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� A phase-change material (PCM) base heat pipe heat sink (PCM-HP heat sink) is designed.
� The PCM-HP heat sink can significantly lower the LED heating rate and temperature.
� The PCM-HP heat sink achieves a best anti-thermal-shock capacity in LED cyclic working modes.
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a b s t r a c t

High-power LEDs demonstrate a number of benefits compared with conventional incandescent lamps
and fluorescent lamps, including a longer lifetime, higher brightness and lower power consumption.
However, owing to their severe high heat flux, it is difficult to develop effective thermal management
of high-power LEDs, especially under cyclic working modes, which cause serious periodic thermal stress
and limit further development. Focusing on the above problem, this paper designed a phase-change
material (PCM) base heat pipe heat sink (PCM-HP heat sink) that consists of a PCM base, adapter plate,
heat pipe and finned radiator. Different parameters, such as three types of interior materials to fill the
heat sink, three LED power inputs and eight LED cyclic working modes, were separately studied to inves-
tigate the thermal performance and anti-thermal-shock capacity of the PCM-HP heat sink. The results
show that the PCM-HP heat sink possesses remarkable thermal performance owing to the reduction of
the LED heating rate and peak temperature. More importantly, an excellent anti-thermal-shock capacity
of the PCM-HP heat sink is also demonstrated when applied in LED cyclic working modes, and this capac-
ity demonstrates the best range.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With the deterioration of the global energy crisis and environ-
mental pollution, humanbeingsmust developnew lighting technol-
ogy. As a green light source, LEDs are becoming a new focus of
researchers. LEDs possess many benefits such as long lifetime [1],
low energy consumption [2] and high brightness [3]. However,
restricted by current technology, high-power LEDs suffer from sev-
ere thermal problems [4,5], which result in difficulty in their global
adoption. According to a study, only 20% of electric energy can be
converted into luminous energy while the rest is wasted as thermal
energy when an LED is in operation [6]. This heat will greatly
increase the LED junction temperature if sufficient cooling is not
applied, which will further lower the photoelectric conversion effi-
ciency [7]. Even worse, if an LED works in cyclic usage mode fre-
quently, such as some LED cyclic modes applied in daily life,
especially plant lighting, which requires a specific illumination
sequence for photosynthesis, or stage lighting,which requires a spe-
cial lighting effect, theperiodic thermal stresswill greatlyweakenor
even neutralize its performance [8,9]. Thus, improvement of cooling
performance and reduction of periodic thermal stress have become
the key factors for high-power LED development.

Plenty of research has been conducted to solve the cooling
problem of high-power LEDs [10–12]. Tang et al. [13] developed
a novel columnar heat pipe (CHP) leadframe for high-power LED
devices. The obtained results showed that at 2800 mA, the thermal
resistances Rl-s and Rj-a of the CHP leadframe were 0.23 �C/W and
1.65 �C/W, respectively. In addition, the luminous efficacy of the
CHP leadframe LED device was 66.23 lm/W, which was 19.2%
higher than that of the conventional copper leadframe LED device.
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Jeng [14,15] proposed a novel finned heat sink with an air-driving
device and vertical flow passages for LED lamps. The results indi-
cated that the overall Nusselt number of the heat sink with a
built-in motor fan was 28–102% higher than that without [14].
Zhao and his team [16,17] designed an enhanced cooling model
based on the thermoelectric cooler (TEC) for high-power LED head-
lights. The cooling performance of different devices (air cooling &
TEC, liquid cooling & TEC) was evaluated and compared by measur-
ing the LED case temperature. It was found that the thermal perfor-
mance had been elevated dramatically owing to the reduction of
the hot side temperature, and the thermoelectric cooler was more
sensitive to the external fan speed or liquid velocity than purely air
cooling or liquid cooling [16]. Bladimir et al. [18] established a
numerical simulation to investigate the thermal performance of
microjet and minichannel cold plates for LEDs. They found that
both cold plates could lower the LED temperature and that the
minichannel cold plate possesses improved properties due to 50%
reductions in pressure drop and pumping power. Hsieh et al. [19]
applied a single microspray to an LED system and performed sev-
eral experiments. The results showed that the single microspray
provided a high heat transfer coefficient (h � 9375W/m2�K) and
low thermal resistance (�2 K/W) between the LED and the
environment.

These methods can improve the cooling performance of high-
power LEDs to a certain extent, reducing the heating rate, lowering
the temperature and better ensuring the optical performance of
LEDs. However, most of them are limited by a huge system volume,
complicated structure, additional power supply for the fan or
pump, expensive cost and immature technology [20]. Most impor-
tantly, for high-power LED devices working in cyclic usage modes,
especially for LED headlights, LED backlights of TVs, LED stage
lights, etc., the above methods have a circumscribed effect. Gener-
ally, such an LED device will rush to a high temperature under the
working or high-brightness condition. It will then be quickly
cooled by a cooling module with the temperature rapidly dropping
under the nonworking or low-brightness condition. This phe-
nomenon causes LED devices to be constantly attacked by periodic
thermal stress, inducing package material degradation and struc-
tural defects [8,9,21,22]. Zhang and Lee [9] mentioned that in the
LED package, gold bonding wires were surrounded by a silicone
encapsulant, which had a higher thermal coefficient of expansion
than the gold wire. Moreover, the material property of the silicone
was highly dependent upon temperature. Especially, the elastic
modulus of the silicone at low temperatures was much higher than
that of the silicone at high temperatures. Thus, in the LED cyclic
working conditions, the silicone would expand and squeeze the
gold bonding wire under the high temperature and then shrink
to original shape under the low temperature, gradually inducing
large plastic strain accumulated in the wire and eventually causing
wire bonding breakage, forcing the LED devices to be damaged.
Hokka and his team [23,24] observed the microstructures of Sn-
Ag-Cu solder interconnections exposed to accelerated thermal
cycling tests. The result indicated that the as-solidified microstruc-
tures of Sn-rich solder interconnections were usually composed of
a few large Sn colonies distinguished by high-angle boundaries.
Under dynamic loading conditions, the solidification colonies
transformed locally into more or less equiaxed grain structures
by recrystallization, which formed a continuous network of grain
boundaries that provided favourable sites for cracks to nucleate
and propagate with less energy consumption. Thus, the electronic
devices would finally be confronted with electrical degradation or
even failure. Therefore, we regard the periodic thermal stress prob-
lem as one of the technical bottlenecks restricting the further
development of high-power LEDs and perseveringly try to estab-
lish an LED cooling module that possesses a remarkable anti-
thermal-shock capacity.
Recently, the development and hot research of phase-change
materials (PCM) has provided hope [25–27]. A PCM is a substance
with a high heat of fusion that, by melting and solidifying at a cer-
tain temperature, is capable of storing and releasing large amounts
of energy. When PCM melts, a phase change from solid state to liq-
uid state occurs. In this process, a large quantity of heat generated
by electronics will be absorbed as the latent heat of fusion and
stored in the PCM system, maintaining a nearly constant tempera-
ture. The stored heat will then be released through the liquid–solid
phase change while the electronics stop running, preventing the
temperature from rapid dropping excessively and continuing to
keep it steady [26,27]. Thus, if we apply PCM to the situation in
which LEDs frequently work in cyclic mode, the LED temperature
may possibly tend to stabilization instead of severe oscillation,
protecting LEDs from the damage caused by periodic thermal
stress. However, PCM faces the low thermal conductivity problem
at the present stage, which limits the heat transfer efficiency and
response speed of PCM and further restricts its application. There-
fore, many scholars have put forward several solutions—for exam-
ple, inserting cross-sectional fins into the PCM chamber [27,28],
preparing composite PCM dispersed with high-conductivity nano-
material [29,30] and embedding PCM in a porous metal foam or
graphite matrix [31,32]. Nevertheless, the unobvious heat transfer
enhancement of inserted fins, the sedimentation phenomenon of
nanomaterial and the complex manufacturing process of porous
matrix confine their usage. Hence, Weng et al. [33] presented that
a combination of heat pipes could take away parts of heat from the
PCM heat sink, preventing rapidly instantaneous temperature rise
at the initial starting period of electronic devices. His study proved
that a heat pipe module with tricosane as PCM could reduce fan
power consumption by up to 46% and average heater temperature
by 12.3 �C compared with no thermal storage material. There is no
doubt that the research of Weng brings hope to the practical appli-
cation of PCM, but a more systematic experiment and scientific
analysis should also be designed to study the effects of PCM on
electronic devices, especially the high-power LED working in cyclic
modes. In addition, because the PCM base was installed in the adi-
abatic section of the heat pipe [33], the remote heat transfer ability
of the heat pipe and the fast thermal storage and feedback ability
of the PCMmodule were limited. Additionally, its design and usage
flexibility also suffered from restriction owing to the larger occupa-
tion space at the adiabatic section of the heat pipe. Under such con-
ditions, this paper designed a novel PCM base heat pipe heat sink
(PCM-HP heat sink) consisting of a PCM base, adapter plate, heat
pipe and finned radiator assembled in a parallel structure. To study
the thermal performance and anti-thermal-shock capacity of this
PCM-HP heat sink, three phases of experiments were carried out.
Considering that the heat storage ability of the PCM base was the
key factor restricting the anti-thermal-shock capacity of the
PCM-HP heat sink, the first part of the experiments singly studied
the heat storage ability of the PCM base and compared its perfor-
mance with water base and air base. The thermal performance of
the PCM-HP heat sink was the focus of research in the second part.
Finally, we investigated its anti-thermal-shock capacity under dif-
ferent LED cyclic usage modes.
2. Experimentation

2.1. Component of PCM-HP heat sink

As shown in Fig. 1, the PCM-HP heat sink consists of a PCM base,
adapter plate, heat pipe and finned radiator. Among them, the PCM
base was manufactured with aluminium, and its external geometry
was 70 mm � 70 mm � 40 mm. For high heat spreading consider-
ation, four internal fins of 2 mm in thickness divided the base into



Fig. 1. 3D model figures of (a) PCM base, (b) adapter plate, (c) high-power LED module, (d) finned radiator, (e) heat pipe and (f) PCM-HP heat sink.

194 Y. Wu et al. / Applied Thermal Engineering 108 (2016) 192–203
five 64 mm � 11.2 mm � 35 mm cavities. PCM material was filled
into these cavities. In the bottom of the PCM base, a
70 mm � 70 mm � 7 mm adapter plate was tightly fixed on it
through sixteen M4-bolts and a thin layer of Dow Corning
SE4220 thermal grease. A 265� circular groove was drilled through
the adapter plate for the heat pipe assembly through a tube
expanding process. The external diameter and length of the heat
pipe were 6 mm and 220 mm, and the thickness of the copper tube
wall and the internal diameter of the heat pipe were 0.5 mm and
5 mm, respectively. To better ensure the heat transfer, a heat pipe
based on copper powder sintered wick (CPSW) was chosen. The
thickness and porosity of the CPSW were 0.5 mm and 54.5%,
respectively, and 0.85 ml of deionized water was added into the
heat pipe before vacuum sealing. Finally, two finned radiators were
installed at the tail end of the heat pipe and clamped with four M3-
bolts. Each finned radiator possessed a 60 mm � 60 mm � 6 mm
substrate and fifteen aluminium fins with a thickness of 2 mm
and a height of 35 mm, ensuring a large heat dissipation surface
by natural convection. The Water-HP heat sink and the Air-HP heat
sink were also assembled in the same fashion, but these two had
water and air (no interior material) filled in the base to facilitate
a comparison with the PCM-HP heat sink.

2.2. Experimental setup

Fig. 2 shows the schematic diagram of the experimental setup
utilized in this work, which consists of an adjustable DC power
supply, a PCM base, a PCM-HP heat sink, a high-power LEDmodule,



Fig. 2. Experimental platforms. (a) Apparatus of the experimental platforms, (b) the reality of PCM-HP heat sink experimental platforms, and (c) the reality of PCM base
experimental platforms.
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a multichannel data acquisition system and thermal insulation
material (TIM). With regard to the high-power LED module fixed
on the adapter plate of PCM-HP heat sink through sixteen M4-
bolts, the LED components were centrally surface-mounted to a
70 mm � 70 mm � 1 mm metal core printed circuit board
(MCPCB) as shown in Fig. 3. It contained 16 LED chips connected
in 4-series and 4-parallels and could be driven to a maximum
power of 50 W supplied by an adjustable DC power supply with
an output error of 0.13%. Four K-type thermocouples (Omega
KMQXL-032U) were used to measure the PCM temperature
(T1–T4) as shown in Fig. 4. They, measured the temperature at
three different heights—(1/4)h, (1/2)h and (3/4)h. Two other
Fig. 3. Centralized LED module.
K-type thermocouples (SRTC-GG-K-30-SLE) were used to measure
the LED temperature (T5–T6) at two positions—centre and edge
(because the measurement of the LED junction temperature was
relatively complex and featured calculation inaccuracy, this paper
selected the centre position of the 16 LED chips as the temperature
measurement point T5, and in fact, because the core of the MCPCB
was manufactured by aluminium with high thermal conductivity,
T5 and the LED junction temperature would not differ too much).
All of these thermocouples were calibrated in the temperature
range of 0–200 �C with maximum uncertainty of ±0.1 K. A USB data
logger with a resolution of 0.1 K was applied to acquire the tem-
perature information at intervals of 1 s for the duration through
a VB-based software program.
2.3. Materials

To ensure the accuracy of thermal experiments, we selected
paraffin wax RT52 supplied by Rubitherm Technologies GmbH as
the testing PCM, which had undergone a 10,000-cycle thermal sta-
bility test. Fig. 5 illustrates the equivalent specific heat of PCM-
paraffin wax RT52. The equivalent specific heat was converted
from the sum of the sensible and latent heat, which was measured
by DSC131 and based on the sapphire standard method. From the
figure, we could find that the melting range of RT52 was 44–56 �C,
and the latent heat was 172 kJ/kg in this range (the dashed area). In
addition, known from the product datasheet, the density and ther-
mal conductivity at solid state were 0.88 kg/L and 0.56 W/(m�K),
whereas those at liquid state were 0.77 kg/L and 0.34 W/(m�K),
respectively.



Fig. 4. Thermocouple positions.

Fig. 5. The equivalent specific heat of PCM-paraffin wax RT52.
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To facilitate a comparison with the PCM-HP heat sink, water
and air were selected to add into the base to form the Water-HP
heat sink and Air-HP heat sink. The density, thermal conductivity
and specific heat of water were approximately 1 kg/L,
0.6 W/(m�K) and 4.18 kg/(kJ��C), whereas those of air were
0.001225 kg/L, 0.025W/(m�K) and 1.012 kg/(kJ��C), respectively.

2.4. Uncertainty analysis

The uncertainty of experiments was assessed based on the ran-
dom errors in the temperature measurement process and consisted
of the following mutually independent parts:

(1) Measurement error of K-type thermocouples, dT.
(2) Resolution of the USB data logger, dTdata.
(3) Output error of the DC power supply, Upower.
(4) Thermal output error of the LED module, ULED.
(5) Heat leakage of the thermal insulation material (TIM), dQ,

and:

dQ ¼
X5
j¼1

Xn
i¼1

kinAinDs
DH

DTij

where kin, Ain, and 4H refer to the thermal conductivity, heat trans-
fer area and thickness of the TIM, respectively, 4Tij refers to the



Y. Wu et al. / Applied Thermal Engineering 108 (2016) 192–203 197
temperature difference between the two sides of the TIM, j refers to
the serial number of the TIM (in total, five pieces of TIM were
wrapped around the PCM base/PCM-HP heat sink), i refers to the
serial number of the time interval 4s, and n refers to the totality
of the time intervals.

Considering the above factors and rationally analysing the
transfer of errors [34], the computational formula of the tempera-
ture measurement uncertainty is as follows:

UT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dQ
Qpower

� �2

þ dT
Tave

� �2

þ dTdata

Tave

� �2

þ U2
power þ U2

LED

s

where Tave refers to the time-average temperature of each thermo-
couple position.
3. Results and discussion

3.1. Heat storage ability of PCM base

Considering the significance of the PCM base, which restricts
the anti-thermal-shock capacity of the PCM-HP heat sink, the
experimental setup was heated first with 120 ml of liquid PCM at
three LED power inputs of 30 W, 40W and 50W to investigate
the heat storage ability (an ability in which PCM absorbs the gen-
erated heat and stores it as sensible or latent heat to prevent the
temperature from continuing to rise) of the PCM base. The exper-
iments were then repeated with water base (120 ml of water)
and air base to facilitate a contrast with the PCM base. All experi-
mental cases were conducted in an air-conditioned room with a
constant ambient temperature of 25 �C.

To ensure a better understanding of the relationship between
PCM melting and the heat storage ability of the PCM base, the
LED temperature T5 will be mainly discussed in this section. Addi-
tionally, T1 will also be discussed to assist the data analysis when
necessary. Fig. 6 illustrates the temperature evolutions of the bases
with and without PCM under various LED power inputs. As seen in
the figures, the temperature of the water base and air base present
a continuously rising phenomenon, whereas the temperature
curves of the PCM base can be divided into five major stages
according to the slope (here, we make a division example using
the T1 curve under 30 W; T2–T6 curves can also be observed
in the same five stages)—A: Pre-phase-change stage, B:
Fig. 6. Temperature curves of the PCM base, water base and air base under different pow
restrictions of the LED working temperature. Similarly, the heating process would be sto
boiling).
Phase-change starting stage, C: Phase-changing stage, D: Phase-
change ending stage, E: Post-phase-change stage.

At 30 W, we can find in the Pre-phase-change stage that T5
increases at an average heating rate of 1.70 �C/min to reach 59 �C
at the 20th minute in the case with the PCM base. At the same
time, T5 reached 60 �C by 1.75 �C/min in the case with the water
base and 84 �C by 2.95 �C/min in the case with the air base. Here,
the T5 heating rate of the air base is much faster than that of the
water base and PCM base. This is mainly due to the poor thermal
conductivity and small specific heat of air and limited natural con-
vection inside the base, allowing only a tiny part of the heat to
transfer out from the LED module or store in the air, resulting in
a sharp increase of T5. Considering the heating rates of the PCM
base and water base, there is then no significant difference
between them. This is because the PCM has not yet undergone
the phase change and could not form a preponderant heat storage
ability.

After that, the PCM base passes into a short Phase-change start-
ing stage while the heating rate of T1 and T5 gradually slow down.
This means that the PCM is beginning to melt, and its equivalent
specific heat is undergoing a rapidly exponential growth starting
from T1: 44 �C as shown in Fig. 5, achieving enhanced heat storage.
Therefore, the temperature differences between the PCM base and
the other two bases are gradually widened, and the superiority of
PCM is emerging.

At that point, the PCM base enters the Phase-changing stage, in
which the PCM exhibits its excellent heat storage ability. In this
stage, T5 of the PCM base rises at the slowest average heating rate
of 0.43 �C/min to reach 70 �C from 20 to 48 min, achieving a heat-
ing rate reduction of 0.46 �C/min and 0.22 �C/min and a maximum
temperature cooling of 16 �C and 32 �C compared with the water
base (heating rate: 0.89 �C/min, reached temperature: 86 �C) and
air base (heating rate: 0.65 �C/min, reached temperature: 102 �C),
respectively. Obviously, the air base again reaches the highest tem-
perature. Water, as a liquid material with the best sensible heat
storage ability, has a fairly high specific heat up to 4.18 kJ/(kg�K).
This means that it can absorb 50.16 kJ/kg of heat in the range of
T1: 44–56 �C, which determines its absolute predominance com-
pared with air. However, this remarkable sensible heat storage still
cannot compete with the latent heat storage of PCM. If we apply
the equivalent specific heat to represent the latent heat storage
ability of PCM, its value is very high in the range of T1: 44–56 �C,
and a peak of 23.95 kJ/(kg�K) is reached at 52 �C. If we compute
er supplies (heating process would be stopped when T5 reached 150 �C owing to the
pped when T1 reached 100 �C, whereas the base was filled with water owing to its
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an integral of the equivalent specific heat between 44 and 56 �C,
the result illustrates that the heat storage of PCM in this range is
as high as 172 kJ/kg, three times higher than water, as shown in
Fig. 5. Therefore, the PCM can maintain the temperature at a rela-
tively low level.

When T1 reaches 56 �C, PCM has completely finished the phase
change and passes into the Phase-change ending stage. Here, T1
suddenly increases by several degrees in a few seconds, leading
the temperature curve to be nearly perpendicular to the time axis
because of the convection effect of the surrounding high-
temperature liquid PCM. Before the PCM has entirely melted, the
T1 thermocouple is initially wrapped by solid PCM and maintains
the phase change temperature. Once the solid PCM has entirely
melted, the surrounding high-temperature liquid PCM, which has
already finished melting and has been heated for a time, especially
near the wall of the aluminium cavity, will rapidly flow to the T1
thermocouple, causing T1 to rapidly rise. Moreover, we can also
find from the figure that T5 shows a similar phenomenon: a
sped-up heating rate. However, its slope is smaller than that of
T1, and it is accompanied by a time lag. Evidently, a certain dis-
tance of the heat transfer path from the LED to the PCM and the
thermal inertia of the PCM base play a major role.

Finally, PCM enters the Post-phase-change stage. In this stage,
the heating rates gradually slow down, and the final temperature
of T5 with the PCM base reaches 99 �C at 100 min, 2 �C lower than
that with the water base and 6 �C lower than that with the air base.
Thus, the PCM base still exhibits a cooling advantage, but it is rel-
atively small compared with that in the Phase-changing stage.
Similar temperature behaviour was discussed by Fok et al. [35]
and Mahmoud et al. [36]. Compared with their works, this paper
divided the heating curve into five typical stages through a syn-
chronized analysis of the LED temperature and the PCM tempera-
ture to run a systematic discussion and find some special
phenomenon such as the short-time sudden surge in the Phase-
change ending stage.

Moreover, identical results can be found in another two LED
power inputs. Compared to the water base and air base, the PCM
base reduces T5 by 18 �C and 45 �C after 28 min under 40W, and
20 �C and 60 �C after 22 min under 50 W. According to the analysis
above, if the high-power LED module adopts the PCM base as the
heat storage component, it will be heated at a slower rate and
reach a lower temperature, especially during the phase-changing
stage. Thus, better luminous performance can be ensured. Fig. 6
also demonstrates the effects of different LED power inputs on
the bases such that with increasing LED power inputs, the heating
rate accelerates to rise, the maintaining time of the phase-changing
stage is shortened, the maximum temperature increases, and the
LED will be subject to problems or even failure.

To further evaluate the positive effects of PCM base on the LED
module, we also investigated the critical duration during which T5
Fig. 7. The critical duration of the LED module below
was maintained below a critical temperature. The critical temper-
ature is usually the allowable maximum temperature for electron-
ics to operate reliably for long-term use, and the values of 75 �C
and 90 �C were used in this work. Fig. 7 compares the critical dura-
tion below 75 �C and 90 �C for various heat sinks. Apparently,
regardless of the critical temperature or the LED input power cho-
sen, the critical duration of the LED module with the PCM base is
longer than that with the water base and much longer than that
with the air base. Additionally, Fig. 7 also indicates that the supe-
riority of the PCM base achieves better reflection under the situa-
tion below 75 �C because the duration differences between the
PCM base and the water base are larger than the situation below
90 �C. Undoubtedly, the just-finished phase change has a great
influence. If the LED module continues to work, T5 of the PCM base
will rapidly rise again so that the superiority of critical duration
will be weakened gradually.

3.2. Thermal performance of PCM-HP heat sink

As known from the previous section, the PCM base exhibits a
prominent heat storage ability for LED cooling. However, with
the power ascending rapidly, the temperature will again elevate
quickly after the end of the phase change. Thus, we installed the
heat pipe and finned radiator into the PCM base and formed a
PCM-HP heat sink, aiming to further improve its thermal
performance.

Fig. 8 shows the temperature variations during the heating
phase for the heat sinks applying PCM, water and air at various
LED power inputs. Apparently, the application of the heat pipe
and finned radiator greatly reduces the heating rate and the final
temperature at 100 min of the LED. In the PCM-HP heat sink case,
T5 drops by 40 �C from 99 �C to 59 �C at 30 W, by 55 �C from 129 �C
to 74 �C at 40 W and by more than 65 �C from 150 �C (LED working
temperature limited; actual temperature at 100 min will be
higher) to 85 �C at 50W compared with the PCM base without
the above two components. Evidently, this result is a benefit of
the excellent heat conduction of the heat pipe and the large surface
area of the finned radiator, preventing the PCM from rapidly with-
drawing from the phase-changing stage, ensuring that the PCM
exerts its heat storage ability to the maximum extent and guaran-
teeing better thermal performance of the PCM-HP heat sink. More-
over, similar results can be found from the other two heat sinks.

Next, we can learn from the figures that the thermal perfor-
mance of the PCM-HP heat sink is still better than the other two.
Although the PCM fails to complete the phase-changing stage at
30W and 40 W, its superiority is still obvious because the reduc-
tions of T5 at 100 min are close to 4 �C and 7 �C compared with
the heat sinks based on water and air. When the LED power
reaches 50 W, the PCM is able to finish phase-changing, and
the abovementioned reductions can be more than 6 �C and 9 �C.
(a) 75 �C and (b) 90 �C under various conditions.



Fig. 8. Temperature curves of PCM-HP heat sink, Water-HP heat sink, and Air-HP heat sink under different power supplies.
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Moreover, the largest LED temperature differences are achieved at
43 min. At this time, T5 of the PCM-HP heat sink is 9 �C cooler than
when using water and 16 �C cooler than when using air. Conse-
quently, with the combination of the PCM base, heat pipe and
finned radiator, the PCM-HP heat sink can better ensure the LED
performance.

Fig. 9 compares the critical duration below 75 �C for various
heat sinks. Because the final T5 temperatures of the PCM-HP heat
sink and Water-HP heat sink have not yet reached 75 �C under
30 W, they will not be contrasted in the figure. The PCM-HP heat
sink again shows its excellent thermal performance in lengthening
the reliably operating time of LED module to a great extent.

Additionally, there is a detail worth considering in Fig. 8.
Although the PCM-HP heat sink fails to enter the phase-changing
stage at 30W, we can surprisingly observe that a temperature
range from 25 min to 45 min is similar to that in the phase-
changing stage, in which heating rates of both T1 and T5 are slowed
down. We consider this to be a result of the small-amplitude
equivalent specific heat increase of PCM between T1: 29–38 �C
(as shown in Fig. 5, resulting from the solid–solid phase change
of the PCM), causing the heat absorption to increase. However,
compared with the equivalent specific heat rising in the phase-
changing range (T1: 44–56 �C), the one between 29 and 38 �C is
Fig. 9. The critical duration of the LED module below 75 �C under various
conditions.
too small. Therefore, when the LED power continues to rise and
arrives at 40 W or 50 W, the effect described above no longer
clearly exists or is no longer apparent on the temperature curves.
3.3. Anti-thermal-shock capacity of PCM-HP heat sink

In engineering applications, LEDs usually work in cyclic modes
and oppose periodic high-density heat flux, causing them to be
damaged. Thus, methods to mitigate this problem are becoming
a key focus in the further development of the LED industry. In
the foregoing two sections, we proved the outstanding thermal
performance of the PCM-HP heat sink when applied to a
high-power LED module under a single-cycle working mode and
determined that the PCM entered the phase-changing stage at
approximately the 20th minute and exited at the 40th minute
under a 50 W power input. Therefore, in the third part of the exper-
iments, we designed three LED cyclic working modes, which repre-
sented three typical LED usage conditions—light, moderate and
heavy usage conditions, aiming to study the effect of different
phase change stages on the anti-thermal-shock capacity of the
PCM-HP heat sink. For a clear understanding to readers of the rela-
tionship between the designed LED cyclic working modes and the
PCM phase change stages, this paper lists the operation sequences
of the LED in Table 1. This series of experiments was based on a
50W LED power input.

Fig. 10 considers the temperature of T1 and T5 under Modes 1–3.
As seen in the first graph, the temperature regularity tends to be
steady after 5 working cycles under Mode 1. For the PCM-HP heat
sink, the peak and trough T5 temperatures of the last working cycle
are 73 �C and 42 �C, respectively, a temperature difference of 31 �C.
For the Water-HP heat sink and Air-HP heat sink, the peak and
trough T5 temperatures are 83 �C and 51 �C vs. 87 �C and 48 �C,
Table 1
Operational conditions of the LED modules (Modes 1–3).

Cyclic
mode

Operation sequences of the LED

Turn on
(min)

Turn off
(min)

Cycles Usage condition Phase change
stage

Mode 1 15 15 5 Light usage
condition

A: Pre-phase-
change stage

Mode 2 30 30 4 Moderate usage
condition

C: Phase-
changing stage

Mode 3 45 45 3 Heavy usage
condition

E: Post-phase-
change stage



Fig. 10. Temperature curves of the PCM-HP heat sink, Water-HP heat sink, and Air-HP heat sink under Modes 1–3.

Fig. 11. Temperature differences between the peak and trough temperatures of the
working cycle of LED heat sinks filled with different interior materials under Modes
1–3.

Fig. 12. Reductions between the temperature differences in Table 2 under Modes
1–3 between the PCM-HP heat sink and the other two heat sinks.
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respectively, temperature differences of 32 �C and 39 �C. These
results prove that the addition of PCM and water can effectively
provide a lower temperature increase and also a more uniform
temperature evolution, preventing severe temperature oscillation
and weakening the periodic thermal stress. However, in this mode,
we realize that the anti-thermal-shock capacity of the PCM-HP
heat sink has only a negligible improvement compared with the
Water-HP heat sink because the reduction of the temperature dif-
ference is only 1 �C. The reason is clear; the LED working period is
so short that the PCM absorbs insufficient heat to enter the phase-
changing stage and cannot exert its largest heat storage ability.

The second graph in Fig. 10 demonstrates the temperature vari-
ations under Mode 2. For the PCM-HP heat sink, the peak and
trough T5 temperatures of the last working cycle are 78 �C and
40 �C, respectively, a temperature difference of 38 �C. For the
Water-HP heat sink and Air-HP heat sink, the peak and trough T5
temperatures are 90 �C and 47 �C vs. 95 �C and 40 �C, respectively,
temperature differences of 43 �C and 55 �C. In this mode, the PCM-
HP heat sink and Water-HP heat sink show a more apparent
improvement in temperature uniformity than those in Mode 1
compared with the Air-HP heat sink. The reductions of the temper-
ature difference reach 17 �C and 12 �C, respectively. Next, we can
further observe that the anti-thermal-shock capacity of the PCM-
HP heat sink is improved remarkably. Its performance deviates
from that of the Water-HP heat sink and reduces the temperature
difference by 5 �C. Evidently, this is because the PCM can enter the
phase-changing stage in Mode 2 and gradually exert its outstand-
ing heat storage ability. Thus, the PCM will absorb a significant
amount of heat during the heating process and release it during
the cooling, causing the slope of the temperature curve to become
smaller near the melting point and further maintaining the LED
oscillating temperature difference at a low level. Additionally,
there is a phenomenon worthy of our attention: an obvious
phase-changing stage will appear during the PCM heating process,
but it is not so distinct among the cooling, especially for the LED
temperature T5. The analysis proves that the LED working process
is a constant-heating-power process; the power of natural convec-
tion and thermal radiation can be negligible when the LED temper-
ature is low. Thus, the LED module will recover the initial heating
rate for a period of time after the phase-change of the PCM. Hence,
we can observe a clear phase-changing stage. However, for the LED
cooling process, there is no external constant power load. The heat
dissipation power is mainly the natural convection power, which
will be weakened with the drop in temperature. After the PCM
phase change, the LED temperature is already at a low level. Thus,
the heat dissipation power at this time is very small, so the cooling
rate will not accelerate again. Therefore, we cannot observe a clear
phase-changing stage.
The last graph illustrates the temperature variations
under Mode 3. For the PCM-HP heat sink, the peak and trough T5
temperatures of the last working cycle are 83 �C and 35 �C, respec-
tively, a temperature difference of 48 �C. For the Water-HP heat
sink and Air-HP heat sink, the peak and trough T5 temperatures



Table 2
Operational conditions of the LED modules (Modes 4–8).

Cyclic mode Operation sequences of the LED

Turn on (min) Turn off (min) Cycles Usage condition Phase change stage

Mode 4 10 20 4 Light usage condition A: Pre-phase-change stage
Mode 5 20 40 3 Critical usage condition B: Phase-change starting stage
Mode 6 30 45 3 Moderate usage condition C: Phase-changing stage
Mode 7 40 50 3 Critical usage condition D: Phase-change ending stage
Mode 8 50 60 3 Heavy usage condition E: Post-phase-change stage
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are 93 �C and 42 �C vs. 98 �C and 35 �C, respectively, temperature
differences of 51 �C and 63 �C. Compared with Mode 2, the
anti-thermal-shock capacity of the PCM-HP heat sink still plays
an important role, but this time shows a slightly degradation
because its reductions in temperature difference fall to 3 �C from
5 �C compared with the Water-HP heat sink and 15 �C from 17 �C
compared with the Air-HP heat sink. Undoubtedly, the end of the
phase-change has some influence. While the LED remains alit,
the PCMwill step off the phase-changing stage, and its heat storage
ability will be weakened gradually. The LED temperature will then
rise rapidly again, increasing the difference between the peak and
trough temperatures of the PCM-HP heat sink and leading to a
degradation of its anti-thermal-shock capacity.

To obviate the inconvenience for readers of the temperature
data extraction from Fig. 10 and provide a clearer means of data
observation, this paper captures the relevant data and draws the
histograms shown as Figs. 11 and 12. Among them, Fig. 11 illus-
trates the temperature differences between the peak and trough
temperatures of the working cycle of the LED heat sinks filled with
different interior materials under Modes 1–3. Fig. 12 illustrates the
reductions between the temperature differences in Fig. 11 under
Modes 1–3 between the PCM-HP heat sink and the other two heat
sinks. Among them, the definitions of4T5,PCM,4T1,PCM,4T5,PCM-water,
4T1,PCM-water (the definitions of other symbols are similar) are
expressed by the following formulas:
Fig. 13. Temperature curves of the PCM-HP heat sink, Wate
DT5;PCM ¼ T5peak;PCM � T5trough;PCM

DT1;PCM ¼ T1peak;PCM � T1trough;PCM

DT5;PCM�water ¼ DT5;water � DT5;PCM

DT1;PCM�water ¼ DT1;water � DT1;PCM

where T5peak,PCM and T5trough,PCM refer to the peak and trough T5 tem-
peratures of the PCM-HP heat sink, respectively, and T1peak,PCM and
T1trough,PCM refer to the peak and trough T1 temperatures of the
PCM-HP heat sink, respectively.

Moreover, similar results can be found for temperature T1.
According to the concluded results, we can suppose that the anti-
thermal-shock capacity of PCM will first strengthen and then be
weakened along with the LED working time, and this rule is tightly
associated with the phase change stage of PCM. Therefore, the next
experiment was designed to verify this idea by testing several LED
cyclic modes applied in daily life, especially plant lighting, which
requires a specific illumination sequence for photosynthesis, and
stage lighting, which requires a special lighting effect. As shown
in Table 2, in this experiment, in addition to the three typical
LED usage conditions, we also tested two other critical usage con-
ditions to better analyse and verify the above conclusion.

Fig. 13 shows the temperature variations of T1 and T5 under
Modes 4–8. Fig. 14 demonstrates the temperature differences
r-HP heat sink, and Air-HP heat sink under Modes 4–8.



Fig. 14. Temperature differences between the peak and trough temperature of the working cycle of LED heat sinks filled with different interior materials under Modes 4–8.

Fig. 15. Reductions between the temperature differences in Fig. 14 under modes 4–8 between the PCM-HP heat sink and the other two heat sink.

202 Y. Wu et al. / Applied Thermal Engineering 108 (2016) 192–203
between the peak and trough temperatures of LED heat sinks
filled with different interior materials. Fig. 15 demonstrates the
reductions between the temperature differences in Fig. 14 between
the PCM-HP heat sink and the other two heat sinks. From Figs.
13–15, we can confirm our assumption from the previous experi-
ment. Compared with the other two heat sinks, the PCM-HP heat
sink possesses a remarkable anti-thermal-shock capacity and exhi-
bits the best range: it strengthens from Mode 4 to Mode 6 and
reaches a peak in Mode 6, and then it is weakened from Mode 6
to Mode 8. Thus, according to the analysis above, we realize that
the best anti-thermal-shock capacity will be attained when the
PCMhas just completed the phase-changing stage. Fok and his team
[35] also found that PCM could benefit handheld electronic devices
under the cyclic usage condition. To better explain this effect, this
paper designed a more systematic experiment to discuss the rela-
tionship between the anti-thermal-shock capacity and the phase-
change stages and contrast the PCM to other materials. The results
remind us that we should design the relationships between the LED
operation time and the PCMusage parameters reasonably to ensure
the best thermal effect in engineering applications.

4. Conclusion

The PCM-HP heat sink offers the potential to cool high-power
LEDs. This work first investigated the heat storage ability of the
PCM base and then focused on the overall thermal performance
of the PCM-HP heat sink. Finally, its anti-thermal-shock capacity
was studied. The results show the following:
� The heat storage ability of the PCM base can reduce the heating
rate and temperature of a high-power LED module significantly.
Especially during the phase-changing stage, the PCM base can
reduce the heating rates by 0.46 �C/min and 0.22 �C/min, and
the reductions in temperature are more than 16 �C and 32 �C
in contrast to those of the water base and air base at 30 W,
respectively. Meanwhile, the critical duration of the LED mod-
ule can be lengthened.

� With the application of the heat pipe and finned radiator, the
PCM-HP heat sink exhibits a more remarkable thermal perfor-
mance. The LED temperature with the PCM-HP heat sink is
much lower than without a heat sink and is 9 �C cooler than
with the Water-HP heat sink and 16 �C cooler than with the
Air-HP heat sink. Moreover, the PCM-HP heat sink evidently
lengthens the critical duration of the LED module.

� The PCM-HP heat sink achieves the best anti-thermal-shock
capacity in the LED cyclic working modes, and this capacity
has the best range. Thus, we should design the relationships
between the LED operation time and PCM usage parameters
reasonably to ensure the best thermal effect.
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