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Numerical investigation of cross plate fin heat sink
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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
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plate fins arrangement, as applicable to thermal management of electronic components, 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 melting 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 temperature (SPT) above 60 C and below 70 C.
KEYWORDS
cross plate fin, heat sink, phase change material, thermal conductivity enhancer,
thermal management

1 | INTRODUCTION
The demand for electronic components involving advanced
features and compact sizes increases because of advancements 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
Int J Energy Res. 2021;1–18.

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. However, 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 alternative 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 components is absorbed by PCM and later on released to the
ambient keeping the temperature of the critical components within a safe limit.
PCM find application in a variety of commercial and
residential applications such as waste heat recovery, thermal 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 Therefore, 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 numerical investigation to compare the performance of three different 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 operating 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
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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.

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 correlations for Nusselt number as a function of Rayleigh
number in the PCM based HS enclosures (shallow, rectangular, 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, respectively. 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 arrangement 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 lightweight. 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
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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 augmentation 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 performance. Most of the earlier studies focus on HS configurations 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 extensively 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 transfer characteristics of the system. Based on the fin arrangement design, the natural convection effect, surface area
density can be improved which may lead to an improvement 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 experimental investigation.44 It was reported that cross plate fins
exhibit better performance compared to parallel plate
fins.40
Therefore, the present work reports the threedimensional numerical investigation of PCM-based cross
plate fin HS to characterize the thermal performance and
phase change phenomena throughout the melting process 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 capacity of LHTESS remains constant. The specific objective of
the present study is given below.
1. To investigate the thermal performance of PCMintegrated HS assembly involving cross plate fins with

3

2.

3.

4.

5.

a different number of cavities (1, 4, 9, 16, 25, and 36)
for a given value of mass and thermal capacity
through numerical investigation.
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 dimensionless time, and time to attain set point temperatures
(60 C and 70 C).
To estimate the effect of heat flux on thermal performance parameters such as liquid fraction and HS base
temperature.
To select an optimum number of cross fins in terms
of lowering the base temperature and ease of
manufacturing.
To investigate the effect of different PCM, namely
paraffin wax, PCM-HS29P, PCM-HS34P, PCMOM37P, PCM-OM46P, and PCM-HS58P on HS base
temperature.

2 | MATHEM ATIC AL MODELING
2.1 | Physical model
The isometric view of the present physical model with
different numbers of cross plate fin HS which forms different 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 conductivity (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 storage 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 thermal energy due to its various favorable thermophysical
properties.

4
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F I G U R E 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

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 variation, which accounts for the phase change process of
PCM melting, is considered for the analysis. The computational 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 indicates 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 properties of PCM are considered to be phase independent.
The Boussinesq approximation can be applied to
simulate the solidification and melting of PCM while considering 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
ðβ ðT − T l Þ + 1 Þ

ð1Þ

where ρl and β are the density of molten PCM at melting
temperature and coefficient of thermal expansion,
respectively.
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F I G U R E 2 Schematic view
of the computational domain
(16 cavities HS) [Colour figure
can be viewed at
wileyonlinelibrary.com]

Based on the foregoing assumptions the governing
equations (mass, momentum, and energy) for PCM based
LHTESS can be expressed as44
Continuity equation:
 
∂ρ
!
+ r  ρu = 0
∂t
Momentum equation:
 
!


∂ ρu
!
!!
!
!
+ r  ρu u = μr2 u − rp + ρ g + S
∂t

ð2Þ

ð3Þ

Energy equation:


∂
!
ðρH Þ + r  ρu H = r  ðkrT Þ
∂t

ð4Þ

where ρ is the density, u, k, and, μ are the velocity, thermal conductivity, and dynamic viscosity, respectively,
!
and S denotes the momentum source term which is
defined by Equation (5).
!



Að;Þ = Cmush ð1 −;Þ2 = ;3 + ε

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:
8
>
>
<

0,
T < TS
1,
T > TL
;=
>
T
−T
S
>
:
, TL > T > TS
T L −T S

S = Að;Þu

ð5Þ

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

ð7Þ

The enthalpy(H) can be expressed as:
H = href + H sen + H lat

!

ð6Þ

ð8Þ

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

Cp ΔT

ð9Þ

T ref

H lat = ;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 ð0Þ = T i = T amb = 27 C, u ð0Þ = u i = 0

ð11Þ

b. Boundary condition:

At the bottom and top surface −k

3 | C O M P UT A T I O NA L
M E T HO DO LO GY
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 formulation 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 velocity 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 momentum 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 present 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 computational model has been carefully carried out to obtain



∂T 
∂T 
00
=
q
=0
,
−k
in
∂z  x = 0 −100 mm
∂z  x = 0 − 100 mm
y = 0 − 100 mm

At side walls


∂T 
−k 
∂x

y = 0 −100 mm

z = 0 mm
x = 0 mm

= 0,

y = 0 −100 mm
z = 0 −25 mm

∂T 
−k  x = 0 −100 mm = 0,
∂y

ui = 0

y = 0 −100 mm

y = 100 mm

z = 0 −25 mm

z = 0 −25 mm

ð13Þ

ð12Þ

z = 0 −25 mm

∂T 
−k  x = 0 − 100 mm = 0
∂y

y = 0 mm

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

z = 25 mm

∂T 
−k  x = 100 mm = 0
∂x

the optimum grid sizes and time step size. Three different
grid sizes involving 177 000, 215 000, and 277 000 elements for PCM based HS and different time sizes (0.1,
0.5, and 0.7 seconds) are examined. Figure 3A,B depicts
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F I G U R E 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]

the grid and time dependence test, respectively, for PCMbased 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 | M O D E L VA LI D A T I O N S
4.1 | Experimental validation for PCMbased 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 cavity, cross fin arrangement, parallel fin arrangement, which
forms various cavities and honeycomb structures. Present
results are compared to their test data that consider PCM

7

F I G U R E 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]

(RT-42) based HS with three and nine cavities and subjected to 4 W of heat input. The temperature history of the
base of the HS is plotted in Figure 4A. The maximum difference between present numerical results with test data is
found to be less than±9%. The variations in the experimental 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 temporal 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

8
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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 comparison 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 | R ES U L T S A N D D I S C U S S I O N
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 subsequent sections.

5.1 | Performance of HS with
and without PCM
The average temperature of single cavity HS with and
00
without PCM for q = 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 PCMbased HS needs to be used for cooling of electronic devices
for the intermittent condition so that PCM gets enough
time for solidification.

F I G U R E 5 Average temperature variation of HS against time
with and without PCM [Colour figure can be viewed at
wileyonlinelibrary.com]

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 configurations and the amount of heat input to the HS. The rate
of melting is studied by calculating the melt fraction (;)
as given below.44
ððð
;=

s½T > 58 C
dxdydz
S

ð14Þ

Here, s[T > 58  C] represents the volume of the liquefied PCM, when its temperature reaches beyond 58 C
and S represents the total PCM volume inside the HS cavity. Figure 6A–C describes the temporal variation of melt
fraction of PCM for various HS configurations at different
00
heat flux values (q = 1 − 2 kW/m2). Figure 6A illustrates
the variation of ; with time for different HS configurations (1, 4, 9, 16, 25, and 36 cavities) filled with paraffin
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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 conducting 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 conducting paths. During the initial stage of heating, the maximum 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 initial 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 multiple 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
00
increase in q 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.

F I G U R E 6 Transient variation of ; for different HSs
00
00
00
(A) q =1.0 kW/m2, (B) q =1.5 kW/m2, and (C) q = 2.0 kW/m2
[Colour figure can be viewed at wileyonlinelibrary.com]

00

wax and subjected to q = 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

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 paraffin wax to study the heat transfer characteristics of
LHTESS.

10

KUMAR ET AL.

Time for complete melting (s)

Enhancement ratio (%)

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

Heat sink
00
q (kW/m2)

T A B L E 2 Enhancement in melting
with the addition of cross fin

F I G U R E 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]

5.3.1 | Liquid fraction and temperature
distribution
Figure 7 exhibits the transient variation of PCM melt
fraction, melting pattern, and strength of convection current 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 solidliquid 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 compared to the other four configurations. PCM flow motion
seems to be weaker in the case of the rest four HS configurations. 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 presented in Figure 8. Figure 8 presents the temperature distribution of various HS configurations on the y-z plane at
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F I G U R E 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]

00

different heating time at q = 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 temperature 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 temperature varies from 314 K to 339 K in the case of single
cavity HS after 2500 seconds of heating. Contrarily, it varies 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
00
(q = 1.5 kW/m2) is expressed in terms of latent (Qlat) and
sensible (Qsen) heat as depicted in Figure 9. Figure 9 represents 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 absorption rate in the sensible heat curve for the 36 cavities HS

F I G U R E 9 Energy storage rate in terms of sensible and latent
00
heat for various HS at q =1.5 kW/m2 [Colour figure can be viewed
at wileyonlinelibrary.com]

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
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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 average 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.

 with dimensionless time τ for
F I G U R E 1 0 Variation of Nu
00
various HS configurations at q =1.5 kW/m2 [Colour figure can be
viewed at wileyonlinelibrary.com]

αt
l2c

ð17Þ

Cp q00 lc
kL

ð18Þ

τ = Fo × Ste

ð19Þ

Fo =

Ste =

5.3.3
  |
Nu

Surface-averaged Nusselt number

The surface-averaged Nusselt number
mated as44:
Nu =

hlc
k



Nu



is esti-

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 ðT s −T m 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
00
for q = 1.5 kW/m2 is presented in Figure 10. Fourier
number (Fo) alone is not sufficient to express the generalize trend of heat transfer variation because of the effect of
the phase change process. The dimensionless time τ is
expressed as51

where α is the thermal diffusivity of the PCM, t is the time,
00
q input heat flux to the HS, lc is the characteristics dimension, and L denotes the specific latent heat of the PCM.
Based on the variation of Nusselt number with dimensionless time τ, the melting heat transfer through the PCM can
be characterized into different stages such as heat conduction, strong convection, and weak convection.
During the heat conduction stage, the Nusselt number (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 conduction 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 transfer 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 continues to increase but strong convection enhances the
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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 continuously but at a faster rate in comparison to a strong
convection regime. This shows a decrease in heat transfer, weakening convection current, and shorter length of
the solid and liquid interface.

6 | OPTIMIZATION OF HS
CONFIGUR ATIONS
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
00
HS base temperature against time for different q values
(1.0, 1.5 kW/m2) of PCM-based HSs with no fin and different 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 number of cross fins decreases the HS base temperature due to
an increase in the localized heat diffusion in the PCM. At
00
q = 1.5 kW/m2, the HS with a single cavity, 25 cavities,
and 36 cavities takes 765, 1500, and 1500 seconds, respectively, 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 effective 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 configuration. Also, 25 cavities HS is found to be more cost effective
compared to the 36 cavities HS because of lower weight

F I G U R E 1 1 Variation of HSs base temperature with time
00
00
(A) q = 1.0 kW/m2 and (B) q =1.5 kW/m2 [Colour figure can be
viewed at wileyonlinelibrary.com]

and ease of manufacturing. The maximum 10 C of temperature 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 =

t SPT with TCE −t SPT without TCE
t SPT without TCE

ð20Þ

For 60 C SPT highest er of 139.52 is obtained for 25 cavities HS while for 70 C SPT highest enhancement ratio
00
170.62 is achieved for 36 cavities HS at q = 2 kW/m2.
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TABLE 3

Enhancement in operating time for various SPTs at different heat flux
Time to reach SPT of 60 C (s)

Time to reach SPT of 70 C (s)

Heat sink
00
q (kW/m2)

1.0

er (%)

1cavity

1400

—

—

501

4 cavities

1900

35.71

1164

52.16

700

9 cavities

2100

50.00

1200

56.86

16 cavities

2300

64.29

1400

25 cavities

2400

71.43

36 cavities

2500

78.57

1.5

1.0

er (%)

1.5

—

3234

—

1713

—

1079

—

39.72

5600

73.16

2535

47.99

1633

51.34

804

60.48

6000

85.53

3400

98.48

2023

87.49

83.00

930

85.63

6029

86.43

3900

127.67

2544

135.77

1500

96.08

1200

139.52

6127

89.46

4023

134.85

2835

162.74

1500

96.08

1036

106.79

6053.5

87.18

4021

134.73

2920

170.62

765

er (%)

2.0

er (%)

er (%)

2.0

er (%)

time to achieve SPT of 60 C and 70 C for various values of
00
input q . 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 P CM

F I G U R E 1 2 Time to reach SPT at various heat flux values
(A) 60 C and (B) 70 C [Colour figure can be viewed at
wileyonlinelibrary.com]

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
00
SPT of 60 C and 70 C at various input q values for each
HS configuration. The HS with 25 cavities takes a longer

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 conditions of various phases (solid and liquid). PCM-OM37P
and PCM-OM46P are organic mixtures of fatty acid, various 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 stability 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
00
of different PCM in 25 cavities HS at q = 1.5 kW/m2. The
variation of transient temperature of the HS base is considered 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
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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

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

F I G U R E 1 3 Temperature time response of the base of the
00
25 cavities HS filled with various PCM at q =1.5 kW/m2 [Colour
figure can be viewed at wileyonlinelibrary.com]

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 better chemical properties and less costly compared to inorganic 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 | C ON C L U S I ON S
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

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 cavities 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 addition, along the latent heat curve, the energy absorption 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 dimensionless time τ, the heat transfer in PCM can be categorized into three stages such as heat conduction,
strong convection, and weak convection. In the second 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 performance of the HS. In the present investigation, 4 × 4
cross fin (25 cavities) is found to be the optimum configuration. The maximum 10 C of temperature reduction is achieved in the case of 25 cavities HS
compared to HS with no fin.
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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 longer duration.
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phase change material
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pressure (Pa)
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momentum source term (N/m3)
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modified Stefan number
Ste
t
flow time (s)
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temperature ( C or K)
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velocity vector (m/s)
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