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Abstract

This study presents the parametric investigation of a phase change material (PCM) filled

plate-fin heat sink, used for thermal management (TM) of electronic components. Two-

dimensional unsteady numerical simulations were carried out using the finite-volume-method.

The plate-fin heat sink, which is acting as thermal conductivity enhancer (TCE), is employed

with the PCM to improve the heat transfer enhancement. Two different volume fractions

of 10% and 20% of plate-fin heat sinks with 10, 15 and 20 mm fin heights were selected

and RT-35HC is used as PCM to absorb the internally generated heat by the electronic

components. A constant input power, to mimic the electronic device heat generated, was

provided at the heat sink base and transient variations of temperature distributions, melt-

fraction, phase-change field, temperature flow field and latent-heat phase were analysed.

The thermal performance of heat sinks was further investigated using dimensional analysis

and critical set point temperature (SPTs). The results revealed that a PCM filled plate-fin

heat sink reduced the heat sink base temperature and improved the uniformity of PCM

melting compared with a without fins but PCM filled heat sink. The lower temperature of

heat sink base was achieved with the increase of fin height and number of fins for both vol-

ume fractions of fins. Compared with the 10% volume fraction PCM filled finned heat sink,

the 20 mm fin height of 20% volume fractions of fins showed better reduction in heat sink

base temperature. However, the higher phase completion time during melting was predicted

20 mm fin height of 10% volume fraction of fins. A reduction in melting time is obtained
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with higher fin height and number of fins.
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Nomenclature

Abbreviations

FVM Finite volume method

HS Heat sink

TM Thermal management

SPT Set point temperature

PCM Phase change material

TCE Thermal conductivity enhancer

Symbols

Am Mushy zone

B Boltzman constant (J/K)

ρcp Volumetric heat capacity (J/m3.K)

g Gravitational acceleration (m/s2)

H Height (mm)

k Thermal conductivity (W/m.K)

L Latent heat of fusion (J/kg.K)

m Mass (kg)

p Pressure (Pa)

S Source term in momentum equation

V Volume (m3)

T Temperature (K)

t Time (sec)

u Velocity component in x−axis
(m/s)

v Velocity component in y−axis (m/s)

W Width (mm)

cp Specific heat capacity (J/kg.K)

∆H Fractional latent-heat (J/kg.K)

2D Two dimensional

Greek letters

µ Viscosity (Pa.s)

β Thermal expansion coefficient (1/K)

fl Liquid fraction

γ Volume fraction of TCE

Subscripts

ini Initial

l Liquidus

m Melting

ref Reference

x x−axis

y y−axis

1. Introduction1

Thermal management (TM) methods for latest model of electronic devices have become2

increasingly important to stabilize the base temperature at desired level and guarantee es-3

sential features, such as reliability and user comfort. With advanced features of electronic4

packages, dissipation of an extra thermal load needs to be removed to prevent potential fail-5

ure during the operation mode. Nearly 50% of failures in portable devices resulted from an6

increase in base temperature [1]. The conventional forced convection active cooling sources7

can improve the heat transfer rate, however such sources e.g. fans, heat exchangers, etc. are8

normally bulky volume, noisy, heavy weight, extra load consumption and periodic mainte-9

nance necessary, hence it is not suitable for the cooling of many modern electronic devices10

[2, 3].11
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Recently, passive TM of mobile devices employing the phase change materials (PCMs) and12

various therm conductivity enhancers (TCEs) such as metal-fins [4–6], metal-foams [7],13

metal-fibers [8, 9] and encapsulated PCMs [10] are employed to enhance the heat transfer14

rate because the PCMs exhibit the poor thermal conductivity results in transfer the poor15

heat flow from the heat source towards the ambient. These PCMs and TCEs based compos-16

ite passive TM systems have been proposed as a novel approach for passive cooling of several17

applications, such as personal computers, hand-held phones, power electronic equipment,18

high-power lithium ion battery and aerospace engineering, to name a few [11–13]. PCMs are19

the best option for the cooling of electronic devices due to their high latent-heat of fusion20

at constant temperature and thermal and chemical stability [14]. The TCE namely finned21

heat sinks are mostly made of either copper or aluminium because of their higher thermal22

conductivity compared the PCMs. Therefore, the generated heat is uniformly dissipated23

throughout the sink unit. Further, resistance against corrosion and low density make these24

metals an appropriate choice for thermal management.25

The PCMs are classified into three main categories namely, organic, inorganic and eutectic26

mixtures and have different functions based on their thermophysical properties. The organic27

paraffin-based PCMs are usually used due to their wide melting temperature range and con-28

sistent high latent-heat of fusion [15–17]. The employing of PCMs in heat sinks help in base29

temperature and heating rate reduction during an operation mode, hence enhancing device30

lifetime, durability, reliability and aid avoid potential failure [18]. PCMs have some notable31

characteristics, such as the ability to absorb/released heat at a constant temperature and32

high latent-heat of fusion, which provides major improvements in the cooling of electronic33

devices. For example, the PCMs have the capability to absorb/release a massive amount of34

energy while the device is in operation mode which is known as charging/discharging.35

During the transition from a solid-to-liquid phase, PCM absorbs the heat and releases it36

again to the surrounding when the liquid is re-solidied [19]. The process of TM of electronic37

devices through the PCM/TCE technique can be divided into three major phases. Firstly,38

the PCM absorbs the released heat by an electronic device and the PCM temperature ex-39

periences a gradual increase to reach the melting point as pre-sensible heating. Secondly,40

PCM starts melting at a constant temperature. In this stage, latent-heat is absorbed with a41

slight change in volume that might happen (< 10%) in the absence of temperature variation42

during the transition from solid-to-liquid phase as latent-heating phase. Finally, the temper-43

ature of liquid PCM increases again in the third phase as post-sensible heating [20]. PCMs44
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can be utilised in many applications and purposes, such as air conditioning systems [21],45

aerospace applications [22], solar thermal application [23], water desalination [24], portable46

devices cooling [25, 26] and batteries [27].47

Several studies have investigated the finned heat sink acting as a TCE embedded with the48

PCM. The influences of the PCM-based heat sinks, the arrangement and the optimum num-49

ber of fins have been examined, experimentally, by Mahrous [28]. The heat sink was filled50

with the paraffin wax and the author found that the heating rate was decreased due to51

employed of PCM. Moreover, to improve cooling capability, Nayak et al. [29] performed52

the numerical study of a plate-fin and rod type PCM filled heat sinks of volume fraction of53

5%, 10% and 15%. The results revealed that plate-fin PCM filled heat sink of 10% volume54

fraction had the best thermal performance. Arshad et al. [30] conducted an experimental55

investigation of pin-fin heat sinks filled with paraffin wax. The examined structural shape56

was the round pin type. The volumetric fractions of the PCM were chosen to be 0.0, 0.5 and57

1.0 for both the with and without fins heat sinks. The results indicated that the volumetric58

fraction of 1.0 recorded superior thermal performance for both configurations and keeps59

the sink temperature within the desired range. Yazici et al. [31] experimentally studied60

the combined effects of fin angles and number of fins of a plate-fin heat sink filled with n-61

eicosane. The authors found the enhancement of 83.4% in operation time as the inclination62

angles 0 to 60 ◦C. In addition, the author found the best thermal performance at 60 ◦C63

and three number of fins based plate-fine heat sink. Xie et al. [32] conducted the numerical64

study using plate and tree-shaped finned heat sinks under with and without considering65

flow convection. The thermal behaviour of heat sinks revealed that natural convection heat66

transfer phenomenon exhibited the positive effects on thermal performance of PCM-based67

heat sink.68

The selection of a suitable PCM is generally based on various aspects, such as high thermal69

conductivity, latent-heat of fusion and specific heat capacity, small change on its volume70

during phase transition and lower super-cooling. In addition, the melting temperature of a71

PCM should be lower than the maximum operating temperature of the electronic devices72

[33]. Nevertheless, it is quite essential to note that nearly all organic PCMs are suffering from73

a low thermal conductivity, which is an impediment to enhance the cooling performance.74

This issue increases the melting or cooling time of PCM and makes it quite difficult to75

employ heat storage capacity completely; such phenomenon is known as the self-insulating76

impact of the PCM. Thus, to increase the heat transfer rate of a chosen PCM, various77
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configuration of extended surface geometries [34, 35] made from high thermal conductivity78

materials (TCMs) have been embedded with PCMs. The vast majority of numerical and79

experimental studies were conducted on the plate-fin type of heat sinks embedded with80

a PCM [36, 37]. Shatikian et al. [38, 39] numerically investigated the effect of fin length,81

thickness and spacing between two consecutive ns on the operating temperature. The results82

showed that the melting rate was enhanced as the distance between the fins was reduced.83

Pakrouh et al. [40] carried out a numerical study of a pin-fin heat sink filled with PCM84

and explored the heat sink base thickness, fin thickness and fin height, and number of fins.85

The finding indicated that number of fins had the significant impact in reduction of heat86

sink base temperature and then followed by heat sink thickness, height and base thickness.87

Hosseinizadeh et al. [41] presented both experimental and numerical investigation on PCM-88

based finned heat sinks to explore the impact of various TCEs. The considered heat sinks89

had constant dimensions and were embedded with RT-80 as the PCM. The authors proved90

that increasing the number of fins, fins height and the input power level can improve the91

overall thermal performance, whereas increasing the fin thickness had the lowest influence.92

From above aforementioned studies, the present numerical study investigates the effect of93

increasing fin height and volume fractions on the thermal performance of plate-fin heat sink.94

Three different fin heights of 10, 15, and 20 mm were considered having constant fin thick-95

ness of 2 mm. Three different volume fractions of plate-fins were chosen such as 0%, 10%96

and 20% to investigate the effect of number of fins. To achieve the safe and comfortable97

operating temperature range of 30-40 ◦C [13], the RT-35HC was filled inside the heat sink98

with melting temperature of 34-36 ◦C. The thermal performance of PCM-based finned heat99

sink then determined using different heat transfer performance factors such set point tem-100

peratures (STPs), average heat sink base temperature at a certain time period, and natural101

convective heat transfer enhancement was studied through dimensionless numbers. Finally,102

this study shall help to determine the appropriate fin height for thermal cooling of electronic103

devices.104

2. Geometric and Mathematical description105

2.1. Physics of the problem106

In this study, the designed PCM-based finned heat sinks have a plate-fin structure acting107

as a TCE, which were numerically modelled to investigate the thermal capability at a108
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constant heat flux input. The cross-sectional isometric view of heat sink having plate-109

fin metal structure and filled with PCM is shown in Fig. 1a for thermal management of110

electronic devices. A heat sink without fins filled with PCM was numerically explored as the111

reference heat sink for comparison purposes. The heat sinks were made of high conductive112

material, copper, for all proposed cases to guarantee their higher thermal conductivity, with113

three different volume fractions of TCEs 0%, 10% and 20%. The heat sink configurations114

were embedded with a PCM, namely, RT–35HC, which is a commercial grade of pure paraffin115

wax. The volume fraction (γ) of the TCEs was determined using Eq. 1, defined as the ratio116

of the total volume of the fins to total volume of the heat sink without fin [25]:117

γ =
VTCE
VHS

(1)

The design of the heat sink is based on the dimensions of the hand-held electronic118

devices to which it will be applied for thermal management. The overall dimensions are119

kept of 70 × 70 × 25 mm3 with 5 mm thickness of heat sink base and walls. All the120

surfaces of the heat sink are insulated to ensure the no heat loss across the boundaries121

during operation mode. The top surface of heat sink is covered with perspex sheet to122

visualize the melting/solidification process physically along with insulation of the surface.123

The conventional plate-fin was designed with 2 mm in thickness and a height of 10, 15 and 20124

mm. The number of fins was calculated using Eq. 2. A constant heat flux of q = 4000 W/m2
125

was applied uniformly from a heat source through the heat sink base. Fig. 2 presents the126

list of various plate-fin configurations investigated in this study. The physical domain and127

boundary conditions is known schematically in Fig. 1b. In this study, the two–dimensional128

(2D) geometry of all heat sinks is considered to have adiabatic walls. The dimensions of the129

physical domain, including finned heat sink are mentioned in Table 1. The thermophysical130

properties of RT–35HC, perspex sheet and copper are illustrated in Table 2 [42].131

Nfin = γ
VHS
Vfin

(2)

2.2. Governing equations132

A 2D analysis is modelled for the PCM–based heat sinks with plate–fin metal structure,133

as shown in Fig. 1b. The expressed governing equations are stated based on the problem134

in current study. The effect of phase change of the PCM embedded PCM inside the heat135
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Heat Sink

PCM

Perspex Sheet

Plate Heater

Insulation

(a)

(b)

Figure 1: (a) An isometric cross–sectional view of PCM filled finned heat sink assembly and
(b) schematic diagram of the physical domain.

Table 1: Dimensions of heat sinks.

Parameter Dimensions (mm)
W 70
H 25
hf 10, 15, 20
tf 2

sink unit was captured using the enthalpy-porosity method. Furthermore, the proposed136

model of heat transfer was solved using continuity, momentum and energy equations. The137

melting/solidification model was considered due to the PCM phase–transition problem.138

Following the important assumptions are taken in consideration to simulate the current139
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Case Fin height Configuration Case Fin height Configuration

Case 𝛾10-A 10 𝑚𝑚 Case 𝛾20-A 10 𝑚𝑚

Case 𝛾10-B 15 𝑚𝑚 Case 𝛾20-B 15 𝑚𝑚

Case 𝛾10-C 20 𝑚𝑚 Case 𝛾20-C 20 𝑚𝑚

Figure 2: Different plate-fin configurations investigated in this study.

Table 2: Thermophysical properties of RT–35HC, perspex sheet and fins [43, 44].

Property RT-35HC Perspex sheet Copper
Tm (K) 308.15 - -
Tl (K) 309.5 - -
Ts (K) 306.5 - -
L (J/kg) 240,000 - -
ρ (kg/m3) 825 1180 8978
cp (J/kg.K) 2000 1460 381
k (W/m.K) 0.2 0.186 387.6
β (1/K) 0.0006 - -
µ (Pa.s) 0.0235 - -

problem [14, 39, 45]:140

• The heat sink and the PCM are at the melting temperature point of the PCM.141

• The heat sink always remains in a solid state and only sensible heat is absorbed.142

• The material of heat sink is homogeneous and isotropic.143

• The liquid PCM is assumed to be incompressible Newtonian fluid, laminar and under144

unsteady state; it is subjected to Boussinesq approximation.145

• Local thermal equilibrium exists between the fins and liquid PCM.146

• The thermophysical properties of the PCM and heat sink are assumed to be constant147

over the temperature and phase range.148
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• The volume change of the PCM is neglected during the phase–transition of melting149

and solidification.150

Accordingly, based on the above-mentioned assumptions, the governing conservation equa-151

tions for mass, momentum and energy can be expressed as follows [44, 46, 47]:152

Mass conservation:
∂u

∂x
+
∂v

∂y
= 0 (3)

Momentum conservation:

ρ

(
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y

)
= −∂p

∂x
+ µ

(
∂2u

∂x2
+
∂2u

∂y2

)
+ Sx (4)

ρ

(
∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y

)
= −∂p

∂y
+ µ

(
∂2v

∂x2
+
∂2v

∂y2

)
+ ρrefgβ(T − Tref ) + Sy (5)

Energy conservation:

(ρcp)

(
∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y

)
= k

(
∂2T

∂x2
+
∂2T

∂y2

)
+ Sh (6)

Where, the u and v are the rate velocity components in x and y directions, respectively, ρ153

is the density (kg/m3), t is the time (s), p is the pressure (Pa), g is the gravitational body154

acceleration (m/s2), µ is the dynamic viscosity (kg/m.s), ρcp is the thermal capacitance and155

k is the thermal conductivity (W/m.K). The thermal expansion coefficient of the material,156

β, has a value of β = 0.0006 K−1. The Sx and Sy terms in the momentum Eqs. 4 and 5 are157

the source terms (N/m3) which are associated with the change in porosity in mushy–zone158

and can be written as follows:159

Sx = −Amush
(1 − fl)

2

f 3
l − ε

.u Sy = −Amush
(1 − fl)

2

f 3
l − ε

.v (7)

Where, Amush is a constant number (105) that illustrates the morphology of the mushy zone160

[14] and ε = 0.001 is only a constant value applied to avoid divide by zero. Moreover, fl is161
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the liquid fraction of the PCM in the mushy region, and can be defined as:162

fl =
∆H

L
=


0 if T < Ts

T−Ts
Tl−Ts

if Ts < T < Tl

1 if T > Tl

(8)

Where, T , Ts and Tl are the average temperature, solidus temperature and liquidus temper-163

ature of the PCM, respectively. The total enthalpy (H), the sum of sensible and latent–heat164

of enthalpies, can be defined as follows:165

H = ∆H + h (9)

Where, ∆H and h are the fractional latent–heat ans sensible heat of enthalpies of the PCM166

and and are defined by:167

∆H = flL (10)

h = href +

∫ T

Tref

cpdT (11)

Where, href is the reference enthalpy, Tref is the reference temperature, cp is the specific168

heat and L is the latent–heat of fusion for between 0 for solid and L for liquid. Further,169

the Sh term in the energy Eq. 6 describes the latent–heat storage due to the melting of the170

PCM and is defined by:171

Sh = −∂(ρ∆H)

∂t
(12)

Where,172

∆H =

0 if T < Tm

flL if T > Tm

(13)

The above-mentioned equations used in the current simulation have been applied in previous173

studies reported by Arshad et al. [14] and Sahoo et al. [48]. They simulated the proposed174

cases of the PCM–based finned heat sinks, including plate–fin metal structure.175
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2.3. Initial and boundary conditions176

In this study, the initial and boundary conditions are implemented based on previous177

experimental studies reported by the similar authors [25, 26, 49]. The thermal insulation178

material are used to isolate the side walls of the heat sink to prevent any heat losses into179

the surrounding during operation mode. Hence, the boundary of the outer walls are defined180

as an adiabatic condition, except the surface of the applied heat flux, as labelled in Fig.181

1b. Therefore, the initial and boundary conditions used in this study to solve the governing182

equations can be written as follows:183

1. Initial condition:

t = 0, T (0) = Tini = 296.15K, fl = 0

2. No–slip boundary conditions at the side walls:

u = v = 0

3. Adiabatic boundary condition at side wall:

∂T

∂x

∣∣∣∣
x=0−W
y=0

= 0

4. Natural convective boundary condition at the top wall:

−k∂T
∂y

∣∣∣∣
y=H

= h(T − T∞)

5. Heat flux supplied at the bottom:

−k∂T
∂y

∣∣∣∣
x=0−W
y=0

= q
′′

2.4. Numerical methodology184

The commercial CFD software ANSYS–Fluent 19.1 which coupled the finite volume185

method with double precision was used to conduct the transient simulation of the proposed186

configurations in current study. The detailed boundary and initial conditions were indi-187

cated for the simulations. Therefore, the energy and momentum equations were discretized188

using the second-order upwind scheme. The pressure correction equation was solved using189

the PRESTO scheme, pressure-velocity coupling was captured by SIMPLE (semi–implicit190

12



pressure–linked equation) algorithm, and for the momentum and energy equations were191

adopted by the QUICK (Quadratic Upstream Interpolation for Convective Kinematics)192

scheme [18, 50]. Melting and solidification model has been used to solve the phase change193

phenomenon. In particular, the solidification and melting process has been simulated using194

the enthalpy–porosity method, where the porosity in each cell was adopted to be equal to195

the liquid fraction in that cell [51]. In addition, the gravity effects were considered in a196

negative direction of the y–axis. The convergence criteria are set to be 10−4, 10−4 and 10−6197

for continuity, momentum and energy equations, respectively. The accuracy of the numeri-198

cal improved by carrying out mesh and time independence tests. In the current study, five199

different mesh sizes with number of elements of 18862, 27126, 42418, 73970 and 167493 were200

examined. The results of average heat sink temperature, liquid fraction and melting time201

were compared for each element size reported by the current author mentioned in Ref. [14].202

The maximum deviation in average heat sink temperature and melting time and was found203

to be 0.18% and 1.28%, respectively. Three different time steps of ∆t = 0.05, 0.1 and 0.2 s204

were investigated for mesh size of 42418 elements and no significant variations were found205

in liquid-factions, which is because of the low thermal front movement and PCM upfront206

velocity. Thus, to compromise accuracy and computational cost, a mesh size with 42418207

elements and ∆t = 0.1 s time–step were chosen in the current study for further simulations.208

2.5. Non–dimensional equations209

The non–dimensional numbers are used to normalise the phase transition heat transfer210

and melting process results of the PCM employed finned heat sinks. To indicate the influence211

of input power density during the phase change of the PCM inside the finned heat sinks,212

the non–dimensional heat flux (Q̄) is defined as follows [14]:213

Q̄ =
qhf

k(Tm − Tini)
(14)

The average distribution of temperature while heating process of the heat sink is presented214

with non–dimensional heat temperature (θ) as follows [14]:215

θ =
k(T − Tini)

qhf
(15)

To present the transient heat conduction phenomenon, the results are expressed in form of216

Fourier number (Fo), which is the ratio of the diffusive transport to the stored energy, as217
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follows [14, 38, 45]:218

Fo =
αt

h2f
(16)

Moreover, the natural convective heat transfer distribution in terms of constant heat flux219

(q) and the temperature difference (∆T ) is expressed in terms of Nusselt number (Nu), as220

follows [14, 38]:221

Nu =
qhf

∆Tk
(17)

where, (∆T ) is the temperature difference between heat sink base and PCM melting tem-222

perature varies with time.223

3. Model validation224

3.1. With PCM case225

The current numerical results are validated with previous published experimental results,226

reported by Dhaidan et al. [52]. The variations of liquid fraction with time during the227

melting process of n–Octadecane, which is used as PCM filled in a square cavity, as shown228

in Fig. 3. The plexiglass made square cavity is used having the dimensions of 25.4 × 25.4229

mm2 and heated through an electrical heater at Rayleigh number of 2.79×108 on the left side230

and the remaining sides are kept insulated. A good and reasonable agreement is obtained231

between the present numerical study and the experimental results.232

3.2. With fins and PCM case233

Another validation of current numerical results is validated with experimental results of234

the PCM and fin combination reported by Kamkari and Shokouhmand [53], as shown in Fig.235

4. A rectangular enclosure with interior of 50 mm in width, 120 mm in height and 120 mm236

in depth containing 3 fins in vertical direction is selected. The results of melting process237

are validated through liquid fraction results of lauric acid, used as a PCM, by applying238

an input wall temperature of 70 ◦C. A good agreement is obtained between the numerical239

and experiment results of PCM melting process. The variations in results may be due to240

radiation and conduction heat transfer and PCM properties varying in experimentation with241

temperature and time.242
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Figure 3: Validation of present numerical results with experimental results by Dhaidan et
al. [52].
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Figure 4: Validation of present numerical results with experimental results by Kamkari and
Shokouhmand [53].

4. Results and discussion243

4.1. Effect of fin height on the heat sink temperature244

An analysis of PCM–based heat sinks with no fin and plate-fin with different fin heights245

and volume fractions are observed. The results are shown for 10% and 20% volume fractions246

in Fig. 5a and Fig. 5b, respectively. The effect of fin heights is measured to on the basis247

of the reduction in the heat sink base temperature compared to no fin heat sink filled with248

PCM. It is evident that the heat sink base temperature in case of no fins remains higher than249

the base temperature of heat sink with fins of all cases of fin height and reaching a maximum250
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temperature of 363 K during the operation time of 1800 seconds. As expected, the heat sink251

temperature decreases with increasing fin height. In Fig. 5a, the results indicate that 10252

mm plate–fin has the lower effective heat transfer and reached a peak temperature of 361.4253

K – a reduction of 0.44% as compared with no fin heat sink at the end of 1800 s timespan.254

The 15 mm plate–fin is slightly better than the 10 mm case, with a base temperature of255

359.7 K and a reduction of 0.91%. The 20 mm plate–fin depicts the best thermal ability,256

reaching a temperature of 358.4 K with a reduction of 1.3%. A similar comparison can be257

obtained from Fig. 5b for 20% volume fraction. The maximum temperatures achieved are258

360 K and 358 K for 10 mm and 15 mm plate–fin, respectively, with a reduction of 0.83%259

and 1.3%, respectively. Additionally, the 20 mm plate–fin still prove their thermal ability,260

reaching a peak temperature of 357.7 K with a reduction of 1.5% as compared with the261

PCM-based heat sink without fins.
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Figure 5: Temperature-time histories of plate–fin heat sink temperature under various fin
heights and constant volume fraction of (a) 10% and (b) 20%.

262

4.2. Effect of fin height on melt–fraction of PCM263

Fig. 6 shows the liquid fraction of PCM versus time for different plat-fin heights under264

volume fraction of 10% and 20%, respectively. The results prove that the PCM–based heat265

sink with no fins requires more time to complete melting compared to that in the finned heat266

sinks. Furthermore, the results in Figs. 6a and 6b depict that the melting rate increases267

with higher fin heights. The melting time for the PCM-based heat sink with no fins was268

found to be 1595 s, whereas the corresponding values for the finned heat sinks under 10%269
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volume fraction are 1390 s, 1200 s and 1275 s for 10 mm, 15 mm and 20 mm, respectively.270

In fact, for the 15 mm fin height, the melting rate is higher than 20 mm. This is expected as271

the uniform distribution of inserted fins leads to uniform heat dissipation into a wide region272

of PCM. A further investigation can be conducted on the results of liquid fraction versus273

time for 20% volume fraction as shown in Fig. 6b. The recorded times are 1510 s, 1315 s274

and 1160 s for 10 mm, 15 mm and 20 mm, respectively. Furthermore, it can be observed275

from Figs. 6a and 6b that the melting starting time is delayed with increase in fin height.276

The recorded times are 125 s and 140 s, 130 s and 155 s and 130 s and 155 s for 10% and277

20% volume fractions and 10 mm, 15 mm and 20 mm, respectively. It is revealed that a278

higher fin height contributes to the faster melting rate than a lower fin height because of the279

more number of fins and more uniformly distribution of heat from heat sink base towards280

the top surface or ambient.281
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Figure 6: Melt–fraction curves of plate–fin heat sinks under different fin heights and constant
volume fraction of (a) 10% and (b) 20%.

4.3. Effect of volume fraction on heat sink temperature282

Two different percentage levels of volume fractions are chosen to evaluate the effect of283

fins volume, as shown in Fig. 7. Figs. 7a–7c present a comparison of the heat transfer284

performance of all heat sink configurations embedded with a PCM including different fins285

volume fractions of 10% and 20% for 10 mm, 15 mm and 20 mm fin heights, respectively.286

It is quite essential to evaluate the effect of fins by comparing both the latent–heating287

phase change and heat sink base temperature. The base temperature of heat sink with288

no fins has increased rapidly. Furthermore, the results proved that the inserted fins have289
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a significant effect on the thermal performance of the heat sink in term of the reduction290

of the heat sink base temperature. The 20% volume fraction cases consistently have the291

better thermal performance than no fins and 10% heat sink in term of keeping the heat292

sink base temperature under an acceptable level. It is also observed that by increasing the293

volume fraction, the latent–heating phase will be delayed or increased and therefore has294

more ability to store energy in the charging phase. This reveals that a heat sink with higher295

volume fraction of fins has the more tendency to absorb the heat capacity and higher heat296

transfer capability than lower volume fraction fin heat sink. The lower heat capacity results297

in a rapid increase in the base temperature. Fig. 7d illustrates the combined results of a298

temperature–time profile of all simulated configurations. It can be concluded that the 20%299

volume fraction heat sinks have the best thermal cooling capability as compared to 10%300

volume fraction heat sinks.301

4.4. Effect of volume fractions on melt–fraction of PCM302

The impact of volume fraction on the instantaneous liquid fractions of PCM during the303

melting process for all simulated cases of finned heat sinks with different fin heights are304

compared in Figs. 8a–8c. The result of no fin heat sink is also presented in the graphs for305

the purpose of evaluation of the attached fin. As can be seen from Fig. 8a and 8b, at 10306

mm and 15 mm, the heat sink with 10% volume fraction always has a higher melting rate307

compared with 20% volume fraction heat sink. This indicates that γ = 20% is more capable308

for thermal cooling than γ = 10%. Whereas at 20 mm fin height heat sink, the 20% volume309

fraction has a higher melting rate than 10% volume fraction as shown in Fig. 8c. The310

reasons for this are that the distribution of the fins inside the heat sink and the distance311

between two consecutive fins play a key role on the phase change of the PCM. Furthermore,312

Fig. 8d illustrates a combine comparison of melt–fraction between all investigated cases in313

this study. It is observed that the 20 mm fin height heat sink at γ = 20% has the higher314

melting rate compared with all examined configurations.315

4.5. Effect of latent–heating phase completion time316

The evaluation on thermal performance of plate–fin heat sinks filled with a PCM can317

be carried out by comparing the completion time of latent-heating phase, as shown in Fig.318

9. The latent–heat phase is simply the major aspect for thermal management of electronic319

devices via PCM-based finned heat sinks. Thus, Fig. 9a presents a comparison of latent-320

heating phase completion time of different configurations at γ = 10%. It is seen that the321
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Figure 7: Time histories of plate–fin heat sink (a) 10 mm, (b) 15 mm, (c) 20 mm under dif-
ferent volume fraction; (d) Time histories of plate-fin heat sink temperature under different
fin heights and volume fractions.

heat sink with no-fins has recoded the longest duration, namely after 1595 s. The reasons are322

due to the poor thermal conductivity of the embedded PCM and the absence of TCE (e.g.,323

plate–fin) that dissipates the heat uniformly through the PCM. Additionally, a clear picture324

of 10 mm height plate-fin heat sink indicates a maximum latent-heating phase completion325

time among other cases. The time achieved was 1390 s compared with 1220 s and 1275 s326

for 15 mm and 20 mm cases, respectively.327

Fig. 9b shows comparison of various configuration at γ = 20%. A maximum time of latent–328

heating completion was achieved by 10 mm fin height case in 1510 s compared with 1315329

s and 1160 s for 15 mm and 20 mm cases, respectively. Hence, the optimum number and330

distribution of fins play a key role to enhance the rate of heat transfer and dissipate the heat331
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Figure 8: Time histories of plate–fin heat sink (a) 10 mm, (b) 15 mm, (c) 20 mm under dif-
ferent volume fraction; (d) Time histories of plate-fin heat sink temperature under different
fin heights and volume fractions.

more effectively through the PCM. Therefore, lower thermal conductivity of embedded PCM332

can be compensated via extended surface geometries (e.g., plate–fins, pin–fins, perforated–333

fins) that made from high thermal conductivity material and hence, improve the thermal334

performance of electronics devices.335

4.6. Effect of set point temperatures (SPTs)336

To ensure the thermal performance of the tested plate–fin heat sinks in this study, the337

enhancement in operation times of three critical SPTs of 40 ◦C, 45 ◦C and 50 ◦C are chosen338

for analysis at two volume fractions of TCE. Bar charts shown in Fig. 10a and Fig. 10b339

depict the time taken by the unfinned and finned heat sinks against different fin heights to340
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Figure 9: Comparison of enhancement time between various configuration of plate-fin heat
sinks under different fin height and constant γ of (a) 10% and (b) 20%.

reach the SPTs for γ = 10% and γ = 20%, respectively. Fig. 10a reveals that it takes lower341

time for unfinned heat sink to reach SPTs of 40 ◦C, 45 ◦C, and 50 ◦C; the reported times342

are 3.75 min, 5.60 min and 7.10 min, respectively. This is expected due to the absence of343

the fins. Moreover, the 15 mm fin height heat sink takes more time in comparison to other344

tested configurations. The maximum time of 7.75 min, 11.60 min and 20.60 min are noted345

for 15 mm fin height case to reach SPTs of 40 ◦C, 45 ◦C, and 50 ◦C, respectively.346

Fig. 10b shows a similar comparison at γ = 20%. It is evident that operation time increases347

linearly as the fin height increases for a specific SPT. For instance, it takes 12.90 min to348

reach a SPT of 45 ◦C for 10 mm fin heat sink, whereas it is 17.25 min and 19.10 min for349

15 mm and 20 fin height cases, respectively. A closer look reveals that it takes 7.50 min to350

reach a SPT of 40 ◦C for 10 mm fin height heat sink at γ = 10%. In contrast, it takes 11.25351

min to reach the same SPT and fin height heat sink at γ = 20%. Therefore, as the volume352

fraction of fins increases the time duration increases to reach a specific SPT.353

4.7. Effect of volume fraction on average heat sink temperature354

Fig. 11a and Fig. 11b show an analysis on the role of γ in thermal management of

electronic devices at γ of 10% and 20%, respectively. The average temperature of the

unfinned and finned heat sinks is calculated at a specific time.

T =
1

ti − tf

∫ ti

tf

Ttidt (18)
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Figure 10: Enhancement in operation time for different critical STPs under different fin
heights and constant volume fraction of (a) 10% and (b) 20%.

The average temperature at each fin height heat sinks at γ = 10% are illustrated as bar355

charts in Fig. 11a. The unfinned heat sink has recorded the highest average temperature356

among the other configurations and reached a peak of 89.90 ◦C. Whereas in the finned heat357

sink cases, the average temperature decreases as the fin height increases. At fin height of 10358

mm, the average temperature was 88.30 ◦C – a decrease of 1.8% compared with unfinned359

heat sinks, while the temperature has decreased gradually for 15 mm and 20 mm fin height360

heat sinks and record a temperature of 86.60 ◦C and 85.20 ◦C – a decrease of 3.7% and361

5.2%, respectively.362

Fig. 11b shows a similar comparison at γ = 20%. The average temperature at fin height363

of 10 mm, 15 mm and 20 mm was 86.90 ◦C, 85.20 ◦C and 84.60 ◦C – a decrease of 1.6%,364

1.6% and 0.7%, respectively, as compared with the same configurations at γ = 10%. This365

reveals that the fins play a key role to enhance the rate of heat transfer inside the heat sink366

and keep the base temperature under an acceptable temperature. Furthermore, the PCM367

absorbs and stores the excess heat in the form of thermal energy (as latent–heat of fusion)368

at nearly constant temperature. Hence, the average temperature of the heat sinks will be369

kept within an accepted level.370

4.8. Effects of dimensionless parameters371

Fig. 12 shows the variation of dimensionless average heat sink temperature (θ), liquid372

fraction (fl) and Nusselt number (Nu) in terms of Fourier number (Fo) for different fin373

heights of 10 mm, 15 mm, and 20 mm at constant dimensionless heat fluxes (Q̄ = 17, 25374
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Figure 11: Comparison between average temperature of no fin heat sink and finned heat sinks
under various fin heights and constant γ of (a) 10% and (b) 20%.

and 34), respectively. At Q̄ = 25 and 34, the variation in θ of PCM–based heat sink firstly375

reflects a gradual increase in temperature during the phase change process of PCM with the376

rise in Fo, followed by a sharp increase in temperature, as shown in Fig. 12a. At constant377

Q̄, the γ = 10% and γ = 20% have a slight difference in temperature for all fin heights.378

However, the γ = 20% heat sinks always record lower θ, which indicates better thermal379

performance of heat sink due to increase in phase transition duration of PCM from solid to380

liquid. Furthermore, during the melting process, θ is higher for a higher Q̄. The melting of381

PCM is completed in a lower Fo for a higher Q̄ as shown in Fig. 12a. By increasing the fin382

height, the Q̄ increased, and therefore, Fo decreases and θ increased. Fig. 12b illustrates383

the distribution of fl as a function of Fo for PCM–based heat sink at fin heights of 10 mm,384

15 mm, and 20 mm at γ = 10% and γ = 20%. For lower to higher fin heights (i.e. 10 to 20385

mm) or lower to higher Q̄ (i.e. 17–34), the rate of fl increases with the decrease of Fo which386

shows the increasing the fin height of a PCM based heat sink enhances the melting rate of387

PCM. Further effects of heat transfer effects under natural heat convection are presented in388

terms of Nu and Fo in Fig. 12c. A steep reduction in Nu is observed with the increase of389

Fo for all Q̄. Initially , the higher Nu is obtained of melting process which is because of390

the less thermal resistance. However, a sharp decline is observed as the fl is obtained about391

0.2–0.4 and further decreases asymptotically approaching a non–zero value representing a392

natural convection heat transfer while fulling melting of PCM.393
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Figure 12: (a) The variation of θ in terms of Fo, (b) The variation of fl in terms of Fo,
(c) The variation of Nu in terms of Fo under various fin heights and volume fractions.

4.9. Evaluation of isotherm and liquid fraction394

Fig. 13 illustrates the rates of heat transfer and temperature distribution of no fin heat395

sink and 20 mm fin height heat sinks at γ = 10% and γ = 20% embedded with a PCM.396

It can be seen clearly that the rate of temperature increase is higher in γ = 10% heat sink397

as compared to γ = 20% heat sink at each time step. For instance, the temperature varies398

from 356.5 K to 358.4 K for γ = 10% heat sink at 30 min, whereas it varies from 355.9 K399

to 357.7 K for γ = 20% heat sink at the same time. The reason is due to the optimum400

number and distribution of fins in γ = 20% heat sink as compared to the γ = 10% heat sink.401

In addition, the heat diffusion in the PCM region is relatively more in γ = 20% heat sink402

resulting in more heat absorbed from the base of the heat sink and keeping the temperature403
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at an acceptable level, as showing in Fig. 13 especially at time 15 min.404

An additional comparison of liquid fraction contours for the same configurations are shown405

in Fig. 14. The PCM-based heat sink of γ = 20% has a higher PCM melting rate as406

compared to γ = 10% heat sink. This is due to the more number of fins which led to407

an optimum distribution of fins and heat transfer area. The higher PCM melting rate of408

γ = 20% heat sink enhances the heat absorption and transfer into the surrounding, leading409

to more capable thermal cooling.410

5. Conclusions411

The present numerical study explores the parametric investigation of a PCM–based412

plate–fin heat sinks by exploring the different fin heights of 10, 15 and 20 mm for two413

different volume fractions of 10% and 20% of fins under a constant input power level. The414

heat transfer, melting and temperature flow–field characteristics. Further, the results of415

dimensionless numbers provided the further generalized relationship between the fin height416

and number of fins for both volume fractions of fin heat sinks to analyse the natural heat417

transfer and passive cooling performance of PCM filled plate-fin heat sink. The results418

revealed that addition of metal fins reduced the average temperature of the heat sink base419

by extracting the heat from base towards the ambient. Further, the addition of fins improved420

the melting of PCM uniformly and more uniform melting is obtained at the fin height of421

20 mm and volume fraction of 20% which is because of the higher number of fins. The422

maximum reduction in heat sink base temperature was obtained of 1.5% with 20 mm fin423

height and 20% volume fraction. However, a PCM filled heat sink of 10% volume fraction424

with 20 mm fin height reduced the base temperature at an acceptable level. The melting425

time of PCM was delayed with the increase of fin height for both volume fractions which is426

because of the higher specific heat capacity at higher fin height than a lower fin height. In427

addition, increasing the volume fraction of fins also delayed the latent-heating phase which428

revealed to store more thermal energy during charging phase. The melting time is reduced429

with the increase of number of fins for volume fractions of 10% and 20%. Moreover, the 20%430

volume fraction of PCM based finned heat sink revealed the less melting time corresponding431

each fin height of 10% volume fraction PCM based finned heat sink. The higher operating432

time was obtained with the increase of SPT against at a certain fin height for both 10%433

and 20% volume fraction of fins PCM based heat sink. The lower heat sink temperature434

is obtained at 20 mm fin height either for 10% volume fraction or 20%. Thus, it is highly435
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(a) 300s, γ = 0% (b) 300s, γ = 10% (c) 300s, γ = 20%

(d) 600s, γ = 0% (e) 600s, γ = 10% (f) 600s, γ = 20%

(g) 900s, γ = 0% (h) 900s, γ = 10% (i) 900s, γ = 20%

(j) 1200s, γ = 0% (k) 1200s, γ = 10% (l) 1200s, γ = 20%

(m) 1500s, γ = 0% (n) 1500s, γ = 10% (o) 1500s, γ = 20%

(p) 1800s, γ = 0% (q) 1800s, γ = 10% (r) 1800s, γ = 20%

Figure 13: Comparison of isotherms contours at various time period of PCM filled heat sink
at volume fractions of 0%, 10% and 20%.
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(a) 300s, γ = 0% (b) 300s, γ = 10% (c) 300s, γ = 20%

(d) 600s, γ = 0% (e) 600s, γ = 10% (f) 600s, γ = 20%

(g) 900s, γ = 0% (h) 900s, γ = 10% (i) 900s, γ = 20%

(j) 1200s, γ = 0% (k) 1200s, γ = 10% (l) 1200s, γ = 20%

(m) 1500s, γ = 0% (n) 1500s, γ = 10% (o) 1500s, γ = 20%

Figure 14: Comparison of liquid fraction contours at various time period of PCM filled heat
sink at volume fractions of 0%, 10% and 20%.
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recommended that a PCM based heat sink with 20 mm or equal to the height of PCM436

has the better thermal storage and heat transfer performance. The results of isotherm and437

melting fraction showed that the uniform melting of PCM was obtained with the addition438

of fins under the natural heat transfer convection and gravitational effects. Moreover, the439

results of Nusselt number revealed that 20 mm fin height of 10% or 20% volume fraction of440

fins had lower Fourier number which shows the higher effects of natural convection inside441

the heat sink. Thus, it is recommended that a heat sink of 20 mm height of 10% volume442

fraction of fins filled with PCM is the preferable for passive cooling of electronic devices.443
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