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Abstract

An innovative pin-fin integrated thermoelectric device (iTED) is numerically modeled to quantify the
effect of thermal flow conditions, namely inlet temperature (Tin) and Reynolds number (Re), as well as
electrical load resistance (Rload), on the thermal-electric-fluid coupled performance. Quantification of
the simultaneous thermal-fluid-electric behavior of the iTED was pursued through the implementation
of an explicitly-coupled solution algorithm developed in ANSYS Fluent’s User Defined Scalar (UDS)
environment. The effects of Tin, Re, and Rload, which were varied between 350 and 650 K, 3,000 and
15,000, and 0.01 and 106 % of the internal device resistance (Rint), respectively, on the open-circuit
voltage, current, power output (Ẇ), heat input, pumping power, device thermal conversion efficiency
(η), and dimensionless performance index (ζ), were evaluated for a fixed cold-side temperature of 300
K. The performance of the iTED was then compared to that of a conventional TEG. At a Tin of 650
K, the iTED achieved a maximum Ẇ of 23.9 W when Rload = Rint at a Re of 15,000, a maximum η of
8.1% when Rload < Rint at a Re of 10,000, and a maximum ζ of 7.8 at a Re of 3,000. In comparison,
the conventional device achieved a Ẇ of 5.2 W, an η of 2.9%, and a ζ of 1.6 at the same Tin and Re
of 15,000, 6,000, and 3,000, respectively. The proposed multiphysics numerical modeling illustrates
marked improvements via device restructuring.

Keywords: computational fluid dynamics (CFD); fluid-thermal-electric coupling; integrated thermo-
electric device (iTED); multiphysics modeling; thermoelectric generator (TEG)

1. Introduction
Due to a growing environmental consciousness, efforts are being made to increase the efficiency

of processes and cycles while simultaneously reducing greenhouse gas emissions. Thermoelectric
devices (TEDs) are an apposite technology for waste heat recovery applications which can mitigate the
adverse effects of fossil-fuel-based power generation and transportation. These two aforementioned
sectors are primarily responsible for the vast majority of rejected thermal energy, which is a byproduct
of combustion of fossil fuels, in the United States [1]. Thermoelectric generators (TEGs), a subset of
TEDs, are solid-state, direct energy conversion devices that capitalize on the Seebeck effect to convert a
thermal gradient into an electric potential [2]. These devices are comprised of periodic n- and p-type
semiconductors connected electrically in series via electrically conductive bridges. The junctions are
then exposed to a thermal gradient which enables the flow of electrons. The materials within the TEG
have a large Seebeck coefficient (α), on the order of tenths of mV K−1, high electric conductivity (σ),
and low thermal conductivity (λ), as to maintain a large temperature gradient across the device [3,4].
The performance of the material, which subsequently dictates the device performance, is quantified by
the figure of merit ZT.

The modified dimensionless figure of merit ZT represents the performance of a given thermoelec-
tric material. The material performance is evaluated at the average temperature (T) between the cold
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and hot junctions. A more simplified approach evaluates the material’s performance at the absolute
temperature T, yielding ZT, the value most commonly reported in the literature. During the 1950’s,
semiconductors with higher thermoelectric performance (ZT ≈0.8) were developed, which aided in
the development of devices with more favorable performance [5,6]. The introduction of nanostructures
in the 1990’s allowed for the development of materials with higher figures of merit, up to 1.7 [7].
Recently, materials have been shown to achieve a ZT of 2.1, making TEGs more attractive for waste
heat recovery applications [8]. Historically, bismuth telluride is shown to be the optimal material for
use at low temperatures, around room temperature [9–11]. At higher temperatures, i.e. 500-650◦C,
lead tellurides have proven effective [9,12]. Skutterudites have also exhibited high figures of merit
when operating at high temperatures [13]. Improvement in material efficiency is evidently vital for
demonstrating the efficacy of TEGs for waste heat recovery applications. However, this is not the only
consideration as the design of the module proves comparably relevant.

The application of conventional TEGs to automotive waste heat recovery has been extensively
studied; noteworthy and relevant works will be presented in the following. Kumar et al. developed
numerical models to quantify the performance of conventional TEGs applied to the exhaust system of
a passenger vehicle, including provisions for the thermal-hydraulic performance of the heat exchanger
system and electrical performance of the module. Their results indicated that increasing both the
exhaust temperature and flow rates leads to an increase in electrical power generation; however, said
increase is limited to the heat transfer coefficient that implicitly develops. The maximum power output
obtained was 552 W with a thermoelectric conversion efficiency of 5.50% and a system efficiency of
3.3% [14]. Further studies by Kumar et al. indicated that heat exchanger design was vital to favorable
system performance. By constructing a heat exchanger that allowed for the transverse flow of exhaust
gas across the modules, a maximum power output with a lesser pressure drop was yielded, thus
marginally increasing system efficiency [15]. Similarly, Sun et al. developed a mathematical model
to quantify the performance of a two-stage TEG system applied to an internal combustion engine.
Aligned with the findings of Kumar et al., they found that the TEG performance was directly dependent
upon the waste heat temperature and flow rate, indicating that system performance is contingent upon
the thermal-hydraulic performance of the heat exchanger [16].

To facilitate waste heat recovery in automotive applications, efforts have been made to more
effectively capture and convert the waste heat. The incorporation of heat pipes into a TEG waste heat
recovery system has been studied. Heat pipes have the potential to reduce the thermal resistance
between the exhaust gas and the TEG, effectively increasing the temperature difference across the
TEG as well as decreasing the pressure loss in the system [17]. Kim et al. developed an experimental
apparatus to investigate the use of TEGs and heat pipes from automotive waste heat recovery and
found that a maximum power output of 350 W could be achieved [18]. The use of different metal foams
on TEGs has also been investigated [19,20]. Nithyanandam and Mahajan studied a silicon carbide
foam and the effect pore density and porosity had on the net power produced by a TEG. They found
the maximum net power was nearly 8 times the maximum produced by the same TEG without metal
foam [19].

Although conventional TEGs have effectively been shown to convert the thermal energy of
exhaust gas into usable electricity, thereby increasing system efficiency, there still exist fundamental
deficiencies. Inherent to the conventional TEG design is the presence of ceramic between the hot-side
junction and the hot-side heat exchanger, as to provide electrical insulation between the TEG and heat
exchanger as well as structural support. The thermal resistance associated with the heat exchanger,
but more importantly the ceramic, decreases performance by effectively reducing the temperature
difference across the junction [21–23]. The thermal greases and adhesives used to make contact between
the hot-side junction and ceramic, and the ceramic and heat exchanger, diminish the temperature
difference established across the junction, thereby decreasing performance [24]. Efforts have been
made to overcome these resistances. Kim et al. constructed and tested a direct contact thermoelectric
generator, as well as constructed a numerical model thereof, in which the hot-side heat exchanger of
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the TEG was removed, and the hot-side ceramic was placed directly in contact with the exhaust flow.
They found that increased engine loads and speeds, which contribute to greater quantities of thermal
energy at higher temperatures and the evolution of convective heat transfer coefficients, increased
TEG performance, achieving upwards of 2% thermal conversion efficiency and 45 W of power output
[25]. Although novel, the decreased heat exchanger surface area and lack of features to disturb the
formation of a thermal and momentum boundary layer over the TEG surfaces prevents the system
from experiencing a large temperature gradient. Ma et al. furthered the notion of the necessity to
reduce thermal resistance between heat source and sink by replacing the fins of the heat exchanger with
thermoelectric material [26]. The work demonstrated the novel configuration but more importantly
identified potential issues with actual implementation, namely the induction of large stresses on the
TE material due to large stream-wise temperature variations. When considering coefficients of thermal
expansion for the TE material and metallic substrate, and the fact the TE material is bonded to the
substrate for a relatively large length (200 mm in this study), delamination or cracking would inevitably
occur.

An encouraging solution to overcome the thermal resistance of the ceramic and associated greases
as well as increase the hot-side heat transfer while minimizing unnecessary thermally-induced stresses
is the integrated thermoelectric device (iTED). This novel design allows for the elimination of the
hot-side ceramic and greases by directly incorporating the hot-side heat exchanger into the hot-side
interconnector. The exhaust gas flow is directed over the hot-side heat exchanger through a dielectric
flow conduit. Through this modification, larger temperature gradients can be maintained across the
junctions and larger quantities of heat can be extracted from the waste heat stream. The present study
presents a thermal-fluid-electric coupled finite volume model to study the effect of thermal-hydraulic
parameters on said innovative design in comparison to a conventional design. The range of operational
parameters, namely exhaust gas temperature and flow rate, are reflective of on-road heavy-duty diesel
vehicles [27], and serve as an extension to previous analytical [28], numerical [29–32], and experimental
[33] studies into the turbulent flow regime.

2. Materials and Methods
2.1. Integrated Thermoelectric Device Design

The pin-fin iTED is schematically depicted in Figure 1. The pin-fins serve dual purposes. The first
is to bridge the hot-sides of the opposing p- and n-type materials forming an electrical connection such
that the device operates electrically in series and thermally in parallel, as does a conventional TED. The
second is to promote turbulence, specifically, the induction of vortex shedding, to promote high heat
transfer coefficients on the down-stream pins, thus augmenting the hot-side junction temperatures and
heat input. The pin-fins are constrained by a dielectric flow channel which directs the hot-fluid flow
over the heat exchanger bank. Although the iTED operates like a conventional thermoelectric device,
the restructured configuration eliminates the hot-side ceramic that is typically used as an electrical
insulator between the hot-side heat exchanger and hot-side junctions. Furthermore, there exists no
need for the grease otherwise used to minimize thermal contact resistance between said heat exchanger,
hot-side ceramic, and hot-side junctions, further diminishing the thermal resistance between the heat
source and sink.
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Figure 1. Cross-sectional view of an integrated thermoelectric device, showing the electrically in series-thermally
in parallel junctions, where the hot-side interconnector is incorporated into the hot-side heat exchanger, as well
as the dielectric flow channel (not modeled) directing the hot-fluid flow over the hot-side heat exchanger. The
channel height H, longitudinal pin spacing SL, and pin and rod diameter D are shown.

To demonstrate the efficacy of the iTED in comparison to a conventional device configuration, a
favorable, yet not optimized, heat exchanger configuration was selected. The pin-fin height-to-diameter
ratio was set at five, for ratios greater than two have been shown to increase pin heat transfer for
relatively low-Reynolds number (Re) flow, i.e. up to a value of 30,000 [34]. Additionally, by staggering
the pins as depicted in Figure 2, convective heat transfer increases due to wake turbulence from
upstream pins [35,36]. The iTED is comprised of 35 pins configured in ten rows, where the number
of pins per row alternates between three and four. To keep the transverse spacing (ST) between pins
uniform in each row, corbels, or half-cylinders, were introduced on the walls of the dielectric flow
channel for the row containing three pins, as shown in Figure 2.

As shown in Figures1 and 2, the proposed iTED has a flow-channel width (W) of 31.75 mm and a
height of 15.875 mm. The inlet Re is calculated based on the hydraulic diameter of the inlet, as opposed
to the pin diameter. The pins and pellets have a diameter (D) of 3.175 mm. The ST and longitudinal
spacing (SL) of the pins is 2.5D and 2D, respectively. Thus, the centerline-to-centerline length (L) of the
pin array is 57.15 mm. The thermoelectric pellets and cold-side interconnectors are taken as 1 mm thick.
This configuration reflects a device with 35 pin-fins and p-n junctions and 36 cold-side interconnectors.
Based on ST and SL, the packing density, or area of thermoelectric material per unit area of the device,
is 15.7%.
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Figure 2. Top-down view of an integrated thermoelectric device, showing the transverse and longitudinal spacing,
ST and SL, respectively, of the pin-fin heat exchanger, the packing density θ, pin and pellet diameter D and flow
channel width W.

2.2. Finite-Volume Domain Generation

The numeric domain representing the conventional and integrated thermoelectric devices was
constructed in ANSYS ICEM (Version 17.2). Hexahedral elements were constructed in a highly
orthogonal, conformal manner to create a non-uniform, structured mesh. Within the fluid domain, an
inflation layer was constructed on all solid surfaces that interfaced with the fluid domain such that
the maximum y+ per the highest Re and inlet temperature (Tin) values were globally sub-unity. The
solid domains, which are the aluminum pins and interconnectors, and n- and p-type thermoelectric
materials, are shown in Figure 3. The coarse mesh for a rod, thermoelectric pellets and interconnector
is shown overlaid on the last row of solids. A detailed view of the working fluid domain, complete
with insets demonstrating the refinement around the pin-fins, is presented in Figure 4.

Aluminum
n-type
p-type

Terminal Out

Cold-side
Boundaries

Pin

Terminal In

p-type

n-type

Cold-side
Boundaries

Interconnectors

Figure 3. Depiction of the solid domains within the iTED. Note, all top and bottom surfaces of upper and lower
interconnectors are kept at a constant cold-side temperature of 300 K. The coarse mesh is overlaid on the last row
of interconnectors, pellets, and rods.
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Figure 4. Mesh of the fluid domain, with top-down views of the coarse (13,793,220 control volumes), medium
(30,827,174 control volumes), and fine (69,190,554 control volumes) density grids.

2.3. Governing Equations

The concurrent characterization of the thermal-hydraulic behavior of the fluid domain and
resultant thermal-electric response within the solid domains of the conventional and integrated
thermoelectric devices required a unique iterative solution algorithm. Thus, a thermal-fluid-electric
field model was implemented in ANSYS Fluent (Version 17.2) using the C-based UDS environment.
The thermal-fluid behavior of the fluid and solid domains was solved for using Fluent’s standard
flow and energy solver, respectively, whereas the thermoelectric phenomena within the solid domains
were resolved using UDSs. The Joule, Thomson and Peltier heats were calculated based upon the
temperature distributions within the solid domains, as obtained by the standard energy solver, and
then coupled to the general energy transport equation via volumetric and surface source terms. The
three aforementioned source terms were applied to the thermoelectric solid domains, whereas only
Joule heating was applied to the non-thermoelectric solid domains. The electric fields, expressly the
Seebeck electromotive force (SEMF) and electric potential (EP) were calculated within the UDS and
modeled via diffusion equations. The internal electrical resistance was also calculated via a volume-
weighted sum of each element’s resistance within each respective domain. This methodology reflects
an explicitly-coupled scheme the allows for the simultaneous resolution of the thermal-fluid-electric
behavior of the conventional and integrated thermoelectric devices. The pertinent governing equations
for the fluid and solid domains, and respective boundary conditions are discussed in the following.

2.3.1. Fluid Domain

The thermal-fluid behavior of the fluid domain was pursued via a finite-volume discretization
methodology of the governing continuity, momentum and thermal energy transport equations, which
were solved on the aforementioned mesh, which represents the numerical domain. To model the
turbulent phenomena present within the specified flow regime, the Reynolds Averaged Navier-Stokes
(RANS) continuity, momentum and thermal energy transport equations were employed. Considering
the steady flow of a Newtonian fluid, the continuity equation, Equation 1, and momentum equation,
Equation 2, are expressed as

∇ · (ρv) = 0, (1)

∇ · (ρv × v) = −∇P +∇ ·
[

µ
(
∇v + (∇v)T

)
− ρv′v′

]
. (2)

The total thermal energy transport equation, due to turbulence, is expressed as Equation 3:
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∇ · [v(ρE + P)] = ∇ ·
[

λ∇T + vT − ρcpv′T′
]

. (3)

During the process of constructing RANS conservation equations, two closure terms arise within
Equations 1 and 2, known as the Reynolds stress tensor and turbulence heat flux. These two terms are
a consequence of the turbulent behavior of the fluid, and need to be expressed via an additional set
of conservation equations. To such an end, the κ − ϵ model was employed to provide the necessary
closure.

The application of Equation 2 requires four boundary conditions; one for each component of
velocity and one for pressure. Thus, at the inlet of the fluid domain, Re values ranging from 3,000 to
15,000 in increments of 3,000 were applied. At the exit of the fluid domain, a zero-gauge pressure outlet
boundary condition was applied. For all interior surfaces of the fluid domain, i.e. all channel walls
and fluid-rod interfaces, a no-slip boundary condition was applied. The application of Equation 3
requires two boundary conditions. The first is applied at the inlet, where the fluid inlet temperature
Tin was varied between 350 and 650 K, in increments of 50 K. The second thermal boundary condition
was applied at the cold-side of the interconnectors, with a constant temperature of 300 K. The fluid-rod
interfaces were modeled with a conservative heat flux condition. The aforementioned conditions,
which reflect the thermal-hydraulic behavior of heavy-duty diesel powered vehicles, provide 35 unique
operational points for the integrated and conventional devices.

2.3.2. Solid Domains

The solid domains, thermoelectric and non-thermoelectric, were each governed by a unique
thermal equation. The thermoelectric material domains, i.e. n- and p-type materials, were governed by
the thermoelectric general energy equation, Equation 4, which is expressed as

∇ · (λ∇T) + ρelJ
2 − TJ ·

[(
∂α

∂T
∇T

)
+ (∇α)T

]
= 0. (4)

The second and third terms in Equation 4 represent the Joule and Thomson heats, respectively, and
were modeled using volumetric source terms. The fourth term represents the Peltier heat, and was
modeled as a surface source term. The non-thermoelectric domains, i.e. hot-side heat exchangers and
cold-side interconnectors, were governed by the general energy transport equation, Equation 5, such
that

∇ · (λ∇T) + ρelJ
2 = 0. (5)

Both thermoelectric and non-thermoelectric domains were also governed by the continuity of electric
current, Equation 6, expressed as

∇ · J = 0. (6)

To simultaneously couple the thermal and electric governing equations, the current density vector
J used within Equations 4, 5 and 6, was determined by the magnitude of the open-circuit voltage, Voc,
and internal resistance, Rint. The Voc, commonly referred to as the Seebeck voltage, is calculated as
the summation of the open-circuit voltage potentials of each thermoelectric pellet at their respective
interfaces between the pin and interconnectors such that

Voc = ∑
j=n,p

N

∑
i=1

1
Aji

∫
Aji

|αji|
dT
dξ

dA. (7)

Then, Rint of the device is calculated as

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 January 2026 doi:10.20944/preprints202601.1699.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1699.v1
http://creativecommons.org/licenses/by/4.0/


8 of 27

Rint = ∑
j=n,p,pin

N

∑
i=1

Hji

Aji

[
1
∀ji

∫
∀ji

ρel,jid∀
]
+ ∑

j=ic

N+1

∑
i=1

Hji

Aji

[
1
∀ji

∫
∀ji

ρel,jid∀
]

. (8)

Therefore, the magnitude of the current density, based upon Equations 7 and 8, which is applied to the
outlet terminal, is calculated as

J =
I

Aξ
=

Voc

Aξ(Rint + Rload)
. (9)

The electric potential is expressed through the non-Ohmic voltage-current relation [37], and was
modeled as diffusivity within the UDS environment through the entirety of the thermoelectric and
non-thermoelectric solids domains. The Seebeck electromotive force, or the second term in the second
expression to follow, was also modeled as a diffusivity within the UDS environment, but only in the
thermoelectric domains. Thus, the non-Ohmic voltage-current relation is expressed as:

∇V = ∇VOhm +∇Voc = −ρelJ − α∇T. (10)

At the inlet terminal, a zero voltage potential is applied such that

V = 0. (11)

The remaining boundaries of the system are treated as electrically insulated such that

∂V
∂ξ

= 0. (12)

At the interfaces of the hot-side interconnectors, pellets and cold-side interconnectors, the continuity
of current density is applied such that

Jpin,ic = Jn,p. (13)

Thus, the current, as well as electric potential, implicitly develop with the solution. As for the thermal
boundary conditions, the bottom and top surfaces of the bottom-side and top-side interconnectors are
maintained at a constant temperature of 300 K, yielding

Tic = Tc. (14)

The exterior surfaces of the pellets and interconnectors are exposed to ambient convective conditions
such that

q′′ = h(Tic − T∞). (15)

The ambient fluid temperature T∞ is kept constant at 300 K and the convective heat transfer coefficient
was kept invariant at 10 W m−2 K−1. The inlet and outlet terminals are assumed adiabatic such that

∂T
∂ξ

= 0. (16)

At the interfaces between the hot-side interconnectors, pellets, and cold-side interconnectors, continuity
of temperature and heat flux are imposed, yielding:

Tpin,ic = Tn,p and −
dTpin,ic

dξ
= −

λn,p

λf

dTn,p

dξ
. (17)

The electrical power output is determined from the quotient of I and the sum of the Rint and Rload,
where Rload is equal to Rint as to maximize power output, such that
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Ẇ = I2Rload. (18)

Additionally, Rload is varied between 0.01 and 106% of Rint, and the variation of I, Voc, VOhm, Tavg, Qh,
Ẇ, η and ζ is presented.

The heat removed from the fluid and entering the conventional and integrated thermoelectric
devices, Qh, is a function of the mass flow rate, specific heat and the temperature difference between
inlet and exit. The mass flow rate is expressed as the inlet cross-sectional flow area times velocity
times the density, taken as the integral average evaluated between the inlet and exit temperatures.
The specific heat, as reported by [38], is also evaluated as the integral average between the inlet and
exit temperatures. Lastly, the temperature difference between the inlet and exit of the fluid domain is
calculated based on area-averaged values. Thus,

Qh = ṁcp(Tin − Tout). (19)

The device thermal conversion efficiency, η, is a function of the electrical power output per the
summation of the heat input and pumping power, Ẇpump.

η =
Ẇ

Qh + Ẇpump
. (20)

The pumping power was evaluated as the inlet velocity times inlet cross-sectional area, which is
equivalent to the mass flow rate per density, times the difference of area-averaged pressures at the
inlet and exit of the fluid domain.

Ẇpump =
ṁ
ρ
(Pin − Pout). (21)

To quantify not only the electrical power output and efficiency of the devices, a performance
index (ζ) is introduced, which is the ratio of the electric power output per pumping power, less unity.
It is desirable to have ζ above naught, indicating the device is producing more power than what is
required for operation:

ζ =
Ẇ

Ẇpump
− 1. (22)

2.4. Numerical Considerations

Within Equation 2, the SIMPLE algorithm was used to couple pressure and velocity. Within
Equations 2 and 3, a second-order accurate upwinding scheme was used to model the advective
discretization of the transport expressions. Likewise, second-order accurate discretization schemes
were used for pressure, as well as thermoelectric phenomena expressed in Equation 4. The gradients
associated with all pertinent field variables were calculated using a Gauss cell-based scheme. All UDS
within the thermoelectric domain were modeled using a Power law. The residuals for all conservation
equations (continuity, momentum and total energy), as well as electric potential and current, as defined
by UDS, were set to convergence criteria of 10−10.

Within the finite volume model, all pertinent variables were treated as temperature-dependent.
That is, all thermophysical properties for the solids and fluid domains were modeled with temperature-
dependent polynomial fits, which are presented in Table 1.
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Table 1. Polynomial expressions for temperature dependent thermoelectric properties for Bi2Te3 n [41]- and
p-type[42], aluminum, alumina [39] and air [43] materials used in numerical calculations. All polynomial fits are
valid from 300 to 650 K.

Material Property Temperature Dependent Polynomial Expression

Bi2Te3

αN = (1e-4)((2.1e-8)T3 - (2.335e-5)T2 + (6.517e-3)T -1.827)
λN = (-3.054e-9)T3 + (1.556e-5)T2 - (0.01333)T + 4.275
ρN = (1e-5)((-2.387e-8)T3 + (5.466e-5)T2 - (3.691e-2)T + 8.531)
αP = (1e-5)((-9.167e-6)T2 + (5.717e-2)T - 8.18)
λP = (-2.642e-3)T + 3.106
ρP = (1e-5)((-1.885e-8)T3 + (4.341e-5)T2 - (2.953e-2)T + 6.897)

Al

λAl = (-8.454e-12)T5 + (2.397E-8)T4 - (2.468e-5)T3 + (1.158e-2)T2 -
(2.475)T + 430.7

σAl = (2.87132e-9)T6 - (1.09328e-5)T5 + (1.72806e-2)T4 - (14.6213)T3

+ (7.08116e+3)T2 - (1.92244e+6)T + 2.55322e+8

Al2O3
λAl2O3 = (2.7092e-11)T4 - (1.3607e-7)T3 + (2.607E-4)T2 - (0.22972)T +

85.868

Air

ρair = (1.796e-11)T4 - (4.231e-8)T3 + (3.925e-5)T2 - (0.0179)T + 4.01
cp,air = (-4.214e-7)T3 + (9.151e-4)T2 - (0.4125)T + 1064
λair = (-9.724e-9)T2 + (7.279e-5)T + 5.047e-3
µair = (-1.917e-11)T2 + (5.796e-8)T + 2.88e-6

2.5. Grid Independence

A grid independence study was conducted on the three generated meshes. The coarse, medium
and fine meshes contained 13,793,220, 30,827,174 and 69,190,554 control volumes, respectively. The
grid independence study was conducted at inlet conditions of Re = 15,000 and Tin = 650 K, for both the
conventional and integrated designs, and are shown in Table 2. It is evident that through the process
of refinement between the medium and fine meshes, the percent difference of values does not exceed
1% for all configurations and materials, clearly indicating a grid-independent solution was obtained.
All results reported herein are obtained from the use of the medium mesh.

2.6. Comparison to Conventional TEG

Previous studies have shown that the inclusion of a ceramic substrate and the necessary greases
to affix said substrate to interconnectors and heat exchanger in a conventional thermoelectric device
reduces performance. These components, although necessary to provide electrical insulation between
the thermoelectric module and heat exchanger, introduce a thermal restriction between the heat source
and sink, which in turn reduces the achievable temperature difference across the junctions, as well as
heat input into the device. The thermal resistance of the ceramic, which is represented as a contact
resistance between the hot-side pin-fin heat exchanger and hot-sides of the n- and p-type pellets, is
expressed as

Rth =
tcer

λcer Acer
. (23)

The ceramic substrate’s thickness, tcer, is taken as 1 mm, reflective of the typical geometry found
within commercial devices. The thermal conductivity λcer is expressed as a temperature-dependent
polynomial fit fitted to data provide by [39]. The area Acer is that unit area of the device, i.e. ST times
SL.

By comparing the performance of the integrated configuration to that of a conventional thermo-
electric device, quantification of improvement in device performance can be ascertained. Therefore,
the conventional configuration is additionally modeled under all Tin and Re conditions to provide a
direct basis of comparison to the integrated configuration.
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Table 2. Grid independence study for coarse (13,793,220 control volumes), medium (30,827,174 control volumes)
and fine (69,190,554 control volumes) meshes for the inlet conditions of Re = 15,000 and Tin = 650 K for both the
integrated and conventional device configurations comprised of Bi2Te3. Reported absolute percent differences are
between medium and coarse, and fine and medium meshes.

Parameter Coarse Medium |%| Fine |%|
C

on
ve

nt
io

na
l

Rint [Ω] 0.101 105 00 0.100 896 20 0.103 0.100 829 77 0.03
Voc [V] 1.312 933 1.432 867 4.368 1.443 598 0.37

I [A] 6.492 919 7.100 701 4.471 7.158 593 0.41
Ẇ [W] 4.262 384 5.087 182 8.822 5.167 067 0.78

Ẇpump [W] 99.312 99.007 0.154 98.839 0.08
Qh [W] 108.364 137.451 11.833 136.974 0.17

η [%] 2.052 2.151 2.356 2.191 0.92
ζ [-] -0.958 -0.949 0.472 -0.948 0.05

In
te

gr
at

ed

Rint [Ω] 0.087 263 0.087 843 0.663 0.087 793 0.057
Voc [V] 2.651 158 2.892 519 8.708 2.896 883 0.151

I [A] 15.190 560 16.464 046 8.046 16.498 210 0.207
Ẇ [W] 20.136 289 23.811 284 16.724 23.896 698 0.358

Ẇpump [W] 97.107 97.063 0.045 96.901 0.167
Qh [W] 239.514 229.263 4.374 228.117 0.501

η [%] 5.982 7.297 19.806 7.352 0.751
ζ [-] -0.793 -0.755 4.910 -0.753 0.265

3. Results and Discussion
The effects of flow rate, quantified by Reynolds number (3,000 ≤ Re ≤ 15,000) and hot-side inlet

temperature (350 ≤ Tin K ≤ 650) on both the iTED’s and conventional TED’s fluid-thermal-electric
performance, namely internal resistance (Rint), developed open-circuit voltage (Voc), current (I), power
(Ẇ), and subsequent device efficiency (η) considering heat input (Qh) and pumping power (Ẇpump),
as well as the dimensionless performance index (ζ), are presented. Furthermore, the effect of load
resistance (Rload) on a select operating condition is considered by varying Rload between 0.01 and 106%
of the iTED’s internal resistance value.

The entirety of the results of the thermoelectric performance of the integrated and conventional
devices are predicated on the temperature difference established across the junctions. Figures 5a and
b portray the average hot-side temperature, Tavg of the junctions of the integrated and conventional
device, respectively. It is once again noted that the cold-side temperature of both the integrated and
conventional device are held invariant at 300 K and that no thermal resistance is presented between
the cold-side interconnector and heat sink, establishing congruence for a basis of comparison. With the
inclusion of the thermal resistance between the hot-side interconnector and pin, which simulates the
presence of ceramic between the hot-side interconnector and thermoelectric material, the average hot-
side junction temperature is substantially diminished for the conventional device in comparison to the
integrated configuration. Without a thermal resistance, i.e. the integrated device, the hot-side junction
temperature asymptotically approaches a value less than, but near, the free-stream temperature with
an increase Re. This trend is most evident in the higher inlet temperature conditions. With the
thermal resistance, this trend still exists within the conventional device, however, the offset is more
pronounced. For instance, at a Re of 15,000 and Tin of 650 K, Tavg of the iTED is 570.8 K whereas that
of the conventional is 451.9 K. Thus, the ceramic plate used to separate the hot-side heat exchanger
from the hot-side interconnectors markedly diminishes the attainable temperature gradient across the
junctions, and as will be shown, the performance of the device.
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Figure 5. Average hot-side junction temperature, Tavg for the a) integrated and b) conventional Bi2Te3 devices for
all Re and Tin conditions.

The non-linear interaction of the fluid with the pin, both in terms of momentum and heat transfer,
and the non-linearity associated with the heat entering the junctions, does not lend to a simple relation
between thermal resistance and an established temperature gradient. As Re increases, under all Tin

conditions, Tavg asymptotically increases, due to the development of a larger convective heat transfer
coefficient. For example, for a fixed Tin of 650 K, increasing Re from a minimum to maximum, i.e.
a factor of 5, increases Tavg by a factor of 1.38 and 1.22 for the integrated and conventional devices,
respectively. As Tin increases for a fixed Re, there is an observed near-linear increase in Tavg. This
increase in Tavg in response to an increasing Tin is more substantial than that of increasing Re. As
an example, increasing Tin from 350 to 650 K, or a factor of 1.86, for a Re of 15,000 results in an
increase in the average hot-side junction temperature by a factor of 5.14 and 3.98 for the integrated and
conventional devices, respectively. Thus, in terms of establishing the largest permissible temperature
gradient across the junction, it is desirable to have the largest Re and Tin. However, as will be shown,
this does not necessarily yield the best device performance.

As the hot-side temperature develops, the evaluation of the internal electrical resistance of the
solids domains becomes permissible. Figures 6a and b depict the behavior of the internal electrical re-
sistance, Rint, with increasing Re and Tin for both the integrated and conventional designs, respectively.
With increasing Tin and Re values, Rint decreases non-linearly, however, the decrease becomes lesser
once Tin exceeds 500 K. Although the electrical resistivity of the aluminum pins and interconnectors
increases linearly with temperature, the n- and p-materials exhibit decreasing electrical resistivity up
to 500 K, whereafter said values increase. Since the electrical resistivity of the thermoelectric materials
is three orders of magnitude greater than the aluminum, said values dictate device behavior. The
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electrical resistivity of the integrated device decreases more over the range of Tin than that of the
conventional, due to the increase in average hot-side junction temperature.

Figure 6. Variation of internal electrical resistance Rint with inlet flow rate, Re, and inlet fluid temperature, Tin, for
a) integrated and b) conventional thermoelectric devices.

The evolution Voc with respect to Re and Tin is shown in Figures 7a and b for the integrated and
conventional design, respectively. Since Voc is directly proportional to the temperature difference
established across the junctions, the trends in Figures 7a and b follow those shown in Figures 5a
and b. With increasing Re, there is an increment in the convective heat transfer coefficient, a greater
temperature difference established across the junction, and subsequently a larger magnitude of Voc.
Although increasing Re increases Voc, this relation is not without limitation; for this particular pin-fin
configuration, the convective heat transfer coefficient increases proportional to Re to the sixth-tenths
power [40]. Accordingly, increasing Re by a factor of five for a fixed Tin of 650 K increases Voc by a
factor of 1.60 and 1.31 corresponding to the integrated and conventional devices.

Increasing Tin has a more pronounced effect on Voc than does an increase in Re. For a fixed Re of
15,000, increasing Tin from a minimum to maximum value correspondingly increases Voc by a factor
of 11.73 and 9.98 for the integrated and conventional devices. Increasing Tin causes a monotonic
increase in Tavg as well as Voc, whereas increasing Re results in asymptotic increases in Tavg and
Voc. It is demonstrably evident that applying the proper thermal and flow conditions, as well as the
proper heat exchanger geometry for said thermal-hydraulic conditions, to allow the most favorable
temperature gradient to develop as to maximize the thermoelectric material performance, results in
optimal performance. In comparison to the conventional design, the integrated device unequivocally
produces larger Voc across all Re and Tin values. For instance, at a Re of 15,000 and Tin of 650 K, the
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Voc of the integrated device is 2.01-fold greater; at a Tin of 350 K, this factor of increase drops to a value
1.69.

Figure 7. Variation of Voc with inlet flow rate, Re, and inlet fluid temperature, Tin, for a) integrated and b)
conventional thermoelectric devices.

Figures 8 and 9 depict the development of the Seebeck electromotive force (SEMF) and Ohmic
voltage, respectively, for a Re of 15,000 and Tin of 650 K. The SEMF develops in each thermoelectric
material, and is dependent upon the cold- and hot-side temperatures, as well as the temperature
distribution within the leg. The summation of the SEMF of each thermoelectric pellet constitutes Voc,
which is responsible for providing the potential to generate electric current within the system. The
Ohmic voltage potential is the potential that develops between the inlet and outlet terminals of the
device due to the flow of current and Rin. It is noted, however not shown, that the Ohmic voltage
potential is lesser for the conventional device than that of the integrated device due to higher Rin and
lesser I values under all thermal and fluid conditions.

The magnitude of the current density, I, is a function of the developed Voc, Rin, and Rload, which
the latter was set to equal Rin as to maximize power output. The behavior of I with respect to Re
and Tin is depicted in Figures 10a and b, for both the integrated and conventional configurations,
respectively. Although Rint decreases with increasing Re and Tin, whereas Voc monotonically increases
with Tin and shows asymptotic behavior with respect to Re, the contribution of the latter outweighs
the former. Thus, there is a monotonic increase in I with increasing Tin, whereas an asymptotically
increasing behavior with respect to Re. As an example, increasing Tin from 350 to 650 K, or a factor of
1.86, results in an increase of I from 0.941 to 16.498 [A], or a factor of 17.52, and 0.532 to 7.159 [A], or a
factor of 13.46 for the integrated and conventional devices respectively. It is abundantly evident that
due to the larger temperature difference established across the junctions, and consequently the larger
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magnitude of Voc and lesser magnitude of Rint, that the integrated device produces substantially larger
current values than the conventional configuration. At the largest inlet flow and thermal conditions,
the integrated device produces 2.3-times the amperage of the conventional configuration.

Figure 8. Development of the Seebeck electromotive force (SEMF) within the device, with Re = 15,000, Tin = 650
K.
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Figure 9. Development of the electric potential (EP) across the device, with Re = 15,000, Tin = 650 K.

One of the paramount metrics of the performance of a thermoelectric generator is the electrical
power output, Ẇ, which is a function of the electrical current, as well as internal and load electrical
resistances. At this point, Rload was set to Rint to maximize Ẇ; the variation of Ẇ with Rload will be
discussed later. The power output of the integrated and conventional devices is shown in Figures 11a
and b, respectively. The trend of Ẇ closely follows that of Voc, however, the increase in value with
respect to Tin is more non-linear for the integrated than conventional device. Additionally, the
integrated devices exhibit a greater increase in Ẇ with Re than the conventional. It is seen that
increasing both Re and Tin have favorable effects on Ẇ, with the latter being more efficacious. For
instance, when considering the integrated device, increasing Tin from a minimum to a maximum
value, for Re values of 3,000 and 15,000, Ẇ increases by a factor of 222.58 and 205.64, respectively.
Conversely, for a fixed Tin of 650 K and increasing Re from 3,000 to 15,000, Ẇ increases by a factor of
2.62. The generation of Ẇ is less sensitive to increases in Re than Tin, for the higher thermal resistance
between source and sink diminishes the ability to establish a large temperature gradient across the
junctions. For instance, increasing Tin from 350 to 650 K for Re minimum and maximum values, Ẇ
increases by a factor of 133.76 and 134.34, respectively. Fixing Tin at 650 K and increasing Re from a
minimum to maximum results in an increase of Ẇ by a factor of 1.82. Thus, it is more favorable to
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increase the hot-side fluid temperature than Re to increase the electrical performance of either generator
configuration, and once pumping power is considered, this conclusion is even more evident. Through
the removal of the thermal resistance between the hot-side heat exchange and hot-side interconnector,
a high hot-side junction temperature is able to be established, resulting in a larger open-circuit voltage,
which leads a higher electric current and power output, even though there is a noticeable decrease in
internal electrical resistance, so much so the integrated devices produces 23.90 W of electrical power,
or 4.62-times that of the conventional device, at max Re and Tin values.

Figure 10. Variation of I with inlet flow rate, Re, and inlet fluid temperature, Tin, for a) integrated and b)
conventional thermoelectric devices.

Although previous trends have indicated an increase in Re increases electrical performance, there
exist consequences related to the hydraulic behavior of the device. That is, as Re increases, the pumping
power necessary to drive the hot fluid through the pin-fin array quadratically increases, as seen in
Figure 12. This behavior is due to the proportionality of the fluid velocity squared when determining
the pressure drop [40]. Furthermore, increasing the fluid inlet temperature, which is favorable to the
electrical performance of the device, incurs an increase in Ẇpump, due to the variation of material
properties, leading to a monotonically increasing trend. Although the integrated and conventional
devices have drastically differing electrical performance, the hydraulic behavior, namely Ẇpump is
similar, with no marked difference in values. It is noted that once Re exceeds approximately 5,000, for
all Tin values, Ẇpump exceeds Ẇ for the conventional device, whereas once Re exceeds approximately
8,000 for all Tin for the integrated device does this transition between power producing to power
consuming occur. This performance characteristic will be elaborated upon after the discussion of
thermal behavior and device efficiency.
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Figure 11. Variation of Po with inlet flow rate, Re, and inlet fluid temperature, Tin, for a) integrated and b)
conventional thermoelectric devices.

Figure 12. Comparison of Ẇpump with inlet flow rate, Re, and inlet fluid temperature, Tin, for a) integrated and b)
conventional thermoelectric devices.

The thermal characteristics, namely the heat removed from the working fluid, Qh, follow a similar
trend to the electrical characteristics, as seen in Figures 13 a and b for the integrated and conventional
devices, respectively. An increase in Tin leads to a nearly linear increase in Qh for all Re conditions,
while an increase in Re leads to an asymptotic increase. It is observed that the integrated device can
capture more of the heat from the working fluid than the conventional for all Tin and Re values, due to
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the lesser thermal resistance between the heat source and sink. In doing such, the device is able to have
a higher electrical power output, as seen previously. The integrated configuration is unmistakenly
more effective at capturing larger quantities of waste heat, and converting said thermal energy into
electrical energy, than an equivalently sized conventional device. That is, at the lowest and highest Re
and Tin values, the integrated device captures 1.44 and 1.66 times as much heat as the conventional
device. At the maximum inlet conditions, the integrated device captures 228.1 W from the working
fluid.

Figure 13. Comparison of Qh with inlet flow rate, Re, and inlet fluid temperature, Tin, for a) integrated and b)
conventional thermoelectric devices.

With the effects of Re and Tin on Ẇ, Ẇpump and Qh quantified, the device efficiency, η in response
to inlet thermal-fluid parameters can be described. The device efficiency as calculated per Equation 20,
is depicted in Figures 14a and b for the integrated and conventional device, respectively. The device
efficiency exhibits non-linear trends for both Tin and Re. That is, as Re increases from a minimum to
maximum, η increases from a local minimum to a maximum at an optimal Re value, then decreases to
another local minimum. This non-linear behavior is due to the quadratic increase of Ẇpump, which is
dominating at higher Re values. As Tin increase, the optimal Re value decreases. For the integrated
device, with a Tin of 350 K, η achieves a maximum at a Re of approximately 12,000. At a Tin of 650
K, the Re at which η is a maximum decreases to approximately 10,000. The maximum efficiency the
integrated device achieves is 8.10% at a Re of 10,000 and a Tin of 650 K. This value is substantiated by
the load resistance study conducted at these inlet conditions. The conventional device exhibits the
same non-linear trend of η for Re and Tin, as well as the local maxima. It is noted that the maximum
η per Re and Tin is shifted to lesser values of Re, in the range of 6,000 to 9,000. The conventional
device achieves an η of 2.91% at a Re of 6,000 and Tin of 650 K. This indicates that the integrated

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 January 2026 doi:10.20944/preprints202601.1699.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1699.v1
http://creativecommons.org/licenses/by/4.0/


19 of 27

device has a 2.78-times higher maximum efficiency, which is due to the larger average hot-side junction
temperature and subsequent temperature gradient across the pellets, yielding a substantially higher
Ẇ. Although Qh is appreciably larger for the integrated device, the marked increase in Ẇ offsets this
increase, resulting in comparatively higher device efficiency.

Figure 14. Variation of η with inlet flow rate, Re, and inlet fluid temperature, Tin, for a) integrated and b)
conventional thermoelectric devices.

It should be noted that η of the device is limited by the thermoelectric material’s thermal con-
version efficiency. That is, the device will always have a lesser efficiency than the material due to
the Ẇpump incurred. Thus, effort should be made to simultaneously maximize Tavg and Qh while
minimizing Ẇp, to maximize η. As Ẇpump tends to zero, η of the device would approach that of
material, however, this limit is not practically realizable. Thus, the impetus to achieving higher Ẇ and
η TEGs should not be solely focused on high thermal-conversion efficiency materials that operated
optimally under the temperature ranges of interest, but also design configurations that effectively and
efficiently maximize the favorable thermal characteristics while minimizing the adverse hydraulic
characteristics.

Whilst Ẇ and η are recognizably important performance parameters when designing a TEG
for a specific application, the significance of Ẇpump and its effect on the system needs paramount
consideration. By defining ζ, as per Equation 22, as the performance index of the system, the effect
of Tin and Re on the behavior of the system can be quantified. That is, the greater the magnitude
of ζ above naught, the greater the ratio of Ẇ per Ẇpump; a ζ below naught indicates more power is
required to pump the working fluid through the device than what the device can produce. Operational
envelopes of where the TEG is producing more power than what is required to 1.) drive the fluid
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through the hot-side heat exchanger (i.e. the energy required to say overcome the backpressure in the
exhaust system) and 2.) to provide adequate cooling to the cold-side heat exchanger, can be constructed.
It is evident from Figures 15 a and b, which depict ζ versus all Re and Tin values for the integrated and
conventional devices, respectively, that there are few situations where ζ is larger naught.

Figure 15. Variation of ζ with inlet flow rate, Re, and inlet fluid temperature, Tin, for a) integrated and b)
conventional thermoelectric devices.

For the integrated device, when Re exceeds 8,000, ζ is naught or less for all Tin conditions. As
Re decreases to 6,000, only the situations were Tin is greater than 500 K is ζ positive, indicating the
integrated device at these conditions is producing more electrical power than what is required for
operation. As Re decreases to 3,000, all but a Tin of 350 K conditions achieving a positive value. As
Re increases, ζ non-linearly decreases toward negative unity. Although an increase in Re leads to an
increase in convective heat transfer coefficient and a larger temperature gradient across the junctions,
which in turn leads to a larger magnitude of Voc and produced I and Ẇ, this increase is offset due
to the drastic increase in the pressure gradient required to drive the fluid through the system. As
Tin increases, ζ near-linearly increases, for Tin elicits proportional increases in Ẇ and Ẇpump. It is
evident from Figure 15 a that lower Re and higher Tin values result in higher ζ values. For instance,
at a minimum Re and maximum Tin, the integrated device achieves a ζ of 7.82, which indicates Ẇ is
8.82 times greater than Ẇpump. This condition reflects a Ẇ and η of 9.11 W and 5.28%, respectively.
The conventional device, in comparison, exhibits a smaller positive performance enveloped as seen in
Figure 15 b, with situations were Re is equal to the minimum and Tin is greater than 450 K yielding a
positive ζ. At the minimum Re and maximum Tin, the conventional device achieves a ζ of 1.63, which
reflects a Ẇ and η of 2.83 W and 2.48%, respectively. The integrated configuration is able to achieve a
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4.80-fold increase in maximum ζ in comparison to the conventional, which at that condition, achieves
a 3.22- and 2.13-fold increase in Ẇ and η, respectively. Having a multi-faceted perspective on TEG
performance, specifically considering the thermal-fluid-electric coupled behavior, leads us to conclude
that lesser Re and higher Tin flows, for the presented configuration, are more favorable for device
performance.

The effect of Rload on the thermal-fluid-electric performance of the integrated device, namely I,
Ohmic voltage, Voc, Ẇ, Qh, Ẇpump, η and ζ index, are presented in the following. The values of Rload

were varied between 0.01% and 106% of the device’s internal resistance.
Figure 16 shows the variation of I as a function of Rload. As Rload increases, I non-linearly

decreases from a maximum to minimum value. With Rload less than Rint, I increases with a continued
decrement of Rload. Conversely, as Rload increases in value above Rint, I decreases with an increment
in Rload.

Figure 16. Variation of I, VOhm, and Voc with Rload for Re=10,000 and Tin = 650 K.

The Ohmic voltage potential follows a similar trend with Rload as does I, as shown in Figure 16.
With a nearly invariant Rint with respect to Rload, the Ohmic voltage non-linearly decreases from a
maximum to a minimum with increasing Rload values. The open-circuit voltage develops differently,
for it non-linearly increases from a minimum to maximum value with increasing Rload. With I being
maximized when Rload is minimized, there exist greater irreversibilities within the solids domains, due
to the presence of Joule and Thomson heat, with Joule dominating the behavior at large values of I.
With immense Joule heating within the rods, as well as in the pellets, a greater temperature difference
is established across the junctions, resulting in a greater developed electromotive force. This is a direct
consequence of the cold-side boundary condition; if a convective boundary condition were applied to
the cold-side interconnectors, a large temperature difference would not be established, resulting in
a lesser Voc. As I decreases with increasing Rload, the magnitude of the volumetric heat generation
terms subsides, and a lesser temperature difference is established across the junctions, elucidating
the development of a lesser Voc. This is substantiated by examining the average hot-side junction
temperature and comparing it to Rload, as shown in Figure 17.
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Figure 17. Variation of Th and Qh with Rload for Re=10,000 and Tin = 650 K.

Additionally, Qh and Ẇpump exhibit non-linear trends with Rload. The heat into the device
markedly increases as Rload increase, due to a decreasing Tavg, which corresponds to a lesser rod
temperature. With less Joule heating occurring within the rods at higher Rload values due to lesser I, a
larger temperature difference between the fluid and rod occurs, driving more heat into the junctions.
As more energy is extracted from the fluid, the thermo-physical properties of the fluid become more
favorable, namely a decrease in density, which manifests into a lesser velocity to obey continuity.
Therefore, Ẇpump decreases with increasing Rload. The behavior of Qh is shown in Figure 17, while
that of Ẇpump is omitted due to the relatively small change of values, which are on the order of 0.6 W.

The effect of Rload on Ẇ and η is shown in Figure 18. Since Ẇ is determined based upon I and
Rload, the behavior is directly contingent upon the latter. That is, as Rload increases from a minimum
value Ẇ increases, up until the point where Rload equals Rint; thereafter, Ẇ non-linearly decreases
to a minimum as Rload increases to a maximum. This is easily verifiable via the application of the
maximum power transfer theorem. The variation of η with respect to Rload follows the same trend as
does Ẇ, with the maximum value of 8.10% occurring at a Rload value approximately 10% less than
Rint. The behavior of η is due to the compounding non-linearity of Ẇ, Qh and Ppump. There exists a
Rload that although not yielding a maximum Ẇ, yields a Ẇ at a Rload that yields an optimum sum of
Qh and Ppump that maximizes η.

Lastly, ζ exhibits the same response to Rload as does Ẇ and η, as shown in Figure 19. As evidenced
by Figure 14, the ζ value at the operating condition for which the load resistance study is conducted is
sub-naught. Regardless of the ζ value, when Rload equals Rint, ζ is maximized; a decrease or increase
in Rload results in a precipitous decrease in ζ due to the associated abrupt decrease in Ẇ.

Figure 18. Variation of Ẇ and η with Rload for Re = 10,000 and Tin = 650 K.
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Figure 19. Variation of ζ with Rload for Re = 10,000 and Tin = 650 K.

4. Conclusions
An explicitly-coupled fluid-thermal-electric numerical model of a pin-fin integrated thermoelectric

device is evaluated for a range of inlet hot-side working fluid temperatures (350 ≤ Tin K ≤ 650) and
flow rates (3,000 ≤ Re ≤ 15,000). It is found that although the developed open-circuit voltage, current,
and subsequent power output exhibit asymptotically increasing trends with Re and quadratically
increasing trends with Tin, the pumping power, which increases quadratically with both Re and Tin,
dictates the device efficiency and performance index. The device efficiency has both a non-linear trend
with Tin and Re. For all Tin values, η increases with increasing Re until an inflection point, beyond
which Ẇpump dominates. It is demonstrated that ζ is maximized at the lowest Re and highest Tin values
where it reaches a value of 7.82 and 1.63 for the integrated and conventional devices, respectively. At
a maximized ζ of 7.82, the integrated device produces 3.22-times more Ẇ and achieves a 2.13-times
larger η than the conventional device, with values of 9.11 W and 5.28%, respectively. When ζ is not
maximized, the integrated configuration is independently able to produce 23.90 W and achieve an η of
8.10%, 4.62- and 2.78-times greater values than the conventional.

The present study represents an evolution in thermoelectric device design and analysis with the
proposed integrated configuration demonstrating marked improvements over its conventional coun-
terpart in terms of net power generation and conversion efficiency. Although the current investigation
encompasses a range of thermal-hydraulic conditions, it is fundamentally limited to the prescribed
geometric parameters of the evaluated finite-volume model. Ultimately, the device performance is
integrally linked to each of these geometric constraints (channel dimensions, pin-fin height-to-diameter
ratio, packing density, etc., as well as thermoelectric material) and each of these parameters need to be
evaluated parametrically to optimize the iTED for a given application. The constructed multi-physics
platform developed herein permits such robust evaluations.
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Abbreviations
The following abbreviations are used in this manuscript:

Nomenclature

A area [m2]
cp specific heat [J kg−1 K−1]
D pin-fin diameter [m]
E total energy [J kg−1]
h heat transfer coefficient [W m−2 K−1]
H channel height [m]
I electric current [A]
J current density vector [A m−2]
L length [m]
ṁ mass flow rate [kg s−1]
n number of p-type pellets [-]
N number of junctions [-]
p number of p-type pellets [-]
P pressure [Pa]
q′′ heat flux [W m−2]
R electrical resistance [Ω]
Re Reynolds number [-]
S pin-fin spacing [m]
t thickness [m]
T temperature K
v velocity vector [m s−1]
V electric potential [V]
W channel width [m]
Ẇ power [W]
y+ dimensionless wall distance [-]

Greek Symbols

α Seebeck coefficient [V K−1]
ϵ turbulence dissipation rate [m2 s−3]
ζ performance index [-]
θ packing density [-]
κ turbulence kinetic energy [m2 s−2]
λ thermal conductivity [W m−1 K−1]
µ dynamic viscosity [kg m−1 s−1]
ξ surface-normal direction [m]
ρ density [kg m−3]
ρel electrical resistivity [Ω m]
σ electrical conductivity [Ω−1 m−1]

Subscripts
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avg average
Al aluminum
Al2O3 alumina
c cold
cer ceramic
el electrical
f interface
h hot
ic interconnector
in inlet
int internal
load load
L longitudinal
n n-type
oc open-circuit
out outlet
Ohm Ohmic
p p-type
pin pin-fin
pump pumping
th thermal
T transverse
∞ free-stream
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