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Abstract

In this study, the thermal behavior of a PCM-based heat sink in the presence of horizontal fins was numerically
investigated. These types of heat sink can be effective in electronic cooling applications. Independent variables
included aspect ratio (AR), number of horizontal fins (n) and their length (LR), while the objective function was defined
to maximize the safe operation time (tmax). The incorporation of horizontal fins has a positive effect (thermal
conductivity enhancement) as well as a negative effect (latent heat reduction). Based on the results, the optimal number
of horizontal fins was five. As the number of fins rises up to five, the incremental effect of thermal conductivity
improvement (positive effect) was superior to the decremental effect of the latent heat reduction (negative effect),
hence the objective function (tmax) improved. However, with a further increase in the number of fins upon five, the

negative effect prevailed over the positive effect and therefore the safe operation time diminished.
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Introduction

Phase change materials (PCMs) have a high ability to store thermal energy [1, 2]. They have high phase change
enthalpy, hence during the phase change, absorb a great amount of energy at the low-temperature range (phase change
temperature)[3]. It seems that these materials can also be utilized to cool the electronic devices [4] due to their high
energy storage capability [5]. Due to the less energy consumption requirements [6, 7], PCMs can be utilized to reduce
energy demand in different areas [8]. The conduction heat transfer through PCMs is associated with a high-temperature
gradient [9]. The high-temperature gradient makes such materials unable to participate completely in the phase change
process. Different techniques have been proposed by researchers to improve the thermal performance of PCMs [10].
Ren et al. [11] performed a numerical study on the potential of microencapsulated phase change material (MEPCM) on
holding the temperature increase in electronic devices. They used expanded graphite (EG) nanoparticles with fin to
enhance the thermal conductivity of MEPCM, but preliminary results showed that although fin improves the thermal
conductivity of the heat sink, it also reduces the latent heat storage capability. They investigated two distinct heat
sinks, the first heat sink used fin and the second one utilized EG nanoparticles to improve MEPCM thermal
conductivity. In the early stages, the performance of the first heat sink was much better than the second heat sink, but
over time, the performance of the second heat sink became better. The authors also showed that if multiple PCM with
different melting temperatures were used, thermal performance would be improved. The authors recommend that
MEPCM with higher melting temperature t should be used near the heat source. By moving away from the heat source,
the MEPCM melting temperature must also be reduced. Emam et al. [12] applied three PCMs of RT25, RT35, and
RT44 for cooling of the electronic device under heat fluxes of 2000, 2950 and 3750 W m. They observed that the
front temperature foe devices which are equipped with PCMs, was lower by 69.8, 80.44, and 74.44<C than the simple
device. The authors also investigated the effects of ambient temperature in the solidification duration and it was found
that as the ambient temperature increased from 20 to 25<C, the solidification time of RT44HC raised by 94 min. This
figure for the ambient temperature of 30°C was 178 min. Farzanehnia et al. [13] used paraffin PCM for the cooling
of an electronic chipset. They also added MWCNTSs nanoparticles to enhance the PCM thermal conductivity. Three

heat sink were prepared and examined to evaluate the effects of using PCM on the electronic device cooling. The first
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heat sink was simple, while the second and third ones were equipped with PCM. In the third heat sink, in addition to
PCM, nanoparticles of MWCNT were also added. It was found that adding MWCNTSs into the paraffin PCM led to a
cooling time reduction up to 6%. In the active mode, incorporation of PCM and NPCM reduced the rate of increases
in temperature in the early stages of the heating process, while intensified the chipset temperature in the steady state
conditions. In the intermittent mode, PCM-based heat sink and NPCM-based heat sink enlarge the operation time
while reduced the maximum temperature. Huang et al. [14] conducted many experimental tests to examine the thermal
behavior of a novel PCM-based heat sink. They found that some parameters such that PCM thickness, PCM thermal
conductivity, heat storage density and finally input power has an impact on the thermal behavior. At high input power,
the PCM role in the thermal performance of the heat sink was more obvious than the conditions in which the input
power is low. Heat thermal storage improvement led to more operation time of the device prior to reaching the critical
temperature. The authors also observed that the PCM thermal conductivity increases the safe operation time slightly.
Also, they revealed that the PCM thickness efficacy on the safe operation time was more than the PCM thermal
conductivity. Zhao et al. [15] compared the ability of a new low-melting-point alloy (LMPA) with paraffin of RT60
(both of them has approximately the same melting point). LMPA PCM thermal conductivity was 50 times than the
RT60 one. Also, LMPA volumetric latent heat storage was 2.1 times that of RT60. Results showed that using LMPA
PCM rather than the paraffin enlarged the safe operation time up to 50%. At the same time of operation, the maximum
temperature in the heat sink equipped with LMPA was 15°C lower than the RT60 one. Hafiz and Arshad [16] evaluated
a PCM-based heat sink equipped with pin fins (fin diameters ranged from 2 to 4mm). A base heat sink (without fin)
was also built for comparison. The volume fraction of fins was 9% but the PCM volume fraction was considered
variable. In other words, the PCM height varied within the heat sink. According to the results, the 3 mm diameter pin
fin have more ability to extend the safe operating time than the other cases. Kalbasi and Salimpour [17] investigated
the effect of the number of enclosures on the thermal performance of a PCM-based heat sink (designed for electronics
cooling) using constructal design approaches. Independent variables included the number of enclosures, aspect ratio
and heat flux while the objective function was defined to enlarge the safe operation time. They showed that thermal
performance does not necessarily improve owing to the increase in the number of enclosures (equivalent to complexity
in constructal theory). In another study Kalbasi and Salimpour [18], they developed the constructal stages from the
first to the second stage by using horizontal fins. They showed that in most cases, four horizontal fins are best suited

to maximize the safe operation time. Salimpour et al. [19] applied multi-scale methodology to optimize the number
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of enclosures. Using the concept of multi-scale, they put a fin in unheated space in each stage until the objective
function (longest safe operation time) reached to the maximum value. Numerical results affirmed that the fin thickness
is an effective parameter in finding the optimum number of fins and as the fin thickness decreases, the optimum fin

number rises. In other words, for each fin thickness, there is an optimal number of fins.

As mentioned, high-temperature gradients are caused owing to the PCM low conductivity, which eventually reduces
the rate of phase change, and it is likely that large amounts of PCM will not melt. Using high conductivity metal fins
is and useful approaches to improve PCMs thermal conductivity (positive effect). But adding fins rises the system
weight as well as the reduction in thermal energy storage potential (negative effect) due to the decrease in volume of
materials with high phase change enthalpy (reduced PCM). Therefore, finding the optimal amount of fin is
indispensable. The other negative effect of incorporation horizontal fins is the disruption to the convection heat transfer.
In this study, the thermal behavior of a PCM-based heat sink in the presence of horizontal fins was numerically
investigated. These types of heat sink can be effective in electronic cooling applications. Independent variables
included aspect ratio (AR), number of horizontal fins (n) and their length (LR), while the objective function was defined
to maximize the safe operation time (tmax). Finally, the competition between the positive and negative effects of adding

fins will be discussed.
Problem description

As shown in Fig. 1, PCM fills the gap between the horizontal fins. Paraffin wax (Table 1) is considered as PCM. The
heat flux enters through the lower surface. Due to the expanding the melted PCM, an empty space above the heat sink

is provided.
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Fig. 1 PCM-based heat sink
Table 1 PCM properties [17]
¢y/kJ kgt k/W mt K1 B/Kt p/kg m*
T/°C T4°C hig/kd kg™ kg mis?
liquid solid liquid solid liquid | solid
RT-27 30 28 179 1800 | 2400 0.00342 0.15 024 | 0.0005 760 870

79 Note that

The density of PCM in the solid state is constant while in the liquid state, it is changed by p = T
-

T, is the liquidus temperature (Table 1). Fins are made of aluminum alloy 6061 with constant thermophysical

properties of ¢, = 875 J kgt Kland k = 177 W m? KL,
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The heat sink height (H) as well as the heat sink area (A = WH) is considered to be constant (problem constraint).
The applied heat flux changes so that the input energy per the total volume of heat sink remains constant (% = cte).
The initial temperature is considered to be same as the ambient temperature (27 <C). In accordance with Table 1, at
27<C, PCM is in the solid state. All walls (except the lower wall) are considered adiabatic. Because in the worst-case
conditions, all energy enter to the heat sink must be absorbed by the cooling system. Note that the boundary condition

at the lower surface is q" = —k3~.
y

Mathematical formulation

Due to the applications of mathematics in various sciences [20-22], numerical methods were used in this study. Two-
phase heat transfer has attracted much research interest [23]. In this study, two-phase heat transfer is also investigated.

There are two interfaces in this study [24]. There is an interface between air and PCM, which by applying volume of
fluid (VOF) technique, the interface location is estimated. In the VOF technique, the momentum equations along the

horizontal and vertical directions with modified properties are used [25]:

d(pu) N a(pu) +v6(pu) N a(pu)

ot " ox ay W oz @
3 E)P+ +6(6u>+6(6u>+6(0u>+106(1—6)2
T Tox P x \Hox dy “ay 2z \" oz €3 +0.001 ©
d(pv)  d(pv)  d(pv) a(pv)
ot "' Tox Ve TV o @)

3 E)P+ +6(6v>+6(6v)+6(0v>+106(1—6)2
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Due to the presence of two phases of PCM and air, modified thermophysical properties such as p, k and p can be

obtained by the following equations:

P = BairPair + (1 — Bair)Ppcu (3)
k = Bairkair + (1 = Bair)kpem (4)
t = Bairbair + (1 = Bairdttpem (5)

In the above equations, 3,;, denote the air volume fraction and obtained by the following Eq:
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d d a a
3 [PairBair] + Uz [PairBair] + U3y [PairBair] + wo- [PairBair] =0 (6)

Note that the PCM volume fraction is determined with Bpcy = 1 — Byir-

The well-known enthalpy-porosity technique is used for the PCM phase change process[26]. In this technique, the
interface between solid and liquid is not explicitly tracked. In the enthalpy-porosity approximation, the cell domain is
considered as a porous medium and the amount of porosity indicates the liquid fraction (). The @ = 1 indicates that
the cell temperature is higher than the liquidus temperature (T = T;), but the liquid fraction equal to zero indicates
that the cell temperature is lower than the solidus temperature (T < Ty). For the cell temperature is in the range
between Tsand Ty, the liquid fraction («) is between zero and one, and in this case, there is an interface between the
liquid and solid phases [27]. The energy equation for problems involving phase change process, the following

equations is written as follow:

d d d d
3 (ph) + Ix (puh) + 3 (pvh) + Fr (pAH)
(7)

- % (152) + f—y(ki—i) - % (pudH) — % (pvAH)

where h denote the sensible enthalpy (h = h,.f + fTT - Cp dT) and AH is the latent enthalpy which is related to the

amount of liquid fraction AH = aL. Note that parameter (L) is the phase change enthalpy.

Second-order upwind and geo reconstruct discretization methods were applied on momentum/energy and liquid
fraction equations, respectively. Considering the low velocity in the phase change process, the laminar flow is

considered.
Grid study and validation

For grid independency, three networks with interval sizes of 0.2, 0.1 and 0.05 were selected. According to the results,
as the interval size decreased from 0.1 to 0.05, results (t,,4,) did not change significantly. Therefore, square meshes
at interval size of 0.1 s were chosen. Fig. 2 shows the effect of time step size variation on the output response (t,;,4x)-
As can be seen, there is a sensitivity of the output response to the time stamp, up to At = 0.01 s. As the time step

decreases further, the results will not change much.
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Fig. 2 Independency of the time step size (At)

The numerical method used in this study was validated by experiments carried out by Hosseinizadeh et al. [28]. The
authors studied a PCM-based heat sink equipped with vertical fins to enhance the heat sink thermal conductivity. The
electrical power applied to the bottom wall was 45 W, while the other walls were well insulated. The ambient
temperature was 27 <C, hence the heat sink initial temperature was 27 <C. Applying heat flux on the bottom wall, its
temperature begins to rise. The temperature variations of the bottom wall are shown in Fig. 3. As shown, the numerical

method can simulate the PCM-based heat sink.
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Fig. 3 Comparison between the current study and the experimental data [28]

Results

In general, by loading fins to the PCM, heat transfer within the PCM can be enhanced to maximize the objective
function. The objective function is different for various applications. In electronic cooling applications, the objective
function is defined as enlarging the safe operation time. For this purpose, given the problem constraints (constant
height of the thermal heat sink), the optimal number of horizontal fins within PCM will be examined. The presence
of horizontal fins is expected to improve heat distribution within the PCM. For this purpose, two same heat sink with
equal dimensions are selected and heat flux is applied to both geometries equally. The variations of t,,,, for a heat

sink equipped with horizontal fins and a base heat sink (without horizontal fins) are shown in Fig. 4.
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Fig. 4 The variations in t,,,, owing to the incorporation of horizontal fins into the PCM

As can be seen in Fig. 4, by adding horizontal fins, the contact surface between PCM and fins intensified which
consequently increased the objective function (t,,,,) in each aspect ratio. The results presented in Fig. 4 are for a heat
sink equipped with three fins at length ratio of LR=0.3. As can be seen in Fig. 4, as the fins added to the PCM, the
contact surface area intensified which consequently improved the heat transfer as well as the increase in t,,,, for each
aspect ratio (LR). Therefore, it is desirable to add horizontal fins. To evaluate the effects of the number and length of
horizontal fins on heat sink performance, a heat sink at constant height of H=10 mm is selected. Some horizontal fins
at length ratios of LR = 0.3, 0.5, 0.7 and 0.9 were loaded at 5000 W m-2 applied from the bottom surface. For a heat

sink with three horizontal fins (n=3), the effects of length ratio on t,,,, are shown in Fig. 5.

10
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Fig. 5 The effect of increase in length ration (LR) on tmax (H=10 mm, n=3, AR=1)

As shown in Fig. 5, with the rise in the length ratio (equivalent with the fins length growth), tmax increases. In Fig. 6,
the streamlines are illustrated for both LR = 0.3 and LR = 0.9. As shown in Fig. 6, as the horizontal fin length rises,

the contact area, as well as the convection intensity, increased, hence tmax improves.

11
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LR=0.3 LR=0.9

Fig. 6 Comparison of the convection strength between LR=0.3 and LR=0.9 (n=3, H=10 mm, AR=1)

Now, the number of horizontal fins efficacy is examined. For n = 5, 11 and 13 the maximum time is recorded and is

shown in Fig. 7.

12
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Fig. 7 Effects of length ratio (LR) on tmax at different horizontal fins number (H=10 mm)

When the number of horizontal fins is five (n = 5), increasing the fin length from the LR=0.3 to LR=0.7 improves the
tmax, DUt more increase in LR, diminishes tmax. In Fig. 8 the streamlines for the three LR values (0.3, 0.7 and 0.9) are
depicted. As can be seen, at length ratio of LR = 0.7, the convection is formed in two places (between the horizontal
fins and the distance between the horizontal fin tip and the line of symmetry). But at LR = 0.5 and LR = 0.9 the
convection is formed only in one place. Therefore, it seems that the convection strength for LR=0.7 is superior to

LR=0.3 and LR=0.9, which consequently the higher objective function.

13
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Fig. 8 Convection strength at LR=0.5, 0.7 and 0.9 (n=5, H=10 mm)

As can be seen in Fig. 9, for heat sink with 13 horizontal fins, increasing the horizontal fin length ratio, reduces the
PCM volume. On the other hand, larger fins disrupt the convection. Because as shown in Fig. 9, the rotating cells are
diminished owing to increase in fins length, hence the convection intensity reduces. For this reason, t,,,, reduces

with increasing fins length with respect to Fig. 7 for heat sink with 13 horizontal fins.

i

14
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LR=0.3 LR=0.9

Fig. 9 Comparison of strength convection between LR=0.3 and LR=0.9 (n=13, H=10 mm)

Considering the constant heat sink height, as the heat sink width grows, the AR = % increases. The effects of

increasing AR on t,,,, are shown in Fig. 10. According to Fig. 10, the increase in AR does not affect the number of
optimum fins. That is, for H = 10 mm from AR = 1 to AR = 5, the optimal fin number is 5 (i.e., nopr=5). As mentioned,
adding fin has a positive effect (thermal conductivity enhancement) as well as a negative effect (latent heat reduction).
As the number of fins rises up to five, it seems that the incremental effect of thermal conductivity improvement
(positive effect) is superior to the decremental effect of the latent heat reduction (negative effect), hence the objective
function improved. However, by increasing the number of fins from 5 to 13, the negative effect prevails over the
positive effect and therefore the objective function will diminish. As the aspect ratio grows (AR 1), the horizontal
distance between the vertical walls increases, hence the conduction heat transfer diminished. In this case, convection
heat transfer has a larger role in t,,,,,. In other words, as AR grows, the role of convection heat transfer in the objective
function becomes more important and therefore the optimal length ratio should be reduced. As shown in Fig. 10, the

optimal length ratio (LR) decreases with increasing AR.
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Fig. 10 Optimum fins number at different AR

In accordance with Fig. 10 (AR=5), the objective function (t,,,,) diminishes as the length ratio grows. Because at
high aspect ratio, convection heat transfer plays a key role, and the shorter the fin length, the greater convection

intensity there will be (Fig. 11).
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Fig. 11 Streamlines at LR=0.7 and LR=0.9 (H=10 mm, n=5, AR=5)
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It was mentioned that the optimal fin number for H = 10mm is five (i.e., nox=5). Now, the effects of increase in the
heat sink height on the number of optimal fins are investigated. The sensitivity of the objective function (t,,,,) to the
number of fins (n) and their lengths at different heat sink height of 12.5, 15, 17.5 and 20 mm was illustrated in Fig.
12. According to Fig. 12, the optimal fins number at heights of 12.5, 15, 17.5 and 20 mm is also five (i.e., ngpt=5). It
seems that by increasing the number of fins up to five, the positive effect of fin installation was superior to its negative
effect, but by increasing the number of fins from 5 to 13, the negative effect (decreasing the phase change enthalpy
overcomes the positive effect (increase in thermal conductivity), hence decreases tmax. Increasing the height parameter

at AR =1 has no effect on the optimum length (L) and focusing on Fig. 12 revealed that (Lopt) is 0.7.
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Fig. 12 The variation in tmax With respect to LR at different heat sink height
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Conclusions

In this study, the thermal behavior of a PCM-based heat sink in the presence of horizontal fins was numerically
investigated. These types of heat sink can be effective and useful in electronic cooling applications. Since the heat
sink width was considered variable, the heat flux is varied so that the heat sink energy input was the same for each

heat sink. The most important results are as follows:

e Adding horizontal fins, the contact surface and consequently heat distribution through the heat sink improved.
But at the same time, it reduced the movement of the liquid phase and hence disrupted the convection. Hence,
tmax depends on the horizontal fins number. The results showed that for each heat sink there is an optimal

number of horizontal fins, which further increases in the number of fins diminished ¢,

e Based on the results, for AR=1 to AR=5, the optimal number of horizontal fins was five. As the number of
fins rises up to five, the incremental effect of thermal conductivity improvement (positive effect) was superior
to the decremental effect of the latent heat reduction (negative effect), hence the objective function improved.
However, for number of fins from 5 to 13, the negative effect prevailed over the positive effect and therefore

the safe operation time diminished.

e As the aspect ratio grows (AR T), the horizontal distance between the vertical walls increases, hence the
conduction heat transfer diminishes. In this case, convection heat transfer has a larger role in safe operation
time. As the aspect ratio increased from 1 to 5, the optimal length ratio decreased from 0.7 to 0.3. With the
growth in AR, the role of convection heat transfer in the objective function becomes more important, hence

the optimal length ratio should have a lower value.

e Heat sink width has a greater effect on the optimal fins number as well as the optimal fins length than the

heat sink height.

18
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