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Abstract: The recent innovations in thermoelectric generating materials have led to exceptional
technologies that generate power from excess and lost heat. These technologies have proven to
be of significant environmental and economic importance, especially with global warming issues
and escalating fuel prices. This study developed a computational fluid dynamics (CFD) model for
a thermoelectric generator (TEG) consisting of five TEG modules embedded between two aluminum
blocks. The upper block collects solar energy and heats the hot side of the modules. The lower block
has an internal M-shaped water channel to cool the cold side of the modules. The model predictions
were compared with the authors” previously published experimental results to assess its validity

and reliability. A parametric study was conducted to investigate the effects of various solar collector

check for block thicknesses and different water flow velocities on the TEG-generated voltage and efficiency.
updates

. . . The results show excellent agreement between the model predictions and the experimental data.
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solar-collecting mass, the efficiency of the system, and an increase in the heat flux. However, the
relationship was proportional to the velocity of water flow.
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1. Introduction

Utilization of waste energy has attracted considerable attention in recent years [1].
It has a wide spectrum of sources, such as electricity generation, industrial chimneys,

and vehicle exhaust gases. During many industrial operations, a large portion of the
process heat is released into the environment. According to the United State Department
of Energy, approximately 20-50% of the industrial energy inputs are discharged into the
environment as waste heat [2]. Additionally, more than 30% of the energy that is generated
by fuel combustion in diesel engines is discharged with the exhaust gases as waste heat [3].
Even though waste heat is sometimes re-used for drying and preheating purposes, a great
amount of it is lost, resulting in wasted energy and environmental pollution.

With increased fuel prices, the design of systems with improved energy efficiency has
become a vital engineering concern. Efficient heat recovery systems provide significant
economic and environmental advantages [4] that may considerably reduce industrial energy
consumption and mitigate global warming impacts. Heat recovery methods comprise
(1) preheating processes utilizing heat transfer between exhaust gases and combustion
air, (2) heat transformation to the load entering furnaces, (3) electrical power and steam
generation, or (4) employing heat pumps to utilize waste heat for cooling or heating of
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run an automobile’s electronic systems can be recovered from the waste energy of its
exhaust gases. Organic Rankine Cycles (ORCs) are a verified powerful heat recovery
technology. Researchers consider this technology from different engineering perspectives,
such as system structure optimization [8], working fluid screening [9], and control strategy
optimization [10]. A variety of turbines, such as the radial flow [11], blade [12], and
axial flow turbines [13], have been used as organic expanders in ORC systems. However,
these expanders have been found to be inefficient due to significant flow losses and high
operating speeds [14]. Additionally, due to the substantial pressure drop associated with
fluid pumps, ORCs experience a large sealing performance challenge, resulting in the
need for sophisticated design along with high manufacturing and maintenance costs [15].
Therefore, an ORC is considered as an inefficient heat recovery option, especially in small-
scale applications such as automobile engines. Alternatively, the Tesla bladeless turbine
is a reliable and low-cost design, with a simple structure, and thus has great potential in
small-scale power-generating applications [16]. However, it has not yet been commercially
used because of its low efficiency and operational flaws [17,18].

Thermoelectric generators (TEGs), on the other hand, have witnessed a growing
interest over the past few decades as an efficient heat recovery technique. They are solid-
state devices that rely on the Seebeck effect to convert thermal energy into electrical energy.
Stationary heat recovery systems cover a range of applications, such as solar heat [19]
and geothermal heat recovery [20,21]. Mobile heat recovery systems have been used
in automotive applications [22,23] and space exploration [24]. Reliability, robustness,
compactness, and the lack of moving parts are the primary advantages that made TEGs
an excellent option in advanced applications such as power supplies for spacecraft using
radioisotopes, power for navigational aids, and telecommunications systems [25-27].

Numerical simulation has been used to analyze TEG output power under various
operating conditions [28] and configurations [29]. They do not just minimize the experi-
mental work, cost, and time, but offer a significant prediction and optimization procedure
for process design [30]. Several studies have simulated TEG performance using different
approaches. A. Qasim et al. [31] used the Maximum Power Point Tracking (MPPT) tech-
nique and an Interval Type 2 Fuzzy Logic Controller IT2FLC) to model a TEG module.
The model was implemented in MATLAB SIMULINK R2017a. In other studies, energy
equilibrium or zero-dimensional models were employed [32,33]. These models have many
advantages, such as a capability to develop an analytical expression for TEG performance.
However, they have limited accuracy because of their simplifying assumptions. To over-
come these issues, researchers used one-dimensional [34,35] and three-dimensional [36,37]
heat transfer models.

Researchers also employed computational fluid dynamics (CFD) to analyze TEG
performance. Chen et al. [4] developed an innovative simulation technique that uses
CFD with a thermoelectric module (TEM) that absorbs heat from flue gases. The model
evaluated the performance of the TEM considering the effects of the cold-surface heat
transfer coefficient, Reynolds number, channel geometry, and inlet temperature of the flue
gas. In another study, Shen et al. [38] developed a three-dimensional TEG solver that
can evaluate the heat transfer, flow process, electricity conversion, and fuel combustion
in detail. The precision and accuracy of the model were verified using experimental
data. The results reveal that the developed model is capable of reproducing the TEG
system characteristics. This information can be utilized for TEG structural design and
optimization. To encompass electrical power generation in a CFD simulation, Hogblom
and Andersson [39] adopted a multiphysics methodology to develop a generic model with
sub-grid CFD models. With the capability of modeling energy transport using Peltier,
Fourier, and Thomson mechanisms as a function of current and temperature, the develop
model is considered a powerful multipurpose computational approach. In a more recent
study, Bejjam et al. [40] used CFD to investigate various ways to enhance TEG performance.
For that purpose, a three-dimensional TEG model was developed using SOLIDWORKS
software, which was then exported and analyzed with ANSYS-FLUENT.
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In this study, a CFD model is proposed for a solar-powered thermoelectric generator
consisting of 5-TEG modules. The generator design comprises five TEG modules fitted
with a solar-collecting plate on the top (hot side), and a water-cooled cooling aluminum
block on the bottom (cold side). The aim of developing the CFD model was to evaluate the
effect of the solar-collecting plate thickness, element mesh size, and the water flow rate in
the cooling block on power generation and generator efficiency in a low-energy application.

2. Model Design and Theoretical Background

Thermoelectrics are solid-state devices that perform energy conversion using the
Seebeck effect. According to Zhao et al. [41], the temperature difference between the hot
and cold junctions is the driving force of the Seebeck effect to produce a potential difference
across the load. Figure 1a illustrates use of a TEG module, and Figure 1b demonstrates
its fundamental design, where heat flux, aITj, is collected by the hot junction, and «IT,
is ejected at the cold junction. The TEG process is also associated with the Joule effect,
heat leakage, and Thomson effect. The latter exhibits the lowest impact on the TEG output
compared to the others. Therefore, it is usually neglected in modeling. Table 1 provides the
basic specifications of the considered TEG module.
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N

Figure 1. (a) Geometry of the module, (b) the basic structure of a TEG.

Table 1. Specifications of the TEG SP1848-27145 module as given by [1,42].

Specification Value
Material Ceramic/Bismuth Telluride
Color White
Temperature (°C) 150
Open-circuit voltage (V) 4.8
Short-circuit current (mA) 20/0.97/225;40/1.8/368; 60/2.4/469; 80/3.6/559;
100/4.8/669
Module size (L x W x H) 40 x 40 x 4 mm°
Weight 25¢g

The physical process of heat dissipation in a resistance circuit is known as joule heating.
A thermoelectric generator will also experience resistive heating as a result of the electric
current flowing through it. The total amount of heat dissipated, in Joules, may be calculated
as follows [43]:

Q;=I*R 1)

where R and I denote the electrical resistance and current, respectively.

The Seebeck effect occurs when a temperature difference is applied to a TEG module
in an open-circuit situation. This results in an electrical potential difference between the hot
and cold sides of the TEG. The produced Seebeck voltage, also known as the electromotive
force (EMF), is represented as:

Voc =a AT 2)
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where Voc ,a, and AT are the open-circuit voltage, Seebeck coefficient, and temperature
difference (AT = T;, — T¢), respectively.

The electrical power from a TEG across the external load results in a current flow in
the circuit, which may be computed using the power balancing in Equation (3) [44].

W=0Q,-Q=VI ®)

where Qj, and Q. denote the absorbed heat generated by the thermal load, and the liberated
heat removed by the heat sink, respectively, for steady-state analysis at both sides of
the TEG.

2

Qn = (Kp+kn)(Tyy — Tc) + (ap — an)IT) —% 4)
I’R

Qc = (Kp +kn)(Tp — Tc) + (txp—acn)ITC—i-T (5)

The thermal conductivities of the p-type TEG legs are denoted by K, while the thermal
conductivities of the n-type TEG legs are denoted by k. The temperatures at the hot and
cold junctions are Tj, and T¢, respectively, and &) , &, are Seebeck coefficients for p-type and
n-type TEG junctions.

The output voltage of a TEG through the load is:

V = Voc — IR 6)

where R and [ are internal resistance and current, respectively. Performance of TE materials
is predicted by the dimensionless figure of merit Z, which comprises the electrical resistivity,
p, Seebeck coefficient, a, and thermal conductivity, k’. It can be represented as:

2
o
Zp,n = W (7)
For an absolute temperature, T, ZT may be written as follows:
— 2T
ZTypn = na ®)
T Th + Tc
T =
. ©)
1
c=— (10)
P

where ¢ denotes electrical conductivity, which is the inverse of electrical resistivity, p.
Maximal TEG efficiency is determined as:

T, —Tc \/1+ZTfl
Nmax = (11)

Ty V1+ZT + 4

3. Methodology
3.1. Model Design

To generate power, the hot surface of a TEG must absorb enough heat while the cold
surface remains at a lower temperature. A temperature difference triggers the Seebeck
effect to convert heat into electricity. The Workbench ANSYS program was used in this
study to build a TEG model. It consists of a solar-heat-collecting plate, 5-TEG modules,
and a water-cooled aluminum block heat sink (Figure 2). The upper part of the device is
a block made of aluminum alloy 6063 with dimensions of 240 mm x 40 mm x 16 mm (L,
W, H), and it acts as a solar collector. The middle part contains the TEG modules, evenly
distributed with 5 mm spacing between the modules. The lower part is a cuboid block
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made of an aluminum alloy with dimensions of 240 mm x 40 mm x 10 mm (L, W, H).
It has an internal M-shaped water flow channel to maximize the heat exchange area for
a better cooling effect.

Figure 2. The geometry of proposed design.

The physical properties of the aluminum alloy used in the design are given in Table 2,
and the configuration of the cooling block is illustrated in Figure 3.

Table 2. Physical properties of the aluminum alloy 6063.

Property Value
Density 2.70 kg/m?3
Thermal expansion 235 x 107%/K
Thermal conductivity 200 W/m-K
Electrical resistivity 0.035 x 107 Q- m

INTERNAL CURVE DIAGRAM

Water intake Outlet

Figure 3. The practical configuration of the lower aluminum block with an M-shaped water channel.

A 1 mm-thick thermal paste layer was used between both hot and cold surfaces of the
TEG module. It provides improved surface contact to ensure good heat transfer from the
hot plate to the module and from the module to the heat sink block.
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3.2. Theoretical Formulations
3.2.1. Governing Equations

Steady-state flow is assumed in the M-shaped channel with a laminar and incompressible
characteristic assumed for the flow field. The governing equations are solved simultaneously.
They include the continuity, momentum, and energy equations, as follows [4].

Continuity equation:

v. (ﬁ) —0 (12)
Momentum equation:
— — — — T
pV-VV = -VP+V y(VV) + <VV) (13)
Energy equation:
pCpVVT = V-(kVT) (14)

3.2.2. Boundary Conditions

The simulation adopted the same boundary conditions employed earlier by Qasim
et al. [1]. Various inlet fluid flow velocities (0.2, 0.4, 0.6, and 0.8 m/s) were used for the
cooling block. The temperature was set to (300 K) with the default viscosity ratio and
turbulence intensity. Radiation was the heat transfer process at the solar collection plate
surface. Mass and energy conservation were adopted at the outlet. A fixed 1 atm pressure
was set at the outlet with a no-slip condition at the channel walls.

3.3. Numerical Approach and Validation

A finite volume method was used to solve the governing Equations (12)—(14) to cal-
culate the water flow velocity. Thermo-flow numerical analysis was conducted using
ANSYS FLUENT CFD code. The energy and momentum equations were solved using
a second-order upwind scheme to eliminate potential numerical errors. The momentum
and continuity equations were solved first, before flow determination. Then, the energy
equation was solved to determine the thermal field in the domain. The procedure con-
tinued until the sum of the residuals of the continuity and energy equations reached the
converging criteria.

3.3.1. Mesh Study

The analyzed model was entirely discretized with the hexahedral mesh shown in
Figure 4. This includes the upper solar-collecting plate, the TEG modules, and the lower
heat sink block (flow domain).

ﬂii!éiiiﬁiiéiii :

Figure 4. (a) Top and (b) side views of structural hexahedral mesh of the CFD model used in
this study:.
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A mesh independence study was performed to determine that the predicted results
were independent of mesh size. There was no significant change in the temperature
obtained when solving the energy equation. So, pressure and velocity results were chosen
instead. Two points were chosen before the outlet to obtain independent mesh values for
the velocity and pressure. Figure 5 shows the effect of the cell size on pressure and velocity.
Independent pressure and velocity values were obtained for all cell sizes. Here, mesh cell
sizes of 1 and 2 mm both reached steady state. However, the solution used a cell size of
1 mm because it reached steady state earlier than the 2 mm cells, as shown in Figure 5.

0.25 - 700

0.2 1 600
2 —e— Velocity =
E0.15 —>—Pressure 500 £
2 2
.§ E
= 0.1 A 400 &
> &

0.05 - 300

0 T T T T 200

0 0.5 1 1.5 2 2.5

1/ Cell size

Figure 5. The mesh convergence study results.

The number of cells corresponding to each examined mesh size is given in Table 3 below.

Table 3. Number of cells for each cell size.

Cell Size Total Number of Cells
4.00 4861
3.00 6759
2.00 19,551
1.00 128,474
0.50 964,572

3.3.2. Model Validation

Once the optimum cell size and mesh density were determined, verification processes
were performed to confirm the accuracy and reliability of the model. Validation processes
were carried out using previously published experimental results [1]. A many-TEG mod-
ules, arranged in 30 sections, was investigated in the experimental system. However, using
symmetry considerations to simplify the model, only one section was considered in this
study. Figure 6 shows the experimental model that was validated. The current simulation
used the same design and process parameters considered in the experiment. Therefore, this
work can be considered valid and has achieved its aim.

-« 20>
SP1348 SP1848 SP1848 SP13848 SP1848
EEN SA EEN EEN SA
27145 27145 27145 27145 27145 =
== = o = o I
EI

Figure 6. A schematic view of one row of the TEG board consisting of two sections, each with
5 modules.
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A weighted average area method was used to obtain the temperature values at the
TEG hot and cold surfaces. Table 4 provides a comparison of the current model predictions
and the corresponding experimental data obtained at different times of the day.

Table 4. Experimental data and model predictions obtained at different times of the day.

Qasim, Velkin [1] Predicted
Time T T, AT Diff.
h c o o o o,
T, T, AT Yo
©Q) Q) {e) h ( C) c( C) ( C) ( )
11:30 a.m. 51 27 24 51 29 22 8.3
12:30 p.m. 62 32 30 62 31 31 3.3
1:30 p.m. 72 37 35 72 35 37 5.7
3:30 p.m. 63 32 31 63 31 32 3.2

4. Results and Discussion

The effects of the solar plate thickness and the flow velocity on the temperature

difference, AT, between the hot and cold surfaces of the TEG module are presented in
this section.

4.1. Solar Plate Thickness

Figure 7 depicts the effects of four different solar plate thicknesses on the TEG module

surface temperatures. No significant variation in Tj, or T, due to changes in plate thickness
was seen.

330

I
T

o

(98]

[

S
1

——Tc
—e—Th

W

—

(e}
1

Temperatuer (K)
W
9

»
|
»
’

10 12 14 16 18 20
Solar plate thickness (mm)

Figure 7. The effects of the solar plate thickness on the temperature of the module’s hot and cold surfaces.

Figure 8 demonstrates a significant effect of the plate thickness on the heat flux
difference across the module’s hot and cold surfaces. Greater plate thickness resulted in

higher heat flux. This is attributed to the increased heat capacity of the thicker solar plate
compared to the cold plate.

1800 ~

1750 A

(W/m2)
3
(=]
(=]

1650 4

Heat flux difference (Q o, = Q co1q)

1600 T T T T )
10 12 14 16 18 20
Solar plate thickness (mm)

Figure 8. The relation between the solar plate thickness and the heat flux between the module’s hot
and cold surfaces.
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Figure 9 demonstrates the effect of the solar plate thickness on the efficiency, 7, of
the TEG. Equation (11) was used for calculation of this efficiency. The results indicate
significant effects of plate thickness on TEG efficiency. Increasing the plate thickness had
a slight adverse effect on efficiency. This is due to the dependence of efficiency upon the
temperatures of the two sides of the TEG module according to Equation (11).

1.068 -
1.066 -
1.064 -
1.062 A
£ 1.06 -
= 1.058 -

1.056 -

1.054 T T T
10 12 14 16 18 20

Solar plate thickness (mm)

ax %

T 1

Figure 9. The relation between solar plate thickness and TEG efficiency.

4.2. Flow Velocity

The effect of the cooling water flow velocity on the temperature of the module surfaces
is shown in Figure 10. The results show a more prominent effect of the flow velocity on the
cold surface than the hot one. Accordingly, larger temperature differences were achieved
for higher flow velocities, as is illustrated in Figure 11.

330 -
H

325 4 * —° —
\f/ 320 A —&—T cold
= —o—T hot
g 315 4
2.
g 310 A
it

305 - ‘\-\‘\‘

300 T T T T 1

0 0.2 0.4 0.6 0.8 1

Flow velocity (m/s)

Figure 10. The relation between the flow velocity and the module’s hot and cold surface temperatures.

23 -
225 -
2 22
2 215 A
& 21 1
A 20.5 A
= 20 -
L2195 -

19 : . . : .

0 0.2 0.4 0.6 0.8 1

Flow velocity (m/s)

Figure 11. The effect of flow velocity on the temperature difference between the TEG module’s hot
and cold surfaces.
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The effect of the flow velocity on the output voltage and efficiency of the TEG is
presented in Figures 12 and 13, respectively. The results indicate a positive effect of the
flow velocity on the output voltage and efficiency. Comparing these results to earlier
research [45,46], it was found that using stripe-shaped surfaces on the cooling cold side
of a TEG module is better than plate-shaped or diamond-shaped surfaces. In these earlier
studies, temperature increases in the cooling fluid from the inlet-to-outlet conditions were
8.5, 6.2, and 10.5 °C, respectively, for stripe-, plate-, and diamond-shaped surfaces. In
the current study, the cooling system employed an M-shaped channel through a block of
an aluminum alloy, and the inlet-to-outlet temperature rise was about 2 °C with a flow
rate of 0.8 m/s, as shown in Figure 14d. These results demonstrate better efficiency using
an M-shaped channel rather than other shapes. It allows for maintenance of a higher
temperature differential for heat transfer and therefore a higher output voltage [45—-47].

8.8
8.6 1
8.4

o
oo N
]

~
o0
1

Voltage (v)

N33
RN NN
1

12 14 16 18 20
Flow velocity (m/s)

—
S

Figure 12. The relation between the flow velocity and output voltage.

1.15
1.1 1
1.05 A

1 -
0.95
0.9 A
0.85

0.8 1 1 1
0 0.2 0.4 0.6 0.8 1

Flow velocity (m/s)

n max %

Figure 13. The relation between flow velocity and TEG efficiency.
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Temperature Temperature

Contour 2 c«n:vz

I 316.00 316.00
31375 31375
311.50 311.50

Temperature Temperature

Contour 2 Contou 2
316.00 31600
31375 31375
3150 31150

Figure 14. Temperature distribution contours at a plane just below the cold surface of the TEG for
flow velocity: (a) 0.2 m/s, (b) 0.4 m/s, (c) 0.6 m/s, and (d) 0.8 m/s.

In Figure 14, contour plots of the temperature distribution at a plane just below the
cold surface of the TEG, for different inlet flow velocities, are presented. (The results
indicate a reduction in the temperature near the fluid channel that was proportional to the
inlet flow velocity. The reason for this is to reduce the heat gain time between the entry
and exit of aluminum block, and this leads to a high cooling rate. Hence, a larger AT for
two surfaces of (TEG) is anticipated when the inlet flow velocity is increased).

Figure 14 shows the flow velocity contours at the same plane as the temperature
contours. Velocity contours are presented in Figure 15. The highest flow velocity was at the
inlet. However, due to turns in the channel, high-pressure regions were generated, which
resulted in a velocity reduction at the channel outlet.

Velocil
Eomour

l 0.60
0.50

Figure 15. Flow velocity contours.
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5. Conclusions and Future Research Recommendations

A successful, new CFD model was developed in this study to analyze the performance
of a solar power—thermoelectric power generation system. The system comprises five TEG
modules embedded between two aluminum blocks. A single block functions as a solar
power collector to heat one side of the modules, while the other side has an internal
M-shaped channel cooled with ordinary tap water. The model was first validated with
experimental data available in the literature. Then, it was employed to conduct a parametric
study to investigate the effect of different solar block thicknesses and water flow velocities
on power generation and efficiency. The results show that the optimum cell size for the
best results is 1 mm. Additionally, the model output showed excellent agreement with
the experimental data, which makes it a powerful tool for TEG system design. Cooling
water flow velocity had a positive effect on the temperature difference between the TEG
module surfaces, which consequently produced higher voltage and efficiency. Moreover,
the proposed M-shaped water flow provided even heat distribution along the cold side of
the TEG system, which is essential for constant voltage generation. Additionally, greater
plate thickness resulted in higher heat flux between the hot and cold sides of the TEGs.

For further investigations and improvement, nanofluids can be investigated as alter-
natives to cooling water. It is anticipated that they can enhance heat dissipation from the
cold surface and consequently increase power output.
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