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Abstract: This paper experimentally investigates heat dis-
sipation of a heat pipe with phase change materials (PCMs)
cooling in a multiple heat source system. Two heat sources
are fixed at one end of the heat pipe. Considering that a
heat sink cannot dissipate all the heat generated by two
heat sources, various PCMs are used due to a large latent
heat. Different materials in a container are wrapped out-
side of the middle heat pipe to take away the heat from the
evaporation section. The experimental tests obtain temper-
ature data of heat source, evaporation section, and energy
storage characteristics of PCMs are also determined under
constant and dynamic values of the heat source powers. It
is found that under this multiple heat source system struc-
ture, the phase change material RT35 maintains tempera-
ture variations of the evaporation section at a lower tem-
perature and shortens the required time to reach the equi-
librium temperature under a heating power of 20 W.

Keywords: phase change material, heat pipe, multiple
heat source, electronic cooling, thermal storage

PACS: 44.10.+i, 64.70.D-

1 Introduction

Low heat dissipation efficiency and long reaction time can
be easily found in the conventional cooling method for
a multiple heat source system. Considerable amounts of
heat and many fluctuations are generated in multiple heat
source systems, such as multi-core CPUs and highly in-
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tegrated electronic equipment. Generally, an increase of
dissipate heat under a transient high-power operation of
a heat source is fulfilled by increasing the power of the
cooling fan. Most heat is dissipated by using forced air
convection with and without a heat pipe in a periodic
or a transient manner. As a latent heat storage material,
PCMs (phase change materials) have been widely used in
many fields, such as solar thermal energy storage, solar
water heating systems, photovoltaic panels, battery ther-
mal management, and electronic devices [1]. An increase
in power consumption of electronic devices will result in
a temperature rise above a critical value. The latent heat
of PCMs can effectively store the instantaneous heat and
periodic heat generated by electronic devices, which can
prevent the electronic devices from accumulating a large
amount of heat in a short time [2]. Al-Jethelah et al. [3] nu-
merically studied melting process of PCMs in a latent heat
storage system. Nusselt number and melt fraction of PCMs
were analyzed to obtain effects of ambient temperature on
convective heat transfer coefficient and melting rate. Ebadi
et al. [4] analyzed performance of the RT35 in a vertical
cylindrical thermal energy storage system experimentally
and numerically. The results showed that as the melting
process progressed, the dominant heat transfer method
of RT-35 changed from heat conduction to convective heat
transfer. Zhao and Tan [5] presented an evaluation of a
prototype thermoelectric system integrated with PCMs for
space cooling. Emam et al. [6] investigated the passive ther-
mal management of electronic devices and concentrator
photovoltaic (CPV) systems with using phase change ma-
terial, and they found that formation of air cavities inside
solid PCMs showed little impact on their cooling perfor-
mance. Kalbasi et al. [7] presented a correlation to estimate
the optimum number of fins and optimum volume fraction
of PCMs in a heat sink. Mashaei et al. [8] pointed out that
the heat dissipation in systems with multiple heat sources
is not different from that for a single heat source.

Heat pipes integrated with heat sinks have been exten-
sively investigated by using various PCMs [9]. The PCMs
show an important role in absorbing dissipated heat of
thermal management systems. In 2003, Tan and Tso [10]
conducted an experimental study to cool a mobile elec-
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tronic device using a thermal energy storage unit filled

with phase change materials. They found that the temper-
ature distribution was significantly affected by the orienta-
tion of the heat storage unit. Wang and Yang [11] numeri-

cally investigated variations of operation temperature and

melting time by using a PCM based multi-fin heat sink. Re-

sults showed that prediction accuracy of transient surface
temperature was within 10.2%. In addition, researchers

have tried a variety of ways to improve thermal conductiv-
ity of PCMs. Wang et al. [12] embedded phase change ma-

terial paraffin into copper foam metal, and results showed
that 40% reduction of heat storage time of paraffin wax
was obtained by using copper foam. Ebrahimi et al. [13]
investigated phase change materials in a shell-tube heat
exchanger enhanced with heat pipe, and they found that
the melting time decreased by 91% compared with no heat
pipe case. Abujas et al. [14] numerically studied effects
of finned pipes and conductive foams on the charge time
and the energy distribution. It was found that aluminum
fins had a significant reduction on the charge time of the

system. In addition, researchers used nanoparticles to in-
crease heat transfer properties of solid and liquid materi-

als. Wang et al. [15] experimentally analyzed an effect of
different magnetic fields on heat transfer performance of

the ferrofluid. It was found that the configuration of ad-
jacent magnetic cannulas could provide a continuous en-
hancement of convective heat transfer. Chen et al. [16] in-

vestigated the effect of Fe;0,-EGW (a mixture of ethylene

glycol and DI-water) nanofluids on heat transfer charac-

teristics in an electric heater. The results show that when

0.5% Fe304-EGW nanofluid was used, the equilibrium tem-

perature of the middle fin of the electric heater obtained
14.68% enhancement by adding an external magnetic field
of 100 mT.

However, most researchers focused on thermal perfor-

mances of heat sinks and heat pipes under multiple heat
sources. Han et al. [17] studied a novel flat heat pipe with

multiple heat sources, and results showed that both ther-

mal resistance and the maximum heat transport capacity

increased with the increase of the number of heat sources.

Zhang et al. [18] proposed a novel ultra-thin aluminum flat
heat pipe to improve thermal performance of two phase

device. Results showed that the wicked heat pipes pro-
vided an enhancement of thermal performance under in-

clination angles of 30° and 60°. Chougule and Sahu [19]
reported thermal performance of a nanofluid inside a heat
pipe with PCMs for electronic cooling. They found that the

heat pipe with paraffin reduced the fan power consump-

tion up to 66%, compared with a heat pipe with water

as energy storage material. Shabgard and Faghri [20] pre-

sented a model of cylindrical heat pipes with multiple heat

DE GRUYTER

sources. They focused on the analysis of the constant heat
flow and convection cooling during the condensation pro-
cess, and results from a developed simple method showed
good agreement with the full simulation results. Tang et
al. [21] proposed a cooling method for a multiple heat
source heat pipe. Compared with other cooling methods,
this multiple heat source and double-end cooling (MSDC)
improved the thermal performance of heat pipes.

Based on tests of the charge, discharge and simulta-
neous charge/discharge performances, Weng et al. [22] in-
vestigated the thermal performance of a heat pipe with
phase change materials. They found that a cooling module
with tricosane as PCM saved 46% fan power consumption,
compared with the traditional heat pipe. Zhuang et al. [23]
proposed a novel heat pipe wrapped with PCMs, and they
found that the novel composite heat pipe (CHP) filled with
75% PCMs showed a stable temperature reduction of 9.31%,
compared to that without PCMs. Behi et al. [24] both exper-
imentally and numerically investigated heat dissipation
and cooling process of a horizontal PCM-assisted heat pipe.
They found that the PCM-assisted heat pipe provided up to
86.7% cooling load under a power range of 50-80 W.

This paper aims to investigate heat dissipation perfor-
mance of a multiple heat source system under constant
and dynamic powers of the heat sources. Various PCMs are
used to remove thermal energy from a heat pipe. Thermal
performance of the heat pipe with PCMs (deionized water,
paraffins RT30, RT35 and RT45) during the charge and dis-
charge processes are tested under different powers of the
heat sources. Temperature values on the evaporation sec-
tion of the heat pipe are discussed to find the optimum
PCM for the system heat dissipation.

2 Experimental investigations

2.1 Experimental setup and details

This experimental research aims to investigate cooling per-
formance of PCMs outside a heat pipe with multiple heat
sources. Thermocouples are used to measure temperature
variations of the heat sources, heat pipe and PCMs. The ex-
perimental system consists of a flat heat pipe, two resis-
tors, a container, a fan, heat sinks, two DC power supplies,
a computer, and a data acquisition system (Agilent Co.)
as shown in Figure 1. The experimental section includes
three parts, i.e., a heating part (100 mm), an energy stor-
age part (100 mm) and a condensing part (100 mm). All
the three parts are installed on a flat heat pipe. The flat
heat pipe is a copper-water capillary wick structure with
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Table 1: Thermophysical properties of PCMs
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Parameters Melting point (°C) Specific heat Latent heat (k) kg™?)  Thermal conductivity
(k) kgtoc™) Wmtk™?
Dl-water 0 4.2 - 0.6
RT30 30+2.5 2.0 163 0.2
RT35 35+2.5 2.0 172 0.2
RT45 45+2.5 1.8 165 0.2
2 X DC power Data acquisition [0 Heat pipe BB Fin
supply system COMPUET e [l Heat sink
—— M Block heater
e ‘Ej + Thermocouple
— | Insulation material

—ﬂ— ===
- s g W
Figure 1: Schematic and photos of experimental setup (unit: mm)

a length of 310 mm and a width of 11 mm. As shown in
Figure 2, several PCMs and DI-water are used as materials
for thermal energy storage during the tests. The paraffin
was purchased from Nanyang Hannuo Petrochemical Co.
Ltd. China. The thermophysical properties of PCMs and DI-
water are shown in Table 1.

A heating system with multiple heat sources is in-
stalled on the evaporator section of the heat pipe. The heat-
ing system consists of two heating modules which gener-
ate various heat fluxes by resistors with a direct current.
As shown in Figure 1, each heating module has a length
of 50 mm and a width of 14 mm. Each heating module
contains two heating-resistor blocks connected to two DC
power supplies. The input power of the heating system is
controlled by adjusting the voltage of the DC power sup-
plies. In order to simulate the real system, the testing sec-
tion is heated continually until the temperature of the heat
source reaches the equilibrium state. To judge the equilib-
rium state, a criteria is given as: when temperature values
of heat sources change less than 1°C within 1 min, it is re-
garded as equilibrium state.

The container for the energy storage is a tank full
of the PCMs. This container with dimensions of 106 mm
x31 mmx23 mm was made from polylactide acid by a 3D

v
3

4“‘ :

(a) DI-water

(b) RT30

(c) RT35 (d) RT45

Figure 2: Experimental material samples

printer, and it was covered by insulation materials to re-
duce the heat dissipation. The gap between the heat pipe
and the PCM container is filled with thermal silica gel to
avoid the leakage of the PCMs. The condensation section
consists a fan and a heat sink attached to the other end of
the heat pipe. The heat sink made of aluminum has a total
cooling area of 0.128 m?.

Temperature distributions along the heat pipe and on
each part of testing sections are measured by T-type ther-
mocouples. Locations of the thermocouples are shown in
Figure 1. In order to heat from the same initial condition,
the ambient temperature is measured during each test. In
order to record temperature values at different testing po-
sitions of the heat pipe and PCMs, thermocouples are ar-
ranged in the evaporative section, the adiabatic section
and the condensing section of the heat pipe. Another five
thermocouples are located along the heat pipe.
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Table 2: The heating time and cooling time under different heating conditions
Materials 10W-10W 10 W-5W 5W-10 W 5W-5W
Heating Cooling Heating Cooling Heating Cooling Heating Cooling
time (s) time (s) time (s) time (s) time (s) time (s) time (s) time (s)
W/0 PCM 1570 1140 770 920 800 1100 680 1020
Dl-water 2040 2330 940 2080 950 2280 800 2040
RT30 1640 3940 690 1970 590 1780 610 1540
RT35 1310 4080 780 2070 720 1850 620 1800
RT45 1790 2540 720 1780 680 1290 630 1520
158
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Figure 3: Temperature variations of heat source 1 under different heating conditions (Heat source 1 power—heat source 2 power)

2.2 Uncertainty analysis

The uncertainties of the experimental results are estimated

of 0.05°C. Moreover, the input power is supplied by a DC
power supply with 0.1% voltage accuracy and 0.5% current

based on an error analysis of the present measurements.
T-type thermocouples are calibrated with an accuracy of
+0.2°C, while the data acquisition unit has an accuracy

accuracy.
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Figure 4: Temperature variations of the evaporation section under different heating conditions (Heat source 1 power—heat source 2 power)

3 Results and discussion

In order to investigate the effect of the PCMs on the heat
dissipation performance, constant systems with multiple
heat sources are used by a variety of power combinations.

3.1 Constant multiple heat sources

In this part, four conditions with constant heat sources are
analyzed by using different PCMs. The heat sources 1 and

2 are set to powers of 5 W and 10 W, respectively. Investiga-

tions of temperature values on heat sources, evaporation

section, adiabatic section, and energy storage part are con-

ducted under both charge and discharge processes of the
different heat sources.

Figure 3 shows transient temperature responses dur-
ing different heat inputs for various PCMs. It is found
from Figure 3(a), that temperature value of heat source 1
reaches to 96.9°C for the material RT35 under a heat source
of 10 W-10 W. Compared to the case without PCMs (W/O
PCM), the temperature of the heat source 1 is reduced by
34.4% (50.9°C) from 147.8°C. Compared with other PCMs,
the RT30 also shows a slight advantage for heat dissipa-
tion. Moreover, the temperature value of the heat source 1
for the RT30 is 112.6°C, which is 23.8% (35.2°C) lower than
that for no PCM material. Although the RT45 can reduce
the temperature by 11.4°C compared with no PCMs, the
RT45 shows a worse heat dissipation compared to the DI-
water. As shown in Figures 3(b)-3(d), the maximum temper-
ature differences between the cases with and without PCM



802 — KaiV.etal

>0 W/O PCM
_ 45k __ P S Dl-water
O +,408 ——RT30
40 FNCaEs RS
S el j,,'.'“/'o “<378 —+—RT45
© 35 Twus R
©
230/,
O ol

20 F 1 1 1 1

0 1500 3000 4500 6000 7500
Time (s)
(@) 1I0W-10 W
40
------ go - - 4384 e« W/OPCM
_36f ™ " Rz72 Dl-water
O e * —— RT30
332 st 2% RT3
S|, s e f?P8 <+ RT4S
S —.—V— —#ad vy ..
g 28Tt Mgl e 20
A M A

S o4lie et eeessiiitang,,,
=<l

20 [ 1 1 1 1

0 800 1600 2400 3200 4000
Time (s)
(c)5W10W

DE GRUYTER

D
o

w
(o)}

w
N

Temperature (°C)
N N
£ o

N
o

000

(b) 10 W5 W

o

[ep)

Temperature (°C)
N N 5 w

N

22 : : : :
0 700 1400 2100 2800 3500
Time (s)
(d)5W5W

Figure 5: Temperature variations of materials in an energy storage tank under different heating conditions (heat source 1 power-heat

source 2 power)

are 4.1°C, 3.5°C and 2.3°C for heating powers of 10 W-5 W,
5 W-10 W, and 5 W-5 W, respectively.

In addition, the equilibrium temperature of the heat
source is quickly reached by using the RT35, and the heat-
ing stabilization time is 1310 s, as shown in Table 2. The
heating stabilization times required for no material, DI-
water, RT30 and RT45 are 1570 s, 2040 s, 1640 s and 1790
s, respectively. When the power of the heat source 2 de-
creases as shown in Figure 3(b), the temperature values for
the RT30, RT35 and RT45 show a similar increasing trend.
Compared with the data for the cases with no PCMs, DI-
water, RT30, RT35 and RT45 in Figure 3(a), the maximum
temperature values of the heat source 1 decrease by 71.8°C,
50.6°C, 40.4°C, 24.3°C and 62.1°C, respectively. It is con-
cluded that when the power is relatively high (10 W-10 W),
the RT35 shows a better cooling performance due to a high

energy storage in the PCM box. However, the results indi-
cate that due to its sensible heat absorption, the DI-water
under a low heating power provides a lower heating equi-
librium temperature than the PCMs.

Figure 4 presents transient temperature variations of
the evaporation section under different heating conditions.
Compared with no PCMs, DI-water, RT30 and RT45 as
shown in Figure 4(a), the maximum temperature values of
the evaporation section for the RT35 are reduced by 39.4%,
17.3%, 8.1% and 29.7%, respectively. Based on a compari-
son of the results in Figure 4(a) - 4(d), it is found that the
RT35 has a higher capacity of energy storage under a high
heating power compared with the other materials. When
the heat source power changes from 5 W-5 W to 10 W-10 W,
the temperature of the evaporation section for the RT35 in-
creases by 47.6% (from 38.9°C to 57.4°C). For the DI-water
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Figure 6: Temperature variations of heat source 1 under dynamic heating powers (heat source 1 power—heat source 2 power)

and the RT30, the temperature of the evaporation section
increases by 81.5% and 61.9%, respectively. However, three
PCMs (RT30, RT35, and RT45) under a low heating power
show worse cooling performance than the DI-water. It is

also concluded that PCMs can provide good cooling protec-
tion in a multiple heat source system, which avoids dam-
age of the equipment caused by transient high power op-

eration in a short time.

In charge and discharge processes of heat sources, the
temperature variations of materials in the energy storage
tank are illustrated by changing the heating conditions as

shown in Figure 5. In Figure 5(a), the maximum temper-
ature of the DI-water in the storage tank reaches 44.9°C,
and the corresponding equilibrium time is up to 2050 s.
When the heat source temperature reaches equilibrium,

the temperature values for the RT30 and RT35 are 37.8°C

and 35.0°C, respectively. As shown in Figure 5(b), the tem-
perature of the DI-water rises to 37.9°C after 960 s when
the heat source temperature reaches equilibrium, whereas
the temperature values of the RT30 and RT35 increase to
29.6°C and 32.8°C, respectively. For the heat source in Fig-
ure 5(c), the RT30 and RT35 have equilibrium temperature
values of 29.1°C and 32.5°C, respectively.

As can be seen from Figure 5(b) and 5(c), the temper-
atures of the DI-water, RT30 and RT35 in the container are
close for the same conditions of the total heat source. With
increasing the power as shown in Figures 5(a)-5(b), the
temperature values of the DI-water, the RT30 and the RT35
increase by 7.0°C, 5.4°C and 5.0°C, respectively. Decreas-
ing the heating power as shown in Figure 5(d), the equilib-
rium temperature of the heat source attains lower values
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Table 3: The periodical heating processes for dynamic multiple heat sources
Time (min) Heating condition 1 Heating condition 2 Heating condition 3 Heating condition 4
Heat Heat Heat Heat Heat Heat Heat Heat
source 1 source 2 source 1 source 2 source 1 source 2 source 1 source 2
(W) (W) (W) (W) (W) (W) (W) (W)
0-5 5 5 5 5 5 10 10 5
5-10 10 5 5 10 10 10 10 10
10-15 15 5 5 15 5 10 10 5
15-20 10 5 5 10 10 10 10 10
20-25 15 5 5 15 5 10 10 5
25-30 10 5 5 10 10 10 10 10
30-35 15 5 5 15 5 10 10 5
35-40 10 5 5 10
40-45 5 5 5 5
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Figure 7: Temperature variations of the evaporation section under different heating powers (heat source 1 power—heat source 2 power)
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Figure 8: Temperature variations of materials in an energy storage tank under different heating conditions (heat source 1 power-heat

source 2 power)

(33.5°C, 28.2°C, and 30.2°C for DI-water, RT30, and RT35,

respectively).
It can be seen from Figure 5(a) that the PCMs in the

storage tank are in equilibrium for the DI-water. However,
the heating temperature for the DI-water is relatively high,
and the heat from the source 1 cannot be effectively dis-

sipated. Although temperature curves for the three PCMs
(RT30, RT35, and RT45) have upward trends (that means

the PCMs have not reached the equilibrium temperature),
the rising temperature values are lower than for the DI-

water and no material. This result indicates that PCMs
plays an important role in heat dissipation and absorption
of heat generation from a multiple heat source system with
a high power.

3.2 Dynamic multiple heat sources

In order to analyze heat dissipation performance of var-
ious PCMs, Figure 6 shows the transient temperature re-
sponse of the heat source 1 to dynamic systems with mul-
tiple heat sources. One of the two heat sources is kept a
fixed power value (5 W or 10 W), and the other heat source
varies in dynamic power values (5-10-15-10-15-10-15-10-5 W
or 5-10-5-10-5-10-5 W). For dynamic characteristics of the
heat pipe with various PCMs, dynamic power changes with
an interval of 5 min are considered, as shown in Table 3.
It is observed that before a heating time of 750 s, a lower
temperature of the heat source 1 is obtained by using the
DI-water compared with the PCMs. After a heating time
of 1000 s, the material RT35 shows a significant cooling
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performance on the heat source 1 as shown in Figure 6(a).
Compared with the condition without PCM material during
periodic heating, the maximum temperature for the RT35
in the three heating processes is reduced by 12.9%, 18.9%
and 19.5%, respectively. For periodic heating with low pow-
ers as shown in Figure 6(b), the RT35 shows a larger en-
hancement of the heat dissipation for the heat source 1
than the other PCMs. Compared with no PCMs, the max-
imum temperature values in the three heating processes
are reduced by 11.6%, 11.6% and 11.0%, respectively.

During the three heating processes, the maximum tem-
perature of the heat source 1 for the DI-water gradually in-
creased from 118.3°C (in the first heating) to 133.2°C (in the
third heating). For the RT30, the maximum temperature
increases from 124.9°C (in the first heating) to 129.7°C (in
the third heating). For the RT35 condition, the maximum
temperature of the heat source 1 increases from 116.7°C
(in the first heating) to 123.5°C (in the third heating). It is
also concluded that the RT35 has more energy storage af-
ter a periodic heating, which results in good cooling per-
formance from the RT35 for a dynamic heating power. Com-
pared with the DI-water in the three heating processes, the
maximum temperature of heat source 1 for RT35 is reduced
by 1.1%, 9.5%, and 13.4%, respectively.

Figure 7 illustrates temperature variations of the evap-
oration section with time under different heating condi-
tions. It is found that the temperature trends are consis-
tent in Figure 6-7. Temperature values of the evaporation
section for the DI-water are lower than for other PCMs in
the range of 0-1000 s, whereas temperature values of the
evaporation section for RT35 is lowest after 1200 s. Accord-
ing to these results, this study proves that the RT35 ef-
fectively provides a lower temperature rise and also more
uniform temperature evolutions when a dynamic heating
power is given to the evaporation section of the heat pipe.
After two periodic heating processes, the temperature of
the evaporation section for the RT35 maintains a relatively
low value.

Temperature variations of materials in the energy stor-
age tank are analyzed under different heating conditions
as shown in Figure 8. It is observed that the maximum tem-
perature values of RT30 and RT35 are steadily rising un-
til they approach the phase transition values of the PCMs.
This is because the PCMs can absorb most of the heat flux
continuously before the phase transition point due to its
sensible heat, and then the latent heat of PCMs works
when the temperature reaches the phase transition point.
However, the DI-water absorbs all the heat flux by sensible
heat because of no phase transition (above 0°C).

DE GRUYTER

4 Conclusions

In this paper, effects of PCMs on transient temperature
of heat source, evaporation section, and energy storage
characteristics of PCMs were investigated by using a mul-
tiple heat source system. Both constant and dynamic sys-
tems with two heat sources are studied under various heat
source powers. Experimental tests and analysis of results
are conducted by changing energy storage materials in a
tank, including DI-water, RT30, RT35 and RT45.

Compared with no PCMs, DI-water, RT30 and RT45 for
the constant power of heat sources, the maximum temper-
ature values of the evaporation section for the RT35 show
reductions of 39.4%, 17.3%, 8.1% and 29.7%, respectively.
Based on temperature testing on the evaporation section,
itis proved that the RT35 can take away more heat from the
evaporation section of the heat pipe and shorten the time
required for reaching the heating balance.

Compared with no cooling material under a dynamic
power of heat sources, the maximum temperature values
for the RT35 in the three heating processes decrease by
12.9%, 18.9% and 19.5%, respectively. It is found that the
RT35 under a high power of 20 W (10 W-10 W) can provide a
better cooling performance than other PCMs and DI-water,
although the DI-water shows a lower heating equilibrium
temperature than other PCMs under low heating power (P
< 15W).
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