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In this study, a thermoelectric power generation (TEG) system coupling with
PCM module for thermal control and storage has been fabricated. Bismuth Tel-
luride (Bi,Tes) TEG devices were applied to convert heat into electricity and Sn-
Ag-In alloy PCM was employed for heat storage. A cooling channel with pure
water and graphene nanofluids as heat exchange media was attached tightly with
the cold-sides of the TEG devices. The effects of the flow rate of cooling water
and the mass fraction of graphene nanofluids on the heat transfer process and the
performance of the as fabricated TEG-PCM coupling system have been investi-
gated. It is found that increasing the heat exchange capability of the cooling
channel would help the PCM module to enhance the heat absorption and utiliza-
tion of thermal energy from heat source, which in turn brings about the im-
provement of efficiency of TEG system. The output voltage of TEG system by us-
ing pure water for cooling is improved by 6.6%-13.1% with the acceleration of
flow rate. Using graphene nanofluids as heat exchange media, the TEG system
could achieve 7.2%-18.5% enhancement in output voltage with an increase in the
mass fraction of the used nanofluid.
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Introduction

Due to the unreasonable utilization of energy, the shortage of energy has become an
essential problem for mankind. Fossil fuels on which the world still depends are finite and far
from environmentally friendly. Fossil fuels are mainly burned by internal combustion engines
to work or generate electricity. However, not more than 60% heat is used efficiently by inter-
nal combustion engines. The engines exhaust would take about 35% of the heat generated by
combustion of fuel [1], which causes the inefficient use of energy. Moreover, the emission of
engine exhaust could exacerbate the greenhouse effect. Researchers found that a heat source
at semiconductor thermoelectric device would cause charge carrier flow away from PN junc-
tion, converting heat to electricity [2]. Such technology, called thermoelectric technology,
possesses advantages such as ability to utilize low-grade thermal energy, durability and envi-
ronmental friendliness [3]. The outstanding performance makes thermoelectric technology be
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applied to various working environments such as micro-generation for micro-
-electronics [4], waste heat recovery [5, 6], space exploration [7], etc.

The efficiency of a TEG device is determined by the performance parameters of
thermoelectric material, topology of thermoelectric modules, and temperature difference be-
tween the hot and cold sides [8]. The main obstacle to the development of this technology is
the relatively low figure of merit, ZT, of thermoelectric materials. The characteristics of the
TEG system itself may affect the power generation capacity of thermoelectric materials.
Therefore, optimizing structure and heat transfer capability would be effective ways to im-

prove the performance of a TEG system.
For the conventional structure of a TEG

== system presented in fig. 1(a), the heat source
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Figure 1. (a) Construction of a conventional can absorb or release heat by changing from
TEG system and (b) a TEG-PCM coupling solid to liquid or vice versa are often used as
system essential components in HSU. The construction

of a TEG-PCM coupling system (TEG system
coupling with PCM module) is schematically shown in fig. 1(b). Applying PCM module to a
TEG system can keep the temperature of its hot side steady and maximize the average tem-
perature difference between the hot- and cold-side of the thermoelectric devices. Fan et al. [9]
installed paraffin PCM in the middle of thermoelectric devices, and the results showed that
the efficiency of TEG after stopping supply of heat. Mao et al. [10] investigated the influence
of different amount of PCM on thermoelectric generation properties. The results showed that
increasing the volume of the PCM could result in an increase in the output voltage. Klein
etal. [11] presented a design of automotive thermoelectric generators with integrating PCM.
The PCM-TEG system was shown to have a higher energy yield than a conventionally con-
structed TEG system.
On the other hand, enhancing the performance of cooling system at the cold-side of
a TEG system can increase the temperature difference between the hot- and cold-sides, and
then improve the efficiency of the TEG system. It is expected that, to a thermoelectric power
generation system, strengthening the heat transfer capability of the cooling system can result
in a remarkable rise in power generation. Nanofluid, as a high performance heat exchange
medium, is promising to be employed as the coolant in the cooling system. Li et al. [12] ex-
perimentally investigated a thermoelectric generation system with minichannel heat exchang-
er using graphene-water nanofluid as coolant. It is proved that graphene-water nanofluid of
0.1% mass fraction, comparing to pure water, could enhance the output power of the TEG
about 114.5%. Nnanna et al. [13] experimentally assessed the efficiency of a thermoelectric
module with nanofluid heat exchanger. The cooling liquids used are Al,Os-water nanofluid
with volume fraction lower than 2% or deionized water. The temperature gradient of nanoflu-
ids during the experiment is close to zero, which means the contribution of Fourier effect to
the overall heating is approximately zero. Thus, compared to deionized water, heat from the
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cold-side of TEG can be absorbed more efficiently. The advantageous influence of nanofluids
for cooling the thermoelectric generation system has also been numerically investigated.
Haghighi et al. [14] showed that the classical correlations developed for pure fluids such as
the Shah correlation (for heat transfer) and the Darcy equation (for pressure drop) are valid for
the tested nanofluids. Dai et al. [15] proposed a general threshold to subdivide a flow in a
smooth or a rough micro- and mini-channel in terms of relative roughness. Moraveji et al.
[16] numerically investigated the effect of nanofluid volume fraction on the convective heat
transfer coefficient of minichannel with TiO» and SiC nanoparticles. The results showed that
the heat transfer coefficient became greater with increasing nanoparticle concentration. How-
ever, it is worth noting that the temperature of the cold side decreasing might, in turn, affect
the temperature of the hot side and lead to the drop of TEG power output. Jang etal. [17]
proved this point in their study. The TiOz-nanofluid with mass fraction of 0.005% to 0.05% is
used as cooling fluid. When the mass fraction is over 0.01%, the temperature difference of
TEG is lower than that of 0.005% and 0.05%. It means that increase of mass fraction can en-
hance heat transfer performance and lead to the temperature decrease of hot side. Therefore,
cooling capacity of the working medium has an optimum value.

It has been indicated that the ability of heat harvesting from heat source and capacity
of cooling fluid play essential roles in the efficiency of power generation of TEG. Further-
more, the cooling system may have a significant impact on the hot-side of a TEG. However,
experimental investigations on the combined influence are still lacking and desirable. In this
study, the effect of cooling condition on the performance of TEG-PCM coupling has been ex-
perimentally investigated and related heat transfer processes has been explored.

Experiments

Figure 2 presents the digital images of the experimental system in this study. The
main components include TEG-PCM coupling system, cooling liquid circulation system and
data acquisition system. The TEG-PCM system is mainly composed of TEG devices, PCM
module, and an electric heating plate. These three parts and the cooling liquid channel at the
cold-side of TEG devices are fixed by a gripping holder. Heat transfer takes place through
cooling liquid channel to cool the TEG system. Figure 3 presents the arrangement of TEG de-
vices on the cooling liquid channel. Ten TEG devices are evenly placed and adhered on the
channel using a thermal adhesive with thermal conductivity of 2.0 W/mK (Dow Corning
SE4485). All the TEG devices are connected in series into an integrated system by welding
and the welded joints are covered by thermal insulation tapes. The Imax, Umax, and Qc,max of the
TEG are 10 A, 27.4 V, and 148 W, respectively. The positive and negative leads of the TEG

Cooling water circulating system

> Peristaltic pump
Silicone pipe
Thermostat bath device
> Heat transfer medium
Cooling water channel

TEG-PCM system
Data acquisition system

Gripping holder _

PID controler

Electric heating plate
PCM module

EG devices

Cooling water channel <~

Data acquisition system
Thermal couple

Figure 2. Digital images of the experiment system



Zou, J., et al.: Effect of Cooling Condition on the Performance of ...
1292 THERMAL SCIENCE: Year 2022, Vol. 26, No. 2B, pp. 1289-1299

iring of
positive and /
negative pole

. Welded joint " system are connecting to the data acquisition
device. At the hot-side of the TEG system, the
output of electric heating plate was controlled
by a proportional integral derivative (PID) con-
troller (Teshow EM405). The PCM module ab-
sorbs the heat from the electric heating plate
and then provides heat for thermoelectric mod-
ules. The composition of the PCM is Snh-Ag-In
outet  alloy with a density of 7.25 g/cm® and melting
point in the range of 192-198 °C. The phase

TEG device

N ‘ change latent heat of the used PCM is 58 J/g.
Figure 3. Arrangement of TEG devices on the When the electrlc_heatlng plate stops w_orklng,
cooling liquid channel the PCM can provide heat for TEG continuous-

ly. The detailed function of analogous PCM in
a thermoelectric generation system was introduced in our previous study [18].

The cooling circulation system is used to adjust the temperature of the cold-side for
the TEG-PCM system. It consists of a cooling channel, thermostat bath, peristaltic pump, heat
transfer medium and silicone pipe. The low temperature heat transfer medium is pumped in
the cooling channel to cool the TEG devices. After absorbing heat from the TEG devices, the
heat transfer medium flow out of the cooling channel, and then flow into thermostat bath de-
vice (YB-LS-300W from Shanghai Yi Bei Industrial, temperature control accuracy: +0.2 °C)
to dissipate heat. After heat dissipating, the heat transfer
medium subsequently returns to the cooling channel by per-

istaltic pump and then complete a cycle. The inside diame-
— <<<<<<< — ter of the channel inlet is 7.62 mm. The internal structure of
cooling channel is schematically shown in fig. 4. The “A”
shaped protuberances in cooling channel can increase the

contact area between the heat transfer medium and the wall
Figure 4. Internal structure of of channel. It can increase the uniform distribution of tem-
cooling channel perature and thus improve the efficiency of TEG devices
[19]. The heat transfer media used in this study are pure
water and graphene nanofluids composed of a base fluid (50% glycol solution and 50% puri-
fied water) and different mass fractions (0%, 0.1%, and 0.2%) of graphene oxide nanosheets
(GNS), respectively. The preparation of GNS nanofluid has been described in [20]. Silicone
pipe is used for connecting the components of the cooling system because it is suitable for
carrying nanofluids due to its great wear and corrosion resistance.
The data acquisition system is used to collect the signals of the output voltage of
TEG device and the temperatures of PCM module and fluid at the inlet and outlet of the cool-
ing channel. This system is composed of a PC, data acquisition device and thermocouples
embedded in the components of TEG-PCM system. The measured output voltage of TEG de-
vices is open-loop voltage and tested by a voltage device (America Agilent Technologies
Joint Stock Company, version 34970A, measurement accuracy: +1%). The temperatures of
heat transfer medium in the inlet and outlet of cooling channel are tested by thermocouples
embedded inside the inlet and outlet pipe. And the temperature of PCM module is tested by a
thermocouple embedded at the center of the PCM. All the temperature signals are processed
using the temperature module in the data acquisition device. The thermocouples used in the
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experiments are K-type (KMTXL-040G-6 from America OMEGA Engineering Joint Stock
Company, measurement accuracy: +1.1 °C).

During the experiments, the temperature of heat plate was set to 300 °C by the PID
controller, and the cooling water temperature was stabilized at 30 °C by the thermostat bath.
The cooling fluid flow rate was changed by adjusting the rotation rate of peristaltic pump. The
rpm of peristaltic pump was set at 100, 200, and 300 rpm, which means 100, 200, and 300 mL
per minute of cooling fluid flows through the cooling channel, respectively.

Results and discussions

Effect of the flow rate of cooling water

The heat transfer process at the cold-side of the TEG devices would affect the over-
all heat transfer behavior in the TEG-PCM system as well as the cold-side temperature sub-
stantially. It is expected that adjusting the heat transfer conditions can be used to change the
performance of TEG-PCM system. In order to explore the affecting parameters, firstly pure
water was used as heat exchange medium and the flow rate was set at different values. Fig-
ure 5 presents the variation in temperature of PCM over the change of the flow rate of cooling
water. The temperature change undergoes following processes. When heating, the PCM ab-
sorbs heat from the electric heating plate, resulting in the temperature of PCM increases from
initial time to about 5000 seconds. We define this period as temperature-rise period (Period
1). In this period, solid-liquid phase change takes place in the PCM and the trend of tempera-
ture rise is slow down from about 2500 seconds to about 4000 seconds. The PCM completely
melted at about 4000 seconds, thermal convection of PCM in liquid phase further enhances
the heat transfer from electric heating plate to the PCM. Thus, the temperature of PCM rises
even more quickly from about 4000 seconds to about 5000 seconds compared to that in the
time range of initial stage to about 2500 seconds in which heat transfer process is conduction
in solid state. At about 5000 seconds, the heat loss and heat absorption in PCM module are
balanced and the temperature of PCM reaches its stable value. In order to ensure the stabiliza-
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Figure 5. Temperature variation of the PCM under different flow rate of cooling water
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tion of temperature and the accuracy of experimental data, the heating is maintained to about
7300 seconds. The PCM undergoes a constant temperature period (Period 2) from about
5000 seconds to 7300 seconds. Then the heating stopped and the PCM continues to release
heat and plays the role of heat source for that TEG system after 7300 seconds. We define this
period as temperature fall period (Period 3). From 7300 seconds to about 8400 seconds, due to
the reduction of thermal convection coefficient caused by the decrease of temperature, the
temperature drop rate is smaller than the temperature increase rate from about 4000 seconds
to 5000 seconds. From 8400 seconds to 9700 seconds, the temperature decrease rate becomes
small because of liquid-solid phase change in PCM. As the temperature difference between
both sides of PCM module gradually decreases, heat conduction from PCM module to TEG
module is reduced. Accordingly, the decline of PCM temperature gradually slows down after
about 9700 seconds.

During the Period 1 presented in fig. 5, the trends and values of temperature under
different condition of flow rate are almost the same. The PCM subsequently reaches the high-
est temperature in Period 2. There are slight decreases (no more than 5 °C) among the tem-
perature values of PCM with increase flow rate of cooling water. It is worth noting that, dur-
ing the Period 3, the process of phase transition of PCM obviously changes. When accelerat-
ing the flow rate of cooling water, the starting has been shift to an earlier time. It is observed
that the starting time under conditions of 200 mL per minute and 300 mL per minute is about
80 seconds and 60 seconds earlier than that of 100 mL per minute. But the duration time of
liquid-solid phase change process is about 40 seconds and 80 seconds shorter than that of 100
mL per minute. It indicates that the flow rate of cooling water can affect the phase transition
process of PCM significantly. The increase of flow rate can improve the convective heat

28 transfer capacity of cooling water to bring away

AT([°C] heat from PCM more quickly. Accordingly, the

2ok acceleration of cooling water flow rate leads to

100 L parriifiite the advance of phase change process and short-

i ening its duration. It causes temperature change

of hot-side of TEG module and subsequently
affects the output of TEG devices.

The temperature differences between out-
let and inlet of coolant, ATs, under different
flow rates is shown in fig. 6. The temperature

——ie————t———— 10 trend are similar to that of PCM shown in fig. 5.
Time [s] It indicates the influence of cooling water on
Figure 6. Temperature differences between the heat transf_er in TFTG_PCM co_upling system.
outlet and inlet of coolant under T_here are evident ghfferences in temperature
different flow rates differences of cooling water under different
conditions. As shown in fig. 6, the ATz is de-
creased with the accelerating of flow rate. The maximum AT; under flow rates of 200 mL per
minute and 300 mL per minute are nearly 4.9 °C and 11.4 °C lower than that of the 100 mL
per minute, respectively. Due to the increase of flow rate, there is more heat transfer medium
flow through cooling channel per unit time, resulting in higher heat carrying capacity of cool-
ing water. It causes the temperature of cooling fluid shows downtrends when accelerating
flow rate. The heat taken by the cooling water from the cold-side of TEG, Q, can be calculat-
ed by the following expression:
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Q =m,C, pAT; 1)

where my is the volume flow rate of fluid through the cooling channel and c, — the specific
heat capacity of fluid. The heat exchange rate between TEG and cooling channel under differ-
ent flow rate conditions of 100, 200, and 300 mL per minute are about 172.9, 269.5, and
273.0 W, respectively. Because the PCM stores approximately the same amount of heat after
heating, cooling water with higher flow rate can take away more heat from TEG thereby low-
er the cold side temperature of TEG devices.

Figure 7(a) presents the output voltage of TEG module, Uo, after Period 1 under
different cooling water flow rates. It can be clearly seen that the TEG with higher flow rate of
cooling water in the channel at the cold-side can obtain larger output voltage in the test time
range. The maximum Uoy of TEG system under the flow rates of 300 and 200 mL per minute
are 3.2 V and 1.6 V larger than that of 100 mL per minute, which are increases of 13.1% and
6.6%, respectively. Due to the Seebeck effect, the temperature difference between hot- and
cold-sides of the TEG device affects the output voltage directly. The temperature of hot-side
of TEG device depends on the amount of heat transfer from PCM module. From fig. 5, it is
observed that the temperature value and drop rate of PCM before the end of the process of
liquid-solid phase change are very close. It is reasonable to consider that the heat transfer
rates between PCM module and TEG devices are almost the same during this time range.
Thus, there are no much difference in temperatures of hot-side of TEG under different condi-
tions, and the temperature difference between hot- and cold-sides of the TEG mainly depends
on the cold-side of TEG. From fig. 6, TEG under higher cooling water flow rate get lower
temperature at the cold-side of TEG, resulting in an increase in the temperature difference be-
tween hot- and cold-sides of the TEG. Accordingly, TEG under higher cooling water flow
rate of can obtain higher U before the end of liquid-solid phase change process of PCM.
Furthermore, the temperature of PCM reduces faster with higher flow rate after phase change.
There is little difference among the cooling water under different conditions in this time
range. As a result, the Uoy of TEG reduces more quickly with higher flow rate after phase
change process.
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Figure 7. Output voltage of TEG under different flow rates after temperature-rise period (a) and
after heating (b)

Figure 7(b) shows the output voltages of TEG after heating was stop at 7300 sec-
onds. During this period, PCM acts as the heat source for the TEG devices. Due to the phase
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change of PCM, the decrease of Uou slows down at about 8000 seconds, and the output volt-
ages are in relatively stable state in this time range. The drop rate of output voltage under dif-
ferent conditions speeds up at different times, as shown in fig. 7(b). This speeding-up moment
under flow rate conditions of 300 and 200 mL per minute are 180 seconds and 95 seconds ear-
lier than that of 100 mL per minute, respectively. This change is similar to the temperature
change of PCM as shown in fig. 5. It indicates that temperature change caused by PCM phase
change process would directly affect the Uoy of TEG. To sum up, for TEG-PCM system, in-
creasing the flow rate of cooling water can increase the temperature difference of TEG devic-
es and then improve the output voltage before the liquid-solid phase change process of PCM.
On the other hand, when accelerating the flow rate of cooling water, the time for Uy in rela-
tively steady state will be reduced and the voltage will drop faster after the process of phase
change.

Effect of the mass fraction of nanofluid for cooling

In addition to the flow rate, the heat transfer capacity of the heat exchange medium
is also an important factor affecting the cold-side temperature of TEG devices. It is proved
that the increase of mass fraction can affect the heat transfer capability of nanofluids [21-23].
In order to investigate this effect, graphene nanofluids with different mass fraction were used
as heat exchange media and the flow rate was set at 300 mL per minute. Figure 8 presents the
temperature of PCM of the coupling system with different graphene nanofluids as heat trans-
fer medium in cooling channel. It is observed that the variation trend of the temperature is
similar to that shown in fig. 5. In the Period 2, the highest temperature of PCM under the
cooling conditions with graphene nanofluids of mass fraction of 0.1% and 0.2% are about
2.5 °C and 5.2 °C lower than that of base fluid, respectively. The liquid-solid phase change
process under the cooling conditions with 0.1% mass fraction of graphene nanofluids is 50
seconds earlier and 20 seconds shorter than that of base fluid. But starting time of this process
when using 0.2% mass fraction of nanofluid is about 160 seconds earlier than that of base flu-
id, while the time of phase change process is nearly 50 seconds shorter. Accordingly, increas-
ing the mass fraction of nanofluids for cooling has similar effect as increasing the flow rate of
fluids.

The variation in temperature difference of heat transfer medium between inlet and
outlet of cooling channel with different mass fractions of graphene nanofluids as working me-
dium is depicted in fig. 9. The trend of temperature in fig. 9 is similar to that in fig. 6. The in-
crease in mass fraction of nanofluid and flow rate have similar impact on the temperature dif-
ference of fluid. As shown in fig. 9, during the temperature constant period, the average of
temperature difference between outlet and inlet under the cooling conditions with graphene
nanofluids of mass fraction of 0.1%, and 0.2% are 1.2 °C, 4.4 °C higher than that of base flu-
id, respectively. It is indicated that the cooling rate has been improved with the increase in the
mass fraction.

Figure 10(a) shows the output voltage of TEG system when the as fabricated
PCM-TEG coupling system was conducted using graphene nanofluids with different mass
fraction as heat transfer media after Period 1. The varying trend of Uoy is similar to that in fig.
7(a). It can be seen that Uy increases with the mass fraction of the nanofluid used. Compared
to the base fluid, graphene nanofluids with mass fractions of 0.2% and 0.1% can help to en-
hance the maximum Ugy of TEG system 3.6 V and 1.4 V, which are increases of 18.5% and
7.2%, respectively. In this study, the improvement of Uy of TEG can be attributed to the in-
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crease in temperature difference between both sides of the TEG Considering the temperature
difference between inlet and outlet of cooling channel under different conditions presented in
fig. 9, it can be concluded that the heat flow though TEG devices is improved. The heat flow
through TEG, q, can be expressed by:
_ Th _Tc 2

a="7 )
where Trand T, are the temperature of the hot- and cold-sides of TEG and R - the thermal re-
sistance between both sides of TEG. Because the output voltage tested is open-loop voltage,
and thereby the current in TEG is very low, which has little influence on thermal resistance.
So, in this experiment, R under different conditions can be considered in equal. Thus, from
eqg. (2), it can be inferred that the difference of Tn and T is increased. As a result, the output of
TEG is improved because of Seebeck effect.
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Figure 10. Output voltage of TEG using graphene nanofluids with different mass fraction as heat
transfer medium after temperature-rise period (a) and after heating stopped (b); 1 — base fluid +
graphene (0%), 2 — base fluid + graphene (0.1%), 3 — base fluid + graphene (0.2%)
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Figure 10(b) illustrates the times of the output voltage in relatively stable stage un-
der different cooling condition after heating. For the cooling conditions using graphene
nanofluid with a mass fraction of 0.2%, the drop of voltage slows down at about 8120 sec-
onds, which is about 190 seconds earlier than that of using base fluid. The time duration in
which Uqut remains relatively stable is nearly 1220 seconds, which is 90 seconds shorter than
that of using base fluid. Because the heat transfer performance of 0.1% mass fraction of
nanofluid is not significantly improved compared with that of the base fluid. The starting time
and length of the relatively stable period of voltage are just 30 seconds earlier and 40 seconds
shorter than that of using base fluid. When heating stopped, the temperature of PCM will di-
rectly affect the heat flow through the TEG after heating, and then change the trend of the
voltage. Therefore, the Uoy Show similar trend with Tpcm.

Conclusion

The effects of cooling capacity at the cold-side of a TEG system on the heat transfer
processes and output voltage of have been experimentally investigated. The TEG system was
integrated with a PCM module at the hot-side for thermal control and storage. The cold-side
of this TEG-PCM coupling system was attached tightly with cooling channel using pure water
and graphene nanofluids as heat exchange media. For pure water as heat exchange medium,
increasing the flow rate helps to enlarge the temperature difference between the hot- and cold-
sides of the TEG devices, resulting in the enlargement of output voltage. The increase of the
flow rate of cooling water from 100 mL per minute to 200 mL per minute and then to 300 mL
per minute led to the enhancement ratios of the maximum output voltage about 6.6% and
13.1%, respectively. For graphene nanofluids as heat exchange media, increasing the mass
fraction of nanofluids has remarkable effects on improving the performance of the as-
fabricated TEG-PCM system. When using nanofluids with 0.1% and 0.2% mass fraction gra-
phene dispersed, the enhancement ratios of the maximum output voltage of about 7.2% and
18.5% have been achieved. It is clarified that the two ways employed in this study to enhance
the heat transfer capacity of cooling channel have similar influences on the phase change pro-
cess of PCM module then enlarge the output voltage of the TEG-PCM coupling system.
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