffusivity (m2/s)
β volume expansion coefficient (K−1)
μ dynamic viscosity (Pa s)
ρ density (kg/m3)
τ dimensionless time
; melt fraction

SUBSCRIPTS
abs absorbed
amb ambient
c characteristics
i initial
in input

ORCID
Anuj Kumar https://orcid.org/0000-0001-8017-5430

REFERENCES
1. Yeh LT. Review of heat transfer technologies in electronic

equipment. J Electron Packag. 1995;117(4):333-339.
2. Grimes R, Walsh E, Walsh P. Active cooling of mobile phone

handset. Appl Therm Eng. 2010;30(16):2363-2369.
3. Peles Y, Kosar A, Mishra C, Kuo CJ, Schneider B. Forced con-

vective heat transfer across a pin fin micro heat sink. Int J Heat
Mass Transf. 2005;48(17):3615-3627.

4. Kim CN, Christopher RY, Mark AC. A universal performance
chart for CPU cooling devices. Heat Transf Eng. 2008;29(7):
651-656.

5. Ashraf MJ, Ali HM, Usman H, Arshad A. Experimental passive
electronic cooling: parametric investigation of pin-fin geome-
tries and efficient phase change materials. Int J Heat Mass
Transf. 2017;115:251-253.

6. Ali HM, Arshad A, Jabbal M, Verdin PG. Thermal manage-
ment of electronics devices with PCMs filled heat sink: a com-
parison. Int J Heat Mass Transf. 2018;117:1199-1204.

7. Zhou JH, Liu DY, Li J. Performance of small solid-liquid
phase-change heat sink for electronical cooling. J Therm Sci.
2001;10(3):254-259.

8. Tan FL, Tso CP. Cooling of mobile electronic devices using
phase change materials. Appl Therm Eng. 2004;24(2):159-169.

9. Fok SC, Shen W, Tan FL. Cooling of portable hand-held elec-
tronic devices using phase change materials in finned heat
sinks. Int J Therm Sci. 2010;49(1):109-117.

10. Kandasami R, Wang XQ, Majumdar AS. Transient cooling of
electronics using phase change material (PCM)-based heat
sinks. Appl Therm Eng. 2008;28(8):1047-1057.

11. Sharma RK, Ganesan P, Tyagi VV, Metselaar HSC,
Sandran SC. Development in organic solid-liquid phase change
materials and their applications in thermal energy storage.
Energy Conv Manage. 2015;95:193-228.

12. Ali HM. Applications of combined/hybrid use of heat pipe and
phase change materials in energy storage and cooling system: a
recent review. J Energy Stor. 2019;26:100986.

13. Hassan A, Wahab A, Qasim MA, et al. Thermal management
and uniform temperature regulation of photovoltaic modules
using hybrid phase change materials-nanofluids system. Renew
Energy. 2020;145:282-293.

14. Tariq SL, Ali HM, Akram MA, Janjua MM, Ahmadlouydarab M.
Nanoparticles enhanced phase change materials (NePCMs)—a
recent review. Appl Therm Eng 2020;176:115305. https://dx.doi.
org/10.1016/j.applthermaleng.2020.115305.

15. Zarma I, Emam M, Ookawara S, Ahmed M. Thermal manage-
ment of concentrator photovoltaic systems using nono-
enhanced phase change materials-based heat sink. Int J Energy
Res. 2020;44:1-21. https://doi.org/10.1002/er.5504.

16 KUMAR ET AL.

https://orcid.org/0000-0001-8017-5430
https://orcid.org/0000-0001-8017-5430
https://dx.doi.org/10.1016/j.applthermaleng.2020.115305
https://dx.doi.org/10.1016/j.applthermaleng.2020.115305
https://doi.org/10.1002/er.5504


16. Ali HM. Recent advancement in PV cooling and efficiency
enhancement integrating phase change materials based system—
a comprehensive review. Sol Energy. 2020;197:163-198.

17. Baby R, Balaji C. Thermal optimization of PCM based pin fin
heat sink: an experimental study. Appl Therm Eng. 2013;54(1):
65-77.

18. Kothari R, Das S, Sahu SK, Kundalwal SI. Comprehensive
analysis of melting and solidification of phase change material
in an annulus. Heat Mass Transf. 2019;55(3):769-790.

19. Faraji H, EI Alami M, Arshad A. Investigating the effect of sin-
gle and hybrid nanoparticles on melting of phase change mate-
rials in a rectangular enclosure with a finite heat source. Int J
Energy Res. 2020;1-17. https://doi.org/10.1002/er.6095.

20. Li WQ, Qu ZG, He YL, Tao WQ. Experimental and numerical
studies on melting phase change heat transfer in open-cell metal-
lic foam filled with paraffin. Appl Therm Eng. 2012;37:1-9.

21. Baby R, Balaji C. Experimental investigation on phase change
material based finned heat sink for electronic equipment
cooling. Int J Heat Mass Transf. 2012;55(5):1642-1649.

22. Inaba H, Matsuo K, Horibe A. Numerical simulation for fin
effect of a rectangular latent heat storage vessel packed with
molten salt under heat release process. Heat Mass Transf. 2003;
39(3):231-237.

23. Ali HM, Arshad A. Experimental investigation of n-eicosane
based circular pin-fin heat sinks for passive cooling of elec-
tronic devices. Int J Heat Mass Transf. 2017;112:649-661.

24. Arici M, Tutuncu E, Yildiz C, Li D. Enhancement of PCM
melting rate via internal fin and nanoparticle. Int J Heat Mass
Transf. 2020;156:1198454.

25. Arici M, Tutuncu E, Karabay H, Campo A. Investigation on
the melting rate of phase change material in a square cavity
with a single fin attached at the center of the heated wall. Eur
Phys J Appl Phys. 2018;83:10902.

26. Qu ZG, Li WQ, Wang JL, Tao WQ. Passive thermal management
using metal foam saturated with phase change material in a heat
sink. Int Commun Heat Mass Transf. 2012;39(10):1546-1549.

27. Srivatsa PVSS, Baby R, Balaji C. Numerical investigation of
PCM based heat sinks with embedded metal foams/crossed
plate fins. Numer Heat Transf Part A: Appl Int J Comput
Method. 2014;66(10):1131-1153.

28. Mesalhy O, Lafdi K, Elgafy A. Carbon foam matrices saturated
with PCM for thermal protection purposes. Carbon. 2006;
44(10):2080-2088.

29. Mancin S, Diani A, Doretti L, Hooman K, Rossetto L. Experi-
mental analysis of phase change phenomenon of paraffin waxes
embedded in copper foams. Int J Therm Sci. 2015;90:79-89.

30. Rehman T, Ali HM, Janjua MM, Sajjad U, Yan WM. A critical
review on heat transfer augmentation of phase change mate-
rials embedded with porous materials/foams. Int J Heat Mass
Transf. 2019;135:649-673.

31. Ho CJ, Chen WC, Yan WM. Correlations of heat transfer effec-
tiveness in a minichannel heat sink with water based suspen-
sions of AL2O3 nanoparticles and/or MEPCM particles. Int J
Heat Mass Transf. 2014;69:293-299.

32. Krishna J, Kishore PS, Solomon AB. Heat pipe with nano
enhanced-PCM for electronic cooling applications. Exp Ther-
mal Fluid Sci. 2017;81:84-92.

33. Arici M, Tutuncu E, Kan M, Karabay H. Melting of
nanoparticle-enhanced paraffin wax in a rectangular enclosure

with partially active wall. Int J Heat Mass Transf. 2017;104:
7-17.

34. Ho CJ, Guo YW, Yang TF, Rashidi S, Yan WM. Numerical
study on forced convection of water-based suspensions of
nanoencapsulated PCM/particles/Al2O3 nanoparticles in a
mini-channel heat sink. Int J Heat Mass Transf. 2020;157:
119965.

35. Hosseinizadeh SF, Tan FL, Moosania SM. Experimental and
numerical studies on performance of PCM-based heat sink
with different configurations of internal fins. Appl Therm Eng.
2011;31(18):3827-3838.

36. Nayak KC, Saha SK, Srinivasan K, Dutta P. A numerical model
for heat sinks with phase change materials and thermal con-
ductivity enhancers. Int J Heat Mass Transf. 2006;49(11–12):
1833-1844.

37. Saha SK, Dutta P. Heat transfer correlations for PCM-based heat
sinks with plate fins. Appl Therm Eng. 2010;30(16):2485-2491.

38. Bondareva NS, Shermet MA. Conjugate heat transfer in the
PCM based heat storage system with finned copper profile:
application in electronic cooling. Int J Heat Mass Transf. 2018;
124:1275-1284.

39. Kothari R, Das S, Sahu SK, Kundalwal SI. Analysis of solidifi-
cation in a finite PCM storage with internal fins by employing
heat balance integral method. Int J Energy Res. 2019;43:1-23.

40. Mahmoud S, Tang A, Toh C, Dadah R, Soo SL. Experimental
investigation of inserts configurations and PCM type on ther-
mal performance of PCM based sink. Appl Energy. 2013;112:
1349-1356.

41. Li W, Wang J, Zhang X, Liu X, Dong H. Experimental and
numerical investigation of the melting process and heat trans-
fer characteristics of multiple phase change materials. Int J
Energy Res. 2020;44:1-14. https://doi.org/10.1002/er.5718.

42. Kalbasi R, Afrand M, Alsarraf J, Tran M. Studies on
optimum fin numbers in PCM-based heat sinks. Energy. 2019;
171:1088-1099.

43. Zhao Y, Li Q, Zou B, et al. Performance of liquid cooling-based
battery thermal management system with a composite phase
change material. Int J Energy Res. 2020;44:1-16. https://doi.org/
10.1002/er.5254.

44. Ji C, Qin Z, Dubey S, Choo FH, Duan F. Simulation on PCM
melting enhancement with double-fin length arrangements in
a rectangular enclosure induces by natural convection. Int J
Heat Mass Transf. 2018;127:255-265.

45. Ganatra R, Ruiz J, Howarter JA, Marconnet A. Experimental
investigation of phase change materials for thermal manage-
ment of handheld devices. Int J Therm Sci. 2018;129:358-364.

46. Voller VR, Prakash C. A fixed grid numerical modeling meth-
odology for convection-diffusion mushy region phase change-
problems. Int J Heat Mass Transf. 1987;30(8):1709-1719.

47. Brent AD, Voller VR, Reid KJ. Enthalpy porosity technique for
modeling convection-diffusion phase change: application to the
melting of a pure metal. Numer Heat Transf. 1988;13(3):
297-318.

48. Cao X, Yuan Y, Xiang B, Sun L, Xingxing Z. Numerical investi-
gation on optimal number of longitudinal fins in horizontal
annular phase change units at different wall temperatures.
Energ Buildings. 2018;158(1):384-392.

49. Patankar SV. Numerical Heat Transfer and Fluid Flow.
New York, NY: McGraw-Hill; 1980.

KUMAR ET AL. 17

https://doi.org/10.1002/er.6095
https://doi.org/10.1002/er.5718
https://doi.org/10.1002/er.5254
https://doi.org/10.1002/er.5254


50. Paulraj MP, Sahu SK. Conjugate heat transfer enhancement of
laminar slot jets with various nanofluids on an array of pro-
truding hot sources using MPM approach. Numer Heat Transf
Part A. 2019;76(4):232-253.

51. Arshad A, Jabbal M, Sardari PT, Bashir MA, Faraji H, Yan Y.
Transient simulation of finned heat sinks embedded with PCM
for electronic cooling. Therm Sci Eng Prog. 2020;18:100520.

52. Arshad A, Ali HM, Ali M, Manzoor S. Thermal performance of
phase change material (PCM) base pin-finned heat sinks for
electronic devices: effect of pin thickness and PCM volume
fraction. Appl Therm Eng. 2017;112:143-155.

53. Arshad A, Ali HM, Khushnood S, Jabbal M. Experimental
investigation of PCM based round-pin fin heat sinks for ther-
mal management of electronics: effect of pin-fin diameter. Int J
Heat Mass Transf. 2018;117:861-872.

54. Pluss Technology for a better world, B 205, Tower B, Pioneer
Urban Square, Sector-62, Gurugram-122008, Haryana India.
http://pluss.co.in/

55. RG energy efficiency systems. North America 1465 Sand Hill
road, suite # 171, Candler NC-28715. http://rgees.com/

How to cite this article: Kumar A, Kothari R,
Sahu SK, Kundalwal SI, Paulraj MP. Numerical
investigation of cross plate fin heat sink integrated
with phase change material for cooling application
of portable electronic devices. Int J Energy Res.
2021;1–18. https://doi.org/10.1002/er.6404

18 KUMAR ET AL.

http://pluss.co.in/
http://rgees.com/
https://doi.org/10.1002/er.6404

	Numerical investigation of cross plate fin heat sink integrated with phase change material for cooling application of porta...
	1  INTRODUCTION
	2  MATHEMATICAL MODELING
	2.1  Physical model
	2.2  Numerical procedure and governing equations
	2.3  Initial and boundary conditions

	3  COMPUTATIONAL METHODOLOGY
	4  MODEL VALIDATIONS
	4.1  Experimental validation for PCM-based HS
	4.2  Validation for PCM phase change process

	5  RESULTS AND DISCUSSION
	5.1  Performance of HS with and without PCM
	5.2  PCM melting rate with the addition of TCE
	5.3  Characterization of melting heat transfer mechanism
	5.3.1  Liquid fraction and temperature distribution
	5.3.2  Energy stored by the PCM
	5.3.3  Surface-averaged Nusselt number Nu


	6  OPTIMIZATION OF HS CONFIGURATIONS
	7  EFFECT OF VARIOUS PCM
	8  CONCLUSIONS
	ACKNOWLEDGMENT
	  CONFLICT OF INTEREST
	  NOMENCLATURE
	REFERENCES


