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ABSTRACT

To fully utilize automobile exhaust waste heat, a
thermoelectric generator can be used to recover waste
heat energy. In this study, an engine exhaust
thermoelectric generation model based on a smooth
plate-type exhaust heat exchanger is established, and the
thermoelectric performance is quantified using Fortran.
To achieve the maximal net power output of the
thermoelectric generator, the different series circuit
layouts of the thermoelectric module were compared,
and the structural optimization of the exhaust heat
exchanger was performed. The results show that there
are optimal values for the total length, width, and height
scale of the exchanger for both the full-and two-stage
series circuit types. At the exhaust temperature of 500 °C
and mass flow rate of 30 g s, the optimal exchanger
heights of the full-and two-stage series types are both 4
mm, and the optimal number of thermoelectric units
N,,0pt in the y direction is 68 pairs. The optimal number of
thermoelectric units Ny op: in the x-direction is 44 pairs for
the full series type and 54 pairs for the two-stage series
type. When the corresponding optimal scales are utilized,
the two-stage series type increases by 11.39 % compared
with the full-series type.
Keywords: circuit layout;  optimal  structure,
thermoelectric generation; output power, exhaust

1. INTRODUCTION

Owing to the limitations of the existing energy
resources, new power generation technologies have
been widely studied and are expected to replace the
green technology of fuel-based energy [1].
Semiconductor thermoelectric generation is a
technology that directly converts thermal energy into
electrical energy based on the Seebeck effect of
thermoelectric materials. It is advantageous given its all-

solid-state energy conversion mode that results in the
absence of pollution, noise, or moving parts, and it is
highly reliable. However, due to its relatively low
thermoelectric conversion efficiency, it is not widely used,
and researches are being conducted on ways to increase
the power output of these generators [2].

In recent years, many scholars have conducted
studies on thermoelectric materials and structural
optimization. Thermoelectric materials have significantly
improved performance indicators [3 — 4]. However,
optimizing the module structure via high-performance
thermoelectric materials is an effective way to improve
the output power of thermoelectric generators. Before
developing the actual thermoelectric generator products,
an analysis of the performance of thermoelectric
generators through numerical simulation is normally
required. Moreover, it is necessary to design or optimize
the thermoelectric module structure for achieving the
highest conversion efficiency [5]. In terms of optimizing
the structure of thermoelectric modules, many studies
based on numerical models have been published. For
instance, Meng [6] proposed a spiral thermoelectric
structure and compared the voltage, current, power, and
efficiency of the spiral module and the straight module
with the change in temperature difference. The influence
of module spacing on the thermoelectric performance
was scrutinized. Moreover, the changes in the unit input
heat and unit output power with logarithms and directs
were analyzed as well. Their results showed that as the
conversion efficiencies of the two modules are roughly
equal, the spiral module can obtain more heat than the
straight module, yielding a higher output power. Shu [7]
chose the output power as the optimization goal and
compared the performance of thermoelectric modules
with two different structures and configurations. In the
single thermoelectric module mode, the segmented
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structure was used to match the radial large temperature
gradient, and the maximum output power was increased
(i.e. improved) by 13.4 % compared with the original
mode. The TEG (thermoelectric generator) system with
multiple thermoelectric modes exhibited good results for
waste heat recovery. Installing straight fins along the flow
direction can improve the heat transfer intensity and
reduce the thermal resistance. The radiator should be
arranged at a lower temperature to improve the
temperature uniformity and output power. Cheng [8]
compared the maximum power density and conversion
efficiency of a single-stage and two-stage TEG. The
results showed that the single-stage TEG had the
advantage of maximum power density, and the two-stage
TEG had a higher conversion efficiency at the same inlet
temperature. Both the maximum power density and the
corresponding conversion efficiency increase with an
increase in the inlet temperature. At the same time, the
two-stage configuration can improve the conversion
efficiency by reducing the heat conduction from the
heating channel to the cooling channel. Jang [9] and
Favarel [10] analyzed the influence of thermoelectric
module spacing (or occupancy rate) placed on a fixed
geometry heat exchanger on the thermoelectric
performance. They showed that the maximum output
power can be achieved by optimizing the spacing. Thus,
many important research results have been achieved in
the optimization of thermoelectric modules. However, it
should be noted that the current structural optimization
of the thermoelectric module was mainly aimed at the
structure of the thermoelectric arms and the spacing of
the thermoelectric arms of the traditional thermoelectric
model, and the structural optimization of the segmented
layout connection mode is still lacking. To this end, this
study estimates the effect of different circuit layout
connection modes on the thermoelectric performance
and performs structural optimization by taking the net
power output as the research goal.

2. THERMOELECTRIC MODEL
2.1 Model description

The overall structure of the exhaust TEG is
illustrated in Fig. 1. The exhaust heat exchanger was
placed between the two thermo—electric modules and
served as the heat source. The cooling water heat
exchanger channel was arranged on the other side of the
thermoelectric module as the cold source of the
thermoelectric module.
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Fig. 1 Overall structure of thermoelectric generator

Fig. 2 shows the schematic diagram of the different
series circuit layouts for the thermoelectric generator. In
the figure, there are Ny thermoelectric units along the x
direction (exhaust flow direction) and N, units in the y
direction (across flow direction). Along the x direction,
the Ny thermoelectric units were equally divided into one
or two series circuits, and the number of thermoelectric
units in each series block is ny. Fig.2(a) shows the full
series type, while Fig. 2(b) shows the two-stage series
type. All the output circuits produced by the thermo-—
electric modules were connected to a storage battery to
collect the conversion power.
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Fig. 2 Schematic diagram of series circuit layout for
thermoelectric generator(a) full series type (b) two-stage
series type

One thermoelectric module containing nx x N, PN
pairs, where the coordinates (i, j) represent the PN pair
number of lines and rows, with i =1 to ny, andj=1to N,.
Assuming that N, PN couples contained in a row have the
same temperature characteristics, the heat transfer
equilibrium equations for the i thermoelectric element
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can be described according to [11] as shown in Eq. 1 and 2
below:

o =0.5¢,m, (T} ~Ti") =n, [, IT, +K,, (T, ~T\)-051°R,, |
:nyab[O.S(Tf‘+T§*1)—Thi}/(Rf1+sz+Rf3) (1)
A, =0.5e,m (11 =T) =n, [ @, IT! + K, (T, -T)) +051°R,, |
=n,ab[ 0.5(T, +T.*) =Ty |/(Ry+R,, +Ry) 2)
where g4’ is the amount of heat released by the hot fluid
to the hot end of the thermoelectric module, g/ is the
amount of heat released from the surface of the cold end
of the thermoelectric module to the cold fluid, and T/and
T/ are the temperatures of the hot and cold fluids of the
thermoelectric units, respectively. The thermal fluid
temperature of the ith thermoelectric unit decreased
from T/ to T/*.. The cold fluid temperature of the ith
thermoelectric unit increased from T/*! to T.. where ¢
and c. are the specific heat capacities of the hot and cold
fluids, respectively; ms and m. are the total mass flow
rates of the hot and cold fluids, respectively; a,, denotes
the Seebeck coefficient, K,, represents the thermal
conductance, and Ry, indicates the electric resistance for
a P—N semiconductor couple.
These can be obtained as shown in Egs. 3, 4, and 5
below:

o, =0, -0, (3)
Ko =CC, (4, +4,)/ ¢, (4)
Ry =Cs(0p, +9,) 1 (C.C,) (5)

where o, pp, Ap, On, P, and A, are the Seebeck coefficient,
resistivity, and thermal conductivity, respectively, of the
P-type and N-type legs, and ci, c;, and cs are the length,
width, and height of the semiconductor leg, respectively,
for both the P- and N-type exchangers.

The total thermoelectric power output for one
module is formalized by Eq. 6:

I%eg :Zlnle<qtl1 _qll_) (6)

Pump power consumed given the flow resistance
when exhaust gas flows through the passage [12] is
formalized according to Eq. 7:

Poump = T, (M 1 p¢) (7)
where f, is the pressure drop of the heat exchanger at the
overheated end of the tail flow, and ps is the density of
the exhaust gas fluid.

Therefore, the net output power of the
thermoelectric system is

Pt = Pteg - F)pump (8)

When the thermal fluid flows through the TEG, the
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temperature continuously decreases, and its physical
parameters are also modified. Here, the physical
properties of air are used as the physical parameters of
the thermal fluid. The basic calculation parameters of the
thermoelectric system are shown in Table 1. Note that
the HZ-20 commercial thermoelectric module was
selected for analysis, and the physical parameters of the
thermoelectric materials are shown in Table 2.

Table 1 Basic calculation parameters of thermoelectric system

Item Value Item Value
c1(m) 0.005 mAgs?) 30
c2(m) 0.005 mc(gs?) 426
c3(m) 0.003 TZ(°C) 71
he(W m2 K?) 1000 TA(°C) 500
ar(V K?) 2.037x10* an(V K -1.721x10*
op (Sm?) 1.314x10°  pn(Sm?) 1.119x10°
Ao (W m K1) 1.265 An (W mK?) 1.011

2.2 Model validation

A comparison between the simulation and
experimental results (Fig. 3) is shown to validate the
robustness of the calculation results of the established
mathematical model. The calculation results obtained by
this program were compared with the experimental data
from the literature [13]. In the experiment, a heater with
a heating area of 40 mm? was set at the hot end of the
thermoelectric module, and the test heat flows Q, were
10, 20, 30, 40, and 50 W, respectively. The type of
thermoelectric module selected in the test was teg1-127-
1.4-1.6, the structural size was 40 mm x 40 mm x 3.8 mm,
and the cooling mode was water cooling. In the
simulation calculation, thermoelectric conditions and
physical parameters, similar to those in the literature,
were adopted to quantify the thermoelectric output
power under different heat flows. The bias between the
simulated calculation results and the experimental
results is < 2% according to the comparison. Thus, the
accuracy of the model, established in this study and the

self-written calculation program, is validated.
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Fig. 3 Comparison between simulation results and
experimental results

3. RESULTS AND DISCUSSION

Fig. 4 shows the change in the net power with the
thermoelectric unit number along the x-direction Ny
when the thermoelectric unit number along the y
direction N, is 60 pairs for the case when the exhaust
heat exchanger height is 5 mm. As seen, when the heat
exchanger height and width are fixed, with the increase
of Ny, the net power increases first and then decreases
regardless the type of series (the full series or the two-
stage series). There exists an optimal number of
thermoelectric units along the x-direction, which is Ny opt
= 55 for the full series type and Nyt = 68 for the two-
stage series type, where the net power reaches the peak.
Also, the obtained maximal net power of the two-stage
series type was significantly higher than that of the full
series type.

Fig. 5 shows that N, .t varies with the N, number for
different numbers of segments for a fixed channel height
of 5 mm. It is therefore evident that with the increase in
N,, the optimal number of thermoelectric elements along
the x-direction Nyop: is nearly stable for both types of
circuit connection types. Therefore, N, has insignificant
effect on the optimal number of thermoelectric elements
along the x-direction Nypt.
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Fig. 4 Variations of net power with Ny at different number of
sections
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Fig. 5 Changes of Nxopt with N, in different segment numbers

Based on Fig. 5, the change in the corresponding net
power with N, is shown in Fig. 6. This indicates on an
optimal number of thermoelectric units along the y
direction Ny,0p: to make the net power reach the peak for
both circuit connection types. The optimal number of
N,,opt is the same for both types, that is, Ny = 55.
Therefore, when the channel height is fixed, with net
power as the goal, the thermoelectric module has the
optimal total length and total width regardless the type
of series as well (full series or two-stage series). However,
if the optimal scales are considered, the net power of the
two-stage series type is higher than that of the full series
type.

Fig. 7 demonstrates the variation of Nyopr and Ny,opt
with different circuit connection types for different heat
exchanger heights. It is seen that with the increase in the
heat exchanger height, N,o,: gradually, but nonlinearly
decreases, while Nyop: gradually and linearly increases.
For any given height, Ny, for the two-stage series type
is higher than the series type, but N, is the same for
the both circuit types.
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Fig. 6 Change of net power with Ny at different number of
sections
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Fig. 7 Optimum length width varies with channel height
under different circuit connection modes

When the optimal scales are taken, as shown in Fig.
7, the corresponding maximal power outputs are as
shown in Fig. 8. The output performance of the two-stage
series type was significantly superior than that of the full
series type. The results show that there are optimal
values for the total length, width, and height scale of the
exchanger for both the full-and two-stage series circuit
types. As the height increases, the power decreases.
Considering manufacturing issues, the optimal height is
4 mm for both the full series type and the two-stage
series type in this case. At the optimal height of 4 mm,
the maximum net output power of the full series type is
135.54 W, and that of the two-stage series type is 150.98
W. Overall, the output power of the two-stage series type

increased by 11.39 % compared with the full series type.
160

—e— full series type

155 —e— two-stage series type

150F

Pnet,max (W)

e

w e £

(3] o (8]
T

=| e e
125

120 L L L L L L L L
2 3 4 5 6 7 8 9 10 11

height (mm)
Fig. 8 The optimal net power varies with channel height
under different circuit connection modes

3. CONCLUSIONS
In this study, the exhaust temperature and exhaust

Energy Proceedings, Vol. 19, 2021

mass flow rate were taken as 500 °C and 30 g s?,
respectively. Taking the maximum net power as the goal,
the structure of the exhaust heat exchanger with
different circuit layout connections was optimized, and
the following conclusions were deduced.

First, at a constant height of the exhaust heat
exchanger, there are optimal lengths and widths. The
optimal length for the two-stage series type is higher
than that of the series type, but the optimal width is the
same for both circuit types. Moreover, an optimal height
exists and can be determined. The analysis of the full
series circuit and two-stage series circuit type showed
that they have the same optimal height of 4 mm and the
same optimal N,,0,:=68 pairs. However, they had different
values of optimal Ny opt; Nyopt = 44 pairs for the full series
type and Ny op: = 54 pairs for the two-stage series type.

Second, under the same conditions, the power
output of the two-stage series type was substantially
better than that of the full series type. When the optimal
height of 4 mm is taken, the net output power of full
series type is 135.54 W, and the of the two-stage series
type is 150.98 W. The intercomparison between them
indicates that the power of the two-stage series type
increases by 11.39 %.
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