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A B S T R A C T   

This paper presents an experimental study to investigate the combined effect of nanoparticle concentration and 
fin number in phase change material (PCM) based heat sinks for thermal management system. Here, aluminum 
and paraffin wax are considered as heat sink (HS) material and PCM, respectively. Aluminum oxide is chosen as 
nanoparticle material in this study. Tests are conducted with different HS configurations (unfinned, one finned 
and three finned) and various nanoparticle concentrations (0, 2, 4 and 6 wt%) for q′′ = 2.0 kW/m2. The evolution 
and propagation of melt front inside the HS is studied through photographic observation. The highest value of 
operating time is found to be 6470 s for conventional pure PCM based three finned HS assembly. The maximum 
reduction in melting time is found to be 9 %, 13 % and 26 % for NePCM based unfinned, one finned and three 
finned heat sinks, respectively. Results indicate that NePCM with lower value of nanoparticle concentration is 
useful for the heat sinks with SPT value of 60 ◦C. The maximum enhancement ratio of 1.48 is obtained for 
unfinned HS filled with 2% nanoparticle concentration for SPT of 60 ◦C. The maximum value of enhancement 
ratio is found to be 1.35 and 1.32 for SPT of 65 ◦C and 70 ◦C, respectively for the conventional pure PCM based 
HS.   

1. Introduction 

Phase change materials (PCMs) are widely used for green buildings, 
thermal energy storage and thermal management of electronic compo-
nents because of the constant temperature solid-liquid phase transition. 
Among various available PCMs, paraffin based PCMs are extensively 
used for thermal management application of electronic components 
because of high enthalpy of fusion, higher heat capacity, nontoxicity, 
noncorrosive and chemical stability [1–7]. 

Lower value of thermal conductivity of PCMs is a challenge for their 
possible use in different applications. In view of this, high thermal 
conductivity materials namely, metallic foams (MFs) [8,9], fins [10] and 
nanoparticles [11–15] are embedded in the phase change material 
(PCM) system. Baby and Balaji [16] reported that incorporating fins in 
the heat sink (HS) filled with PCM significantly improve the perfor-
mance of portable electronic components. Various experimental and 
optimization studies involving ANN-GA techniques for PCM based fin-
ned HS report the optimum value of volume fraction of fins as 8% and 
9% for improvement in thermal performance of PCM based HS [17–19]. 

Hosseinizadeh et al. [20] conducted experimental and numerical anal-
ysis and reported that compared to thickness, the height and number of 
fins significantly improve the performance of HS. In addition to this, 
various studies have been made by using MFs as thermal conductivity 
enhancers (TCE) with PCM. These studies use aluminum [21–23] and 
copper foams [24–29] in their experimental investigations. It was 
argued that the melting and solidification time decreases with the 
addition of MFs in PCM based HS systems. Also, numerous studies have 
been made that exhibit the enhancement in thermal performance of the 
HS with MF-PCM composite [21,26,27]. Rehman and Ali [30] analyzed 
the effect of inclusion of copper foam (95 % and 97 % porosities) and 
iron-nickel foam (95 % porosity) in PCM on thermal performance of 
PCM based heat sink through experimental investigation. Compared to 
iron-nickel foam, copper foam is found to be more beneficial in the 
reduction in the base temperature of heat sink. It was reported that 
copper foam with 95 % porosity involving 0.8 % volume fraction of PCM 
provides best performance for thermal management applications. Emam 
et al. [31] experimentally investigated the use of PCM for thermal 
regulation of electronic cooling and concentrator photovoltaic (CPV) 
applications. The effect of formation of cavities inside the PCM during 
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solidification process is found to be insignificant on the thermal regu-
lation analysis. 

Although, the fins and MFs increase the thermal conductivity of PCM 
system and enhance the thermal performance of heat sinks, they in-
crease the size and weight of the system [32]. Therefore, efforts have 
been made to use metallic [33–36] and non-metallic [37] nanoparticles 
to enhance the thermal conductivity of PCM system, keeping the system 
light weight as well. 

Various studies have been reported that address the thermal per-
formance of nano enhanced phase change materials (NePCM). These 
studies focus different aspects such as preparation, characterization, 
thermophysical properties and applications of NePCM [38–43]. The 
variation of thermal conductivity of NePCM with temperature is found 
to be similar with the variation of pure PCM [38]. Tariq et al. [39] re-
ported the use of NePCM in variety of engineering applications such as 
electronic cooling, heat pipes, thermal and solar energy storage, food 
packaging, and battery thermal management. Different studies [38,39] 
report the suitability of NePCM for electronic cooling and thermal en-
ergy storage applications. However, it is very challenging to estimate the 
optimum nanoparticle concentration in NePCM to obtain the best per-
formance while optimizing the thermal conductivity and latent heat of 
PCM. Nizetic et al. [40] studied the effect of inclusion of nanoparticle in 
PCM on thermal properties, and the use of NePCM on cooling of 
photovoltaic modules, waste heat recovery and solar collector system. 
Ma et al. [42] studied the application of NePCM in building for improved 
energy performance and better thermal management. It was further 
argued that the risk assessment and safety analysis needs be made before 
using NePCM for building applications. Xiong et al. [43] reviewed 
various simulation studies conducted on NePCM and reported the use 
temperature dependent thermophysical properties in the numerical 
simulations. Also, it was argued that studies should be carried out to 
analyze the trade off between various parameters such as reduction in 
latent heat, increment in thermal conductivity, enhancement in con-
duction and degradation in convection. It has been reported that NePCM 
can be used in the variety of engineering applications such as thermal 
energy storage, thermal regulation of concentrator photovoltaic cells, 
thermal management of electronic components and battery modules, 
heat pipe cooling of electronic system, waste heat recovery from engine 
exhaust, air conditioning, improving the energy performance and ther-
mal management of buildings, and food packaging [38–44]. 

Wide varieties of studies have been made to analyze the heat transfer 
behavior of nano enhanced phase change material (NePCM) [32,45–67] 
and nanofluids [68,69]. Sahoo et al. [32] performed numerical simu-
lation to study the NePCM based finned heat sinks and compared their 
thermal performance with pure PCM based finned heat sinks. In their 

study, copper nanoparticles with 5 and 20 nm diameters are mixed with 
Eicosane to prepare NePCM. Higher reduction in base temperature of HS 
was found with NePCM compared to pure PCM for short time duration 
during heating period. However, the effect of NePCM on thermal per-
formance is insignificant during cooling period. Farsani et al. [45] car-
ried out numerical investigation to analyze the melting process of cavity 
of square cross section. In their study, constant heat flux is supplied from 
the center of the cavity. It was reported that the inclusion of nano-
particles in PCM is not advisable for the considered geometry. The result 
obtained with the configuration is found to contradict the reported re-
sults obtained for other geometries. Bahiraei et al. [47] embedded car-
bon nanofiber (CNF), graphite nanoplatelets (GNP), and graphite 
nanopowder in PCM to analyze the thermal performance. The PCM 
embedded with graphite nanopowder is found to exhibit higher thermal 
performance. Alimohammadi et al. [48] experimentally investigated 
different configurations of heat sinks such as HS without PCM, HS with 
PCM and HS with NePCM in both forced and free convection conditions. 
The authors used Mn(NO3)2 and Fe3O4 as PCM and nanoparticles, 
respectively, greater reduction in HS temperature is observed with PCM 
embedded with heat sink. Bondareva et al. [49] carried out numerical 
study on the finned HS with NePCM and reported that the addition of 
nanoparticle increases the melting rate of PCM. The optimum volume 
concentration of nanoparticles was a found to be a function of fin height. 
Bayat et al. [50] conducted numerical investigation on the performance 
of NePCM based HS with four plate fins. The authors used Al2O3 and 
CuO nanoparticles in the investigation. The performance of HS is found 
to improve with the addition of small percentage of nanoparticles. 
Kazemi et al. [51] analyzed the effect of varied mass fraction (0.2 % and 
0.5 %) of MWCNT nanoparticles on the thermal performance of PCM for 
building applications with paraffin wax as PCM. The latent heat of fusion 
and thermal conductivity were found to decrease and increase, respec-
tively with the addition of nanoparticles in PCM. Tariq et al. [55] 
considered various mass fractions (0.002, 0.005 and 0.008 %) of 
graphite nanoparticles (GNPs) with RT-44HC and RT-64HC for the 
thermal management of electronic devices. The RT-44HC/GNPs and 
RT-64HC/GNPs was found to be suitable for lower and higher heat 
loads, respectively. Ghalambaz et al. [62] carried out numerical simu-
lation to study the heat transfer characteristics of differentially heated 
square enclosure with NePCM. The non-dimensional fusion temperature 
is found to play a crucial role for the enhancement in thermal perfor-
mance. Babazadeh et al. [63] carried out numerical simulation to study 
the heat release rate for HS with fins associated with NePCM. The size of 
nanoparticles significantly affects the heat transfer rate and the opti-
mum diameter was found to be 40 nm by considering the effect of 
fouling in heat release unit. Arshad et al. [64] reported the preparation 
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of various mono and hybrid NePCMs. The hybrid NePCMs are prepared 
by mixing various nanoparticles such as graphene nanoplatelets (GNPs), 
multiwall carbon nanotubes (MWCNTs), aluminum oxide (Al2O3) and 
copper oxide (CuO) in PCM. The NePCM with 75 % GNPs and 25 % 
MWCNTs exhibit the maximum enhancement in the thermal conduc-
tivity. The hybrid NePCM is considered as the potential candidate for 
thermal management of micro-electronic components. Krishna et al. 
[65] analyzed water, tricosane (pure PCM) and Al2O3 impregnated with 
tricosane (NePCM) in the heat pipe for electronic cooling applications. 
The authors investigated the effect of PCM filling ratio, power input and 
fan speed on the cooling of electronic modules. The NePCM based heat 
pipe is found to save 53 % fan power compared to conventional heat 
pipe. Sivashankar et al. [66] analyzed CPV cells using PCM incorporated 
graphene nanoplatelets. The efficiency and power output of the CPV cell 
increases with the incorporation of NePCM in the CPV cell system and 
the optimum volume fraction of nanoparticles was found to be 0.5 %. 
Farazi et al. [67] analyzed the melting of NePCM in inclined rectangular 
enclosure through numerical investigation. The concentration of nano-
particles in PCM is found to affect the heat transfer performance. The 
organic PCM was found to be better option to reduce heat sink tem-
perature compared to inorganic PCM. Experimental and numerical in-
vestigations performed by various researchers on NePCM based heat 
sinks [32,46–58] have been summarized in Table 1. 

It is observed from the literature that numerous studies have been 
reported on thermal management of electronic components using pure 
PCM involving different TCEs (fins and MFs). Recent review studies [40] 
and other works (summarized in Table 1) reveal that limited studies 
(experimental and numerical) have been reported that focus on incor-
porating nanoparticles in PCM for thermal management of electronic 
components. The experimental studies on PCM based heat sinks with 
both fins and nanoparticles have not been studied extensively especially 
for thermal management application. The originality of this study is to 
investigate the combined effect of fins (0, 1, and 3 fin.) and nano-
particles (2, 4, and 6 wt%) with PCM based HS for thermal management 
application. The volume fraction of fins are kept constant in this study. 
Also, the NePCM based heat sinks are compared with the conventional 
pure PCM based heat sinks. 

The main objectives of the present study are as follows. 

• To study the effect of nanoparticle concentration on various prop-
erties of PCM.  

• To study the thermal performance of various HS configurations such 
as unfinned, one finned, and three finned with conventional pure 
PCM and NePCM.  

• Compare the base temperature of unfinned heat sink (HS) assembly 
with and without PCM.  

• To study the effect of nanoparticle concentration, HS configurations 
and set point temperatures on various parameters such as HS base 
temperature, operating time and enhancement ratio.  

• To study the melt front propagation during melting of PCM in 
different HS configurations. Subsequently, estimate the melt fraction 
and melting time from the recorded images. 

2. Experimental setup 

Fig. 1 depicts schematic diagram of test facility to analyze the ther-
mal performance of PCM based HS. It includes various modules such as 
PCM based HS assembly, DC power supply, Data Acquisition System 
(DAS), thermocouples and computer. The PCM based HS assembly in-
cludes (i) HS container insulated with ceramic glass wool to prevent heat 
losses to the environment, and (ii) plate heater (Sunrise products, India) 
with dimension of 100 × 100 mm2 (adhered to the HS base) to mimic the 
heat generation by the electronic devices. Thermal paste (OT-201, 
OMEGATHERM, Omega India) with thermal conductivity of 2.30 W/m- 
K has been used to bond the heater and base surface of HS. The thermal 
paste minimizes the thermal resistance between interfacial surfaces 

between heater and base surface of HS. The plate heater is found to 
generate the maximum heat flux of 15.0 kW/m2. The DC power supply 
(Aplab L3260, 0− 32 V/0–60 A, India) is used to provide required elec-
trical power to the plate heater. The input heat flux value of 2.0 kW/m2 

is considered in the present analysis, which is usually the power inputs 
for most of the PCM based thermal management studies (can be seen in 
Table 1). The schematic of PCM based HS assembly is shown in Fig. 1(b). 

Among other parameters, selection of PCM plays a crucial role in the 
design of thermal energy storage system. This is due to the fact that the 
melting point of PCM must be lower than the maximum working tem-
perature of the component. In addition to this, PCM should have high 
specific heat capacity and enthalpy of fusion on volumetric basis that 
can reduce the size of the system. Also, PCM should be corrosion resis-
tant, chemically stable and non-toxic. In order to obviate the confine-
ment problem of PCM, the change in volume during phase change and 
vapor pressure at working temperature should be low. Here, paraffin 
wax (Sigma Aldrich, USA) with melting temperature in the range of 
58− 62 ◦C, density of 900 kg/m3 (solid) and thermal conductivity of 
0.21 W/m-K (solid) is used as PCM. Earlier, Gantara et al. [70] utilized 
paraffin wax (Sigma Aldrich, USA) in their experimental investigation. It 
may be noted that Al2O3 nanoparticles is a potential candidate to 
enhance the thermal conductivity of PCM. Also, Al2O3 nanoparticles 
have low cost compared to Al nanoparticles [71]. Different concentra-
tions of Al2O3 nanoparticles such as 2%, 4% and 6% are mixed in PCM 
and the effect of nanoparticles on the thermal performance of different 
configurations of HS are studied here. The thermophysical properties of 
paraffin wax (PCM), Al2O3 (nanoparticle) and aluminum (TCE), plex-
iglass (HS enclosure) and ceramic glass wool (insulator) are shown in 
Table 2. 

2.1. Heat sink configurations and thermocouple location 

In this study, each HS has constant overall internal dimensions of 
100 × 100 × 22 mm3. Here, aluminum is selected as the HS material due 
to its good thermal conductivity, low density, corrosion resistant and 
light weight. Although aluminum has lower thermal conductivity (two 
times lower than copper) but also has lower density (three times lower 
than aluminum), which makes it suitable for thermal management ap-
plications. In the present investigation, E350 CNC milling machine 
(Emcomill E350, Emco group, Austria) has been used to fabricate the 
heat sinks. Material is removed from the HS with help of HSS end milling 
cutter (Addision & Co. Ltd., Chennai, India) with 10 mm diameter and 
22 mm cutting edge length. The photographs of various heat sinks used 
in this study are presented in Fig. 2. The plate heater with dimensions of 
100 × 100 mm2 and 4 mm thickness is attached at the HS base. Each HS 
assembly is enclosed with 5 mm thick transparent plexiglass sheet, 
which acts as an insulator. The plexiglass sheet is attached at the top to 
cover the HS. A gap of 2 mm is kept between the HS and top plexiglass 
surface to allow volume expansion of PCM. All four side walls, bottom 
surface of heater and top surface of HS are again insulated with ceramic 
glass wool of thickness 25 mm to minimize heat losses from test as-
sembly. Various configurations of heat sinks such as unfinned, one fin-
ned and three finned are used in the present study. Fig. 3 shows the plate 
fin heat sinks with different dimensions and the dimensions of fins are 
summarized in Table 3. 

Chromel-Alumel K type thermocouples are located at various posi-
tions of HS assembly to measure the transient temperature information 
during the melting of PCM. The diameter of the bare Chromel–Alumel 
wire is 0.19 mm. The bare wires are teflon sheathed and the entire as-
sembly is insulated with teflon, leading to an overall diameter of 
1.5 mm. Araldite™ epoxy resin is used to mount the thermocouples in 
the required location inside the HS assembly. Number of thermocouples 
fixed inside the enclosure for unfinned, one finned, and three finned heat 
sinks are 14, 12, and 12, respectively. Three thermocouples are 
employed at the junction of heater and HS to measure HS base tem-
perature during the melting of PCM. In addition to this, thermocouples 
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Table 1 
Summary of various studies pertaining to thermal management of electronic devices using NePCM.  

S. 
No. 

Source Type of Study PCM type (M.P. in 
oC) 

Nanoparticles 
(Volume/mass 
fraction) 

Heat flux 
/Temperature 

Dimensions (mm2/ 
mm3) 

Configurations 
of the heat sink 
(HS) 

Observation 

1. Sahoo et al. [32] Numerical 
(2D) 

Eicosane (37) CuO (1, 2.5, 
5 vol%) 

2.5 kW/m2 30 × 30 Unfinned and 3 
finned 

NePCM without fins 
reduces the weight of 
system while NePCM 
with fins reduce the 
base temperature for 
lower heating 
duration. 

2. Sharma et al. 
[46] 

Experimental RT42Rubitherm 
(38− 43) 

CuO (0.5 wt%) 0.623 kW/m2 36 × 35 × 35 Unfinned and 20 
micro-finned 

Higher reduction in 
base temperature of 
10.7 ◦C and 12.5 ◦C 
with PCM and n-PCM 
based microfinned HS 
than unfinned HS. 

3. Bahiraei et al. 
[47] 

Numerical 
and 
Experimental 

Paraffin wax (60) CNF, GNP, and 
Graphite (2.5, 5, 
7.5 and 10 wt%) 

– Inner 
diameter = 10 mm, 
Outer diameter = 50 
mm 

Annulus without 
fins 

NePCM leads to lesser 
temperature control 
than pure PCM. 

4. Alimohammadi 
et al. [48] 

Experimental Mn(No3)2 (37) Fe3O4 (1 wt%) 1 to 5 kW/m2 75 × 75 × 40 14 plate fins Greater reduction in 
HS with PCM and 
NePCM was found 
compared to HS 
without fins in both 
forced and free 
convection 

5. Bondareva et al. 
[49] 

Numerical n-Octadecane (28.5) Al2O3 (0 to 
10 vol%) 

47 ◦C – 3 finned Optimum volume 
fraction of 
nanoparticles in the 
PCM is a function of fin 
height and heat 
transfer per unit 
volume. 

6. Bayat et al. [50] Numerical Paraffin wax 
(41− 44) 

Cuo, Al2O3 (0, 2, 
4, 6 vol%) 

10, 20, 30 kW/ 
m2 

50 × 50 × 40 3 finned Small percentage of 
nanoparticles loading 
can improve the 
thermal performance 
of HS, while higher 
nanoparticle declines 
it. 

7. Bondareva et al. 
[52] 

Numerical n-Octadecane (28.5) Al2O3 (0 to 
10 vol%) 

47 ◦C – 3 finned With small inclination 
angles, increase in 
nanoparticle loading 
increases melting time 
of NePCM. 

8. Joseph and 
Sajith [53] 

Experimental Paraffin (59.6) Graphene (0.05 
to 0.5 wt%) 

2.835, 5.669, 
8.503 and 
11.338 kW/m2 

42 × 42 × 32 4 plate finned Higher energy saving 
for HS with PCM-GR 
composite than HS 
with and without 
PCM. 

9. Bondareva and 
Sheremet [54] 

Numerical 
(2D) 

n-Octadecane 
(28.05) 

Al2O3 (0, 1, 3 
and 6 vol%) 

83 ◦C 30 × 15 3 finned Small percentage of 
nanoparticle loading 
(less than 3%) reduce 
the base temperature, 
while increasing the 
nanoparticle loading 
does not improve the 
heat transfer rate. 

10. Tariq et al. [55] Experimental RT-44HC (41− 44) 
and RT-64HC 
(63− 65) 

Graphene 
nanoparticles 
(0.002, 0.005, 
0.008 wt%) 

0.86, 1.44 and 
2.40 kW/m2 

102 × 102 × 25 Unfinned Maximum 23 % base 
temperature reduction 
is obtained with 
0.008 wt% of RT- 
44HC/GNPs. 

11. Ren et al. [56] Numerical Paraffin (45) Expanded 
Graphite (0, 5 
and 10 vol%) 

4.5 to 7.5 kW/ 
m2 

112 × 112 × 27 Unfinned and 
25, 100, 225 and 
400 pin fins 

Medium fin number 
and fin height pin fins 
are suitable to obtain 
balance between 
increases heat transfer 
rate and decreased 
latent heat of system. 

12. Zamra et al. [57] Numerical 
(2D) 

n-Octadecane (28) Graphene 
nanoparticles 
(2, 5 wt%) 

0.75 kW/m2 125 × 125 1,2,3,4,5 single 
and parallel 
cavity 

Increase in 
nanoparticles loading 
decreases the 
concentric 

(continued on next page) 
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are mounted at the bottom surface of heater and different surfaces of HS 
enclosure and insulating material. Ambient temperature is also 
measured using thermocouple for calculating the heat loss to the envi-
ronment. All the thermocouples are connected to the computer through 
DAS (Agilent 34972A, USA) and the readings of thermocouples are 
recorded after every 10 s. The arrangement of thermocouples in unfin-
ned and finned enclosures is shown in Fig. 4. The heat loss from the HS 
assembly is estimated by using one-dimensional energy balance and the 
maximum loss of heat from all the surface of HS enclosure and the 
bottom of the heater is found to be 2.4 % and 7.4 % of the total power, 
respectively. 

2.2. Uncertainty in measurement 

Pre calibrated Chromel-Alumel K-type thermocouples are used to 
record temperature at different positions of HS assembly. The thermo-
couples are calibrated for the temperature range of 0− 100 ◦C following 
the ASTM standards [72]. The calibration is performed using a constant 
temperature bath with a standard mercury in glass thermometer (tem-
perature range from 0 ◦C to 200 ◦C and 0.1 ◦C resolution). In this pro-
cess, one end of all the thermocouples are immersed in the water filled 
inside the constant temperature bath (BTI35, Biotechnics, India) and the 
other end is connected to the Data Acquisition System (34972A, Agilent 
Technologies, USA). The temperature data measured by thermocouples 
are processed and recorded by a data acquisition system connected to 
the computer. An immersion heater is kept inside the water bath to 
provide necessary heat input to the water and continuous stirring is 
carried out to maintain the uniform temperature in the water bath. 
Subsequently, the rise in temperature of water is measured by using the 
thermometer and the thermocouples at fixed time interval of 5 min. 
Electric power supply is switched off as soon as the water temperature 
reaches 100 ◦C. Subsequently, the drop in the temperature of water is 
measured at regular intervals. The error in temperature measurement is 
calculated as ±0.2 ◦C. 

A DC power supply (Aplab L3260, 0− 32 V/0–60 A, India) is used to 

Table 1 (continued ) 

S. 
No. 

Source Type of Study PCM type (M.P. in 
oC) 

Nanoparticles 
(Volume/mass 
fraction) 

Heat flux 
/Temperature 

Dimensions (mm2/ 
mm3) 

Configurations 
of the heat sink 
(HS) 

Observation 

photovoltaic cell 
temperature 

13. Bondareva et al. 
[58] 

Numerical n-Octadecane 
(28.05), Capric acid 
(32), Lauric acid 
(46), RT-50 (49), 
RT-80 (81) 

Al2O3 (0, 1, 3 
and 6 vol%) 

8.88 kW/m2 30 × 15 3 finned Dispersal of 
nanoparticles in the 
PCM have small effect 
on heat transfer 
performance of heat 
sinks 

14. Kothari et al. 
[59] 

Experimental Paraffin wax 
(58− 62) 

Al2O3 (0, 0.5, 4 
and 6 wt%) 

2.0 kW/m2 100 × 100 × 22 0, 2 finned Addition of small 
amount of 
nanoparticles in the 
PCM decreases the 
melting time 

15. Present Study Experimental Paraffin wax 
(58− 62) 

Al2O3 (0, 2, 4 
and 6 wt%) 

2.0 kW/m2 100 × 100 × 22 0, 1 and 3 finned The highest operating 
time of 6470 s is 
obtained for pure PCM 
(φ = 0%) based three 
finned HS   

Fig. 1. (a) Schematic of experimental setup. (b) Schematic of PCM based 
HS assembly. 

Table 2 
Thermo-physical properties of paraffin wax, TCE and insulator.  

Properties Paraffin Wax Aluminum (fins) Al2O3 (nano-particles) Plexiglas Ceramic glass wool 

Melting Temperature (oC) 
58− 62 (Datasheet) 

660.37 – – – 61.5 (DSC curve) 
Latent heat (kJ/kg) 194.2 – – – – 
Specific Heat (kJ/kg-K) 2.89 0.896 0.765 1.470 – 
Density (kg/m3) 750 (l), 900 (s) 2719 3600 – 128 
Thermal Conductivity (W/m-K) 0.12 (l), 0.21 (s) 218 36 0.19 0.12  
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provide required electrical power to the plate heater. Input heat flux of 
2.0 kW/m2 is considered for the present analysis. Standard digital multi- 
meter (Mecco 206) is used to verify the readings of current and voltage 
measurements displayed by DC power source. The errors in the mea-
surement of current and voltage are ±0.1 A and ±0.1 V, respectively. 
The procedure given in Ref. [73] has been used to obtain the uncertainty 
in measurement of heat flux and is found as ±6.02 %. Table 4 shows the 

Fig. 2. Photographs of (a) unfinned (b) one finned, and (d) three finned heat sinks used in the present study.  

Fig. 3. Dimensions of (a) one finned and (b) three finned heat sinks.  

Table 3 
Fin dimensions for different configuration of heat sinks.  

HS Configurations Volume fraction of fins Dimensions of each fin (mm3) 

One finned 9 % 100 × 9.0 × 20 
Three finned 100 × 3.0 × 20  
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uncertainty in measured and estimated parameters. 

2.3. Preparation of NePCM 

Fig. 5 shows the test facility for the preparation of NePCM. Initially, 
the solid paraffin wax and Al2O3 nanoparticles are weighed in the 
required quantity using the electronic weighing balance (CX 265 N, 
Citizen, India) with an accuracy of ±0.1 mg. Later on, solid paraffin wax 
is melted using hot-plate (Sahil scientific, India) at 90 ◦C and liquid PCM 

at 90 ◦C is kept over the magnetic stirrer (REMI 2- MLH, Remi Elek-
trotechnik Limited, India). Magnetic stirrer consists of permanent 
magnet DC motor and stainless steel hot plate. DC motor maintains 
speed and hot plate maintains the temperature by supplying heat en-
ergy. Magnetic stirrer provides high accuracy of temperature control 
with embedded dual sensors. Temperature of the magnetic stirrer is 
maintained at 90 ◦C throughout the operation that can be monitored on 
the display. Here, Al2O3 nanoparticles are added at regular intervals into 
the liquid PCM. Magnetic stirrer disperses the nanoparticle through the 
PCM by stirring the liquid PCM and nanoparticle mixture and the pro-
cess continues for 2 h. Afterwards, ultrasonic vibrator (Rico scientific, 
USBT-12, India) is used to sonicate the mixture for 2 h at constant fre-
quency. The ultrasonic vibrator operates at 220 V/50 Hz; the power and 
frequency is maintained at 200 W and 50 kHz, respectively. The unit 
consists of inbuilt heating arrangement and temperature controller that 
can maintain the constant temperature above the melting point tem-
perature of PCM (i.e. 70 ◦C) during sonication process. Temperature can 
be monitored regularly through the display. This process ensures 

Fig. 4. Arrangement of thermocouples in (a) unfinned, (b) one finned and (c) three finned heat sinks.  

Table 4 
Uncertainty in measurement.  

Quantity measured Uncertainty 

Temperature ±0.2 ◦C 
Current ±0.1 A 
Voltage ±0.1 V 
Length ±0.02 mm 
Heat flux ±6.02 %  
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uniform dispersal of nanoparticles in the PCM. After the sonication of 
PCM, the mixture is allowed to cool at room temperature. Similar pro-
cedure has been adopted by Sharma et al. [74] to prepare Palmitic 
acid-TiO2 NePCM, and Tariq et al. [55] to prepare RT-44HC/GNPs in 
their experimental study. 

The suspended nanoparticles in the PCM are found to be uniformly 
distributed which is confirmed by using Scanning Electron Microscopy 
(SEM) (FE-SEM, Supra55 Zeiss, Germany) and Transmission Electron 
Microscopy (TEM) (JEOL JEM 2100 PLUS, Japan). Results of SEM and 
TEM are reported in Sec. 3.1. It has been observed that if the NePCM is 
kept in the liquid phase, the distribution of nanoparticle will be uniform 
within the PCM for significant durations (more than one day). Similar 
observation has been observed by Alimohammadi et al. [48] in their 
experimental investigation considering Mn(NO3)2 and Fe3O4 as PCM 
and nanoparticles, respectively. However, after the completion of 
melting experiments of NePCM in the heat sink that takes more than 2 h, 
mild sedimentation is observed in the bottom of the heat sink. Therefore, 
after each sets of experiment the NePCM mixture is re-sonicated [48]. 

2.4. Experimental procedure 

Initially, small quantitiy of NePCM is poured inside the HS enclosure 
such that sufficient time will be provided to each layer for solidification. 
Subsequently, the entire NePCM is poured inside the HS enclosure. This 
procedure ensures the absence of any air pocket inside the NePCM [75]. 
All the tests are initiated at an ambient temperature of 30 ◦C. Before 
starting the experiments, it was ensured that both the HS and NePCM are 
maintained at temperature of 30 ◦C. Later on, the heating system is 
turned on and the temperature readings are recorded by using DAS 
(Agilent34972A, USA) at the regular intervals of 10 s. The heat flux 
value of 2.0 kW/m2 is considered for the HS assembly. The side wall 
insulation is removed for 20 s for taking photographs of NePCM at every 
5 min. The process continues till the entire NePCM is converted into 
liquid phase. Test readings and photgraphic images are taken for 
different heat sinks at 2.0 kW/m2. Later on, the images are used to 
calculate the melt fraction by using the similar procedure as followed by 
Kothari et al. [59] and Shokouhmand and Kamkari [76] to estimate the 
melt fraction of PCM/NePCM in their experimental study. 

3. Characterization and thermophysical properties of PCM, 
NePCM and TCE 

3.1. SEM/TEM analysis of aluminum and NePCM 

Present study uses Aluminum-6063 to fabricate the HS. Energy 
Dispersive X-ray Spectroscopy (EDX) analysis obtained by using the 
Field-Emission Scanning Electron Microscope (FE-SEM, Supra55 Zeiss, 
Germany) is used to study the metallurgical composition of Aluminum- 
6063. Fig. 6 shows the peak of the elements present in the material. The 
SEM analysis shows that the HS and TCE material used in this investi-
gation are nearly pure aluminum [16]. Scanning Electron Microscopy 
(SEM) (FE-SEM, Supra55 Zeiss, Germany) and Transmission Electron 

Microscopy (TEM) (JEOL JEM 2100 PLUS, Japan) have been used to 
investigate the dispersal of nanoparticles in the PCM. Fig. 7 shows the 
SEM and TEM analysis of NePCM composite. It can be seen from the 
figure that the nanoparticles are uniformly dispersed in the PCM. 

3.2. DSC analysis of PCM and NePCM 

Differential Scanning Calorimeter (DSC) is used to determine the 
melting temperature and latent heat of the PCM. Fig. 8 shows the DSC 
heating curve of paraffin wax obtained by using DSC214 Polyma 
(Netzsch, Germany). The DSC thermal analysis is performed in the 
temperature range of 30 ◦C–80 ◦C with the heating rate of 20 ◦C/min. 
Two peaks are obtained during the endothermic melting of PCM. The 
solid-liquid phase transition (i.e. melting) is identified by a primary peak 
that occurs at higher temperature of ~60 ◦C. While, the solid-solid phase 
change is presented by secondary peak that occurs at lower temperature 
of ~40 ◦C. It may be noted from the curve that the onset and peak point 
of melting are found to be 50 ± 0.5 ◦C and 61 ± 0.5 ◦C, respectively. The 
melting of PCM occurs between these two temperature points. Also, the 
primary peak value obtained by DSC analysis agrees with the value 
specified by the supplier (Sigma Aldrich, USA). 

Fig. 9 shows the DSC heating curve of NePCM at different nano-
particle concentration obtained by using DSC214 Polyma (Netzch, 
Germany). Table 5 shows the melting temperature and latent heat of 
pure paraffin wax and NePCM composite at different mass fraction of 
nanoparticles. It may be noted from the table that the melting temper-
ature of NePCM increases by 1.5, 2.5, and 3 ◦C for nanoparticle mass 
fraction of 2, 4, and 6%, respectively compared to pure paraffin wax. 
The latent heat of NePCM is found to be lower than pure PCM. The 
reduction in the latent heat value is found to be 8.2, 15.43, and 21.76 % 
for nanoparticle loadings of 2, 4, and 6%, respectively than pure PCM. 
The changes in melting temperature and latent heat of NePCM are 
insignificant upto φ = 2%. However, with the increase in nanoparticle 
loading (4 and 6%) the change in latent heat of NePCM becomes sig-
nificant. This is because of the substitution of PCM with nanoparticles 
that remains in the solid phase and absorb lower energy during the 

Fig. 5. Schematic diagram of the preparation of NePCM.  

Fig. 6. Metallurgical composition of HS and TCE materials.  
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phase change compared to φ = 2%. Various researchers have reported 
similar results for different weight fractions of Al2O3 in paraffin wax [77, 
78]. 

3.3. Thermophysical properties of NePCM 

Nanoparticle weight fraction is described as the ratio of mass of 
Al2O3 particle to the mass of PCM. 

φ =
mN

mPCM
(1) 

The density, thermal conductivity, latent heat and specific heat 

Fig. 7. (a) SEM image of NePCM, (b) TEM image of NePCM at 1 μm, and (c) TEM image of NePCM at 100 nm.  

Fig. 8. Differential scanning calorimeter heating of paraffin wax.  Fig. 9. Differential scanning calorimeter heating of PCM dispersed with various 
nanoparticle concentrations of Al2O3. 

Table 5 
Melting temperature and latent heat variation of NePCMs.  

Sample Melting 
temperature 
(oC) 

Melting 
temperature 
variation (%) 

Latent 
heat (kJ/ 
kg) 

Latent heat 
variation (%) 

φ = 0% 62 0 143.8 0 
φ = 2% 63.5 2.40 132.0 8.20 
φ = 4% 64.5 4.03 121.6 15.43 
φ = 6% 65 4.83 112.5 21.76  
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capacity of NePCM can be estimated as a function of weight fraction of 
constituent [50,79] as: 

ρNePCM = φρN + (1 − φ)ρPCM (2)  

kNePCM = φkN + (1 − φ)kPCM (3)  

(ρL)NePCM = (1 − φ)(ρL)PCM (4)  

(ρcp)NePCM = φ(ρcp)N + (1 − φ)(ρcp)PCM (5) 

The variation of viscosity (μ) with addition of nanoparticles can be 
obtained from Eqs. (6) and (7) [52]. 

μNePCM = 0.983e12.959ΦμPCM (6)  

Where Φ represents the volume fraction of nanoparticles and can be 
obtained using the following expression. 

Φ =

WtN
ρN

WtN
ρN

+ WtPCM
ρPCM

(7)  

Where, WtN and WtPCM represent the weight of the nanoparticle and the 
weight of the PCM, respectively. Here, ρN and ρPCM represent the density 
of nanoparticle and PCM, respectively 

Table 6 shows the thermal conductivity, specific heat capacity and 
viscosity of NePCM at different nanoparticle concentrations. Table 6 
shows that thermal conductivity and specific heat capacity increases and 
decreases, respectively with the inclusion of nanoparticles. This is 
because of lower specific heat capacity and higher thermal conductivity 
of Al2O3 nanoparticle compared to pure PCM. It can be seen from the 
Table 6 that percentage increase in viscosity is 4.4 % upto mass fraction 
of 2%. However, the percentage increase in viscosity increases signifi-
cantly with higher nanoparticle concentration (4% and 6%). Similar 
variation has been obtained by Ho and Gao [77]. 

4. Result and discussions 

Here, tests are conducted to investigate the effect of PCM and NePCM 
on the thermal performance of heat sinks without and with plate fins at 
constant heat flux condition. Three different HS configurations such as 
unfinned, one finned and three finned are analyzed in this study. The 
value of heat flux is maintained at 2.0 kW/m2 for all the cases. The re-
sults obtained from the studies are elaborated below. 

4.1. Comparison of present results 

In order to validate present experimental results, the base tempera-
ture (Tb) of the heat sink obtained from the present experimental study 
are compared with the test data of Arshad et al. [80], Mahmoud et al. 
[81], Kothari et al. [82], Rehman et al. [83], Rehman and Ali [27,30, 
84], Zhao et al. [85], and Huang et al. [86] (Fig. 10a-b). Most of the 
studies consider heat sink having dimension of 100 × 100 × 25 mm3 

[27,30,80,83,84,86] and the heat flux values are varied between 
1.3–3.0 kW/m2. Most of these studies consider Paraffin wax with 
melting temperature range varying between (47− 57 ◦C) [27,84], 
(56− 58 ◦C) [30,80,83,84], (58− 62 ◦C) [82] for the analysis. While, 
studies also consider Rubitherm RT-42 with melting temperature of 

42 ◦C [81], Stearic acid with melting temperature of 68.77 ◦C [85] and 
Lauric acid with melting temperature varying between 42− 44 ◦C [86] 
for the analysis. The initial temperature of PCM was varied between 
20− 30 ◦C in these studies [27,30,80–86]. 

Here, heat sink having dimensions of 100 × 100 × 22 mm3 and 
Paraffin wax (Sigma Aldrich, USA) having melting point of 58− 62 ◦C 
has been used for the analysis. Comparison of present test results with 
available experimental results [27,30,80–86] for unfinned heat sink 
without PCM and with pure PCM are shown in Fig. 10(a) and (b), 
respectively. It can be seen from the figures that base temperature of 
heat sink obtained from the present study follow similar pattern as re-
ported by various researchers [27,30,80–86]. However, the variation in 
the test results obtained from the present experimental investigation 
with the available test results [27,30,80–86] may be due to the variation 
in the heat sink design, the melting point temperature of PCM and 
starting temperature of PCM in the experimental investigation. 

Table 6 
Specific heat capacity and thermal conductivity variation of NePCMs.  

Sample Specific heat (kJ/kg- 
K) 

Specific heat capacity variation 
(%) 

Thermal conductivity (W/ 
m-K) 

Thermal conductivity variation 
(%) 

Viscosity (kg/m- 
s) 

Viscosity variation 
(%) 

φ = 0% 2.89 0 0.21 0 0.0235 0 
φ = 2% 2.71 4.50 4.565 20.73 0.0245 4.41 
φ = 4% 2.56 11.31 8.921 41.48 0.0261 11.12 
φ = 6% 2.42 16.02 13.277 62.223 0.0278 18.49  

Fig. 10. Comparison of temperature of heat sink base obtained from present 
results with the existing results for (a) without PCM, and (b) with PCM based 
unfinned heat sinks. 
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4.2. Heat sink performance without and with PCM 

HS base temperature (Tb) obtained without and with PCM for 
q′′ = 2.0 kW/m2 are shown in Fig. 11. The average value of temperature 
recorded by thermocouples T1, T2, and T3 is considered as the Tb. The 
time taken by HS to attain the base temperature of 60 ◦C is found to be 
920 s and 3640 s for HS without and with pure PCM, respectively. While, 
to reach a higher base temperature of 70 ◦C, it takes 1500s and 4910 s in 
case of HS without and with PCM, respectively. The surface temperature 
is found to increase sharply in case of HS without PCM, which is not 
desirable and have adverse effect on the life of portable electronic 
components. The operating time is found to be stretched by 296 % and 
227 % by using conventional pure PCM based HS compared to HS 
without PCM to maintain the set point temperatures of 60 ◦C and 70 ◦C, 
respectively. It may be noted that extending the operating time is the key 
point for the thermal management. 

4.3. Effect of nanoparticle concentration 

Variation of Tb with time for different nanoparticle concentration 
(φ = 0%, 2%, 4%, and 6%) are shown in Fig. 12(a–c). Results are shown 
for different configurations of HS assembly such as unfinned, one finned 
and three finned HS. Fig. 13(a) shows that adding small percentage of 
nanoparticles (φ = 2%) in PCM based unfinned HS extends the operating 
time. This is because increase in nanoparticle concentration increases 
the thermal conductivity of the PCM based system and hence extract 
more heat from the base of the HS. The percentage increase in operating 
time of unfinned HS is found to be 25 % with the addition of 2% 
nanoparticle in PCM compared to conventional pure PCM based unfin-
ned heat sink. However, further increase in the nanoparticle concen-
tration (φ = 4% and 6%) in the PCM does not significantly influence the 
operating time compared to conventional pure PCM (φ = 0%) based 
unfinned HS. In addition, at higher nanoparticle concentration (φ = 4% 
and 6%), the operating time decreases in NePCM based unfinned HS 
compared to pure PCM based HS. Tariq et al. [55] employed different 
weight percentages (0.002, 0.005 and 0.008 %) of graphite nano-
particles (GNPs) along with RT-44HC and RT-64HC in their study. For 
unfinned HS configuration, higher nanoparticle concentration in PCM 
does not significantly influence the operating time compared to pure 
PCM based HS. The viscosity is found to increase with the increase in 
nanoparticle concentration that reduces the convective circulation in 
the PCM and leads to the reduction in the heat transfer. Furthermore, the 
addition of nanoparticle decreases the amount of PCM in the system 
which reduces the latent heat capacity of the system. 

The effect of nanoparticle concentration in PCM based HS varies with 
the number of fins inside the HS (Fig. 12b-c). In case of one finned HS 
(Fig. 12b), lower concentration of nanoparticles (φ = 2%) does not have 

significant effect on the operating time of PCM based HS. For addition of 
2% nanoparticles in PCM in case of one finned HS, the operating time 
decreases slightly. The increase in thermal conductivity is less at lower 
nanoparticles concentration. Also, the addition of nanoparticle does not 
overcome the effect of increase in the viscosity. The operating time of 
one finned HS increases with the increase in the nanoparticle concen-
tration (φ = 4%) in the PCM. This may be because the effect of increase 
in thermal conductivity is significant due to the addition of 4% nano-
particle in one finned HS. The percentage increase in operating time is 
found to be 28 % with the addition of 4% nanoparticle in PCM based HS 
with one fin compared to conventional pure PCM based one finned HS. 
With further increase in the nanoparticle concentration the thermal 
conductivity of the system increases in one finned HS. While, it does not 
overcome the effect of increase in viscosity of the PCM and decrease in 
latent heat capacity of the PCM based HS. Bayat et al. [50] performed 
numerical investigation using Al2O3 and CuO nanoparticles and re-
ported that performance of HS improves with addition of small per-
centage of nanoparticle concentration. However, the performance 
deteriorates at higher nanoparticle concentration. 

Furthermore, different observation has been noted with the increase 
in number of fin from one to three. For three finned HS, the operating 
time is found to decrease with the addition of nanoparticles (Fig. 12c). 
The effect of increase in thermal conductivity is not significant due to the 
addition of nanoparticle in comparison to fins. Also, the addition of 
nanoparticle decreases latent heat capacity and increases the viscosity 
which in turn decreases the circulation of convection currents. Also, the 
addition of nanoparticles decreases the latent heat capacity of the sys-
tem. In case of three finned HS, the maximum operating time is obtained 
for conventional pure PCM. 

4.4. Effect of configuration of heat sink 

Here, three different types of HS configurations such as unfinned, 
one finned and three finned heat sinks have been considered for the 
analysis. Various nanoparticles concentration (φ = 0%, 2%, 4% and 6%) 
are used in the analysis, while the surface heat flux is maintained con-
stant (q′′ = 2.0 kW/m2) (Fig. 13a-d). Fig. 13(a) shows the variation of Tb 
for different configurations of HS for conventional pure PCM (φ = 0%). 
It is observed that operating time of HS increases with fin numbers. This 
is due to the fact that increase in number of fins inside the HS increases 
the heat transfer from base to PCM. The highest operating time in case of 
pure PCM (φ = 0%) is found to be 6470 s for three finned HS. However, 
this trend changes for the nanoparticle concentration of 2% (Fig. 13b). 
In such a case, the HS with no fin exhibits the highest value of operating 
time. This may be due to the fact that enhancement in thermal con-
ductivity of the PCM, due to the addition of nanoparticles, dominates the 
counter effect of increase in viscosity. While, in case of HS with fins the 
value of thermal conductivity is already high because of the fins. The 
nanoparticle addition increases the viscosity which reduces the 
convective currents in the finned heat sinks. The highest operating time 
at 2% nanoparticle concentration is found to be 6160 s for unfinned HS. 
With the further increase in nanoparticle concentration from 2% to 4%, 
the maximum operating time shifts from unfinned HS to one finned HS 
(Fig. 13c). The maximum operating time in case of 4% nanoparticle 
concentration is found to be 6370 s for one finned HS assembly. Fig. 13 
(d) shows that the HS base temperature of different configuration of heat 
sinks for nanoparticle concentration of 6%. The maximum operating 
time of 4880 s is obtained for unfinned HS. 

It can be seen that the maximum operating time decreases with the 
addition of nanoparticle concentration. The maximum operating time is 
found to decrease be 24.5 % with the increase in the nanoparticle con-
centration from 0% to 6%. The operating time decreases with the in-
crease in nanoparticle concentration, which may be due to the decrease 
in latent heat capacity of the PCM and also retardation of convection due 
to increase in viscosity of NePCM. It was argued that the operating time 
decreases with the addition of higher nanoparticle concentration in case 

Fig. 11. Comparison of time-temperature distribution of base temperature for 
unfinned HS without and with PCM at 2.0 kW/m2. 
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of NePCM based finned [50] and unfinned [55] heat sinks. 

4.5. Melt front propagation and melt fraction variation with time 

The melt front propagation of PCM with and without finned HS at 
different time steps are shown in Fig. 14. This would help to understand 
the heat transfer mechanism during the phase change process in the HS. 
The propagation of melt front is recorded by using digital camera (Sony 
RX10 MII). The photographs are recorded, at every 20 min intervals, 
after 45 min from the initiation of the experiments till the completion of 
melting of entire PCM. Here, the photographs of melt front propagation 
are shown only for pure PCM for the sake of brevity. The photographs 
show the black and white colors that represent the liquid and solid 
phases of the PCM, respectively. 

Fig. 14 shows the binary image of melt front propagation in case of 
unfinned, one finned and three finned heat sinks. For PCM based 
unfinned HS, it can be seen that the melt front moves parallel to the hot 
surface which reveals that conduction is the dominant mode of transfer 
of heat within the thin liquid layer. With the progress of time, the in-
fluence of free convection increases and waviness is developed at the 
interface due to the generation of 3-dimensional Benard convection cells 
in the liquid PCM [87]. 

In case of finned heat sinks, the heat transfer from the fin is directed 
by a continuous thermal boundary layer starting from the base and 

ending at the fin tip. As noticed in unfinned HS, conduction heat transfer 
remains the dominant mode of heat transfer for initial time duration. As 
the time progress, the interface of solid-liquid moves away from the fin 
and base surface. In such a case, free convection starts to dominate the 
heat transfer process. The PCM is heated from both the surfaces such as 
fin and base which in turn increases the thickness of PCM melt layer. 
Also, the thickness of liquid PCM is found to decrease along the fin 
length. It is observed that higher rate of melting takes place at the fin 
base compared to its tip. This may be because of the gradient of tem-
perature along the fin length. Further, it may be noted that the interface 
shape remains symmetric to both the sides of the fin due to the equal 
convective currents on both the sides of the fins. It may be noted from 
the figure that melting rate increases with the increase in number of fins 
(zero to three fins) due to enhanced surface area. On comparing various 
heat sinks, it can be inferred that the rate of transfer of heat is more for 
three finned HS and also uniform melting is achieved with more number 
of fins. Kamkari et al. [87] reported similar observation in their exper-
imental investigation during melting analysis of PCM. 

Fig. 15(a–c) show the melt fraction variation with time for NePCM 
based HSs (unfinned, one finned and three finned) for different values of 
φ (0%, 2%, 4% and 6%). The melting starts early at lower nanoparticle 
concentration (φ = 2%) for unfinned HS due to increase in thermal 
conductivity of PCM (Fig.15a). For unfinned HS, the melt fraction of 
PCM reaches to unity value at the same time for 2% and 4% nanoparticle 

Fig. 12. HS base temperature at various nanoparticle concentrations (0%, 2%, 4% and 6%) for different configuration of heat sinks (a) unfinned, (b) one finned, and 
(c) three finned heat sinks. 
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concentrations followed by 6% and 0% nanoparticle concentrations. In 
case of one finned HS, the melt fraction of PCM follows the order of 4%, 
2%, 6% and 0% to reach unity (Fig. 15b). While, in case of three finned 

HS, it follows the order of 4%, 6%, 2% and 0% to attain unity value of 
melt fraction (Fig. 15c). It is observed that nanoparticle concentration of 
4% increases the melting rate of PCM in case of one finned and three 
finned heat sinks. 

The total PCM melting time for unfinned, one finned and three finned 
heat sinks is shown in Fig. 16. In case of unfinned HS, the complete 
melting time of PCM decreases with the addition of nanoparticle (2% 
and 4%), however the melting time does not decrease with further 
addition of nanoparticle (6%). Similar results are obtained with one 
finned and three finned heat sinks where the complete melting time 
decreases with the addition of nanoparticle (2% and 4%), however the 
melting time increases with the further addition of nanoparticles (6%). 
Present results are similar to the results obtained by Sahoo et al. [32] 
and Bayat et al. [50] obtained in their numerical investigation. The 
authors [32,50] reported that melting time decreases with the addition 
of nanoparticles, however after certain limit further addition of nano-
particles do not have significant effect on the melting time of NePCM. 
Here, the maximum and minimum melting time is found to vary be-
tween 124− 113 min, 112− 91 min, 110− 84 min and 117-90 min for 
nanoparticle concentration of 0%, 2%, 4% and 6%, respectively. 
Maximum melting time is observed for unfinned HS (4% and 6% 
nanoparticle concentrations) and one finned HS (0% and 2% nano-
particle concentration). However, the lowest melting time is HS is ob-
tained for three finned HS for all the nanoparticle concentration. 

Fig. 13. HS base temperature at different configuration of heat sinks (unfinned, one finned and three finned heat sinks) for various nanoparticle concentrations (a) 
0%, (b) 2%, (c) 4%, and (d) 6%. 

Fig. 14. Binary photographs of the melting front propagation of PCM in various 
configurations of heat sinks (unfinned, one finned and three finned). 
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Because of nanoparticle addition, maximum reduction in melting time is 
found to be 9 %, 13 % and 26 % for unfinned, one finned and three 
finned heat sinks, respectively. In order to achieve faster melting of 
PCM, one can add nanoparticles in the PCM. 

4.6. Effect of nanoparticle concentration at different set point temperature 
(SPT) 

Set point temperature (SPT) is defined as the maximum operating 
temperature of electronic devices upto which the electronic devices can 
work without failure, often termed as critical operating temperature. 
Stretching of the operating time to attain a given SPT is considered as the 
better performance in thermal management of the system. The effect of 
nanoparticle concentration to achieve the different value of SPTs (60 ◦C, 
65 ◦C and 70 ◦C) for different HS configurations (unfinned, one finned 
and three finned) are studied and are shown in Fig. 17(a–c). 

The unfinned HS is found to exhibit the highest value of operating 
time at 2% nanoparticle concentration for all the SPTs (60 ◦C, 65 ◦C and 
70 ◦C). The one finned and three finned heat sinks exhibit maximum 
operating time with 4% and 0% nanoparticle concentrations, respec-
tively for all the cases. The maximum operating time of 5370 s is ob-
tained for unfinned HS at 2% nanoparticle concentration for 
SPT = 60 ◦C. In case of pure PCM (φ = 0%) based three finned HS, the 
maximum operating time is found to be 5830 s and 6470 s for SPT of 
65 ◦C and 70 ◦C, respectively. It may inferred from the figure that 
nanoparticles are not suitable option for thermal management of 

Fig. 15. Melt fraction of PCM at various nanoparticle concentration and different time duration for various HS configurations such as heat sinks (a) unfinned, (b) one 
finned, and (c) three finned heat sinks. 

Fig. 16. Complete melting time of PCM at various nanoparticle concentration 
(0%, 2%, 4% and 6%) and HS configurations (unfinned, one finned and 
three finned). 
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electronic devices at higher SPT as the nanoparticles tends to agglom-
erate at high temperature. Also, lower concentration of nanoparticle is 
useful to design systems that operate at SPT of 60 ◦C. Similar results have 
been reported by Bayat et al. [50] in their numerical investigation. The 
nanoparticle concentration in NePCM is found to influence the operating 
time, while the magnitude of the impact depends on the value of SPT. 
Lower concentration of nanoparticle is found to be useful to enhance the 
operating time of NePCM based heat sinks [50]. 

4.7. Enhancement ratio for different nanoparticle concentration 

Enhancement in operating time to reach the SPT is known as 
enhancement ratio. It is defined as the ratio of operating time to reach 
the SPT for HS with nanoparticle embedded PCM to the operating time 
to reach the SPT for unfinned HS with pure PCM and is expressed by Eq. 
(8) [19,80]. 

ξ =
tcrwithnanoparticle

tcrwithoutnanoparticle

(8) 

Fig. 18(a–c) shows the enhancement ratio at various nanoparticle 
concentrations (φ = 0%, 2%, 4% and 6%) with different HS configura-
tions (unfinned, one finned and three finned) for different SPTs (60 ◦C, 
65 ◦C and 70 ◦C). The enhancement ratio of heat sinks varies with the 
value of SPT and nanoparticle concentration. The unfinned HS is found 
to be exhibit highest enhancement at 2% nanoparticle concentration for 

all the SPTs (60 ◦C, 65 ◦C and 70 ◦C). The one finned and three finned 
heat sinks show maximum enhancement ratio for 4% and 0% nano-
particle concentrations, respectively for all the cases. The maximum 
enhancement ratio of 1.48 is obtained for unfinned HS at 2% nano-
particle concentration for SPT = 60 ◦C. The maximum enhancement 
ratio is found to be 1.35 and 1.32 for three finned HS with pure PCM 
(φ = 0%) to achieve SPT of 65 ◦C and 70 ◦C, respectively. Nanoparticle, 
may not be suitable option for thermal management of electronic de-
vices at higher SPTs (65 ◦C and 70 ◦C), although useful with lower 
concentration for SPT of 60 ◦C. 

5. Conclusion 

Here, tests are conducted to analyze the combined effect of nano-
particle concentration and number of fins in PCM based heat sinks for 
thermal management of electronic devices. Present study considers 
aluminum, paraffin wax and aluminum oxide as the heat sink (HS) 
material, PCM and nanoparticle, respectively. Experiments are per-
formed for numerous HS configurations (unfinned, one finned and three 
finned) and different nanoparticle concentration (0, 2, 4 and 6 wt%) for 
q′′ = 2.0 kW/m2. The conclusions obtained from the present study are 
elaborated here. 

Fig. 17. Effect of nanoparticle concentration and different HS configurations at different set point temperature of (a) 60 ◦C, (b) 65 ◦C, and (c) 70 ◦C.  
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i Latent heat decreases with increase in the nanoparticle concentra-
tion; maximum decrease is found to be 21.76 % for NePCM (φ = 6%) 
compared to pure PCM. 

ii Operating time increases by 25 % for unfinned heat sink configura-
tion for 2% nanoparticle concentration in PCM. While, the operating 
time increases by 28 % for one finned heat sink configuration for 4% 
nanoparticle concentration in PCM. The operating time decreases 
with increasing the nanoparticle concentration (6%).  

iii Operating time of three finned HS involving NePCM (2%, 4% and 6% 
nanoparticle concentration) is found to be lower compared to con-
ventional pure PCM based three finned HS.  

iv The highest operating time of 6470 s is obtained for pure PCM 
(φ = 0%) based three finned HS.  

v Maximum reduction in melting time is found to be 9 %, 13 % and 26 
% for NePCM based unfinned, one finned and three finned heat sinks, 
respectively.  

vi For higher value of SPT (SPT > 60 ◦C), NePCM based HS may not be a 
suitable option for thermal management of electronic devices. 
However, for lower value of SPT (SPT < 60 ◦C), NePCM based HS is 
useful for thermal management application. 

It can be concluded that the lower nanoparticle concentration in 
PCM is recommended for thermal management applications based on 

the present study. However, nanoparticles are not recommended for HS 
with higher number of fins for thermal management applications. 
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