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A B S T R A C T   

This paper presents an experimental study to investigate the effect of inclination angle on the thermal perfor-
mance of phase change material (PCM) based heat sinks without and with plate fins. Paraffin wax with melting 
temperature range 58–62 ◦C is used as PCM. Three different heat flux values such as 1.3, 2.0 and 2.7 kW/m2 are 
chosen to analyze the effect of heat flux variation on the melting of PCM. Also, tests are carried out with various 
angles of inclination from 0o to 90o at increments of 15o. The solid-liquid interface position is studied through 
photographic observation. Effect of angle of inclination and heat flux values on the operating and melting time 
has been reported. It has been observed that the operating time is relatively not dependent on the angle of 
inclination for the unfinned heat sink without PCM and three finned heat sink filled with PCM. The increase in 
operating time with the decrease in inclination angle from 90o to 0o is found to be 66%, 45% and 43% for PCM 
based unfinned, one finned and two finned heat sinks, respectively at set point temperature (SPT) = 75 ◦C and a 
heat flux of 2.0 kW/m2. Also, the melting time is found to decreases by 44% for unfinned heat sink and 30% for 
finned heat sinks with the reduction in inclination angle from 90o to 0o.   

1. Introduction 

Advancement in electronic components and gadgets with multi-
functional features and compact sizes result in higher heat generation 
per unit area. This raises the overheating problem [1,2] in the electronic 
components. In view of this, an effective thermal management system is 
needed to keep up the temperature of electronic components in safe 
limits. This will increase the performance, reliability and life of the 
devices. 

Conventional active cooling techniques including air and liquid as a 
coolant does not seem to be a viable option owing to various issues such 
as size, space requirement, noise, maintenance and power consumption 
that may result higher operating cost [3–6]. In the recent past, phase 
change materials (PCMs) have been used as a new passive technique for 
the thermal management because of the high thermal storage capacity 
and isothermal phase transition. Heat sinks filled with PCM can be 
employed in various applications such as light emitting diodes (LED), 
laptop, cellular phones, power electronic equipment [7,8], battery 
modules of electric vehicles [9], and control systems in missile [10,11] 
and spacecraft [12,13]. Because of its importance in various scientific 
and industrial applications, numerous studies were reported to 

investigate the thermal performance of heat sink with PCM and are 
elaborated below. 

Among various PCMs, organic PCMs are preferred for thermal 
management application because of its lower cost and varied range of 
melting temperature. However, low PCM thermal conductivity results in 
slow melting and solidification rates of PCMs, which leads to decrease in 
thermal performance of PCM based heat sinks. In order to enhance the 
thermal performance of PCM based heat sinks, various techniques 
namely, extended surfaces [14–19], porous materials [20–23], high 
conductivity particles [24–26], heat pipes [27,28], and nanoparticles 
and nanotubes [29,30] are incorporated. However, agglomeration and 
sedimentation of high conductivity nanoparticles take place at the base 
of the heat sink enclosure over long term operation and higher con-
centration [31]. Therefore, efforts have been made to incorporate high 
conductivity metal structure in the form of fins inside PCM enclosure to 
augment the heat transfer performance [32]. The incorporation of 
extended surface (fins) is one of the most simple, effective and reliable 
technique to enhance heat transfer performance of heat sinks filled with 
PCM. Thus, the use of fins to augment the thermal performance of PCM 
based heat sinks is the main focus of the present study. 

Efforts were made to evaluate the effect of angle of inclination, 
volume and type of PCM on the thermal performance of heat sink with 
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fins for constant and cyclic heat loads in different studies. Pal and Joshi 
[33] did numerical and experimental study to investigate the melting 
behavior of PCM in a vertical enclosure at constant heat flux. The au-
thors reported that convection dominates in the PCM at the early stage 
of melting operation. However, as the time progresses the influence of 
free convection decreases. Wang et al. [34] investigated the effect of 

orientation of portable electronic devices on the thermal performance of 
heat sink with plate fins through numerical investigation. Five fins of 1 
mm thickness were considered in their study. Different angles of incli-
nation such as θ = 0◦, 45◦, 90◦, 135◦, and 180◦ were examined, where θ 
= 0◦ and 180◦ is horizontal position with PCM at the bottom and top of 
the heater, respectively. While θ = 90◦ is vertical position of the heat 
sink. The effect of angle of inclination was found to be less significant in 
their study. Kandasamy et al. [35] analyzed the effect of power level and 
orientation on melting and freezing time for cyclic steady state condi-
tions through experimental and numerical investigation. No significant 
variation was reported with different angle of inclination in case of 
transient cooling of electronic devices. Shokouhmand and Kamkari [36] 
carried out experimental investigation to analyze the melting of lauric 
acid in a vertical rectangular enclosure. Initially, the heat conduction 
plays a dominant role succeeded by natural convection at the later stage. 
The strength of free convection decreases with the increase in temper-
ature of liquid PCM. Baby and Balaji [37] studied the effect of orienta-
tion of heat sink filled with PCM integrated copper porous matrix on 
thermal performance. In their study, the orientation angle (θ) is varied 
from 0o to 210o, where θ = 0o and 90o is the horizontal and vertical 
positions of the heat sink, respectively. The orientation of heat sink as-
sembly was found to have minimum effect on heat transfer performance 
of heat sink integrated with PCM embedded copper porous matrix. 
Kamkari et al. [38] performed experiments to study the melting of lauric 
acid in the rectangular enclosure at different angle of inclination (θ). 
Constant temperature condition is maintained at one wall of the 
enclosure. The angle of inclination at the horizontal and vertical position 
is taken as 0o and 90o, respectively. The melting rate was found to in-
crease with the decrease in the angle of inclination from vertical (θ =
90o). This is due to the formation of chaotic flow structure and increase 
in convection current. Avci and Yazici [2] did experimental study to 
investigate the effect of angle of inclination (θ) on the thermal 

Nomenclature 

A Area (m2) 
DSC Differential scanning calorimeter 
k Thermal conductivity (W/m2-K) 
Lc Characteristic length (m) 
Nu Nusselt number 
PCM Phase change material 
Pr Prandtl number 
Ra Rayleigh number 
q′′ Heat flux (W/m2) 
Qloss Heat loss (W) 
SPT Set point temperature (◦C) 
T Temperature (◦C) 
TCE Thermal conductivity enhancer 
Δt Time interval (s) 
tcrwith PCM Time to reach critical SPT by heat sink with PCM (s) 
tcrwithout PCM Time to reach critical SPT by heat sink without PCM (s) 
Δx Thickness of insulation (m) 

Greek symbols 
ξ Enhancement ratio 
θ Inclination angle (o)  

Table 1 
Summary of experimental investigations.  

S. 
No. 

Source Type of 
problem 

Boundary 
condition 

Type of PCM(m. 
p. in ◦C) 

Heat flux/ End 
wall temperature 

Dimensions of the 
PCM container 
(mm3) 

Inclination angle Configurations 

1. Avci and 
Yazici [2] 

Experimental Constant heat 
flux 

N-Eicosane 
(35–37) 

3.33 kW/m2 100 × 48 × 34 0o, 15o, 30o, 45o, 60o, 
75o, and 90o 

No fin heat sink 

2. Wang et al.  
[34] 

Numerical Constant 
temperature 

Paraffin wax 
(46–48) 

35 oC 22 × 12 × 2 0◦, 45◦, 90◦, 135◦, 
and 180◦

Three fin 

3. Baby and 
Balaji [37] 

Experimental Constant heat 
flux 

N-Eicosane 
(36.5) 

1.984 to 3.968 
kW/m2 

80 × 62 × 25 0, 25, 45, 60, 75, 90, 
110, 130, 150, 180 
and 210◦

No fins with metal foam 
and PCM composite 

4. Kamkari et al. 
[38] 

Experimental Constant 
temperature 

Lauric acid 
(43.5–48.2) 

55, 60, 70 oC 120 × 120 × 50 0o, 45o, 90o No fins 

5. Kamkari et al. 
[41] 

Experimental Constant 
temperature 

Lauric acid 
(43.5–48.2) 

55, 60, 70 oC 120 × 120 × 50 0o, 45o, 90o No fin, one fin and three 
fin enclosure (partial 
fins) 

6. Lu et al. [42] Experimental 
(Transient) 

Constant heat 
flux 

1-hexadecanol 
(49) 

12.5, 25 kW/m2 80 × 80 × 30 0o, 15o, 30o, 45o, 60o, 
75o, and 90o 

No fin heat sink 

7. Zennouhi 
et al. [43] 

Numerical Constant 
temperature 

Gallium (29.78) 35 oC 120 × 50 0◦, 30◦, 60◦ and 90◦ No fin 

8. Avci and 
Yazici [44] 

Experimental Constant heat 
flux 

N-Eicosane 
(35–37) 

3.33 kW/m2 100 × 48 × 34 0o, 15o, 30o, 45o, 60o, 
75o, and 90o 

One, two, three, four 
and five fins 

9. Karami et al.  
[45] 

Numerical Constant 
temperature 

Dodecanoic acid 
(43.5/48.5) 

60 oC 120 × 120 × 50 0o, 45o, 90o, 135o, 
and 180o 

One and three fin heat 
sink 

10. Bondareva 
et al. [46] 

Numerical Constant heat 
flux 

n-octadecane 
(28.05) 

- - 0o, 45o, 90o, 135o, 
and 180o 

No fin with 
nanoparticles 

11. Yang et al.  
[47] 

Experimental Constant 
temperature 

Paraffin 
(47–60) 

70 oC 28 × 68 × 68 0◦, 30◦, 60◦ and 90◦ No fins with metal foam 
and PCM composite 

12. Joneidi et al.  
[48] 

Experimental Constant heat 
flux 

RT35 
(Rubitherm 
GmbH) (35) 

1.47, 1.67, 1.87 
kW/m2 

100 × 30 × 50 0◦, 45◦, 90◦ No fin 

13. Siyabi et al.  
[49] 

Experimental Constant 
temperature 

Paraffin wax 
(35–37) 

60oC Inner diameter = 40 
mm, height = 183 
mm 

0o, 45o, 90o No fin 

14. Present Study Experimental Constant heat 
flux 

Paraffin wax 
(58–62) 

1.3, 2.0, 2.7 kW/ 
m2 

100 × 100 × 20 0o, 15o, 30o, 45o, 60o, 
75o, and 90o 

No fin, one fin, two fin 
and three fin heat sinks  
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performance of the heat sink. It was reported that the change in angle of 
inclination from horizontal (θ = 90o) to vertical (θ = 0o) position 
significantly affects thermal performance of PCM based heat sink but the 
different inclination angles have no effect on heat sink without PCM. 

Also, studies have been made to test the effect of number of fin and 
inclination angle on the base temperature distribution of heat sink 

assembly. Fok et al. [39] analyzed the effect of thermal performance of 
finned heat sink for portable electronic devices at constant heat flux. 
However, the volume fraction of thermal conductivity enhancers (TCE) 
varies with different heat sink configurations in their analysis. The effect 
of inclination angle was found to be insignificant in their study. Kamkari 
and Groulx [40] investigated the effect of inclination angle on the 

Fig. 1. (a) Schematic of experimental setup, (b) Actual photograph of experimental setup.  
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melting process of PCM inside the rectangular enclosure with plate fins. 
The melting rate was found to be enhanced with the increase in angle of 
inclination from θ = 90o (vertical) to θ = 0o (horizontal). In another 
study, Kamkari et al. [41] analyzed the effect of adding partial fins on 
the heated surface and found that the increase in fin number decreases 
the melting time significantly. Partial fins are found to be more advan-
tageous in the initial melting operation. Both the studies by Kamkari 
et al. [40,41] were performed by maintaining one wall at constant 
temperature using water bath. Lu et al. [42] investigated the effect of 
angle of inclination on the thermal performance of heat sinks filled with 
PCM for pulsed heat load and reported the optimum inclination angle 
(α) lies between 60◦ and 75◦ with the horizontal (α = 0o). Zennouhi et al. 
[43] did numerical investigation to analyze the melting process at 
different inclination angles (θ = 30o, 60o, and 90o) with respect to 

horizontal position (θ = 0o). Investigation is carried out by maintaining 
the right wall at constant temperature of 35◦C. Melting rate was found to 
increase with the decrease in angle of inclination from 90◦ to 0◦. 

The integrated effect of both the angle of inclination (θ) and number 
of fin on the thermal performance of PCM based heat sink was studied by 
Yazici and Avci [44]. The studies have been made on five different 
configurations of fin (1, 2, 3, 4, and 5 fins) and are tested for different 
angles of inclination (θ = 0o–90o) at a constant heat load of 16 W. The 
effect of inclination angle was found to be significant for one and three 
fins compared to five fins. However, the studies are made only for a 
given heat load (16 W). The summary of experimental investigations 
performed by several researchers [2,34–49] on inclination of PCM 
enclosure is summarized in Table 1. 

It is evident from literature that numerous works have been made to 

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

Properties Paraffin Wax Aluminum(TCE) Plexiglas Ceramic glass wool 
Datasheet Measured property 

Melting Temperature (◦C) 58–62 61.5 660.37 - - 
Latent heat (kJ/kg) 194.2 202.4 - - - 
Specific Heat (kJ/kg-K) 2.89 2.13 (at 58 ◦C), 

3.12 (at 62 ◦C) 
0.896 1.470 - 

Density (kg/m3) 750 (l), 900 (s) 775 (l), 900 (s) 2719 - 128 
Thermal Conductivity (W/m-K) 0.12 (l), 0.21 (s) 0.2 (l) 218 0.19 0.12  

Fig. 2. Photographs of (a) unfinned (b) one finned, (c) two finned and (d) three finned heat sinks used in the present study.  
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investigate the thermal performance of heat sink based phase change 
materials for thermal energy storage and thermal management appli-
cations [1,2,15–24,33–35]. Thermal performance of the system is found 
to depend on various parameters such as fin geometry, fin arrangement, 
fin number, PCM type and input heat flux values. It may be noted that 
the portable electronic devices are usually integrated with PCM based 
heat sinks for thermal management applications. These devices are 

handy and can be inclined to any angle during/after its use. It is 
important to examine the possible effect of inclination angle on the 
thermal performance of various PCM based heat sinks with and without 
fins for varied range of input heat flux values. However, limited studies 
are available that report the effect of angle of inclination on the thermal 
performance of heat sinks filled with PCM. In addition, the combined 
effects of fin number, inclination angle, and heat flux values on the 

Fig. 3. Dimensions of (a) one finned, (b) two finned and (c) three finned heat sinks.  
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thermal performance have not been comprehensively reported in the 
literature for thermal management applications. Therefore, a systematic 
study have been carried out to investigate the thermal performance of 

heat sinks incorporating the combined effects of fin number, inclination 
angle and heat flux values through experimental investigation. The 
volume fraction of thermal conductivity enhancer (TCE); that is fin, 
inside the heat sink is kept constant for all the configurations. The range 
of inclination angle is varied from 0o to 90o at increment of 15o. The 
objective of the present study is as below.  

• To analyze the effect of inclination angle on thermal performance of 
PCM based finned and unfinned heat sinks. 

Table 3 
Fin dimensions for different configuration of heat sinks.  

Heat sink 
Configurations 

Total volume fraction of 
fins/TCE 

Dimensions of each fin 
(mm3) 

One finned heat sink 9% 100 × 9.0 × 20 
Two finned heat sink  100 × 4.5 × 20 
Three finned heat sink  100 × 3.0 × 20  

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

Fig. 5. Schematic of tracking mechanism with heat sink assembly.  
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• To investigate the combine effect of fin number (one finned, two 
finned, three finned) and inclination angle on the thermal 
performance.  

• To study the combined effect of inclination angle and input heat flux 
on the thermal performance of PCM based heat sinks.  

• To analyze the solid-liquid interface position and melt fraction 
through photographic observation.  

• To evaluate the temperature distribution and melting time for 
different input heat flux values. 

2. Experimental setup 

Fig. 1 depicts schematic diagram and actual photograph of our test 
facility for analyzing the thermal performance of PCM based heat sink. It 
consists of various modules such as PCM based heat sink assembly, Data 
Acquisition System, thermocouples, DC power supply, and computer. 
PCM based heat sink assembly includes (i) heat sink container insulated 
with ceramic glass wool to prevent heat losses to the environment, and 
(ii) a plate heater (Sunrise products, India) with dimension of 100 × 100 
mm2 to mimic the heat generated by the electronic devices, adhered to 
the heat sink base. Thermal paste (OT-201, OMEGATHERM, Omega 
India) having thermal conductivity of 2.30 W/m-K has been used to 
bond the heater and base surface of heat sink. Thermal paste minimizes 
the thermal resistance between interfacial surfaces that is heater and 
base surface of heat sink. The maximum heat flux that can be generated 
by plate heater is 15.0 kW/m2. A DC power supply (Aplab L3260, 0- 
32V/0-60A, India) is used to provide required electrical power to the 
plate heater. Three input heat fluxes of 1.3, 2.0 and 2.7 kW/m2 are 
chosen for the present analysis. These are usually the power inputs for 
portable electronic devices and lies between the ranges of power inputs 
considered in various studies that are based on thermal performance of 
PCM based heat sink [15–24,33–35]. 

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 operating 
temperature of the component. In addition to this, PCM should have 
high specific heat capacity and enthalpy of fusion on volumetric basis, 

which can reduce the size of the system. Also, PCM should be corrosion 
resistant, chemically stable and non-toxic. In order to avoid the issues of 
confinement of PCM, the change in volume during phase change and 
vapor pressure at operating temperature should be low. Here, paraffin 
wax (Sigma Aldrich, USA) is used as PCM in the present investigation. 
Earlier, Gantara et al. [50] utilized paraffin wax (Sigma Aldrich, USA) in 
their experimental investigation. The thermophysical properties of 
paraffin wax (PCM), aluminum (TCE), plexiglas (heat sink enclosure) 
and ceramic glass wool (insulator) are summarized in Table 2. 

2.1. Heat sinks configuration, thermocouple location and tracking 
mechanism 

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

Chromel-Alumel K type thermocouples are located at different po-
sitions of heat sink assembly to measure the transient temperature in-
formation 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 assembly is insulated with Teflon, leading to an overall 
diameter of 1.5 mm. AralditeTM epoxy resin is used to mount the ther-
mocouples in the position. The transient temperature variation inside 
the heat sinks is recorded by incorporating various thermocouples at the 
middle plane of the enclosure. Numbers of thermocouples fixed inside 

Table 4 
Uncertainty in measurement.  

Quantity measured Uncertainty 

Temperature ±0.2 oC 
Voltage ±0.1 V 
Current ±0.1 A 
Length ±0.02 mm 
Heat flux ±6.02%  

Fig. 6. Metallurgical composition of aluminum and alloying elements in Al-6063.  
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the enclosure for unfinned, one finned, two finned and three finned heat 
sinks are 14, 12, 10 and 12, respectively. Three thermocouples are 
employed at the junction of heater and heat sink to measure heat sink 
base temperature during the melting of PCM. In addition to this, ther-
mocouples are mounted at the bottom surface of heater and different 
surfaces of heat sink enclosure and insulating material. Ambient tem-
perature is also measured using thermocouple for calculating the heat 
loss to the environment. The heat loss can be estimated by the Fourier’s 
law for heat conduction as follows [51]. 

Qloss =
kinsΔT

Δx
(1)  

where Qloss is the heat loss through the ceramic glass wool (insulation), 
kins is a thermal conductivity of insulation (0.12 W/m-K), ΔT is the 
temperature difference between the two surfaces of insulation, and Δx 
(0.025 m) is the thickness of the insulation layer. The temperature dif-
ference is calculated from the temperature data collected by using 
different thermocouples employed on the both the sides. The maximum 
loss of heat from all the surface of heat sink enclosure and the bottom of 
the heater is found to be 2.4% and 7.4% of the total power, respectively. 
All the thermocouples are connected to the computer through data 
acquisition system (Agilent 34972A, USA). The readings of 

thermocouples are recorded after every 10 s. The arrangement of ther-
mocouples in unfinned and finned enclosures is shown in Fig. 4. 

A tracking mechanism (Fig. 5) has been designed and fabricated to 
study the effect of inclination on the heat transfer performance of heat 
sink assembly. The tracking mechanism involving the heat sink is shown 
in Fig. 5. The tilting mechanism is able to provide full 90o movement. 
During tests the angle of inclination of the heat sink assembly varied 
from θ = 0o (horizontal) to θ = 90o (vertical) with the step angle of 15o. 
Solid-liquid interface during melting operation is captured by digital 
camera (Sony RX10MII). The insulation of one of the side wall is 
removed for 20 s at every 5 min to record melt front of PCM through 
digital photographic recording. The process continues till the entire 
PCM is converted into liquid phase. The total time duration, for which 
the insulation is removed, is found to be approximately 2% of the total 
experimentation time. In such a case, the heat loss takes place by the 
natural convection of plexiglas surfaces and can be estimated by esti-
mating the average Nusselt number as below [52,53]. 

Nu = 0.68 +
0.67Ra1/4

[
1 + (0.492/Pr)9/16

]4/9 (2) 

The total heat loss during removal of the insulation can be evaluated 
by the following equation [36,38,52] 

Qloss =
Nu × k

Lc
AΔTΔt (3) 

Here, ΔTdenotes the temperature difference between the insulation 
surface of the enclosure and the environment during the time interval 
(Δt) and Lc represents the characteristic length. The heat loss during 
removal of insulation is found less than 2%. 

2.2. Uncertainty in measurement 

Pre calibrated Chromel-Alumel K-type thermocouples are used to 
record temperature at different positions of heat sink assembly. The 
thermocouples are calibrated for the temperature range of 0-100◦C 
following the ASTM standards [54] and the error in temperature mea-
surement is calculated as ±0.2 ◦C. Current and voltage measurements 
displayed by DC power source are verified with a standard calibrated 
multi-meter. The errors in current and voltage measurement are ob-
tained as ±0.1 A and ±0.1 V, respectively. The procedure provided by 
Holman [55] has been used to estimate the uncertainty in heat flux. The 
error associated with various parameters is shown in Table 4. The 
maximum uncertainty in the measurement of heat flux is found to be 
±6.02%. 

2.3. Experimental procedure 

Initially, small quantity of solid PCM is melted in a vaccum furnance 
and poured inside the heat sink enclosure and sufficient time is provided 
for solidification in each layer. The process is repeated for melting the 
entire PCM and poured inside the heat sink enclosure. This procedure 
ensures the absence of any air pocket inside the PCM [2]. It may be 
noted that the constant mass (162 gm) of solid PCM or 180 cm3 of liquid 
PCM is used for all test runs. All the tests are initiated at an ambient 
temperature of 30 ◦C. Before start of the experiments, it was ensured that 
both the heat sink and PCM are maintained at temperature of 30 ◦C. 
Later on, the heating system is turned on and the temperature readings 
are recorded by using data acquisition system (Agilent34972A, USA) at 
the regular intervals of 10 s. Tests are conducted at different inclination 
angles of heat sink (0o to 90o) at the increment of 15o. Initially, tests 
have been carried out for all three input heat flux values (1.3, 2.0 and 
2.7 kW/m2) for seven inclination angles (0o, 15o, 30o, 45o, 60o and 75o, 
and 90o). It may be noted that similar pattern of results have been ob-
tained at all three heat flux values for various inclination angles. 
Therefore, for the sake of brevity, the heat flux value of 2.0 kW/m2 is 

Fig. 7. (a) Latent heat measurement, (b) Specific heat measurement curve of 
paraffin wax obtained using Differential Ccanning Calorimeter. 
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used for 0o, 15o, 30o, 60o and 75o, and 90o. While, the heat flux values 
such as 1.3 and 2.7 kW/m2 are considered for only three different angles 
of inclination (0o, 45o and 90o). The heat flux values are selected based 
on the power input values of most of electronic devices [15–24,33–35]. 

Heat flux is provided to the heat sink filled with PCM with the help of 
DC heater. Initially, the heat generated by the heater is absorbed by the 
PCM and the temperature of both PCM and heater increases till the PCM 
attains the melting point. During this stage, the supplied heat energy is 
absorbed in PCM and the temperature of PCM rises due to gain in sen-
sible heat. After the PCM attains the melting temperature, it absorbs 
latent heat and the temperature of heater and PCM remains stable 
during that period. With the further supply of input heat energy, the 
liquid solid interface (melt front) moves from bottom to the top layer of 
PCM. As the time progresses, the complete melting of PCM take place 
and the temperature of electronic system tends to increase due to sen-
sible heating of molten PCM. On the contrary, during cooling period the 
PCM tends to solidify as it losses heat energy. The insulation of one of the 
side wall is removed for 20 s for taking photographs of PCM at every 5 
min during the melting of PCM. Readings and photographic images are 
taken for different heat sinks at various angles of inclination. Later on, 

the photographic images are used to calculate melt fraction of PCM at 
each time with the help of MATLAB image processing tool box (Matlab 
R2019, Mathworks, USA). Shokouhmand and Kamkari [36] have also 
used MATLAB image processing tool box to obtain the melt fraction 
using the digital images in their experimental investigation. 

The melt fraction is calculated using the digital images captured from 
one side of the heat sink (front side). The recored images are initially 
cropped to the area of interest and subsquently the image contrast is 
enhanced to clearly visualize the interfaces. In such a case, the processed 
image enables to visualize the distinction between the liquid PCM, solid 
PCM, fin and air regions. Subsquently, the number of pixels of each 
region is calculated by defining a pixel intensity range for different re-
gions in MATLAB. The melt fraction is calculated by the adding the 
number of pixels of liquid PCM divided by the total number of pixel of 
solid and liquid PCM (Eq. (4)). 

Melt fraction =
Number of Pixels of liquid PCM

Total number of pixels of solid and liquid PCM
(4)  

3. Characterization of PCM and TCE 

3.1. SEM analysis of aluminum 

Present study uses Aluminum-6063 to fabricate heat sink. Energy 
Dispersive X-ray Spectroscopy (EDX) analysis has been done using the 
Field-Emission Scanning Electron Microscope (FE-SEM, Supra55 Zeiss, 
Germany) to study the metallurgical composition of Aluminium-6063. 
Fig. 6 shows peak of the elements present in the material. It has been 
observed from the SEM analysis that the heat sink and TCE material used 
in this investigation is nearly pure aluminum [15]. 

3.2. Measurement of thermo-physical properties of paraffin wax 

Differential Scanning Calorimeter (DSC) is used to determine the 
melting temperature and latent heat of the PCM. Fig. 7(a) shows the DSC 
heating curve of paraffin wax obtained by using DSC214 Polyma 
(Netzch, Germany). The DSC thermal analysis is performed in the tem-
perature range of 30–80 ◦C with the heating rate of 20 ◦C/min. Two 
peaks are obtained during the endothermic melting of PCM. The solid- 
liquid phase change (i.e., melting) is identified by a primary peak that 
occurs at higher temperature of ~61 ◦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, peak point and 

Fig. 8. Comparison of base temperature of heat sink obtained using present study with the existing results for (a) without PCM, (b) with PCM based heat sinks.  

Fig. 9. Repeatability of readings of the base temperature of PCM based 
unfinned heat sink at 2.0 kW/m2. 
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end set of melting are found to be 50 ± 0.5 ◦C, 61 ± 0.5 ◦C, and 65.5 ±
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]. 

Specific heat capacity of paraffin wax is obtained by Differential 
Scanning Calorimetery (DSC214 Polyma, Netzch, Germany) and is 
shown in Fig. 7(b). The DSC thermal analysis is performed in the tem-
perature range of 30–80 ◦C with the heating rate of 20 ◦C/min. The 
values of specific heat capacity in solid and liquid region are 2.13 kJ/kg- 
K (at 58 ◦C) and 3.12 kJ/kg (at 62 ◦C), respectively. 

Here, the thermal conductivity of PCM in the solid phase is measured 
for a temperature range varying between 30 and 50 ◦C with an interval 
of 5 ◦C by utilizing TEMPOS thermal properties analyzer (TPA KS-3, 
Meter group, USA). It may be noted that thermal conductivity value is 
measured for temperature range below the melting point of PCM; this 
has been made to avoid the possible natural convection effect in the 
mushy zone during melting. The thermal conductivity is found to be 0.2 
W/m-K. The measurement is repeated five times to avoid any discrep-
ancies in the result and the average value is presented here. The 

maximum deviation in the measurement of thermal conductivity is 
found to be ± 10%. 

In order to measure the density of PCM, the solid paraffin wax is 
weighed in the required quantity using the electronic weighing balance 
(CX 265N, 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. 
Subsequently, the liquid PCM at 90 ◦C is poured in the graduated cyl-
inder. Further, the cylinder is immersed in the constant temperature 
water bath (BTI35, Biotechnics, India) and readings of volume of PCM 
are recorded at various temperature values. The density of PCM is 
estimated from the know values of PCM mass and volumes. The 
maximum change in volume during solid-liquid phase change is found to 
be 16%. Similar procedure has been adopted by Shokouhmand and 
Kamkari [36] to obtain density of PCM in their experimental investi-
gation. The measured thermo-physical properties of PCM are shown in 
Table 2. 

4. Results and discussions 

Tests have been performed to analyze the effect of angle of 

Fig. 10. Time histories of base temperature at different inclination angle of 0o, 15 o, 30 o, 45o, 60o, 75o and 90◦ for (a) unfinned, (b) one finned, (c) two finned, and 
(d) three finned PCM based heat sinks. 
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inclination on the thermal performance of PCM based heat sinks with 
and without plate fins. Four different heat sink configurations such as 
unfinned, one finned, two finned and three finned are analyzed in this 
study. Experiments are conducted for varied range of angle of inclina-
tion of heat sink (0o to 90o) and heat flux is varied between 1.3 and 2.7 

kW/m2. The results obtained from the studies are elaborated below. 

4.1. Comparison of present results 

Here, efforts have been made to compare the temperature of base of 

Fig. 11. (a-f). Time history of temperature of PCM at different horizontal and vertical locations for unfinned PCM based heat sink.  
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the heat sink obtained in the present study with the experimental results 
of Mahmoud et al. [56] and Arshad et al. [57]. Mahmoud et al. [56] did 
experimental study to analyze the thermal performance of various heat 
sink configurations such as single cavity, parallel plate with three and six 
cavities, cross plate with nine and thirty six cavities, and honeycomb 
heat sinks. Heat sinks were investigated without and with PCM at 
different heat flux values of 1.2, 1.6, and 2 kW/m2. Paraffin wax 

(Rubitherm RT-42) having melting temperature of 42 ◦C was used in 
their investigation. While, paraffin wax (Merck, Germany) having 
melting temperature of 56–58 ◦C was considered in the experimental 
investigation carried out by Arshad et al. [57]. They analyzed the 
thermal performance of no fin and square pin fin heat sinks of 1, 2, and 3 
mm fin thickness at various heat flux values of 1.58–3.174 kW/m2. Fig. 8 
(a) and (b) shows the comparison of results of the present investigation 

Fig. 12. (a-f). Time history of temperature of PCM at different horizontal and vertical locations for three finned PCM based heat sink.  
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with Mahmoud et al. [56] and Arshad et al. [57] for unfinned heat sink 
without PCM and with PCM, respectively. It can be noted from the figure 
that temperature of base of heat sink obtained from the present study 
follow similar pattern as reported by various researchers [56,57]. Also, 
the results are checked for the repeatability and the error is found to be 
±1% (Fig. 9). 

4.2. Effect of inclination angle on the heat sink base temperature 

The distribution of base temperature for various heat sink assemblies 
such as unfinned, one finned, two finned and three finned heat sinks for 
varied range of inclination angle (0o to 90o) is shown in Fig. 10(a–d). In 
case of unfinned heat sink assembly, the base temperature increases 
sharply with time compared to other configurations. This configuration 
shortens the net usage time of electronic components and is undesirable. 

While, the usage time increases with the insertion of fins in the heat sink 
assembly. Figures show that inclination angle of heat sink significantly 
affects the thermal performance of unfinned, one finned and two finned 
heat sinks, mainly after 600 s. This occurs due to high latent heat storage 
capacity of PCM and mechanism of heat transfer inside the PCM. 
Initially, conduction heat transfer plays a prominent role during melting 
of PCM. As the time progresses, free convection pushes the liquid PCM 
near the heat sink towards up side due to density gradient. In such a 
case, the liquid fraction increases inside the enclosure and free con-
vection starts dominating the melting process. Consequently, the 
transfer of heat to the PCM increases and the rate of increase of base 
temperature decreases (Fig. 10(a–d)). With the increase in angle of 
inclination, the circulation because of convection gets weaker and re-
sults in higher base temperature. 

The effect of inclination angle is found to be less significant in case of 

Fig. 13. Sequential photographs of solid-liquid interface progression at inclination angle of 0o, 45o and 90◦ for unfinned heat sink.  
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finned heat sinks compared to unfinned heat sink. Also, the effect of 
inclination on the thermal behavior decreases as the number of fins 
increases. This may be because the fins obstruct the natural convection. 

The PCM temperature transients for q′′= 2 kW/m2 at different hor-
izontal (x = 5 mm and 15 mm) and vertical (y = 62.5 mm) planes for θ =
0o and 90◦ for unfinned heat sink are shown in Fig. 11. The angle of 
inclination significantly affects the distribution of temperature inside 
PCM for all the cases. It may be noted that for θ = 0o, the temperature 
distributions (T1 and T4, T2 and T3, T8 and T11, T9 and T10) in Y direction 
inside PCM are symmetric with respect to the center of heat sink. This 
may be because of the uniform PCM melting for θ = 0o. 

The temperature transients of PCM inside the finned heat sink at a 
different locations (T1, T2, T3 and T4) in the vertical plane (x = 5 mm), 
(T8, T9, T10 and T11) in the vertical plane (x = 15 mm), and (T3 and T10) 
in the horizontal plane (y = 62.5 mm) of the PCM domain are shown in 
Fig. 12 for θ = 0o and 90o at q′′= 2 kW/m2. For the sake of brevity, 
temperature transients of PCM are shown only for three finned heat 
sinks. It is observed that the temperature in the upper half of the PCM 
domain are higher compared to lower half for θ = 90o. This may be due 

to buoyancy force; parallel to heater in this case, this pushes the PCM 
involving higher temperature towards the upper direction. It may be 
noted that the value of temperature of PCM at the selected locations 
decreases with the increase in number of fin. For the horizontal location, 
θ = 0o, the temperature variation at different locations (T1, T2, T3 and 
T4) and (T8, T9, T10 and T11) exhibit similar trend. 

4.3. Effect of inclination angle on solid-liquid interface shape 

Figs. 13–16 show the movement of solid-liquid interface, captured by 
using digital camera (Sony RX10MII) for various configurations of heat 
sink at constant intervals of 5 min. The sequential photographs of 
melting operation are shown only for the inclination angle of 0o, 45o, 
and 90o at q′′= 2.0 kW/m2 for the sake of brevity. In solid phase, paraffin 
wax exists in opaque white color, while it exists as transparent in liquid 
phase. Therefore, the black and white colors display the liquid and solid 
phases, respectively in all the photographs. The photographs are 
captured till all of the PCM is converted into liquid phase. Initially, the 
thickness of liquid layer of PCM increases at slow rate. It may be because 

Fig. 14. Sequential photographs of solid-liquid interface progression at inclination angle of 0o, 45o and 90o for one finned heat sink.  
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conduction is the prominent mechanism for transfer of heat and viscous 
force is more dominant compared to buoyancy force. Hence, during the 
initial stage, solid-liquid interface remains parallel to the heated surface 
in case of unfinned heat sink (Fig. 13). However, after the progress of 
time, the thickness of liquid layer increases and the buoyancy force 
becomes more dominant compared to the viscous force, in such a case, a 
counter clockwise circulation current starts between cold and hot liquid 
PCM which promotes rate of melting of PCM and changes the solid- 
liquid interface profile. 

Fig. 13 shows the photographic observation during melting of PCM 
inside unfinned heat sinks for various inclination angles (θ = 0o, 45o, and 
90o). For vertical orientation (θ = 90o), a concave curvature is obtained 
at interface of solid and liquid in the upper part of the heat sink and the 
interface tends to be linear in the lower part. This may be because of the 
fact that the transfer of heat due to conduction is dominant in the lower 
part of the enclosure. Heat transfer rate is lower in this orientation and 
lot of PCM does not participate in the melting process. Similar phe-
nomenon has been observed by Avci et al. [2] for vertical orientation of 
PCM based unfinned heat sink in their experimental investigation. 
However, as the angle of inclination decreases from 90o to 15o, the 
participation of circulating current increases towards the lower part of 
heat sink. In such a case the increase in buoyancy force helps the liquid 

PCM to erode the walls of solid PCM. This causes the non-uniformity in 
PCM melting and results in the concave shape. In case of θ = 0o, interface 
of solid and liquid is in linear shape during early melting stage because 
of dominance of conduction as the mechanism of heat transfer. With the 
progress of melting process, the influence of free convection increases 
and waviness is developed at the interface. It may be because of the 
formation of three dimensional Benard convection cells in the liquid 
PCM [38]. Avci et al. [2] observed similar patterns during the melting of 
PCMs inside the unfinned heat sinks at different inclination angles. 

Fig. 14 shows the melting photographs of the PCM inside one finned 
heat sink for various angles of inclination (θ = 0o, 45o, and 90o). The 
solid-liquid interface remain parallel to the heat sink base for one finned 
heat sinks during early melting stage (t = 30 min). As explained earlier, 
this is due to the dominance of viscous force over buoyancy force. Here, 
conduction remains the prominent mode of transfer of heat. The thick-
ness of liquid PCM is found to decrease along the fin length. It may be 
due to the gradient of temperature along the length of the fin which 
results in the higher melting rate at the base of the fin compared to the 
tip of the fin. With the progress of time, the thickness of liquid layer 
increases and curvature is obtained in the solid-liquid interface pattern. 
In such a case, the natural convection acts as the dominant role for the 
heat transfer. This implies that the buoyancy force overcomes the 

Fig. 15. Sequential photographs of solid-liquid interface progression at different inclination angle of 0o, 45o and 90◦ for two finned heat sink.  
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impedance of the viscous force. As the buoyancy force exerts in the 
vertical direction, the inclination of the heat sink causes a significant 
impact on the formation and propagation of buoyancy induced flow 
(Fig. 14). 

For vertical orientation (θ = 90o), the melting rate above the fin (the 
upper part of the enclosure) increases significantly in comparison to the 
lower part of the enclosure with the progress of time. The transfer of heat 
at lower part of the heat sink is attributed to the continuous thermal 
boundary layer that starts from the bottom of the heated wall and ends 
at the fin tip. The liquid PCM tends to ascend in the lower part along the 
hot wall and flows towards left as it comes near to the fin and subse-
quently moves adjacent to the lower surface of the fin. It may be noted 
that some amount of liquid PCM cools down after coming in contact with 
the interface, while the remaining portion tends to flow to the upper part 
of the heat sink through the gap between the enclosure and fin. In the 
upper part of the enclosure, the heat is transferred from the hot wall to 
liquid layer due to natural convection and thermal plumes tend to 
originate from the top surface of the fin. This movement of liquid PCM 
and the vortex motion in the upper part of the heat sink promotes rapid 

propagation of the solid-liquid interface at the upper part of the enclo-
sure and results in the concave interface pattern (Fig. 14, θ = 90o). This 
may be the one of the main reasons for enhancement in heat transfer in 
case of finned heat sink assembly. Also, the shape of interface at the 
bottom of the heat sink in one finned heat sinks is found to be similar to 
that of unfinned heat sink. This may be due to the lesser space avail-
ability between the fin and solid PCM in the bottom part. Similar phe-
nomenon and shapes have been observed by Kamkari et al. [38], 
Kamkari and Groulx [40] and Yazici et al. [44] in their numerical and 
experimental analysis. 

With the change in the inclination angle from θ = 90o to θ = 45◦ for 
one finned heat sink (Fig. 14), the convection currents tend to widen in 
the lower part of the heat sink enclosure. The thickness of liquid layer 
increases in the lower part for θ = 45◦ compared to vertical orientation 
(t = 70 min). It may be due to the separation of higher amount of warm 
liquid PCM, from the base of the fin, and subsequent contact with the 
solid PCM situated at both the sides of the fin. In such a case, two 
different circulating currents (upper and lower side of the fin) account 
for the enhancement in the melting rate in case of θ = 45o. Also, the 

Fig. 16. Sequential photographs of solid-liquid interface progression at different inclination angle of 0o, 45o and 90◦ for three finned heat sink.  
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shape of interface changes from concave (θ = 90o) to convex at θ = 45o. 
Kamkari et al. [38] and Avci et al. [2] reported similar observations for 
the generation of circulating currents and solid-liquid interface shapes in 
their investigation. For θ = 0o, the shape of interface always remain 
symmetric on both the sides of the fin. This is due to equal circulation of 
convective currents in the both halves of the heat sink. Waviness can be 
observed at the interface that may be because of the counter clock 
currents in the liquid PCM. 

Figs. 15 and 16 show the melting of PCM inside the two and three 
finned heat sinks, respectively at different inclination angles (θ = 0o, 45o 

and 90o). Melting of PCM inside the two and three finned heat sink can 
be explained as mentioned earlier for the one finned heat sink. Also, it 
can be seen that concave and convex interface pattern obtained in case 
of one finned heat sink with the change in inclination is due to the 
circulating currents which alters the melting rate and indicates that the 
PCM melting depends on the circulating currents. The generation of 
circulating currents near fins in the liquid PCM increases with the in-
crease in fin number. This increase in circulation currents result in the 
higher rate of melting of PCM. The convex and concave shape of the 
interface in case of finned heat sinks exhibit the dependence of natural 
convection phenomena on the finned heat sink assembly. 

4.4. Effect of inclination angle on heat sink performance 

Heat transfer performance of heat sinks filled with PCM (unfinned, 
one finned, two finned, and three finned) and heat sink without PCM 
(unfinned) for numerous inclination angles are compared in terms of 
operating time to achieve a temperature of 75 ◦C (Fig. 17). It is found 
that the operating time is relatively independent of the angle of incli-
nation for the unfinned heat sink without PCM and three finned heat 
sink filled with PCM. Avci et al. [2] reported that the angle of inclination 
is insignificant in the heat transfer performance of unfinned heat sink 
without PCM. However, PCM based unfinned, one finned and two finned 
heat sinks show an increase in operating time with the decrease in 
inclination angle from 90o to 0o. The increase in operating time for PCM 
based unfinned, one finned and two finned heat sinks is found to be 66%, 
45% and 43% for decrease in inclination angle from 90o to 0o. The in-
crease in operating time is because of stronger influence of buoyancy 
force with the decrease in angle of inclination. Also, it is observed that 
the operating time increases with the increase in the fin number. At θ =

0o, the enhancement in the operating time for three finned and two 
finned heat sinks compared to unfinned heat sink is found to be 74% and 
38%, respectively. 

Fig. 18 shows the variation of operating time to attain different set 
point temperature (SPT) values (65 ◦C, 70 ◦C and 75 ◦C) for different 
PCM based heat sink assemblies (unfinned, one finned, two finned and 
three finned) for various inclination angles (0o, 45o, and 90o) at q′′ = 2.0 
kW/m2. In most of the cases, heat sink assemblies exhibits higher value 
of operating time for θ = 0o compared to θ = 45o, which is higher than 
the value obtained at θ = 90o. The change in operating time due to 
change in the inclination angle is found to be more significant for the set 
point temperature of 75 ◦C for all the heat sink assembly except the three 
finned heat sink assembly. For SPT = 65 ◦C, the increase in operating 
time with the decrease in inclination angle from 90o to 0o is found to be 
30%, 22% and 18% for unfinned, one finned, and two finned heat sinks, 
respectively. While, for SPT of 75 ◦C, the increase in operating time is 
found to be 66%, 45% and 43% for unfinned, one finned, and two finned 
heat sinks, respectively. For a fixed inclination angle (θ = 0o), the 
maximum increase in operating time is found to be 53% with the in-
crease in SPT from 65◦C to 75 ◦C. 

4.5. Effect of heat flux on performance of heat sink 

Enhancement in operating time to attain set point temperature (SPT) 
is expressed as enhancement ratio (ξ). It is defined as the ratio of time 
required to attain the SPT by different configurations of PCM based heat 
sinks to unfinned heat sink without PCM and expresses by Eq. (5). 

ξ =
tSPTwith PCM

tSPTwithout PCM

(5) 

Fig. 19(a–d) represent the variation in enhancement ratio with 
different inclination angles (0o, 45o, and 90o) and various heat flux 
values (1.3, 2.0, and 2.7 kW/m2) at critical SPT of 75 ◦C for different 
configuration of heat sinks. Figures show that the enhancement ratio for 
θ= 0o is found to be greater than that obtained for θ = 45o. Also, lower 
enhancement ratio is obtained at θ = 90◦ compared to θ= 0o and 45o in 
all the cases. This is due to the decrease in the convection currents with 
the increase in angle of inclination as explained earlier in Section 4.3. 
Also, the enhancement ratio increases with the increase in fin number. 
This may be due to enhanced surface area with higher number of fins. 

Fig. 17. Operating time at different inclination angle of 0o, 15o, 30o, 45o, 60o, 75o, and 90◦ for different configuration of PCM based heat sink.  
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The highest enhancement ratio in operating time of 4.7 is obtained at 
1.3 kW/m2 in case of three finned heat sinks. 

Fig. 20 shows the melting time of PCM inside various configurations 
of heat sinks at different heat flux values (1.3, 2.0, and 2.7 kW/m2) at θ 
= 0o. The melting rate decreases with the increase in heat flux value. The 
decrease in melting time is found to be ~55% for all the cases with in-
crease in heat flux value from 1.3 to 2.7 kW/m2. This may be due to the 
fact that circulation currents in the liquid PCM intensifies with the in-
crease in the heat flux values. Identical observations were made by 
Kamkari et al. [41] in their study. In addition to this, time of melting 
decreases with the increase in fin number at constant value of heat flux. 
The maximum decrease in melting time is found to be ~16% with the 
increase in fin number from zero to three at 1.3 kW/m2. In their study, 
Kamkari et al. [38] reported the decrease in time of melting with the 
increase in fin number for the given constant wall temperature. 

4.6. Effect of angle of inclination on melting time 

Figs. 21(a-d) show the variation of melt fraction with time for various 
inclination angles (0o, 45o, and 90o) for different cases such as no fin, 
one fin, two fins and three fins heat sinks, respectively for q′′= 2.0 kW/ 
m2. The melt fraction is found to vary linearly with time for all the values 
of inclination angle. During initial phase of melting process, the melting 
rate is higher for inclination angle of 45◦ followed by 0o and 90◦ for all 
the cases. With the progress of time, the melting rate increases upto 
complete melting for inclination angle of 0◦ followed by 45o and 90◦ for 
all the configurations of the heat sinks. The melting rate of PCM accel-
erates with the decrease in inclination angle from 90o to 0o. In case of 
90o inclination angle, the melting rate decreases after 80 min for 
unfinned and 84 min for finned heat sinks. This transition from accel-
erated to slow melting takes place due to the accumulation of liquid PCM 
in between and above certain fins which in turn lowers the intensity of 
upward convention current and results in decrease in heat transfer rate. 
In case of horizontal enclosure (0o), during initial stages of melting, a 

Fig. 18. Operating time at different inclination angle of 0o, 45o and 90o at different SPT of 65o, 70o, 75◦ for (a) unfinned, (b) one finned, (c) two finned and (d) three 
finned PCM based heat sinks. 
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small liquid layer is formed between solid PCM and hot bottom wall of 
the enclosure. With the progress of time, the liquid layer thickness in-
creases and natural convection intensifies which in turn promotes the 
heat transfer process and accelerates the melting rate. Similar observa-
tions have been made by earlier researchers in their investigations [43, 
44]. 

Melting time denotes the time when the melt fraction reaches unity. 
Melting time can be evaluated by calculating melt fraction. Melt fraction 
is defined as volume of liquid PCM at each time to the volume of initial 
solid PCM inside the heat sink. Fig. 22 shows the melting time for 
different configurations of heat sink such as no fin, one fin, two fins and 
three fins at various angle of inclination (0o, 15o, 30o, 45o, 60o, 75o, and 
90o) for q′′ = 2.0 kW/m2. The melting time is found to reduce with the 
decrease in inclination angle. The melting time is found to decreases by 
~44% for unfinned heat sink and ~30% for finned heat sinks with the 
decrease in inclination angle from 90o to 0o. It may be due to the in-
crease in circulation currents in the liquid PCM with the decreases in 
angle of inclination. Similar observation has been reported by Kamkari 
et al. [38] in their experimental investigation. In addition, the decrease 
in melting time is found to be 14%, 17% and 19% for one finned, two 
finned and three finned heat sinks, respectively compared to unfinned 

Fig. 19. Enhancement ratio at different inclination angle of 0o, 45o and 90o and different heat flux of 1.3, 2.0, and 2.7 kW/m2 for (a) unfinned, (b) one finned, (c) two 
finned and (d) three finned PCM based heat sinks. 

Fig. 20. Melting time at different heat flux of 1.3, 2.0, and 2.7 kW/m2 for 
different configurations of heat sinks filled with PCM. 
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heat sinks at θ = 90o. It can be noted that the difference in the percentage 
in melting time decreases with the increase in fin number. This can be 
explained by the hindrance to the flow of circulation currents in the 
presence of more number of fins [41]. 

5. Conclusion 

In the present work, an experimental investigation is performed to 
study the effect of inclination on the thermal performance of PCM based 
heat sinks. Four different heat sinks such as unfinned, one finned, two 
finned and three finned heat sinks are analyzed in this study. The con-
clusions obtained from this experimental study are elaborated below. 

1. Inclination angle of heat sink significantly affects the thermal per-
formance of the unfinned heat sinks. Effect of inclination angle on 
thermal performance is found to be less significant in case of one and 
two finned heat sinks, especially three finned heat sink assembly.  

2. With the decrease in inclination angle from 90o to 0o, the operating 
time is found increase by 66%, 45% and 43% for PCM based 

unfinned, one finned and two finned heat sinks, respectively at SPT 
= 75 ◦C.  

3. Enhancement ratio increases with the increase in number of fins. The 
highest enhancement ratio in operating time is found to be 4.7 for 
PCM based three finned heat sink assembly at q′′= 1.3 kW/m2 .  

4. Operating time increases with increase in fin number. Compared to 
unfinned heat sink, the enhancement in the operating time for three 
finned and two finned heat sinks is found to be 74% and 38%, 
respectively at θ = 0o.  

5. The melting time is found to decrease by ~44% and ~30% for 
unfinned heat sink and finned heat sinks, respectively with the 
reduction in inclination angle from 90o to 0o. 

Based on the observations, it is found that the phase change materials 
should be incorporated in finned heat sinks. Also, heat sink with the 
higher number of fins (three finned heat sink in the present study) need 
be incorporated in order to minimize the effect of inclination on thermal 
performance during thermal management of electronic devices. 

Fig. 21. Melt fraction of PCM at various inclination angles and different time duration for various HS configurations such as heat sinks (a) unfinned, (b) one finned, 
(c) two finned, and (d) Three finned heat sinks. 
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