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ABSTRACT

Athermal switch is an ON/OFF heat transfer control device which can be utilised in different mod-
ern fields such as cryogenics, solar energy systems, micro/nano-electronic cooling, the aerospace
industry and building energy efficiency. In this study, paraffin wax is used to design and build a
thermal switch based on phase change material (PCM). When the paraffin wax is heated and
melts, one contact plate is pushed to make contact with another plate to turn the switch ON due
to the pushing force generated by the volume expansion of the paraffin wax. Conversely, when
the paraffin wax does not get enough heat to melt, the condition of the thermal switch is in the
OFF state due to an air gap between the two plates. The ON/OFF thermal conductance ratio of
the thermal switch is the major figure of merit and is investigated experimentally. The results
show that the effective thermal conductivity of the PCM-based thermal switch in the ON state
is recorded at 188.7 W/mK, while 6.2 W/mK is obtained in the OFF state. Therefore, the ON/OFF
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thermal conductance ratio is estimated at about 30.

Nomenclature

k¢ effective forward thermal conductivity
(W/mK)

k, effective reverse thermal conductivity
(W/mK)

keg effective thermal conductivity (W/mK)

Q heat flux (W/m?)

n diodicity (-)

dT/dx temperature gradient (K/m)

1. Introduction

A thermal switch is an ON/OFF heat transfer con-
trol device which controls the heat transfer via an
“ON/OFF” gate switch [1]. The heat can transfer in
either direction in the thermal switch, which makes
the heat source and heat sink act as two counterparty
terminals: the first terminal and the second terminal.
There is a third terminal controlling the gate switch
to further control the heat transfer between the first
and second terminals. Specifically, the thermal switch
decides whether the overall system performs as a con-
ductor or an insulator. When the gate switch is placed in
the “ON” mode, the heat is allowed to transfer between
the first two terminals and the overall system performs
as a conductor; otherwise, the gate switch is placed in
the “OFF” mode with no heat transfer, and the over-
all system performs as an insulator. The effectiveness

of a thermal switch is referred to as the ON/OFF ther-
mal conductance ratio, which is the ratio of the effective
thermal conductivity in the ON state to the effective
thermal conductivity in the OFF state.

In recent years, the use of thermal switches for con-
trolling heat transfer has increasingly drawn attention
because of its potential for saving energy. For example,
a thermal switch may be integrated into adaptive walls
for the thermal management of buildings [2], or com-
bined into solar-thermal collector systems for prevent-
ing reverse circulation at night [3]. Thermal switches
can also be used for cooling planar electronic com-
ponents such as microprocessors [4], acting as super
heat-spreaders. The aerospace industry [1,5] and cryo-
genics [6] are two other modern fields where thermal
switches can also be applied.

There are four main basic rectification mechanisms:
(1) radiation/photons [7,8]; (2) conduction [9,10]; (3)
fluid convection [6,11-14]; and (4) physical designs
[1,15-17]. Chen and colleagues developed a photon-
based thermal diode (i.e. a thermal diode is similar to a
thermal switch, but the thermal diode is a two-terminal
device, transmitting heat more easily in one direction
than in the reverse direction) based on the asymmet-
ric scattering of ballistic energy carriers by pyrami-
dal reflectors; its diodicity (i.e. the effectiveness of the
thermal diode, which is defined as n = (kf - k)/k,),
where k¢ and k; are the effective forward and reverse
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thermal conductivities of the thermal diode, respec-
tively) was recorded at about 10.9 [7]. Ben-Abdallah
and Biehs developed a phase-change radiative thermal
diode which rectified heat transport by exploiting the
phase transitions of vanadium dioxide [8]. The forward
mode occurred when the vanadium body was in the
metallic phase, while the reverse process took place
when the body was in the crystalline phase. With this
mechanism, rectification coeflicients greater than 0.7
were found, even at small temperature differences.

Theoretically, a certain amount of thermal recti-
fication can be achieved between two bulk materi-
als with very different temperature-dependent thermal
conductivities. This was first observed by Jezowski
and Rafalowicz in 1978, who found that the junc-
tion’s rectification reached 70% for a temperature dif-
ference of 40K [9]. Zhu and colleagues demonstrated
temperature-gated thermal rectification using VO,
beams where the environmental temperature actively
modulated asymmetric heat flow, observing up to 28%
thermal rectification [10].

For fluid-based thermal switches, gas gap heat
switches (GGHSs) using Helium (He), Hydrogen (H;)
and Neon (Ne) have been investigated. In this thermal
switch, a copper cylinder was used as the main heat con-
duction material and placed inside the tube with a tiny
space. A hot copper block connected to a heat source
was separated from a cold block connected to the heat
sink by a supporting shell made from a low heat con-
ductivity material: stainless steel. The ON/OFF thermal
conductance ratio of the GGHS was 220, 420 and 3330
for Ne at 20 K, H; at 10.7 K and He at 4.2 K, respectively
[12,13]. Cho et al. created a mercury micro-droplet
chamber thermal switch using air and xenon [14]. How-
ever, the fabrication processes are very complicated
from the beginning as a result of condensing mercury
in the vapour phase, and depositing titanium and plat-
inum nanolayers using magnetron sputtering. Due to
safety issues, a fume hood is required during the deposi-
tion process. Moreover, several materials (e.g. titanium,
platinum and gold) are used in this thermal switch,
resulting in a significant increase in cost. With a gas
gap of 100 microns, the thermal rectification of the ther-
mal switch filled with air at 760 Torr, air at 0.5 Torr and
xenon at 760 Torr are 24, 74 and 129, respectively.

Dos Santos Bernardes developed a physical-based
thermal diode/switch based on the principles of ther-
mal expansion/contraction and thermal contact effect,
for which a diodicity of 0.146 & 0.00334 was calculated
[15]. Recently, Tso and Chao developed another type of
thermal diode/switch using the mechanism of a shape
memory alloy, achieving a diodicity of 93.24 (& 23.01)
[16]. Gaddam et al. demonstrated a liquid-state thermal
diode/switch in which the thermal conduction changes
due to the displacement of air by the thermal expansion
of metallic liquid [17]. The forward mode occurs when
the liquid spans the diode to produce a conducting

path. The reverse mode occurs when a very thin air
gap of 60 microns is created, resulting in high heat flux.
Moreover, the metallic liquid (mercury) they utilised is
toxic and the thermal conductivity of mercury is very
low. A rectification coeflicient of only about one was
obtained. Ando and colleagues built a thermal switch
based on the expansion and contraction of paraffin with
an air gap of 0.5 mm which demonstrates an ON/OFF
thermal conductance ratio of 100 [1]. Due to being
primarily aimed at space applications, the cold plate
temperature of this thermal switch was maintained at
—20°C. Besides, it should be noted that the obtained
ON/OFF thermal conductance ratio was based on an
experiment conducted in a vacuum; conductive and
convective heat losses were ignored during the determi-
nation of the ON/OFF thermal conductance ratio such
that a higher ratio can be achieved. Furthermore, their
thermal switch is very complicated in fabrication and
complex in overall design configuration.

Therefore, in this study, the major objective is to
develop another phase change material (PCM)-based
thermal switch which is durable (i.e. has thermal and
chemical stability), low-cost (i.e. has no unpleasant
odour, is non-toxic and can be easily sold at a low price),
environmentally friendly, easy to construct, simple in
design and competitively efficient. The ON/OFF ther-
mal conductance ratio is examined under room pres-
sure conditions (i.e. more relevant to the conditions in
which they will be used).

2. Working principles and description of a
PCM-based thermal switch

Copper is known to be a good conductive material for
enhancing heat transfer due to its high thermal conduc-
tivity of 393 W/mK at room temperature, while air with
the thermal conductivity of 0.026 W/mK is a relatively
effective thermal insulator [18]. A good heat transfer
phenomenon exists when two metal blocks touch each
other, while a poor heat transfer occurs with an air gap
between the blocks. In this study, a paraffin PCM-based
thermal switch using copper powder as the thermal
conductive medium in the ON state and the air gap
as the thermal resistance in the OFF state are investi-
gated. As shown in Figure 1, the PCM-based thermal
switch is basically cylindrical in shape and consists pri-
marily of a top copper plate, a bottom copper plate,
a cylindrical PCM actuator, a movable copper contact
plate, copper powder, and poly(methyl methacrylate)
(PMMA, also known as acrylic) supporting sticks. The
diameter of the top and bottom plates is 62 mm, with
a thickness of 5 mm. Both plates are separated by four
PMMA supporting sticks. The dimension of each rect-
angular PMMA stick is 22 mm x 58 mm x 2 mm. The
PCM actuator filled with the solid form of octadecane
paraffin (around 13 g) islocated at the centre of the ther-
mal switch, sealed by a rubber membrane to prevent
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Figure 1. A schematic diagram of the PCM-based thermal
switch.

Table 1. The technical specification of the PCM utilised in the
PCM-based thermal switch.

Property n-Docosane
Melting temperature (°C) 42-45
Density (g/ml) 0.778 at 25°C
Thermal conductivity (W/mK) 0.2
Total mass (g) 13

leakage. The n-docosane paraffin (Cy;Hye) with a melt-
ing temperature ranging from 42°C to 45°C was bought
from Sigma-Aldrich. The paraffin has several desirable
properties, including a high latent heat of fusion, good
thermal and chemical stability, low cost and no toxicity.
The technical specification of the paraffin is presented
in Table 1. When the PCM is melted, due to the phase
change, the paraffin expands its volume and pushes
up the contact plate placed above it. In other words,
in order to power the PCM-based thermal switch (i.e.
activate the ON state), the temperature of the bottom
copper plate must be higher than the melting/activating
temperature of the paraffin (in this case, the activating
temperature of the paraffin is 42°C). When the contact
plate contacts the top cold plate due to the expansion of
the paraffin, the heat transfer takes place from the hot
plate to the cold plate via the copper powder around
the actuator. In the OFF state, the paraffin is in the
solid phase (i.e. there is no expansion). A small air gap
(2.5mm) between the contact plate and the top plate
acts as the insulator. The heat mainly escapes through
ineffective conduction across the four PMMA sticks
and the air gap.

As shown in Figure 2, on the contact plate there
is a small cylindrical PMMA (acrylic) block with
a diameter of 13mm and a thickness of 6 mm
that is surrounded by four copper cubes that are
10 mm x 10 mm x 10 mm. When the contact plate is
placed on the actuator, the PMMA block is inserted into
the PCM actuator connected to the paraffin, while the
four copper cubes are plunged into the copper pow-
der. The small PMMA block and the paraffin serve as
the moving mechanism, while the copper powder and
the four copper cubes serve as the thermal conductive
parts of the thermal switch. In order to reduce the ther-
mal contact resistance, thermal grease is applied to the
surfaces of the contact and the top plates. A model of
the PCM-based thermal switch is shown in Figure 3.
The overall height of the PCM-based thermal switch
is about 72mm. An aluminium foil as an insulating
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Figure 2. A contact plate.

Figure 3. The prototype of the PCM-based thermal switch.

material is wrapped around the system to prevent unde-
sirable heat loss. Lastly, it should be noted that the
average actuation time is about three minutes for the
thermal switch to change the state from the OFF mode
to the ON mode.

3. Experimental analysis

In order to estimate the effective thermal conductiv-
ity of the PCM-based thermal switch, the “cut-bar
method” was applied [16]. The effective thermal con-
ductivity through the PCM-based thermal switch is
calculated by:

dT
Q: keﬁa) (].)

where Q is the heat flux (W/m?), keg is the effec-
tive thermal conductivity (W/mK), and dT/dx is the
temperature gradient (K/m). A schematic diagram of
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Figure 4. A diagram of the experimental set-up used to mea-
sure the effective thermal conductivity of the PCM-based ther-
mal switch.

the experimental set-up to estimate the ON/OFF ther-
mal conductance ratio (i.e. the effective thermal con-
ductivity) of the PCM-based thermal switch is shown
in Figure 4. During the ON-state testing, the bottom
circular copper was heated by an isothermal water
circulator, while the top plate was cooled by another
isothermal water circulator. A heat flux sensor (pur-
chased from greenTEG Ltd.) and a K-type thermo-
couple (purchased from RS Components Ltd.) were
inserted in between the bottom copper block and a heat
exchanger connected directly to the isothermal water
circulator. It was also the same on the opposite side with
the top copper block and another heat exchanger. The
heat flux was obtained through the sensor by measuring
the voltage signals. During the OFF state, the experi-
mental apparatus remained the same, but the bottom
copper plate was cooled with cold water while the top
plate was heated with hot water. In the experiment,
the temperature of the bottom copper plate was tested
from 283 K to 353 K at increments of 5 K. The temper-
ature differences between the hot side and the cold side
and the heat flux were recorded using data acquisition
(DAQ) devices obtained from National Instruments.
The measurement tolerance of the K-type thermo-
couple is £ 1.5°C, while the relative error of the heat
flux sensor was about 4 3%. The measuring instru-
ments were calibrated before performing the exper-
iments. Neglecting data acquisition, data reduction
(round-oft and truncation) and personal operating
variations, the uncertainty of the measurement of effec-
tive thermal conductivity of the PCM-based thermal
switch — which depends mainly on the temperature and
heat flux reading- is estimated at about 4%, and this
guarantees the credibility of the experimental data.

4. Results and discussion

The major figure of merit of the thermal switch is the
ratio of ON mode thermal conductivity over OFF mode
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Figure 5. The performance of the PCM-based thermal switch.
Note: Temperatures shown in the Legend represent the inlet
temperature setting at the bottom copper plate.

thermal conductivity (i.e. the ON/OFF thermal con-
ductance ratio). Figure 5 shows the performance of
the PCM-based thermal switch under different testing
conditions (i.e. heat flux against the temperature dif-
ference between the bottom and top copper plates).
It should be noted that the temperature difference is
positive when the bottom copper plate temperature is
higher than that of the top plate (the ON state) and
vice versa (the OFF state). Similarly, the heat flux value
is positive when the heat is transferred from the bot-
tom plate to the top plate (the ON state). The results
show that a larger temperature difference between two
plates leads to a larger heat flux value. The effective
thermal conductivity of the switch in the ON state and
the OFF state was recorded at 188.7 - 19.1 W/mK and
6.2 +0.5 W/mK, respectively. As a result, the ON/OFF
thermal conductance ratio of the PCM-based thermal
switch achieved in this study is approximately 30. In
addition, it should be noted that the average effective
thermal conductivity in the ON state of the switch is
much smaller than that of pure copper (386 W/mK
at 20°C) due to the major thermal contact resistance
between the copper blocks, the thermal conductivity
of the copper powder and the minor heat loss to the
surroundings.

In this study, the results show that the working tem-
peratures of the heat sink and the heat source (i.e.
the top and bottom plates) and the temperature of
the paraffin are very important parameters. The effec-
tiveness of the thermal switch is determined by these
parameters. In the ON state, the heat flux of the system
varies directly with the temperature difference between
the heat source and the heat sink, and the tempera-
ture of the bottom plate. In the OFF state, the heat
flux also varies directly with the temperature difference,
but varies inversely with the temperature of the bottom
plate. Thus, it can be said that in order to optimise the
effectiveness of the system, in the ON state, the temper-
ature of the cold plate should be minimised while the



temperature of the bottom plate should be maximised,
while in the OFF state, the temperatures of the top and
bottom plates should be very close to the melting point
temperature of the selected PCM, but the bottom plate
temperature should be slightly lower while the top plate
temperature should be slightly higher.

In comparison with thermal switches developed
by other researchers, the present PCM-based thermal
switch shows a comparable performance with simple
construction at a lower cost. The thermal switch based
on arrays of liquid-metal micro-droplets can achieve
a higher ON/OFF ratio of about 129 at 760 Torr (the
low-pressure condition). However, the mercury micro-
droplets are toxic, so the fabrication processes are very
complicated and the cost is high [14]. Compared with
the previous paraffin-actuated thermal switch designed
for space missions, the PCM-based thermal switch
showed an ON/OFF thermal conductance ratio of
about 127 when it was tested in a vacuum condition
(1072 Pa) [1]. This is because the heat transfer present
in the air gap in the OFF state comes mainly from the
thermal radiation during the vacuum condition test.
Thus, by replacing the atmospheric air gap with a vac-
uum, the ON/OFF thermal conductance ratio of the
current device can be significantly improved due to a
decrease in heat transfer in the reverse direction. The
thermal conductivity of air decreases linearly with pres-
sure in the range of about 1072-10"% atm [19], thus it is
predicted that the ON/OFF thermal conductance ratio
would theoretically increase by a factor of 10 in a high
vacuum. It should also be noted that the air gaps dur-
ing the OFF state of the thermal switch in other studies
are less than 0.5 mm while the air gap in the current
study is 2.5 mm [1,14,17]. In this context, if the present
PCM-based thermal switch was tested in a vacuum con-
dition, the effective thermal conductivity in the OFF
state can be further reduced, resulting in an enhance-
ment in the ON/OFF thermal conductance ratio. Over-
all, the present switch performs well in terms of the air
gap in the OFF mode and performs comparably in the
ON/OFF thermal conductance ratio. Furthermore, it
is durable, low-cost, orientation-independent, concise
and simple to operate for domestic energy management
applications.

5. Conclusion

In this study, a n-docosane paraffin PCM-based ther-
mal switch was designed and built. The ratio of the
OFF state thermal resistance over the ON state ther-
mal resistance was estimated by conducting a cut-bar
method thermal conductivity experiment under the
atmospheric pressure condition. The effective thermal
conductivity of the switch in the ON state and the OFF
state was recorded as 188.7 W/(mK) and 6.2 W/(mK),
respectively, demonstrating an ON/OFF thermal con-
ductance ratio of about 30.
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