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Abstract: In this study, a fluid—thermal-electrical multiphysics numerical model was developed for
the thermal and electrical analyses of a heat sink-based thermoelectric generator (TEG) in a waste heat
recovery system used for casting a bronze ingot mold. Moreover, the model was validated based on
experimental data. Heat sinks were installed on the hot side of the TEG module to recover the waste
heat from the flue gas generated in the casting process. The numerical results of the thermal and
electrical characteristics of a plate fin (PF)-based TEG showed good agreement with the experimental
findings. Numerical simulations of heat sinks with three different fin structures—PF, cylinder pin fin
(CPF), and rectangular pin fin (RPF)—were conducted. The simulated system pressure drop, hot-
and cold-side temperature difference in the TEG module, TEG power output, and TEG efficiency
were compared for the differently designed fin structures. The results showed that for the same fin
area, the CPF heat sink-based TEG system achieved a lower pressure drop, higher power output, and
higher efficiency than the other two designs. This was particularly true when the velocity of the flue
gas and the fin height exceed 5 m/s and 28.6 mm, respectively. Therefore, for low and high flue gas
velocities, PF and CPF heat sinks are recommended as the best choices, respectively.

Keywords: thermoelectric generator (TEG); waste heat recovery (WHR); heat sink; multiphysics
simulation

1. Introduction

Reducing energy waste and improving energy efficiency have become significant chal-
lenges worldwide [1]. Waste heat recovery (WHR) plays a very important role as an energy
saving and emission gas reduction approach [2]. Approximately 52% of global energy
consumption (474 PJ) is wasted through exhaust gases and effluents, out of which 22% of
the waste heat is produced by industry, resulting in inefficient and uneconomical industrial
facilities [3]. Various WHR systems, such as heat wheels, recuperators, air preheaters, re-
generators, and waste heat boilers are employed to improve the performance of industrial
facilities. They capture and transfer the waste heat from an industrial process, which is
further used either in the industrial process itself or for power generation. However, most
WHR systems are highly complex and employ various thermodynamic cycles; therefore,
they have not been utilized in some industrial applications [4]. Thermoelectric generators
(TEGs) have many advantages, including reliability and an absence of noise, chemical
reactions, and moving parts. Moreover, they have good potential in applications converting
waste thermal energy to electrical energy to improve overall energy efficiency [5].

A TEG system is a solid-state device that consists of p- and n-type semiconductors
forming an electric circuit and converting heat flow into electric power through the Seebeck
effect, while operating under a temperature differential [6]. TEGs which improve the effi-
ciency of energy utilization have many practical applications, ranging from heat utilization
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in microelectronics to large-scale thermal power plant WHR, and from renewable energy
to traditional industrial waste heat [7,8].

Numerous studies have been conducted that consider a TEG as a WHR system for
vehicle exhaust [9-12]. In addition to industrial products such as vehicle exhaust systems,
industrial processes account for a large amount of waste heat during flue gas exhaustion
and product manufacturing. Therefore, numerous studies have been conducted to recover
waste heat from exhaust effluents [1,13] and during product manufacturing [14,15] using a
TEG-based WHR system.

Investigations have also been conducted to augment the efficiency of TEG-based
heat-recovery systems. The efficiency of thermoelectric energy conversion depends on the
performance of the thermoelectric materials and devices [16]. Several studies have analyzed
the performance outputs of various TEG materials [17-19]. However, exploration of high-
performance thermoelectric materials alone is insufficient for improving WHR systems
utilizing a TEG; a structure-based approach is also required to enhance the performance of
WHR systems [20]. Therefore, several studies have focused on enhancing the heat transfer
performance of WHR systems using different designs of heat spreaders, heat exchangers,
heat absorbers, and heat sinks [21,22]. However, a heat sink is typically preferred because
of its cost-effectiveness, easy manufacture and installation, and its enhancement of the heat
flux density of TEG-based WHR systems [23]. In this study, a TEG system was being used
to recover the waste heat from a bronze ingot casting process in Korea. A standard type
of rectangular plate fin (PF) heat sink was installed on the hot side of the TEG to recover
the waste heat from a casting mold, with the flow direction of the flue gas normal to the
fin base. However, to improve the efficiency of the system, the effects of heat sinks with
different fin types on the system performance should be tested.

Many studies have been conducted on integrating a heat sink with a TEG to improve
the TEG performance. Lv et al. [5] compared three different cooling methods used on the
cold side of a TEG. Lower auxiliary power consumption was achieved using a heat sink
compared to systems with two other cooling methods: a heat pipe and a water-cooled heat
exchanger. Wang et al. [24] optimized a heat sink on the cold side of a TEG using numerical
analysis to improve the performance of the system. The results demonstrated that using
an optimized design of the heat sink increased the power output of the TEG system by
88.7%. Rezania and Rosendahl [25] compared a micro-structured plate fin heat sink with a
modified design of a cross-cut heat sink on the cold side of a TEG using a numerical method.
The results indicated that a higher maximum net power generation was obtained from
the TEG using the PF and cross-cut heat sinks with lower and higher flow inlet velocities,
respectively. Nayak et al. [26] developed a numerical (computational fluid dynamics (CFD))
model of a solar-assisted TEG system with a plate heat sink on the cold side. Based on the
CFD simulations, the maximum limiting heat flux was found with the heat sink positioned
at a 30° attack angle and with a 5 m/s wind velocity. Zheng and Kang [27] developed a
passive evaporative cooling heat sink to enhance the capacity of the WHR of a TEG. They
showed that their novel heat sink has significant potential for use in a TEG-based WHR
system as a cooling device. Heat sinks have also been used on the hot side of a TEG for
WHR. Luo et al. [6] optimized the design of a TEG module for WHR from flow gases using
a heat sink on the hot side. Luo et al. [5] also analyzed the performance of a TEG-based
WHR system integrated with a heat sink on the hot side using two different models. They
found that the numerical model was more accurate than the thermal resistance model for
the performance analysis of the TEG. In another study [1], a PF heat sink integrated on the
hot side of a TEG was investigated in a performance evaluation of a WHR system using
different flow and fin parameters to recover the waste heat from chimney exhaust.

In the literature cited above, most studies use heat sinks on the cold side of a TEG as
cooling devices [5,24-27], whereas investigations on the use of heat sinks on the hot side
are limited [6,13]. Moreover, in most of these investigations [4-6,13,24-27], the heat flow
was along the heat sink surface; i.e., parallel to the heat sink base. No study was found
on the performance of a system using an impingement heat flow to a heat sink on the hot
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side of a TEG. Moreover, studies considering the effects of different heat sink fin types,
particularly in a TEG-based WHR system, are scarce.

To overcome the aforementioned limitations, in this study, a three-dimensional (3D)
multiphysics numerical investigation was conducted using plate fin (PF), cylinder pin fin
(CPF), and rectangular pin fin (RPF) heat sinks on the hot side of a TEG system. The TEG
system studied recovers the waste heat from the bronze ingot casting process, with the heat
flow being along the fin height, normal to the fin base of the heat sink. The performance
of the TEG-based WHR system was evaluated in terms of the system pressure drop, hot-
and cold-side temperature difference in the TEG module, TEG power output, and TEG
efficiency. Comparison of the simulation results for the three different heat sinks provided
a reasonable solution for the selection of heat sinks under various working conditions.

2. System Description

The present industrial tests are aimed at recovering the waste heat in the bronze ingot
casting industry in Korea using a TEG system. Figure 1 shows a photograph of a WHR
system using heat sink-based TEGs. A total of 16 TEG units are installed on the top of the
combustion chamber and connected in parallel. Each unit consists of 36 modules connected
in series. A total of 576 TEG modules are used for the WHR from the ingot casting process.
A schematic of the waste-heat flow during the casting process is shown in Figure 2. The
mold inside the casting chamber must be preheated by fire from the combustion of natural
gas for casting a large-scale bronze ingot. The flue gas generated in this preheating process
moves upward, and therefore, the waste heat is recovered by installing the TEG assemblies
on the top of the chamber. In these industrial tests, a standard PF heat sink was installed
on the hot side of the TEG system to improve the heat recovery performance. The TEG
modules used in this study were developed and manufactured by LivingCare Co., Ltd.
Korea. Each module is composed of hot- and cold-side insulators, with 391 electrodes on
each side, and 391 pairs of N-P-type semiconductors, comprising the materials of ceramic,
copper, and BijTes, respectively. The detailed parameters of the geometry and thermo-
electrical properties of the TEG module components are listed in Table 1. Note that the
thermal and electrical properties of the semiconductors are evaluated as functions of the
temperature [28].

Figure 1. Photograph of WHR system using heat sink-based TEGs.
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Figure 2. Schematic of WHR system for casting furnace.

Table 1. Dimensions and thermo-electrical properties of components of TEG module.

Structures/Material Parameters and Properties Symbol Values
Thickness, mm toi 1
Electrical Insulator/ Area, mm2 A 60 % 60
Ceramic ’ °
Thermal conductivity, W/mk k,; 25
Thickness, mm tec 0.3
Area, mm? Aec 3.7 x1.6
Electrodes/ Thermal conductivity, W/mk kec 387.6
Copper
Seebeck coefficient, uV /K Kec 14
Electrical resistivity, Om Rec 1.7 x 1078
Thickness, mm tpn 0.8
Area, mm? Apn 15 x 15
N-P semiconductor leg/ - .
Th 1 conductivity, W/mk ky, k Pol 1[28
Bismuth telluride,Bi, Te3 ermal conductivity, W/m P olynomial [28]
Seebeck coefficient, uV/K &p, &n Polynomial [28]
Electrical resistivity, Om Tp, Tn Polynomial [28]

3. Numerical Model
3.1. Boundary Conditions

A 3D multiphysics numerical model coupling the governing equations of fluid, ther-
mal, and electrical models was established and solved using ANSYS 19.2 software. Owing
to the large aspect ratio and size differences between various parts of the system, represent-
ing the entire system through one computational model is almost impossible. Therefore,
the computational domain was simplified. Figure 3 presents a schematic of the simplified
computational domain used in the numerical simulations. It corresponds to a single TEG
module-based system. The flue gas inlet boundary was assumed to be 100 mm below the
surface of the fin base. The properties of the exhaust gas were assumed to be replaced
by those of air [29], and its temperature and velocity were found to vary in the ranges
of 545-650 °C and 0.5-7 m/s, respectively. Therefore, in the numerical simulations, the
reference temperature for all cases was set at 600 °C, and the inlet velocities were set at 1,
3,5,and 7 m/s. The outlet boundary condition was applied on the maximum z-surface
of the computational domain. The other three vertical planes were set as symmetrical
(Figure 2). All solid interfaces were specified as no-slip wall boundary conditions. During
the experiments, cold water flowed through a heat exchanger to cool the cold side of
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the TEG system. Because the cooling performance of the TEG was not considered in the
numerical study, a constant heat transfer coefficient was specified on the cold side of the
TEG for all test specimens, based on the experimental data. This coefficient was evaluated
using the Dittus—Boelter correlation [1].

Computational domain and boundary condition System with 16pcs TEG units
Convection cooling wall / / /
VAN
g
SE Casting chamber
=1

100mm

1 TEG unit with 36 modules

Figure 3. Simplified computational domain and boundary conditions.

3.2. Fluid Model

In this study, the flow was considered incompressible because its Mach number is
less than 0.1. For this steady incompressible flow, the continuity, momentum, and energy
equations in the fluid region are expressed as follows:

V.o=0 )
V- (vv) = —;v P+ uvi @)
— k 2
V-(va):C—V T 3
4

where v, p, p, 4, k, T, and ¢, are the fluid velocity, pressure, density, dynamic viscosity,
thermal conductivity of the material, temperature, and specific heat, respectively.

In this study, the Spalart-Allmaras one-equation model was used as the turbulence
model. This turbulence model has been demonstrated to yield good results for boundary
layers subjected to adverse pressure gradients. Wong et al. [30] developed a numerical
model for an air-impinged PF heat sink using the Spalart-Allmaras turbulence model, and
the model was in good agreement with both the experimental result [31] and the exact solu-
tion [32]. The transport equation for kinematic turbulent viscosity in the Spalart-Allmaras
model is expressed as follows:
9T v 2

i

J , 1.0 _
aTci(pv“i) =Gy + ;ﬁ{;j[(# +Pv)g] + Cth(ach) P=Y 4)

3.3. Thermoelectric Model

For the analysis of the thermoelectric system, the 3D governing equations including
the thermal, electrical, and thermoelectric effects at a steady state are as follows [13]:

V.q=4 6)



Energies 2022, 15, 6320

6 of 16

V-] =0 ©)

For the thermoelectric material, when the temperature gradient, VT, is provided, the
heat flux and the electrical field are expressed as

4 —=aT] —kVT @)

— —
E=aVT+r] (8)

where «, k, v, and | denote the Seebeck coefficient, thermal conductivity, resistivity, and
current density, respectively. In Equation (6), the heat generation term, which includes the
electric power spent on Joule heating, is obtained by

i=]E )

3.4. Numerical Methods

ANSYS Icepak 19.2 was used to solve a pressure-based Navier-Stokes equation for
the fluid flow. A second-order discretization scheme was used for all convection terms in
the transport equation. The convergence criteria for continuity, turbulence, and energy are
setas1 x 107%,1 x 1074, 1 x 1077, respectively. A grid independence test was conducted
for the same fin parameters (PF heat sink, Hf = 28.6 mm, Ny = 18) and the same inlet
boundary conditions (V;,;, =3 m/s, T;, = 600 °C). The temperature difference between the
hot- and cold sides of the TEG was compared for test cases with different element numbers.
The test results indicate that the optimum number of elements is 14 million, which was
used for all test specimens considered in the present numerical analysis. The primary
temperature distributions of both the hot and cold sides of the TEG module obtained from
the CFD simulations were exported to ANSYS Mechanical as the boundary conditions of
the thermal—electric coupled simulation.

The power output across the module can be obtained from

UZR,

Prec = (Up — Rregl)l = —————
(R +RTEG)2

(10)

where R} and Rrr are the external load and internal resistance of the TEG, respectively.
The maximum power output (Pu) is generated when the external load resistance is equal
to the TEG internal resistance. Therefore, the maximum power point of the TEG under a
steady temperature difference occurs at half of the open-circuit voltage [33], and can be
calculated using
2 2
Pnax == 1% - 4RUO
L TEG

A pressure drop across the fin increases the pumping power required to flow hot gas.
Therefore, the maximum net power output and the corresponding net efficiency of the TEG
module can be evaluated using

(11)

Pnet,max == Pmax - APV (12)

P,
Mnet,max = SZX (13)

In this study, three types of heat sinks with different fin structures—PF, CPF, and
RPF—were used in the numerical simulations (Figure 4). The dimensions of the three fin
types are provided in Table 2. To compare the effect of the fin type, the heat sinks were
designed at three heights, and each type of heat sink had almost the same fin area for each
height. Therefore, 36 cases (three fin types x three fin heights x four inlet velocities) were
examined in the numerical analysis. The fin base area was 0.07 x 0.07 m?, which was
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slightly larger than the TEG module area. All three types of heat sinks were formed from
aluminum with a thermal conductivity of 167 W/mK, data provided by the manufacturer.

Plate Fin (PF) Cylinder Pin Fin (CPF) Rectangular Pin Fin (RPF)

Figure 4. Schematics of three types of heat sinks with different fin structures.

Table 2. Specifications of three types of heat sinks.

PF CPF RPF
Fin Height Fin Thickness Fin Area Pin Pin Diameter  Fin Area Pin Pin Side Fin Area
(m) (m) (m?) Number (m) (m?) Number (m) (m?)
0.0206 0.0526 0.0524 0.0521
0.0286 0.001 0.0731 18 x 18 0.0025 0.0727 18 x 18 0.00195 0.0723
0.0366 0.0935 0.0931 0.0925

4. Validation of Computational Model

For the multiphysics simulations, the computational model was validated for the
characteristics of the fluid flow, heat transfer, and electrical power generation. In this study,
for the fluid model, the pressure drop of the PF heat sink was important for the evaluation
of the TEG efficiency. However, measuring the pressure value in the system was difficult
owing to industrial constraints. Therefore, the computational model used in this study
was validated by comparing it with both experimental [31] and numerical simulation [34]
results from previous studies. The same geometry of the PF heat sink, boundary conditions,
and flow direction (impingement flow) used in the respective previous studies [31,34] were
employed in the present numerical model. The temperature distribution of the heat sink,
pressure drop across the fin, and thermal resistance of the heat sink were obtained. A
comparison of the results is shown in Figures 5 and 6.

Temperature [K]
! 334,893
33478

333.463

332.748

332.033

331.318

330.603

329.888

329.173

(a) (b)

Figure 5. Validation of temperature distribution of PG heat sink at flow rate of 0.0218 kg/s (1.86 m/s).
(a) Results obtained by Hussain et al. [34] (b) Results obtained using present computational model.
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o

Pressure drop, Pa
-

- - Present model

-O- Experimental data, Kim, et al.,2009.
A CFD model, Hussain, et al.,2019.

-O- Experimental data, Kim, et al.,2009.

r -2-CFD model, Hussain, et al.,2019.

- - Present model

Thermal resistance, C/W

0.5

1

15 2 2.5 3 35 4 0 0.5 1 1.5 2 25 3 35 4

Air velocity, m/s Air velocity, m/s
Figure 6. Comparison of pressure drops and thermal resistances of heat sink at different air velocities
using present model and results of previous studies. (Experimental data [31], CFD model [34]).

The maximum variations in the pressure drop and thermal resistance, compared to
the experimental study [31] results, were 9.2% and 6.1%, respectively. The corresponding
maximum variations relative to the numerical study [34] values were 17.5% and 14.2%. The
variations in the results obtained using the present model relative to those of the previous
numerical study [34] were slightly high. These deviations of both properties may be due
to the differences in the mesh systems, solver settings, or turbulent models. However, the
results obtained using the present computational model were in good agreement with
the results of the previous experimental study [31]. Therefore, the present computational
model was validated and used in the subsequent numerical investigations.

The heat transfer characteristics of the solid components of the TEG module were
validated by comparing the correlations between the hot- and cold-side temperatures
of the module. During the industrial tests, the temperatures on the hot and cold sides
of the TEG were measured for one module. Note that the heat transfer characteristics
across the internal components of the TEG module were independent of the external
boundary conditions. In the same system, the error of the cold-side temperature from the
measurement and simulation data was verified by keeping the temperature on the hot side
constant. Therefore, in the numerical simulations, the temperatures of the hot and cold
sides of the TEG in 36 cases were determined and compared with the measurement data
(Figure 7). The maximum variation between the measurement data and the simulation
results was below 5%.

85

© Measured

A Simulated

o*®°
(=]
>

Cold side temperature, °C
~1 ~
(=] w

65

150 200 250 300 350
Hot side tmperature, °C

Figure 7. Comparison of simulated hot- and cold-side temperatures of TEG module with

measured data.
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Finally, the electrical power output of the TEG module was validated using measured
data. Figure 8 compares the voltage and TEG output power obtained from measurements
and simulations by varying the external load resistance when the inlet velocity and the
temperature of the flue gas were 1 m/s and 550 °C, respectively. The maximum error in the
power output was 10.13% when the external load was 42 (). The variation in the power
output may be due to the unstable conditions of the flue gas during the industrial tests.

25 10

L m
Qg ‘K\
0 | Rl ls
y %
X e
9 \6~\ 8 lcanam- 5 =
15 ‘K AR I 16 =
>f o a- -4 > - g_
o v N S
g |F i ]
3 ¢ J,'g “H 5
> 10 R " 14 2
; <)
' ' =
R nﬁﬁ
5+ R A U_mcasured { o
EE -8-U_simulated
E X P_measured
-©-P_simulated
0 L L L L L 0
0 10 20 30 40 50 60

External load resistance, Q

Figure 8. Validation of power output and TEG voltage with varying external load at V;;, =1 m/s and
T;, = 550 °C.

Here, it should be emphasized that in the experimental test, only the PF heat sink was
applied to the heat recovery of the waste heat, due to some industrial constraints. Therefore,
only the numerical results for the PF based TEG module were verified using measured data.
However, good agreement occurred between the measured data and the numerical results,
and the computational model was deemed to represent the fluid, thermal, and electrical
characteristics well.

5. Results and Discussion

Numerical simulations were conducted to evaluate the effects of the fin structures on
the TEG performance at different fin heights (20.6, 28.6, and 36.6 mm) and inlet flue gas
velocities (1, 3, 5, and 7 m/s). The inlet temperature of the flue gas (600 °C) was fixed in the
multiphysics computational model. The characteristics of the fluid, thermal, and electrical
properties were analyzed.

5.1. Fluid Analysis

It has been argued that increasing the flue gas velocity requires more auxiliary pump-
ing power (Ppump) in a flow regime. Fin structures have a major effect on the pressure
drop. Figures 9 and 10 show the pressure drop and the corresponding pumping power
as functions of the inlet flue gas velocity at a temperature of 600 °C for each of the fin
types tested. The RPF heat sink showed similar characteristics to the PF heat sink; however,
the pressure drop and pumping power were slightly higher for the former. Unlike for air
flow along the fin length, for an impingement flow, increasing the fin height decreased the
pressure drop and the pumping power, when the flue gas flow was normal to the fin base
for the PF and RPF heat sinks. Similar results were reported by Park et al. [35]. However,
for the CPF heat sink, this feature manifested only when the flue gas velocity was lower
than 5 m/s. Notably, the CPF heat sink presented a lower pressure drop than the other two
types, and may have had a large impact on the net power generation and net efficiency of
the TEG system.
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280 280
_w-PF20.6 -=-CPF-20.6 -=-RPF-20.6
—+-PF-28.6 -+CPF-28.6 —4-RPF-28.6
20 ~o-PF-36.6 240 -8-CPF-36.6 240 ~®-RPF-36.6
200 200 200
160 160 160
o o o
a~ = ~
e e e
<1120 <1120 <120
80 80 80
40 40 40
0 0 0
0 2 4 6 8 0 4 6 8 0 2 4 6 8
Vi, m/s Vip, m/s Vip, m/s
Figure 9. Pressure drops across three different types of heat sinks with different inlet velocities of
flue gas. (T}, = 600 °C).
10 10 10
-#PF-20.6 -#-CPF-20.6 ~#-RPF-20.6
—+PF-28.6 —+-CPF-28.6 —4+-RPF-28.6
-*-PF-36.6 -e-CPF-36.6 ~-RPF-36.6
8 8 8
6 6 6
] e e
£ g H
[~y a4 a4
2 2 2
0 0 0
0 2 4 6 8 0 4 6 8 0 2 4 6 8

Vin, m/s

Vin, m/s

Figure 10. Pumping power for three different types of heat sink with different inlet velocities of flue

gas. (T;, = 600 °C).

5.2. Thermal Analysis

Figure 11 depicts the temperature distributions across various layers of the TEG mod-
ule when the inlet flue gas temperature and velocity were 600 °C and 1 m/s, respectively.
Owing to the low thermal conductivity of N-P type semiconductors, heat transfer occurs
across the TEG layers and a large temperature drop is observed between the hot and cold
sides of the TEG module. On the hot side of the TEG, the temperature in the middle part is
lower than that in the edge part. This can be mainly attributed to the area of the module
being smaller than that of the heat sink, resulting in a higher temperature at the edge of the
heat sink than that in the middle part.

Temperature [C]
231306
210900
190.495
170.089
149.684
129278
108873

88.4674

68.0619

3D distributions

2D-distributions

Temperature [C]

228.149
226.184
224.220
222.255
220291
218.326
216.361

214.397

212432

Temperature [C]

71.2450
701351
69.0251
67.9152
66.8053
66,6953
645054
63.4754

62,3655

Figure 11. Temperature distributions across TEG module (T}, = 600 °C, V;;, =1 m/s).
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AT, °C

300

250

200

150

50

The temperature distributions of the heat sinks with different fin structures and inlet
velocities of the flue gas are compared in Figure 12. For all inlet velocities, the RPF heat
sinks presented the worst performance in terms of the heat transfer. When the inlet flue gas
velocity was 3 m/s, the fin base temperature of the PF heat sink was higher than those of the
CPF and RPF heat sinks. However, when the inlet flue gas velocity was higher than 5m/s,
the highest fin base temperature was observed in the CPF heat sink. The temperature
difference between the hot and cold sides of the TEG module were highly dependent on
the fin base temperature. The same correlations were also found from the temperature
difference between the hot and cold sides of the TEG module (Figure 13).

Plate Fin (PF) Cylinder Pin Fin (CPF) Rectangular Pin Fin (RPF)
Temperature [C]
380.000
363.750
Vin=3m/s 347500
331.250

315.000

298.750

282.500

266.250

Vin=5m/s 250.000

Vin=7m/s

Figure 12. Temperature distributions of heat sinks with different fin structures and inlet velocities of
flue gas (Hf =28.5 mm, Tj;, = 600 °C).

—=—PF-20.6

-® CPF-20.6

-~ RPF-20.6

300 300

—+—PF-28.6 —e—PF-36.6
- CPF-28.6 -@ CPF-36.6
-0
250 | - RPF-28.6 250 | -@-RPF-36.6 S

200 | 200 |

AT, °C
AT,

150 | 150 | T
>

100 100

(a) Hr=20.6 mm

50 50
6 8 0 2 6 8 0 2

Vi,: m/s
(b) Hy=28.6 mm (c) Hf=36.6 mm

4
Vin, m/s

Figure 13. Temperature difference of heat sinks with different fin structures and inlet velocities of
flue gas (T}, = 600 °C).

5.3. Electrical Analysis

Following the CFD simulations, the temperature profiles obtained for the hot and
cold sides of the TEG module were exported to ANSYS Mechanical 19.2 for the electrical
simulations. The electrical potential across the semiconductors in the TEG module was
evaluated. Figure 14 depicts the electrical potential of the TEG module under the same
inlet conditions (Vj;, = 3 m/s and Tj, = 600 °C). The results present the distributions of
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B: Thermal-Electric
Electric Valtage

Type: Flectric Voltage
Unit: ¥

. 25.9 Max

23

= 201
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— 863
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-0.000235 Min

the electrical potential at the open-circuit voltage and the maximum power point (MPP),
respectively. As previously mentioned, the electrical potential at the maximum power point
of the TEG under a steady temperature difference lies at half of the open-circuit voltage.
Moreover, the maximum power output can be evaluated using Equation (12). Therefore,
to save computational resources, for all 36 simulations, only the electric voltages at the
open-circuit were evaluated.

il

Type: Electric Voltage
Unit: v

13 Max
. 15
= 101

863

72
. 5.76

432

2.88
I 144
-0.000347 Min

(a) Open-circuit voltage (b) Maximum power point

Figure 14. Electrical potentials across TEG module at open-circuit voltage and MPP. (PF heat sink-
based, Hy=28.6 mm, V;; =3 m/s and T}, = 600 °C).

The power outputs and efficiencies of the TEG module obtained with different fin
structures and the variations in the inlet flue gas velocity were evaluated and are compared
in Figure 15. For all three types of heat sinks, an increased fin height led to a larger
heat transfer area, which increased the maximum power output (Py;y) and the maximum
efficiency (#max)- Pimax and 7,y also increased with an increase in the inlet flue gas velocity.
However, for the TEG with the CPF heat sink, the growth rates of P and #4x following
the increase in the inlet flue gas velocity were higher than those of the other types. After
the inlet flue gas velocities exceeded 7 m/s, 5 m/s, and 4.5 m/s, the TEG module with
the CPF heat sink presented better performance than the others for fin heights of 20.6 mm,
28.6 mm, and 36.6 mm, respectively. The highest values of P, and 74 were 30.3 W and
4.1%, respectively, when the fin height and the inlet flue gas velocity were 36.6 mm and
7 m/s, respectively.

To analyze the overall TEG performance, the auxiliary pumping power (Ppymp) of the
system was considered. As can be seen in Figure 16, the PF-based system showed better
performance than the other systems when the inlet flue gas velocity was lower than 4 m/s.
As mentioned earlier, the systems with PF and RPF heat sinks presented higher pressures
than that with a CPF heat sink. Therefore, a higher pumping power was required in the
cases of PF and RPF heat sinks. The maximum net power output (Pyetmax) and efficiency
(17 1et, max) of the TEG system decreased when Vin exceeded 5 m/s for the PF and RPF heat
sinks. In particular, for a fin height of 20.6 mm, the maximum net efficiency decreased
after the Vin exceeded 3 m/s. However, this tendency is nonremarkable in the CPF heat
sink system because of its lower pressure drop. The highest values of the maximum net
power output and the efficiency were 25.27 W and 3.49 in the CPF heat sink-based system,
when the inlet flue gas velocities were 7 m/s and 5 m/s, respectively. Based on the above
discussion and analysis, it was concluded that the performance of the RPF heat sink was
the worst, and it should not be used in any working condition. When the inlet velocity
of the exhaust gas was less than 4-5 m/s, the PF heat sink was helpful in enhancing the
system power output and efficiency, and when the inlet velocity was higher than 5m/s,
the CPF was the best choice.
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Figure 15. Maximum power output (upper) and efficiency (lower) of TEG module with different fin
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6. Conclusions

In this study, heat sinks were used on the hot side of a TEG to recover the waste heat
from the flue gas in a brass ingot casting system. The flow direction was found to be normal
to the heat sink base. Three types of heat sinks with different fin structures (PF, CPF, and
RPF) were investigated. To evaluate the effect of the fin structure on the TEG performance,
a 3D multiphysics numerical model was developed and validated by referenced studies,
and data were measured via industrial tests. Numerical investigations were conducted in
terms of the fluid, thermal, and electrical characteristics of the system with different fin
types, fin heights, and various working conditions. The following conclusions were drawn
from the numerical investigations:

—  The 3D multiphysics computational model was developed by simplifying the en-
tire system into one module-based system. The results from the numerical simula-
tions were in good agreement with the results from the reference studies and the
measured data.

— In most instances, the CPF heat sink presented a much lower pressure drop and
pumping power than the PF and RPF heat sinks.

— When the inlet velocity of the flue gas was lower, the PF heat sink showed a better
heat transfer performance, whereas the CPF heat sink presented the best heat transfer
when the flue gas was at a higher inlet velocity. This correlation also applied to the
maximum power output and TEG efficiency.

— The system pressure drop led to auxiliary pumping power. The maximum net power
output and efficiency of the TEG system tended to decrease after the inlet velocity of
the flue gas exceeded 5 m/s for the PF and RPF heat sinks. In comparison, this trend
was unremarkable for the CPF heat sink.

—  When the inlet velocity of the flue gas was lower than 4-5 m/s, the PF heat sink helped
to increase the system power output and efficiency. In contrast, when the inlet velocity
of the flue gas was higher than 5 m/s, CPF heat sink was the best option.

—  For the existing TEG-based heat recovery systems, the results from the numerical anal-
ysis provide an important reference for the selection of heat sinks, thereby improving
their performance.

— However, more experimental tests must be conducted without industrial constraints.
Numerical simulations for more types of heat sinks under different working conditions,
such as varying inlet flue gas temperatures, also need to be conducted in future studies.
Additionally, an optimization analysis could be developed based on the results from
further numerical studies.
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Nomenclature

A Area (mm?) Greek symbols

a Gas absorption coefficient (m~1) « Seebeck coefficient, (u1V/K)
cp Specific heat (W /kg-k) B Thomson coefficient, (LV /K)
Gy Production of turbulent viscosity 7 TEG conversion efficiency, (%)
H Fin height (mm) v Fluid velocity, (m/s)

I Electrical current (A) 0 Density, (kg/ m?)

] Current density (A/m?) U Dynamic viscosity, (kg/m s)
k Thermal conductivity (W/mk)

N Fin number Subscripts

Priax Maximum power output, (W) b Fin base

Puetmax  Net maximum power output, (W) c Cold side of the TEG module
p Pressure, (Pa) ei Electrical insulator

Qp Heat flux to hot side of the TEG, (W) ec Electrodes

R r Electrical resistivity of the electrodes, ((Om) f Fin

t Thickness (mm) hs Heat sink

T Temperature, (°C) L External load

Th Hot side temperature of the TEG module (°C)  mpp Maximum power point

Tc Cold side temperature of the TEG module (°C) n n-type of semiconductor

Uy Open voltage of the TEG module (V) oc Open circuit

14 Flue gas velocity (m/s) p p-type of semiconductor

Yy Destruction of the turbulent viscosity TEG Thermoelectric generator
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