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To facilitate the co-design and co-optimization of fluid or combustion systems
and thermoelectric devices, a three-dimensional (3D) thermoelectric generator
(TEG) model has been proposed and implemented in a computational fluid
dynamics (CFD) simulation environment. The model includes all temperature-
dependent characteristics of the materials and nonlinear fluid—thermal—
electric multiphysics coupled effects. In this paper, the device-level model is
first extended to the module level by taking a general geometry, identifying
regions such as positive and negative thermoelements, and assigning prop-
erties to them. The system-level model is then demonstrated by coupling the
module-level model with a fluidic-thermal system model in a single CFD
simulator to predict the generation performance based on the thermal equi-
librium that is achieved. The linked models are validated experimentally at
the system level using data from three real thermoelectric modules installed
on the surface of an exhaust pipe-like rig, where the temperature profile as
well as the electricity generated can be measured and compared with the
simulation results. The rig is intended not only to verify the proposed system
model but also to mimic a practical exhaust recovery apparatus for a proton
exchange membrane fuel cell (PEMFC). Based on the data obtained from the
system-level test rig, a novel low-temperature low-cost application for auxil-
iary electric power appliances based on the waste heat of the PEMFC can be
envisaged. Within the common simulator, it is shown that the thermoelectric
model can be connected to various continuum-domain CFD models of the fuel
cell itself, thus enabling further possibilities to optimize system efficiency and
performance.

Key words: CFD modeling, TEG, PEMFC, system-level testing,
co-optimization

INTRODUCTION

In the investigation of TEG applications and sys-
tem modeling, one important aspect is the assump-
tion of a non-constant-temperature boundary
condition on the device junctions. Based upon the
macroscopic thermodynamic and one-dimensional

(Received June 26, 2009; accepted May 5, 2010;
published online June 2, 2010)

(1D) analytical methodology, the effects of heat
conduction and/or Joule generation across the
interfaces between the thermoelectric device and the
reservoirs have been extensively discussed.'™ In
such 1D analytical models, the unrealistic assump-
tion that the thermal resistances between heat res-
ervoirs and TEG junctions are infinitesimal is
removed. However, there are significant drawbacks
related to another assumption, i.e., of constant-
temperature boundary condition on the hot and cold
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reservoirs. Constant-temperature reservoirs simply
mean infinite thermal mass, which is more or less
idealized and not completely realistic for most TEG
applications. In fact, any thermal or electric change
in the TEG, as a special kind of thermal load applied
on its hot and cold sides, will lead to a temperature
response of abutting heat reservoirs if they are not
infinite.

Attention has been paid to more general TEG
models that include the reservoir scale.””’ Espe-
cially, by generalizing different hot and cold sources
as fluids, different kinds of thermal energy systems
with constant temperature can be numerically
augmented so that more unknowns of the system
status of both the TEG and the entire generating
system can be resolved together in the popular
CFD code FLUENT.? The 1D TEG model has been
upgraded to a three-dimensional (3D) numerical
model to reflect the influence of nonuniform heat
flow and temperature distributions of fluid heat
sources on TEG power and efficiency, as well as the
coupled fluid—thermal-electric behavior of the sys-
tem. Considering the application of a TEG in a
combustion energy system, the impacts on thermo-
electric generation of fluid properties such as flame
temperature, fuel concentration, and supply rate
can be included.

The original considerations, including full moti-
vation, 3D model implementation, and device-level
validation, have been documented in Ref. 8. This
work demonstrates how to utilize the proposed TEG
model to implement the CFD system model. Com-
mercially available TEG modules with thermoelec-
tric materials of known temperature-dependent
properties have been incorporated into a laboratory
test rig to furnish system-level measurements and
a verification framework for the CFD model. We
also consider the optimization of different thermal
energy systems for TEG applications, and here a
representative example, PEMFC exhaust utiliza-
tion, has been modeled and analyzed.

CFD MODELING OF TEG SYSTEM

The 3D TEG model is implemented in the popular
CFD package FLUENT 6.3, where the solid ther-
moelectric phenomena are solved by developing
user-defined functions (UDF) in the ANSI C lan-
guage.® User-defined scalars (UDS) are used to
determine the electric field caused by the Seebeck
potential and electric current throughout the ther-
moelements. The model includes the temperature
dependence of all properties of the p- and n-type
materials, and provides 3D profiles of temperature,
Seebeck potential, and current density as well as
the values of TEG power and efficiency. Compari-
sons with other modeling and device-level experi-
mental results have validated the accuracy of the
TEG model.® It is comprised of only a few UDF and
UDS and is hence very scalable and flexible for
incorporation into FLUENT, serving as an add-on
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module in parallel with other power source mod-
ules® provided within FLUENT. The TEG model is
especially useful for co-design of the whole power
system, because CFD submodels of fluid flow and
combustion in FLUENT can be immediately con-
nected to the TEG model as a continuum domain,
thereby avoiding problems associated with multidi-
mensional boundary condition translation in the
fluid—structure coupling.

In order to apply the TEG model, there are a
series of general steps to follow in FLUENT in
addition to loading of the UDF and UDS:

e Create p- and n-type thermoelectric materials
and define their temperature-dependent ther-
mal conductivity and electric conductivity (UDS
diffusivity);

e Create the metal material for conducting bridges
and define its thermal and electric conductivities
(UDS diffusivity);

e Modify the temperature-dependent Seebeck coef-
ficients and initial values in UDF;

e Select applicable solid zones for each UDS;

e Apply boundary conditions, where source terms
must be applied to appropriate solids, and the top
and bottom interfaces between conducting bridges
and p- and n-type legs must be set to include
coupling between continuum thermal and electric
(UDS) fields.

From the system modeling viewpoint, the imple-
mentation of 3D thermoelectric governing equations
for a single couple must first be extended to the
module level. Figure 1 shows the full 3D solid model
and the grid of the 127 thermoelectric couple
module (TEC1-12706) used in the device-level vali-
dation.® In such a module model, all p-type legs, all
n-type legs, all top metal conducting bridges, and all
bottom metal conducting bridges are specified as
individual zone types, respectively. Thus the linking
of various materials and UDF source terms to cor-
responding solids can be done easily in FLUENT
without repeating them for each of the 127 couples.
The exception to this is the exposed pads at the two
corners, simulating the lead wires of the TEG.
These cannot be specified in the same zone as other
bottom metal conducting bridges, because electrical
boundary conditions must be applied on them: one is
connected to ground (specified value of UDS), and
on the other, a calculated current (specified flux of
UDS) is applied in each iteration. The current is
calculated in terms of the overall built-in Seebeck
potential, which is a sum of the potentials (UDS)
across all p- and n-type legs. The 3D thermal and
electric fields of the device in Fig. 1 can be obtained
by following the aforementioned steps, but an
important difference between modeling single- and
multicouple TEG appears as the convergence speed
of the UDS iteration slowing down. According to the
general theory described by the FLUENT docu-
mentation, there are a number of options in regard
to convergence acceleration, but simple numerical
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Fig. 1. Solid model and grid of a TEC1-12706 thermoelectric
module.

experiments showed that, in this case, using a
double-precision solver (3DDP) instead of a single-
precision solver can normally increase the conver-
gence speed to an acceptable level.

However, the system modeling described herein
must include the interaction of the TEG model of
three such modules with a demonstrative CFD
submodel of a hexagonal fluid tube that emulates
the exhaust pipe of the PEMFC as the hot source.
The difficulty in convergence becomes more obvious
when the many thermocouples of the three modules
are connected in series and simulated by a single
UDS, even when the double-precision solver is
adopted. The transfer of the electric potential (UDS)
boundary condition through such a long set of
thermocouples seems to be the cause of the conver-
gence problems. Therefore, two additional UDSs
were created so that the electric potential distribu-
tion following Ohm’s law within each module is
simulated by an individual UDS. Not only has
this solution proven feasible in terms of the con-
vergence problem, but it is also reasonable in prac-
tice, because it is unlikely in any real application
that all thermocouples would be connected in series,
due to the undesirable possibility of device failure.
Mostly, TEG thermocouples are grouped into mod-
ules, and it is certainly a fair strategy to apply one
UDS for each electric potential distribution without
increasing the model size. Of course the electrical
configuration of the modules remains flexible (in
series, in parallel, or hybrid) and can be specified by
coding the boundary condition overlap in the UDF.

To mitigate the required computational effort,
meshing optimization needs to be considered at the
device level to reduce the total number of nodes.® In
system models, however, there are a couple of
additional meshing issues. The first arises due to
the typical TEG design, which consists of many
thermocouples. Thus, the interfaces between the
TEG and the system must be split by a lot of holes to

enable coupled heat transfer. Directly splitting this
kind of face shape may be problematic in CFD pre-
processors such as Gambit, where indirect splitting
can be used, i.e., splitting a large face into small
faces and then each small face by the holes corre-
sponding to p- and n-type legs. The second issue is
the mesh for the system (fluid region), which gen-
erally must have larger cell size than that of
the thermoelectric region for an operational total
model size. Such meshes with different sizes can be
applied on unconnected entities of equivalent
topology to the thermoelectric region, and interface
zones can be connected afterwards in FLUENT by
defining the grid interface.

SYSTEM-LEVEL TEST RIG

System-level test rigs are usually built on cold
fluid tubes to cool the cold side of the TEG mod-
ules.’®!! To validate the proposed numerical mod-
eling, in this work a simple system-level test rig
mainly emulating the hot air flow conditions of a
fuel cell stack was constructed. The designed setup
can also be used to estimate the potential power
output and efficiency of a series of TEG modules or
pellets spatially distributed for other similar appli-
cations. The system setup is shown in Fig. 2.

In order to emulate the exhaust air flow of a fuel
cell stack, a Biirkert 8626 mass flow controller
was used to specify an air flow varying from
0-300 L/min. The temperature of the air exiting the
mass flow controller can be controlled by a Leister
LHS20L/System three-phase air heater. It is able
to deliver up to 3 kW of power to the incoming air,
and the temperature can be controlled at the
desired emulation temperatures, mostly in the
range of 300 K to 475 K but maybe higher. The hot
air enters the hexagonal aluminum exhaust pipe,
where three TEC1-12706 modules are mounted on
its top surface, with 12 type T thermocouples
distributed evenly under the three modules. Fur-
thermore, at the pipe inlet and outlet, aluminum
wall and pipe center temperatures are measured.

Labview
interface

Fig. 2. Experimental setup for model validation.
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Fig. 3. Sketch of aluminum pipe for TEG mounting used to verify numerical model.

Figure 3 shows the dimensions of the aluminum
pipe and the positions of the thermocouples.

The hexagonal shape of the aluminum pipe is
dimensioned to be used as an exhaust pipe exten-
sion on a Serenergy 1-kW PEM fuel cell stack which
will be presented later on. In each of the six sides of
the hexagon, a 1-mm-deep channel is made in the
2-mm-thick aluminum wall to accommodate the
thermocouples indicated in Fig. 3. The thermocou-
ples are mounted using thermal conductive paste to
maximize conduction. The pipe inlet temperature
T center, 18 used to control the inlet temperature of
the air entering the pipe, independently of the air-
flow. In this way, the setup can be used to verify the
developed numerical model as well as the perfor-
mance of TEG power generation.

PRELIMINARY RESULTS

Figure 4 shows the results of the module-level
simulation for the electric potential variation caused
by current flowing through the TEG module, i.e., the
continuum electric potential distribution caused by
the internal resistance of the TEG module (Ohm’s
law), where constant-temperature boundaries are
applied on the top and bottom surfaces. The TEG
module used (TEC1-12706) has a cross-section of
40 mm x 40 mm, and the n- and p-legs inside have
dimensions of length x width x height = 1.4 mm x
1.4 mm x 1.6 mm. These dimensions as well as
the thermal and electrical contact resistances are
included in the model, where uniform boundary
temperatures of 423 K and 303 K are assumed on
the top and bottom surfaces, respectively, for the
result in Fig. 4. In experimental measurements, a
thin-film electrical heater is used to provide the
specified temperature difference. With a roughly
matched load, the extent of agreement between the
measurements and the simulation results in terms
of the main performance parameters such as output
power and efficiency can be found and discussed,
similarly to previous work.® To highlight the un-
ique feature of this module-level model, i.e., that
the internal resistance of the TEG module can be

N i

Fig. 4. Three-dimensional electric potential distribution resulting
from the current generated in the TEG module for a temperature
difference of 120 K.

calculated without scaling, a list of resistance val-
ues under various temperatures is presented in
Table I. Note that the measured TEG resistance is
based on the open-circuit voltage and short-circuit
current at the same temperature setting, and
the calculated values are obtained in terms of
the multidimensional and temperature-dependent
electrical resistivities of the n- and p-type materi-
als. When temperatures of 423 K and 303 K are
assumed on the two sides of the TEG module, the
product of the internal resistance and the current is
2.6535 V. This Ohmic relation is shown multidi-
mensionally in Fig. 4, where the red side mimics
the ground and the blue side displays the voltage
drop due to the generated current.

The system-level simulation was demonstrated by
running a CFD submodel of the emulated exhaust
and the hexagonal tube together with the TEG
model of the three TEC1-12706 modules using
FLUENT (Fig. 5). For simplicity, although the
actual situation is not exactly the same, only the
laminar solver and fully developed flow are consid-
ered preliminarily. For the air flow inlet, 500 K and
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Table I. Comparison of measurements and module-level simulation results of the internal resistance of the

TEG module; T, = 303 K, Rjy0q = 3.4 Q

Resistance

Ty [K] (Simulation) [Q]

Resistance
(Measurement) [Q]

Current
(Measurement) [A]

Current
(Simulation) [A]

423 2.9 3

403 2.77 2.82
383 2.64 2.75
363 2.51 2.66
343 2.4 2.52

0.915 0.856
0.78 0.745
0.637 0.618
0.485 0.48

0.327 0.333

4.00e+02
396e+02
393402
' 3896402
3.85e+02
382e+02
378e+02
374e+02
370e+02
367e+02
363e402
. 3.5%e+02
356402
352e402
348e+02
| 3.45e402
341e+02
337e+02
333402 z
3.30+02 X[
326e+02 T

Fig. 5. Temperature distribution of a combined CFD model of the
TEG and the exhaust tube.

1 m/s are assumed as the boundary conditions,
measured by a thermocouple hung in the inlet air
and the flow sensor in the mass controller, respec-
tively. For the thermal boundary condition of the
TEG model, in this application, the hot side must be
coupled to the pipe as well as to the flowing air. The
traditional methodology to treat such a coupled
model is to model the fluids independently using
CFD technique, followed by use of the CFD thermal
analysis results to calculate the TEG power output.
Now that the TEG modeling has been implemented
in the CFD simulator, the combined effects on gen-
eration performance of the input energy flow to the
hot source (air supply rate and temperature, for
example), the output energy flow from the cold
source, and the dynamic heat exchange ability of the
sources can be automatically included in the single
solver (FLUENT).

In the experimental setup, natural convection is
initially assumed as the cold source. As expected,
the three different modules perform differently due
to the nonuniform hot-side surface temperature. For
example, the open-circuit voltage of the middle TEG
module is measured as 0.47 V, whereas that of the
module next to the outlet is only 0.37 V. The system
temperature profile of the pipe shell shown in both

Fig. 6. The running experimental setup: (a) temperature distribution,
and (b) close-up photograph.

the simulation data (Fig. 5) and the experimental
results (Fig. 6) can be used to explain this differ-
ence. In order to increase the temperature differ-
ence across the TEG for more power, an aluminum
heat sink was attached to the cold side of the TEG to
enhance convection, where fans can be further
mounted to replace natural convection with forced
convection. Regarding the model boundary at the
cold side, however, the actually measured temper-
ature is used, since it is difficult to estimate the
exact heat transfer coefficient in the laboratory.
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Table II. Comparison of measurements and system-level simulation results of the power performance of the

middle TEG module

Measured Simulated Simulated Simulated
Current Current Current Current
Cooling Method Ryaa 101 [A] (Tiniet = 500 K) [A] (Tiniet = 450 K) [A] (Tiniet = 400 K) [A]
Natural convection (T, ~ 358 K) 1.25 0.038 0.145 0.061 0.026
Natural convection 1.25 0.09 0.278 0.18 0.092
(with heat sink, T, ~ 326 K)
Forced convection (T, ~ 317 K) 1.25 0.095 0.316 0.222 0.128

Although it is fairly feasible in both the model and
the experiment to combine all three (or even more)
modules our focus at this stage is on the middle
module in order to study the power performance.
The measurement and simulation results are shown
in Table II. Under natural convection by air, when
500 K is assumed in the CFD model as the inlet
temperature, it is found that the simulation results
essentially overpredict. In fact, the temperature
variation in the inlet of the hexagonal tube is very
large, and at the edge positions of the inlet the
temperature can be as low as 350 K. The tempera-
ture of 500 K mostly represents only the measure-
ment at the center. Therefore, lower temperatures
are applied to the inlet boundary condition to sim-
ulate the effects of the average temperature. It is
shown in Table II that, when 400 K is adopted as
the inlet temperature, measurement and simulation
results are in good agreement. Further opportuni-
ties for modeling work thus becomes obvious, to
extend the inlet and to explore turbulent CFD
models to take into account more practical aspects,
but the same concept of co-simulation with the
TEG model can still be applied. The potential
benefits of forced convection were also studied by
running a fan on the heat sink and blowing air onto
the middle module. It is interesting to find that,
although the TEG cold-side temperature decreased
by ~10 K, in this case the measured performance
did not improve considerably (Table II). This may
be because the TEG hot-side temperature also
decreased. Figure 6a shows an infrared image of the
experimental temperature profile of the pipe shell,
based on which further optimization possibilities
of various combinations of hot- and cold-side tem-
perature distributions will be investigated in the
future.

LOW-TEMPERATURE LOW-COST
APPLICATION: PEMFC-TEG

Fuel cell systems are slowly entering the com-
mercial market and appearing in more and more
industrial products, such as back-up power sup-
plies, auxiliary power units, and traction power for
small electrical utility vehicles. Comparatively
high-temperature PEM fuel cells work at operating
temperatures of 430 K to 450 K, making cooling
easier because the fuel cell polymer membrane is

1kW HTPEM
Fuel Cell Stack

Fig. 7. PEMFC stack test setup with mounted TEG exhaust pipe.

made from polybenzimidazole (PBI) instead of
Nafion. The advantage is that liquid water is no
longer needed to conduct protons through the
membrane, but instead phosghorlc acid allows the
use of cathode air cooling.'®'®1* Though these
temperatures correspond to the low-temperature
range of TEG applications, the overall system effi-
ciency of fuel cell systems can still be improved by
using the waste heat to produce electr1c1ty These
relatively hlgher temperatures'® increase the fea-
sibility of using a low-cost TEG (unit price <US $5)
to generate electric power from the high-quality
waste heat. Figure 7 shows the primary system
components: an insulated 65-cell Serenergy 1-kW
PEM fuel cell stack, the TEG exhaust pipe, the
electronic load, and a Labview interface.

Figure 8 shows the layout of the fuel cell system.
The Labview interface is connected to a NI-8959
PClIe real-time data-acquisition system able to log
the temperatures measured at different positions
and to control the different system inputs and out-
puts. The PEMFC system is fuelled by pure hydro-
gen in a dead-end anode configuration at constant
pressure of 0.2 bar through a pressure-reduction
valve. During operation, the system is purged for 1 s
at different adjustable intervals. The cathode is
supplied with atmospheric air by a 24-V direct-
current (DC) low-power axial blower. The cathode
also acts as a cooling system, by increasing the air
flow if the stack temperature increases above a
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Fig. 8. PEMFC system hydrogen and airflow diagram.

Purge
Valve

E Exhaust

Electrical Load

+

TEG pipe ——

Air flow
Hydrogen flow

Insulation

specified setpoint temperature. In this way the
stack temperature is controlled using the measured
surface temperature of the middle fuel cell bipolar
plate as controller feedback.

Because of the high temperature, it could be
possible to supply auxiliary electrical power P, for
the blower, valves, and control system by using the
TEG on the exhaust pipe. This would increase the
system power efficiency #npcsystem; Which can be
calculated as the ratio between the usable power
and the actual power input:

_ Urc -Irc — Paux 1)
NFC system mHz LHVHZ )

where Ugrc and Ixc are the fuel cell stack voltage
and current, respectively. The input power can be
calculated from the hydrogen mass flow my, and
LHVy,, which is the lower heating value of hydro-
gen. Removing the contribution of P, to the sys-
tem efficiency by using the power from the TEG will
certainly increase the fuel cell system efficiency.

CONCLUSIONS

In this paper, it is firstly shown that a CFD heat
source model can be studied together with nonlinear
thermoelectric effects in a single simulator. There-
fore, research on the implementation of thermo-
electricity in the CFD platform FLUENT by using
UDF and UDS, as described in Ref. 8, has been
clearly implemented successfully. Although some
bug-fixing or other moderate changes in terms of
special modeling contexts may be needed, future
work on this approach lies solely in the system
model, as all the essential problems at the device
and module level have been solved.

A framework of co-simulation and co-optimization
for a thermoelectric generation system has been
proposed based on the proposed modeling. The CFD
model of the exhaust pipe-like rig has been demon-
strated to be able to run and couple with the TEG
model in FLUENT as a whole. Preliminary system-
level experiments have been attempted in order to
furnish a verification tool for the simulation. More
combined experiments of PEMFC-TEG (rather than
separate experiments for PEMFC and TEG, respec-
tively'®) are to be carried out using the setup to
confirm that the overall efficiency of the PEMFC
can be improved. Detailed optimization of the heat-
sink design, TEG location, exhaust tube shape/
dimension, inlet and outlet temperature/mass rate,
as well as their effects on the entire stack will be
carried out following the proposed system modeling
strategy. To include these aspects, the CFD sub-
model needs to be further refined and extended.
However, based on the TEG model already imple-
mented in FLUENT and existing knowledge
regarding the CFD platform, no problems for the
development of such system models are envisaged.
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