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Article Info. Abstract

This paper aims to enhance the performance of thermoelectric generators (TEGs) in converting waste heat into electrical
energy by employing nanofluids. The research addresses the limitations of traditional working fluids like water, which
. have low thermal conductivity, and explores the use of nanofluids in a thermosiphon system integrated with a TEG. The
Received CFD tool used in this work is ANSYS Fluent R23 for solving the problem, and the turbulent flow is modeled using the
15 January 2025 SST k-® model. The second-order upwind discretization scheme is used for solving the energy, continuity, and momentum
equations. The study starts with analyzing heat sink geometry, focusing on fin height and spacing. Simulations demonstrate
that reducing fin spacing from 5.50 mm to 2.50 mm, despite 70% reduction in the fins' number, optimizes performance by
increasing the wetted surface area, thereby lowering heat sink temperatures. Similarly, increasing fin height to an optimal
range of 5-25 mm improves heat dissipation, even though it reduces the local convection heat transfer coefficient,
highlighting the importance of surface area in passive cooling systems. The study also explores the cooling potential of
Al:0Os and CuO water nanofluids at a 4% concentration. Al:Os-water reduces the heat sink temperature by 17%, while
CuO-water achieves a 13% reduction. Further increases in nanoparticle concentration enhance the cooling performance,
with an additional temperature drop of approximately 8°C observed. Under extreme conditions with a heat flux of 75,000
W/m?, the optimized heat sink design maintained a cold-side temperature of 39 °C when cooled by the Nano fluid. The
simulations visually confirm the system’s effectiveness, demonstrating how geometric optimization and advanced
materials work together to enhance TEG performance. This investigation offers valuable insights for improving energy
conversion technologies, particularly in waste heat recovery.
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1. Introduction

Numerically, the effects of nanofluids on the thermal energy performance of a thermosiphon heat transporting system coupled with a
thermoelectric generator (TEG) are explored, and major increases in the efficiency of heat transfer and energy conversion are obtained.
Nanofluids are fluids consisting of suspended nanoparticles, and their application is to increase the heat transfer capabilities of thermosiphon
systems, which are heat transfer systems that rely on a phase change process to efficiently transfer heat [1]. Nanofluid integration in
thermosiphon systems can improve heat transfer efficiency, which will be important to enhance the TEGs' performance, which requires a
temperature differential to leverage Seebeck's effect to generate electricity [2, 3]. The use of Nano fluids like A1203, TiO2, and graphene
increases the cooling performance of TEG systems leading to enhanced output power and conversion efficiency [4-6]. For instance, we
demonstrate that TEGs operated with A1203 nanofluids have a 70% increase in maximum power output and a 45% increase with SiO2
nanofluids [2]. In addition, it is demonstrated that Nano fluids made using TiO2 can improve TEG performance by 17% than distilled water,
providing a better cooling alternative [5]. Further improvement can be seen in the segmentation of thermoelectric legs, especially for a 2n-1p
configuration, and hollow leg structures show better performance than filled ones [5]. Furthermore, Nano fluids can enhance the heat collection
and cooling process, as shown by the emergence of Nano fluidic thermosiphon heat sinks that have exhibited enhancements in cooling capacity
and performance at proper nanoparticle concentrations [7, 8]. Since then, it has been shown that Nano fluids also can be integrated into the TEG
systems for WHR applications, which can contribute greatly to improving the heat transfer process and raise their efficiency [3]. Also, in solar
thermoelectricity generating systems, the use of nano-fluid simplifies heat exchange, reduces thermal energy loss, and increases the net system
efficiency [6]. These findings have been further validated with numerical models and simulations, for example, using ANSYS Workbench,
which have shown that nanofluids could dramatically increase the performance of the TEG system [5]. For instance, graphene nanoplatelet
aqueous nanofluids have shown increases of 26.39% in output power, and 14.74% in conversion efficiency of TEG systems [6].

The potential of Nano fluids to revolutionize the design and operation of thermosiphon systems and TEGs is thus established, providing a basis
for more efficient and sustainable energy solutions. But more work, in both the operational and material development areas, will be needed
before these systems can achieve full-scale commercialization[3]. Through numerical investigation, Nano fluids show promising ability in
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Nomenclature & Symbols

TEG Thermoelectric Generator SDD Simulation-Driven Design
WHR Waste Heat Recovery PCM Phase Change Material

HTPF Hydro-Thermal Performance Factor Aabs Area of the Absorber Plane (m?)
CFD Computational Fluid Dynamics p Density of fluid (kg/m?)

enhancing the thermal energy efficiency of TEGs coupling systems, contributing to more effective energy conversion and utilization. As well,
through numerical investigations of different fin configurations in thermoelectric generator (TEG) interacting heat sinks, significant input into
optimizing thermal energy performance in thermosiphon systems can be gained. Effects of fin shapes, arrangements and materials on the
efficiency and power output of TEG systems have been studied in many studies. For example, application of inclined and combined fins in heat
exchangers has resulted in 29% and 35% increase in net power output and overall efficiency, respectively, over straight fins without exceeding
the maximum allowable stress limit [9]. Twisted fins with diamond-shaped perforations at a twisting angle of 540° can provide a 25%
enhancement in the hydrothermal performance factor (HTPF) and a 46% increase in the Nusselt number, similar to the results reported in [10].
Shark scale-based fins in microchannel cooling systems also demonstrate improved heat transfer rates and reduced friction losses, particularly
when using nanofluids like graphene oxide and silver, which result in a performance criterion larger than one [11]. Curved fins have been
discovered in thermal power generation systems used to recover waste heat in ships, where these fins contribute to the creation of tip leakage
vortices. This enhances the efficiency of power generation and heat transfer compared to straight fins [12]. In high-concentrated solar cells,
sinusoidal fins in micro-channel heat sinks can significantly improve electrical performance, with efficiency gains observed by increasing the
number of fins and adjusting the sine wave's amplitude and wavelength [13]. Sickle fins integrated into the polygonal heat exchangers in TEG
systems improve power output and temperature uniformity, although higher pressure drop may occur[14]. Studies have shown that pin fins,
especially in staggered configurations, enhance the thermal-hydraulic coefficient of performance and power generation capacity, with thicker
fins resulting in higher power output [15]. Specifically designed cooling fins, such as 17-pin fins, can contribute to enhanced thermal efficiency
and improved performance in power cable surface waste heat recovery applications [16]. Finally, increasing the fins' number in the heat sink
can contribute to lowering the junction temperature and increasing heat dissipation. However, having too many fins may degrade the thermal
benefit [17]. This set of studies collectively demonstrates the vital role fin configuration plays in improving thermal energy performance of
TEG — thermosiphon systems, further emphasizing the need for fin design that represents the best efficiency and power output under different
system conditions.

This study examines the effects of nanofluids on the characteristics of the thermal cell system and the performance of thermal energy for thermal
energy conversion units (TEG) through numerical methods. The main challenge in this regard is to improve the efficiency of heat transfer in
thermosiphon systems to achieve better performance in TEG units. Previous research has shown that nanofluid technology has great potential
to increase cooling and energy production capacity in TEG systems. However, more research is needed to better understand the capabilities of
these fluids in enhancing the process of transforming energy and increasing the efficiency of the system.

2. Materials and Methodology

We utilized ANSY'S Fluent R23 for the simulations, leveraging its licensed computational fluid dynamics (CFD) capabilities. A pressure-based
solver was employed to model fluid flow and heat transfer under steady-state conditions. To accurately capture turbulence effects, we
implemented the k-omega SST (Shear Stress Transport) model, known for its effectiveness in predicting adverse pressure gradients and
separated flows. The governing equations for mass, momentum, and energy transfer were solved using a second-order accurate upwind scheme
to enhance solution precision. The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm was employed for pressure-
velocity coupling. Convergence was monitored by tracking the residuals of the governing equations, with a convergence criterion set to le-6
for all residuals. (Fig. 1) presents the Flowchart of the CFD simulation.

2.1. Geometric modelling and computational domain

Ansys Fluent was used to simulate the combined fluid flow and heat transfer. A wide range of parameters were investigated using the numerical
formulation, validated successfully with experimental results. This capability facilitates the heat dissipation system's simulation-driven design.
Within the geometry, various spacings of fins and heights were numerically examined to optimize for minimal thermal resistance and understand
their impact on overall heat transfer. The 3D computational domain includes the tank volume, the inner wall of the pipe, multiple outer walls,
the heater mass, and the fluid-free surface, without modeling the thickness of the tank and pipe walls. A specific heat flux is applied to an area
of 40 mm x 40 mm in the aluminum heat sink base to simulate the thermal signature of a TEG. The model simulates the fluid inside the heat
sink, as well as the feed and return lines, tank, and manifold. Since the manifold housing is thermally connected to the hot bed, it contributes to
the transfer of heat to the confined fluid, which is considered a transfer effect. To simplify the model and reduce solution times, symmetry is
applied whenever possible. (Fig. 2) shows the model simulation with the main dimensions.

2.2. Mesh generation

A meticulously designed mesh is a cornerstone of accurate and reliable computational fluid dynamics (CFD) simulations. In this paper, the
meshing process was discretized in the selected TEG system, ensuring that it captures the intricate fluid dynamics and heat transfer phenomena
under investigation. After a rigorous grid independence test, the mesh was structured and fine-tuned to strike a balance between computational
efficiency and resolution.

The meshing strategy adopted in this study employs a structured Polyhedral mesh approach to represent the radiator geometry effectively (Fig.
3). Structured meshes consist of well-organized cells or elements that align with the geometry's contours and boundaries, enhancing the accuracy
of flow and heat transfer predictions.
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Fig. 1. Flowchart of CFD simulation

Fig. 3. Polyhedral mesh for TEG system
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2.2.1. Mesh element size and grid independence test and validation

One of the critical aspects of numerical simulations is ensuring that the obtained outcomes are independent of the discretization level or grid
resolution. The precision and accuracy of numerical findings are often proportional to the mesh size, with finer grids typically yielding more
accurate solutions, albeit at a higher computational cost. To strike a balance between computational efficiency and solution accuracy, it is
essential to perform a grid independence study.

In the present research, a grid independence study was conducted to determine the appropriate element size for the numerical simulations. Five
distinct element numbers were selected for this purpose: 250638, 504525, 845260, 948925, 1083256, and 1462638 elements. The objective was
to assess the variation in the computed results, specifically the heat transfer coefficient distribution over the heat sink, as the grid resolution was
increased.

The results of the grid independence study are presented in Table 1. This table depicts the heat transfer coefficient distribution over the heat
sink for the different grid resolutions considered. By analyzing the data, it was observed that the relative percentage error between the results
obtained with 1083256 and 1462638 elements was only 0.88%. Such a small discrepancy is typically considered negligible in numerical
simulations, indicating that further mesh refinement would not yield significantly different results.

Consequently, based on the grid independence study, a grid size of 1083256 elements was deemed appropriate for the present research. This
choice strikes a balance between computational efficiency and numerical accuracy, as the solutions obtained with this mesh size can be
considered grid-independent, or independent of the discretization level. By establishing grid independence, confidence in the numerical findings
is enhanced, and the simulations can proceed with the assurance that the results are not unduly influenced by the mesh resolution.

Table 1. Variation in average Nusselt number as a function of mesh size

Elements number havr Relative error
250638 385236
504525 408.235 5.63 %
845260 420.235 2.85%
948925 431.235 2.55%
1083256 442.2402 2.48 %
1462638 446.2056 0.88 %

The presented system is verified by comparing its outcomes with the numerical data from Chen et al [18]. The TEG is evaluated under identical
operating conditions, where the temperature is kept constant at 303 K on the cold side and varied from 340 K to 430 K on the hot side. All
input data, parameters, and configurations are kept the same as in the Chen et al. model [18].

Fig. 3 compares the results of the current model with Chen et al [18]. Numerical findings for the TEG's output power as a function of the hot
side's temperature, as shown in Fig. 4, demonstrate good agreement between the current scheme's outcomes and the numerical results presented
by Chen et al [18]. This suggests that the designed system offers a solution with a high precision, reliability in computations, and more effective
handling of electrical and thermal field parameters compared to the previous study.
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Fig. 4. The developed TEG system's output power compared with the results of Chen et al.[18]
2.3. Assumptions and boundary conditions

In a passive liquid cooling system's simulation-driven design for a TEG, several key assumptions and boundary conditions are made to facilitate
accurate modeling of thermal and fluid dynamics. The simulations assume steady-state conditions, with constant temperatures and heat flows
over time. The thermal properties of materials, such as density, specific heat, and thermal conductivity, are considered constant and do not vary
with temperature, while radiative heat transfer is deemed negligible compared to conductive and convective heat transfer. The flow within the
thermosiphon is assumed to be laminar, simplifying fluid dynamics calculations, and the generated heat by the TEG is assumed to be steadily
distributed across its surface. The resistance of thermal contact between the TEG and the heat sink, as well as between other contacting surfaces,
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is considered negligible. The convective heat transfer coefficient is assigned to surfaces that are exposed to airstream or fluid, and boundary
conditions specify the temperature of the hot side, cold side, and ambient. For surfaces where heat transfer is negligible, adiabatic boundaries
are employed. Coolant circulation is the result of proper inlet and outlet conditions with the pressure drop and flow rate adjusted for natural
convection and is subjected to the no-slip condition at solid-fluid interfaces. Modeling of their behavior is simplified by assuming that nanofluid
properties are homogeneous and isotropic. Setting up finite element or computational fluid dynamics (CFD) models involves many assumptions
and boundary conditions essential for simplifying the problem so that it achieves sufficient accuracy. The results are validated against
experimental data to verify that the assumptions and boundary conditions are effective for real world applications.

2.4. Governing equations

The governing equations for a passive natural heat transfer thermosiphon in transient flow involve the conservation of mass, momentum, and
energy. These equations describe how the fluid moves and how heat is transferred within the thermosiphon over time. The equations can be
expressed as follows:

= Conservation of Mass (Continuity Equation)
The continuity equation ensures that mass is conserved within the thermosiphon system. It can be written as:

]

a—':+V-(pV)=0 1)
In obve equation, v, t, and p represent the velocity vector, time, and fluid density.

=  Conservation of Momentum (Navier-Stokes Equation)
The momentum equation describes the forces acting on the fluid. Natural convection in a thermosiphon can be simplified under the Boussinesq
approximation, assuming density variations are significant only in the buoyancy term. The equation is:

]

p (th + (v- V)V) = —Vp + uV2v + pgB(T — Ty) 2)
In obve equation: u and p denote to the dynamic viscosity and pressure; T and T, are the local and reference temperature, respectively; and g
and P represent the gravitational acceleration vector and thermal expansion coefficient.
=  Conservation of Energy
The energy equation describes the temperature distribution within the fluid. It is given by:

pCe (S +V -VT) = KV?T 3)
In this statement: K and C; are the thermal conductivity and the specific heat capacity, respectively.

2.5. Thermophysical properties of nano fluid

The single-phase approach makes simplifying assumptions by treating the nanofluid as a homogeneous mixture with uniform properties, while
there may be non-uniformity, particle clustering, slip velocity between phases, and effects like sedimentation and thermophoresis that are not
accounted for. It uses approximate empirical correlations to estimate the thermophysical properties like viscosity and thermal conductivity,
whereas the actual values depend on factors like particle shape, interactions, and concentration. These limitations of assuming a homogeneous
single-phase mean the model may not reliably predict the true nanofluid behavior, especially at higher particle loadings. The numerical results
can deviate from experimental values due to the approximate nature of the single-phase assumptions. More complex discrete phase models may
be needed for accuracy by explicitly accounting for the solid nanoparticles and their interactions.

As mentioned previously, some experimental results have helped characterize nanofluid properties by using classical models derived from
single-phase mixtures. The subsequent equations can be utilized to calculate the Nano fluids' density and specific heat capacity [19-22].

Pnf = ¢ppp + (1 - q)p)pbf 4)
Equation 3 first employs the specific heat [19-28].

_ PpPpCp+ (1= &p) ppfCpy
Pnf (5)

As previously stated, it is worth noting that classical models may not yield the same level of advantages and efficacy as experimental data. In
this study, the thermal conductivity and viscosity values reported by [29, 30]. It was used to obtain the most accurate numerical results for both
nanofluids and hybrid nanofluids at various volumetric concentrations.

Cur

Thermal conductivity of nanofluid:

0.

K 10 k 03
2 = | + 4.4Re04Pr0 (i) (—”) R (6)

Koy Trr Koy
The Reynolds number of nanoparticles is expressed as:

Pprupdp
Re = 2257
¢ T (7

The nanoparticle Brownian velocity up is determined by:

2KkpfT

Up = ol 3

The Corcione model [29] was used with high accuracy in this work to measure the viscosity of nanofluids and hybrid nanofluids.
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Bf=0.1(mn— 0 (10)

In the above equation:

M: Molecular weight of water, M (kg/mol) = 1.80E-02.
N: Avogadro number, N (mol” (-1)) =6.02E+23.

2.6. Coupled heat transfer and thermoelectric equations for TEG simulation

The equations used to simulate the Thermoelectric Generator (TEG) in ANSYS Fluent involve coupling the heat transfer equations with the
thermoelectric effects. The key equations involved in the simulation are:

2.6.1. Heat Transfer Equations

=  Conduction: Fourier's Law of Heat Conduction
This law describes the heat transfer by conduction, and it is given by:
q=—kVT (an

In the above equation, VT, k, and q are the temperature gradient, thermal conductivity (W/m-K), and heat flux (W/m?), respectively.

=  Convection: Newton's Law of Cooling
This law describes the heat transfer by convection, and it is given by:

q = h(Ts — To) (12)

In this equation, Ts and T are the surface and fluid temperature sufficiently far from the surface, while q and h represent the heat flux (W/m?)
and convective heat transfer coefficient (W/m?-K), respectively.

2.6.2. Thermoelectric Effects
2.6.2.1. Seebeck Effect: The generation of an electrical potential (EMF) as a result of a temperature gradient across a thermoelectric material.

2.6.2.2. Peltier Effect: The absorption or release of heat at the junction of two different conductors as a result of the flow of an electric current
through the junction.

2.6.2.3. Thomson Effect: The absorption or release of heat as a result of the flow of electric current through a conductor in which there is a
temperature gradient.

The equations governing thermal effects can be expressed as follows:

. Seebeck Effect:
V =ax* AT (13)

In this equation, V is the Seebeck voltage (or EMF), a is the Seebeck coefficient (or thermoelectric power), and AT is the temperature difference
across the thermoelectric material.

= Peltier Effect:
Q=mxl (14)
In this equation, Q is the rate of heat absorption or release, I is the electric current, and = is the Peltier coefficient.
=  Thomson Effect:
Q=p+1+3 (15)

In this equation, Q, B, dT/dx, and I represent the rate of heat absorption or release, Thomson coefficient, temperature gradient along the
conductor, and electric current, respectively.

In ANSYS Fluent, these equations are coupled with the heat transfer equations and solved iteratively to simulate the thermoelectric generator's
performance. The simulation also accounts for the thermoelectric materials' properties, such as thermal and electrical conductivity, and
thermoelectric properties (Seebeck coefficient, Peltier coefficient, and Thomson coefficient).

Additionally, ANSYS Fluent may incorporate other relevant equations and models, such as fluid flow equations (if applicable), electrical circuit
equations, and models for energy conversion and heat transfer between different components of the TEG system.

It's important to note that the specific implementation and coupling of these equations in ANSYS Fluent may vary depending on the version
and the specific settings and models used for the simulation.

3. Results and Discussion

The main objective of this research was to develop a straightforward but effective thermal hardware-based solution to the TEG cooling systems'
typical problems with parasitic power draw and long-term reliability. In this research, the system is optimized in a Simulation Driven Design
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(SDD) manner using computational fluid dynamics (CFD) simulations first by investigating the optimal geometric parameters of the heat sink
and next using nanofluids to enhance the heat transfer performance. It then computes the performance of various nanofluids as potential
replacements for the cooling system with water. Engineered colloidal suspensions of nanoparticles in a base fluid, called nanofluids, have been
shown to enhance heat transfer properties. The effect of the use of different nanoparticle materials and different concentrations on the thermal
conductivity and convective heat transfer coefficient are investigated by means of simulations. To better understand the effects of concentration
on thermal performance, multiple types of nanofluids were studied at various concentrations for which they demonstrated the best thermal
performance.

3.1. Effect of fin spacing on the heat transfer coefficient

Research on the effect of fin spacing on heat transfer performance in the passive liquid cooling system of thermoelectric generators (TEGs)
reveals an interesting interplay between competing thermal and hydraulic phenomena. This study, which is part of a broader simulation-driven
design (SDD) approach, provides important insights into improving heat sink design in low-flow natural convection systems.

Four different fin spacings were investigated: 2.50 mm, 3.50 mm, 4.50 mm, and 5.50 mm. As the fin spacing increased, the number of fins
within the fixed 40 mm X 40 mm footprint decreased from 17 to 13, 8, and finally 5 fins. This reduction in fin count is a direct consequence of
maintaining a constant fin thickness while increasing the spacing, highlighting the inherent trade-off between fin density and inter-fin gap.

Computational fluid dynamics (CFD) simulations revealed that as the spacing of fin increased, the heat transfer coefficient also increased as
shown in Fig. 5. This finding aligns with fundamental principles of convective heat transfer in natural convection systems. In such systems,
fluid motion is driven by buoyancy forces resulting from density differences caused by temperature gradients. When fins are closely spaced,
the thermal boundary layers developing on adjacent fin surfaces quickly merge, effectively choking the inter-fin channel with slow-moving,
warm fluid. This phenomenon, known as boundary layer interference, restricts the inflow of cooler fluid from the reservoir, thereby reducing
the overall heat transfer coefficient.

As the spacing of fin is increased, more room is provided for these thermal boundary layers to develop independently before merging. This
allows cooler water from the reservoir to penetrate deeper into the inter-fin channels before being heated. As a result, a greater portion of the
fin surface is exposed to cooler water, enhancing the local temperature difference and thus the local heat transfer coefficient. Additionally, the
wider spacing reduces the hydraulic resistance, allowing for stronger buoyancy-driven flows that further boost convective heat transfer.

The results also indicate that this increase in heat transfer coefficient does not necessarily lead to an overall decrease in thermal resistance. This
is because thermal resistance is inversely proportional to the product of the heat transfer coefficient and the wetted surface area. While larger
fin spacing improves the heat transfer coefficient, it simultaneously reduces the total wetted surface area available for heat transfer. For example,
increasing the spacing of fin from 2.50 mm to 5.50 mm reduces the number of fins from 17 to 5, representing a significant 70% reduction in
the number of fins and thus in the wetted surface area.

The results indicate that in this passive liquid cooling system, the loss in wetted surface area offsets any gains in heat transfer coefficient as the
fin spacing increases. The temperature distribution plots shown in Fig. 5 of the presented paper support this conclusion. At a fin spacing of 3
mm, it is observed that the thermal boundary layers do not converge before leaving the top of the channels, indicating that this spacing is not
ideal, as opposing boundary layers expand largely independently along the channel. On the other hand, a smaller fin spacing of 1 mm offers a
different thermal profile. After a short period of thermal evolution, the boundary layers interact leading to the formation of mixed sections,
where a significant rise in fluid temperature occurs along the channel. This indicates a more efficient use of the available surface area for heat
transfer.

This work underscores a critical point in heat exchanger design: maximizing heat transfer is not simply about increasing the heat transfer
coefficient. Instead, it requires a careful balance between enhancing convective heat transfer and providing sufficient surface area. In natural
convection systems, where flow velocities are inherently low, surface area often plays a more dominant role. This explains why, despite the
higher heat transfer coefficients, the larger spacing of fin 's resulted in higher thermal resistances.

The study offers valuable guidance for designing heat sinks in low-flow regimes typical of passive cooling systems. It suggests that within the
constraints of the footprint is 40mm x 40mm, and the spacing of fin range of 2.50 to 5.50 mm was checked, The spacing between the fins should
be as low as possible, because the increase in wetted surface area associated with the high packing density of the fins more than compensates
for the decrease in convective heat transfer coefficient. These insights are crucial to optimizing thermal generator systems, where efficient
cooling is necessary to maintain high temperature differences, enhancing power production and thermal efficiency.

The study exhibits that increasing the spacing of fin from 2.5 mm to 3.5 mm at hf=Smm results in a 25% boost of the heat transfer coefficient.
The heat transfer coefficient reaches 45% enhancement when the spacing reaches 5.5 mm, while 4.5 mm produces a 37.5% enhancement, and
3.5 mm creates a 25% enhancement when compared to the initial 2.5 mm spacing. The heat transfer enhancement pattern for hf=10mm exhibits
the same trends as it shows a 23.3% increase at 3.5 mm and then reaches a 40% increase at 4.5 mm while achieving a 53.3% increase at 5.5
mm when compared to the base spacing of 2.5mm. The results demonstrate that raising fin height assists heat removal, but the precise spacing
of fin arrangement continues to influence heat transfer efficiency. The heat transfer coefficient increases by 27.3% when hf=15mm at 3.5 mm,
but reaches 45.5% enhancement at 4.5 mm and 59.1% at 5.5 mm. The height of fins determines how significantly the spacing effects will benefit
heat transfer operations because better fluid circulation and reduced boundary layer interference occur when spacing increases. When using
hf=20mm as the fin height, the enhancements become even greater, resulting in 27.8% at 3.5 mm and 50% at 4.5 mm along with 66.7% at 5.5
mm. The expanded distance enables coolant fluid to penetrate effectively into the fins and produce improved convective heat transfer rates
through hotspot reduction. When fins reach hf=25mm the heat transfer coefficient attains an 80% enhancement level at 5.5 mm spacing after
increasing by 33.3% at 3.5 mm and 60% enhancement at 4.5 mm. Optimizing fin spacing proves to have significant importance in passive
cooling systems because natural convection remains the primary heat transfer mechanism.
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Fig. 5. Effect of space between fins on the heat transfer coefficient at different fin heights
3.2. Effect of fin height on the heat transfer coefficient

In this section of the study, four different fin heights were investigated: 5 mm, 10 mm, 15mm, 20 mm, and 25 mm on the heat transfer coefficient
as shown in Fig. 6.

At a fin height of 5 mm, the fins only occupy a small portion of the cavity volume inside the manifold. This allows the incoming water flow
from the inlet port to enter the manifold relatively unobstructed. The water is able to access the fin surfaces with minimal recirculation, resulting
in higher velocities and wall shear stresses near the fin bases. Consequently, the heat transfer coefficient is relatively high for this short fin case.

As the fin height increases to 10 mm, the fins start to impede the inlet flow path causing some recirculation. However, the obstruction is still
modest, and the increased surface area outweighs the small decrease in heat transfer coefficient. The net result is an improvement in overall
heat transfer performance.

Continuing to increase the height to 15 mm and 20 mm, the fins occupy an even larger portion of the manifold cavity volume. This forces the
inlet water to recirculate significantly before reaching the fins. While providing more surface area, the deteriorating flow conditions with
increasing recirculation start to notably reduce the heat transfer coefficient due to the lowering of the wall shear stresses.

By 25 mm fin height, the fins extend across most of the manifold cavity height. The inlet flow is now severely constricted, resulting in substantial
recirculation zones and stagnant flow regions near the fin bases. The heat transfer coefficient drops sharply as the wall shear stresses decrease
with the declining flow velocities along the fins. Despite having the maximum surface area, the poor convective heat transfer negates potential
benefits.

So in summary, increasing fin height from 5 mm initially improves overall heat transfer by providing more surface area without excessively
disrupting the flow. However, once the fins become too tall (beyond ~20 mm for this configuration), the flow obstruction and recirculation
patterns severely impede convective heat transfer by damping velocities and wall shear stresses. This causes the heat transfer coefficient to
decrease sharply, resulting in a degradation of performance even though the surface area continues to increase.
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Fig. 6. Effect of fin height on the heat transfer coefficient at different fin spacings
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3.3. Temperature and velocity contours

The effect of spacing of fins on the temperature distribution of the heat sink base was investigated through numerical simulations, with the fin
height maintained at a constant value of 15 mm. spacing of fins configurations analyzed were 2.50 mm, 3.50 mm, 4.50 mm, and 5.50 mm, as
shown in Fig. 7.

The simulations revealed a significant impact of spacing of fin on the temperature profile of the heat sink base under natural convection
conditions. Notably, the heat sink with the smallest spacing of fins 2.50 mm exhibited the lowest temperature on the base, indicating the most
effective heat dissipation performance among the cases studied.

As the spacing of fins increased from 2.50 mm to 3.50 mm, a slight increase in the base temperature was observed. This trend continued with
further increases in spacing of fins, where the heat sink with a 4.50 mm spacing of fins displayed higher base temperatures compared to the
3.50 mm configuration. The highest base temperatures were observed for the heat sink with a spacing of fins 5.50 mm, indicating the least
effective heat dissipation among the scenarios examined.

The observed temperature distribution can be attributed to the interplay between spacing of fin and the resulting wetted surface area available
for heat transfer. With a smaller spacing of fins 2.50 mm, the number of fins in the heat sink increases, leading to a larger total wetted surface
area for heat dissipation. Despite the potential reduction in flow velocities due to increased flow resistance, the enhanced wetted surface area
contributed to more effective heat transfer from the fins to the coolant, resulting in lower base temperatures.

Conversely, as the spacing of fins increased (3.50 mm, 4.50 mm, and 5.50 mm), the number of fins decreased, reducing the total wetted surface
area available for heat transfer. Although the flow velocities may have increased slightly due to the reduced flow constriction, the reduction in
surface area outweighed this effect, leading to higher temperatures on the heat sink base.

These results highlight the importance of optimizing spacing of fin in natural convection systems to strike a balance between maximizing wetted
surface area for heat transfer and maintaining suitable flow characteristics. In the present study, the heat sink with a distance of fin 2.50 mm
achieved optimal balance, resulting in the lowest base temperature and most effective heat dissipation performance under natural convection
conditions.

In addition to the temperature distribution, the numerical simulations also provided insights into the flow velocity profiles for the different
spacing of fin configurations under natural convection conditions. The velocity contours supported the previously established relationship
between spacing of fin and flow velocities, wherein a decrease in spacing of fin led to a corresponding decrease in flow velocities.

For the heat sink with the smallest spacing of fins 2.50 mm, the velocity contours revealed the lowest flow velocities among the cases studied.
As the spacing of fins increased to 3.50 mm, a slight increase in flow velocities was observed within the fin channels as shown in Fig. 8.

This trend of increasing flow velocities with increasing spacing of fin continued as the spacing of fins was further increased to 4.50 mm and
5.50 mm. The heat sink with the largest spacing of fin of 5.50 mm exhibited the highest flow velocities within the fin channels, indicating the
least amount of flow constriction and resistance.

The observed velocity distribution can be attributed to the varying flow resistances imposed by the different spacing of fin configurations. With
a smaller spacing of fins, such as 2.50 mm, the increased number of fins in the heat sink resulted in greater flow constriction and resistance,
leading to lower flow velocities under the buoyancy-driven natural convection conditions.

Conversely, as the spacing of fins increased, the fins' number decreased, reducing the flow resistance and allowing for higher flow velocities
within the fin channels. The heat sink with the largest spacing of fin of 5.50 mm offered the least amount of flow constriction, resulting in the
highest flow velocities observed in the simulations.

These velocity results align with the previously discussed temperature distribution findings, where the heat sink with the smallest spacing of
the fins of 2.50 mm exhibited the lowest base temperatures. Despite the lower flow velocities associated with the smaller spacing of fin, the
raised wetted surface area provided by the higher fins' number contributed to more effective heat dissipation, leading to the observed temperature
reduction.

The velocity contours underscore the intricate interplay between the spacing of fins, flow resistance, and heat transfer performance in natural
convection systems, emphasizing the need for careful optimization to achieve the desired balance between these factors.
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3.4. Effect of nanofluid on heat transfer coefficient

The intent of this study was to test the enhancement of a passive liquid cooling system for thermoelectric generators (TEGs) through the use of
nanofluids. Indeed, their heat sink water was replaced by Al2Os-water and CuO-water nanofluids with different nanoparticle concentrations (1
to 4%). A heat sink geometry optimized for the given conditions, with spacing of fin 0of 2.50 mm and a fin height of 15 mm, was used to perform
computational fluid dynamics (CFD) simulations. Comparatively, this configuration resulted in better heat transfer and a larger temperature
reduction in the heat sink than the previously tested geometries.

The heat transfer performance was greatly improved when nanofluids were introduced into the cooling system. Fig. 9 shows that both Al.Os-
water and CuO-water nanofluids possess higher heat transfer coefficients than those of pure water. The higher thermal conductivity of the
nanofluids is due to the fact that the nanofluid contains highly conductive nanoparticles to disperse, which is the main reason for this
enhancement.

Interestingly, Al.Os-water nanofluid was found to have a higher heat transfer coefficient, based on the simulations. In line with expectations, it
turns out that the thermal conductivity of Al.Os nanoparticles exceeds that of CuO nanoparticles. This substantial difference in thermal
conductivity is the main reason to explain Al.Os-water nanofluid's superior performance.

The network structure that develops when nanoparticles are dispersed in a fluid allows heat conduction. Al:Os nanoparticles have higher thermal
conductivity and are able to form more heat conducting networks in the fluid than the base fluid, resulting in higher heat transfer. Since AL:Os
nanoparticles have high thermal conductivity, heat is quickly removed from the heat sink surface, traveling through the nanoparticle network
into the bulk fluid. The Al.Os-water Nano fluid exhibits an efficient heat transfer mechanism that greatly enhances the overall heat transfer
coefficient.

The heat transfer coefficient of both nanofluids increases with increasing concentration of nanoparticles. The trend persisted across the
simulations. The heat transfer capability is improved with the addition of more particles to conduct the heat and interact with the fluid. This
effect is more pronounced in the Al-Os-water Nano fluid, likely due to the higher thermal conductivity of Al.Os nanoparticles.
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It's worth noting that while this study focused on heat transfer coefficient, the ultimate goal is to reduce the thermal resistance of the heat sink,
which also depends on the surface area. The choice of 2.50 mm fin spacing and 15 mm fin height represents a balance between maximizing
surface area and maintaining adequate flow between the fins. This is in line with previous findings that decreasing the fin spacing (down to
fabrication limits) generally improves heat sink performance, despite the accompanying decrease in the convective heat transfer coefficient.

In conclusion, this computational study demonstrates that replacing water with nanofluids in the passive cooling system for TEGs can enhance
heat transfer performance. These findings suggest that Nano fluids, especially Al.Os-water, could be a promising avenue for improving the
efficiency of TEG cooling systems, potentially leading to higher power output and thermal efficiency.

In this study, the base condition of water exhibits a heat transfer coefficient at 247 W/m?K. The heat transfer coefficient reached 258 W/m?K
when the 1% concentration was used causing a 5.31% enhancement. An increase in heat transfer coefficient to 270 W/m?K happens when the
Nano fluid concentration reaches 2% which leads to an enhancement of 10.20%. The heat transfer coefficient of 285 W/m?K corresponds to a
16.33% enhancement when the Nano fluid concentration reaches 3%. Furthermore, the highest improvement of 20.41% leads to a heat transfer
coefficient of 295 W/m?K at 4% concentration.

In the case of CuO nanofluid, the heat transfer coefficient rises to 250 W/m?K at 1% concentration, enabling an enhancement of 2.04%. The
nanofluid achieves its highest heat enhancement value of 4.90% at a 2% concentration, which produces a value of 257 W/m?K. The overall
increase in the heat transfer coefficient to 265 W/m?K occurs at a 3% concentration, resulting in an 8.16% improvement. The heat transfer
coefficient reaches 272 W/m?K after increasing the concentration to 4% producing an 11.02% enhancement.
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Fig. 9. Effect of Nano fluids on the heat transfer coefficient at a fin height of 15 mm and a fin distance of 2.50 mm
3.5. Thermoelectric power generation performance

The performance of the TEG system was evaluated under high heat flux conditions, where the hot side of the system experiences a high heat
flux of up to 75,000 W/m?. In order to handle this very high thermal input on the cold side, a finned heat sink was used to keep the cold side at
a lower temperature. Fins on the heat sink were 15 mm high and spaced 2.50 mm apart, resulting in a significant surface area for adequate
thermal dissipation.

The performance of the heat sink has been significantly improved by using Nano-liquid as the coolant. This advanced cooling solution provided
excellent thermal performance and better convection heat transfer properties than conventional chillers. As a result, the heat sink effectively
reduced the cold side temperature to 39 °C, despite the high heat flux on the hot side. This substantial temperature reduction is critical for
maintaining the high temperature gradient across the TEG, which is essential for efficient thermoelectric power generation.

Fig. 10 shows the temperature contours obtained from the simulation, providing visual evidence of the thermal management's effectiveness.
These contours clearly depict the temperature distribution across the TEG system, showing a stark contrast between the hot and cold sides. This
pronounced temperature gradient is the driving force behind the thermoelectric effect, where the movement of charge carriers (electrons or
holes) from the hot side to the cold side generates an electric potential difference.

Fig. 11 shows the voltage contours derived from the simulation, further corroborating the TEG's power generation capability. These contours
illustrate the spatial distribution of electrical potential across the TEG module, indicating regions of higher and lower voltages (1.07 to 11.07
mV). The presence of these voltage gradients confirms that the Seebeck effect is effectively converting the temperature difference into electrical
energy.

Similarly, the current density contours shown in Fig. 12 provide insight into the flow of electric charges within the TEG. These contours show
the magnitude and direction of current flow, which is a direct result of the voltage difference created by the temperature gradient. Higher current
densities signify more substantial charge carrier movement, translating to greater power output.

In summary, our TEG system, when exposed to a high heat flow of 75,000 W/m?, successfully generated electrical power. The cold side
temperature of 39 °C was maintained, which was attributed to the effective thermal management supplied by the finned heat sink cooled by the
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nanofluid. Voltage and current density contours have also shown that the resulting high temperature gradient induced a strong thermoelectric
effect. We see our TEG results as enhancing the potential of our system in high-flow applications, where large amounts of waste heat can be
transformed into useful electrical energy.

B: Thermal-Electric
Temperature

Type: Temperature
Unit: °C

Time: 1 s

Custom

Max: 282.51

hin: 39

282.51
255.45
2284
201.34
174.28
147.22
12017
93.114
66.057
39

Fig. 10. Simulated temperature distribution in the TEG configuration
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Fig. 12. Simulated current density vector in the TEG configuration
4. Conclusion

This research has thoroughly addressed the challenge of optimizing thermoelectric generators (TEGs) to convert waste heat into electricity by
improving their thermal performance. Through numerical investigations, the study examined the effects of geometric configurations and
advanced cooling fluids on TEG efficiency and reliability. The findings revealed that the optimal spacing of fins for heat sinks is 2.50 mm, as
wider spacing increases the heat transfer coefficient but leads to higher temperatures due to the loss of wetted surface area. Fin heights between
5 mm and 25 mm were found to improve heat dissipation by increasing wet surface area, despite lowering the local convective heat transfer
coefficient. Regarding cooling, (Al2Os and CuO) water Nano fluids outperformed pure water, with Al.Os-water reducing heat sink temperature
by 17% at a 4% concentration, while CuO-water achieved a 13% reduction. Increasing Al.Os-water nanoparticle concentration from 1% to 4%
provided an additional 8°C temperature drop, highlighting the benefits of higher concentrations. During high-flux testing, the optimized TEG
system, featuring a 15 mm fin height and 2.50 mm spacing of fins, maintained a cold side temperature of 39 °C under a heat flux of 75,000
W/m? when cooled by nanofluids. This underscores the effectiveness of combining geometric optimization and advanced nanofluids in
managing extreme thermal loads. Simulations visually confirmed the system's ability to maintain critical temperature gradients necessary for
substantial TEG power generation. Overall, this research demonstrates that integrating geometric optimization with advanced Nano fluids can
significantly enhance the thermal performance of TEG systems, offering valuable guidelines for designing more efficient and reliable TEGs
and contributing to improved waste heat recovery and energy conversion technologies, supporting broader energy efficiency and sustainability
initiatives.
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