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Article Info ABSTRACT
Article type: Thermoelectric (TE) devices offer a promising approach to harvesting wasted thermal
Research Article energy from fluid flow without mechanical components. However, their performance is

highly dependent on the of heat transfer between the TE legs and heat sinks, especially
under varying fluid temperatures. This study investigates the enhancement of thermal
performance at the leg/heat sink interface by integrating carbon nanotube (CNT) arrays
as microfins on polymeric TE legs. A validated finite element model is used to simulate

Keywords: device behaviour and assess the impact of CNT geometry and fluid flow conditions.
Thermoelectric generator, Simulation results reveal that CNT arrays significantly increase the temperature gradient
CNT, across the TE legs, leading to improved energy conversion rates. Compared to devices
I%Eg;gsg?lt:r enhancement, without CNTs, the CNT-based thermopile exhibits 1.4 to 2 times higher open-circuit

voltage and output power efficiency. When five TE units are connected to form a
thermopile, the output reaches 7 mV and 0.3 pW approximately tenfold the performance
of a single device. The amount of recovered waste heat from the hot flow source is about
0.0117 W. Optimal power output is achieved through impedance matching, which can
be tuned by configuring the number of TE units in series or parallel. These findings
highlight the potential of CNT-enhanced TE devices for efficient thermal energy
harvesting in fluidic systems.

Nomenclature
C Heat capacity at constant pressure(J/kgk) v Electrical Voltage (v)
E Electrical Field (v/m) u,vand w  Velocity at x, y and z direction
J Flux of Electrical Current (A/m?) ZT Figure of merit
k Thermal Conductivity (W/mk)
P Peltier Coefficient (v) Greek symbols
P Pressure (Pa) a Thermal Diffusivity (m?/s)
Q Joule Heating (J) n Thomson Coefficient (uv/K)
q Heat Flux (W/m?) p Density (kg/m?)
S Seebeck coefficient (uv/K) Pe Space charge density (C/m?)
T Temperature (K) o Electrical Conductivity (S/m)
t Time (s)
INTRODUCTION enable the harvesting of electrical energy from low-grade

heat sources, such as human body temperature or the
exhaust gas pipe of a vehicle [1]. The harvested electrical
energy can be sufficient to power various sensors and
control apparatuses.

A TE device consists of two legs- n-type and p-type -
composed of distinct TE materials, electrically connected

Thermoelectric (TE) devices have emerged as promising
energy harvesters for various applications due to their
remarkable properties, including long lifespan, noiseless
operation, ease of maintenance, and high reliability. Their
environmentally friendly impact and straightforward
implementation further enhance their appeal. TE devices
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via a conductive material. Thermoelectric generators
(TEGs) can be deployed for a range of applications,
including waste heat recovery. Notable examples include
efforts to convert vehicle exhaust heat into clean electrical
energy [2, 3].

However, the low efficiency of TE technology remains
a significant challenge that must be addressed to enable
widespread adoption. As Bell [4] pointed out, this issue
can be tackled by enhancing the intrinsic energy-
conversion efficiency of TE materials and integrating the
latest advancements in system architecture and design.
Current TE generators operate at an efficiency below 5%
[5].

Modeling and simulation of TEGs offer a powerful
approach for exploring novel strategies to improve
performance. Consequently, extensive research has been
conducted to simulate various TE devices.

Among these studies, Lu et al. [6] investigated the
cooling and mechanical performance of a trapezoidal
thermoelectric cooler using the finite element method to
simulate a full-scale three-dimensional model. Compared
to conventional rectangular designs, they demonstrated
that increasing the leg height and employing a variable
cross-sectional design enhanced cooling performance.
Furthermore, while a greater leg height improved
mechanical reliability, the trapezoidal shape negatively
impacted it.

Sisik and LeBlanc [7] numerically examined the
thermal and electrical performance of TE devices with
different leg geometries, including rectangular, hollowed
prisms, trapezoidal, hourglass, and Y-shaped legs. Their
findings revealed that an hourglass-shaped thermoelectric
leg provided superior performance under constant hot-side
temperature conditions, achieving more than twice the
electrical potential of conventional rectangular legs.

Rjafallah et al. [8] conducted numerical investigations
on the effects of leg geometry on TE performance using
the finite element method. They studied several shapes,
including square, triangular, trapezoidal, reverse
trapezoidal,  hourglass, and inverse  hourglass
configurations with varying dimensions. Their results
indicated that triangular legs with internal hollows yielded
the highest maximum power output.

Ali et al. [9] numerically simulated a thermoelectric
generator designed to harvest waste heat from chimneys.
Their study comprehensively described heat transfer along
a single vertical bar within the TEG module mounted
against a chimney wall. Additionally, they analyzed the
influence of flap dimensions—height, depth, and angle—
alongside the performance of various conductive
materials. Mohamed et al. [10] investigated waste heat
recovery from the exhaust stream of the main oven in a
bakery factory using TE modules. They showed that
Reynolds number of stream is the major operating
parameter because of its effects on the heat sink
effectiveness. They achieved to an increase of heat
recovery ratio from an initial 14% to 38%.

Harb et al. [11] employed genetic algorithms to
optimize thermoelectric generators, focusing on electricity
production and conversion efficiency as key performance

metrics. They found that leg length and cross-sectional
area significantly influenced energy generation. Alghamdi
et al. [11] applied finite element methods to simulate
segmented variable-area-leg TE modules, optimizing their
design using Bayesian regularized neural networks.

Lin et al. [13] explored the heating and cooling
performance of TE devices for medical storage
applications. Their optimization study revealed that U-
shaped cooling fins significantly enhanced cooling
efficiency under specific conditions. Pang et al. [14]
developed an analytical 3D mathematical model to
examine TEG performance, simplifying complex 3D heat
conduction into a more manageable 1D representation
through minor adjustments to classical TEG theory.

Dziurdzia et al. [15] proposed an electrothermal model
to simulate energy harvesting processes across different
TEG scales. Their model accounted for steady and
transient states, incorporating variations in electrical loads
and temperatures. Kayabasi and Kaya [16] experimentally
showed that using a combination of photovoltaic and TE
modules can harvest 0.45V energy output when the TE
naturally cooled. It is enhanced to 0.97V energy output
when forced-cooled. Yang et al. [17] conducted a
systematic review of thermoelectric generators at different
scales, discussing technological characteristics at various
power levels (microwatt to kilowatt systems). Their
research introduced a comprehensive design framework,
addressing material innovations and large-scale
integration to advance next-generation TE systems.

Polymeric TE devices have attracted significant
interest due to their advantages, including large surface
area, device flexibility, low cost, low density, low thermal
conductivity, and straightforward synthesis [18]. The
efficiency of TE systems is heavily dependent on the
quality of heat transfer between the heat source and the TE
material. Thus, enhancing heat transfer is a critical issue
that must be carefully addressed. One effective method
involves the use of microfin structures composed of
aligned multiwalled carbon nanotubes (CNTs), which
exhibit exceptional thermal conductivity [19-21].
However, CNT conductivity is highly anisotropic, with
much greater heat transfer efficiency along the nanotube
axis compared to other directions.

Current TE research is primarily focused on fabrication
methodologies and the development of novel materials to
reduce device size and cost [22]. Sun et al. [23] introduced
a polymeric TE module featuring 35 legs, capable of
generating an output voltage of up to 0.26 V—sulfficient to
power electronic components within a wireless system.

Increasing the temperature difference across TE device
terminals remains a key strategy for enhancing output
voltage while minimizing the number and size of legs.
Nanostructured interfaces based on vertically aligned
CNTs offer an optimal blend of mechanical compliance
and high thermal conductance, improving TE device
efficiency [21]. Nuwayhid et al. [24] studied a hybrid
system of photovoltaic and thermoelectric modules. They
concluded that hybridizing a PV panel by bottoming it with
a thermoelectric generator is not quite attractive except
possibly at higher solar concentrations. However, they
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mentioned that further work on this line may include more
TE material considerations, and more rigorous heat sink
treatment. This study aims to improve the performance of
heat sink.

Despite extensive research on TE device fabrication,
comparatively fewer studies have focused on modeling
complete TE systems. Notably, the integration of CNT
electrodes—thermally connecting hot and cold working
fluids to TE materials—has not been explored in depth.
CNTs also function as microfins, significantly enhancing
heat transfer efficiency. This study numerically
investigates a novel TE design incorporating vertically
aligned CNTs integrated with device electrodes, aiming to
improve heat exchange between the legs and the heat sink
flow channels.

A finite element technique is used to simulate the
proposed polymeric TE device, with a particular focus on
the role of CNTs in enhancing heat transfer efficiency.
Two configurations are considered and compared: one
without CNT integration and another featuring CNT
arrays.

Mathematical Formulations

Figure 1 presents a schematic representation of the two
thermoelectric (TE) devices considered for simulation.
The first configuration, shown in Figure la, is a
conventional TE device without carbon nanotubes
(CNTs). This setup consists of p-type and n-type legs, two
electrodes, and two rectangular channels responsible for
directing hot and cold gases as heat sources and sinks.
Efficient heat exchange between the gas and electrodes is
a critical factor influencing the overall performance of the
TE device.

To address this, the second configuration integrates
conventional electrodes with CNT arrays, as illustrated in
Figure 1b. In this model, CNTs function as high-
performance microfins, significantly enhancing heat
transfer between the gas flow and the TE legs. A total of
twenty-seven microfins, each composed of CNT arrays,
are strategically positioned on the electrodes within the
channels. These microfins not only improve thermal
conductivity but also contribute to fluid flow perturbation,
further increasing the rate of heat transfer.

For simulation purposes, the microfins are treated as a
bulk medium with an effective density of 350 kg/m* and a
specific heat capacity of 650 J/kg'K. The effective
anisotropic thermal conductivity of the microfins is
represented using the following matrix [20, 25-27].

40 40 40
k= (40 40 40 >
40 40 400

The efficiency of a thermoelectric (TE) material is
determined by its dimensionless TE figure-of-merit (ZT),
which is mathematically defined as:

ZT =(S’c)T / k (1)

Where o represents electrical conductivity and k
denotes thermal conductivity. Therefore, an ideal
thermoelectric (TE) material exhibits high electrical

conductivity and low thermal conductivity. Based on the
characteristics of organic TE materials, polyaniline
(PANI) and poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT: PSS) are selected as the
p-type and n-type legs, respectively. Tables 1 and 2
provide details on the material properties and device
specifications for both architectures [28-30].

The Seebeck and Peltier effects play a crucial role in
the performance of any thermoelectric (TE) device.
According to the Seebeck effect, the output voltage of a
TE device is determined by the following equation [19]:

V =(S, — Sp)AT 2

where Sp and Sn are Seebeck coefficients of p and n
type legs, respectively, and AT is temperature difference
between both sides of the device.

2) : b)
Cooling channels Mlcg-ﬁn (ﬁT

B N P N
type type type type
leg leg leg leg

S

Flectrodes Heating channels Micro-fin CNT arrays

Fig. 1. Schematic of the simulated TE device (a) without CNTs,

(b) with CNTs).
Table 1
Materials, and their corresponding size of the TE device.
Elements
. Thermal
Properties Thermoel.ectrlc Electrode interface
material .
material
. PEDOT:PSS,
Material PANI Copper CNT Arrays
Dimension 900%2000x
(um) 5000 900%2000%200 | 100x100x650
Table 2
Physical properties of the considered materials.
k C S, or P
Materials (W/m o (S/m) (J/kg S, (ke/m?)
k) k) (LV/k)
PANI 0.53 370 324.56 177 1150
PEDOT:PSS 0.2 930 200 -57 1000
Copper 401 58.1x10° 384 1.8 8960

These effects are thermodynamically related by the
Thomson relations [32]:

P=ST 3
ds
U= Tﬁ 4

where P is the Peltier coefficient and y is the Thomson
coefficient. In a leg of TE device, the heat flux, ¢, and the
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flux of electric current, J, are determined by (Xuan et al.
2002) [33]:

q=—-kVT +PJ 5)

J=—aVV —aSVT (6)
Some other associated quantities are:

E=-VV @)

Q=J.E (®)

where E is the electric field and Q is the Joule heating.
Conservation of heating energy and current gives:

T
—_— = 9
pC R +a‘7-q Q ©)
Pe
=_ 10
v.J 3t (10)

In these equations, p is the density, C is the heat
capacity at constant pressure and p. is the space charge
density. At the steady state condition, the above mentioned
equations can be simplified as follows:

V.g=0Q D
V.j=0 (12)
To be able to determine the electrode temperature and
consequently

the heat flux at the interface of electrode and TE
material, the governing equations for the fluid flow
through rectangular channels (heat source and sink) are
solved. These governing steady state equations for laminar
flow regime are [26]:

Continuity equation:

ou 4 dv N ow 0 3
ox dy 0z (13)
Momentum equations:
6u+ ou ou  10dp N 62u+62u+62u
Yax ™V dy Woz~ p 0x ”(axz dy? 622)
ov v v 10dp N 0%v N 0%v N 0%v
Yax TV dy Yoz~ p oy ”(axz dy? 622)
6W+ ow ow  10dp N 62W+62w+62w
Yox Y dy Yoz p oz ”(axz ay? 622)

Energy equation:

oT oT oT 0°T 0°T 9°T
tw——=a«

dx dy 0z (ﬁ * a—yz * 2%
Boundary Conditions

Incompressible laminar air flow through the channels is
considered, with integrated carbon nanotubes (CNTs) at
the channel-electrode interface functioning as microfins.
The no-slip boundary condition is applied, while wall
radiation and interfacial resistance are neglected. The air
flow temperature at the inlet of the hotter and colder
channels is set at T, = 37°C and Ti. = 20°C, respectively.
The fluid inlet velocity varies between 0.1 m/s and 0.8 m/s,
corresponding to Reynolds numbers ranging from 6.31 to
50.52.

Grid Study and Validation

The nonlinear governing equations are discretized using
the finite element technique, and the resulting equations
are solved using SIMPLE algorithm. An unstructured
mesh distribution is employed (see Fig. 2). To ensure grid
independence of the calculated results, multiple grid
distributions have been tested. Fig. 3 illustrates the effect
of grid resolution on the temperature difference between
the two legs for both models. In the first model (without
CNTs), increasing the grid number beyond 13,435 does
not significantly affect the results. In contrast, for the
second model (with CNTs), grid independence is achieved
at 142,700. The second model requires a higher mesh
resolution than the first due to the presence of microfin
CNTs.

To demonstrate the validity and accuracy of the
mathematical model and numerical procedure, the output
voltage of the TE device, calculated at different
temperature differences between the two ends of the leg, is
compared with the corresponding experimental results
obtained by Wang et al. [34]. As shown in Fig. 4,
agreement between the numerical and experimental results
is observed. As can be seen, the difference between the
results is smaller at lower temperature differences. This
difference varies approximately between 5 and 20 percent.
This confirms that the numerical procedure is reliable and
capable of accurately predicting the TE performance.

P
(1)
Fig. 2. 3D unstructured grid for modelling the TE device using
CNT arrays.
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Fig. 3. Grid test (a) TE without CNTs (b) TE with CNTs
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Fig. 4. A comparison of TE device output voltage between the

present numerical result and experimental results of Wang et al.
[34]

RESULTS AND DISCUSSIONS

It is well known that the performance of a TE device
strongly depends on the temperature difference between
the two ends of its legs. Therefore, enhancing heat transfer
at the junctions between the legs and the heat source and
sink (hot and cold gas flow through the channels) is crucial
for achieving a higher temperature at the hotter zone and a
lower temperature at the colder zone.

To examine the effect of CNTs on temperature
variations along the device legs, Fig. 5 is presented. As
observed, for given Reynolds numbers (fluid velocity) and
air temperatures at the channel inlets, the use of CNTs
results in a greater temperature difference in both p-type
and n-type legs, thereby improving the device’s
performance. This enhancement occurs because CNTs
simultaneously increase the effective heat transfer surface
in contact with the airflow and disturb the fluid flow. These
effects significantly enhance heat transfer between the
airflow and the electrodes, leading to a higher temperature
at the heat source and a lower temperature at the heat sink.

A comparison between the two TE models reveals that
the temperature difference in the second model (which
utilizes CNTs) is 1.5 times greater than that of the first
model. Additionally, the temperature difference across the
n-type leg is higher than that of the p-type legs due to the

lower thermal conductance of PEDOT:PSS under identical
conditions. It is worth noting that microstructured, etched
CNT films used as microfins exhibit a more effective heat
transfer behavior than unetched CNT films [17]. This
improvement is attributed to the presence of grooves that
facilitate better fluid flow and heat dissipation through
convective fluxes from the fins to the surrounding
medium.

= = = With CNT Without CNT  (a)
34 4
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32 1 o Heat source channels:T;=37°C
Q 30 - Heat sink channels:T;;=20°C
g
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3 24 \\s
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0 2000 4000 6000
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Fig. 5. Variations of temperature along TE legs (a) p and (b) n
type for TE with and without CNTs

However, the present model considers the CNT arrays
as a solid block, whereas in reality, CNTs consist of
numerous hydrophilic strands that intertwine and entangle,
forming nanoscale pores that allow fluid penetration and
further enhance heat transfer efficiency

It is well known that the dimensions of the legs and the
inlet gas flow conditions at the heat source and sink
channels significantly influence the performance of a
thermoelectric device. Fig. 6 illustrates the impact of leg
height on temperature differences and open-circuit voltage
for thermoelectric devices with and without CNTs.

As observed, increasing the leg height leads to greater
thermal resistance between the leg sides, which in turn
enhances the temperature difference and consequently
raises the open-circuit voltage. However, this variation
does not follow a linear trend, as the rate of temperature
difference increase diminishes with further leg height
expansion.
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Fig. 6. The effect of legs height on the temperature differences
and open circuit voltages for a given velocity for TE with and
without CNTs (a) p and (b) n type legs. Tin=37°C and Tic=20°C

In the CNT-based model, the temperature difference
and open-circuit voltage between the p-type and n-type
legs are approximately 1.5 to 2.5 times higher than those
in the model without CNTs.

Fig. 7 illustrates the impact of leg width on both the
temperature difference and the open-circuit voltage of the
device. As shown, increasing the leg width leads to a
reduction in both parameters for TE devices with and
without CNTs, due to the enhanced rate of heat transfer
throughout the legs. Similarly, the temperature difference
and output voltage in the CNT-based model are about 1.5
to 2.19 times higher than in the model without CNTs.
Consequently, TE device legs should ideally be tall and
thin. However, the aspect ratio of the legs (height-to-width
ratio) is constrained by fabrication technology and the
chosen TE material.

Fig. 8 presents the effect of inlet fluid Reynolds
number (or inlet velocity) at the heat source and sink
channels on the hot and cold junctions for both models.
The inlet air temperatures at the hot and cold channels are
37°C and 20°C, respectively. As observed, increasing the
fluid Reynolds number raises the leg temperature at the hot
side while lowering it at the cold side, owing to the higher
heat transfer coefficient across the channels and
consequently increasing the TE performance.

The improvement in the heat transfer coefficient is
clearly demonstrated in Fig. 9. As shown, the heat transfer
coefficient at the hot and cold junctions in the second
model is higher than in the first model. For instance, when
the Reynolds number is 50.52, the heat transfer coefficient
for the TE device with CNTs is 2.5 times greater than that
of the device without CNTs.
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Fig. 7. The effect of legs width on the temperature differences
and open circuit voltage for a given velocity for TE without and
with CNTs (a) p and (b) n type legs. Tin=37°C and Tic=20°C

As previously mentioned, incorporating CNT
microfins increases the effective heat transfer surface
while simultaneously disrupting fluid flow. These
combined effects significantly enhance the rate of heat
transfer.
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Fig. 8. Variations of temperature at two sides of (a) n and (b) p
type legs versus Reynolds number for TE with and without
CNT. Tin=37°C and Tic=20°C

A variable load resistance is connected to the TE
device output to evaluate its generated power. Fig. 10
illustrates the power variations as a function of load
resistance for both the first and second models. Maximum
power is achieved when impedance matching occurs—that
is, when the load resistance equals the total electrical
resistance, allowing optimal power transfer from the
device to the load.

Using this curve, the optimal internal electrical
resistance of the device can be determined. By configuring
a specific number of TE devices in series or parallel, the
total electrical resistance of the TE system can be adjusted
to match the consumer resistance, ensuring maximum
power delivery. Additionally, the results indicate that the
maximum power of the second model is 2.5 times higher
than that of the first model, attributed to the incorporation
of CNT microfins.
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Fig. 9. Heat transfer coefficient of (a) n and (b) p type legs in
hot and cold junctions versus Reynolds number for TE with and
without CNTs. Tin=37°C and Tic=20°C
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Fig. 10. Electrical power of TE device versus variable load
resistance for the models with and without CNTs. Tih=37°C and
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Thermopile

In order to increasing the output voltage and power of a TE
system, a thermopile has been considered. The thermopile
consists of five TE devices that are electrically connected
in series while being thermally arranged in parallel (see
Fig. 11).

x103 07

Fig. 11. 3D scheme of thermopile consists of 5 the TE devices
with the micro fins CNT arrays on the both sides of the legs

Fig. 12 illustrates the temperature distribution along
the TE legs in thermopiles with and without CNTs. A
comparison of the two curves reveals that the temperature
difference across the legs in the CNT-based model is 1.5
times greater than in the model without CNTs. This
improvement is attributed to the effect of CNT microfins
on the convective heat transfer coefficient.
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o r~ - P -,
o
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2
o
d)
£
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0 20000 40000 60000 80000
Along TE legs, pum

Fig. 12. Temperature distribution along TE legs in thermopile
without and with CNT. Tih=37°C and Tic=20°C

Additionally, a variable resistance has been connected
to the thermopile output. Fig. 13 illustrates the variations
in thermopile power versus load resistance for two
configurations: (a) without CNTs and (b) with CNTs. The
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peak in both curves represents the internal electrical
resistance of the thermopile, with maximum power
transfer occurring when impedance matching is achieved.

According to Fig. 13, the total electrical resistance of
the thermopile is 51.9 Q. Furthermore, the maximum
power of the CNT-based structure is twice that of the first
model (without CNTs), owing to the inclusion of CNT
microfins. The open-circuit voltage for the first and second
models is measured at 8.6 mV and 12.047 mV,
respectively, indicating that the voltage of the CNT-based
model is 1.4 times higher than that of the first model.

A comparison of the calculated voltage and power
between a single TE device and the thermopile
demonstrates that connecting multiple TE devices
enhances system output. By connecting five TE devices,
the open-circuit voltage increases to 7 mV, while the
output power rises to 0.3 uW. Therefore, integrating a
greater number of TE devices can significantly improve
the performance of TE systems.
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0.4
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e

Fig. 13. Electrical power of thermopile versus variable load
resistance, (a) without CNT and (b) with CNT. Tih=37°C and
Tic=20°C

CONCLUSIONS

The performance of TE devices that harvest wasted
thermal energy from fluid flow is numerically analyzed
using the finite element method. Two polymeric TE device
models are considered—one incorporating CNT arrays at
the hot and cold source junctions, and the other without
CNTs. The results indicate that, for a given Reynolds
number and inlet air temperature at the heat source
channels, the inclusion of CNTs leads to a greater
temperature difference across both polymeric legs.

For both models, increasing the fluid Reynolds number
enhances AT due to the rise in the heat transfer coefficient
at the heat source channels, with this effect being more
pronounced in the CNT-based device. Maximum power is
achieved through impedance matching, which can be
attained by configuring a specific number of TE devices in
series or parallel.

The simulation results of a thermopile, composed of
five interconnected TE devices, reveal that the open-circuit
voltage and output power can reach up to 7 mV and 0.3
uW, respectively—approximately ten times the output of
a single TE device. Additionally, the temperature
difference across the thermopile legs in the CNT-based
model is 1.5 times greater than that in the model without
CNTs. Furthermore, the open-circuit voltage and

maximum output power of the CNT-based thermopile
increase by a factor of 1.4 to 2 compared to the non-CNT
model.
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