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The effect of geometrical structure of embedded phase change material (PCM) on
the power generation of the thermoelectric module (TEM) was studied in this work.
Paraffin wax with different geometrical structure was embedded in a polymer con-
tainer which is adhered to the hot junction of the fabricated TEM. Since the PCM
can used as the heat source and provide latent heat when the heat source stops
providing heat, applying the PCM in the TEM is an efficiency method to enhance
the power generation of the TEM. Our experimental results show that the energy
harvesting time becomes 60 seconds longer in comparison with the case without
the PCM when 4.3 g weight of paraffin wax is applied. At the same time, the power
generation of the TEM increases by magnitude of 25%. Moreover, the output volt-
age and electrical energy generation of TEM with PCM increase with increasing
both cross-area and height of the applied PCM.
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Introduction

Thermoelectric module is a solid-state device which converts heat to electricity di-
rectly and vice versa through the Seebeck effect. It works like heat engines, but is less bulky,
reliable, has no moving parts and low operating cost [1-3]. In consideration of these advantages,
TEM is promising to apply in the industry in order to convert waste heat into electricity. For
example, it is used as automotive thermoelectric generator to increase fuel efficiency indirectly
in the automobile field [4, 5].

The TEM is comprised of a hot lead and a cold lead, together with a single thermo-
electric leg. A temperature gradient exists between the hot and cold ends, which enables TEM to
generate electricity [6-8]. The TEM conversion efficiency is determined by the thermoelectric
properties of the composed materials and the structure of the device. Among these two factors,
the properties of thermoelectric material is determined by the dimensionless thermoelectric
figure of merit (ZT = 6S? k' T, where S is the Seebeck coefficient, o — the electrical conductivity,
x — the thermal conductivity, and 7 — the temperature) [9, 10]. To enhance Z7, a high Seebeck
coefficient together with a high electrical conductivity and a low thermal conductivity is pur-
sued. At the same time, modified structure of TEM is another important way to enhance the
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conversion efficiency of the TEM [11, 12]. Unfortunately, the majority part of the heat fails to
be converted into electricity due to a large amount of heat emissions, resulting in energy waste.
Furthermore, the waste heat emissions have discontinuity and instability problems in time and
space [13], such as the case that the TEM is applied in the automobile engine for energy har-
vesting. To solve these problems, a solution is proposed by using PCM to reuse dissipated heat
[14]. By combining TEM with the PCM, the superfluous heat emitted from the heat source may
store in PCM. Once the heat source was removed, the stored heat energy in PCM could support
TEM to generate electricity.

So far, several literatures have paid close attention to the power generation properties
of TEM with PCM applied. Samson et al. [15] reported a specific aircraft thermoelectric gener-
ator, which consists of a PCM attached to one side of the thermoelectric generator. Yoon et al.
[16] demonstrated an impact-triggered thermoelectric generator (IT-TEG) that takes the latent
heat released from crystallization of supersaturated sodium acetate trihydrate (SSAT) as heat
source. A single IT-TEG could generate a maximum instantaneous power of 2.08 mW in the
process of SSAT phase change transition. Jo et al. [17] proposed a TEG which was embedded
with PCM for harvesting wasted heat energy. The experimental results showed that the TEG
could continue generate electrical energy when the heat source was removed by the heat energy
stored in the PCM. Elefsiniotis ef al. [18] designed an energy harvesting device used in high
temperature condition with an organic PCM used as the heat source. The harvest energy can
reach a maximum value of 81.4 J. Agbossou et al. [19] and Zhang et al. [20, 21] utilized a ther-
moelectric generator to harvest solar and ambient energy. A prototype work unit composed of a
TEG and PCM had been put into practice. Through the integrated use of their advantages, the
system was designed to work continuously. All of the works have proved that the application of
PCM is an efficient method to increase the power generation in the TEM. Nevertheless, there
is a lack of thinking about the influence of the geometrical structure of embedded PCM to the
convert efficiency of the TEM. Therefore, in this study, the power generation properties of TEM
embedded with PCM which have different cross-sectional diameter and height was studied in
detailed.

Design and methods

Among various PCM, paraffin wax whose density, p, is 0.76 g/cm?® and specific heat
capacity, ¢, is 2.4 J/g°C, as a kind of conventional PCM, was used in this study. Paraffin wax
has a large latent heat of fusion of about 173 kJ/kg and a low melting point of less than 55 °C.
These physical properties make it possible to store large amounts of heat during the phase tran-
sition process [22]. Moreover, paraffin wax has advantages of low cost and very low volume
change during melting.

The experimental set-up can be found in fig. 1(a). It is composed of TEM, vacuum
pump, power control equipment, data processing device, and data acquisition unit. The TEM
is shown in fig. 1(b). The TEM uses a single thermoelectric leg with a diameter of 5 mm and
a length of 20 mm. The PCM is filled in a cuboid polymer container with the height of 15 mm
and the side length of 40 mm. The interior of the polymer container has a cylindrical space.
In the center of cylindrical space, an aperture is provided to place the thermoelectric leg. The
temperature is measured by using precision K-type thermocouples. The temperature of the heat
source is controlled by power control equipment. The output voltage of TEM is measured by a
data acquisition unit (Agilent data collector 34970A). In this study, to investigate the effect of
the geometrical structure of embedded PCM on the power generation of the TEM, two types of
structures of the PCM were set up and named as Group A and Group B. In Group A, the height
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Figure 1. (a) The experimental set-up and (b) The fabricated TEM

of PCM was fixed at 8 mm, and the circular cross-sectional diameter was set to be 24, 26, and

30 mm, respectively. In Group B, the circular cross-sectional diameter was fixed at 30 mm, and

the height of PCM was set to be 2, 4, and 8 mm, respectively.
Figure 2 gives the schematic figure of the
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When the heat source begins to supply
heat energy, the temperature of PCM will be Figure 2. A cross-sectional schematic view
. of TEM
increases. A large amount of heat energy was
stored in the PCM during the phase change from solid to liquid. Since the thermal resistance
between PCM and TEM is much larger than that between heat source and TEM, the hot junction
temperature of TEM is under control of heat source without being interfered by other factors.
When the heat source stops supplying heat, the PCM is operated as a heat source since the heat
released from PCM is much larger than the energy stored by the polymer container. Therefore,
the hot junction temperature of TEM is mainly determined by the melting point and the latent
heat of PCM when the heat source stops supplying heat. This makes it possible that the TEM
could generate electricity continuously in a short period when the heat supply is insufficient or
the heat source is removed.
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Results and discussion

To discuss the effect of geometrical structure of embedded PCM on the power gener-
ation of TEM, two types of TEM (with and without PCM) were used in this study. Type blank
represents the TEM without PCM. Type PCM represents the TEM embedded with different
geometrical structure of PCM. For example, the type d30h8 means the TEM with the PCM
stored in a cylindrical space with the diameter of 30 mm and the height of 8 mm.

In Group A, the height of PCM is fixed at § mm and the cross-sectional diameter is
set to be 24, 26, and 30 mm. The output voltage variation when the heat source stops supplying
heat is shown in fig. 3. The output voltage of TEM increases with increasing cross-sectional
diameter. The maximum output voltage of type blank merely reaches 4.0 mV. In the case of type
PCM, the maximum output voltages are about 0.28-0.56 mV higher than that of type blank. The
maximum output voltages of type PCM increases by magnitude of 7.07-14.15% compared to
that of type blank. Maximum output voltage generated by d30h8 is about 4.5 mV. Besides, the
temperature of type PCM also holds for 40-60 seconds due to the latent heat stored in the PCM.

The derivative of output voltages and temperature under different diameters varies
with time when the heat source stops supplying heat are shown in figs. 4 and 5, respectively. In
Group A, in the case of type PCM, the derivative of output voltages decreases from the maxi-
mum to zero within 30 seconds, and then gradually decreases from zero to —0.02 mV/s in the
next 70 seconds. The derivative of temperature decreases from the maximum to zero within
30 seconds and then decrease from zero to —0.15 °C/s in the next 70 seconds. The tempera-
tures and the output voltages maintain the increasing trend within 30 seconds, but the increase
rate becomes smaller gradually. The temperature of the hot side increases until it reaches the
maximum and then drops stably. The temperature and the output voltage of TEM continue to
increase during this time. In addition, in the case of type blank, the derivative of output voltages
increases from —0.16 to —0.10 mV/s within 30 seconds and then gradually falls to —0.16 mV/s
in the next 70 seconds. The derivative of temperature almost keeps unchanging at —0.14. That
is, in the case of type blank, the temperature decreases continuously when the heat source stops
supplying heat. With the increase of the volume of PCM, more amounts of PCM can store more
heat in the hot side of the TEM. In the case that the heat source stops heating, it makes the de-
crease rate of hot side temperature of the TEM slow down.
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Figure 3. Group A: Output voltage vs. time after Figure 4. Group A: The derivative of output
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Figure 5. Group A: The derivative of hot junction  Figure 6. Group A: Output electrical power
temperature varies with timeafter the heat source  variation vs. time after the heat source stops
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The output of TEM was connected to a load resistor with resistance of 0.95 Q. The
time dependence of output electrical power is shown in fig. 6. The maximum output electrical
power of type blank merely reaches 16.49 uW. The maximum output electrical power for type
PCM is about 2.43-5 uW of magnitude higher than that of type blank. The maximum output
electrical power of type PCM increased by about 14.74-30.32% in comparison of that of type
blank. Type d30h8 generates the maximum output electrical power of 21.48 pW.

Table 1 presents the comparison Table 1. Group A: The comparison between electricity
between electricity produced by relevant  produced by relevant TEM and PCM
TEM and PCM in Group A. In tab. 1, m 4308 d26h8 d24h8 | Blank
represents the amounts of PCM calculat-
ed according to the relevant parameters m[g] 4.298 3.228 2.751 0
previously mentioned. The W represents WmJ] | 344242 | 322309 | 30.551 | 27.5993
the total electrical energy produced by
TEM after the heat source stops supplying heat. The total electrical energy is figured up through
integrating output electrical power with time. The TEM with PCM generated more electrical
energy compared to the TEM without PCM. Moreover, the conversion efficiency of the TEM
with PCM increases with increasing cross-sectional diameter of PCM. The electrical energy
of type blank is 27.6 mJ. The TEM generates 3-6.9 mJ larger amount of electrical energy than
that of TEM without PCM during the whole energy harvest process. The electrical energy of
TEM with PCM increases by 10.9-25% compared to that of TEM without PCM. For the type
of d30h8, the TEM with 4.3 g of PCM embedded produces more amount of electricity of about
6.82 mJ than that produced by TEM without the PCM after the heat source stops supplying heat.

In Group B, the cross-sectional diameter of PCM is fixed at 30 mm and the height
is set to be 2, 4, 8 mm, respectively. The time dependence of the output voltage is shown in
fig. 7. It can be seen that the temperature of type PCM keeps unchanging for 20-60 seconds due
to the latent heat stored in the PCM. The output voltage of TEM with PCM increases with the
increasing height of PCM. The maximum output voltages of type PCM are about 0.3-0.56 mV
of magnitude larger than that of type blank with the same experimental conditions. The maxi-
mum output voltages of type PCM increase by 7.58-14.15% compared with that of type blank.
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The time dependences of the derivative of output voltages and the temperature after
the heat source stops supplying heat are shown in figs. 8 and 9, respectively. In Group B, in
the case of type PCM, the time of the derivative of output voltages decreases from maximum
to zero is different. The temperature and output voltages increase with the increasing height
of PCM. The derivative of output voltages of type d30h8 decreases from 0.24 to zero within
30 seconds, while that of the type d30h4 decreases from 0.044 to zero within 20 seconds. Mean-
while, the derivative of output voltages of type blank and type d30h2 almost keeps constant at
—0.15 mV/s. In addition, the time of the derivative of temperature decreases from the maximum
to the stable value of —0.15 °C/s is also different. Since the amount of latent heat stored in the
TEM with PCM is different, the increase rates of temperature and output voltage of TEM with
PCM are different. Therefore, the type PCM also keeps unchanging for different energy harvest
time. Figure 10 shows the time dependence of the output electrical power. The output electrical
power of TEM increases with the increasing height of PCM. In the case of type PCM, the maxi-
mum output electrical power is about 3.4-5 uW of magnitude higher than that of type blank. The
maximum output voltages of type PCM increases by 20.6-30.3% larger than that of type blank.
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Figure 8. Group B: The derivative of output
voltage varies with time after the heat source
stops heating (for color image see journal web site)

Figure 7. Group B: Output voltage variation
vs. time after the heat source stops heating
(for color image see journal web site)
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Table 2 presents the compari-  Table 2. Group B: The comparison between electricity
son between electricity produced by ~ Produced by relevant TEM and PCM
relevant TEM and PCM in Group d30h8 d30h4 d30h2 Blank
B. The electrical energy of TEM m[g] 4.298 2.149 1.074 0
with PCM embed increases with [y 1r0y) | 344242 | 320003 | 309234 | 27.5993
increasing height of PCM is about
2.6-6.9 mJ of magnitude larger than that of TEM without PCM during the whole energy harvest
process. The electrical energy induced by TEM with PCM is about 9.42-25% larger than that
of TEM without PCM.

The results indicate that the increase of cross-sectional diameter and height of PCM
could enhance power generation of TEM with PCM. It is obvious that a larger cross-sectional
diameter and a higher height of PCM would increase the amounts of PCM. Therefore, the latent
heat storage capacity of PCM can also be increased. When the heat source stops supplying heat,
the PCM was used as a heat source. Thus, the hot side temperature of TEM could hold for a
period of time. During this period, the TEM with PCM would generate extra electrical energy.

Conclusion

In this study, the effect of the geometrical structure (the cross-sectional diameter and
the height) of embedded PCM on the power generation of fabricated TEM was investigated.
It is shown that the TEM with PCM could generate higher output voltage and maintain longer
energy harvesting time than that of TEM without PCM, when the heat source stops supplying
heat. The TEM with 4.3 gram of paraffin wax embed provides 60 seconds longer energy har-
vesting time and generates 25% larger of power generation than that of TEM without PCM. In
terms of the geometrical structure of embedded PCM, the output voltage and maintained energy
harvesting time of TEM with PCM increase with the increasing cross-sectional diameter and
height of PCM.
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