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Keywords: has been numerically examined. The upper and the lower channels carry hot
and cold water-based single-walled carbon nanotube nanofluid (SWCNT),
Heat transfer, respectively. Finite element method, FEM, is chosen to tackle the 3D steady-
Thermoelectric generator, state equations governing the TEG with associated boundary conditions.
Nanofluid, Several parameters related to the performance of thermoelectric generator such
Wavy wall, as Reynolds number (between 50 and 1000) and the number of corrugations
Fluid flow. (between 1 and 5) were in depth assessed. The findings indicate that the

Reynolds number plays a significant role in improving thermoelectric power
generation. When the Reynolds number increases, TEG produces a higher
electric power value. However, the results also reveal that the number of
corrugations has a limited impact on the performance of TEG.

1. INTRODUCTION

As the world population is growing rapidly and the expansion of industrial activities is noticeably
uncontrolled, the energy demand is continuously rising. Natural energy resources such as fossil fuels
(oil, gas and coal) have been mainly the most available energy option used for centuries to eliminate the
human energy needs. However, the extraction and exploitation of fossil fuels adversely contribute to
many environmental issues and have been a matter of concern for decision-makers in addition to the
depletion of natural energy resources at a high rate, The unavoidable effect of those natural resources
on the environment, including climate change that poses a continuing threat on the planet, pollution and
habitats destruction, and the nonrenewable nature of those resources raise the alarm, and finding
alternatives has become one of the main responsibilities of the scientific community. From many
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available renewable energy technologies such as solar, wind, geothermal, thermoelectric energy
technology is one of promising solutions for tackling those concerns for energy security at very low risk.
Unfortunately, the applicability of those sustainable technologies in a wide range of domains is still
facing challenges in terms of efficiency, cost and effectiveness. For that reason, developing and
optimizing renewable energy technologies have been the center of interest for energy harvesting
researchers. One of the renewable energy technologies that has received attention in recent years due to
its advantages in producing free-carbon, environmentally friendly, low cost, low maintenance is
thermoelectric generator.

Through a complex thermodynamic process, the function key of thermoelectric generator, TEG, is a
straightforward alteration of heat energy into electric energy. This device, which consists of N-type and
P-type pairs of dissimilar semiconductor materials, joined by electrodes (usually copper), interposed
between two plates of ceramic acting as support of TEG and electric insulation (Zoui et al., 2020), and
sandwiched between two distinctive heat exchangers (Luo et al., 2021).To produce maximum
electricity, The P-type and N-type of TEG are assembled electrically in series and thermally in parallel.
The working principle behind TEG is the Seebeck effect, discovered by Seebeck in 1821 (Polozine et
al., 2014), converting must-available gradient temperature between the opposite sides of TEG into
electrical energy by the thermo-physical characteristics of material employed. In light of its very low
efficiency, between 5% and 10% (Scherrer et al., 2018), a considerable number of research studies have
been carried out in order to improve thermoelectric conversion of the device. Many factors that affect
TEG power production such as leg geometries, P type and N type pairs arrangements, material used and
temperature gradient between TEG surfaces, have been investigated, but little is still conducted about
enhancing heat transfer of TEG boundaries.

Thermoelectric generator has been widely used in many different fields including aerospace applications
(LaLonde et al., 2011), energy source for wearable devices (Kim et al., 2018), recovering waste heat
from the automotive industry (Mostafavi & Mahmoudi, 2018; Orr et al., 2017), recovering heat from
industrial applications (Casi et al., 2021; Chen et al., 2022; Zhao et al., 2017) and medical applications
as powering devices for physiology sensors (Proto et al., 2018; Wang et al., 2009).

There are many different materials used in manufacturing TEG module. The choice of material strongly
depends on the temperature surrounding TEG device and the figure of merits z, which is a dimensionless
value describing the conversion efficiency of TEG material. For example, bismuth telluride (Bi2Te3) is
the most commonly used material when a low range of temperature is available, Lead (Pb) is preferable
when temperature ranges between 450k and 850k, and silicon germanium(SiGe) is used at higher
temperature (850 k<T<1300 K) (Aridi et al., 2021).

Numerous studies have been conducted numerically and experimentally to enhance thermoelectric
conversion efficiency. Selimefendigil et al. (2023) conducted a numerical investigation of
thermoelectric generator mounted triangular wavy channel with different shaped nanoparticles. The
results show a significant increase in power generation when varying the amplitude of waves compared
to the number of waves. In comparison with spherical shape, the cylindrical shape of nanoparticles has
a noteworthy impact on producing power, and augmenting the volume fraction of nanoparticles
produces higher energy. Nugraha et al. (2024) investigates numerically and experimentally the thermal
characteristics of thermoelectric generator at different heat rates. It was found that the generated power
of thermoelectric generator is higher when heating rate is slow. Selimefendigil and Oztop (2023) studied
the impact of using helical coil on the performance enhancement of thermoelectric generator placed
between channels. It was concluded that TEG produces more power when helical coils are installed in
both channels, and the higher the number of turns the coil has, the more electric power is generated.
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In this current work, enhancing thermoelectric energy conversion is the main objective of the study, and
this can be accomplished by improving heat transfer rate between nanofluid and thermoelectric module,
by using water-based single-walled carbon nanotubes (SWCNT) nanofluid and wavy (corrugated)
channel as a passive technique for augmenting heat transfer.

2. NUMERICAL METHODS

2.1 TEG Mounted Wavy Channel

Figure (1) presents a 2D and 3D schematic view of thermoelectric generator (TEG) mounted two wavy
channels employed in the study, composing of P and N-type of semiconductors. The hot nanofluid runs
into the upper channel whereas the cold nanofluid flows in the lower channel. The following formulas
describe the profile of both upper and lower wavy channels, respectively.

f(x) =1—Amp[1 — cos(nmx)] Q
f(x) = Amp[1 — cos(nmx)] 2

Amp denotes the amplitude of the wave, and n represents the number of waves.
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Fig 1. 2D (a) and 3D (b) schematic view of thermoelectric generator mounted channels

The length (L), width (W) and height (H) of both channels are 21mm,16mm and 3mm, respectively.
The TEG module under study is made up of 32 legs of P-type and N-type of bismuth telluride (Bi>Tes)
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material, copper as conductor, joining P and N legs, and two ceramic plates as electric insulators. The
geometry of legs is 1.5mm for the length, 1.5mm for the width and 3.2mm for the height. copper length,
width and height are 3.9mm,1.5mm and 0.1mm, respectively, and the thickness of ceramic plate is
0.3mm. the material properties of all the components of TEG module are shown in Table 1.
Thermoelectric module, which works under the Seebeck effect, transforms heat energy into electrical
energy through the physical properties of semiconductors. The mechanism of harvesting electrical
energy is achieved through the presence of temperature gradient between the upper and lower surfaces
of ceramic plates of TEG.

Tablel. Material properties of TEG

Symbol P-type leg P-type leg Electrode Ceramic
(BizTes) (BizTes) (Copper) (Alumina)

Thermal k(WmK) 1.6 1.6 400 27
conductivity
Electric o (S/m) 0.8x10° 0.81x10° 5.9x108 -
conductivity
Seebeck s (VIK) 2.1x10* -2.1x10* 6.5x10® -
coefficient
Heat capacity cp(J/kgK) 154 154 385 900
Density p (kg/m®) 7700 7700 8960 3900

This study was conducted under the following assumptions:

1. The flow of both channels is three dimensional, laminar, steady and incompressible

2. The study does not include Natural convection, Thermal radiation, and viscous dissipation
3. No internal heat generation

4. Temperature independence of the properties of nanofluids

The output voltage produced (v,,;) from thermoelectric conversion where the temperature difference
(AT = Thot - Tcoid,) applied at the extremities of TEG is given as:

Vout = NspyAT 3

Where N represents the number of pairs the TEG has, and spp expresses the Seebeck coefficient of P
and N materials of TEG (spy = Sp — sy ). Thermoelectric generator material ought to have low
thermal conductivity, high Seebeck effect and factor of merit (ZT) to obtain higher efficiency. ZT, which
denotes the factor of merit, is expressed as:

ZT = (s®c/k)T (4)

The internal resistance of thermoelectric module is given as:

R;= (R, + R, +2R,) (5)

Where Rp, Rn, Rc are the resistances of P, N legs and the conductor, respectively, and they are given
as:
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Rp,n,c = Lp,n,cpp,n,c/Ap,n,c (6)

A, p and L in the above equation are the cross-sectional area, the length, electrical resistivity and the
length of P-N legs and conductor (c), respectively.

The total resistance of the thermoelectric generator when load resistance Rris linked with its boundaries
is expressed as:

Rr = R, +R, (7

the output power the thermoelectric generator can produce is as follows:

P = ((ap — o) (Ty = T.)/R.)’Ry ®)

Thand T, refer to the temperature of hot and cold ceramic plates of the thermoelectric generator. When
the internal resistance is equal in value to the load resistance, maximum output power could be obtained.

2.2 Governing Equations

Based on above-mentioned assumptions, the mass conservation, momentum and energy equations used
in the 3D model are written as:

e Mass conservation

6u+6v+aw_0 ©)
ox 9y 0z
e Momentum equations
( c’)u_l_ 6u+ c’)u) B c’)p+ 62u+62u+62u (10)
Prf\% 5% 1jc')y Woz) T " ax T\ gaz dy%  0z2
( 6v+ 6v+ av) 3 6p+ 62v+62v+62v 1)
Prr\"ox T Y8y T oz ay " M axz T 5y2 T 952
( 6w+ 6w+ E)W) 3 6p+ 62w+62W62w
Pnf\Mox 7Y dy Woz) T "oz TH a2 dy? 0z2 (12)
e Energy equation
6T+ 6T+ aT+ oT 62T+62T+62T 13)
ot T ax Ty TV az T M \ox2 T oy2 T 922

Where u, v and w are the components of velocity in the axis (x) ,(y) and (z), respectively. p, s, p, and
Wny are density, pressure and dynamic viscosity of water-based SWCNT nanofluid, respectively. Here,
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T denotes for temperature, and o, f = (knf /PnfChn f) is the thermal diffusivity, where k;rand Cp,, s
express thermal conductivity and specific heat at constant pressure of employed fluid.

e Equations for the solid domain energy
V(kVT) + (J2/0) —T].Vs =0 (14)

The continuity equation of electric charge and the coupled equations of heat flux with thermoelectric
effect are given as follows:

V.J=0 (15)
E =pJ]+sVT (16)
q =1 — kVT (17)

Here, I1,],q,E and are referred to Peltier coefficient, current density, heat flux and electric field
respectively.

IMI=sT (18)

J = o(E — sVT) (19)

Where, o expresses resistivity electric and s denotes the Seebeck coefficient. The relationship between
the electric tension V and electric field E is given as:

E=-wW (20)

2.3 Thermo-Physical Properties of Nanofluid

In this model, water-based SWCNT nanofluid was used as a heat transfer improvement technique in
order to improve heat exchange between fluid and TEG surfaces. Table 2 shows the thermos-physical
properties of constituents of working fluid.

Table 2. Properties of Nanofluids

Properties Water SWCNT
p (kg/m3) 997.1 2600
cp(J/kg k) 4179 425

k (W/m k) 0.61 3000
u(kg/m s) 8.55x10° -

The properties of water-based nanofluid such as density (p,s), thermal conductivity (k), dynamic
viscosity (u,s) , heat capacity ((pcp)nf) are computed using the following correlations:
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P = (1 —0)ps + Dpy, (21)
(pcp)nf =01- Q)(pcp)f + (D(pcp)p (22)
o = up/(1—@)>3 (23)

k= (L= 0) + 20(kene/kone — k) InChcne + ky/2k)) @)

In the above equations, the symbol (@) refers to the volume fraction of nanoparticles and subscript nf, f,
and p stand for, nanofluid, base fluid (water) and nanoparticle, respectively.

2.4 Boundary Conditions

Fig. (2) illustrates all boundary conditions of the model. The velocity of nanofluid of both channels (un,
Uc) is a function of Reynolds number which varies from 50 to 1000. The temperature of the nanofluid
entering the hot channel is Ty = 333.15 k, and for the cold channel, Tc = 293.15 k. In this study, all walls
are adiabatically isolated and the velocity at walls is considered nil. Lastly, the pressure leaving both
channels is considered nul.

Hot Inlet
Ty =333.15K
uy = MprRepyy/PurDy

Cold inlet

Tc=293.15K

> -
Uc = pntfRephr/pntDh Vi J/' X e

Fig 2. Boundary conditions of the TEG mounted channel

2.5 Numerical Solver

The model under study involves solving fluid flow, heat transfer and electric field physics coupled
simultaneously. Therefore, as recommended and used in previous studies for solving Multiphysics
phenomena, the finite element method was selected as a numerical method to compute the governing
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equations with their boundary conditions, using the generalized minimum residual (GMRES) iterative
method to provide accurate results.

2.6 Code Validation and Grid Independence Test

To obtain precise results with independence of mesh element number, a grid test was carried out at
different element numbers, attempting to determine an optimum mesh element size with taking into
consideration the computation time. Table 3 shows the results of output(P) power, heat absorbed (Qc)
and pressure coefficient (Pc) at different mesh elements. It was apparent from the table that, at grid 7
(G7), with 1386209 mesh elements, the results are very slightly affected by mesh elements, with a
relative error of less than 0.03%. For this reason, grid 7 was chosen to perform all simulations of the
model.

Table 3. Grid test of thermoelectric generator mounted channel

Grid Mesh element P (W) Qc Pc
Gl 23822 0.021334 2.2358 9.9253
G2 35940 0.021243 2.0885 10.028
G3 64474 0.021173 2.0942 10.174
G4 115556 0.021020 2.2044 10.150
G5 207217 0.020973 2.2939 9.9881
G6 434533 0.020892 2.4021 9.8929
G7 1386209 0.020815 2.5464 9.8521
G8 4890735 0,020809 2,5471 9,8493

The current model is validated with an experimental study of flow through a wavy channel conducted
by (Oviedo-Tolentino et al., 2008), and the comparison is provided in Fig. (3), where it can be seen that
the two results agree well. another validation is conducted with the work of (Kramer et al., 2019), when
they performed an analytical and numerical investigation of commercial TEHP1263-1.5 thermoelectric
generator, aiming to determine the internal resistance, power, current and voltage of TEG. The analogy
is drawn in Fig. (4) for the output voltage and isotherm of the thermoelectric generator, and it shows a
perfect match.

Current work Oviedo-Tolentino et al. (2008)

Fig 3. Validation of streamlines with the work of Oviedo-Tolentino et al. (2008)
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Fig 4. Validation of output voltage and isotherm with the study of Kramer et al. (2019)

3. RESULTS AND DISCUSSION

The present work aims to enhance thermoelectric generator performance by improving heat transfer
between nanofluid and thermoelectric generator surfaces. The nanoparticle volume fraction (®=0.3%)
was set to be constant in all the simulations. The number of waves and Reynolds number were varied
from 1 to 5 and from 50 to 1000, respectively.

This section provides simulation results of the influence of channel shape on the electrical energy
generation of TEG regarding different Reynold number values.

3.1 Impact of Number of Waves on Power Generation

To understand the influence of the number of waves on the variation of heat transfer rate and
thermoelectric performance, streamlines plots of different numbers of waves, taken from the
longitudinal mid-section of the physical system, are presented in Fig. (5). The value of Reynolds number
is 200, and the amplitude of the wave is set to be Imm. According to this Figure, it is noticeable that
there is a change in flow behavior when the shape of the channel is waved, and that is accompanied by
formation of recirculation zones just after throttling of flow, which provokes acceleration of flow, and
the magnitude of those vortices increases with the increase of wave number. It was observed that the
higher the number of waves, the more velocity of flow is generated.

Fig. (6) shows the influence of the number of waves on the streamlines and isotherm of TEG mounted
channel. It is apparent from the graph the insignificance of increasing the number of waves on the
temperature change and velocity of the nanofluid. That is, no change in the maximal velocity of channels
when the number of waves n varies from 1 to 5. For isotherm, just less than one degree Celsius of
temperature is incremented when moving from 1 wave to 5 ones. Figure (7) gives a detailed description
of the influence of the number of waves on the average temperature of ceramic plates of TEG.
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Fig 6. 3D Streamlines and isotherm of TEG mounted channels with
different number of waves
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Fig 7. Impact of number of waves on average temperature of TEG ceramic plates

To see the impact of wave number on the generated power of TEG, Fig. (8) is plotted, notably, the
variation of power is very low, from 0.014 w to 0.022 w when the number of waves changes from 1 to
5, similarly for produced voltage of TEG as depicted in Fig. (9). When n is more than 3, the generated
power tends to be constant. Therefore, the influence of wave number on the output power of TEG is
very subtle and limited, and this is due to little heat change between ceramic plates and nanofluid.

0,0225

0,0220 —
0,0215 —
0,0210 —

0,0205

Power (W)

=
N
w
IS
&l

Fig 9. Produced voltage of TEG at n=1, n=5
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3.2 Influence of Reynolds Number on TEG Power Generation

In order to clarify how Reynolds number affects TEG power augmentation, Fig. (10) is plotted. The
figure shows the streamlines contour of fluid flow in the upper and lower channels at different Reynolds
numbers (50, 100, 200, 600, 1000). A closer examination of this figure reveals that increasing Reynolds
number causes a remarkable change in fluid flow and a substantial increase in vortices magnitude,
formed after the throttling regions in the channels. At a low value of Re (50), vortices begin to appear
at a very small scale. When Re becomes greater, the separation of flow occurs, and the intensity of
vortices becomes larger; as well as the velocity gradient significantly changes as the Reynolds number
rises. Fig. (11) presents the relationship between generated power and Reynolds number. As the Re is
incremented, which means that the velocity of the fluid is increased, TEG produces more electric power,
and that can result in diminishing thermal boundary layer thickness between nanofluid and ceramic
plates, as Fig. (12) illustrates the average temperature of upper and lower ceramic plates of TEG.

x1073

Re=50

Re=100

Re=200

Re=600

Re=1000

Fig 10. Streamlines of TEG at different Reynolds numbers
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4. CONCLUSION

In this work, the power generation of thermoelectric generator mounted wavy channel flowing nanofluid
is numerically studied. The nanofluid contains water-based single-walled carbon nanotubes with a 0.3%
volume fraction. The influence of the number of waves, from 1 to 5, and the Reynolds number (between
50 and 1000) were deeply investigated. The output voltage, power of TEG, and the distribution of
temperature of ceramic plates are computed. The following outcomes are obtained:

e The corrugated wall channel increases the heat transfer rate, and therefore the thermal and
electric performance of the thermoelectric generator are improved.

e Reynolds number plays a significant role in enhancing the power generation of TEG, increasing
it leads to a remarkable increase of generated power of TEG.

e The increment of the number of waves has a limited impact on enhancing power generation of
TEG, an increase of 0.1% of power is observed when varying the number of waves from 1 to 5.
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