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This paper presents the experimental study of using phase change material in the
cooling of the mobile devices. It investigates the thermal performance of transient
charging and discharging of mobile devices in three different situations; making
phone calls frequently, making long duration calls, and making occasional calls.
The results show that mobile devices are heated up fastest during the long duration
usage. Experiments are also conducted to determine the effect of fins and effect of
orientation of the mobile device on its thermal performance.
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Introduction

With the advancement in technology, more functions are packed into smaller mobile
devices. Moore [1] states that the objective of the future will be to miniaturize electronics equip-
ment and to include increasingly complex electronic functions in limited space with minimum
weight. The shrinking in size reduced the area available for heat dissipation. Enhanced and
added power consuming features worsen the thermal management challenges. The end result is
that the power density continues to increase despite the employment of power management
strategies emerging in both hardware and software [2]. Agonafer [3] reported that as multiple
components are stacked inside the package producing higher sustainable power, effective ther-
mal management is a key.

Forced convection cooling requires bulky and massive equipment, such as fan, and is
thus not suitable for use in mobile devices [4]. In recent years, PCM has been widely examined
as a thermal management that is suitable for dissipating heat from mobile devices. PCM has a
high latent heat of melting [5] which provides high energy storage density [6]. It absorbs huge
amount of energy during the phase change from solid to liquid state with little increase in tem-
perature and volume. Heat will be stored in the phase change material (PCM) and it cools the
mobile devices by reducing the temperature increase during operation. Leoni ez al. [7] assumed
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that humans can comfortably hold plastic objects up to 45 °C. This criterion influences the ther-
mal control design of mobile devices [8] and sets the benchmark for this experiment study.

This paper is to investigate the feasibility of using phase change material inside a heat
sink to cool a mobile phone in terms of the differences in the usage habit of the mobile phone,
the effect of fins inside the heat sink, and the effect of orientation of the heat sink on the cooling
performance of the mobile device.

Experimental setup and procedures
Setup

The n-eicosane is chosen as the PCM as its melting temperature of 36 °C lies in the operating
temperature of mobile devices. It has a high latent heat of melting of 247300 J/kg. Four alumi-
num T6-601 heat sinks as shown in
A fig. 1 are fabricated. The first two
~ heat sinks (Case A and Case B) have
>y the same dimensions while the third
4 (Case C) and fourth (Case D) heat
- sink have three and six fins of 2 mm

N inside the heat sinks, respectively.
SRR P— o The volume of 44 mL of liquid
85 72x 21 mm 91% 72x 21 mm 97 x 72x 21 mm n-eicosane is filled into each of the
heat sink (Case B, C, and D). The rub-

Figure 1. Heat sinks: Case A and B (no fins), Case C (3 fins),

Case D (6 fins)
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Figure 2. Schematic of the experimental setup

Table 1. Properties of the selected materials

ber O rings are placed on the side of
the heat sinks before being tightened
and sealed up with the screws and ep-
oxy, respectively. A 50 x 50 mm plate
heater is placed behind the heat sink to
simulate the heat dissipation of a main
heat source inside the mobile phone
[9]. A layer of thermal conducting
paste (Omegatherm 201) is applied
between the surface of the heater and
the aluminum heat sink to provide
better conduction by reducing the
contact resistance between the sur-

, Thermal | o | Meliing faces. .The power is being supplied by
Material conductivity [ PEENC M8 o perature an adjustable DC power supply. A
[Wm K] = [°C] Teflon insulation board is placed be-

: hind the heater to prevent heat loss
N-eicosane 015 2460 360 from the heater to the polycarbonate
Aluminum 202.4 871 660.4 plastic case which encloses the entire
experimental setup. The schematic di-

Teflon 0.20 1172 335.0 agram of the experimental setup is
Polycarbonate | 0.21 1170 135.0 shown in fig. 2. The properties of the
selected materials are given in tab. 1.
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Figure 3. Location of the thermocouples
(color image see on our web site)

Eight thermocouples are calibrated and attached to dif-
ferent points on the heat sink by epoxy as shown in fig.
3. The locations of the thermocouples on the heat sink
are shown in tab. 2. The data acquisition unit with two
multiplexers is linked to a computer to record the real
time temperature of each thermocouple. A thermal
imager is used to capture the thermal images and the
surface temperature of the plastic cover. The upper and
lower ranges of the thermal imager are set at 20 and
60 °C, respectively.

Procedures

Table 2. Location of thermocouples on
heat sink

Length in [mm]
Heat sinks
A B
Case A 24 28.3
Case B 24 28.3
Case C 24 30.3
Case D 24 323

Table 3. Operation sequences of the heater

During the charging phase, the
heater is switched on and off to simu- Siuaiiien Operation sequences
late three different situations of using Gt It
the mobile phone (frequent usage, _ on for 15 minutes
heavy usage, and light usage). The op- — off for 2 minutes
eration sequences of the heater to simu- | Frequent usage of making — on for 20 minutes
late the three different usages are many callg within 70 minqtes —off for 5 mir}utes
shown in tab. 3. Under the heavy and [on: 60 minutes, off: 10 minutes] | — o?fffor 130 rr}lnlites
frequent usages, the heater is mostly _ gn f(;)rr 1 51?,11111&525
switched on for 60 minutes over the 70
minutes duration call. The heater is ||Heavy usage of making long — on for 30 minutes
switched on for the most 10 minutes for duration c.alls within 70 minutes — off for 10 minutes
the light usage. The input power to the [on: 60 minutes, off: 10 minutes] | — on for 30 minutes
heater is maintained at 5 W for all calls. — on for 5 minutes
The experimental setup is left to cool Light usage making occasional — off for 30 minutes
by natural convection to the ambient call Withir} 70 minutes _ —on for 2 min}ltes
with no power supplied to the heater [on: 10 minutes, off: 60 minutes] :gflf ff;)rr 33(r)n ?Elﬁlétses
during the discharging phase.
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0° 30°

Figure 4. Different orientations of the heat sink

Table 4. Summary of the experiments of the heat sink

No. Case Situation | Orientation
1 A (without PCM) Frequent 0°
2 A (without PCM) Heavy 0°
3 A (without PCM) Light 0°
4 B (with PCM) Frequent 0°
5 B (with PCM) Heavy 0°
6 B (with PCM) Light 0°
7 | C(with PCM and 3 fins) | Heavy 0°
8 | D (with PCM and 6 fins) | Heavy 0°
9 | C(with PCM and 3 fins) | Heavy 30°
10 | C (with PCM and 3 fins) | Heavy 60°
11 | C(with PCM and 3 fins) | Heavy 90°

Results and discussions
Effect of usage of mobile phone

Frequent usage

The temperatures of the thermocouples
are recorded every 5 minutes and plotted
vs. time to observe the thermal perfor-
mance during the transient charging and
discharging phases of the PCM-based heat
sink. The thermal images of the surface are
captured every 10 minutes. Case C and D
are used to compare with Case B to inves-
tigate the effect of fins on the cooling per-
formance. Case C is placed in four differ-
ent orientations; 0°, 30°, 60°, and 90° as
shown in fig. 4 to determine the effect of
orientation of the heat sink on the thermal
performance. According to Ozen et al.
[10], the thermal conductivity of human
inner tissue is 0.5 W/mK. Thus, a 15 mm
thick high density polyethylene of the
same thermal conductivity is stuck behind
the polycarbonate cover to model a human
hand holding the mobile phone. The num-
ber and type of experiments conducted are
given in tab. 4.

The temperatures at several locations of the heat sink, heater temperature, and surface
temperature for Case A and B (frequent usage) are shown in figs. 5 and 6. It is observed that the
temperatures at different locations of the heat sink and the surface temperature on the cover are
about the same. The heater side is at the highest temperature as expected. However, using heat
sink that contains phase change material (Case B) on the mobile phone, the temperatures are
generally lower compared to the heat sink without using phase change material (Case A). From
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90 minutes onwards in figs. 5 and 6, all
the temperatures are about the same
during the discharging phase as the
heat sink is being cooled by natural
convection to the ambient. The heat
stored in the phase change material in-
side the heat sink is dissipating slowly
to the ambient. It takes a longer time to
discharge the heat stored inside the
heat sink and to bring the temperature
down to the ambient compared to the
charging phase.

Comparing the surface temperatures
of Case A and B (frequent usage) as
shown in fig. 7, there is a maximum dif-
ference of 6.4 °C at the 65" minute dur-
ing the charging phase. Case A reaches
a highest temperature of 42.1 °C while
Case B reaches the highest temperature
of 36.3 °C at the 70" minute. For the
discharging phase, Case A is cooled to
30.7 °C and Case B is cooled to 32.5 °C
at the 170™ minutes. Thus, the results
show that the phase change material
contains inside the heat sink can help to
lower the surface temperatures of the
mobile phone by absorbing the heat
during the charging phase when the
phone call is made.

Comparing the thermal images of
Case A and B (frequent usage) as
shown in fig. 8, the images change
from blue to yellowish green to orange
for Case A while the images change
from blue to dark green for Case B.
This indicates a higher temperature for
Case A than Case B.

Heavy usage

—o— Left of heat sink 1
—o— Left of heat sink 2
—— Right of heat sink 1
—<— Right of heat sink 2
—x— Back of heat sink 1
—e— Back of heat sink 2
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Figure 5. Temperature of heat sink, heater, and surface vs.
time (case A — frequent usage)
(color image see on our web site)
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Figure 6. Temperature of heat sink, heater, and surface vs.
time (case B — frequent usage)
(color image see on our web site)
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Figure 7. Surface temperature vs. time for case A and B
(frequent usage)

The surface temperatures of Case A and B are shown in fig. 9. During the charging
phase, Case A and B reach a highest temperature of 43.0 °C and 36.8 °C, respectively. The high-
est temperature of Case A is undesirable as it is near to the human uncomfortable temperature of
holding plastic at 45 °C. For Case B, the heat from the heater is absorbed by the PCM and the
surface temperature is maintained at around 35 °C despite constant power supplied. During the
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Case A
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Figure 8. Thermal images of frequent usage
(color image see on our web site)
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Figure 9. Surface temperature vs. time for case A and B
(heavy usage)
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Figure 10. Thermal images of heavy usage
(color image see on our web site)

discharging phase, Case A is cooled
to 30.9 °C and Case B is cooled to
32.7 °C at 170" minute. The heats
sink with PCM show a slower cool-
ing rate.

The result of Case A having a
higher temperature than Case B dur-
ing the charging phase is verified
with the thermal images (heavy us-
age) as shown in fig. 10. From the
images, it is observed that the image
is orange for Case A and green for
Case B at the 70" minute.

Light usage

With reference to the surface tem-
perature for Case A and B (light us-
age) as shown in fig. 11, there is little
temperature difference between the
two cases during the charging phase.
The temperature for Case B is slightly
higher than Case A for the discharg-
ing phase. Thus, it seems that the use
of phase change material in heat sink
for Case B may not be useful for light
usage of mobile phone. The use of
heat sink without phase change mate-
rial in Case A is sufficient enough to
cool the mobile phone. There is no
advantage in using PCM inside heat
sink under light usage condition.

There is little color deviations be-
tween the thermal images for Case A
and B (light user) as shown in fig. 12.
This indicates a small temperature
difference.

The surface temperatures for
three different usages of Case A and
B are shown in figs. 13 and 14. For
Case A, the maximum temperature is
43.0 °C for heavy usage and 42.1 °C
for a frequent usage. For Case B, it
takes about 55 minutes and 68 min-
utes for the temperature to rise to the
melting temperature of 36 °C of the
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PCM for heavy and frequent usages,
respectively. Since the heater is
switched on for 60 minutes and off
for 10 minutes during the charging
phase for both cases, this shows that
mobile phone get heated up faster
during long usage than frequent us-
age. The temperature remains at
about 30 °C for light usage for both
cases.

Effect of fins

The surface temperatures of
Case B, C, and D are shown in fig.
15. For the charging phase, the tem-
perature reaches the maximum of
36.8, 34.9, and 34.0 °C for Case B,
C, and D, respectively, at 70" min-
ute. This indicates that the heat
transfer rate increases with the addi-
tional surface area provided by the
fins. The heat supplied by the heater
is conducted by the fins to the top
surface of the heat sink and finally to
the atmosphere through free convec-
tion. However, for the discharging
phase, the temperature difference
between the three cases is less than 1
°C after 100 minutes of cooling.
This indicates that the fins have min-
imal effect on the cooling of the mo-
bile phone during the discharging
phase where free convection is the
dominant heat transfer mode. This is
due to the fact that the heat is stored
in the PCM during the charging
phase. Since PCM has a low thermal
conductivity, the heat is conducted
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Figure 11. Surface temperature versus time for case A and B
(light usage)
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Figure 12. Thermal images of light usage
(color image see on our web site)
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Figure 13. Surface temperature vs. time for case A for three
different usages (color image see on our web site)

slowly from the PCM to the fins. Thus, the fins have limited effect on the cooling performance

during the discharging phase.

Effect of orientation

The surface temperature of Case C in different orientation is shown in fig. 16. The heat
transfer rate is the highest for 90° orientation due to an increase in the surface area for free con-
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Figure 14. Surface temperatures vs. time for case A for three
different usages (color image see on our web site)
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Figure 15. Surface temperature vs. time for case B for three
different usages
(color image see on our web site)
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Figure 16. Surface temperature vs. time of case C at
different orientation (color image see on our web site)

vection and lowest for 0° orientation.
There is a maximum difference of
3.6 °C between 0° orientation and
90° orientation at the 65" minute
during the charging phase and 3.6 °C
at the 120" minute during the dis-
charging phase. From fig. 16, it can
be concluded that the orientation has
a small influence on the cooling per-
formance of the mobile phone.

From the thermal images for four
different orientations shown in fig.
17, it can be seen that the thermal im-
age at 70" minute for Case C at 0°
orientation is a brighter green than
the image for 90° orientation, which
indicates a higher temperature. The
Rayleigh number of 30° and 60° ori-
entation is lower than the orientation
at 90°. The lower the Rayleigh num-
ber, the smaller is the convection heat
transfer coefficient according to the
typical empirical Nusselt number
correlation for free convection heat
transfer. Thus, the natural convection
heat transfer rates of 30° and 60° ori-
entations are lower than the one at
90° orientation.

Conclusions

The experimental studies have
proven feasible to use PCM for appli-
cation in thermal control of mobile
devices. It has significantly cooled
down the mobile devices during the
charging phase. However, the cool-
ing rate is slower during discharging
as heat is being stored during the

charging phase. This leads to the point that using PCM cooling system is only applicable for in-
termittent-use mobile devices and not for continuous usage. It is important that the duration of
operation does not exceed the time for full melting of the PCM. Mobile devices get heated up
faster during long continuous operation than frequent usage. Incorporating fins inside the heat
sink increase surface area for heat transfer during the charging phase. The greater the number of
fins, the faster the heat transfer rate. However, the fins have no or little effect in cooling during
discharging. Mobile device at 90° orientation provides better heat dissipation to the ambient
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Figure 17. Thermal images of case C at different orientation
(color image see on our web site)

than at 0° orientation, however, the orientation of mobile devices has a little effect on the cool-
ing performance.
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