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Abstract

The effects of the hot air inlet velocity and hot air inlet temperature on the hot side temperature, the temperature difference
between the hot and cold sides, and the heat transfer rate on the hot side of a thermoelectric module (TEM) were investigated
by computational fluid dynamics (CFD) analyzes. CFD model is constituted as hot and cold air will flow on both sides of the
TEM. During the analyzes, hot and cold air inlet velocities are varied between 1 m/s and 15 m/s, while hot air inlet temperature
is altered between 400 °C and 800 °C. Simultaneously, cold air inlet temperature is kept constant at 25 °C. As a result of CFD
analysis, the maximum hot side temperature, the temperature difference between the hot and cold sides, and the average heat
transfer rate on the hot side of the TEM are found to be 274.9 °C, 70.4 °C, and 33.8 W, respectively, at 15 m/s of hot air inlet
velocity. Besides, the maximum hot side temperature, the temperature difference between the hot and cold sides, and the
average heat transfer rate on the hot side of the TEM are determined to be 432.8 °C, 114.9 °C, and 55.1 W, respectively, for
800 °C of hot air inlet temperature at 15 m/s of hot air inlet velocity. As a result, increasing the hot air inlet velocity and inlet
temperature increases the hot side temperature, the temperature difference between the hot and cold sides, and the heat transfer
rate on the hot side of the TEM.
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Oz

Bu caligmada, sicak hava giris hiz1 ve sicak hava giris sicakliginin bir termoelektrik modiiliin (TEM) sicak yiizey sicakligina,
sicak ve soguk yiizeyler arasindaki sicaklik farkina ve sicak yiizeydeki 1s1 transfer hizina etkisi hesaplamali akiskanlar dinamigi
(HAD) analizleri ile incelenmistir. HAD analizleri sonucunda TEM'in maksimum sicak taraf sicakligi, sicak ve soguk yiizey
arasindaki sicaklik farki ve sicak ylizeydeki ortalama 1s1 transfer hizi 15 m/s sicak hava giris hizinda sirasiyla 274,9 °C, 70,4
°C ve 33,8 W olarak bulunmustur. Diger taraftan, TEM'in maksimum sicak yiizey sicakligi, sicak ve soguk yiizeyler arasindaki
sicaklik farki ve sicak yiizeydeki ortalama 1s1 transfer hizi 15 m/s sicak hava girig hiz1 ve 800 °C sicak hava giris sicakligi icin
strastyla 432,8 °C, 114,9 °C ve 55,1 W olarak belirlenmistir. Sonug olarak, sicak hava giris hizinin ve giris sicakliginin artmas,
TEM'in sicak ylizey sicakligini, sicak ve soguk yiizeyler arasindaki sicaklik farkini ve sicak ylizeydeki 1s1 transfer hizini
artirmigtir.

Anahtar Kelimeler: Termoelektrik, Termoelektrik Gii¢ Uretimi, Is1 Transferi, Sicaklik Dagilimi, CFD.

I. INTRODUCTION

Thermoelectric technology has been used in laboratorial and industrial engineering applications in thermoelectric
modules (TEMs) and thermoelectric generators. Recently, TEMs have been widely used as coolers for cooling
applications and electricity generators on the closure side of the photovoltaic cells to decrease the temperature [1—
3]. On the other hand, they can be used as alternative electricity generators utilizing available waste heat from
factories, automobiles, etc., due to the thermoelectric effect [4]. Currently, researchers declare analytical studies
focusing on the application of TEMs in the exhaust system of an automobile to retrieve the exhaust gas waste heat
[5]. Other heat sources, including waste heat, can also generate a temperature difference between the hot and cold
sides of the TEMs (A7) to produce electricity [6]. Other studies suggest that TEMs formed in different designs
have a higher consciousness of radiation heat in industrial furnace applications [7].

A three-dimensional model of the TEM can be created by computational fluid dynamics (CFD) to investigate and
optimize the temperature distribution on both sides and the power generation performance of the TEM [8]. The
finite difference method model covers Seebeck, Joule, and Thomson effects equations, including Fourier's law and
temperature-dependent properties. Also, the model structure gives numerical analysis higher accuracy, even in
more complicated designs [9].
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In TEM applications, different fluids can pass through
both sides of the TEM. The type, velocity, and other
parameters of the fluid affect the temperature
distributions on both sides, heat transfer, and, therefore,
the electrical power to be obtained from the TEM. Bell
mentioned the need to connect TEMs with fluid flows
flowing in opposite directions (counter-current flow) to
obtain wider temperature ranges in his series work [10].
In their study, Temizer and llkilic investigated the
exhaust gas flow and temperatures of the internal
combustion engine at different speeds and loads and the
different fluid flow directions. As a result, the counter-
flow direction can increase the heat transfer, thus

In this study, the hot side temperature (Tps), 47, and the
heat transfer rate on the hot side of the TEM (Q;) were
investigated by passing hot and cold air over both sides
of the TEM, designed in ANSYS DesignModeler
software. Flow analyses were performed using CFD
analysis on ANSYS Fluent software. Hot air and cold
air are modeled to flow as counter-flow to increase AT
and Q,. Hot air inlet velocity (Vi) and cold air inlet
velocity (Vi) were varied as 1 m/s, 3m/s, 5 m/s, 10 m/s,
and 15 m/s by keeping the hot air inlet temperature (Thi)
at 500 °C and the cold air inlet temperature (T¢;) at 25
°C. By keeping Vi at 15 m/s and Tg; at 25 °C, Ty ranged
from 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C.
Effects of Vi and the Ty; on the temperature distribution
and Q,, of the TEM were investigated.

1. METHODOLOGY

In this study, CFD analyses of a TEM composed of 8
pairs of p- and n-type TE legs with circular cross-
sections were used to evaluate the temperature
distribution and Q,, on the TEM. The CFD analysis of
the TEM was performed on Ansys Fluent software. Air
was used as the fluid for both surfaces of the TEM in
the analysis. During the CFD analyses, the temperature
distribution on both sides and Q, of the TEM were
investigated at different Vi and Thi. In the analyses, the
TEM was designed in ANSYS DesignModeler.
Appropriate mesh structure was obtained for the
analysis, and boundary conditions were determined by
defining material and fluid properties in Ansys Fluent.
The effects of Vhn and Tn on the temperature
distribution and Q,, of the TEM were investigated as a
result of the analysis.

TE power generation from the exhaust gas heat using
the Ansys 12.0 Fluent software [11]. As a result of the
analysis, the water temperature increased along the
surface, and the cooling efficiency decreased. Although
there is a tendency to decrease the pressure and flow
values of the exhaust gas at a certain distance when it
enters the TEM system, there was not much change,
and there was no loss compared to the inlet. In their
study, He et al. examined different flow types on both
sides of the TEM [12]. Output powers were analyzed
according to

yielding greater thermoelectric output power than the
co-flow direction.

The TEM model was constituted as the legs of the TEM
are connected in series for electrical connection and
parallel for the heat transfer. The dimensions of both
legs were designed to be @8x5 mm, and the distance
between the legs was designed as 3 mm. In the model,
the legs were placed between 2 pieces of alumina plates
with 50x50x1 mm dimensions. The meshing of the
TEM maodel performed using the finite volume method
is shown in Figure 1.

For the flow analyses, CFD model was constituted as
hot and cold air would flow on both sides of the TEM.
Hot and cold air enclosures were designed using
ANSYS DesignModeler software for both sides of the
TEM. After generating hot and cold air enclosures, the
designed TEM model was transferred to ANSYS
Fluent software. The inlet and outlet of the hot and cold
flows were specified as there will be a counter-current
flow to increase A7 and Q,. Walls of the hot and cold
air enclosures and lateral surfaces of the TEM were
considered adiabatic in the model. The no-slip
condition was applied for the fluids flowing on both
sides of the TEM. In the solution setup, Vi and V¢ of 1
m/s, 3 m/s, 5 m/s, 10 m/s, and 15 m/s, and Ty of 400
°C, 500 °C, 600 °C, 700 °C, and 800 °C were specified
as the inlet boundary conditions. Simultaneously, cold
air inlet temperature was kept constant at 25 °C. The
ambient temperature and the convection heat transfer
coefficient for the outer surfaces were defined as 25 °C
and 10 W/m2K, respectively. Moreover, the thermal
and thermoelectric properties of alumina plates, silver
conductors, p- and n-type legs, and the fluid properties
of air flowing on both sides of the TEM were specified.
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Figure 1. TEM model for the CFD analyses.

Mesh number and mesh quality are important
parameters in CFD analyses to get results closer to
reality. The adequate number of mesh nodes and
elements suitable for the TEM determines the quality
of the meshing process. Since the software uses a lot of
CPU in the computer, mesh optimization is very
important in terms of time-saving. In this respect, two
different body sizing were defined in the bottom tab of
the meshing process, and different meshing properties
were defined according to the dimensions of the TEM’s
parts. The first type of body sizing was applied for the
silver conductors and the legs in the TEM, while the
second type was applied for the alumina plates. The
average element sizes for the sections where the first
and second types of body sizing were applied were
defined as 0.25 mm and 0.5 mm, respectively. The
average element size of the remaining meshing of the
enclosure sections was 5 mm. As a result, number of
elements was optimized at 2,915,567 elements using
tetrahedral and hexahedral elements. Lastly, the
analyses were optimized in 500 iterations, and the
results were obtained.

1. RESULTS AND DISCUSSION

3.1. Effect of the Hot Air Inlet Velocity on the
Temperature Distribution of the TEM

CFD analyses were carried out to determine the
temperature distributions on both sides and through the
TEM at different hot air inlet velocities. T and T of
the TEM were taken constantly at 500 °C and 25 °C,
respectively, while modifying Vhi. Vi was altered as 1
m/s, 3m/s, 5 m/s, 10 m/s, and 15 m/s. As a result of the
analyses, the temperature distributions on both sides
and the temperature distribution through the TEM are
shown in Figure 2 to Figure 6 for Vi of 1 m/s, 3 m/s,
5 m/s, 10 m/s, and 15 m/s, respectively.

Obtaining the results, the temperature drops between
the inlet and outlet regions of both sides of the TEM
were observed. Increasing Vi increases Tps, cold side
temperature (Tcs), and AT between both sides of the
TEM, and the temperature distributions show similar
characteristics at all Vh;.

When Figure 2 is examined, the maximum Tps and Tes
of the TEM are obtained as 122.7 °C and 114.7 °C,
while the maximum temperature through the TEM is
found to be 122.3 °C for 1 m/s of V. According to
Figure 3, when the Vy; increases to 3 m/s, the maximum
Ths and T¢s of the TEM increase similarly to 186.4 °C
and 165.7 °C, respectively, while the maximum
temperature through the TEM increases to 184.2 °C.
When the Vi increases to 5 m/s, the TEM's maximum
Ths and T¢s are realized as 214.6 °C and 183.9 °C,
respectively. The maximum temperature through the
TEM is 211.3 °C (Figure 4). Figure 5 illustrates the
temperature distributions on both sides and through the
TEM for 10 m/s of Vy. According to the figure, the
maximum Tps and T of the TEM are found to be 252.8
°C and 200.5 °C, respectively, while the maximum
temperature through the TEM is obtained as 247.1 °C.
Finally, when Figure 6 is inspected, the TEM's
maximum Tps and T¢s are acquired as 274.9 °C and
204.5 °C, while the maximum temperature through the
TEM is 266.9 °C for 15 m/s of Vhi. According to these
results, the increase in Tys of the TEM with the increase
in the Vi can be attributed to the increase in the Re
number, which yields an increase in the Nu number and
the convection heat transfer coefficient.

)

Figure 2. Temperature distributions for 1 m/s of Vi a)
on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

©)

Figure 3. Temperature distributions for 3 m/s of Vii: a)
on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.
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©)

Figure 4. Temperature distributions for 5 m/s of Vyi: a)
on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

©)

Figure 5. Temperature distributions for 10 m/s of Vyi:
a) on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

<)

Figure 6. Temperature distributions for 15 m/s of Vp:
a) on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

According to the temperature distributions, it has been
analyzed that AT of the TEM increase with the increase
in Vhi. This increase results in AT of 8.0 °C, 20.7 °C,
30.7 °C, 52.3 °C, and 70.4 °C for 1 m/s, 3 m/s, 5 m/s,
10 m/s, and 15 m/s of Vy;, respectively, under constant
Thi and Tei. The TEM's Ths and T for the Vyi are given
in Figure 7. When the temperature distributions are
further investigated, it seems that temperature
distributions on both sides of the TEM are not
homogeneous. The temperature differences on the hot
side are 1.5 °C, 5.1 °C, 7.4 °C, 12.6 °C, and 17.3 °C,

where the temperature differences on the cold side are
1.3°C,3.4°C,54°C, 10.1 °C, and 14.5 °C for 1 m/s,
3 m/s, 5 m/s, 10 m/s, and 15 m/s of Vy;, respectively.
This difference on the same surface originates from the
difference between the conduction heat transfer (occurs
between the alumina plate and the silver conductor and
between the silver conductor and p- and n-type legs)
and the convection heat transfer (occurs between the
alumina plate and the ambient air and between p- and
n-type legs and the ambient air). In addition, the
difference in the thermal conductivity values of the
TEM materials (silver conductor and p- and n-type
legs) constitutes different values for the conduction
heat transfer.
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Figure 7. Effect of the Vy; on the Tps and T of the
TEM.

In addition to temperature distributions, the average
heat transfer rates on the hot (Q,) and cold sides (Q,)
of the TEM were investigated. According to the results
in Table 1, the average Q, are found to be 4.6 W, 11.3
W, 16.1 W, 25.6 W, and 33.8 W for 1 m/s, 3 m/s, 5 m/s,
10 m/s, and 15 m/s of Vy,;, respectively. In addition, the
average Q. is analyzed to be 1.8 W, 6.7 W, 10.9 W,
20.0 W, and 28.2 W for 1 m/s, 3 m/s, 5 m/s, 10 m/s, and
15 m/s of Vy;, respectively. According to these results,
increasing Vi yields an increase in Q, and Q.. As
expected, the maximum average Q,, and Q. resulted in
the maximum V4. The increase in Q,, and Q. can be
attributed to the increase in the Re number, which
yields an increase in the Nu number and the convection
heat transfer coefficient.

Table 1. Average 0, and Q. for Vy.

Vhi Qh QC Ths Tcs AT
[ms] W] [W] [°C] [C] [C]
1 4.6 1.8 122.7 1147 8.0
3 11.3 6.7 186.4 165.7 20.7
5 16.1 109 2146 1839 30.7
10 256 200 2528 2005 523
15 338 282 2749 2045 704
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3.2. Effect of the Hot Air Inlet Temperature on the

Temperature Distribution of the TEM
CFD analyses were carried out to determine the
temperature distributions on both sides and through the
TEM at different Tni. When the effect of the Vi on the
temperature distribution of the TEM was analyzed, it
was specified that the maximum Tys and the maximum
AT were obtained at 15 m/s of the Vi Accordingly, the
Vhi of the TEM was kept constant at 15 m/s while
modifying Tri. During the analyses, T, was kept
constant at 25 °C, and the Ty were varied to 400 °C,
500 °C, 600 °C, 700 °C, and 800 °C. As a result of the
analyses, the temperature distributions on both sides
and through the TEM are shown in Figure 8 to Figure
12 for the Thi of 400 °C, 500 °C, 600 °C, 700 °C, and
800 °C, respectively.

According to the CFD results, the temperature drops
between the inlet and outlet regions of both sides of the
TEM were observed. Increasing the Ty; increases the Ths
and T¢s and AT of the TEM. As can be seen from the
figures, the temperature distributions show similar
characteristics at all T;.

When Figure 8 is examined, the maximum Tps and Tes
of the TEM are obtained as 222.3 °C and 166.7 °C,
while the maximum temperature through the TEM is
found to be 216.0 °C for 400 °C of Thi. According to
Figure 9, when the Ty increases to 500 °C, the
maximum Tys and T¢s of the TEM increase in a similar
manner to 274.9 °C and 204.5 °C, respectively, while
the maximum temperature through the TEM increases
to 266.9 °C. When the Ty increases to 600 °C, the
TEM's maximum Tps and Tes are realized as 327.5 °C
and 242.3 °C, respectively. The maximum temperature
through the TEM is 317.9 °C (Figure 10). Figure 11
illustrates the temperature distributions on both sides
and through the TEM for 700 °C of Tri. According to
the figure, the maximum Tps and T¢s of the TEM are
found to be 380.1 °C and 280.0 °C, respectively, while
the maximum temperature through the TEM is obtained
as 368.8 °C. Finally, when Figure 12 is inspected, the
maximum Tps and T of the TEM are acquired as 432.8
°C and 317.8 °C, while the maximum temperature
through the TEM is found to be 419.8 °C for 800 °C of
Thi. According to these results, the increase in the Ty of
the TEM with the increase in the Ty can be attributed
to the increase in the AT between the hot air and the hot
side of the TEM, which yields an increase in the
convection heat transfer rate.

)

Figure 8. Temperature distributions for 400 °C of T:
a) on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

<)
Figure 9. Temperature distributions for 500 °C of Th;:
a) on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

)

Figure 10. Temperature distributions for 600 °C of Thi:
a) on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

335



Int. ). Adv. Eng. Pure Sci. 2023, 35(3): 331-337

Effects of Flow Parameters on Heat Transfer of a TEM

©)
Figure 11. Temperature distributions for 700 °C of Tyi:
a) on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

o
fE

)

Figure 12. Temperature distributions for 800 °C of Tyi:
a) on the hot side of the TEM, b) on the cold side of the
TEM, and c) through the TEM.

According to the temperature distributions, it has been
analyzed that the AT of the TEM increase with the
increase of the Twi. This increase results in AT of 55.6
°C, 70.4 °C, 85.2 °C, 100.1 °C, and 115.0 °C for 400
°C, 500 °C, 600 °C, 700 °C, and 800 °C of T
respectively, under constant V. The TEM's Tps and Tes
for the Tn are given in Figure 13. When the
temperature distributions are further investigated, it
seems that temperature distributions on both sides of
the TEM are not homogeneous. The temperature
differences on the hot side are 13.7 °C, 17.3 °C, 21.0
°C, 24.6 °C, and 28.3 °C, where the temperature
differences on the cold side are 11.4 °C, 14.5 °C, 17.5
°C, 20.6 °C, and 23.6 °C for 400 °C, 500 °C, 600 °C,
700 °C, and 800 °C of Ty, respectively. This difference
on the same surface originates from the difference
between the conduction heat transfer (occurs between
the alumina plate and the silver conductor and between
the silver conductor and p- and n-type legs) and the
convection heat transfer (occurs between the alumina
plate and the ambient air and between p- and n-type
legs and the ambient air). In addition, the difference in
the thermal conductivity values of the TEM materials
(silver conductor and p- and n-type legs) constitutes
different values for the conduction heat transfer.
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Figure 13. Effect of the Ty on the Tps and T of the
TEM.

In addition to temperature distributions, the average Q,,
and Q. of the TEM were investigated. According to the
results in Table 2, the average Q,, of the TEM are found
to be 26.7 W, 33.8 W, 40.9 W, 48.0 W, and 55.1 W for
400 °C, 500 °C, 600 °C, 700 °C, and 800 °C of Th;,
respectively. In addition, the average Q. of the TEM are
analyzed to be 22.2 W, 28.2 W, 34.1 W, 40.0 W, and
45.9 W for 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C
of Thi, respectively. According to these results,

increasing the Ty yields an increase in Q, and Q. of the
TEM. As expected, the maximum average Qh and QC
resulted in the maximum Tyi. The increase in Q;, and Q,
of the TEM can be attributed to the increase in the AT
between the hot air and the hot side of the TEM, which
yields an increase in the convection heat transfer rate.

Table 2. Average Q, and Q. for Thi.
Thi Qh QC Ths Tcs

mis] wp w e ATEC
400 26.7 222 2223 166.7 55.6
500 33.8 28.2 274.9 204.5 70.4
600 409 341 3275 242.3 85.2
700 48.0 40.0 380.1 280.0 100.1
800 55.1 459 4328 317.8 115.0

IV. CONCLUSIONS

In this study, temperature distributions and Q,, and Q.
of a TEM were investigated using CFD analyzes. Vi
and Ty were altered to specify their effects on Ty, 4T,
and Q. During the analyses, the Vi varied as 1 m/s, 3
m/s, 5 m/s, 10 m/s, and 15 m/s while keeping Tni and T
at 500 °C and 25 °C, respectively. Afterward, keeping
the Vi constant at 15 m/s, and the Ty was modified to
400 °C, 500 °C, 600 °C, 700 °C, and 800 °C.

According to the results, the TEM's maximum Tps and
Tes are 2749 °C and 204.5 °C, respectively. In
comparison, the maximum temperature through the
TEM is acquired as 266.9 °C for 15 m/s of Vyi by
keeping the Thi at 500 °C. Increasing the Vi increases
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the Ths and Tes and the AT of the TEM. This increase
derives a AT of 70.4 °C for 15 m/s of V. In addition to
temperature distributions, the average Q,, is found to be
33.8 W for 15 m/s of Vhi. According to these results, the
increase in the Tps and Q;, with the increase in Vi can
be attributed to the increase in the Re number, which
yields an increase in the Nu number and the convection
heat transfer coefficient.

When the Vi was kept constant at 15 m/s, the TEM's
maximum Tps and T were specified as 432.8 °C and
317.8 °C. In contrast, the maximum temperature
through the TEM is 419.8 °C for 800 °C of Th.
Increasing the Ty; yields an increase in the Tps and Tes
and AT of the TEM. This increase derives a A7 of 115.0
°C for 800 °C Tp. In addition to temperature
distributions, the average Q, is 55.1 W for 800 °C of
Thi. According to these results, the increase in the Ths
and Q, with the increase in the Ty can be attributed to
the increase in the temperature difference between the
hot air and the hot side of the TEM, which yields an
increase in the convection heat transfer rate.
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