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A B S T R A C T

The growth of technology and the development of electronic devices made the need for efficient thermal 
management. By the ability of latent thermal energy storage, the application of phase change materials (PCMs) 
for cooling electronic boards has been investigated. The heat sink is an air-cooled micro heat sink cooling system 
(MHCS) with the possibility of embedding the PCM board. A type of metal-based paraffin is the PCM and free and 
forced modes of convective cooling studied numerically. Five input heat fluxes and three Reynolds (Re) numbers 
were investigated and the system performance was analyzed. The results show the significant influence of PCM 
on the control of the EC temperature; the reduction of heat sink temperature by 72 % and 78 % in natural and 
forced convection modes respectively, are the results of employing PCM in MHCS. It was shown that the best 
result of PCM employment in forced convection mode is at the lowest Re number. Furthermore, the Re number 
increase has the best effect on cooling efficiency at the highest heat flux. The results of this study could help in 
justifying the application of PCM from technical and economic viewpoints.

1. Introduction

The outstanding progress in electronic equipment and the ever- 
increasing need for miniaturization lead to the problem of over
heating, reduction of performance, efficiency, and lifetime [1,2]. The 
high working temperature is the reason for most failures in electronic 
components [3] which approves the significance of thermal manage
ment in the systems. Different techniques could be implemented for chip 
cooling including air cooling, embedded cooling, immersion cooling, 
electrocaloric cooling, spray cooling, jet cooling, heat pipe, thermo
electric cooling, and microchannel cooling [4]. In most cooling 

techniques, the heat dissipation of heat sink in micro size (MCHS) or 
macro size is done through the cooling fluid flow. The cooling fluid 
could be in a liquid or gas state and usually water and air are used. The 
literature review observed that heat transfer enhancement usually takes 
place at the penalty cost of pressure drop and other flow complications 
[5]. Due to its inherent higher surface area-to-volume ratio, using the 
micro-channel heat sink (MCHS) has emerged as an innovative and 
efficient solution for solving the heating issues in electronic components. 
Prabhakar Bhandari et al. [5] comprehensively reviewed the literature 
on MCHSs and the prominent design modifications for their heat transfer 
improvement. Tuckerman and Pease [6] were the first ones who 
examine the rates of flow and heat exchange at the microscale. They 
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experimentally showed that a rectangular microchannel has a noticeable 
heat dissipation rate and could maintain the temperature near the 
ambient temperature. In this way, the effects of geometry modification 
[7,8], working fluids and flow configurations [9,10] have been studied 
on the thermal performance of the MCHS [11,12]. The heat transfer 
effects of aspect ratio (AR) and hydraulic diameter in a rectangular 
MCHS were studied by Amirah M. Sahar et al. [13]. Their findings 
showed that by increasing the AR to 2 the friction factor decreased a bit 
and then increased by increasing it. Through a 3D numerical simulation, 
Moradikazerouni et al. [14] studied the airflow in an MCHS with 
different entrance channel geometries. The effect of air temperature and 
velocity on the pressure drop and Nu number was investigated. They 
found that between the investigated geometries, for the triangular 
channel the thermal performance is the best but considering the con
struction issues, the circular channel is recommended. Navin Raja 
Kuppusamy et al. [15,16] conducted numerical work on MCHS using the 

Nomenclature

Greek symbols
Δ difference
ν dynamic velocity (m2/s)
ρ density (kg/m3)

Subscripts
a air
b bulk
m melting
sf solid to fluid
w wall

Fig. 1. The schematic of the studied problem in four different conditions and dimensions, a) natural convection without PCM, b) forced convection without PCM, c) 
natural convection with the embedded PCM, d) forced convection with the embedded PCM.
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NF as the working fluid. They found the improvement in MCHS with 
triangular and trapezoidal shaped grooves with better results for trap
ezoidal compared to rectangular grooves. The studies on MCHS show the 
improving effect of using NF on thermal behavior [17–19]. Through 
numerical work, Chein and Huang [20] investigated the performance of 
a rectangular MCHS; the NF of water/Cu was chosen as the working fluid 
and the effect of nanoparticle (NP) concentration was studied. The re
sults show the enhancement in performance of MCHS compared to the 
case of using water as a coolant. In most research around the MCHS, the 
focus is on heat transfer improvement by increasing the heat transfer 
surface and enhancing the working fluid characteristics and the ways to 
mitigate pressure loss increment resulted by the increased heat transfer 
area.

Besides these methods, phase change materials (PCM) could also be 
used in MCHS. By their benefits, PCMs have found large applications in 
thermal management systems [17,21–24]. The PCMs have been used as 
a latent energy storage medium in different systems including heat ex
changers, electric circuits, structures, etc. [25,26]. PCMs can absorb or 
release large amounts of energy at a fixed temperature. The heat transfer 
studies of heat sinks equipped with PCMs showed enhancements in the 
thermal characteristics of these systems [27]. The phase change heat 
storage techniques enhance the replication of electronic devices and 
increase the capacitance of the cooling apparatus, delaying temperature 
augmentation and eventually having an improving effect on thermal 
management [28]. The application of PCMs with the combination of 
other thermal management techniques could result in efficient heat 
collection, transmission and dissipation in MCHS systems [29,30]. With 
the added advantage of increased effective surface area, the PCM-mi
crochannel combination system benefited from the isothermal situation 
during the phase change time. This feature besides the large heat of 
fusion falls down the maximum temperatures and prevents the hot spots 
during the melting time. By the integration of PCMs into the heat sinks of 
ECs, the thermal inertia of the cooling system would be enhanced. PCMs 
are capable of absorbing and releasing high amounts of energy during 
melting and solidification processes. This feature regulates the temper
ature effectively and prevents the ECs from overheating [31]. To avoid 
the abrupt failure of electric circuits (ECs), it is important to keep their 
working temperature below 80–90 οC [32]. The proper application and 
lifetime of ECs are in inverse relation to their temperature and it needs 
the proper thermal management [33]. Within the turn-off periods of the 
EC, PCM undergoes the liquid-to-solid phase change and releases heat. 
In summary, thermal control devices should be employed in place of 
peak power periods [34]. Despite the large applications of PCMs in 
thermal management systems [34], the application of PCM in MCHS for 
transient thermal management working in high-power heat transfer 
requires specific PCM types capable of faster rates of heat absorption. 
These PCMs are materials with high thermal conductivity, specifically 
metallic PCMs. Metallic PCMs could absorb heat up to 200 % faster than 
other classes of PCMs [35], and at fluctuating rate appropriate for EC 
cooling performance. W Yan et al. [36] studied the MCHS by embedding 
the PCM in the ceiling and the NF of water-Al2O3 as the working fluid. 
The application of 10 % NF reduced the thermal resistance of the heat 

sink by 10.88 %. Ho et al. [2] implemented the water-nano-encapsulated 
PCM in a microchannel. Their findings show the improvement of the 
heat transfer index by >40 %. Motahar and Jahangiri [21] worked on 
the PCM heat sink through the experimental and neural network anal
ysis approaches. They reported a reduction in working temperature 
during the heating process as a result of implementing the PCM. Wang 
et al. [37] reported the transient cooling performance of a novel spiral 
heat sink device. The heatsink of two eccentric spirals with the first 
spiral filled partially with paraffin wax and the other with air flow was 
examined. The input heat transfer rates of 2.9 W to 3.7 W were tested. 
The results show 44.91 % performance improvement of system by the 
PCM application. In a numerical work, Hasan and Tbena [38] consid
ered the application of paraffin wax, Eicosane, P116 and RT41 as the 
PCM in a microchannel and reported the enhancement in the cooling 
performance. Chen et al. [39] studied the thermal/flow characteristics 
of a (MCHS) with the embedded PCM. Through the numerical 3D finite 
volume method a more uniform temperature and cooling efficiency was 
found; also, they obtained the optimum geometric dimensions. To deal 
with the fluctuating heat generated from the electronic components, 
Naga Ramesh Korasikha et al. [40] modeled PCM inserts embedded 
MCHS. They modeled the performance of MCHS in two cases of with and 
without using PCM by ANSYS Fluent software. Their findings show 12 % 
improvement in thermal performance factor and 7.3 % reduction of 
thermal resistance for PCM based system.

Based on the authors’ knowledge, studies on the transient behavior 
of PCM-embedded MCHSs are rare and require further development. 
Here the dynamic and steady state behavior of a PCM-embedded MCHS 
system is studied. The dynamic and steady-state performance of the 
system was investigated in both natural and forced convection cooling. 
Heat sink temperature and Nu number as the heat transfer characteris
tics and PCM temperature and liquid fraction as the heat storage eval
uation indexes examined. After the problem description, the modeling 
procedure and the governing equations, in the next sections, the eval
uation indexes are presented vs the time by which the system perfor
mance is discussed.

2. The statement of the problem and governing relations

The studied system with the main dimension is schematically 
depicted in four different modes as specified in Fig. 1. The inlet heat flux 
is applied at the bottom and the microchannel could be used in both free 
and forced convection heat transfer modes. The system is a heat sink 
whose performance is studied in four different modes as specified in 
Fig. 1 by a to d; the inlet heat flux is applied at the bottom and the 
microchannel could be used in both free and forced convection heat 
transfer modes. For investigating the effect of using latent heat storage 
(LHS) on thermal performance, the module also can have the PCM board 
at the bottom. As can be seen, the manifold is located between the inlet 
and outlet air channels.

The heat sink thermal and fluid flow characteristics are investigated 
by exploring the mean temperature of the heat sink and the PCM liquid 
fraction and temperature at different inlet heat fluxes; also, to reveal the 
physics of the problem, the temperature counters of airflow and 
streamlines are visualized. The properties of the used PCM are shown in 
Table 1. Long-term performance and stability of employed PCM in 
repeated cooling cycles has been proved experimentally [41].

The fluid type is air throughout the study; the fluid behavior is 
judged as Newtonian and the finite volume method (FVM) is used for 
thermo flow modeling. The simulations are organized in two working 
modes of natural and forced convection and under the fixed input heat 
flux. The values of the Re number in forced convection mode and the 
inlet heat flux are listed in Table 2. The velocity of air is determined by 
employing the equation of Re number (Eq. (1)) 

Re =
uave Dh

v
(1) 

Table 1 
PCM type and its thermophysical properties.

PCM type Tm ( ◦C)
hsf

(
kJ
kg

)

ρ
(

kg
m3

)

Cp

(
kJ

kg.K

)

k
(

W
m.K

)

49Bi-21In-18Pb-12Sn 58 202 9079 3230 33.2

Table 2 
The investigated heat flux and Re number.

Heat flux (kW/m2) Re number

150, 170, 180, 190, 210 20, 40, 60
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For the heat transfer analysis, the Nu number according to Eq. (2), 
has been used. 

Nux =
hxDh

k
(2) 

The parameter hx in Eq. (2) is the coefficient of heat transfer whose 
value is calculated by Eq. (3). In Eq. (3) Tb is the fluid flow mean tem
perature and is calculated by Eq. (4). Also the average Nu number is 

according to Eq. (5). 

hx =
qʹ́

Tw − Tb
(3) 

Tb =

∑
(ṁT)

∑
ṁ

(4) 

Fig. 2. The average air temperature for different mesh numbers.

Fig. 3. The variation of heat sink temperature obtained by the previous experimental [46] and present work.
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Nuave =
qʹ́ Dh

kf (Tw − Tb)
(5) 

Governing equations of the air-side flow consist of the conservation 
of mass, momentum, and energy equations. In obtaining these equations 
the following assumptions were made; 

• the airflow behaves like a Newtonian fluid;
• incompressible fluid flow;
• the natural convection of heat transfer in the liquid PCM;

• the insulated heat sink outer walls and the heat transfer only between 
the airflow (HTF) and PCM;

Considering the pre-mentioned assumptions, the equations mass, 
momentum, and energy conservation for the air-side flow could be 
written as Eqs. (6), (7) and (8) respectively [23]. 

∂
∂xi

(ui) = 0 (6) 

Fig. 4. Temperature contours in a) air side and b) solid side of heat sink.

Fig. 5. The average temperature of heat sink vs the Re number for different input heat fluxes.
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uj
∂ui

∂xj
+

1
ρ

∂P
∂x

= ν
(

∂2ui

∂xj∂xj

)

−

∂
(

u
ʹ

iv
ʹ
i

)

∂xj
(7) 

ρcp

(

ui
∂T
∂xi

)

= k
(

∂2T
∂xi,i

)

(8) 

For the PCM side, the conservation of mass and momentum equa
tions could be expressed as Eqs. (7) and (9), respectively [24]. 

∂(ρnui)

∂t
+

∂
∂xj

(
ρnuiuj

)
=

∂P
∂xi

+
∂

∂xj

[

μn

(
∂ui

∂xj
+

∂uj

∂xi
−

2
3

δij
∂ui

∂xi

)]

+ ρngi + S

(9) 

S =
(1 − β)2

β3 + ε
Amush

(
v→− vp

→)
(10) 

In Eq. (9), u represents velocity components, P denotes the pressure, 
ρ refers to density, g is the gravitate acceleration and S is the momentum 
source; also in Eq. (10), v and β are the solid velocity in melted PCM and 
the liquid fraction, respectively and Amush and ε are both constant values 
which the latter is set to prevent the division to zero. The enthalpy 
porosity method is chosen for simulating the thermal behavior of PCM. 
In the enthalpy porosity method, instead of examining the melting 
surface, the liquid fraction is observed. The liquid fraction denotes the 
part of the calculation cell in a liquid state. The solving process includes 
the liquid fraction determination specified using the equation of 
enthalpy balance. The thermal energy stored in PCM is according to Eq. 
(11). In Eq. (11), the symbol H denotes the PCM enthalpy which is the 
summation of the latent heat (ΔH) and sensible heat (h); 

H = h + ΔH (11) 

By these definitions, the PCM side energy equation is expressed 

Fig. 6. The Nu number against the Re number at a heat flux of 150kW/m2.

Fig. 7. The variation of pressure drop vs the Re number at a heat flux of 150 kW/m2.
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below [23]; 

∂H
∂t

+ ∇
→
. (V
̅→

h) =∇
→
.

(
k
ρ∇
→h

)

(12) 

Eq. (12), the sensible enthalpy is determined according to Eq. (13); 

h = href +

∫T

Tref

CP dT (13) 

In Eq. (13), href denotes the enthalpy at reference point, Tref stands for 
temperature of reference, and CP refers to specific heat. The parameter 
ΔH in Eq. (12) is determined by Eq. (14) in which L and α is the latent 
heat of the PCM and its liquid fraction, respectively. The liquid fraction 

of PCM (α) is determined using Eq. (15); 

ΔH = αL (14) 

α =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0, T < Tsolidus

T − Tsolidus

Tliquidus − Tsolidus
, TSolidus < T < TLiquidus

1, T > Tliquidus

(15) 

In Eq. (15) when the PCM temperature falls in a second interval, i.e. 
TSolidus < T < TLiquidus both liquid and solid phases are existed and take 
place during the phase change. While the processes of solidification and 
melting, the energy equation presented as Eq. (16) [42]: 

Fig. 8. Temperature contours for different Re numbers and heat flux of 150kW/m2 in a) solid side and b) airside.
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∂(ρH)

∂t
+ ∇
→
.(ρ v→H) = ∇

→
.(k∇→T) + S (16) 

In Eq. (16), v→ denotes the velocity of fluid and S refers to the source 
of thermal energy. Within the method of enthalpy-porosity, the porous 
area is the region where the melting process happens. The porosity 
parameter is defined as the PCM liquid fraction in the cell. For a 
completely solid area, the value of porosity is equal to zero, and the 
velocity would be zero. For the PCM side the momentum equation is 
according to Eq. (17) [23]; 

∂(ρnui)

∂t
+

∂
∂xj

(
ρnuiuj

)
=

∂P
∂xi

+
∂

∂xj

[

μn

(
∂ui

∂xj
+

∂uj

∂xi
−

2
3

δij
∂ui

∂xi

)]

+ ρngi + S

(17) 

In the momentum equation, the parameter S reflects the damping 
source about Darcy’s law which shows the phase change impact on 
convection and is presented by Eq. (18) [43]: 

S =
(1 − β)2

β3 + ε
Amush

(
v→− vp

→)
(18) 

In Eq. (19), β is the liquid phase volume fraction, ε is 0.001 for the 
prevention of dividing to zero, and vp

→ is solid velocity outside the 
domain; moreover Amush is the factor of mushy zone and is considered as 
106 [44]. For the present system composed of PCM and air, the VOF 
model is employed. In this model, the value of αn, wiz the fraction filled 
in the cell, would be as below; 

Fig. 9. The streamlines of air flow for different Re numbers of a) 20, b) 40 and c) 60.

Fig. 10. The time variation of PCM temperature during the heat absorption in free convection working mode.
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• αn = 0, the nth cell is out of the fluid;
• αn = 1, is full of the fluid;
• 0 < αn < 1, the nth cell is partly filled with the fluid.

In this way, the mass conservation equation would be according to 
Eq. (19); 

∂αn

∂t
+ ui

∂αn

∂xi
= 0 (19) 

3. Numerical procedure

The governing equations with the associated boundary conditions 
were solved by employing the finite volume method. Discretization was 
done using the central differencing and QUICK schemes. The algorithm 
of SIMPLE is used to couple the velocity and pressure fields [45]. The 
convergence criterion of 10–6 was taken for all the engaged governing 
equations. The boundary conditions over the boundaries of the system 
are as follows; the inlet velocity for the inlet airflow, the pressure outlet 
for the outflow, no-slip condition for the walls, fixed heat flux for the 
bottom walls and thermal insulation for other walls.

To ascertain the independency and accuracy of the results from the 
selected mesh, the average air temperature was determined and depic
ted for different systems with different mesh numbers (Fig. 2). The figure 
shows that each time the grid mesh size reduction the value of Ta got 
close to its previous value until at a mesh number of 200,000, it nearly 
became fixed (changes <3 %). Hence, 200,000 was chosen as the cell 
number for the domain.

To verify the correctness of the numerical procedure, the simulation 
results were judged against the work of Hosseinzadeh et al. [46]. In their 
work, the behavior of a PCM heat sink was investigated both numeri
cally and experimentally. The heat sink was finned type and the heat 
flux was exerted from beneath it. Also, they compared the thermal 
management performance of heat sinks in two cases with and without 
using PCM. They investigated the effects of power level, fin number, 
height and thickness. Fig. 3 compares the heat sink temperature ob
tained by the present numerical study and the previous work; it could be 
seen that the present numerical study is in good agreement with the 
previous experimental work within a 5 % mismatch; since in comparison 
with experimental works a difference of 15 % is acceptable, this simu
lation method would be approved [47].

4. Results and discussion

The system was meshed using the software package of ANSYS 19 and 
the equations were solved with ANSYS FLUENT software. The system 
performance was studied in two different modes with and without a 
PCM board. The results of simulation for different study cases (with and 
without PCM and natural and forced convection modes) were demon
strated by different evaluation indexes including convection heat 
transfer coefficient and Nu number, heat sink temperature, PCM liquid 
fraction and pressure drop and pumping power in forced convection 
mode; moreover, temperature contours and streamlines was presented 
to visualize thermal and flow physics of the system.

4.1. Heat sink without the PCM

4.1.1. Natural convection mode
The heat flux is first exerted on the solid side and eventually to the 

air. The still air above the solid side is heated and the resulting tem
perature gradient causes the heat transfer. The temperature contours in 
both solid (heat sink and manifold) and airside are shown in Fig. 4. The 
input heat flux is 40kW/m2 and as can be seen a uniform temperature 
distribution is generated; in this case the heat sink mean temperature is 
145 ◦C. By the higher-than-allowable temperature of the heat sink, the 
mode of free convection is not able for the successful release of heat and 
forced convection should be employed.

4.1.2. Forced convection mode
The mean temperature of the heat sink vs the Re number is depicted 

in Fig. 5. Firstly, it is shown that by switching the heat convection mode 
from natural to force, the mean temperature reduces significantly; the 
mean temperature at a heat flux of 40kW/m2 is 44, 38 and 35 ◦C at Re 
numbers of 20, 40 and 60 which was 145 ◦C in natural convection mode; 
the corresponding values for heat fluxes of 80 and 150kW/m2 are 100, 
65, 55 ◦C and 200, 125 and 95 ◦C for Re numbers of 20, 40 and 60, 
respectively. The overall trend of temperature change against the Re 
number is decreasing and is the result of a higher heat transfer coeffi
cient at higher Re numbers; by growing the Re number from 20 to 60, the 
mean temperature is reduced by 50 %, 40 % and 11 % at heat fluxes of 
150, 80 and 40kW/m2, respectively. This, on the other hand, shows the 
higher effect of Re number increase on cooling efficiency at higher heat 
fluxes which results in more temperature decrement and is not the case 

Fig. 11. The variation of PCM embedded heat sink temperature vs time during the heat absorption in natural convection mode.
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for lower heat flux. This fact which is the result of a lower temperature 
gradient at low heat fluxes shows that at low heat fluxes, increasing the 
Re number does not work well and does not decrease heat sink tem
perature effectively. In fact, at the highest heat flux values, the Re 
number elevation has the most effect on the heat transfer coefficient. 
The Nu number against the Re number in the case of q̈ = 150 kW

m2 is 
depicted in Fig. 6. As seen, by growing the Re number from 20 to 60, the 
Nu number increased by 24 %.

The pressure drop and Nu number grow simultaneously with the Re 
number increase. The pressure drop variation against the Re number is 
illustrated in Fig. 7; it is revealed that the pressure drop growth resulting 

from the Re number increase from 20 to 60 is nearly 430 %; this figure 
should be compared to a 24 % improvement of Nu number due to Re 
number increment which warns about selecting the proper Re number. It 
would be more beneficial to possibly get away with using the high Re 
numbers.

To better visualize the heat sink from its thermal performance 
viewpoint, the temperature contours in both solid and air sides and 
different Re numbers are illustrated in Fig. 8; it could be inferred that 
increasing the Re number, reduces the zone of high temperature in the 
solid side; the mean temperature of heat sink is199, 126 and 92.5 ◦C at 
Re numbers of 20, 40 and 60 which shows vividly the influence of Re 

Fig. 12. Temperature of the heat sink, PCM and liquid fraction at heat fluxes of a) 160 and b) 190kW/m2 in natural convection mode.
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number increase on cooling. Moreover, on the air side, by the Re number 
enlargement, the temperature gradient becomes smaller which results in 
an overall more uniform temperature field; the temperature change 
through the air pathway is 167, 96 and 64 ◦C at Re numbers of 20, 40 
and 60. In the case of Re = 40 and 60, the temperature gradient in the 
horizontal path of airflow is higher which shows an enhanced heat 
exchange.

To understand further the effect of airflow and Re number on the rate 
of heat transfer the air streamlines for different Re numbers are illus
trated in Fig. 9. As shown, by elevating the Re number the point of 
separation goes toward the inlet and the heat transfer enhancing effect 
of wakes gets more pronounced throughout the air path. This, as was 
seen before, would result in a more uniform temperature distribution 
and a smaller temperature gradient inside the air path would be 
generated.

4.2. Heat sink with the embedded PCM

4.2.1. Natural convection mode
By its latent heat of phase change, the PCM embedded inside the heat 

sink would absorb the heat and prevent overheating. It is mainly the 
phase change temperature of PCM which governs the heat sink tem
perature. Therefore the enhancing effect of PCM addition on thermal 
management of heat sinks could be predicted. Considering the unsteady 
nature of phase change (melting and solidification), the system perfor
mance is described vs the time. The PCM temperature during the heat 
absorption is illustrated in Fig. 10. As seen, by applying the HF and 
increasing it at four stages of 150, 170, 180 and 190 kW/m2, the PCM 
temperature increased gradually and reached 40, 45, 53 and 59 ◦C, 
respectively. Remarkably, the presence of PCM increases the thermal 
mass of the system and hence its response time. Considering the large 

Fig. 13. The time variation of PCM embedded heat sink temperature at Re = 20 during the heat absorption.

Fig. 14. The PCM average temperature changes vs the time at Re=20 during heat absorption.
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period of applying heat flux (200 min at each time step) the system has 
enough time to change its situation without exceeding the allowable 
temperature. To be more elucidated the heat sink temperature vs the 
time is seen in Fig. 11.

The heat sink temperature in Fig. 11 shows a stepwise change that is 
similar to PCM temperature change; the average temperature of the heat 
sink is 44, 52, 72 and 75 ◦C for heat fluxes of 150, 170, 180 and 190kW/ 
m2, respectively. These temperatures should be compared to a temper
ature of 145 ◦C which was the plate’s average temperature in case of 
using no PCM (Section 4.1); as seen, embedding the PCM in the heat sink 
reduces its temperature significantly. The observed delay time of tem
perature increase is the result of phase change latent heat which keeps 
and controls the plate temperature within the allowable limit during the 
working time. The contours of the PCM and heat sink temperature and 
PCM liquid fraction at heat fluxes are depicted in Fig. 12.

By inspecting the contours of the heat sink and PCM temperature, it 
could be seen that by its capacity of latent heat storage, the PCM alle
viates the temperature growth. This effect could be seen in PCM liquid 
fraction contours; the liquid phase in the vicinity of input heat flux 
propagates outward and absorbs the heat. Also, the zone of the liquid 
phase has been increased at elevated heat flux input. The relatively small 
part of the liquid phase near the hot surface is attributed to the low 
thermal conductivity of the PCM.

4.2.2. Forced convection mode
It was seen previously that the forced convection mode has priority 

in cooling the MCHSs. Besides the beneficial feature, the dependency of 
forced convection mode on using the external power for the air circu
lator, the application of forced convection is rational well at the lowest 
Re number. The time variation of PCM embedded heat sink temperature 
at Re number of 20 is seen in Fig. 13; the heat sink temperature at heat 
fluxes of 150, 190 and 210kW/m2 are 45, 52 and 78 ◦C, respectively. 
The heat sink temperature is 44, 52, 72 and 75 ◦C for heat fluxes of 150, 
170, 190 and 210 kW/m2, respectively. It could be compared to a similar 
case without the embedded PCM which resulted in a heat sink temper
ature of 200 ◦C at a heat flux of 150kW/m2. This high value of tem
perature reduction (75 than 200 ◦C) is due to PCM melting near the hot 
surface whose temperature distribution vs. the time is in Fig. 14.

The stepwise increment of PCM average temperature vs the time 
shows the growth of molten front by the time; regarding the PCM 
melting point temperature of 58 ◦C, at the second stage, by the mean 

PCM temperature of 47 ◦C, the major part of PCM is still solid. By the 
heat flux increment to 120kW/m2, the mean temperature reaches to 
vicinity of the melting point which elevates the average PCM tempera
ture to 51 ◦C. The change in the PCM liquid fraction is depicted in 
Fig. 16.

By inspecting the PCM liquid fraction in Fig. 15 it could be revealed 
that the heat flux below 210kW/m2 is not enough to melt the PCM 
considerably; 1000 min is the time that the PCM begins to melt and the 
growth of the melting front causes the increment of its average tem
perature (Fig. 14); this also could be inferred from the PCM and heat sink 
temperature contours and the PCM liquid fraction (Fig. 16). The heat 
flux of 160kW/m2 cannot generate a complete liquid phase and a 
mixture of 65 % - 35 % solid-liquid phase is observed near the hot wall. 
Instead by increasing the heat flux to 210 kW/m2, a liquid phase with a 
temperature of 115 ◦C is generated near the wall. By generating a 
relatively big melted front, the existence of the PCM module with its 
large LTES keeps the heat sink temperature below 57 ◦C

5. Conclusion

The development of industries relies heavily on developing elec
tronic systems. The need for miniaturization electronic circuits (ECs) 
and the resulting problem of overheating, make the thermal manage
ment of these systems an inevitable task. By its high surface-to-volume 
ratio, the microchannel heat sink (MCHS) performance is considered a 
successful solution for cooling compact thermal systems. In addition, by 
the potential of latent thermal storage, the effect of using phase change 
material (PCM) on cooling the MCHS was investigated. The heat transfer 
modes of free and forced convection in systems with and without the 
PCM were studied. The employed PCM is paraffin wax and the system 
performance was analyzed under five input heat fluxes and three Re 
numbers. The obtained results could be summarized as follows. 

• The results demonstrated the outstanding effect of the PCM 
employment on controlling the temperature of EC; in natural con
vection mode embedding the PCM board reduces the heat sink 
temperature by 72 % (from 145 to 40 ◦C) and makes the possible 
working of EC without overheating.

• The airflow and switching the heat transfer from natural to forced 
convection has a beneficial effect on cooling the board even when no 
PCM was employed. Furthermore, the Re number increase has the 

Fig. 15. The PCM liquid fraction change vs time during the heat flux input.
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best effect on cooling efficiency at higher heat fluxes. By elevating 
the Re from 20 to 60, the mean temperature reduced by 50 %, 40 % 
and 11 % at heat fluxes of 150, 80 and 40 kW/m2, respectively.

• Although applying the airflow and switching from natural convec
tion to forced one has a decreasing effect on EC temperature, the 
application of the PCM board attenuates the mean temperature more; 
in forced convection mode with Re = 20, the insertion of PCM re
duces the plate mean temperature by 78 % (from 200 to 45 ◦C).

• The findings of the present work confirm the application of PCM in 
MCHS technically and could be used in justifying the economical 
features in designing heat dissipation systems.
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