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A B S T R A C T   

Present paper reports the thermal performance of phase change material (PCM) based heat sinks (HSs) with 
foams (metallic and non-metallic) and HS with fins and without fins. The effect of volume fraction of thermal 
conductivity enhancer (TCE), volume fraction of PCM, and input heat flux values (q′′ = 1.5–2.5 kW/m2) on the 
performance of PCM-based HS are studied through experimental investigation. At q′′ = 1.5 kW/m2, the 
enhancement ratio in operating time for PCM-based HS with carbon foam (CF) and PCM-based HSNF is found to 
be 5.5 and 2.73 times higher compared to HS with no PCM. For PCM-based HS with CF, the reduction in base 
temperature is found to be 17.47% with 5% TCE compared to 25% TCE. During discharging process, HSSPF 
exhibits 13.7% less time to reach SPT of 35 ◦C in comparison to HSNF filled with PCM. A multi attribute decision- 
making optimization technique (VIKOR method) is employed to find the best HS configuration, and it is found 
that the PCM-based HS with CF can be utilized for the effective cooling of electronic components.   

1. Introduction 

With the increase in miniaturization, improved functionality, and 
higher processing speed, the heat generation inside electronic compo-
nents increases, which increases the operating temperature that affects 
the performance and reliability of the modern electronics devices. It is 
argued that a 10–20 ◦C rise in temperature increases the failure rate of 
electronic devices by 100% [1]. One needs to employ advanced cooling 
techniques to maintain the temperature of electronic components below 
the critical limit. Various heat transfer techniques have been proposed to 
dissipate heat from the electronic components and other engineering 
applications. This includes microchannel heat sink with nanofluids [2], 
pool boiling immersion cooling with dielectric liquid [3], jet impinge-
ment cooling [4,5], and heat pipe embedded with nanoparticle 
enhanced phase change material (PCM) based heat sink (HS) [6]. 
Studies use water as heat transfer fluid to capture the heat energy by 
absorbing solar irradiance through a solar collector [7]. 

Conventional methods that employ water and fan-based cooling 
technique do not seem to be a viable option for electronic components. 
This may be due to various issues such as regular maintenance, addi-
tional power consumptions and extra space requirement due to large 
size [8]. Passive cooling techniques employing PCM has significant po-
tential to cool high heat generating electronic components because of 

high energy storage capacity as latent heat and isothermal phase 
transformation behavior [9–15]. In addition, PCM finds application in 
various industrial and engineering sectors such as photovoltaic modules 
[16], battery thermal management [17–19], solar air heater [20], and 
thermal comfort of building, food packaging and textile industries [21]. 
Because of various favorable thermophysical properties of PCM, 
numerous studies have been made on PCM-based HS for thermal man-
agement (TM) application of high heat generating electronics. 

Among different categories, organic PCMs are mostly preferred for 
thermal management of electronic components (TMEC) because of their 
lower cost and good physical and chemical properties. However, 
because organic PCM has a lower thermal conductivity value, the heat 
transfer rate in the material is reduced, resulting in a longer charging 
and discharging time [22–27]. Therefore, it is essential to introduce high 
thermal conductivity material, known as thermal conductivity en-
hancers (TCEs), with PCM to improve the performance of the PCM-based 
TM system. Several studies have been made that employ fins as TCEs 
(14, 22–27) to overcome the low thermal conductivity of PCM. Efforts 
have also been made to incorporate nanoparticles [28–34] and 
metallic/non-metallic foams [35–42] with PCM to accelerate the heat 
transfer rate during melting and solidification. Although internal fins 
augment the performance of a PCM-based HS cooling system, it in-
creases the weight of the TM module [43]. In view of this, several studies 
have been made to introduce nanoparticles in pure PCM to improve 
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thermal conductivity. In addition, nanoparticles with a large specific 
surface area are used for many applications, such as increasing the heat 
dissipation in bituminous asphalt [44] and enhancement in the thermal 
performance of cement mortar [45] and nanofluids [46]. 

Although nanoparticle-enhanced PCM reduces the weight of the TM 
module, the agglomeration of nanoparticles at higher concentrations is a 
major concern, which deteriorates the heat transfer ability of PCM-based 
cooling [47]. In addition, at higher nanoparticle loading, the viscosity of 
nano-enhanced PCM increases, which affects the convective heat 
transfer [43]. Among various TCEs, high thermal conductivity metallic 
and non-metallic foams embedded with PCM were proved to be the most 
effective technique to counter the low thermal conductivity of PCM. 
Porous materials (foam) are widely used in various scientific and tech-
nological applications, including energy efficiency and heat transfer 
studies [48–50]. High thermal conductive metallic/non-metallic foams 
are found to be more effective in terms of lightweight, mechanical 
strength, higher surface area density, higher elasticity, and high heat 
transfer capacity. Introduction of porous material inside PCM-based HS 
assembly greatly improves natural convection heat transfer at pore 
level, which strongly affects the melt front and temperature distribution 
[51]. The selection of an appropriate material for PCM-based cooling is 
crucial for improving the system’s thermal efficiency. In such a case, 
PCM should possess high latent heat on a volumetric basis, high specific 
heat on a volumetric basis, and favorable physical and chemical prop-
erties, namely, non-corrosiveness, non-toxicity, thermal stability, and 
low cost. Furthermore, PCM melting must be congruent and have phase 
change temperature below the critical temperature of electronic com-
ponents [10]. 

Various experimental and numerical works have been performed to 
improve the thermal efficacy of HS using PCM embedded in metallic 
foams. Baby and Balaji [22] conducted experiments on HS involving 
copper foam (CoF)-PCM composite to investigate the effect of orienta-
tion for stretching the operating time of electronic components for 
various set point temperatures (SPTs) such as 40, 45, 50, and 52 ◦C. The 
maximum enhancement ratio is found to be 3 for SPT of 52 ◦C; the 
orientation is found to be insignificant on augmenting heat transfer 
performance. Rehman and Ali [37] carried out an experimental study on 
copper and iron-nickel foam embedded PCM with HS for cooling of low 
heat generating electronic devices using RT 35-HC as PCM and 
aluminum as thermal conductivity enhancer (TCE). The performance of 
HS is improved with copper foam of 95% porosity and 0.8 vol fraction of 
PCM. The same authors [52] performed experiments with metallic foam 
(copper and nickel) based HS using RT-54HC PCM for electronic cooling. 

The effect of PCM volume fraction (0.0, 0.6, 0.7, and 0.8) and different 
heat input values (8 to 24 W) on thermal performance were studied. 
Compared to nickel foam without PCM, HS with CoF impregnated with a 
0.8 vol fraction of PCM reduces the base temperature by 26%. Various 
HS configurations such as HS with no PCM, HS filled with pure PCM, and 
HS involving PCM embedded with porous metal fiber sintered felt 
(PMFSF) for different values of porosity were studied by Wang et al. 
[53]. The inclusions of PMFSF augment the heat transfer in PCM and 
lead to lower heat source temperature. Alshaer et al. [54] performed 
tests on different HS configurations such as HS with carbon foam (CF), 
HS with CF-PCM composite, and HS with CF-NePCM composite; the 
multi-wall carbon nanotubes (MWCNTS) and RT-65 are used as nano-
particle and PCM, respectively. The authors used different types of CFs 
such as CF-20 and KL1–250 with thermal conductivity of 3.1 and 40 
W/m-k, respectively. The KL1–250 based HS exhibits better heat 
transfer performance compared to CF-20 embedded HS, while the in-
clusion of MWCNTs shows better performance in CF-20 embedded HS 
compared to KL1–250 embedded HS. In another study, Alshaer et al. 
[55] studied the performance of HS with CF-NePCM composite, where 
MWCNTs and RT-65 are used as nanoparticle and PCM, respectively. It is 
revealed that temperature pulse is dampened for HS with CF-NePCM 
composite. 

In addition, several numerical studies on the thermal performance of 
foam infiltrated with PCM for TMECs have been conducted. Alshaer 
et al. [56] proposed a computational model to analyze the heat transfer 
characteristics of HS involving CF-NePCM composite with RT-65 and 
MWCNT as PCM and nanoparticle, respectively. For lower porosity 
(<75%), HS involving CF-NePCM composite lowers the module tem-
perature by 11.5%. Deng et al. [57] investigated the melting behavior of 
lauric acid as PCM inside porous metal foam (MF) with fractal geometry. 
The fractal brownian motion is used to characterize the pore distribution 
of porous metal foam. The effect of foam porosities and fractal dimen-
sion on the thermal performance was studied; higher melting rate and 
faster evolution of melt front are observed in MF-PCM composite 
compared to pure PCM. Nano composite involving paraffin and graphite 
mixture embedded in CF with different nanoparticle concentration and 
porosity values were studied through experimental and numerical 
investigation by Mihir et al. [58]. It is reported that the inclusion of both 
CF and graphite with paraffin wax augment the thermal properties. 

It is evident from the literature that metallic foams such as copper, 
iron, aluminum, and nickel and non-metallic foams such as carbon and 
graphene can be utilized with PCM to enhance the efficiency of PCM- 
based TM modules [35–42]. Table 1 summarizes the various studies 

Nomenclature 

CF Carbon foam 
CoF Copper foam 
DSC Differential scanning calorimeter 
HS Heat sink 
LHTES Latent heat thermal energy storage 
PCM Phase change material 
SPT Set point temperature 
TCEs Thermal conductivity enhancers 
TMECs Thermal management of electronic components 
A Decision matrix 
aij Element of decision matrix 
G Thermal conductance 
H Heat transferred (kJ) 
k Thermal conductivity (W/m-K) 
P Power (W) 
q′′ Heat flux (kW/m2) 
rij Element of normalized matrix 

Ri Regret measure 
Si Utility measure 
ΔT Temperature difference (K) 
Tmax Maximum temperature after charging phase (K) 
tCr with PCM Time to reach critical SPT with PCM (s) 
tCr without fins and PCM Time to reach critical SPT without fins and PCM 

(s) 
v Weight for maximum group utility 
Vf Volume occupied by fins (mm3) 
VHS Volume of HS cavity (mm3) 
VPCM Volume of PCM (mm3) 
wj Weight of the attribute 
Zij Element of weighted normalized matrix Zij = [nij] × [wj1]

Greek symbols 
γ = VPCM

VHS 
Volume fraction of PCM 

ε = tCr with TCE and PCM
tCr without TCE and PCM

Enhancement ratio 

φ = VTCE
VHS 

Volume fraction TCE  
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pertaining to metallic and non-metallic foam for TM of electronic de-
vices. It may be noted that, among other parameters, the thermal con-
ductivity of foam material plays a crucial role in thermal performance 
enhancement. Nevertheless, limited experimental studies have been 
reported that consider high conductivity material foams such as carbon 
and copper foams. Also, studies pertaining to the effect of volume 
fraction of high conductivity TCE, input heat flux values, different SPT 
values on thermal performance have not been reported extensively. It 
may be noted that the best HS configuration considering various aspects 
such as SPT values, input heat flux values, volume fraction of TCEs has 
not been reported in the literature. Here, two different types of foams, 
such as metallic foam (CoF) and non-metallic (CF) having thermal 
conductivity in the range of 140–180 W/mK, are used as TCE to analyze 
the performance of PCM-based HSs. The specific objective of the present 
work is as follows:  

• To study the heat transfer characteristics of HS with and without 
PCM; also to investigate the effect of PCM volume fractions on the 
thermal performance. 

• To analyze the thermal performance of various PCM-based HS con-
figurations such as HSNF, HS involving circular and square pin fins, 
HS with rectangular plate fins, and HSNF embedded with CoF and CF 
for a wide range of heat flux values (q′′ = 1.5–2.5 kW/m2).  

• To estimate the effect of CF with various TCE volume fractions 
(φ = 5, 9, 15, 25%) and input heat flux values (1.5 to 2.5 kW/m2) on 
the thermal performance.  

• To study the performance of various HS configurations for different 
values of SPT during charging (60, 65, 75, and 80 ◦C) and dis-
charging (45 and 35 ◦C) of PCM.  

• To estimate the best HS configurations considering various attributes 
such as SPT values, input heat flux values, volume fraction of TCE, 
weight, and cost of PCM embedded HS by employing the VIKOR 
method. 

2. Experimental arrangements 

2.1. Experimental setup 

The schematic and pictorial representation of the experimental test 
facility used for the present work is depicted in Fig. 1(a-b). It includes HS 
assembly supports, PCM-based HS, DC power source, laptop, and 

instrumentation schemes. The HSs (HSCPF, HSSPF, and HSRPF) are 
designed with a fixed volume fraction of fins. HSCPF with a diameter of 
2.95 mm and a height of 20 mm, as well as HSSPF with dimensions of 2 
× 2 × 20 mm3, are made using wire electrical discharge machining 
(Ecocut, ELPULS 15, Electronica India). CNC milling machine (Emco 
group, Emcomill E350, Austria) is utilized to fabricate HSRPF of di-
mensions 100 × 20 × 2.5 mm3. The thickness of the base of HS is taken 
to be 5 mm. The walls of the HS are fabricated with a 5 mm thick acrylic 
sheet. Fig. 2(a-f) depicts the HS configurations used in the present study, 
and Table 2 presents the dimensions of HS configurations. To measure 
the temperature at various positions of the HS assembly, a total of 12 
pre-calibrated thermocouples (K-types) are used. The placing of ther-
mocouples at different locations on the HS assembly is shown in Fig. 3. 
In order to measure the base temperature, three thermocouples (T1-T3) 
are provided on the base of the HS in 1.5 mm deep slots at a 45 mm 
distance from the outer wall of the HS. Thermocouples T4-T6 is placed on 
the center of three vertical outer walls of the HS. Thermocouple T7 is 
adhered on the top acrylic wall of the HS. Four thermocouples T8-T11 are 
attached on the outer insulation wall, and T12 is used to measure 
ambient temperature. A plate heater of dimensions 100 × 100 × 4 mm3 

(sunrise products, India) is placed on the bottom of the HS to simulate 
the heat dissipated by electronic components. A DC power source (Aplab 
L3260, India) with voltage range 0–32 V and current range 0–5 A is 
utilized to supply the voltage to the plate heater. Thermocouples are 
connected to a data logger (Agilent, 34972A, USA) to measure tem-
perature after every 10 s, and the test data is stored in a laptop. 

2.2. Fabrication of foam-PCM composite 

The CoF with pore size 10 PPI and 91% porosity is purchased from 
Nanoshel LLC, USA, and CF with 75% porosities is purchased from 
CFOAM LLC, USA. In order to compare the various HS configurations, 
the amount of TCEs is fixed at 9%. The vacuum infiltration technique is 
used to impregnate the foam with paraffin wax following the method 
adopted by Zhu et al. [40] and Kothari et al. [60], which usually pro-
vides a higher impregnation ratio compared to the conventional 
non-vacuum impregnation method. Initially, the original sample (200 ×
200 × 20 mm3), provided by the manufacturer, is cut into the required 
size (100 × 100 × 20 mm3) by employing the sharp blade band saw 
under the tolerance limit of ±0.2 mm. Later on, the lateral surface of the 
foam is smoothened with the help of a sander. The samples are then 

Table 1 
Literature review on foam-PCM composite HS.  

Source Methods Types foam used 
(Porosity%) 

Foam, K (W/m-K) PCM (M.P., ◦C) Observations 

Lafidi et al.  
[12] 

Experimental Aluminum foam (93.9) ERG Al Foam (5) Paraffin wax 
(25.5–28.9) 

Steady state temperature in high porosity reaches faster 
compared to low porosity foam. 

Zhu et al.  
[40] 

Experimental Copper foam – RT-40 (40) Copper foam with 75% filling height in heat sink is more 
economical than 100% filling. 

Zehri et al.  
[51] 

Experimental and 
numerical 

Graphene foam (99.6) - (1.3) Paraffin wax (-) The addition of a silver coating by sintering silver 
nanoparticles increased the thermal conductivity of 
grapheme foam by 54%. 

Alshaer et al. 
[54] 

Experimental Carbon foam(88, 89.6) CF-20-(3.1)KL1–250–40 RT-65 (65) KL1–250 based module shows lower operating 
temperature compared to CF-20 based module. 

Alshaer et al. 
[55] 

Experimental Carbon foam(88, 89.6) CF-20-(3.1)KL1–250-(40) RT-65 (65) Heater temperature and temperature spikes under pulsed 
heating decreases with the infiltration of RT-65 into 
carbon foam. 

Alshaer et al. 
[56] 

Numerical Carbon foam (88) CF-20 (3.1) RT-65 (65) Inclusion of MWCNT nanoparticle into foam/PCM 
composite reduces the module surface temperature by 
11.5%. 

Gimenez 
et al. [59] 

Experimental and 
numerical 

Graphite foam (82, 70, 
72) 

PocoFoam (135)KFoam D1 
(110)KFoam L1 (60)KFoam L1 
250 (40) 

NaNo3 (306) Addition of thermally conductive grease at the interface 
of heat exchanger and TES is not possible due to high 
temperature constraints. 

Kothari et al. 
[60] 

Experimental Copper foam (90) Nanoshel LLC (10) Paraffin wax 
(58–62) 

The heat transfer performance of a HS with fins and PCM- 
metal foam composites is improved. 

Present 
Study 

Experimental Copper andCarbon 
foam (65, 75, 85, 90, 
95) 

Nanoshel LLC (10)CFOAM LLC 
(140–180) 

Paraffin wax 
(58–62) 

CF-PCM composite HS improves the thermal performance 
of electronic components.  
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washed with acetone, ethanol, and water in that order before being 
dried in a vacuum oven at 105 ◦C for 6 h and then allowed to cool 
naturally at ambient temperature. Under a vacuum environment, the 
foam sample is immersed in liquefied PCM, ensuring that any trapped air 
bubbles in the liquid PCM are eliminated. After that, the foam-PCM 
composite is allowed to cool and solidified until it reaches room tem-
perature. It should be noted that the exact dimension of foam-PCM 
composite is obtained by removing the excess PCM surrounding the 
outer surface of the foam. Thermal paste (OMEGATHERM, OT-201, 
Omega India) with thermal conductivity of 2.3 W/mK is applied be-
tween the bottom surface of the HS and the foam-PCM composite to 
reduce thermal resistance. 

2.3. Characterization and measurement of thermophysical properties 

In the present study, aluminum-6061 is used to fabricate the HS and 

paraffin wax purchased from Sigma Aldrich USA, which has melting 
temperature in the of range 58–62 ◦C is considered as PCM. An open-cell 
CoF (Nanoshel LLC, USA) and CF (Cfoam LLC, USA) are used as metallic 
and non-metallic foam, respectively. The HS integrated with PCM is 
enclosed by glass wool (ceramic) insulation to mitigate heat loss. Table 3 
presents the thermophysical properties of the material utilized in the 
present study [61]. Prior to the fabrication of HSs, field emission scan-
ning electron microscopy (FE-SEM, Supre55, Zeiss, Germany) with En-
ergy Dispersive X-ray Spectroscopy (EDX) is carried out to check the 
metallurgical composition of HS and fin material. The data obtained 
from the analysis are presented in Fig. 4. It can be observed from 
SEM-EDX analysis that the HS material utilized in this study is 
aluminum-6061. The microscopic structure of CF (75% porosity) and 
CoF (91% porosity) is presented in Fig. 5. 

The differential scanning calorimetry (DSC) analysis is carried out in 
an inert environment, which avoids chemical contamination, to examine 

Fig. 1. Test facility (a) Schematic representation (b) Pictorial view.  
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the thermophysical properties such as latent heat and melting point of 
PCM. Fig. 6 depicts the heating and cooling curve of paraffin wax ob-
tained by using DSC 8000 (Perkin Elmer, USA) with 10 ◦C/min heating 
and cooling rate, and the temperature is varied between 25 ◦C to 
79.97 ◦C and 79.97 ◦C to 25 ◦C for heating and cooling cycle, respec-
tively. The latent heat of paraffin wax is obtained by integrating the area 
under the second peak of the DSC curve and is found to be 153.2 kJ/kg, 
while the melting and freezing temperature is estimated as 58.79 ◦C and 
55.26 ◦C, respectively. 

2.4. Data reduction and uncertainty in measurements 

Various parameters such as TCE volume fraction, PCM volume 
fraction, SPT, and enhancement ratio to reach critical SPTs are used to 
characterize the thermal performance of various PCM-based HSs. These 
parameters are defined by the following expressions [60–61]. 

TCEs volume fractions (φ): 

φ =
VTCEs

VHS
(1) 

PCM volume fractions (γ): 

γ =
VPCM

VHS
(2) 

Enhancement ratio in operating time (ε): 

ε =
tcr with TCE andPCM

tcr without TCE and PCM
(3) 

Where, Vfin, VPCM, and VHS represents volume contained by fins, PCM, 
and volume of the HS, respectively. Also, tcr with TCE and PCM is the time to 

Fig. 2. HS configurations studied (a) HSNF (b) HSCPF (c) HSSPF (d) HSRPF (e) HS with CoF (f) HS with CF.  

Table 2 
Dimensions of the HSs.  

S. No. Materials Dimensions in (mm) 

1 Side wall (Acrylic sheet) 100 × 25 × 5  
2 Top surface (Acrylic sheet) 115 × 115 × 5  
3 HS base (Aluminum) 100 × 100 × 5  
4 Circular pin fins (Aluminum) 2.95 × 20  
5 Square pin fins (Aluminum) 2 × 2 × 20  
6 plate fins (Aluminum) 100 × 20 × 2.25   

Fig. 3. Location of thermocouples (a) isometric (b) top views.  
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attain critical SPT with fins and PCM and tcr without TCE and PCM is the time 
required to reach critical SPT without TCE and PCM. In the present 
study, both fins and foams are used as TCEs. The volume fraction of CF as 
TCE is varied from 5 to 25%, while PCM volume fractions are varied 
from 0 to 100%. 

The uncertainty associated during measurement of current and 
voltage is considered as the least count of the instrument; this is found to 
be ±0.1 A and ±0.1 V, respectively. The uncertainty in the measurement 
of heat flux is calculated by using the approach proposed by Kline- 
McClintock [62]. The maximum and minimum uncertainty in heat 
flux calculation is found to be 5.18% and 4.13%, respectively. In order to 
estimate the uncertainty in temperature measurement, thermocouples 
are calibrated following the ASTM standard [63] in the temperature 
range of 25 to 100 ◦C. The maximum uncertainty in temperature mea-
surement is found to be ± 0.4 ◦C. Table 4 depicts the uncertainty asso-
ciated with fundamental and derived quantities. 

3. Results and discussion 

Tests are conducted to evaluate the thermal efficacy of different HS 

configurations with a wide range of heat flux values (q′′ = 1.5–2.5 kW/ 
m2), different PCM volume fractions (0 to 100%) and various TCE values 
of CF (5 to 25%). Experiments are conducted in a controlled environ-
ment, and the temperature is maintained at 30 ◦C. The validation of the 
test facility is discussed; subsequently, the results obtained from the 
present study are elaborated. Further, MADM is employed to find the 

Table 3 
Properties of material used in the present investigation [61].  

Properties Paraffin wax Aluminum Copper foam Carbon foam Glass wool Plexiglas 

Melting point ( ◦C) 58–62 
59 (DSC) 

660.37 1057 – – – 

Thermal conductivity (W/m-k) 0.12(liquid) 
0.21 (solid) 

218 10 140–180 
(Datasheet) 

0.12 0.19 

Latent heat (kJ/kg) 194.2 – – – – – 
Specific heat (kg/kg-K) 2.89 0.896 – – – 1.470 
Density (kg/m3) 750 (liquid) 

900 (solid) 
2719 8960 140–180 

(Datasheet) 
128 –  

Fig. 4. Metallurgical composition of HS material.  

Fig. 5. Microscopic structure (a) carbon foam 75% porosity (b) copper foam 91%.  

Fig. 6. DSC heating and cooling curve of paraffin wax.  

Table 4 
Uncertainty associated with the measurement of fundamental and derived 
quantity.  

Sl. No. Parameter Uncertainty 

1 Voltage ± 0.1V  
2 Current ± 0.1A  
3 Heat flux ± 5.18%  
4 Temperature ±0.4 ◦C  
5 Length ± 0.2 mm  
6 Width ± 0.2 mm   
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best HS configurations. 

3.1. Validation of experimental setup 

The final tests are carried out once the experimental setup has been 
validated by comparing the base temperature of HS with the test results 
of Kothari et al. [61] and Mahmoud et al. [64]. The test results are 
compared using a time-temperature variation of the HS base filled with 
PCM and with no PCM, as shown in Fig. 7. The present study considers 
HS with an overall dimension 100 × 100 × 25 mm3 filled with paraffin 
wax subjected to q′′ = 2.0 kW/m2. Ambient temperature of 30 ◦C is 
maintained throughout the experiments. Kothari et al. [61] considered 
the HS of similar dimension, PCM and ambient temperature; while 
Mahmoud et al. [64] considered the HS of dimension 50 × 50 × 25 mm3, 
Rubitherm RT-42 (melting point 42 ◦C) as PCM; and ambient tempera-
ture of 20 ◦C. Fig. 7 shows the good agreement of present results with the 
previous study of Kothari et al. [61] and Mahmoud et al. [64]. Further 
tests are conducted to characterize the performance of different HS 
configurations. 

3.2. Comparison of HS performance with and without PCM 

Here, it is assumed that the base temperature of the HS mimics the 
hot surface of electronic components; in such a case, one needs to keep 
the base temperature lower than the critical limit for efficient TMECs. 
The lower temperature of the HS base delays the overheating and en-
hances the lifetime of electronic components. The comparison between 
HS performance with and without PCM at q′′ = 1.5 kW/m2 is depicted in 
Fig. 8(a-b). The average temperatures measured by thermocouples T1-T3 
are utilized to represent the transient temperature variation of the HS 
base. 

The HS without PCM shows a sharp rise in the base temperature and 
can affect the performance of electronic components. The heating and 
cooling period in the case of HS without PCM can be described as sen-
sible heating and sensible cooling, respectively. While, for PCM-based 
HS, the melting and solidification process can be divided into several 
regions. These include sensible heating (Region 1; 0–50 min), latent 
heating (region 2; 50–69 min) and sensible heating post melting (Region 
3; 69–110 min); similar regions (Region 4, Region 5, and Region 6) are 
observed in solidification process in the reverse order. It may be noted 
that temperature during sensible heating (Region 1 and Region 3) rises 
abruptly, while in the latent heating stage, the temperature remains 
nearly constant (stage 2). Before PCM starts melting, the base 

temperature of HS rises rapidly because only conduction dominates the 
heat transfer. As the PCM started to melt, the phase change of PCM 
controls the base temperature. After completion of phase change, HS 
base temperature again starts to rise rapidly due to continuous heat 
input, which increases the sensible heat of already melted PCM. Here, 
natural convection cooling is considered during solidification, and 
insulations except from the bottom surface of HS are removed. To reach 
80 ◦C, HS without PCM and HS with PCM take 25 min and 110 min, 
respectively. This reveals that PCM integrated HS can protect electronic 
devices from high heat flux shock. It is worth noting that stretching the 
latent heating region is the key parameter for increasing the effective-
ness of PCM-based HS. During the cooling process, to attain 35 ◦C from 
80 ◦C, HS with no PCM and HS with PCM takes 85 and 250 min, 
respectively; cooling occurs faster in the case of HS with no PCM. It may 
be noted that for real application cooling rate of PCM integrated HS 
should be faster for efficient TM. 

3.3. Effect of volume fractions of PCM 

Fig. 9 presents the effect of PCM volume fraction on the transient 
temperature variation of HSNF filled with PCM for various PCM volume 
fractions (γ = 0.0, 0.5, 0.8, and 1.0) at q′′ = 2.0 kW/m2. When HS is 

Fig. 7. Comparison of present results with the previous study of Kothari et al. 
[61] and Mahmoud et al. [64]. 

Fig. 8. Variation of HS base temperature (a) Without PCM (b) With PCM.  
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empty (γ = 0.0), a rapid increase in HS base temperature can be seen. 
Whereas, when HS contains PCM, a significant improvement in thermal 
performance can be observed. To reach 75 ◦C temperature HS with γ =
1.0 takes 68.3 min while HS with γ = 0.8, γ = 0.5, and γ = 0.0 take 
56.0, 42.3, and 18.3 min. respectively. The lower volume fraction of 
PCM exhibits a rapid rise in HS base temperature. This is because of the 
decrease in latent heating phase transition time due to the decrease in 
PCM amount. This reveals that HS with γ = 1.0 shows better heat 
transfer and better TM. Therefore, further analysis is carried out with γ =
1.0 for all HS configurations. 

3.4. Effect of various HS configuration 

Fig. 10 depicts the variation of HS base temperature for different 
PCM-based HS configurations at q′′ = 1.5 kW/m2 and 9% TCE volume 
fraction during both the charging and discharging process. The HSNF 
integrated with PCM exhibits a sharp rise in the base temperature, while 
the PCM-based HSs with fins and metallic/non-metallic foams exhibit a 
slower rise in the base temperature; this may be due to an increase in 
effective thermal conductivity of the PCM due to the introduction of 
TCE. The performance of HSNF and HSRPF is found to be lower during 
the charging and discharging process, respectively, compared to other 

HS configurations. The HS with CF-PCM composite keeps the base 
temperature lower during charging and also performs satisfactorily 
during discharging process. After heating up to 82 min, the base tem-
perature of CF-PCM composite HS, HSCPF, HSRPF, HS with CoF-PCM 
composite, HSSPF, and HSNF attain 61.90, 65.40, 66.12, 66.80, 67.50, 
and 68.80 ◦C, respectively. After completion of charging process HS with 
CF-PCM composite exhibits 8.54, 7.83, and 3.34% reduction in base 
temperature compared to HSSPF, CoF-PCM composite, and HSNF, 
respectively. During the discharge process, HSSPF, HSCPF, CF-PCM 
composite, and HSRPF take 216.50, 223.30, 238.10, and 272.30 min, 
respectively, to reach 35 ◦C temperature. The finned HS keeps the base 
temperature lower compared to CoF-PCM composite HS. This may be 
due to the higher PCM melting rate in finned HS because of the higher 
thermal conductivity of aluminum (218 W/m-K) nearly 20 times than 
copper foam (10.1 W/m-K). The heat transfer is mainly dominated by 
two factors, namely, conduction in solid PCM and convection at the 
solid-liquid interface and liquid PCM. Early change in the slope of 
transient temperature curves is observed in CF-PCM composite and 
finned-based HSs; this may be due to strong conduction heat transfer, 
leading to faster melting and maintaining lower base temperature. The 
study shows that the HS with CF-PCM composite has admirable potential 
to enhance thermal performance. The porous structure of CF allows a 
high heat transfer area which leads to high conduction heat transfer 
along with convection heat transfer during melting of PCM. The liquid 
PCM remains confined in CF pores, suppressing natural convection and 
increasing the melting rate, resulting in conduction-dominated heat 
transfer through the CF-PCM composite. The enhancement in conduc-
tion heat transfer is larger than heat loss caused by suppression of nat-
ural convection. Hence, lower base temperature and better heat transfer 
performance are achieved for the CF-PCM composite. Further studies 
based on HS with CF-PCM composite are illustrated in the subsequent 
section. 

3.5. Effect of CF as TCE at various volume fractions 

Fig. 11 depicts the thermal performance of HS with CF-PCM com-
posite for various volume fractions of TCE (φ  = 5, 9, 15 and 25%) during 
the charging and discharging process at q′′ = 2.0 kW/m2. To attain the 
required TCEs volume fraction of CF, various holes are designed and 
drilled in the CF block [65–68]. The effect of CF as TCE is depicted in 
Fig. 11. It can be noticed from Fig. 11 that there is a decline in maximum 
base temperature with the increase in φ. A maximum 17.47% reduction 
in base temperature can be noticed for 5% TCE compared to 25% TCE. 
While, CF with 9 and 15% TCE shows a 13.66 and 9.77% reduction in 

Fig. 9. Effect of PCM volume fractions in HSNF.  

Fig. 10. Comparison of various HS configurations at q′′ = 1.5 kW/m2.  Fig. 11. Effect of CF as TCEs on the variation of HS base temperature.  
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base temperature, respectively, at the end of the charging process. The 
enhancement in thermal performance with the decrease in the amount 
of TCE is attributed to the increase in volume fraction of paraffin wax 
which increases the latent heat phase duration and keeps the base 
temperature lower for a longer duration. However, an increase in the 
amount of PCM also extends the latent heating period during the dis-
charging process and takes more time to solidify. HS with 25, 15, and 9% 
of TCE takes nearly 221.6 min to attain 35 ◦C temperature during 
cooling, while after 221.6 min of cooling, HS with 5% TCE reaches 
39.5 ◦C temperature. Also, HS with higher TCE exhibits more conductive 
material, which supports quicker heat transfer, hence takes a lower time 
to cool. This indicates that there should be an optimum volume fraction 
of TCE to augment the thermal performance of PCM base HS assembly. 

3.6. Effect of heat flux 

The effect of three heat flux values on HS performance is investigated 
because the heat dissipation rate differs for different electronic com-
ponents. Fig. 12(a-b) shows the effect on the base temperature of HS for 
q′′ = 1.5, 2.0, and 2.5 kW/m2 for two cases: CF-PCM composite and CoF- 
PCM composite HS with φ = 9%. The solid-liquid phase change time is 
found to be 34.5, 22.0, and 17.5 min for q′′ = 1.5, 2.0, and 2.5 kW/m2, 
respectively, for the HS with CoF-PCM composite; the corresponding 

maximum temperatures are found to be 66.98, 69.59, and 71.79 ◦C, 
respectively at the end of solid-liquid phase change. In addition, the 
duration of solid-liquid phase change for the HS with CF-PCM composite 
is found to be 36.17, 23.33, 16.33 min for q′′ = 1.5, 2.0, and 2.5 kW/m2, 
respectively, while the corresponding maximum temperatures after the 
completion of the melting process are found to be 62.32, 64.90, and 
65.09 ◦C, respectively. With increasing input heat flux values, the length 
of the solid-liquid phase transition appears to be shorter. Prior to PCM 
melting, conduction dominates the heat transfer process; however, once 
PCM melting begins, natural convection takes over. At higher heat flux, 
PCM attains the melting temperature with short time duration and melts 
faster due to intensive natural convention [69]. 

3.7. Study of set point temperature 

The critical temperature is usually the highest acceptable tempera-
ture for the safe operation of electronic components; this varies between 
60 and 80 ◦C for most electronic devices [26,53]. These acceptable 
temperature limits are termed as set point temperatures (SPT); here, four 
different SPTs are considered for the analysis. The performance is 
evaluated for both the charging and discharging periods. Fig. 13 pre-
sents the duration to attain the critical SPT for various HS designs at 
q′′ = 1.5 kW/m2. The critical duration of HSNF filled with PCM is lower 
among all the HS configurations. While CF-PCM composite HS shows the 
highest critical duration for all the SPTs. HSNF filled with PCM takes 
only 33.6 min to reach 60 ◦C SPT while CF-PCM composite HS exhibits 
critical duration nearly two times (66.2 min) to reach 60 ◦C SPT. On the 
other hand, HSCPF and HSSPF acquire the same critical duration (66.0 
min.), and HSRPF and CoF-PCM composite HS exhibit 52.0 and 34.1 
min, respectively for 60 ◦C SPT. It should be noted that as the critical 
SPT is increased to 80 ◦C, the difference between the critical duration of 
various HS configuration decreases. However, HS with CF-PCM com-
posite still shows the highest critical duration. It may be noted that CF 
not only provides a high heat transfer area between PCM and foam 
matrix but also add a faster heat-conducting path in the horizontal and 
vertical directions. The maximum enhancement ratio in operating time 
for SPT of 65 ◦C obtained using Eq. (3) is found to be 5.5 for HS with 
CF-PCM composite at q′′ = 1.5 kW/m2. While HSNF filled with PCM 
shows a minimum enhancement ratio of 2.73 at the same heat flux and 
SPT values. In addition, for 75 ◦C SPT at 1.5 kW/m2 heat flux value, the 
maximum and minimum enhancement ratio of 4.8 and 4.4 is obtained 
for HS with CF-PCM composite and HSNF filled with PCM, respectively. 

For the practical application of PCM-based TM systems, investigation 
of cooling performance is also necessary. Fig. 14 presents the critical 

Fig. 12. Effect of heat flux (a) CoF-PCM composite (b) CF-PCM composite.  
Fig. 13. Time to attain SPT for various HS configurations during the 
charging period. 
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duration to reach the critical SPT for various HS configurations during 
cooling. To investigate the cooling efficacy of each HS configuration, 
two SPT are considered for the analysis. The solidification time depicted 
in Fig. 14 is for heat flux of 1.5 kW/m2. The time required for dis-
charging process is quite high as compared to the charging phase. Unlike 
the charging process, HSSPF integrated with PCM is found to be more 
effective for SPT of 45 and 35 ◦C. On the other hand, HSRPF filled with 
PCM is found to be the least effective in terms of cooling efficiency. 
HSRPF filled with PCM takes approximately 55 min more to reach 35 ◦C 
than HSSPF filled with PCM. Considering SPT of 45 and 35 ◦C, it can be 
observed that CF-PCM composite HS shows higher discharging ability 
compared to CoF-PCM composite HS, HSNF filled with PCM, and HSRPF 
filled with PCM. HSSPF and HSCPF filled with PCM show the highest 
cooling efficiency because of higher surface area density and higher fin 
effectiveness. From the above analysis, it can be observed that the HS 
behavior is found to be different for the charging and discharging pro-
cess. Therefore, to select the best PCM-based HS configuration, various 
parameters pertaining to the TM system should be considered. In the 
present study, to select the best HS configuration, a MADM technique 
(VIKOR method) is used and elaborated in subsequent sections. 

4. Optimization of PCM based HS 

Among other parameters, the stretching of operating time (SOT) to 
reach the given SPT values is considered as one of the key parameters to 
access the thermal performance of various HS configurations. The SOT 
value is found to depend on the type of HS configurations, heat flux 
values, the magnitude of SPT, and process parameters such as charging 
and discharging time. The present study considers six different types of 
HS configurations (HS integrated with CoF-PCM and CF-PCM composite, 
and HSNF, HSCPF, HSSPF, and HSRPF integrated with PCM), three 
different heat flux values (q′′ = 1.5, 2.0, and 2.5 kW/m2), two SPT 

values (65 and 75 ◦C) during the charging process and one SPT value 
(35 ◦C) during the discharge process. The SOT values obtained for 
different cases are summarized in Table 5. The performance of various 
HS configurations is found to be different for the charging and dis-
charging process. In order to obtain the best HS configuration in terms of 
various factors such as charging time, discharging time, the weight of 
PCM-based HS, and cost, one needs to employ multi attributes decision- 
making technique. To obtain the best HS configuration based on various 
conflicting criteria, the MADM technique such as VIKOR method is 
employed for the analysis. The objective is to maximize the charging 
time, minimize the discharging time, and lower the cost and weight of 
the system. The VIKOR methods are adequate to predict the best alter-
natives among a set of alternatives subjected to many conflicting 
criteria. 

4.1. Optimization using VIKOR technique 

The name VIKOR is derived from the Serbian language VIKOR 
(VIseKriterijumska Optimizacija I Kompromisno Resenje) which means 
multi-attributes optimization and compromise solution. The technique 
selects the best alternative by determining the compromise solution with 
conflicting attributes/criteria. By considering the relative value of each 
attribute, the approach proposes an aggregating function that reflects 
the distance from the ideal solution. The ideal solution is one that helps 
to maximize the positive attributes (charging time) and minimizes the 
negative attribute (discharging time, cost, and weight). The basic 
compromise algorithm in the VIKOR method uses the following steps 
[70–71].  

• Create decision matrix [A]M × N, where M1, M2, M3,…, Mn represents 
the number of alternatives and N1, N2, N3,…, Nn represents the 
number of attributes of the alternatives. The performance rating of 
the ith alternative corresponding to jth attribute is represented by 
element aij of the decision matrix (Eq. (4)). The corresponding 
weightage of each attribute is denoted by W1, W2, W3…, Wn that is 
obtained by employing the analytic hierarchy process (AHP) 
method. 

N1 N2 N3 − Nn
W1 W2 W3 − Wn

A =

M1
M2
M3

−

−
Mn

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

a11 a12 a13 − a1n
a21 a22 a23 − a2n
a31 a32 a33 − a3n

− − − − −

− − − − −

am1 am2 am3 − amn

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(4)    

• Normalize the decision matrix 

rij = aij

/(
∑m

i=1
a2

ij

)1/2

Where i= 1, 2,…, m and j= 1, 2,…, n (5) 

Fig. 14. Time to attain SPT for various HS configurations during discharging.  

Table 5 
Time to reach various SPTs during charging and discharging phase.  

PCM-based HS Alternatives (Ai) q′′ = 1.5 kW/m2  q′′ = 2.0 kW/m2  q′′ = 2.5 kW/m2  

Charging time 
(min) 

Discharging time (min) Charging time 
(min) 

Discharging time (min) Charging time 
(min) 

Discharging time (min) 

65 ◦C 75 ◦C 35 ◦C 65 ◦C 75 ◦C 35 ◦C 65 ◦C 75 ◦C 35 ◦C 

HSNF 44.0 101.6 251.0 26.8 68.3 254.8 19.8 47.3 268.1 
HSCPF 82.0 98.3 222.3 50.0 61.8 213.6 44.6 55.0 221.5 
HSSPF 75.7 97.0 216.5 55.5 68.8 210.1 40.5 51.0 213.3 
HSRPF 70.0 101.0 272.3 44.5 71.1 242.0 34.3 58.0 255.7 
CoF-PCM 55.0 98.3 248.6 26.0 68.0 272.8 20.0 56.0 259.1 
CF-PCM 88.5 105.3 238.1 58.4 71.5 236.0 41.0 49.5 220.5  
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• Calculate the weighted normalized value for each element of the 
normalized matrix. 
[
zij
]
=
[
rij
]
×
[
wj1
]

(6)   

Here, wj1 represents the weightage of each criteria and is obtained using 
the AHP method. The weight obtained is presented in Table 6, and the 
procedure of the AHP technique is explained in our previous work [72] 
and therefore not elaborated here.  

• From the initial decision matrix, identify the best (aij)max and worst 
(aij)min of each attribute.  

• Calculate the utility measure (Si) and regret measure (Ri) using the 
following expressions. 

Si = L1,i =
∑n

j=1

wj
[(

aij
)

max − aij
]

[(
aij
)

max −
(
aij
)

min

] for beneficial attribute (7)  

Si = L1,i =
∑n

j=1

wj
[
aij −

(
aij
)

min

]

[(
aij
)

max −
(
aij
)

min

] for non − beneficial attribute  

Ri = L∞,i = Maxm of
wj
[(

aij
)

max − aij
]

[(
aij
)

max −
(
aij
)

min

] for beneficial attribute (8)  

Ri = L∞,i = Maxm of
wj
[
aij −

(
aij
)

min

]

[(
aij
)

max −
(
aij
)

min

] for non − beneficial attribute    

• Calculate the Qi value. 

Qi = v
[

Si− Smin

Smax− Smin

]

+ (1 − v)
[

Ri− Rmin

Rmax− Rmin

]

(9)   

Here, v is the weight for the maximum group utility, and (1-v) is the 
weight of individual regret. The value of v may vary between 0 and 1. 
Here, the value of v is considered 0.5; this value has been adopted in 
most previous studies [69–71, 73].  

• Arrange the alternative in decreasing order of Qi value; the best 
alternative is one that exhibits minimum Qi value. 

4.2. Discussions 

The decision matrix is constructed using six alternatives (HS con-
figurations) and four attributes such as charging time, discharging time, 
the weight of the system, and the cost of PCM-based HS module. The 
operating time for SPT of 65 ◦C and 75 ◦C are considered for charging, 
and 35 ◦C is considered for discharging process. The analysis is 
considered for a fixed amount of TCE (9%). The optimization is carried 
out for each heat flux value. Table 7 represents the decision matrix 
employed for optimal selection of HS configuration at 1.5 kW/m2. Here, 

charging time, discharging time, and weight of the system are consid-
ered as quantitative attributes; the cost is considered as qualitative at-
tributes. The qualitative attribute is converted into quantitative 
attributes by employing the eleven-point conversion scale [72]. The 
results obtained using the VIKOR algorithm at various heat flux values 
for SPT of 65 ◦C (heating), 35 ◦C (cooling) and 75 ◦C (heating), 35 ◦C 
(cooling) are presented in Table 8 and Table 9, respectively. The opti-
mization results of VIKOR methodology indicates that HS integrated 
with CF-PCM composite can be considered as the best alternative for 
thermal management of electronic system for SPT = 65 and SPT =
75 ◦C. The HSNF filled with PCM and HS with CoF-PCM composite 
exhibit the lowest ranking for 65 ◦C SPT. For SPT = 75 ◦C, the HSSPF 
exhibits the lowest ranking at q′′ = 1.5, and q′′ = 2.5 kW/m2; the HSCPF 
shows the lowest ranking at q′′ = 2.0 kW/m2. The higher ranking is 
obtained for HS with CF-PCM composite; this may be due to higher 
charging time and comparable discharging time, and lower weight 
compared to other HS configurations. Although HS with CoF-PCM 
composite HS exhibits lower weight provides poor performance, 
maybe due to the lower thermal conductivity value. 

5. Summary and conclusions 

The present experimental study analyzes the thermal efficacy of 
various HS configurations such as PCM based HS with CoF, PCM based 
HS with CF, and HSNF, HSCPF, HSSPF, and HSRPF filled with PCM for a 
wide range of heat flux values (q′′ = 1.5–2.5 kW/m2) and different TCE 
value of CF (φ = 5 to 25%). Various performance parameters such as 
SOT for different SPT values and transient temperature variation of HS 
base are studied here. An optimization study has been made that uses the 
MADM technique with VIKOR method to find out the best HS configu-
ration considering various parameters such as higher charging time, low 
discharging time, lightweight, and low cost. The following conclusions 
are made from the analysis.  

• During the charging process, for all SPT and heat flux values, the 
PCM-based HS with CF exhibits better performance, while PCM- 
based HSNF and HS with CoF depict poor performance for SPT of 
65 and 75 ◦C, respectively.  

• During discharging process, HSSPF exhibits 13.7% less time to reach 
SPT of 35 ◦C in comparison to HSNF filled with PCM.  

• Maximum and minimum enhancement ratio in operating time of 5.5 
and 2.73 times is achieved for HS with CF-PCM composite and HSNF 
filled with PCM, respectively.  

• PCM-based HS with CF exhibits a reduction in base temperature with 
a decrease in volume fraction of TCE. The reduction in base tem-
perature is found to be 17.47% with 5% TCE compared to 25% TCE.  

• Based on the optimization study, using the VIKOR method, it is 
observed that PCM-based HS with CF is found to exhibit the best 
performance at q′′ = 1.5, 2.0 and 2.5 kW/m2. 
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[73] J.R. San Cristóbal, Multi-criteria decision-making in the selection of a renewable 
energy project in Spain: the Vikor method, Renew. Energy. 36 (2011) 498–502. 

A. Kumar et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0027
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0027
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0027
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0028
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0028
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0028
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0029
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0029
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0029
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0030
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0030
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0030
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0031
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0031
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0031
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0031
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0032
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0032
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0032
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0033
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0033
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0034
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0034
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0034
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0035
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0035
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0035
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0036
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0036
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0036
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0037
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0037
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0037
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0038
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0038
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0038
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0039
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0039
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0039
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0040
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0040
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0040
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0041
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0041
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0041
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0042
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0042
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0042
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0043
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0043
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0044
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0044
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0046
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0046
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0046
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0047
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0047
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0047
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0048
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0048
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0048
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0049
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0049
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0049
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0050
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0050
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0051
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0051
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0051
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0052
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0052
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0052
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0053
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0053
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0053
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0054
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0054
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0054
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0055
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0055
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0055
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0055
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0056
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0056
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0056
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0056
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0057
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0057
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0057
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0058
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0058
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0058
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0059
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0059
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0059
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0060
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0060
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0060
https://doi.org/10.1002/er.6215
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0062
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0062
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0063
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0063
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0063
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0063
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0064
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0064
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0064
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0065
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0065
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0065
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0066
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0066
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0067
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0067
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0067
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0068
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0068
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0068
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0069
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0069
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0069
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0070
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0070
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0071
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0071
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0071
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0072
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0072
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0072
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0073
http://refhub.elsevier.com/S2352-152X(21)00921-X/sbref0073

	A comparative study and optimization of phase change material based heat sinks for thermal management of electronic components
	1 Introduction
	2 Experimental arrangements
	2.1 Experimental setup
	2.2 Fabrication of foam-PCM composite
	2.3 Characterization and measurement of thermophysical properties
	2.4 Data reduction and uncertainty in measurements

	3 Results and discussion
	3.1 Validation of experimental setup
	3.2 Comparison of HS performance with and without PCM
	3.3 Effect of volume fractions of PCM
	3.4 Effect of various HS configuration
	3.5 Effect of CF as TCE at various volume fractions
	3.6 Effect of heat flux
	3.7 Study of set point temperature

	4 Optimization of PCM based HS
	4.1 Optimization using VIKOR technique
	4.2 Discussions

	5 Summary and conclusions
	Author’s Role
	Declaration of competing interest
	Acknowledgement
	References


