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ARTICLE INFO ABSTRACT

Keywords: The aim of this work is to comprehensively study the effect of the material of the simple plate and tree-shaped
Tree-shaped optimized fins optimized fins on the thermal behavior of an enclosed medium filled with a nanocomposite of neopentyl glycol/
PlaFe'ﬁn, CuO solid-solid PCM. Increasing the heat transfer rate using a fixed amount of material is an important task that
;oel;f_:fn]]l(d e improves the fin performance. The tree-shaped fin is optimized based upon the density-based structure opti-

mization method. A transient model based upon the enthalpy method is employed to numerically study the
thermal behavior of the enclosed medium containing the SS-PCM. The thermal performance of the heat sink with
the tree-shaped optimized and simple plate fins made of different materials are explored. Results show that the
aluminum and copper fins have the highest melting rate compared to the examined materials. Their melting rate
is 50% higher than steel 302 in the case of flat plates, and 25% in the case of a tree structure. Also, the tree-
shaped optimized fins outperform the plate structure fins by reaching the lowest temperature of the concen-
trated heat source and temperature non-uniformity under the condition that the two strucutures have the same
height. When the two heights are different, the temperature distribution was optimized for materials with the
lowest thermal conductivity. For steel materials, a 10% decrease in the maximum temperature was observed in
the tree structure compared to the flat plates. Finally, it was shown that the nanoparticle fraction played a
negligible role in heat transfer, as less than 1% change in melting rate and temperature parameters was obtained.

Nanocomposite of neopentyl glycol/CuO

1. Introduction storing a notable amount of thermal energy, which can be released/

stored at a constant fusion temperature. During transient high working

Nowadays, phase change materials have found important applica-
tions in the thermal management of electronic components [1]. This is
since many electronic components, such as portable microprocessors
and power electronic devices, operate under transient workloads and
produce time-dependent heat. Thus, managing transient thermal loads
to keep the electronics cool is a critical issue [2]. The heatsinks filled
with the phase change materials (PCM) phase change heatsinks is a
promising approach for damping transient thermal loads and preventing
overheating [3,4].

Phase change material, enclosed inside heatsinks, is capable of

* Corresponding author.

loads, the PCM inside the heatsink melts and absorbs the excess heat of
the component. Later, the PCM releases its heat and solidifies when the
device works under a low working load [5]. Some recent patents utilized
phase change materials for cooling electronics, such as PCM-heatsinks
coupled with liquid cooling [6], PCMs coupled with refrigerants [7], a
method of pouring PCMs into electronic heatsinks [8], and temperature
control of batteries [9].

Although PCMs have a high capacity for storing thermal energy, they
suffer from low thermal conductivity and poor heat transfer properties
[10,11]. Therefore, heat transfer enhancement techniques such as using
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fins [12-14], metal foams [15-17], nano-additives [18-20], and
encapsulation [21] have been applied to improve the heat transfer ca-
pabilities of PCMs.

Using thermal conductive fins is a reliable and efficient way of
improving heat transfer in PCMs for long-term usage. However, the
concentrated mass of fins can raise the weight and cost of the thermal
storage unit since the fins do not contribute to phase change energy
storage. Therefore, the shape of fins is an important design parameter
that could effectively improve the heat transfer and reduce the weight
and cost of a phase change heatsink. Considering the shape of fins in
PCM heat sinks, there are several investigations. For example, Singh and
Giri [22] examined the performance of using aluminum pin-fin config-
urations in a heatsink filled with eicosane. They considered four heat
sink designs consisting of 40 and 56 pin fins, while a heatsink with no
fins was taken as the reference. The results showed that using pin fins
could significantly enhance the heat transfer. Arshad et al. [3] explored
the thermal behavior of a PCM-heatsink made of plate fins where the
space between the fins was filled with RT-35HC PCM to absorb the
excess heat. The phase change heat transfer in the heatsink was simu-
lated for two heatsink designs of 10% and 20% volume fraction plate-
fins and fins. Fins with various heights, 10, 15, and 20 mm were
examined. While the base of the heatsink was subject to a constant heat
flux. Compared with a PCM filled heat sink with no fins, the results
revealed that a PCM filled heatsink could decrease the heatsink’s tem-
perature and enhance the PCM melting uniformity. An increment in the
volume fraction of fins and their height could reduce the heatsink
temperature.

Kim et al. [23] enclosed a layer of paraffin embedded in copper foam
inside a finned heatsink. They also used a layer of graphene to amelio-
rate the heat transfer uniformity between the composite PCM and
heatsink. The results indicated that the PCM heatsink could time delay
the overheating by up to ~27.3% in reduced cooling conditions.
Nakhchi et al. [24] utilized stair fin types extended in the PCM enclosure
to promote the heat transfer of phase change materials. They examined
two configurations of stair fins mounted in either upward or downward
directions on the heated wall. It was found that downward fins perform
much better than upward fins due to molten PCM’s natural convection
effects.

The literature shows that the shape of the fins could notably change
the thermal behavior and heat transfer rate of a PCM heatsink. Although
inserting thermal conductive fins could significantly enhance the rate of
PCM phase change and ameliorate the performance of the heatsink, the
additional volume and mass of the fins are typically not desirable fac-
tors. Thus, some recent researchers have attempted to optimize the mass
and shape of fins. Considering this approach, Xie et al. [25] utilized the
topological optimization approach, developed by [26], to optimize the
shape of fins in a PCM heatsink. The aim of the optimization approach
was to find optimal heat transfer conduction paths from the heat source
into the PCM regions. The optimized structure was a tree-like fin
structure, which could provide enhanced melting capability compared
to a plate-fin design with the same volume fraction of metals. In another
study, Xie et al. [27] investigated the operating thermal behavior of tree-
shaped fins in heatsinks filled with paraffin wax and under various
critical temperatures. The tree shape of fins proposed by Xie et al. [25]
will be utilized in the present study as an optimal shape for fins.

Solid-solid PCMs (SS-PCM) have been introduced with enhanced
thermophysical properties during the past few years [28,29]. The novel
SS-PCMs are beneficial in portable applications since the PCM is solid in
both low energy and high energy states and does not require special care
in handling liquids for typical PCMs. Therefore, SS-PCMs have attracted
the attention of recent researchers. In the SS-PCM, a regular solid phase
is converted to an irregular solid phase during the phase change flow.
Parveen and Suresh [30] examined the possible application of neopentyl
glycol (NPG)/CuO composite SS-PCM in heatsink applications. They
prepared samples of composite SS-PCMs with various volume fractions
of additives. They reported that using SS-PCMs could reduce the
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required time for the heatsink to reach a critical temperature by 2.36
times. Du et al. [31] synthesized SS-PCMs with flame retardant capa-
bility with a high energy storage density of 124.4-129.8 J/g. Raj et al.
[32] proposed SS-PCMs with a high heat capacity of 73.83 J/g with
stable properties of up to 1000 cycles. Such materials are promising for
the development of SS-PCM heatsinks. Using SS-PCMs, Raj et al. [33]
assessed the capability of SS-PCM heatsinks for cooling satellite avionics
under transient thermal loads. They used pin-fins inside the heatsink to
improve the heat transfer of SS-PCM. The authors examined fins with
circular, square, and triangular shapes. The simulation results showed
that triangular fins led to better cooling performance than other shapes.

The literature review shows that various geometrical shapes were
investigated to improve heat transfer in thermal energy storage appli-
cations. However, only a few studies investigated the thermal manage-
ment of SS-PCMs heatsinks for cooling electronic devices. The literature
review reveals optimization techniques that could significantly promote
the heat transfer potential of fins by producing complex geometrical
shapes such as tree shape fins. The present study aims to utilize the
optimized tree shape fins proposed in [25] and the SS-PCM material
proposed in [32] and examine the optimized performance of SS-PCM
heatsinks for cooling electronic components.

2. Mathematical model

A schematic view of a heat sink of the plate fins as a thermal man-
agement solution is pictured in Fig. 1(a). The plate fins are evenly
spaced, and the void spaces are filled by the SS-PCM. To extract heat
from an electronic device (a 1.5 cm-length concentrated heat source), a
10 cm x 10 cm enclosure saturated with a nanocomposite of neopentyl
glycol/CuO solid-solid PCM is suggested. The heat source is assumed to
generate a heat flow of 50 kW/m?. (See Tables 1 and 2.)

The most widely used techniques for heat extraction from the heat
generation devices through the SS-PCM are based upon heat sinks with
the conventional plate-fin structure, forming a specified volume fraction
of the whole enclosure. As in this heat sink, the plate fins in the enclosure
are equally distributed, as shown in Fig. 1. One promising technique that
ensures better heat distribution and diffusion and efficient volume
management of the enclosure is a density-based topological optimiza-
tion method extended by Liu and Tovar [26].

This approach ensured better heat diffusion by rebuilding the heat
conduction paths and directions arising from the heat generation device
into the designated PCM zone. Fig. 1(b) depicts innovative heat sinks
based on topologically optimized tree shape designs. Further details on
the topological optimization can be found in [26].

The fins are considered to be made of different materials, including
aluminum (Al), copper (Cu), carbon steel (CS), and steel 302 (S302). The
thermophysical properties of the planted fins are inserted in Table 3.

Because the specified PCM enclosure designs are symmetric, half of

(a) (b)

Fig. 1. (a) heat sink with plate fins design (b) heat sink with topologically
optimized tree shape design.
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Table 1

Thermophysical properties of the fins with different material.
Material Al Cu Ccs $302
Density (kg/m®) 2710 8978 7854 8055
Specific heat capacity (J/kg K) 897 381 434 480
Thermal conductivity (W/m K) 202 387.6 60.5 15.1

Table 2

Thermophysical properties of the NPG and nano-additives [30].
Properties Neopentyl glycol (NPG) CuO
p (kgm™1) 1060 6500
Cp (Jkgk™) 1758.7 535.6
k(Wm 'K 0.12 69

Table 3

Thermo-physical properties of the composite, including CuO nano-additives
[30].

Thermo-physical properties pure 0.5 wt% 1 wt% 3 wt%
CuO CuO CuO
Thermal conductivity (Wm™ k™) 0.12 0.26 0.42 0.61
Latent heat (kJkg~ 1) 124.4 1205 118.6 112.4
Onset 40.35 39.3 39.2 39.9
SS-NPCM transition Peak 44 43.64 43.9 42.9
temperature ( €) f:td 467 46.16 45.23 45.1

the domain can be addressed to reduce computational time. The 2D
schematic design of the studied model as well as the boundary condi-
tions, are shown in Fig. 2.

3. Governing equations and boundary conditions

To simulate the phase transition involving a solid-solid interface, the
presented-below controlling equations are employed:

I) Energy conservation for SS-PCM [14,20]

T ot(T)

(Pcp)wma = V'(lmmVT) 7pmmh<‘0m7 (1)

Insulated Insulated

N i A

Insulated
Symmetry

Symmetr
Insulated

[ S b S i E—

Insulated Insulated

(a) (b)

Fig. 2. The 2D schematic design of the studied model; (a) plate-fin structure
and (b) tree-shaped fin structure.
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Z(T) is the local volume fraction of the irregular solid phase of the SS-
PCM.

II) Energy conservation for the fin [14]

oT
(PC) = 9.(3T) ®

4. Controlling boundary and initial conditions

At the outer walls:

oT

5 =0 C)

com

At the walls of the fins:

oT oT
Tl =T e = A
\fin com? Hin on b Acom ol )
At the root of the fins.
oT
An=| = Oy = 50000w / m (6)
on i

The initial condition for the domain can be expressed as the
following:

Tlmm = T|ﬁ,, = Linitial (7)

the volume fraction of the irregular phase of the matter is evaluated as:

[£(T)av
IPF(t) = VfT

v

®

To calculate the density and specific heat capacity of the nano-
composite, the weighted functions of the volume fraction of the nano-
additives are used as follows [14]:

(PCo) com = (PCo) psspen (1= #) + (0Cy),, ¢ ©)

Peom = Prss—peu(1 — &) + P, 10)

Also, the following relationship converts the mass fraction to the
volume fraction:

Prss—pemPui
= an
PuiPess—pen + (1 = ‘/’wr)/’np

5. Numerical approach, grid sensitivity analysis, and code
verification

The enthalpy approach is employed to numerically simulate the SS-
PCM phase change during the heat extraction from the electronic device.
The discretization of governing equations is adopted by the finite
element method (FEM), which is based on an unstructured triangular
mesh to reconstitute the highly complex geometry of tree-shaped fins
properly. Also, structured elements are used to discretize the enclosure’s
plate-fin structure. The commercial CFD package of COMSOL Multi-
physics software was carefully employed to solve the governing equa-
tions perfectly. Therefore, the validity of the numerical findings has
been checked first by the grid independence test.

The time evolution of the IPF during the heat extraction period
characterizes the phase change performance of the heat sink. The grid
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independence tests were done individually for plate and tree-shaped
fins, as shown in Figs. 3 and 4. It can be concluded from grid indepen-
dence tests that the grids with 2065 and 7805 elements are suitable for
simulating the SS-PCM phase change process.

Moreover, the proposed mathematical model validation is checked
with the experimental findings available in the literature. Ismail et al.
[34] performed an experimental study of the PCM solidification around
a vertically configured isothermal cylinder with axial fins. Initially, in
their experiment, the PCM was entered under a superheated liquid state,
9.2 °C greater than the fusion temperature, and exposed to a cold cyl-
inder where its inner wall temperature was reduced to be 36 °C lower
than the phase-change temperature to launch the discharging process.
Both experimental data [34] and numerical findings of the present
model for the time variation of temperature distributions of the PCM
domain are compared, as shown in Fig. 5. As illustrated, there is good
agreement with the experimental data. As a result, the developed model
can be used to explore the melting process during the heat extraction
from a finned-enclosed concentrated heat source.

6. Results and discussion

The time evolution of the phase change contours of the SS-PCM is
illustrated in Figs. 6 to 9. The impact of the fin material for a plate-fin
structure is shown in Fig. 6 and for a tree-shaped structure in Fig. 7.
For a plate-fin structure, SS-PCM starts the first stage of phase change in
the bottom part of the enclosure. For Al and Cu, SS-PCM directly un-
dergoes a phase change in the vicinity of the fins, while it remains
limited to the bottom for steel 302. This is indeed related to the thermal
conductivity of each material. Al and Cu are highly conductive, so heat is
quickly transferred from the heat source through the fin, which is heated
along its length. For steel 302, due to the low thermal conductivity, the
heat transfer remains mainly concentrated in the zone neighboring the
heat source. Carbon steel represents an intermediate behavior compared
to the other materials. As time goes by, the same trend persists, and it
can be seen that the phase change of SS-PCM is more uniform for Al and
Cu as the phase change flow occurs in all the zones of the cavity, while it
remains limited to the bottom half of the cavity for steel. In the final
stage, almost all the SS-PCM in the cavity experiences the phase change
for Al and Cu, and similar but to a lesser extent for carbon steel, while a
fair amount of PCM remains in the regular solid phase in the upper part
of the enclosure for steel 302. As for the tree structure, similar behavior
is observed initially where the phase change of SS-PCM occurs in the
vicinity of the fins. As time goes by, the SS-PCM phase change is more

0.8
0.6
. L
SEN
04
: 513  elements
L ) memmea 2065 elements
o2/ === =- 7200 elements
S A 22680 elements
07 P P N R |
0 500 1000 1500 2000

Time(s)

(a)
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uniform and occurs in various locations in the cavity, even for steel. This
is due to the shape of the tree structure, which covers different zones in
the enclosure. On the negative hand, it can be seen in the last stage that
not all SS-PCM undergoes phase change in the cavity, even in the case of
Al and Cu, as some SS-PCM remains in the regular phase near the top
wall.

This is due to the structure’s height, which is lower than the plate-fin
structure. On the other hand, a more uniform phase change is observed
for the two steel materials compared to the plate-fin structure, due to the
effect of the geometrical shape of the tree structure in the bottom half of
the region, as the top part of both structures does not exhibit the phase
change and is not therefore affected by the difference in height between
the plate fin and tree structures.

The influence of the nanoparticle fraction, W; on the phase change
contours is illustrated in Figs. 8 and 9 for a plate-fin structure and a tree-
shaped structure, respectively. As mentioned earlier, W; has a very
limited effect on the thermal behavior of the SS-PCM in the cavity. This
can be validated by the contours of phase change, which are the same
when W, is changed from 0% to 3%, whether in the case of plate-fin or
tree structure. This confirms that the heat transfer is dominated by the
diffusion from the heat source through the fins to the SS-PCM.

Figs. 10 and 11 depict the variations of the normalized fraction of the
phase change (IPF) and the power as functions of time for different fin
materials in a plate-fin structure and a tree-shaped structure, respec-
tively. In all cases, the IPF increases in a similar way for a short initial
stage, less than 400 s, then increases rapidly until reaching full phase
change in a second stage. The initial rate of increase is higher for a tree
structure than for a plate-fin structure. However, in the final stage of
phase change, the slope of the IPF curve gets lower in the case of a tree
structure, indicating a reduced phase change rate during that period. So,
overall, the phase change rate is initially higher for a tree structure
compared to a plate one, but it gets lower in the final stage of phase
change, such that full phase change is achieved faster in a plate-fin
structure. Regarding the fin material, it can be seen in both cases of
plate-fin and tree structures that the rate of phase change is the lowest
for steel 302 compared to the other materials due to its relatively low
thermal conductivity. On the other hand, the fastest phase change is
achieved in the case of aluminum and copper, followed by carbon steel
for a plate-fin structure. In fact, the full melting time is about 50% lower
for Al and Cu compared to steel 302.

At the same time, all the three materials have similar phase change
rates in the case of a tree structure, with a slight advantage for aluminum
and copper, pointing out the contribution of such a structure to an

380
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~

§340 o
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————— 2065 elements

R 7200 elements
----- 22680 elements
300 L1 L1 L1 L
0 500 1000 1500 2000

Time(s)
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Fig. 3. Dependency of (a) IPF and (b) Ty, on the mesh size for aluminum plate-fin structure at W, = 0 % .
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Fig. 4. Dependency of (a) IPF and (b) Tpay on the mesh size for aluminum tree-shaped fin structure at W, = 0%.
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Exp: 3600 s
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Fig. 5. Comparison between the phase change fields of the study addressed by
Ismail et al. [34] and the current work.

optimized thermal distribution in the enclosure, reducing the impact of
the material thermal conductivity. Here, Al and Cu are only about 25%
faster in melting than steel 302. The power seems to be less influenced
by the fin material, as the difference between its values is less than 1%.
Despite the change in the phase change time, the energy storage, which
is affected by the heat capacity of the fins, compensates for the differ-
ence such that the energy storage is similar in all cases.

The effect of the fin material on the variations of the maximum
temperature Tp,q, and the temperature non-uniformity parameter AT in
a plate-fin structure as functions of time in the case of plate-fin and tree
structures is shown, respectively, in Figs. 12 and 13. As the objective of
the tree structure is to improve the heat diffusion from the heat source
towards the SS-PCM, the study of these two parameters, Tpq and AT, is
very important as it indicates the efficiency of such diffusion. In all
cases, the variation of T, can be divided into two stages. In the initial
short one, Tyqy rises substantially once the heat source is activated; then,
in the second one, its variation slope decreases as the SS-PCM absorbs
the heat and undergoes a phase change. The variation of AT follows a
similar trend, and its variation is lower in the second stage. A relatively
greater increase of Tpq, can be observed in the case of a tree structure.
However, the value of AT is also lower for that structure, indicating a
better heart diffusion and confirming the optimization of the enclosure
by the presence of the tree structure. Concerning the material used, it is
clear that in both structures, Ty and AT both have their highest values

Al

Carbon Steel

Cu

Steel 302

0 0.1 02 03 04

Fig. 6. Phase change contours of the branch fin configuration for different

materials of fins at W, = 0.0%.
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Fig. 7. Phase change contours of the tree fin configuration for different ma-
terials of fin at W, = 0.0%.

when steel 302 is used, which also corresponds to the lowest rate of SS-
PCM phase change and consequently, the lowest heat diffusion. For
instance, Tyqy is around 150% and 125% higher than Cu after 2500 s, in
plate fins and tree structure, respectively. In both structure types, the
best diffusion is achieved for copper and aluminum, and to a lesser
extent, carbon steel, which corresponds to the phase change rate of each
material.

Figs. 14 and 15 illustrate, respectively, the impact of the nanoparticle
mass fraction, W; on the time evolution of IPF and the power in a plate-
fin structure. It is clear that varying W, has a very limited effect on the
two studied parameters. The increase of IPF is slightly slower for W; =
3%, but full phase change is reached at the same time for all the values of
W;. The same limited impact is observed for the power. In fact, less than
1% variation in the value of power is observed when varying W, between
0% and 3%.

The variations of Tyq and AT in a plate-fin structure as functions of
time is plotted in Figs. 16 and 17, respectively. The overall variations of
Tmax and AT reveal again a minimal effect of W; on their variation.
Zooming on the last stage of melting shows less than 1% variation in
both Tyqx and AT when W, is varied between 0% and 3%.

In the case of a tree structure, the effects of the nanoparticle mass
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05 0.6

Fig. 8. Phase change contours of the branch fin configuration for different
mass fraction.

t =1500s t =2250s t =3000s

W, =3%

Fig. 9. Phase change contours of the tree fin configuration for different
mass fraction.

fraction on the IPF and on the power are described in Figs. 18 to 19, and
its effects on Tpq and AT are depicted in Figs. 20 to 21. Similar to the
results obtained in a plate-fin structure, the influence of W; on the
observed results is very limited. In fact, no difference at all is observed in
the variation of IPF, while the difference in variation of the other pa-
rameters remains less than 1% when W; is changed. Overall, changing
the mass fraction of the nanoparticles seems to have a minimal impact
on the thermal behavior of the enclosure in both structure types, which
indicates that the heat transfer is largely affected by the presence of fins
and is dominated by the heat diffusion from the fins to the SS-PCM that
consequently undergoes the phase change.
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Fig. 22 compares the IPF of a plate-fin structure and a tree-shaped fin
structure for various fin materials. It is noted that the IPF is higher in a
plate-fin structure compared to the tree-shaped fin structure for all the
fin metals except for steel 302. As discussed in Figs. 6 and 7, heat is
transmitted faster in highly conductive fins. The height of the fins in the
plate-fin structure is larger than the one in the tree-shaped fin structure,
so heat is transmitted to the SS-PCM in the top and bottom parts of the
enclosure. On the other hand, for steel 302, the thermal conductivity is
low, and heat is transmitted slowly through the fin. The larger height of
the plate-fin structure does not play a role in heat transfer to the SS-PCM
in the upper part of the cavity.

The power of a plate-fin structure and a tree-shaped fin structure is
compared in Fig. 23 for different materials. It can be seen that in all
cases, the power of the heat sink with the tree-shaped fin structure ends
up being higher than the plate-fin structure. However, the change be-
tween the two is negligible, as less than 1% variation can be observed
between them at various times. This is due to the fact that the latent heat
changes when the SS-PCM phase change rate varies between the two
structure types; it is recovered by the amount of sensible heat during
heat diffusion as well as the heat stored in the structure fins.

The values of AT and Ty in the plate-fin structure and the tree-
shaped fin structure are depicted respectively in Figs. 24 and 25. It is
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shown the value of T4, at the various times is highest for steel 302, as
SS-PCM phase change is at its lowest in that case and heat transfer from
the heat source is reduced. In the figre, at 2000 s, Ty for steel 302 is
135% higher than Cu in flat plates, and 120% in tree structure. In
addition, Ty is higher in the tree-shaped fin structure than the plate-fin
one for all the metals except for steel 302, which is related to the vari-
ation of IPF as discussed in Fig. 11. On the other hand, AT is lower in the
tree-shaped fin structure compared to the plate-fin structure for all the
metals. It is, respectively, 50%, 55%, 32% and 55% lower for Cu, carbon
steel, steel 302 and Al at 2000 s. This validates the optimization of heat
diffusion by the geometry by reducing the temperature difference on the
fins.

7. Summary
The main results of the present study can be summarized as:
- The melting of PCM is intensified when materials with higher ther-
mal conductivity are used in both the plate-fin and tree structures.

Aluminum and copper showed the highest melting rates compared to
the other tested materials. Full melting in Al and Cu is achieved 50%
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Fig. 20. The effect of mass fraction of nanoparticles on T, for the tree-shaped fin structure.

Time(s)

(a)

39.2
- ’ e
391 7 -
38.81F
§ i
< B ,
386F -7
’
Carbon Steel Wt=0%
————— Carbon Steel Wt=0.5%
84p- -~ - Carbon Steel Wt=1%
————— Carbon Steel Wt=3%
38'27““|H“|H“|H‘
3000 3200 . 3400 3600
Time(s)

(b)
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and 25% faster than steel 302 in flat plates and tree structure,

respectively.
- A tree structure improves the heat diffusion from the heat source
towards the PCM. However, it seems that the height of the structure
plays an important role in transferring the heat towards the PCM in
the upper part of the enclosure, mainly for highly conductive mate-
rials. In the present study, the height of the plate-fin structure was
greater than the tree structure, and faster PCM melting was achieved
in the former one for Al and Cu. For materials with lower thermal
conductivity, heat transfer is optimized in the case of a tree structure,
as heat transfer is already limited in the upper part of the cavity. The
maximum temperature is 5% higher in the case of tree structure
compared to flat plates for Al and Cu, while it is 10% and 1% lower in
flat plates for steel 302 and carbons steel, respectively. In order to
have an overall optimization for all the materials, the tree structure
can be designed with the same height as the plate-fin cavity.
The effect of nanoparticle mass fraction on the thermal behavior of
the PCM in the enclosure is very limited. Less than 1% difference was
observed in metling rate and cavity temperature when the nano-
particle fraction was varied. Heat transfer is substantially more
affected by the fins and is dominated by the heat diffusion through
the fin structure towards the PCM that undergoes melting.
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