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Automotive exhaust-based thermoelectric generators are currently a hot topic
in energy recovery. The waste heat of automotive exhaust gas can be con-
verted into electricity by means of thermoelectric modules. Generally,
inserting fins into the cooling unit contributes to enhancing the heat transfer
for a higher power output. However, the introduction of fins will result in a
pressure drop in the cooling system. In current research, in order to enhance
the heat transfer and avoid a large pressure drop, a cooling unit with cylin-
drical grooves on the interior surface was proposed. To evaluate the perfor-
mance of the cylindrical grooves, different inner topologies, including a smooth
interior surface,a smooth interior surface with inserted fins and an interior
surface with cylindrical grooves, were compared. The results revealed that
compared with the smooth interior surface, the smooth interior surface with
inserted fins and the interior surface with cylindrical grooves both enhanced
the heat transfer, but the interior surface with cylindrical grooves obtained a
lower pressure drop. To improve the performance of the cylindrical grooves,
different groove-depth ratios were tried, and the results showed that a groove-
depth ratio of 0.081 could provide the best overall performance.
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INTRODUCTION

Thermoelectric energy conversion is a reliable
and environmentally friendly technology, which has
been used in military and deep space exploration for
many years. With the rapid development of semi-
conductor materials, this technology has begun to
be applied in other engineering domains, such as in
the auto industry. Generally, about 40% of fuel
energy is discharged in the form of waste heat in the
exhaust gas. Thermoelectric generators can be used
in automobiles to recover this huge waste heat
energy with advantages of zero emission, no noise,
and no mechanical vibration. because of these
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merits, TEG has received increasing attention in
the recovery of engine waste heat.™?

Thacher et al.® installed a 16-module TEG in a
pick-up truck with a 5.3L V-8 gasoline engine and
obtained 255 W power output. Crane et al.* built
and tested a 125 W high-temperature segmented-
element TEG. Liu et al.’ designed a “four-TEG”
system and assembled it into a medium off-road
vehicle. A maximum power of 944 W was obtained.
Yang® reported the possibility of generating an
average of 350 W during Federal Test Procedure
(FTP) cycles with a TEG installed in a conventional
full-size truck. To improve the performance of the
TEG, increasing attention is paid to improve the
performance of the hot-side, that is, the heat
exchanger. For instance, Deng”® constructed differ-
ent heat exchangers, including maze-shaped, fish-
bone-shaped and chaos-shaped heat exchangers, to
analyze their thermal performance in TEGs. Wang
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et al.”! optimized the fin distribution and dis-
cussed different inner topologies in heat exchangers
to improve the temperature uniformity of a heat
exchanger in a TEG. To enhance the heat transfer
with lower pressure loss in the heat exchanger, a
dimpled non-smooth surface was also introduced in
the heat exchanger.'’? Kumar'® analyzed the
influence of heat exchanger, geometry, and thermo-
electric module configurations on the performance
of TEG.

Obviously, the research related to the hot-side of
TEG has made great progress and truly improved
the overall performance. However, for TEG, the
heat transfer on the cold-side is equally important.
For instance, Thacher et al.® concluded that the
thermoelectric efficiency could be improved by
decreasing the temperature of the cold-side. Reza-
nia'* found that there was a unique flow rate that
gave maximum net output power in the TEG at each
temperature difference. Su et al.'® analyzed the
influence of three different cooling unit configura-
tions called plate-shape, stripe shape, and diamond-
shape on the performance of the TEG, and found
that the diamond-shaped achieved a better perfor-
mance. Su et al.'® also found that the parallel
connection of cooling units was more appropriate
than series connection. Qiang et al.'” revealed that
the cooling efficiency could be improved by changing
the layout of fins in the cavity. For heat transfer
enhancement, Eiamas-ard et al.'® found that the
heat transfer can be enhanced by rib-groove
arrangements. Bi et al.’® revealed that cylindrical
grooves had a good performance in heat transfer
enhancement. In the present study, in order to
obtain more power generation and avoid high
pressure drop, a cooling unit with cylindrical
grooves on the interior surface was proposed. The
performance of the TEGs with different cooling
units, such as cooling units with flat interior
surfaces, cooling units with inserted fins and cooling
units with cylindrical grooves, were discussed.
Furthermore, the effect of the different groove-
depth ratios (the channel hydraulic diameter
divided by the groove depth) on the heat transfer
performance of the cooling units were also studied.
Finally, a cooling unit that could improve the output
power of TEG but had a low pressure drop was
obtained.

NUMERAL SIMULATION
Geometry

The layout of the automotive exhaust-based TEG
was plotted in Fig. 1. The whole structure of the
TEG was an octadecagon. Three hundreds and six
TEMs were mounted on the outer surface of the
heat exchanger with 17 modules on each side. In
addition, the cold sides of TEMs were in close
contact with the external flat plane of the cooling
unit. Furthermore, the heat exchanger, TEMs and
cooling units were bound by clamping rings, which

\\l
Cooling Units

Fig. 1. The geometry of the cylindrical TEG.

were made from spring steel. Compared with the
conventional flat-form TEG, cylindrical TEG was
better to distribute and manage the thermal expan-
sion forces,* and more likely to integrate with the
muffler, three-way catalytic converter or selective
catalytic reduction (SCR).2°

Because of the axial symmetry of the whole
structure, one ninth of the TEG was taken as the
research object. To investigate the influence of inner
topology of cooling units on the TEG performance,
three different cooling units with different inner
topologies were proposed (see Fig. 2). The inner
topologies included a flat interior surface (A0O), an
interior surface with fins arranged transversely
(A1) and interior surfaces with cylindrical grooves
(A2). For Al, transversely arranged fins have been
proved to be effective in heat transfer enhancement.
For A2, the streamwise span of grooves was 8 mm
and the groove-depth ratio was 0.069. Related
research revealed that the groove-depth had a great
influence on the heat transfer.?! Therefore, to
investigate the influence of groove-depth ratio on
the heat transfer, another two cooling units with
groove-depth ratios of 0.081 (BO) and 0.102 (B1)
were proposed.

In general, there are four forms of heat transfer,
including heat conduction, forced heat convection,
natural heat convection and heat radiation. Because
heat radiation was relatively too low in this study, it
was omitted. As shown in Fig. 3, firstly, the heat
transfer between exhaust gas and inner surfaces of
the heat exchanger was forced heat convection.
Then, the heat transfer from the hot sides to cold
sides of modules was heat conduction. Subse-
quently, the heat was transferred between cooling
water and inner surfaces of cooling unit by forced
heat convection. Meanwhile, the heat transfer
between the external surface of TEG and ambient
air was natural heat convection.
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Fig. 2. The cooling units with different inner topologies (units: mm).
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Fig. 3. Schematic of TEG model.

Turbulence Model and Boundary Conditions

The k—¢ turbulence model has become the most
widely used industrial model because of its low
computational resource demand, fast numerical
convergence, data stability and high accuracy.
Compared to other k—¢ turbulence models, the
realizable k-¢ turbulence model can keep the simu-
lation results highly consistent with the Reynolds
stress in real turbulence and shows greater capacity
in the computation of secondary flow or flow sepa-
ration. Considering the secondary flow in this study,
the realizable k-¢ turbulence model was selected to
predict the flow and temperature field inside the

TEG in the current research. To simplify the
simulation, the fluid was considered as incompress-
ible, the flow was steady and no phase transition
occur in the TEG. In addition, the molecular
viscosity can be neglected in the fully turbulent
fluid, and the thermal contact resistance can be
ignored since the contact between different parts of
the TEG was reliable. Therefore, the transport
equations for turbulence kinetic energy %k and
dissipation rate of turbulence energy & could be
written as:

Oku;) 10 w\ ok 1
axj _;6—361 H+0_—k a—xj +;Gk & (1)

Olew;) 10 w\ Oe &2
oxj  pox; Kﬂ—i— 0./ Ox; +Cie Czk +/ve

(2)

where x; is the position vector and p is referred to
the fluid density. g, is the turbulent eddy viscosity, p
is the kinetic viscosity, u; is the velocity vector, £ is
the turbulent kinetic energy, G, is the turbulence
kinetic energy created by laminar velocity gradient,
S is the modulus of the mean rate-of-strain tensor, v
is kinetic viscosity, C1, Co, 6, and o, are constants.

The energy equation in turbulent heat transfer is
given by:

™

0 0 oT
o [ui(pE +p)] = s keffa_xj + ui(Tjj)ege | +Sn (3)
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ket = k1 + ky (4)
Eop- P Y (5)
=h =04

where E is the total energy, p is the pressure, k. is
the effective thermal conductivity, %, is the thermal
conductivity, k; is the turbulent thermal conductiv-
ity, T is temperature, (1;)er is the deviatoric stress
tensor, S;, is volumetric heat source, 4 is enthalpy,
and v, is velocity. Moreover, all simulations were
carried out using the commercial software ANSYS
FLUENT.

Based on the bench test experiment, the temper-
ature of the inlet flow was set to 773 K at a mass
flow of 0.0037 kg/s. As the muffler had been inte-
grated into the heat exchanger, and the exit of the
exchanger was connected to the atmosphere
directly, the pressure at the outlet was 0 Pa. In
addition, the coefficient of convective heat transfer
between the external surface of the heat exchanger
and the ambient air was set to 10 W/(m? K) with the
environmental temperature being set to 300 K.%?
Considering the temperature of the circulation
coolant in the engine cooling system ranged from
330 K to 360 K at the outlet of the radiator, the inlet
temperature of the cooling unit was set to 333 K.
According to the capacity of the pump in the test
bench, the average velocity at the inlet of the single
cooling unit was set to 1 m/s and the pressure was
set to zero at the outlet as well. As the counter flow
arrangement could obtain a higher output power of
the TEG than the co-flow arrangement, the counter
flow arrangement was adopted in current
research.”?

Computation Validation

To check the mesh independence, three different
grid numbers were employed, namely 4.2 million,
6.9 million, and 8.3 million. The mean streamwise
temperature variations at the hot sides of the TEMs
revealed that the results obtained by the 8.3 million
grid had a good agreement with the 6.9 million grid
(See Fig. 4). By considering the computational cost
and efficiency, the computational model with a grid
number of 6.9 million was used.

To validate further the computational results, a
test bench was constructed to measure the temper-
ature distribution on the surface of the heat
exchanger. As shown in Fig. 5, the test bench
consisted of a TEG, a catalytic converter and a
2.0 L gasoline engine whose parameters are listed
in Table I. During measurements, the engine speed
was maintained at 4000 rpm and the output power
was about 40 kW. In order to measure the temper-
ature distribution, several K-type thermocouples
were installed on the surface of the heat exchanger,
and the temperatures at 17 points along one side of
the cylindrical TEG were measured.
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Fig. 4. The mean streamwise temperature of the hot sides of the
TEMs .

Fig. 5. Cylindrical thermoelectric generator test bench.

The temperature comparison between the mea-
surements and computation plotted in Fig. 6
revealed that the computational results had a good
agreement with the experimental data, and the
possible error sources were: (1) the inlet tempera-
tures and mass flow rate of coolant and exhaust gas
were difficult to keep unchanged in experiment,
while these parameters were considered to be
unchanged in the computation; (2) the ambient
temperature in the experiment was fluctuated but
constant in the computation; (3) measurement
errors such as instrument errors and reading
errors.

Results and Discussion

The flow structure and turbulent kinetic energy
(TKE) on the spanwise plane (x = — 0.05) for A2 (see
Fig. 7) showed that a large transverse vortex, which
strengthened the turbulent mixing could be found
in the spanwise section. As shown in the TKE
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Table I. The engine performance parameters

Parameter Value
Cylinder number 4
Valves per cylinder 4
Displacement 1997 mL
Bore/stroke 85/88 mm

Radiator size 547 x 415 x 50 mm

Parameter Value

108 kW/6000 rpm
200 N m/4000 rpm

Maximum power/speed
Peak torque/speed
Power of pump 0.18 kW
Cooling mode Water cooling
Number of fan shift 1

(ST0V o e i L L B LT A HLE LN LN LA L L L L L
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Module numbers

Fig. 6. Temperature at the measurement points obtained by CFD
and experiment.

distribution, the turbulent mixing was stronger in
A2, and the cylindrical grooves could make the
boundary layer around the edges thinner and
enhance the amount of turbulent flow in the fluid.
For Al, the flow on the spanwise plane was almost
upward and downward flows, and the transverse
flow mixing nearly disappeared. However, struc-
tures such as fins can induce strong flow impinge-
ment and the large scale recirculation flow behind
the structures, leading to high TKE in Al. The TKE
distribution showed that the turbulent kinetic val-
ues in Al were the largest, which induces the
largest pressure loss penalty. The results proved
that the cylindrical grooves and the fins can both
increase the turbulent kinetic energy and increase
the heat transfer area, which is favorable to the
heat transfer enhancement.

The Nusselt number and friction coefficient at the
bottom coupling surfaces plotted in Fig. 8 showed
that the Nusselt number increased with the friction
coefficient accordingly, and the distribution of the
Nusselt number was more uniform than the distri-
bution of the friction coefficient, especially in the
high-velocity area. In addition, the higher friction
coefficient zone was mainly concentrated at the inlet
and outlet of the cooling unit, where the flow
velocity was also higher. As a result, the friction

coefficient was more sensitive to the change of fluid
velocity. As shown in Fig. 8a, heat transfer
enhancement by fins (Al) was similar to that of
cylindrical grooves (A2). However, for the geome-
tries such as fins (A1), the pressure drop was larger
and flow impingement and recirculation which
would induce fiction coefficient were stronger.

To further compare the performance of cooling
unit with different inner topologies, the area-aver-
aged Nusselt number and friction coefficient at the
coupling surface were extracted (see Fig. 9). Com-
pared with AO, the Nusselt number of Al, A2, BO
and B1 increased by 51.7%, 41.7%, 71.9%, and
85.8%, respectively. However, compared with
AO,the averaged friction coefficient of Al, A2, B0
and Bl increased by 15.0%, 6.8%, 62.6%, and
158.3%, respectively.

In order to evaluate the efficiency of heat transfer,
a comprehensive efficiency factor 1 was used as

0 e

where Nug and f; are the coupling surface averaged
Nusselt number and friction coefficient in the flat
channel (A0), respectively.

As shown in Fig. 9, the cylindrical grooves (A2)
had similar heat transfer enhancement perfor-
mance as the inserted fins (A1) while the friction
coefficient in A2 decreased. Although the coupling
surface averaged Nusselt number of cylindrical
grooves (A2) was slightly smaller than that of
inserted fins (Al), the comprehensive efficiency
factor of the cylindrical grooves was higher (see
Fig. 10). Therefore, the overall thermal perfor-
mance of the cylindrical grooves was better. As for
the groove-depth ratio, a higher ratio led to higher
surface Nusselt numbers and higher surface friction
coefficient, and a groove-depth ratio of 0.081 (B0)
provided the best overall performance.

Figure 11 showed the mean temperatures of two
sides of TEMs and the mean temperature difference
between the hot side and cold side of each module on
one side of the TEG. We noticed that the impact of
the inner topology of the cooling unit on the
temperature of cold sides of the TEMs was much
greater than that on the hot side. Therefore, we
concluded that the increase of the temperature
difference between the hot side and cold side of each
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Fig. 7. (a) Streamline contours on the spanwise plane (x = —0.05) and (b) turbulent kinetic energy (TKE) for A0, A1 and A2.

module is mainly attributed to the temperature
decrease on the cold side.

OUTPUT PERFORMANCE OF THE TEG

Performance Parameters of the TEM and the
TEG

According to the fundamental formula of the
Seebeck effect

U,=N-apy - (Th —Te) =N - (ap —oan) - (Ty — T)
(7)

where U, is the module open-circuit voltage, N is
the number of thermocouples, apy is the relative
Seebeck coefficient, i.e. the difference between op
and oy, which depends on the characteristics of the
thermoelectric materials, and 7, and T. are the
temperatures of the hot and cold sides of the TEMs.

The internal resistance of the modules R;, is
given as follow:

N [Py pele
Rm—Nro—N<AN + Ap) (8)

where [y and [p are the thermoelectrical length of
the n-type and p-type materials, respectively, pn
and pp are the electrical resistivities of the n-type
and p-type materials, respectively, and Ay and Ap
are the cross-sectional area of the n-type and p-type
thermocouple, respectively.

According to the previous study,'® the output
power will reach the maximum when the electronic
load resistance was equal to the internal resistance
of the modules. The output power could be described
as:

N2

and the maximum output power could be obtained
as:

Pteg = Ug/
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Fig. 8. Nusselt number contours (a) and skin friction coefficient contours (b) on the bottom coupling wall of the cooling units.
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Fig. 9. Averaged Nusselt numbers and averaged friction coefficients
on the coupling walls of the cooling units.

Us
P, = iR (10)

where Ry, is the electrical load resistance and P,, is
the maximum output power.

In this study, seventeen TEMs were connected in
series. For TEMs connected in series, the open

15 . . . .
141 -
13 —
o
121 -
114 -
1.0 -_
A1 A2 BO B1

Cases
Fig. 10. The comprehensive efficiency factor of 5 in different cases.

circuit voltage, internal resistance and maximum
output power of the TEG were as follows:

17

Up=> Ui (11)
i=1
17

Ri, =) R (12)
i=1



The Influence of the Inner Topology of Cooling Units on the Performance of Automotive 3327
Exhaust-Based Thermoelectric Generators

(a)360 T T T T T T T T T T T T T T T T T (b)500 T T T T T T T T T T T T T T T T T
490 -
355 i
480 4
350 4 - 470 |
o~ ~~~
< < 4601 ]
T 345 4 g
S = 4504 4
|_
340 4 - 440 4
430 i
335 1 i
420 4 .
330 T T 410 4~ T T
012 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 0 6 7 8 9 10 11 12 13 14 15 16 17 18
Module numbers Module numbers
(c) 160
150 i
140 -
130 u
120 4 i
~~
< 1104 i
}_.
< 100+ .
90 - .
80 - -
70 4 4
60 4 P —

| A | LA B ] T L A ) L A
01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18
Module numbers

Fig. 11. (a) Mean temperature distribution of the cold side of TEM; (b) mean temperature distribution of the hot side of TEM; (c) mean
temperature difference distribution of TEM.

Table II. Parameters of p-n materials

Parameter p-type n-type
Seebeck coefficient, & (uV/K) 215 — 215
Electrical resistivity, ¢/ (Q m) 1.04 x 107° 1.04 x 107°
Thermal conductivity, 2/ [W/(mK)] 1.5 2.5

Z XM 0.2 x 1073 2.85 x 1073
Height, H (m) 0.005 0.005

was established, as shown in Fig. 12. Based on the

217 U~>2 temperature difference obtained by CFD, the output
Pricm = =17 (13) power was obtained. The final output power
T4 R (Fig. 13) revealed that, compared with A0, the total

power generation of BO (about 656 W) increased by

5.6% while the pressure loss only increased by 3.3%.

; B0 provided a great overall performance, which
Modeling and Results agreed well with the conclusion in “Results and
According to the parameters of TEM (see Table II) Discussion”. The output power of the TEG in case
and Eq. 12, a mathematical model for the output B1 was the highest while its pressure drop
power of the TEG based on MATLAB/SIMULINK increased by 12% than that in A0. With the increase
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of the groove-depth ratio, the output power
increases, but the pressure loss also increases
quickly.

CONCLUSIONS

The influence of different inner topologies of the
cooling units on the performance of the TEG has

been studied by numerical simulation. Three differ-
ent inner configurations, namely flat interior sur-
face (AO0), interior surface with fins arranged
transversely (A1) and cylindrical grooves (A2), were
compared. Furthermore, the influence of groove-
depth ratios on the performance of the TEG was also
investigated. To validate the computation method, a
test-bench was constructed to measure the temper-
ature distribution on the surface of the cylindrical
heat exchanger.

Simulation results showed that the inner config-
uration and the groove-depth ratio has an impact on
the performance of the TEG. Compared to the flat
interior surface, interior surface with fins or cylin-
drical grooves could both enhance the heat transfer
and power generation but increase the pressure
drop, while the pressure drop increment of the
interior surface with cylindrical grooves was rela-
tively low. An evaluation parameter was used to
express the overall performance of the cooling unit.
Finally, a cooling unit with cylindrical grooves and
the groove-depth ratio of 0.081 (BO) provides the
best overall performance. Furthermore, based on
the mathematical model for the output power,
656.3 W could be obtained by the cylindrical TEG
in case BO.
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