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a b s t r a c t

The thermoelectric model developed previously is used in this study to theoretically analyze promising
solutions to enhance the power generated by Thermoelectric Generators (TEGs), which incorporate
water-fed heat exchangers with commercially available thermoelectric modules. The patterned topogra-
phy on wall surfaces is implemented and the increased device performance can be observed by introduc-
ing stirred flows into the heat exchangers and equalizing the temperature across the channels. Referring
to the analysis, an approximately 30% enhancement in power generation is captured for the base-relief
TEG, indicating it is desirable to have mixing structures. In addition, varying cross-sectional area of a sin-
gle channel in a conversion capability sense shows that the structured surfaces have a stronger impact on
the TEGs at the micro scale, which could promote the power output by 40%. Finally, the prospect of
increasing the thermal transport capability of water by loading it with nanoparticles in the TEGs with
macro and micro heat exchangers is explored. It is found that the conversion performance of the nano-
fluid-fed TEG only performs superior to the water-fed TEG at the micro scale by 14%, where the flow rate
is relatively low. As for the macro scale, no improvement can be captured.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoelectrics examines the direct coupling of electricity and
heat within thermoelectric materials. Unlike traditional dynamics
heat engines, Thermoelectric Generators (TEGs) emerge as a seri-
ous contender for waste heat recovery and present plenty of dis-
tinct advantages, such as being simple, compact and highly
reliable, suited for small-scale and remote applications, and envi-
ronmentally friendly. Visible in experimental studies and numeri-
cal models, however, the proposed thermoelectric systems have
not generated the desired electric power output, constrained by
their unfavorable conversion efficiency (typically 5–10% [1]),
which is mainly caused by available thermoelectric materials in
the direction of figure of merit and needs to be improved if they
are to be broadly implemented, and be competitive with current
energy conversion technologies. A comparatively large amount of
heat is thus required to produce a given quantity of electricity
and opens the door to further improve the device performance.

As a metric of measuring TEG performance, a dimensionless fig-

ure of merit ZT ¼ d2 �r
j DT

� �
indicates that efficient energy conversion

calls for maximizing DT to optimize the overall thermoelectric sys-
tems. Mixing is one of the promising solutions to promote the ther-
moelectric capacity. Researchers point to locate some enhanced
mixing structures. Cheng [2] numerically studied the stacked two-
layer microchannel heat sink with enhanced mixing passive micro-
structures. The geometric parameters such as the ratio of embedded
structure height to microchannel height and fluid properties were
studied. Compared to the smooth microchannel, the better perfor-
mance of stacked microchannel with passive structures was
observed. Strook et al. [3] presented a method to mix streams of
steady pressure-driven flows in microchannels at low Reynolds
number by using base-relief structures on the floor of the channel.
The results showed that the patterned topography on surfaces such
as the staggered herringbone design and obliquely oriented ridge
design could be used to generate chaotic flows other than pres-
sure-driven flows in microchannels.

Additionally, nanotechnologically produced fluids have
received more and more attention in the race for the optimum
efficiency of TEGs, which comprise of nanoparticles and are consid-
ered to offer important advantages over conventional heat transfer
fluids such as water. Over the past decades, important theoretical
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and experimental research works on the convective heat transfer
appeared in open literatures on the enhanced cooling performance
of the forced convection heat transfer with nanofluids. Ho et al. [4]
conducted experiments to investigate cooling performance of a
microchannel heat sink with Al2O3/water nanofluid, showing that
the nanofluid cooled heat sink outperforms the conventional water
cooled heat sink, with a significantly higher average heat transfer
coefficient, lower thermal resistance and wall temperature for high
pumping power. Other researchers [5–10] presented theoretical
analysis of cooling performance of a microchannel heat sink with
water loaded nanoparticles having different volume fractions,
and achieved good results with currently available experimental
data sets.

Existing thermoelectric models are built by adapting or modify-
ing the second law of thermodynamics. In order to fabricate ideal
TEGs with optimum power performance, a more comprehensive
thermoelectric model was developed and expanded to optimize
selected design variables of the proposed TEGs to determine the
optimal performance, including geometric properties and opera-
tion conditions [11]. In the present study, after the thermoelectric
model is functioning and generates results by the use of the com-
mercial FEA package COMSOLTM [12], fully investigation is con-
ducted to improve the device performance under a wide range of
scenarios. Major promising solutions applied are structured walls
and working fluids loaded with nanoparticles. This work aims to
employ the experimentally verified model to implement thermo-
electrics and further enhance the thermoelectric conversion
efficiency.

2. Numerical Implementation

2.1. Coupled-field model

The fully Coupled-field model developed previously is used here
to account for Seebeck, Peltier and Thomson effects as coupling
mechanisms between thermal and electric fields. The equations
governing the multidimensional temperature and electrical poten-
tial profiles in thermoelectric materials under steady-state condi-
tions and in the absence of an applied magnetic field are shown
below.

Energy conservation for the solid domain involves Joule heating
can be expressed as,

rðj � rTÞ � T � J � @d
@T

� �
� T þ qTE � J ¼ 0 ð1Þ

In this model, the equations of heat flow Eq. (1) and of continu-
ity of electric charge [13] Eq. (2) are coupled by a set of thermo-
electric constitutive equations, Eqs. (3) and (4).

r � J ¼ 0 ð2Þ
q ¼ ½P� � J� ½j� � rT ð3Þ
J ¼ ½r� � ðE� ½d� � rTÞ ð4Þ

where, [j] is the thermal conductivity matrix, [r] is the electrical
conductivity matrix, [d] is the Seebeck coefficient matrix,
[P] = T[d] is the Peltier coefficient matrix. In the absence of time-
varying magnetic fields, E is irrotational, and can be derived from
an electric scalar potential /,

E ¼ �r/ ð5Þ

Therefore, the electric power W is expressed as

W ¼ V2
OC

2 RTE þ Rloadð Þ ð6Þ

For the maximum electrical power, Rload = RTE.

2.2. Heat exchanger model

Simulating a heat exchanger while utilizing thermoelectric
modules for power generation can be achieved by many
approaches. The generic TEG configuration provided by Suzuki
and Tanaka [14] is adopted. The panel directly touches upon a
hot and cold thermal fluid. Different arrangements are possible,
e.g. parallel flow, counter flow, isothermal, and mixed flow. The
three-dimensional Navier–Stokes and energy equations combined
with the continuity equation are solved simultaneously to deter-
mine the temperature fields of the hot and cold side of the thermo-
electric modules.

Continuity equation:

r � ðquÞ ¼ 0 ð7Þ

Momentum conservation equation:

qðu � ruÞ ¼ �rP þr �uþ F ð8Þ

Energy equation:

u � rT ¼ j
qCP
r2T þ

�Q
qCP
þ S

qCP
ð9Þ

For the liquid domain, �Q , the rate of internal heat generation
within the solid domain, is zero. The energy equation can be
rewritten as

u � rT ¼ j
qCP
r2T þ S

qCP
ð10Þ

For the solid domain, S, the dissipation function due to the vis-
cous force, is zero.

u � rT ¼ j
qCP
r2T þ

�Q
qCP

ð11Þ

Nomenclature

x axial distance along fluid flow axis, m
l length, m
w width, m
h height m
P pressure in flows, Pa
T temperatures of fluid flow and thermoelectric layer, K
u velocity of flows, m/s
Cp specific heat capacity at constant pressure, J/kg�K
W power output, W
Greek symbols
j thermal conductivity, W/K�m

r electric conductivity, S/m
d Seebeck coefficient, V/K
Subscripts
TE thermoelectric module
ch channel
c cross-sectional
H hot stream
C cold stream
in inlet
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