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Research Papers 

Extensive analysis of PCM-based heat sink with different fin arrangements 
under varying load conditions and variable aspect ratio 
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A B S T R A C T   

The present study compares a modified variable height fin heat sink with the conventional constant height fin 
heat sink. The two heat sinks are filled with an equal volume of PCM (n-eicosane) and a fin volume fraction of 8 
%. The experiments are performed for constant loads and also different power surge conditions. The pulsed heat 
loads are applied for two scenarios: 1. Constant load 4 W - power surge and constant load 4 W - power surge - 
1800 s no-load condition, and 2. Power surge (50 s, 100 s, and 150 s) - no-load conditions of 1800 s. During 
experiments, the proposed variable height fin heat sinks possess better thermal performance for all load sce-
narios. Further, a 3D computational model is developed using ANSYS Fluent 19 to assess not only the effect of fin 
arrangement for different aspect ratios but also the impact of fin shape. The enclosure aspect ratio employed for 
the given study ranges from 0.3 to 0.8 for both the heat sinks. Regarding the fin structure in a heat sink, four 
types of fin shapes are adopted: square, circular, diamond, and triangular. The contour images of temperature 
and the liquid fraction are shown for the charging process. For the discharging process, the time required for the 
heat sinks to completely solidify the PCM is discussed. From the outcomes, variable height fin heat sinks provide 
enhanced melting/solidification for all the aspect ratios and fin shapes considered. As the aspect ratio increases, 
the time difference between the heat sink for the completion of the discharging cycle is reduced. Moreover, the 
triangular shaped fin shows a higher enhancement percentage of 2.29 % and 1.43 % during melting and 6.25 % 
and 12.5 % during solidification for both the heat sinks, respectively.   

1. Introduction 

Due to its advanced functionality, the growth in compact electronics 
has become an integral part of the current era. The miniaturization of 
electronics and the multi-tasking ability of these devices lead to over-
heating and failure. This oversight makes the device less efficient and 
unreliable. Hence, thermal management is crucial for designing and 
developing electronics to control the device at the desired operating 
temperature. Currently, conventional cooling methods are not effective 
enough. Therefore, high-performing electronic devices need efficient 
techniques to fulfill their cooling needs. The cooling methods in the 
current scenario are active and passive methods. Active cooling uses 
natural convection by placing the heat sink directly on the chip to 
extract heat. Here mostly, fins are attached to the surface of heat sinks to 
reduce the operating temperature. 

Similarly, fans are placed near the heat sink in forced convection to 
increase the cooling efficiency. But the fans attached to the system 

increase the noise, size, and vibrations. By replacing the active method, 
the passive methods can lead to more reliable performance and longer 
device life. Inheriting PCM in passive cooling was found effective by 
various researchers [1–6]. The high heat of fusion and nearly isothermal 
during phase transition allows PCM to extract a large amount of heat 
from the source. However, their applications in thermal management 
are limited because of their low thermal conductivity. Materials with 
high thermal conductivity should be added to PCM for suitable elec-
tronic cooling. In past research, several enhancers, including foams 
[7–9], machined fins [10–12], nanoparticles [13–15], and heat pipes 
[16,17], are added to the PCM to improve their thermal conductivity. 
Among these fillers, fins were effective due to their simple structure and 
ease of manufacturing. 

Several authors have reported the insertion of fins in PCM-based heat 
sinks for various applications. Mosaffa et al. [18] developed an analyt-
ical model for the shell and tube finned storage system for air- 
conditioned systems. They incorporated radial fins and compared the 

* Corresponding author. 
E-mail address: k.hooman@tudelft.nl (K. Hooman).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2023.108870 
Received 13 June 2023; Received in revised form 14 August 2023; Accepted 29 August 2023   

mailto:k.hooman@tudelft.nl
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2023.108870
https://doi.org/10.1016/j.est.2023.108870
https://doi.org/10.1016/j.est.2023.108870
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2023.108870&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Energy Storage 73 (2023) 108870

2

cylindrical shell and rectangular storage enclosure. Due to conduction, 
the influence of fins is more during solidification than melting, and 
cylindrical storage possesses a faster solidification rate. Bouhal et al. 
[19] integrated a finned PCM setup into the passive solar building. 
Rectangular and triangular fin shapes were proposed, and the melting 
time was reduced by adding a rectangular fin shape than a triangular fin 
shape. They concluded that the fins added at the heat source improve the 
overall heat transfer. Different fin structures were employed by Elmaa-
zouzi et al. [20], and their impact on the solar storage system was 
studied. The increase in fin thickness and decrease in fin number di-
minishes the thermal performance. The storage system with longitudinal 
fins reduces the charging time better than the system with hexagonal 
fins and circular fins. The PCM container is placed at the back of the PV 
panel by Khanna et al. [21] to increase its efficiency. The effect of fin 
spacing, fin length, and fin thickness is evaluated, and the best fin was 
found for the PV-PCM system. Sun et al. [22] investigated the influence 
of fin structure in battery thermal management systems. The proposed 
straight and arc fins could prolong the working time by 157 %, 189 %, 
and 238 % at ambient conditions of 20 ◦C, 30 ◦C, and 40 ◦C. The effect of 
honeycomb fin in a battery was evaluated by Liu et al. [23]. The optimal 
honeycomb fin maintains the battery temperature below 50 ◦C for a 
longer time, and the temperature is decreased by 23.3 % compared with 
other structure. For satellite application, Desai et al. [24], numerically 
investigated the effective fin configuration. The critical temperature is 
found less for the triangular prism geometry and it provides a superior 
thermal performance. 

The researchers employed different configurations of fins to maxi-
mize the heat transfer performance. Miers and Marconnet [25] designed 
a composite heat sink with an iso grid and iso kite deltoid fins for 
electronic cooling. The package sizes for the investigation are 25 mm ×
25 mm and 50 × 50 mm. The effect of fins is evaluated based on the time 
taken for the chip to attain critical temperature. The iso kite finned 
design achieves better results than the other packages. Also, a guideline 
for the selection of PCM was stated. Singh and Giri [26] experimentally 
compared the effect of fin numbers and fin volume fraction. The fins are 
arranged according to constant and dual fin heights by keeping the same 
fin numbers. The enhancers with a 9 % volumetric fraction yield supe-
rior performance. The dual height fins achieved a prolonged operational 
time than the constant height fins. The fully filled PCM heat sink extends 
the operating time longer than the partially filled system. Ali et al. [27] 
reviewed the influence of fin cross-sections in pin-fin configured heat 
sinks. Three geometries, triangular, rectangular, and circular pin fins, 
are considered for efficient cooling. Simultaneously, six different PCM 
with different properties are selected. The most effective configuration 
from the analysis is a triangular cross-section for cases with and without 
PCM. In the case of varying PCM in all heat sinks, RT-44 was found 
better to control the critical temperature. Desai et al. [28] introduced an 
inverted fin design for peak thermal control in an electronic device. The 
parameters of machined fins, such as the mass of fins, number of fins, 
shape, and cross-section of fins, are assorted. The peak temperature 
observed in the heat sinks is reduced by increasing the number of fins. 
Similarly, for prism fin and inverted fin, 20 % and 25 % mass of fins 
achieved the lowest peak temperature. The inverted fins attribute higher 
surface area and increase the heat-conducting pathways. Among the fin 
configurations, the inverted star fin attains a feasible response. In an 
enclosure, a double fin length arrangement was developed by Ji et al. 
[29]. The impact of unequal fin lengths with RT42 as PCM and heating 
with an input of constant temperature was investigated. The upper short 
fins and lower long fins significantly affect the melt fraction. An opti-
mum of 0.11 fin-length ratio effectively saves up to 40.5 % of the 
melting time. 

Akula and Balaji [30] examined the PCM-based heat sinks subjected 
to constant and pulsed power heat loads. The TCE configuration varia-
tion has a dominant effect during constant loads for a short period. 
Vertical square fins regulate the heater temperature when spiked loads 
are applied. The control of operating temperature in a heat sink vanishes 

once the PCM is completely melted in the heat sink. A cross-plate fin 
with eutectic alloy as PCM was tested by Yang et al. [31]. A power load 
of 80 W, 200 W, and 320 W is applied as heat input. Bi31.6In48.8Sn19.6 (E- 
BiInSn), which is a low melting point metal, and octadecanol are used as 
PCM. Under high-load heating conditions, the liquid metal PCM exhibits 
excellent heat extraction compared to octadecanol. A cyclic test was 
conducted to characterize the BiInSn, and the results show that the 
material possesses good stability and repeatability. Shaik and Lafdi [32] 
developed a hybrid heat sink for a spiked heat load. One sink with three 
different PCM and the other sink with a single PCM is filled, while the 
PCM is mixed with carbon nanotubes to increase its heat dissipation 
rate. This PCM chamber is enclosed within the carbon‑carbon composite 
sheets for improved thermal performance. During both constant and 
pulsed heat loads, sinks with multiple PCM arrangements mixed with 
nano additives enclosed with carbon sheets yield better results. In 
addition to the high energy storage rate of the hybrid heat sink, it also 
dissipated a lot of heat. A composite heat sink filled with carbon nano-
fillers was analyzed by [33]. They investigated heat sinks with different 
additive loadings for various pulsed heat loads. Though PCM conduc-
tivity is improved by adding carbon fillers, the additive increases the 
PCM viscosity. Therefore, the natural convection found during melting 
is weakened. Meanwhile, carbon platelets added to the PCM increase the 
thermal conductivity and possess less viscosity growth. Hence, nano-
platelets added PCM leads to an improved thermal outcome compared 
with nanotubes. Under varying heat fluxes, Taghilou and Khavasi [34] 
presented a PCM-based heat sink. Their study quantitatively observed 
the effect of natural convection around the heat sink. Along with heat 
flux from 1000 to 12,000 W/m2, the heat transfer coefficient also varied 
in the range of 5–250 W/m2K. An increase in the heat transfer coefficient 
accelerates the melting rate. Also, the increase in fin number and 
decrease in fin diameter increases the melting rate, respectively. 

In previous research, the authors have examined the impact of 
enclosure shape on the heat transfer performance of a PCM-filled heat 
sink. Ye [35] used paraffin as PCM and reviewed the influence of aspect 
ratio on fluid flow and heat transfer performance. The heating condition 
was applied at the bottom with a constant temperature of 343.15 K, and 
the aspect ratios ranging from 0.1 to 10 were considered. As the aspect 
ratio increases, the melting rate accelerates, and the recirculation during 
melting is observed clearly. Yang et al. [36] analyzed the significance of 
the aspect ratio and installation angle of a storage system's efficiency. 
Aspect ratios ranging from 0.1 to 8 with varying tilted angles of 0o, 30o, 
60o, and 90o are considered. Melting of PCM inside the tank is faster 
when the heating position is horizontal and slower when the heating 
position is vertical. When the aspect ratio is greater than 1, a faster 
melting rate is observed for an inclined heating surface. Similarly, for an 
aspect ratio lesser than 1, increasing the inclination angle reduces the 
melting rate. Assessments of aspect ratio on metal foam-embedded PCM 
heat sinks are done by Behbahan et al. [37]. The square enclosures are 
not considered to be preferable for the foams inserted PCM chamber, 
and the optimal aspect ratio raises for higher porosities. 91.66 porosity 
and 2.11 aspect ratio in a fixed-volume porous enclosure were signifi-
cantly effective. Choi and Cho [38] investigated the outcome of varying 
aspect ratios in a rectangular enclosure. At high heat flux, the domi-
nance of the aspect ratio for both liquid and paraffin slurry is more 
effective. In the paraffin slurry-filled enclosure, efficient cooling was 
found at an aspect ratio of 0.2 and a mass fraction of 5 %. During 
melting, the impact of the aspect ratio on a PCM chamber was analyzed 
by Zhang et al. [39]. The PCM n-paraffin waxes were encapsulated, and 
the heater plate value was varied from low to high input. In the tank, the 
conduction is stronger when increasing the height, and temperature 
variations are observed near the top and bottom walls. 

Most of the previous researchers reported pin-finned heat sinks with 
constant heights. The use of PCM-based heat sinks for steady-state 
electronic cooling has been explored in previous literature. But, in-
vestigations based on different fin arrangements for a pulsating heat 
load are found less in the literature. This paper compares the impact of 
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modified fin arrangements (i.e., variable height fin heat sinks) over 
existing fin arrangements (i.e., constant height fin heat sinks) at constant 
and power surge loads. The power loads are applied along with constant 
heat load and no-load conditions. Further, power loads are applied at 
pulsating ON and OFF conditions. The effect of these conditions on a 
PCM enclosure is discussed using temperature-time history. The thermal 
performance of both the heat sinks is evaluated and compared based on 
the experimental results. The geometry of an enclosure becomes crucial 
for any heat transfer analysis. Later in this study, the aspect ratio of the 
heat sinks varied numerically. The change in aspect ratio and its influ-
ence on both the heat sinks are briefed. By fixing the length of the 
enclosure, the width, and the height are varied, and the volume remains 
constant in all cases. Six enclosures ranging from 0.3 to 0.8 aspect ratio 
for both constant height and variable height fin heat sinks are consid-
ered. The outcomes are discussed by the contour images of temperature 
and liquid fraction of PCM. Finally, in the numerical study, the influence 
of fin shapes like square, circle, triangle, and diamond is studied. From 
the numerical results, one can select a better fin configuration heat sink 
based on the aspect ratio and fin shape. 

2. Experimental setup 

In Fig. 1, the schematic diagram of the experimental setup is pre-
sented. The setup constitutes a computer, DC power supply, data logger, 
and the finned heat sink. The heat sink is made of aluminum, and the 
dimensions are 100 mm × 50 mm with a depth of 25 mm. In the heat 
sink, the PCM cavity is 90 mm × 40 mm with a depth of 20 mm. The 
heater slot is grooved for 2 mm at the bottom of the heat sink with di-
mensions of 86 mm × 36 mm. 

Based on the previous research [40], an optimal volume fraction of 
TCE 8 % is chosen. The TCE volume fraction is determined by the ratio of 
the fin volume to the PCM volume. Two heat sinks consisting of 96 pin 
fins with constant fin height and variable fin height are shown in Fig. 2. 
The fins are employed in the heat sink by the milling process. In a 
constant fin height arrangement, all fins are at the same height of 15 
mm. Whereas, for variable fin height assembly, one fin is 20 mm, and the 
other is 10 mm, and the fins are scattered successively. Both the heat 
sink comprises fin area dimensions of 2 mm × 2 mm. 

The heat sink assembly is covered by cork on all sides except the top 
side for insulation purposes. On the top surface, an acrylic sheet is placed 
and fixed over the heat sink assembly by tightening the screw. A rubber 
gasket is placed between the acrylic and aluminum surfaces to prevent 

leaks. Thermocouples are placed in the heat sink to measure the heater, 
wall, and PCM temperatures. A nichrome wire heater wounded over 
mica sheets generates the power supply to the enclosure. The dimension 
of the plate heater is 86 mm × 36 mm with a 2 mm thickness, and it is fit 
into the grove slot at the bottom of the enclosure. A thermal conducting 
paste with a conductivity of 1.42 W/mK is applied at the slot to increase 
the conduction pathway. The PCM incorporated in this study is n-eico-
sane. The DSC analysis was carried out to determine the latent heat 
capacity of the material. The sample was alternatively heated and cooled 
in the range of 0–100 ◦C by a fixed heating/cooling rate of 10 K/min. 
The procedure is repeated thrice, and latent heat is determined. The 
properties of all the materials are listed in Table. 1. 

All the thermocouples are inserted into the heat sink using Araldite 
epoxy. Two thermocouples, T1 and T2, are located at the base where the 
heater is attached to the slot. Within the PCM, six thermocouples (T5, T6, 
T7, T8, T9, and T10) are inserted from all sides. Among these six, two 
thermocouples T5 and T6 are at 20 mm height from the base, and another 
two thermocouples T7, T8 are at 10 mm height on the long side of the 
wall. The remaining two thermocouples, T9 and T10, are placed from the 
short sides with a height of 15 mm. All the thermocouples within the 
PCM are at a distance of 10 mm from each side. Two thermocouples, T3 
and T4, are located on the long side of the walls to measure the wall 
temperature. Finally, the last thermocouple is kept outside to measure 
ambient temperature. The thermocouples are then connected to the data 
logger, and the positioning of the thermocouples is shown in Fig. 3. 

The surge test was conducted manually, and a five-second clearance 
was provided before and after the power surge load was applied. Next, to 
calibrate thermocouples, a standard thermometer with a resolution of 
0.1 ◦C is used to measure the accuracy of the thermocouples. In a cali-
bration bath with temperatures ranging from 30 to 70 ◦C, the error in 
temperature is within the range of ±0.25 ◦C. The uncertainty analysis of 
voltage and current from power input is based on the propagation 
method of error as mentioned in Eq. (1). The uncertainties in the input 
heat are measured based on the least count of current ±0.01 A and 
voltage ±0.1 V. For a 10 W power supply, the uncertainty calculated is 

±0.667. 

ωP = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂P
∂V

ωv

)2

+

(
∂P
∂I

ωI

)2
√

(1)  

Fig. 1. Schematic of the experimental setup.  
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Fig. 2. Photographic display of (a) Constant finned heat sink, (b) Variable finned heat sink, and (c) Heat sink assembly with setup.  

Table 1 
Properties of the materials [41].  

Materials n-Eicosane Aluminum Cork 

Specific heat (kJ/kgK)  2200 870 2.05 
Thermal conductivity (W/mK)  0.16 200.4 0.05 
Melting point (◦C)  36.5 660 – 
Density (kg/m3)  780 – – 
Viscosity (kg/ms)  0.00355 – – 
Coefficient of thermal expansion (1/K)  0.001 – – 
Latent heat (J/kg)  247,000 – –  

Fig. 3. Thermocouple positioning for both the heat sinks with dimensions in mm (a) front view and (b) top view.  
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3. Numerical formulation 

During melting/solidification, PCM phase change simulations are 
based on enthalpy-porosity theory. Based on this technique, the gov-
erning equations are solved. In the numerical study, the thermal prop-
erties, such as thermal conductivity, specific heat, and viscosity, are kept 
constant. The Boussinesq approximation accounts for the density vari-
ation due to natural convection. The approximations included in this 
study are flow laminar, inviscid, and transient. The volume expansion/ 
shrinkage of PCM during a phase change is neglected in the analysis. The 
governing equations are [42], 

Continuity and Momentum equations: 

∂ρp

∂t
+

∂
(
ρpu

)

∂x
+

∂
(
ρpv

)

∂y
+

∂
(
ρpw

)

∂z
= 0 (2)  

ρp
D v→

Dt
= μ ∇2 v→− ∇P* + ρpβ0(Tm − T) g→+A

(1 − Φ)
2

(Φ3 + λ)
v→ (3) 

Energy equation: 

∂
∂t
(ρH)+∇ • (ρ v→H) = ∇ • (k∇T) (4)  

Φ = 0, if T < Ts (5)  

Φ = 1, if T > Tl (6)  

Φ =
T − Ts

Tl − Ts
if Ts < T < Tl (7) 

The last term in Eq. (3) is the source term, which controls the velocity 
damping during solidification. A is the mushy zone constant, and λ is the 
computational constant to prevent dividing by the number zero in the 
denominator. Their corresponding values are 105 and 0.001, respec-
tively. At the computational cell, the symbol Φ is the liquid fraction 
which provides the volume ratio of liquid PCM to the total PCM. The 
enthalpy H in Eq. (8) includes both the sensible and latent enthalpies of 
the material. Tr and href are the reference values of temperature and 
enthalpy, respectively. 

H = hs +ΦLp (8)  

hs = href +

∫T

Tr

cpdT (9) 

The conservation equations of the PCM are solved by the commercial 
software ANSYS Fluent 19, which works based on the finite volume 
method. The pressure and velocity equations are coupled by the SIMPLE 
scheme and are employed in this simulation. The second-order upwind 
scheme solves the discretization of momentum and energy equations. 
The convergence criteria for continuity, momentum, and energy equa-
tions are 10− 5, 10− 5, and 10− 8, respectively. 

During the charging cycle, the initial state of PCM is solid. At t = 0, T 
= THS = TPCM = 300 K. The boundary condition at the top surface, z =
0.025, ∂T

∂z = ∂THS
∂z = ∂TPCM

∂z = 0. The remaining walls, excluding the heater 
slot surface, has ∂THS

∂z = 0. At the surface contact with the heater, a 
constant wall heat flux condition − kHS

∂THS
∂z = q̇ = 1292 W/m2 is applied. 

(a) Grid and time step size investigation.

(b) Validation (c) Numerical and experimental comparison

Fig. 4. Computational analysis.  
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Similarly, during discharging cycles, the PCM is in a liquid state. At t =
0, T = THS = TPCM = 323 K. A constant wall temperature condition of 
300 K is applied at the heater slot surface. The remaining wall surfaces 
are at adiabatic conditions similar to charging cycles. 

4. Grid independence study and validation 

4.1. Grid independence study 

The numerical accuracy for a transient simulation is evaluated by 
selecting different grid sizes and time-step sizes. The grid sizes of 
80,000, 100,000, and 120,000 elements are selected for the grid inde-
pendence study under a time step size of 0.5 s. Subsequently, the time 
step sizes are varied by 0.25 s, 0.5 s, and 0.75 s with 100,000 elements. 
These selected sizes are employed in the constant height fin heat sink, 
and the results are plotted. The liquid fraction of PCM is plotted against 
time intervals in Fig. 4 (a). The trend is very similar, and the deviations 
are negligible for both cases. Hence, an element size of 100,000 and a 
time step size of 0.5 s are selected in this study. 

4.2. Numerical validation 

The numerical model developed is investigated by comparing the 
results with the work of Parsazadeh and Duan [43]. In their investiga-
tion, both the experimental and numerical works were carried out for 
the charging cycle using coconut oil as PCM. Inside a 60 × 60 mm 
enclosure, initially, the PCM is at a solid state with a temperature of 
15 ◦C. A constant wall temperature condition with 55 ◦C is applied at the 
bottom of the enclosure. The temperature within the PCM at a location 
of 5 mm from the left side of the enclosure and at a height of 10 mm is 
noted down. Similar geometry with the same initial and boundary 
conditions and PCM temperature locations are considered for validation 
purposes. In Fig. 4 (b), the PCM temperature at various time intervals is 
plotted. A maximum deviation of 6 % was observed between the 
experiment and the current simulation. In both numerical cases, the 
initialization of melting occurs earlier compared to the experiment. This 
is because the properties employed in the numerical study do not vary 
with temperature and remain constant throughout the cycle. Whereas in 
experiments, the properties vary with increasing temperature. 

4.3. Present experimental vs. numerical comparison 

The mushy zone constant captures the flow within the sink, and the 
morphology of the mushy zone is defined by this constant. However, the 
value of A varies for different materials when using the enthalpy 
porosity method. Here, in this study, the mushy zone constant values 
considered are 104, 105, 5 × 105, 106, and 107. Also, the experimental 
result is compared with the varying mushy zone constant values for a 
constant fin height heat sink. The initial and boundary conditions taken 
for experimental analysis are accounted for in the numerical study. A 
power input of 4 W is applied, and the variation in the base temperature 
of a heat sink is presented in Fig. 4 (c). From the figure, it is clearly seen 
that the value of ‘A' influences the melting of PCM. This is due to the 
effect of the mushy zone constant at the liquid PCM region and the 
mobility disturbance of PCM during phase change. As the value of A 
increases from 104 to 107, the temperature curve increases during the 
latent heat period. Whereas the completion of the latent heat period is 
also altered by varying the constant value. The longer latent heat and the 
steady temperature during the latent heat period are observed when the 
value is 105. Next, comparing the values with experimental results, the 
base temperature obtained by numerical simulation is faster than the 
experimental run because of the unavoidable heat dissipation towards 
the environment in experiments. Whereas in numerical simulation, 
there is no heat loss to the surroundings. This depicts the delay in 
initialization and completion of melting during the experimentation. 
But, the latent heat period of 105 constant value and the experimental 

case is almost equal other than the differences in the initialization of 
melting. Additionally, the constant properties assumptions for the ma-
terial specified also have a slighter impact on the temperature distri-
bution. From these understandings, the value of A considered in the 
numerical study is 105. 

5. Results and discussion 

5.1. Experimental results 

5.1.1. Constant heat load 
The heat flux is varied from 4 W to 50 W, where 4 W–10 W is 

considered a light load and 20 W- 50 W is considered a power load. The 
ambient temperature for all the experiments is close to 26 ◦C. The heat 
sink base temperature of both enclosures is compared in Fig. 5. The heat 
sink base temperatures are calculated based on the average of two 
thermocouples placed at the bottom of the sink surface near the heater. 
For all heat fluxes, the completion of melting is faster in the variable 
height fin heat sink. This faster melting is due to the significant effect of 
fin height non-uniformity in the enclosure, which accelerates the 
charging cycle. In variable height fin heat sink, since half of the fin 
heights are near the top surface, it increases the heat transfer within the 
PCM at the top side. In a constant height fin heat sink, the fins are the 
same size, and the top side PCM in the enclosure takes longer to melt. In 
the absence of fin exposure at the top side, PCM melts based on its own 
thermal conductivity, which is generally less. Hence, the heat transfer 
from the heater to the PCM is reduced; thus, a longer melting time is 
observed. 

When the heat load increases, the initiation time of the phase tran-
sition reduces. This is due to the high heat generation to the enclosure, 
which melts the PCM at a faster rate by overcoming its poor thermal 

Fig. 5. Heat sink base temperature against time intervals for various 
heat inputs. 
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conductivity. This result is seen for both the heat sinks, but for variable 
height fin heat sinks, it is higher compared with constant height fin heat 
sinks. The reason is in the variable height fin heat sink, the thermal 
conductance offered by the fins to the PCM is more and initiates the 
phase transition at an earlier stage. The thermal conductance of the fins 
in the heat sink refers to how effectively the heat is transferred from the 
sink to the phase change material (PCM) and promotes faster phase 
transition (melting) in the PCM. The fin volume in both the heat sinks 
are same, but the heat surface area exposed to the PCM is more for the 

variable fin height heat sinks. This area covers the top surface of the 
sink, which is not covered by the constant fins, and provides better 
overall melting of PCM. At the same time, the temperature plots at 
power loads show a faster melting rate. In the loads (30 W- 50 W), it is 
observed that the latent heat period of PCM vanishes in both heat sinks. 
Because the heat supplied to the PCM is high enough to overcome the 
latent heat of fusion, only sensible heating is observed. Hence, the phase 
transition happens rapidly at high power loads compared with low 
power loads. For any loads in Fig. 4, the trend follows the same for both 

(a) 4 W (b) 6 W

(c) 8 W (d) 10 W

(e) 20 W (f) 30 W

(g) 40 W (h) 50 W

Fig. 6. Temperature difference between the PCM and side wall temperature at various heat inputs.  
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the heat sinks. 
A figure is plotted to understand the heat transfer within the PCM 

and the heat transfer through the side walls. In Fig. 6, the temperature 
difference between the PCM and sidewall temperature of the heat sink 
until the heat sink base reaches 60 ◦C is reported. The average tem-
perature of six thermocouples (T5, T6, T7, T8, T9, and T10) kept in PCM 
and the average of two thermocouples (T9, T10) placed on the walls are 

considered here. In these cases, the variable fin height has a higher 
temperature difference at the initial stage. But, the deviation after the 
initiation of melting is found to be less. This shows the uniformity of heat 
distribution within the enclosure. This is due to the fin exposed area 
within the enclosure being high; at all heights, there is a uniformity of 
heat transfer. Whereas in the constant height fin heat sinks, the initial 
difference is less, but once the melting starts, the temperature rises with 
time. There is no uniform temperature distribution in the heat sink be-
tween the side walls and the PCM compared to variable height fin heat 
sinks. The peak temperature difference is obtained for both cases, which 
implies the latent heat zone, and once the post-sensible heat zone starts, 
the temperature falls and attains a lesser difference. 

Then both the heat sinks are evaluated during the discharging cycle 
at various heat fluxes. In Fig. 7. the time taken for the heat sink base to 
reach 30 ◦C for both the heat sinks is plotted. Unlike melting, the so-
lidification of PCM takes a longer time because of its poor thermal 
conductivity and no natural convection to enhance the solidification. 
Variable height fins show a faster discharging rate than constant height 
fins. The reason is similar to melting; the heat transfer region of PCM 
with fins was found to be high for a variable height heat sink. As the heat 
flux increases, the time taken for the PCM to get solidified is reduced. 
This is because, at higher heat flux, the heat sink base temperature ex-
pands suddenly and achieves 60 ◦C sooner. When the heater is then 

Fig. 7. Solidification time to reach 30 ◦C for different heat inputs.  

(a) 4 W-25 W (b) 4 W-50 W

(c) 4 W-25 W- OFF (d) 4 W-50 W- OFF

Fig. 8. Heat sink base temperature v/s time for a combination of 4 W- power load (a) 25 W (b) 50 W and combination of 4 W- power load - 1800 s OFF condition for 
(c) 25 W (d) 50 W. 
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switched off, the heat is transferred to the PCM and side walls, and it 
attains 30 ◦C faster than other walls and PCM. But at low heat flux, the 
heat sink base temperature, along with the side wall and PCM temper-
ature, reaches 30 ◦C simultaneously with smaller gaps. 

5.1.2. Power surge with constant load 
A constant load of 4 W for 1800 s, then continued by power load for 

100 s, is applied. Next, a constant load of 4 W for 1800 s, continued by a 

power load for 100 s, and the solidification time of 1800 s are recorded, 
unlike the previous one. Both the durations considered for this study are 
taken from the previous literature [32,44] as a reference to obtain the 
performance of two heat sinks. The power surge of 25 W and 50 W are 
considered, and three cycles were run under similar conditions. In Fig. 8 
(a) and (b), without solidification time, the base temperature of constant 
height fin and variable height fin heat sinks are compared. The variable 
height fin heat sink attained the peak temperature in the first cycle. The 

(a) 25 W with 50 s power surge (b) 50 W with 50 s power surge

(c) 25 W with 100 s power surge (d) 50 W with 100 s power surge

(e) 25 W with 150 s power surge (f) 50 W with 150 s power surge

Fig. 9. Power surge with different durations of 50 s, 100 s, and 150 s at 25 W and 50 W inputs for Heat sink base temperature against time.  
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reason is due to the faster melting occurring in a variable height heat 
sink with the help of non-uniform fin heights. Once the power surge is 
removed and constant load is applied, the PCM comes to the latent heat 
period, where it is not completely into the liquid state. Hence, the PCM is 
at a lower temperature when the second cycle power load starts for both 
the heat sinks. But comparatively, the PCM temperature for the variable 
height heat sink is lower at the end of the second cycle (constant load of 
4 W) due to its higher absorption rate. This helps the variable height fins 
at the second pulsed load to obtain a lower peak temperature than 
constant fins. This high heat transfer within the variable height fin heat 
sink is continued with increasing cycles. Also, the differences in the peak 
temperature of the two heat sinks are increased further. This is observed 
in the third cycle, where the peak temperature of the constant height fin 
is 68 ◦C, and the variable height fin is 61 ◦C at 25 W. At 50 W, the peak 
temperatures are 87 ◦C and 80 ◦C for constant and variable height fins, 
respectively. 

In the next cycle, the constant load and the power load are added 
along with the solidification time of the 1800 s. The heat sink base 
temperature of both the heat sinks is plotted in Fig. 8 (c) and (d). The 
first cycle is similar to the previous one, where the variable height fin 
with a higher melting rate melts quicker and attains a higher peak 
temperature at constant and power loads. But, during the resting time, 
the PCM solidifies and almost reaches the temperature of 36 ◦C. Hence, 
at the beginning of the second cycle, the PCM is in a solid state, but the 
temperature is higher than the initial temperature. Due to the higher 
solidification rate of the variable height fin heat sink, the initial tem-
perature is lower than the constant fin heat sink when the second cycle 
starts. Consequently, the peak temperature value is also shifted towards 
a constant fin heat sink. Then the cycle is continued and is noted with a 
higher temperature difference between the variable and constant height 
fins. The peak temperature differences observed between constant and 
variable height fins at 25 W and 50 W at the end of cycles are 9 ◦C and 
6 ◦C, respectively. At these varying loads of constant and power loads, 
variable height heat sinks perform better than the constant height fin 
heat sinks. The explanation behind this better performance is that the 
fins placed at different heights within the enclosure reduce the resis-
tance offered by the PCM at all heights and enhance the melting/so-
lidification process. 

5.1.3. Power surge- ON and OFF condition 
Next, only power loads with varying durations and resting times are 

applied, neglecting the constant load. The power load is employed for a 
duration of 50 s, 100 s, and 150 s, and the OFF condition is 1800 s for all 
time durations. In Fig. 9, the heat sink base temperature of both heat 
sinks at 25 W and 50 W power loads are represented. During the 50 s 
power surge, for almost all cycles, the peak and the least temperature are 
observed for variable height fins. The variable height fin heat sink melts 
the PCM during load time and solidifies the PCM during a resting time 
faster than constant height fins by increasing its thermal conductance 
within the PCM and heat transfer between the walls and the PCM. At a 
power load of 50 W, with a 50 s duration, the peak temperature is 

observed for variable height fins except for the 6th cycle, and the least 
temperature is found for variable height heat sink at all cycles. At the 
beginning of the cycles, the peak temperature difference between the 
heat sinks is high, and after the 5th cycle, it becomes lesser. This is 
because the constant height fins show slower melting, reducing its time 
to attain peak temperature for a certain cycle. Also, it tries to compen-
sate for the slower solidification rate up to certain cycles. This 
compensation can be seen for 100 s and 150 s at the 5th cycle and 4th 
cycle in Fig. 8 (d) and (f), respectively. Once it crosses that cycle, the 
peak temperature is shifted towards the constant height fins. But, this 
shift is not observed for 50 s durations because of less duration, but the 
temperature difference between them is reduced a lot. Similarly, for 25 
W power loads, the peak temperature shift occurrence can be seen at 
150 s at the 7th cycle. During the 100 s duration at the 8th cycle, the 
constant height fin reaches peak temperature than variable height fins 
with a slighter margin. But at 50 s, the peak temperature shifts to con-
stant height fins appear at the 6th cycle, and then again, the peak 
temperature is shifted to variable height fins. The reason is the same as 
the 50 W power load, where the time duration is not enough for variable 
height fins to overcome the slow solidification rate of constant fins. So, 
from this explanation, with the increasing power surge and time dura-
tion of these surges, constant cycles show a higher peak temperature 
after a few cycles than variable height fins. 

The experimentation was conducted on the existing constant height 
fin heat sinks and proposed variable height fin heat sinks. The volume of 
PCM and the fin volume remains constant, and only the fin height is 
varied in the enclosure. First, at constant heat load with different heat 
fluxes, the results are obtained based on the temperature-time graphs. 
Next, power surge load is applied under different scenarios, and using 
plots, the results are discussed. From the analysis, it is understood that 
considering all types of heat load at different conditions, variable height 
fin heat sink performs better than conventional constant height fin heat 
sinks. By considering these outcomes, then a numerical study is carried 
out to study the effect of enclosure aspect ratio and fin shapes on both 
the heat sinks. The cost of making different enclosures and changing the 
fin shape is not economical and time-consuming. Hence in this paper, 
the impact of enclosure aspect ratio and fin shapes are interpreted 
numerically. 

5.2. Numerical results 

5.2.1. Aspect ratio effects 
The aspect ratio of the PCM-based enclosure is discussed here under 

numerical study. All applications have different configurations, and the 
heat sink dimensions will be varied accordingly. Hence, the influence of 
aspect ratio on a heat sink is crucial. The impact of fin arrangement on a 
PCM-based heat sink is explored by varying the aspect ratio. The com-
parison of variable and constant height fin heat sinks is evaluated for 
different aspect ratios. The detailed dimensions of the aspect ratio 
considered in this study are tabulated in Table 2. A constant load of 4 W 
for all aspect ratio enclosures is applied at the bottom, and other sides 

Table 2 
The enclosure dimensions in mm for different aspect ratio.  

Aspect ratio hf le be he lp bp fpl fps fsl fss nf  

0.3 constant = 30  100  30  45  90  20  3.5  4  3  2.5  48 
variable = 40,20  

0.4 constant = 20  100  40  31.67  90  30  7  4.5  2.75  5.5  72 
variable = 25,15  

0.5 constant = 15  100  50  25  90  40  5.5  6  4  2.75  96 
variable = 20,10  

0.6 constant = 12  100  60  21  90  50  6  6  3  2  120 
variable = 16,8  

0.7 constant = 10  100  70  18.3  90  60  5.5  6.5  3  2.75  144 
variable = 13,7  

0.8 constant = 8.565  100  80  16.42  90  70  6  5.5  3.75  5  168 
variable = 10.565,6.565  
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Constant height fin heat sink Variable height fin heat sink 

(a) 0.3 

(b) 0.4 

(c) 0.5 

(d) 0.6 

(e) 0.7 

(f) 0.8 

Fig. 10. Temperature contours at 3000 s for both heat sinks with various aspect ratios.  
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Constant height fin heat sink Variable height fin heat sink 

(a) 0.3 

(b) 0.4 

(c) 0.5 

(d) 0.6 

(e) 0.7 

(f) 0.8 

Fig. 11. Liquid fraction contours at 3000 s for both heat sinks with various aspect ratios.  
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are left to adiabatic condition. Initially, the PCM is in a solid state, and 
the temperature is 300 K during the charging cycle. Instead of plotting 
graphs, contour images of temperature and a liquid fraction are 
considered in view of visualization effects. The contour images of tem-
perature and liquid fraction from the top view for all aspect ratios at 
3000 s are listed in Figs. 10 and 11. 

The constant height fin heat sinks are placed on the left side, and the 
variable height heat sinks are placed on the right side of the figure. From 
the temperature contours, for all cases, it is seen that the temperature at 
walls is almost the same, but the temperature distribution within the 
PCM is varied. As mentioned in the experiments, the temperature 

distribution within the PCM in a variable height fin heat sink is more. 
The reason is due to its higher surface area because of fin distribution 
throughout the enclosure. Hence in a variable height fin heat sink, the 
PCM absorbs more heat from the fins and side walls compared with a 
constant height fin heat sink. Simultaneously, at the same time interval, 
the liquid fraction is observed. Due to its high-temperature distribution 
within the PCM, the variable height fin heat sink melts the PCM more 
quicker. This quicker melting noticed at the top surface increases the 
overall melting rate of the enclosure. Eventually, the completion of 
melting is accelerated in the variable height fin heat sink. 

Correspondingly, the discharging cycles of these enclosures are also 
investigated. In the discharging cycle, the PCM is in a liquid state, with a 
temperature of 323 K. The boundary condition of 300 K is applied at the 
enclosure bottom, and the other sides are insulated. Fig. 12 shows a time 
difference between the constant and variable height fin heat sink to 
complete solidification. From the figure, the aspect ratio increases from 
0.3 to 0.8, and the time difference to solidify completely is also reduced. 
The reason behind this is that when the aspect ratio is less, the height of 
the enclosure is very high. This leads to a large difference between the 
fin heights and enclosure heights. The variable height fins with different 
heights are able to transfer heat at the top position than the constant 
height fins. For instance, considering a 0.3 aspect ratio, the enclosure 
height is 45 mm, whereas the constant height fin heat sink has a fin 
height of 30 mm. But for the variable height fin heights, one fin height is 
at 40 mm and the other at 20 mm; this increases the heat transfer rate to 

Fig. 12. Time difference between the heat sinks for the completion of a dis-
charging cycle. 

Fig. 13. Sketch of different fin shape.  

Table 3 
The dimensions for different fin geometry in mm.  

Geometry Thickness fpl fps fsl fss 

Square t = 2  5.5  6  4  2.75 
Circle d = 2.25  5.25  6.25  3.25  4.5 
Diamond w = 2, h = 4  5.5  6  3  2.75 
Triangle w = 4, h = 2  5.5  6  4  1.75  
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a higher range within the enclosure. Hence at a lower aspect ratio, the 
variable height fins dominate the solidification process. But when the 
aspect ratio is at 0.8, the time difference is almost 100 s. This is due to 
the shortened enclosure height; within that enclosure, the fin height 
does not influence significantly. 

5.2.2. Fin shape effects 
Following the investigation of the aspect ratio, the effect of fin shapes 

is also assessed. The various fin configurations involved in this study are 
square, circular, diamond, and triangular. The sketch of different fin 
shapes is shown in Fig. 13, other than the rectangular shape, which is 

(a) constant fin heat sink (b)variable fin heat sink

Fig. 14. Enhancement percentage during melting for different fin geometry.  

Constant height fin heat sink Variable height fin heat sink

(a) Circular fin shape

(b) Square fin shape

(c) Diamond fin shape

(d) Triangular fin shape

Fig. 15. Temperature and velocity contours for different fin shapes at 3000 s.  
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already presented in Fig. 3. The enclosure of both constant and variable 
height fin heat sink with an aspect ratio of 0.5 is considered. 

The fin volume for all shapes is kept constant, and the shape geom-
etries are incorporated into the Table. 3. During the charging process, 
with the heat load of 4 W, the heater temperature to attain 50 ◦C against 
time is noted. In Fig. 14, the enhancement percentage between the 
shapes is plotted with a circular fin heat sink as a reference. The circular 
fins have no sharp edges, and their blunt surface has less influence on the 
melting process. Therefore, the circular fin heat sink shows a longer 
melting and a longer time for the base to reach the prescribed temper-
ature. Hence among all the shapes, circular fins are used as a reference. 

The enhancement percentage of fins to reach 50 ◦C is defined as the 
percentage of the time difference between the circular fin and other fin 
shapes to the circular fin time. A significant deviation was found among 
other shapes to the circular fin in both heat sink cases. Among the 
shapes, the triangular fin reaches the 50 ◦C temperature quicker. 
Triangular fins have a higher enhancement rate of 2.29 % for constant 
fin heat sinks and 1.43 % for variable heat sinks. The reason is the 
arrangement of triangular fins, i.e., in the successive spots, fins are 
inversely distributed and occupy a higher surface area. This increase in 
surface area results in a higher heat transfer rate compared with other 
shapes. Overall, the time difference is very less among these three fins, 
and the enhancement percentage is found to be less during melting. The 
time obtained for both the heat sinks to reach 50 ◦C is different. In 
constant height fin enclosure, the enhancement percentage is higher 
compared to the variable height fins. The reason is that in variable 
height fin heat sink, the fins are distributed throughout the height of the 
enclosure, and conduction dominates. This results in less convection at 
the top, though the fin shape is modified, and fewer gaps in temperature 
are obtained. But in constant height fins near the top surface, the fins are 
not found, and natural convection has a stronger influence than con-
duction. The contours of temperature and velocity for different config-
urations are illustrated in Fig. 15. A mid-section plane at the longer side 
was considered to examine the effects. At 3000 s time intervals, these 
figures are plotted where the differences are distinguished. The figure 
shows that the triangular fin possesses uniform temperature distribution 
and more liquid motion for both heat sinks. The reason is that the 
contact area with the PCM is more for triangular fin shapes. In variable 
height fin heat sinks, more liquid motion is observed for all cases 
because the melt portion of PCM is higher for this case. 

During the discharging process, the effect of fin shapes is evaluated. 
The aforementioned boundary condition in aspect ratio investigation 
during solidification is applicable here. Fig. 16 shows the enhancement 
percentage of both heat sink cases for the solidification process. Here, 
the enhancement percentage is the time taken to completely solidify the 

respective fin shapes difference from the circular fin shape time to the 
time taken by circular fins. Here, similar to the charging process, the 
circular fin is kept as a reference due to its slow discharging rate. Unlike 
melting, a significant effect of modified fin shapes is observed in solid-
ification. Among all the fin shapes, for both heat sink cases, triangular 
possess a higher enhancement of 6.25 % for constant fins and 12.5 % for 
variable fins. This is due to the higher surface area exposed within the 
PCM for triangular fins. This higher exposure leads to high conduction 
and accelerates the solidification rate. When comparing both the heat 
sinks, variable height fins show higher enhancement due to their fin 
arrangement within the enclosure. 

Similar to experimental, in numerical investigations, also existing 
constant height fin heat sink and variable height fin heat sink are 
compared. But during this comparison of heat sinks, the influence of 
aspect ratio and fin shapes on both enclosures is also briefed. The var-
iable height fin heat sinks provide better thermal performance during 
melting and solidification under any aspect ratio. Likewise, for any fin 
shapes, during both cycles, a variable height fin heat sink is a preferable 
choice over the constant height fin heat sinks. Moreover, the square fin 
shape can be replaced with the triangular fin shape, which exhibits 
better enhancement during both cycles. 

6. Conclusion 

A pin-fin heat sinks with constant height fin height and variable 
height fin height arrangements were experimentally and numerically 
investigated. The fins employed in both heat sinks have a constant 
volume fraction of 8 %. The PCM incorporated in this analysis is n- 
eicosane. First, experimental analysis was done to obtain a better heat 
sink configuration among conventional constant height fin heat sinks 
and modified variable fin height heat sinks. Under constant heat load 
and power surge heat load, temperature-time histories were evaluated. 
Based on the outcomes, a comparative interpretation was made in 
various scenarios.  

• The variable height fin heat sink accelerates any load's melting rate. 
The time difference between the wall and the PCM is also less for the 
variable height fin heat sink. The reason is that the distribution of 
fins throughout the enclosure reduces the resistance the PCM offers. 
This results in a uniform melting and high heat transfer rate within 
the enclosure.  

• Similar to the melting, a faster discharging rate is noticed during 
solidification in the variable height fin heat sink. But for both heat 
sinks, there is a disparity between solidification and melting time. 
When the heat input is increased, the time taken for the heat sink 
base to reach 30 ◦C is shortened. 

Then, a 3D computational model was developed, and simulations 
were carried out using ANSYS Fluent 19.0. This numerical simulation 
discusses the effect of various aspect ratios on both the heat sinks. 
Additionally, the fin geometry has also been varied, and the influence of 
shapes on both the heat sinks has been investigated for both cycles.  

• In numerical simulations, the contour images give the impact of 
variable height fin heat sink at any aspect ratio (0.3–0.8). In the top 
section of the enclosure, the temperature distribution within the 
PCM is more for variable height fin heat sink, and it accelerates the 
melting. A decreasing slope of the time difference between the heat 
sinks is spotted during solidification when the aspect ratio increases.  

• Four different shapes, including square, circular, diamond, and 
triangular, are examined for both cycles. The triangular fin displays a 
faster melting and solidification rate among these shapes. A high 
enhancement percentage of 2.29 % for constant height fins and 12.5 
% for variable height fins are obtained when triangular fin shapes are 
incorporated. 

Fig. 16. Solidification enhancement percentage for different fin shapes.  
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Nomenclature 

A mushy zone constant 
b width (mm) 
cp specific heat (kJ/kg K) 
d diameter (mm) 
f fin 
g→ acceleration due to gravity (m/s2) 
H enthalpy (J/kg) 
h height (mm) 
hf fin height (mm) 
href reference enthalpy (J/kg) 
hs sensible enthalpy (J/kg) 
I current (amp) 
k thermal conductivity (W/mK) 
L latent heat of fusion (kJ/kg) 
l length (mm) 
n number of fins 
P* pressure (N/m2) 
P power (W) 
PCM phase change material 
PV photovoltaic 
q̇ heat flux (W/m2) 
s fin spacing (mm) 
TCE thermal conductivity enhancer 
T temperature (K) 
t time (s) 
Tl liquidus temperature (K) 
Tm melting temperature of PCM 
Tr reference temperature (K) 
Ts solidus temperature (K) 
Tw wall temperature (K) 
u,v,w velocity in x and y direction (m/s) 
V voltage (volt) 
w base (mm) 
x,y,z spatial coordinates (m) 

Greek symbols 

ρ density (kg/m3) 
μ dynamic viscosity (kg/ms) 
β0 coefficient of thermal expansion (1/K) 
Φ liquid fraction 
λ constant 
ω uncertainty 

Subscripts 

e enclosure 
HS heat sink 
i initial 
p PCM 
pl a pitch from the long side of the enclosure 
ps a pitch from the short side of the enclosure 
sl spacing from the long side of the enclosure 
ss spacing from the long side of the enclosure 
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