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Abstract: The effective utilization of renewable energy has become critical to technological advance-
ment for the energetic transition from fossil fuels to clean and sustainable sources. Ocean Thermal
Energy Conversion (OTEC) technology, which generates electricity by leveraging the temperature
differential between surface and deep ocean waters, enables stable power generation around the
clock. In this domain, the combination of thermoelectric generators (TEGs) and heat exchangers has
exhibited immense potential for ameliorating the deficiencies of conventional OTEC. This study uses
finite element numerical simulation of the COMSOLS5.5 software to investigate the fluid dynamics
characteristics of heat exchangers with flat fins and different types of longitudinal vortex generators
(LVGs) under the same number of fins. This research encompasses heat exchangers with rectangular,
triangular, and trapezoidal LVGs. Concurrently, the analysis examines how the vortices generated by
the LVGs influence the thermoelectric performance of the TEGs. The results demonstrate that heat
exchangers integrating flat fins and LVGs can enhance the power generation efficiency of TEGs. How-
ever, the pumping power required by the LVGs constrains the thermoelectric conversion efficiency.
Compared to rectangular and triangular LVGs, trapezoidal LVGs achieve a superior balance between
output and pumping power. Heat exchangers utilizing trapezoidal LVGs can attain the highest TEG
thermoelectric conversion efficiency with a specific seawater flow velocity. Overall, these findings
provide valuable reference information for applying TEGs and heat exchangers in OTEC design.

Keywords: ocean thermal energy conversion; thermoelectric generator; heat exchanger; longitudinal
vortex generators; renewable energy; sustainable development; sustainable technology

1. Introduction
1.1. The Critical Role of Renewable Energy in Sustainable Development

The efficient utilization of renewable energy is necessary to achieve a sustainable
human footprint in the long term. Currently, the vast majority of energy is still derived
from fossil fuels. According to relevant statistical data [1,2], 80% of energy consumption in
the United States in 2019 originated from fossil fuels, including petroleum, coal, and natural
gas. During the process of energy production through fossil fuels, substantial greenhouse
gas emissions exacerbate the issues of global warming and climate change. To reduce
carbon emissions and further achieve the goal of net-zero carbon dioxide emissions, the
development and use of renewable energy have become important endeavors in current
technological advancement.

1.2. The Significance of Ocean Thermal Energy Conversion Technology in Renewable Energy

The oceans cover approximately 70% of the Earth’s surface and constitute abundant
sources of various forms of renewable energy, including waves, tides, currents, and ocean
thermal gradients [3,4]. Ocean Thermal Energy Conversion (OTEC), a renewable energy
form with immense potential and the capacity for stable round-the-clock power generation,
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generates electricity by leveraging temperature differences between surface and deep ocean
waters [4]. In closed-cycle OTEC systems (CC-OTEC), a low-boiling working fluid circulates
in a closed loop to drive a turbine for power generation [5]. The major components of such
systems encompass complex apparatuses, including evaporators, condensers, and turbines,
among others [6].

1.3. Application of TEG in Ocean Thermal Energy Conversion

In 1980, Bohn et al. [7] proposed combining thermoelectric generators (TEG) and OTEC
heat exchangers for ocean thermal energy conversion, termed thermoelectric OTEC. This
design incorporates a TEG with diverse thermoelectric materials that can directly convert
thermal energy into electrical energy. TEG has experienced significant utilization in several
waste heat recovery domains, including car engines, human body heat, and industrial
waste heat [1,8-10], thereby establishing itself as a crucial renewable energy technology.
In contrast to conventional CC-OTEC, thermoelectric OTEC exhibits numerous potential
advantages. These include utilizing TEG and heat exchangers instead of intricate moving
components like turbines, enhancing system reliability, ease of maintenance, and longevity.
Additionally, the system uses water as the primary working fluid, thus mitigating any
environmental concerns such as leakage-induced pollution.

1.4. Heat Exchanger Design for TEG Use

The power generation principle of TEG is based on the Seebeck effect, meaning that the
more heat energy TEG absorbs, the more electrical energy it generates [11]. Hence, the heat
exchanger design assumes a crucial role in TEG systems. Aside from using fins to improve
thermal conductivity, another important way to improve the heat transfer efficiency of
heat exchangers is to use vortex flows to disrupt the fluid’s boundary layer, making it
thinner [12,13]. In order to induce vortex flows efficiently, installing vortex generators
within the flow channel is necessary. These generators create transverse and longitudinal
vortices, which subsequently impact the heat transfer properties of the channel [12]. The
fluidic and thermal properties of vortex flows were examined and summed up by Jacobi
and Shah (1995) and Fiebig (1995) [14,15]. Their research showed that longitudinal vortices
are better at transferring heat than transverse vortices. Different kinds of longitudinal
vortex generators (LVG) have been made to improve longitudinal vortex-dominant effects.
LVGs can be categorized into two types based on the chord length or span of the winglet
affixed to the wall surface: winglet-type LVGs and wing-type LVGs. The winglet pairs can
be classified as common-flow-down (CFD) or common-flow-up (CFU) based on the distance
between their leading and trailing edges. In 2009, Tian et al. [16] studied small winglet-type
LVGs. They compared the performance of rectangle and delta winglet-type LVGs in both
CFD and CFU settings. The LVGs’ performance was assessed based on the heat transmission
and pressure drop ratio. The findings indicated that the inclusion of both rectangular
and delta winglets led to a substantial improvement in heat transfer, accompanied by
increased pressure drop. The performance of delta winglets was found to be superior
in comparison to rectangular winglets. In contrast, rectangular winglets exhibited more
sensitivity to CFD variations than CFU configurations. In a study by Liu et al. [12] in 2011,
the researchers investigated the heat transfer properties of numerous pairs of rectangular
LVG interfaces within microchannels. Microchannels with LVGs demonstrated improved
heat transmission in turbulent flow conditions compared to smooth microchannels. Vortex
effects in the turbulent flow contributed to this higher heat transfer, surpassing the heat
transfer observed in laminar flow. At higher Reynolds numbers, more pairs of LVGs
provided better heat transfer due to the increased heat transfer area. The heat transfer
performance of flat plate fins with delta winglet-type LVGs in a channel flow was examined
by Li et al. [17] in 2013. The research showed that the heat transfer performance of the
flat plate fins was considerably affected by the gap distance and attack angle of the LVG
trailing edges. When the gap distance was equal to the length of the flat plate fins, the fluid
exhibited enhanced ease of flow into the fins. The experimental results indicate that an
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attack angle of 30 degrees yielded the most optimal heat transfer performance, resulting
in a smaller pressure decrease. The CFU-type LVGs exhibited reduced heat resistance
and pressure drop compared to the CFD-type LVGs. In a study conducted in 2018 [18],
Skullong and colleagues investigated the impact of rectangular and trapezoidal small
winglet-type LVGs on the heat transfer performance of solar collector tubes. The study’s
findings indicated that the vortices produced by LVGs facilitated the mixing of fluids
and disruption of the boundary layer, resulting in improved heat transmission efficiency.
Trapezoidal LVGs and the incorporation of perforations can mitigate pressure drop induced
by LVGs. The utilization of trapezoidal LVGs with perforations yielded the most optimal
heat transmission performance. The heat transfer performance of curved winglet-type
LVGs in rectangular channels was investigated by Berber et al. [19] in 2021. The study’s
findings showed that when the attack angle, length of the curved winglets, and Reynolds
number increased, there was a corresponding rise in heat transfer and pressure decrease
within the channel. Furthermore, due to the vortex effects, the curved winglets exhibited a
greater heat transfer increase than the pin fins.

In light of the enhanced heat transfer properties associated with various fin and LVG
configurations, current scholars have conducted additional investigations into incorpo-
rating fins and LVGs into TEGs and heat exchangers. These endeavors aim to augment
the thermoelectric conversion efficiency of TEGs. Investigating waste heat recovery tech-
niques made especially for automotive exhaust systems was the primary goal of a study by
Weng et al. [20] in 2013. The researchers implemented a configuration in which TEGs
were positioned on the outer surface of the hexagonal cylinder heat exchangers while
plate fins were inserted inside. The research showed that the implementation of plate fins
significantly enhanced the heat transfer efficiency of the heat exchanger.

Furthermore, it was observed that the proximity of the TEGs to the heat exchanger
inlet increased both the hot side temperature and the output power. In a study conducted
in 2014 [21], Bai et al. examined the effects of six heat exchangers with varying internal
structures on the utilization of TEGs in the context of automotive waste heat recovery. The
researchers discovered that implementing a continuous plate fin design resulted in an elon-
gated flow path for the fluid within the heat exchanger, enhancing heat transfer efficiency
to the TEGs. The impacts of heat exchangers equipped with LVGs on the thermoelectric-
hydraulic performance of TEGs were investigated by Ma et al. [22] in 2017. The findings
indicated that the intricate vortices produced by LVGs amplified the pressure drop while
concurrently augmenting heat transfer.

Consequently, this led to an enhancement in the conversion efficiency of the TEGs.
The study conducted by Garud et al. [23] in 2021 examined the effects of various internal
structure heat exchangers on TEG systems’ thermal, electrical, and structural performance.
The researchers discovered that using inclined plate fins, independently or in conjunction
with vertical plate fins, enhanced turbulent flows, leading to improved heat transfer, better
net power production, and thermoelectric conversion efficiency. The literature suggests
that LVGs have exhibited different advancements, demonstrating their effectiveness in
enhancing boundary layer disturbance and heat transmission. Rectangular winglets, also
known as inclined plate fins, have been integrated into heat exchanger configurations and
have significantly enhanced the thermoelectric conversion performance of TEGs. While
previous research has examined the effects of plate fin and pin fin heat exchangers on the
performance of TEGs [24,25], there needs to be more specific studies on the impact of various
winglet-type LVG shapes on the thermoelectric conversion efficiency of TEGs. Hence, the
present study examines the effects of four distinct internal structure heat exchangers, plate
fins, rectangular LVGs, delta LVGs, and trapezoidal LVGs, on the thermoelectric conversion
efficiency of TEGs in OTEC systems.
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2. Materials and Methods

This research utilizes finite element numerical simulation of the COMSOL software to
analyze the impact of implementing fins and various shapes of LVGs within heat exchangers
on the thermoelectric conversion performance of TEGs.

2.1. Structural, Material, and Dimensional

The schematic representation of the assembly comprising the TEG and heat exchangers
is illustrated in Figure 1. The TEG is strategically located between two heat exchangers,
with the upper heat exchanger serving to assist in the passage of warm surface seawater
at 25 °C. In contrast, the lower heat exchanger conducts deep, cold saltwater at 4 °C.
The heat exchangers are fabricated using alumina walls, featuring interior dimensions of
23 mm in width, 10 mm in height, 53.4 mm in length, and a thickness of 0.7 mm. The
TEG consists of a total of 30 thermocouple units, wherein each unit is comprised of p-
type semiconductors (specifically Bismuth Telluride, Bi,Te3), n-type semiconductors (also
Bismuth Telluride, Bi;Tes), and connecting conductors made of copper. The p-type and
n-type semiconductors have square cross-sectional dimensions measuring 1.4 mm x 1.4 mm
and a height of 1.6 mm. The thermocouples have a separation of 1 mm between their legs,
and the connecting conductor has a thickness of 0.6 mm. The material properties of the
TEG and heat exchangers, such as the Seebeck coefficient, electrical conductivity, thermal
conductivity, density, and heat capacity, have been obtained from the literature [26]. The
material properties of saltwater, including thermal conductivity, dynamic viscosity, density,
and heat capacity, are obtained from existing literature [27].

Heat exchanger

A\

Warm seawater | 7 |
‘ ___—— Outlet

—

Inlet

PN couple=—"

Figure 1. Schematic of TEG installation in heat exchangers.

The present study examines the performance of heat exchangers, including four
internal structures, namely flat-fin, rectangular LVG, triangular LVG, and trapezoidal LVG,
compared to an empty cavity heat exchanger. Figure 2 presents schematic schematics of
the internal structures of heat exchangers with integrated TEGs. To effectively transfer
the thermal energy of the warm seawater to the TEG, fins and LVGs are positioned in the
midstream area of the upper heat exchanger, directly above the TEG. Both the fins and
LVGs are composed of copper. In order to conduct a comparative analysis of the effects of
fins and LVGs, two specimens of each component were utilized. The rectangular LVGs have
a length of 5 mm, a thickness of 1 mm, and a height equal to that of the heat exchanger. The
leading edges of the LVGs are spaced 7 mm apart. In future investigations, the inclination
angles of the LVGs (6 = 0, 30, 45, 60, 120, 135, and 150°) will be modified to examine the
impact of vortex production on TEG performance. The flat-fin configuration corresponds
to the rectangular LVG set at an inclination angle of 0°. This study investigates the effects
of modifying the inclination angles and winglet shapes of the LVGs on fluid dynamics and
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(a)

Plate fin

TEG performance. Specifically, the rectangular winglets are replaced with triangular and
trapezoidal shapes to examine the influence of alternative LVG configurations.

(b)

Figure 2. Schematic diagrams of TEG installations in heat exchangers with (a) flat-fin, (b) rectangular
LVG, (c) triangular LVG, and (d) trapezoidal LVG.

2.2. The Governing Equations

The assumptions underlying the numerical simulation in this study are as follows:
The fluid introduced into the heat exchanger is characterized by a steady-state condition,
meaning that its variables remain constant over time. Additionally, the fluid is incom-
pressible and exhibits a fully developed flow, modeled using a turbulent flow model. The
effects of heat radiation and convection in the vicinity of the heat exchanger and TEG
are disregarded, along with the electrical and thermal resistances at the interface of the
TEG materials.

The governing equations can be partitioned into distinct fluid and solid components.
The equations governing mass conservation, momentum, and energy conservation for a
fluid in a state of steady flow can be expressed as follows, as referenced in sources [11,22]:

oV =0 )
Navier-Stokes equation:

p(ﬂ-v)ﬁ = —Vp+uV2i @)
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Energy conservation equation:
pcp;VT—i-V-? =Q (©)]

In this context, p, 1, and c;, represent the fluid’s density, dynamic viscosity coeffi-
cient, and specific heat, respectively, i is the velocity vector, p is the pressure, T is the
temperature, and ; represents the heat flux caused by conduction and radiation. In the
absence of radiation effects, ; =k fVT, where k ¥ is the thermal conductivity of the fluid;
Q is the thermal energy generated by an internal heat source, and in the absence of an
internal heat source, Q is zero. By solving the mass conservation equation and the mo-
mentum equation, the fluid’s velocity and pressure can be determined. Then, the fluid’s
temperature distribution can be calculated by substituting the velocity into the energy
conservation equation.

Heat is transferred via thermal conduction to the heat exchanger tubes, fins, LVGs,
and connecting conductors. The steady-state heat conduction equation is as follows:

V-(ksVT) =0 )

where k; is the thermal conductivity.
For thermoelectric materials, the steady-state energy conservation equation can be
written as [9,28,29]: R
V-q TE — Q]oule ©)

The steady-state charge conservation equation can be written as:
—
V-] =0 ©

where ;TE is the heat flux on the surface of thermoelectric materials, and Qjoyle is the

Joule heat generated by the electric current passing through the thermoelectric materials,
2
4)

J

H
which can be written as Qjoule = /0; | is the electric current density, and ¢ is the

electrical conductivity.
The coupled governing equations that dictate thermoelectric behavior [9,28,29] are:

Gre=ST] —kVT @)

= G<E _ SVT> @®)

where S, k, and ¢ represent the Seebeck coefficient, thermal conductivity, and electrical

N

conductivity of the thermoelectric materials, respectively, and E is the electric field, which

can be represented by the electric potential gradient —V V. Hence, the second constitutive
—

equation can be rewrittenas | = —o(VV +SVT).
By substituting the thermoelectric coupled constitutive equations into the energy
conservation and charge conservation equations, we can derive the following equations:

2
v-(sﬁ) _V.(kVT) = {7 )

V-(6VV) 4 V-(6SVT) =0 (10)
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These two equations represent the coupled relationship between electric potential and
temperature. When a specific electric current is input, the electric potential and temperature
distribution in the thermoelectric materials can be solved using these equations; similarly,
when a specific temperature is input, the electric current and electric potential distribution
in the thermoelectric materials can be determined.

2.3. Boundary Conditions

This study’s boundary conditions for the numerical simulations are as follows. The
inlet of the heat exchanger is set as a fully developed flow, with a given average flow
velocity and temperature of the input fluid. The outlet of the heat exchanger is set with
zero pressure. The external surfaces of the heat exchanger are adiabatic, and for the TEG
surfaces, apart from the hot-end and cold-end interfaces, all other surfaces are adiabatic.
All solid walls are no-slip boundaries. In the TEG module, the leg of the first thermo-
couple on the far right is grounded, while all other boundaries of the TEG are set to be
electrically insulated.

2.4. Performance Evaluation Parameters

This study defines the evaluation parameters related to the thermoelectric perfor-
mance of TEGs [10,30,31] as follows. The internal resistance Rpn of a thermocouple can be
written as:

PpLlp | pnln
Rop = ——~ +°—— 11
=G0 an
The thermal conductivity K of a thermocouple can be written as:
ApA AnA
K="PP_ nn 12
P 12)

where pp, and py, are the electrical resistivities of P-type and N-type thermoelectric materials,
respectively, L, and Ly are the lengths of P-type and N-type thermoelectric materials,
respectively, Ap and Ay are the cross-sectional areas of P-type and N-type thermoelectric
materials, respectively, and A, and Ay, are the thermal conductivities of P-type and N-type
thermoelectric materials, respectively.

The Seebeck coefficient ap of a thermocouple can be written as:

Apn = &p — &n (13)

where ap and a, are the Seebeck coefficients of P-type and N-type thermoelectric
materials, respectively.

For TEG, the internal resistance Rtgg and the open-circuit output voltage Vi can be
written as:

L

ReG = N(an + zp;‘ C) (14)
C

Voe = Natpn (Th — To) (15)

where N is the number of thermocouples in the TEG, p., L., and A are the resistivity,
length, and cross-sectional area of the connecting conductor, respectively, and T, and T, are
the temperatures of the hot and cold ends of the TEG, respectively. To estimate the output
power P of the TEG, an external load resistance Ry, is connected to form a closed-circuit

current I, as follows:
VOC

= ————
RtpG + Ry

(16)

P =I’R (17)
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From the above two equations, the output power can be written as:

P= (VOC>2R (18)
~ \Rteg +Re k

When the external load resistance is equal to the internal resistance, the TEG has the
maximum output power, Pnax, which can be written as:

Voc®
Prax = 1
The net power Wyt of the TEG is:
Whet = Pmax — Wpump (20)

where Wpump is the pumping power required for the heat exchanger, which can be written
as Wpump = UinAwubeAP; Uin is the input flow rate, Aype is the flow channel cross-sectional
area of the heat exchanger, and Ap is the pressure drop between the outlet and inlet. The
heat absorbed by the hot end of the TEG Q}, can be written as:

1
Qn = apnITh + K(Tp, — Tc) — EIZRTEG (21)

By comparing the net output power with the absorbed heat, the thermoelectric conver-
sion efficiency # of the TEG can be estimated as:

_ Wnet

On (22)

2.5. Simulation Method

In this study, a three-dimensional physical model was established using the commer-
cial software COMSOL, based on the finite element method (FEM) [32]. The modules
utilized include the turbulent flow module, heat transfer module, electric current module,
and thermoelectric effect. The governing equations were discretely solved using the finite
element method. The k-¢ turbulence model was employed to address turbulence issues
for turbulent flow. Fluid dynamics were solved using the GMRES (generalized minimum
residual) Iterative Solver. Heat transfer was managed using the PARADISO (parallel
sparse direct solver) solver, and electric current issues were resolved with an algebraic
multigrid iterative solver. The convergence criteria were set to a relative tolerance of less
than 0.001.

Mesh configuration involved a physics-controlled mesh, with the overall computa-
tional domain constructed using a tetrahedral mesh. Near the heat exchanger walls, a
five-layer boundary mesh was established. A two-dimensional view of the mesh is il-
lustrated in Figure 3. The range of mesh counts used for the four different structures in
this study was approximately 5.6 x 10° to 5.7 x 10°. Detailed descriptions of mesh count
convergence and model validation are provided in subsequent sections.

2.6. Convergence Test

The numerical simulation in this study was conducted using the finite element method
(FEM) software COMSOL [32]. Prior to initiating the main analysis, convergence tests were
performed on the structures under investigation to assess the impact of grid density on the
FEM calculations. The outcomes of these tests are summarized in Table 1, which presents
the relative inaccuracies observed in the computational results of the four configurations at
different grid densities.
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z

Ly

Figure 3. Two-dimensional perspective view of the grid in the entire computational domain.

Table 1. Convergence test for four structures.

Relative Errors

Type Number of
Elements Pmax (W) Qn W) Ap (Pa) Whet (W)
240,458 —0.77% —0.33% —11.56% —12.59%
Plate fin 557,552 —0.61% —0.26% —4.33% —3.88%
1,622,522 — — — —
240,875 —0.55% —0.23% —3.63% —3.14%
Rectangular 559,387 —0.48% —0.21% —2.01% —1.75%
LVG
1,641,377 — — — —
237,358 —0.43% —0.18% —6.44% —5.98%
Delta LVG 585,168 —0.42% —0.18% —2.58% —2.12%
1,716,857 — — — —
238,511 —0.47% —0.20% —6.10% —5.72%
Trapezoidal 574,060 —0.42% —0.18% —3.17% —291%
LVG
1,759,335 — — — —

For this study, specific grid quantities were chosen for each configuration to strike an
optimal balance between solution accuracy and computational cost. The details of the grid
usage are as follows:

The TEG in the heat exchanger with flat fins utilized approximately 560,000 grids.
The heat exchangers with rectangular LVGs, triangular LVGs, and trapezoidal LVGs
employed approximately 560,000, 590,000, and 570,000 grids, respectively.

The relative errors for the computational outcomes of the configurations with flat
fins, rectangular LVGs, triangular LVGs, and trapezoidal LVGs were maintained below
4.4%,2.1%, 2.6%, and 3.2%, respectively. This careful selection of grid densities ensures the
simulation results are accurate and computationally efficient.
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2.7. Model Validation

To ensure the reliability of the simulation method used in this study, we compared our
simulation results with experimental data from the literature. Specifically, we referenced
the measurements by Li et al. [33], who recorded the temperatures of a thermoelectric
generator (TEG) installed between two heat exchangers. Figure 4 presents the temperature
distribution at the hot and cold ends of the TEG. The operating conditions were set so that
both heat exchangers received fluid at a constant flow rate of 1.3 m/s. The temperature of
the fluid entering the cold end heat exchanger was fixed at 285 K, while the temperature of
the fluid entering the hot end heat exchanger varied from 323 K to 363 K (in increments of
323K, 333K, 343 K, 353 K, and 363 K).

370
@ Th,experiment
360 1
ke Tc,experiment
3501 — Th,simulation ~
—— T . . .‘.””‘,
340+ c, simulation — i
g 3301
320 %~
310+
300
2901
VO R g p— e R -7
280

325 330 335 340 345 350 355 360 365
Th,inlet (K)

Figure 4. Temperature distribution at the hot and cold ends of the TEG: a comparison of experimental
measurements [33] and simulation results.

The results showed that the average temperatures at the hot and cold ends of the
simulated TEG closely matched the experimental data, with relative errors within 1%. This
verification demonstrates the reliability of the simulation methods used in our study.

3. Results and Discussion

To comprehend the impact of fins and LVGs with varying shapes on the thermoelectric
conversion efficiency of TEGs within heat exchangers, the following analytical procedures
were undertaken in this investigation:

First, the fluid properties of heat exchangers with flat fins, rectangular LVGs, triangular
LVGs, and trapezoidal LVGs were analyzed, assuming a constant average inlet velocity.
Subsequently, the average inlet velocity of the warm seawater entering the heat exchanger
was varied to examine the impact of the structures above on the thermoelectric conversion
performance of TEGs under different Reynolds number operating conditions.

3.1. Fluid Dynamics Analysis

Initially, the fluid characteristics of the four heat exchanger configurations were exam-
ined while maintaining a constant average inlet velocity at the inlet of the heat exchanger.
The average velocity of the warm and cold seawater was 1 m/s.

The fluid velocity and streamline distributions in the heat exchanger with flat fins
are depicted in Figure 5. To illustrate the impact of fins on the fluid flow, the velocity and
streamline distribution data show outcomes pertaining only to the upper surface of the
heat exchanger. Figure 5a shows that a well-defined velocity boundary layer adjacent to
the tube wall is evident in the incoming flow region upstream of the heat exchanger. When
the fluid encounters the fins within the heat exchanger, the flow velocity between the fins
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increases due to the reduced cross-sectional area. Additionally, the fins introduce flow
resistance, decreasing velocity downstream.

Velocity (m/s)

[

¥ 3.4x10™

Streamlines

Figure 5. Fluid velocity distribution chart (a) and streamline distribution chart (b) for heat exchangers
with flat fins.

Figure 5b shows that when fluid in the central region meets the fins, it maintains
forward motion along the fin surfaces. This facilitates heat transfer from the fluid to the
TEG below via conduction.

The fluid velocity distribution and streamline patterns in a heat exchanger equipped
with rectangular LVGs are presented in Figure 6. Figure 6a shows the velocity distribution
previously analyzed. Near the upstream pipe wall of the heat exchanger, a lower velocity
indicates the presence of a boundary layer. As the fluid flows through the rectangular LVGs
in the heat exchanger’s midsection, it undergoes a significant change in velocity due to
flow resistance. The velocity is notably higher in the central region and along the lateral
edges of the rectangular LVGs, whereas it is lower behind these generators.

The x-y cross-sectional analysis showed that the triangular LVG region created by
the vortex generators significantly influences the velocity compared to flat plate fins. This
change in velocity also disrupts the velocity boundary layer, thinning it near the pipe wall
as the fluid moves past the rectangular LVGs.

Figure 6b illustrates the streamline distribution, highlighting how some streamlines
form three-dimensional vortices in the presence of the rectangular LVGs. The observed
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streamline and velocity distributions show that vortices correspond to lower velocities,
while regions without vortices display high velocities.

Velocity (m/s)

A193

¥ 1.91x107°

Streamlines

Figure 6. Fluid velocity distribution chart (a) and streamline distribution chart (b) for heat exchangers
with rectangular LVGs.

The vortices generated by the LVGs affect the flow in two main ways: (1) they alter the
initial velocity boundary layer, and (2) they disturb the thermal boundary layer, thereby
enhancing heat transfer [12]. These vortices transfer heat to the TEG below, affecting
thermoelectric conversion efficiency.

Figure 7 demonstrates the flow rate and pattern of streamlines in a heat exchanger with
three triangular LVGs. Figure 7a shows the velocity distribution, while Figure 7b displays
the streamlines. A noticeable velocity change occurs as the fluid flows over the triangular
LVGs in the central region of the heat exchanger. The velocity decreases downstream of the
triangular vortex generators due to induced vortices.

The x—y cross-section analysis indicated that the velocity impact near the TEG pipe
wall is significantly lower with triangular vortex generators than rectangular ones. This
difference is attributed to the smaller surface area of the triangular vortex generators, which
reduces the vortex generation region.

In the x—z plane, the streamlined distribution analysis showed that vortices induced
by the triangular vortex generators are primarily concentrated in the lower triangle region
and decrease in intensity towards the top.

Figure 8 shows the fluid velocity and streamline distributions in a heat exchanger
fitted with trapezoidal LVGs. Figure 8a presents the velocity distribution, while Figure 8b
illustrates the streamline distribution. The vortices induced by the trapezoidal LVGs
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significantly alter downstream velocities. The analysis of the velocity distribution’s x-y
cross-sectional plane showed that the pipe wall velocity modification region near the
TEG is more extensive with trapezoidal LVGs than triangular ones. Furthermore, the
x—z plane’s streamline distribution showed that trapezoidal LVGs produce vortices over
a greater area than triangular LVGs. This arises from the marginally larger surface area
of trapezoidal versus triangular LVGs. The analysis of assorted LVG shapes’ flow veloc-
ities and streamlines demonstrated that geometry notably impacts velocity and vortex
strength alterations.

Velocity (m/s)

A 157

v 7.84x10™

Streamlines

Figure 7. Fluid velocity distribution chart (a) and streamline distribution chart (b) for heat exchangers
with triangular LVGs.

Consequently, integrating various LVG shapes into heat exchangers can affect
heat transfer efficiency. The following investigation assesses the impacts of heat
exchangers equipped with different LVG configurations on TEG thermoelectric
conversion performance.

The temperature unevenness at the TEG surfaces can cause thermoelectric mismatch
effects, which affect TEG performance [34]. In this study, the operating temperature of
the warm seawater is close to room temperature, at approximately 300 K. Simulation
results indicated that the temperature difference at the TEG’s hot end is less than 0.4 K.
Consequently, in the parameter calculations of this study, the thermal mismatch effect is not
considered. The TEG’s hot and cold ends are characterized by their average temperatures.
This approach simplifies the analysis and is justified by the minimal temperature differential
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observed in the simulation, suggesting a negligible impact of thermoelectric mismatch
under these specific conditions.

Velocity (m/s)

A173

¥ 5.76x107°

Streamlines

Figure 8. Fluid velocity distribution chart (a) and streamline distribution chart (b) for heat exchangers
with trapezoidal LVGs.

3.2. TEG Performance Analysis

To examine the impact of fluid Reynolds numbers on the thermoelectric conversion
efficiency of a TEG, this study varied the average velocity of warm inlet seawater, thereby
manipulating the Reynolds number. Initially, laminar conditions were not emphasized due
to enhanced heat transfer effects in turbulent flow [12]. Considering the discrepancy in
channel flow Reynolds numbers between turbulent and laminar regimes [35], the velocity
range studied was 0.2-1.0 m/s, yielding Reynolds numbers of 2940.2 to 14,701. TEG
performance metrics included maximum output power, pumping power requirements, net
power, and thermal conversion efficiency.

Heat exchangers were modeled with flat fins, rectangular LVGs, and triangular LVGs,
as shown in Figure 9. The black line denotes the empty cavity heat exchanger. Colored lines
signify triangular LVGs at various angles 6 (30-150°). Dashed lines indicate rectangular
LVGs at several angles 0 (0-150°), where 0 = 0° represents flat fins. Figure 9a shows that
TEG output power rises with increasing Reynolds numbers. Additionally, rectangular
and triangular LVG heat exchangers boosted output versus the empty cavity. Through
a comparison of geometries at equal angles, ® showed that reduced vortex extent for
triangular LVGs disturbs boundary layers less effectively, consistent with prior analyses of
flow velocities and streamlines, thereby exhibiting lower output power.
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Figure 9. Trends in changes in (a) maximum output power, (b) pumping power, (c) net output
power, and (d) thermoelectric conversion efficiency with Reynolds numbers for TEGs installed in
heat exchangers with flat fins, rectangular LVGs, and triangular LVGs.

Figure 9b indicates minimal pressure drop changes at lower Reynolds numbers. How-
ever, intensifying changes at higher Reynolds numbers require substantially more pumping
power. At identical 8, lower resistance in triangular LVGs reduces pressure drops and
pumping requirements more than rectangular LVGs. Flat fins and empty cavities require
the least pumping power.

Figure 9¢,d exhibit comparable TEG net output and conversion efficiency trends, re-
spectively. Although rectangular LVGs elevate output, associated pumping power prompts
sharp declines in efficiency with rising Reynolds numbers. Conversely, modest pumping
needs for triangular LVGs minimize efficiency reductions at lower Reynolds numbers than
rectangular types.

In summary, at 0.2 m/s (Reynolds number 2940.2), TEG efficiency for rectangular
and triangular LVG heat exchangers is substantially higher than that of empty cavities.
Configurations that optimize efficiency feature flat fins with 30° rectangular LVGs or
45-60° triangular LVGs. Thus, triangular LVGs mitigate the substantial pumping re-
quirements of rectangular LVGs, but limited output power restricts exceeding the peak
efficiency of optimized rectangular LVG designs. The ideal enhancement would enhance
vortex intensity to elevate output power while preserving minimal fluid resistance and
pumping energy.

Figure 10 depicts the thermoelectric conversion parameters of thermoelectric genera-
tors (TEGs) installed in heat exchangers with flat fins, rectangular LVGs, and trapezoidal
LVGs. The black solid line represents an empty cavity heat exchanger, while colored
solid lines indicate trapezoidal generators at various inclination angles (6 = 30, 45, 60,
120, 135, and 150°). The dashed lines signify rectangular generators at different angles
(6 =0, 30, 45, 60, 120, 135, and 150°), where 8 = 0° corresponds to flat fins. Figure 10a
illustrates the TEG output power. Compared to triangular generators in Figure 9a, trape-
zoidal ones demonstrate enhanced output capacity due to a larger surface area and
more robust vortex effects. However, the slightly higher drag of the trapezoidal de-
sign necessitates additional pumping power, as shown in Figure 10b. Figure 10c,d de-
pict the TEG net output power and thermoelectric conversion efficiency, respectively.
Trapezoidal LVGs achieve superior conversion efficiency at equal inclination angles over
rectangular LVGs.

To comprehensively assess the influence of inclination angle on the thermoelectric
conversion performance of TEGs with various LVG shapes, our investigation primarily
focused on the operational state exhibiting maximum thermoelectric conversion efficiency.
This corresponds to a flow velocity of 0.2 m/s with a Reynolds number of 2940.2. The
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analysis focused on the impacts of inclination angle on rectangular, triangular, and trape-
zoidal LVGs at this flow velocity, as depicted in Figure 11. The dashed line denotes flat
fins, while solid lines represent the three LVG configurations: rectangular, triangular,
and trapezoidal. Figure 11a,b illustrate output and pumping power values, respectively.
The findings demonstrate that for both slight (6 = 30, 45, 60°) and steep (6 = 120, 135,
150°) inclination angles, output power and pumping power escalate as the angle ap-
proaches 90°. Additionally, shallow angles (6 = 30, 45, 60°) confer greater output power
than steep angles (0 = 120, 135, 150°), enhancing TEG conversion efficiency. A compari-
son of the different shapes shows that triangular generators have the lowest output and
pumping power, while rectangular ones exhibit the highest without achieving maximum
efficiency. Alternatively, the trapezoidal design balances output and pumping power
more effectively than rectangular and triangular configurations. Consequently, trape-
zoidal LVGs inclined at 30° demonstrate superior conversion efficiency over conventional

0.025 -« Plate fin (rectangular, 0°) —#— Winglet LVG, trapezoidal, 30°
a _________ 4 Winglet LVG, rectangular, 30° =¥~ Winglet LVG, trapezoidal, 45° (b)
0.25 1 - ¥- Winglet LVG, rectangular, 45° = Winglet LVG, trapezoidal, 60°
0.024 A+ Winglet LVG, rectangular, 60* Winglet LVG, trapezoidal, 120°
Winglet LVG, rectangular, 120° == Winglet LVG, trapezoidal, 135° Y
£
— § 0.20 | . 4+ Winglet LVG, rectangular, 135*  —8— Winglet LVG, trapezoidal, 150° S
= 0023 = - @ Winglet VG, rectangular, 150° @~ Empty
x 2015
% £
£ 0.022 4. Plate fin (rectangular, 0°) —#— Winglet LVG, trapezoidal, 30° a2
a -+ Winglet LVG, rectangular, 30° ¥ Winglet LVG, trapezoidal, 45* = o010
0.021 ¥. Winglet VG, rectangular, 45°  —&- Winglet LVG, trapezoidal, 60°
: -A- Winglet VG, rectangular, 60° Winglet LVG, trapezoidal, 120°
Winglet LVG, rectangular, 120°  —~ Winglet LVG, trapezoidal, 135° 0.05
0.020 -~ Winglet LVG, rectangular, 135°  ~#— Winglet LVG, trapezoidal, 150°
g -@- Winglet LVG, rectangular, 150°  —@= Empty
0.00
4,000 6,000 8,000 10,000 12,000 14,000 4,000 6,000 8,000 10,000 12,000 14,000
Re Re
0.010 0.12
= Plate fin (rectangular, 0°) ~— Winglet LVG, trapezoidal, 30° « Plate fin (rectangular, 0°) ~#— Winglet LVG, trapezoidal, 30°
........ - Winglet LVG, rectangular, 30°  ~¥- Winglet LVG, trapezoidal, 45° - Winglet LVG, rectangular, 30°  ~¥~ Winglet LVG, trapezoidal, 45°
0.008 - Winglet LVG, rectangular, 45° =&~ Winglet LVG, trapezoidal, 60° 0.10 - Winglet LVG, rectangular, 45° == Winglet LVG, trapezoidal, 60°
: -4+ Winglet LVG, rectangular, 60° Winglet LVG, trapezoidal, 120° + Winglet LVG, rectangular, 60° Winglet LVG, trapezoidal, 120°
Winglet LVG, rectangular, 120°  —f Winglet LVG, trapezoidal, 135° < 0.08 Winglet LVG, rectangular, 120°  —— Winglet LVG, trapezoidal, 135°
= 0.006 -d- Winglet LVG, rectangular, 135°_ —#— Winglet LVG, trapezoidal, 150° - - Winglet LVG, rectangular, 135°  —#— Winglet LVG, trapezoidal, 150°
= @ Winglet LYG, rectangular, 150° == Empty > - Winglet VG, rectangular, 150° - —@= Empty
= - 2 0.06 B
9 0.004 .%
- & 0.04
= £ .
0.002 w 0.02
el © 5\ | ) \ |
4,000 6,000 8,000 10,000 12,000 14,000 4,000 6,000 8,000 10,000 12,000 14,000
Re Re

Figure 10. Trends in changes in (a) maximum output power, (b) pumping power, (c) net output
power, and (d) thermoelectric conversion efficiency with Reynolds numbers for TEGs installed in
heat exchangers with flat fins, rectangular LVGs, and trapezoidal LVGs.
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4. Conclusions

The LVGs produce vortices that disrupt boundary layers and enhance heat transfer.
Furthermore, integrating LVGs and heat exchangers can improve the thermoelectric con-
version efficiency of TEGs beyond their applications in thermal fluid systems. The primary
objective of this study was to examine the influence of various geometries of winglet-type
LVGs on the thermoelectric conversion efficiency of TEGs implemented in OTEC systems.

Using a numerical simulation, this study aimed to evaluate the impact of different heat
exchanger designs—including flat fins, rectangular, triangular, and trapezoidal LVGs—on
the thermoelectric conversion performance of TEGs. Fluid dynamic characteristics were
examined for heat exchangers with four internal structures, focusing on fluid velocity
and streamline distributions. Moreover, by installing TEGs in the four heat exchangers,
thermoelectric conversion performance was assessed across various Reynolds numbers
based on critical metrics such as maximum output power, pumping power, net output
power, and conversion efficiency.

The key findings are summarized as follows:

1. An analysis of flow velocity distributions and streamlines showed that flow velocities
notably decrease in heat exchanger areas influenced by LVGs while faster speeds
persist in vortex-free regions. The vortices can disrupt the original boundary layer
thickness, enabling heat transfer to the TEGs below through vortex effects, thereby
impacting TEG thermoelectric conversion performance.

2. Ananalysis of heat exchangers with LVGs of varying geometries showed that vortex
generator shape significantly impacts flow velocity changes and vortex strength.
Rectangular vortex generators affect a much wider area than flat fins, markedly
thinning the boundary layer as fluid flows past them near the pipe wall.

3. Due to their smaller surface area, triangular vortex generators produce vortices over a
smaller region versus rectangular ones, concentrated in the lower half, with weakening
vorticity approaching the upper end. Having a slightly greater area, trapezoidal vortex
generators influence flow velocities and vortex generation over a broader area than
triangular ones.

4. All four heat exchanger internal structures—flat fins, rectangular, triangular, and
trapezoidal LVGs—enabled higher TEG output power over the empty cavity type.
However, the greater pumping power required with vortex generators causes TEG
conversion efficiency to sharply decline with rising Reynolds numbers.

5. While triangular vortex generators mitigate the high pumping power of rectangular
ones, insufficient output power prevents them from exceeding the efficiency of flat fins
or 30° rectangular vortex generators. Compared to triangular generators, trapezoidal
ones improve output power and achieve superior conversion efficiency at the same
inclination angles as rectangular vortex generators.

6. At0.2m/s flow velocity (Re = 2940.2), TEG conversion efficiency achieved higher
levels with LVG heat exchangers over the empty cavity type. Increasing the inclination
angle toward 90° boosts both output and pumping power. Moreover, shallow angles
(6 =30, 45, and 60°) confer greater output power over steep angles (6 = 120, 135, and
150°) for improved TEG conversion efficiency.

7. In conclusion, trapezoidal LVGs attain a better balance between output and pumping
power than rectangular and triangular configurations. Hence, trapezoidal vortex
generators inclined at 30° attain maximum conversion efficiency, exceeding flat fins.

8. This study neglected the thermal mismatch effect due to the relatively low oper-
ating temperatures. However, it is essential to note that the uneven temperature
distribution causing thermal mismatch could become more pronounced as operating
temperatures increase. This issue is significant for thermoelectric components in
numerical computations and practical applications. It is believed that considering the
impact of thermal mismatch on thermoelectric performance represents a worthwhile
direction for future research. This aspect could yield crucial insights for developing
and optimizing thermoelectric systems, especially in high-temperature environments.
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