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Abstract: Due to the low efficiency of thermoelectric generators (TEGs), many scholars have focused
on the structural optimization of TEGs rather than on the optimization of the layout of thermoelectric
modules. We aimed to investigate the effect of module layout on the output power of an automotive
exhaust thermoelectric power generation system. The module spacing and module coverage ratio
were compared under different working conditions based on a numerical simulation. The results
show that, under high-temperature conditions, when the module spacing expands from 5 mm to
35 mm, the output power growth rate of modules of different sizes ranges between 8% and 9%.
Moreover, under low-temperature conditions, a high coverage ratio of modules will not increase the
total output power but, instead, make it decline. In fact, choosing a larger-size module can improve
the temperature uniformity, thereby increasing the output power of the automotive thermoelectric
power generation system. Hence, the present study has verified that, under different working
conditions, different module layouts and module coverage ratios have an impact on the output
power of the thermoelectric power generation system, which sheds new light on the improvement of
automotive thermoelectric power generation systems.

Keywords: thermoelectric power generation; module layout; coverage ratio; temperature uniformity

1. Introduction

While automobiles bring comfort and convenience to human beings, they also cause
problems such as energy shortages and environmental pollution. About 40% of the en-
ergy produced by the combustion of automobile fuel is dissipated in the form of exhaust
heat [1,2]. Therefore, the reasonable recovery of waste heat from automobile exhausts
can effectively improve fuel reusability and allow energy-saving measures and emission
reduction [3]. In recent years, thermoelectric power generation technology has attracted
wide attention from scholars at home and abroad due to it having the advantages of small
size, light weight, no noise, and no pollution [4-6]. However, it has not been widely used
in the automotive industry due to its low efficiency, the high cost of thermoelectric mod-
ules (TEM), the non-uniform temperature distribution of the hot side, space limitations,
and parasitic penalties [7,8]. Therefore, many experts and scholars have tried to improve
the efficiency of thermoelectric recovery by looking for better thermoelectric materials or
optimizing the structural design of thermoelectric generators [9].

For the optimal design of thermoelectric modules, many researchers have mainly
focused on the length, shape, and number of thermoelectric legs, as well as the cross-
sectional area. Min et al. [10] found that when the length of the thermoelectric leg was
reduced by 55%, the output power increased by 48%, while the conversion efficiency
was reduced by less than 10%. Kumar et al. [11] used numerical methods to study the
thermoelectric modules of Skutterudite, and the results showed that a certain leg height and
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filling rate can increase the maximum output power and reduce the amount of material used.
Similarly, Shen et al. [12] studied the performance of segmented thermoelectric coolers
and found that the maximum cooling capacity, the maximum temperature difference,
and the maximum performance coefficient all decreased with an increase in leg length.
Nemati et al. [13] investigated an electrically separated two-stage thermoelectric cooler
and concluded that the best cross-sectional area ratio was less than 1. Shittu et al. [14]
used a three-dimensional model to study the optimal geometric structure of a hybrid
photovoltaic-thermoelectric (PV-TE) unicouple that could achieve the maximum efficiency
and discovered that the efficiency of the hybrid PV-TE unicouple increased with the
increase in the cross-sectional area of the leg. Lamba et al. [15] examined the influence
of the thermoelectric leg configuration on the performance of the thermoelectric power
generation system and revealed that the exergy and energy efficiency of the trapezoidal
thermoelectric generator (TEG) increased by 2.31% and 2.32%, respectively, under a certain
thermoelectric leg configuration. Fabian-Mijangos et al. [16] conducted numerical and
experimental studies on thermoelectric generators with asymmetrical thermoelectric legs
and proved the impact of the performance of thermoelectric power generation on the
improvement. In a similar vein, Karana et al. [17] also verified that an asymmetrical design
could increase the output power. Hodes et al. [18] proposed a method by which to optimize
the number of thermoelectric legs to obtain the maximum output power or conversion
efficiency. Their results showed that in the cooling mode, the number of thermoelectric
legs had no effect on performance or efficiency, whereas in the power generation mode,
under a specific power output and load resistance, the number and height of thermoelectric
legs must be optimized at the same time. Ji et al. [19] used simulations and experiments
to study the number of thermoelectric legs on power generation sheets, and the results
showed that the output power increased with the increase in the number of thermoelectric
legs, but the efficiency declined after an initial increase. Similarly, Luo et al. [20] found
that as the number of thermoelectric legs increased, the maximum output power and
maximum efficiency of the thermoelectric power generation module increased by 1% and
1.2%, respectively.

The optimized design of the heat exchanger mainly focuses on its shape and internal
structure. Exhaust pressure drop is an important parameter for evaluating the rationality
of the optimized design, which needs to be elaborated further. The heat exchanger mainly
consists of two shapes—namely, a flat plate and a hexagon. The flat-plate heat exchanger
has a simple structure, which permits an easy arrangement of a large number of thermoelec-
tric modules on the upper and lower surfaces. Nonetheless, the corresponding temperature
distribution between the modules is uneven. A hexagonal heat exchanger guarantees a
better uniformity of the hot-surface temperature distribution, but the structure is rather
complicated, and the modules are hard to install [21]. Thacher et al. [22] designed a rectan-
gular exhaust heat exchanger with offset fins. Experiments have shown that fuel efficiency
can be improved by about 1-2% with this method. Crane et al. [23] invented a cylindrical
heat exchanger to simplify the structure of the thermoelectric generator and reduce the gen-
erator’s volume. Experiments have shown that the maximum fuel efficiency of the BMW
X6 equipped with this type of thermoelectric generator is increased by more than 1.2%.
Deng et al. [24] compared the flat-plate and hexagonal heat exchangers and found that,
under the same inlet conditions, the average temperature of the hot surface of the flat-plate
heat exchanger was higher. Kim et al. [21] designed the exhaust pipe into a hexagon and
evaluated the performance of the hexagonal thermoelectric generator under eight working
conditions. The experimental results showed that the pressure drop was 2.1 KPa when the
maximum output power was 98.8 W. Luo et al. [25] proposed a converging thermoelectric
power generation system, which led to higher output power and lower back-pressure
power loss, compared with the traditional structures. Specifically, when the air temperature
was 550 K, and the air mass flow was 60 g/s, the output power of the tapered thermoelectric
power generation system was about 5.9% higher than that of the traditional system. A
group of scholars also attempted to improve the temperature distribution and increase



Energies 2022, 15, 987

30f15

the surface temperature of the hot side by optimizing the internal structure of the heat
exchanger. Bai et al. [26] conducted a numerical study on six heat exchangers with different
internal structures and found that the series plate heat exchanger had the highest heat trans-
fer capacity and pressure drop. Vale et al. [27] designed two heat exchangers with plain
fins and offset strip fins, the former of which had a better performance. Wang et al. [28,29]
proposed a heat exchanger with cylindrical grooves on the surface and studied the influence
of channel height on TEG performance. The numerical simulation results showed that,
in comparison with fin-type heat exchangers, heat exchangers with cylindrical grooves
can improve the efficiency of thermoelectric power generation modules under low back
pressure, with 8 mm as the optimal height of the channel. Marvao et al. [30] studied three
heat exchangers with plain fins, offset strip fins, and triangular fins and discovered that
thinner fins can better increase the net power. Pacheco et al. [31] artificially enhanced heat
transfer by embedding a heat pipe in the channel, which caused a large pressure drop due
to the small channel size. Fernandez-Yafiez et al. [32] studied four internal structures of
heat exchangers, including one type of long fins, two types of short fins, and one type of
channel-arranged fins. The long-fin structure performed better when taking heat transfer
and pressure drop into consideration.

Other scholars have also conducted research on the arrangement and quantity of ther-
moelectric power generation modules. Favarel et al. [33,34] studied the module coverage
ratio of the modular thermoelectric power generation system through numerical simula-
tions and experiments. Their results showed that there was an optimal coverage ratio for
each thermoelectric device, which also confirms the necessity of optimizing the location
and number of modules. Li et al. [35] performed a three-step optimization on the number
of modules and the distribution model of the hexagonal thermoelectric power generation
system. The research results further confirmed the existence of an optimal number and
distribution, and exceeding these will lower the output power. Rakesh et al. [36] studied
four TEM electrical connection methods (i.e., series—parallel, all-tied, bridge-joint, and bee-
hive structures) using MATLAB (Simulink) under uniform and non-uniform temperature
distribution conditions. Their results showed that the bridge-joint structure was able to
achieve the maximum output power. Samir et al. [37] proposed a model for predicting the
electric behavior of vehicle thermoelectric generators at different operating points. The
simulations and experiments showed that, under non-uniform thermal surface conditions,
the interconnection of thermoelectric modules has a significant negative effect on electricity
generation. The pertinent literature mostly concerns power generation modules of the same
size, taking the layout and amount of these modules as variables. Thus, these studies have
neglected the impact of module size on automobile exhaust thermoelectric power genera-
tion systems. This current study took this factor into account, thereby enriching the existing
research. Moreover, we also investigated the impact of module spacing and coverage ratio
on an automobile exhaust thermoelectric power generation system in great detail.

In summary, much of the literature centers on the structural optimization of thermo-
electric generators rather than on the optimization of the layout of thermoelectric power
generation modules. Moreover, previous studies have not considered the influence of
module spacing on the thermoelectric power generation system. Therefore, we compared
the module spacing and module coverage under different working conditions, with the
aim of confirming the feasibility of improving the thermoelectric power generation sys-
tem’s performance through a reasonable module layout optimization. By achieving this
objective, the study can provide a reference for the module layout of automobile exhaust
thermoelectric power generation systems.

2. Materials and Methods
2.1. Thermoelectric Power Generation Model
The thermoelectric power generation system usually consists of an exhaust channel

and a thermoelectric power generation module. The thermoelectric module is arranged
above the channel. The hot side of the module absorbs heat, and the cold side dissipates
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heat. Electricity is generated through the Seebeck effect. The flat-plate thermoelectric power
generation device can lay the thermoelectric modules on the upper and lower surfaces of the
box under the rectangular exhaust channel. It has the advantage of enormous module num-
bers and is convenient for arranging the cooling water box. Therefore, we used a rectangular
exhaust channel box. In the middle of the exhaust channel was a rectangular parallelepiped
with a size of 315 mm x 120 mm x 110 mm [38]. The channel contained fin spoilers to
enhance the heat transfer effect. The size of the fins was 40 mm x 10 mm x 10 mm. The
simulation model is shown in Figure 1, for which three types of square thermoelectric
modules were selected with side lengths of 30 mm, 40 mm, and 50 mm, respectively, and a
thickness of 3.8 mm. The module spacing and module coverage were studied under three
different working conditions. The materials of the three types of modules were identical,
but the size of the modules was different, due to the different number of thermoelectric legs
made up of bismuth telluride contained inside. The relevant parameters of modules are
shown in Table 1 [39]. To control the variables, the number of modules was set at six, the
layout of which is shown in Figure 1. Due to the symmetry of the model, the temperatures
of the hot side of the modules in the study of module spacing are represented by three
modules located on the same side—namely, TEM1, TEM2, and TEM3.

7 75 75 7
NNNSNNS

(c)

Figure 1. Thermoelectric power generation model: (a) thermoelectric power generation simulation
model; (b) module spacing; (c) internal spoiler.

Table 1. Parameters of the thermoelectric power generation module.

Parameters Numerical Value Unit

Seebeck coefficient (5.921376 x 1071%) x T> — (3.274207 x 10~°%) x T? + (2.422355 x 10®) x T — 2.743842 x 10~* v-K!

P Type Resistivity (2.248899 x 1071) x T® — (1.250867 x 10710) x T? + (1.388189 x 1077) x T — 2.244786 x 10~° Qm
Thermal conductivity (1251606 x 1077) x T — (1.242845 x 10~4) x T2 + (3.873788 x 10~2) x T — 2.362707 W/ (mK)

Seebeck coefficient (1.291689 x 10713) x T + (1.074408 x 10~?) x T? — (9.271759 x 10~7) x T + 8.95888 x 10~° VK!

N Type Resistivity (—1.24614 x 10714) x T® — (6.429015 x 10~1) x T2 + (9.103036 x 10~8) x T — 1.049646 x 10> Om
Thermal conductivity (—1.592653 x 1078) x T® 4 (2.905845 x 10°) x T2 — (1.58323 x 10~2) x T + 3.727526 W/(mK)

2.2. Model Assumptions and Governing Equations
2.2.1. Model Assumptions

In this study, the following model assumptions were included:

(1) Automobile exhaust fluid was regarded as a steady-state incompressible ideal fluid;
(2) The contact thermal resistance between the module and the heat exchanger was ignored;
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(3) The influence of gravity was neglected;
(4) The influence of heat radiation was not considered.
2.2.2. Governing Equations
Continuity equation:
ou dv Jw
™ + ay + i 0 1)
Momentum conservation equation:
uaj+va£+w87w +aj— 827u+327u+327u (2)
P\ "ax %y Tz ) Tox T Moz T a2 T a2
ual+va£+wa£ +aj— 8270+a270+8270 (3)
P %y T8z ) "oy M2 T a2 T a2
uaiu_l’_vaj_'_waiw +a£— aziw_i_aziw_l’_aziw (4)
Pl "%y "%z ) Tz T 02 T a2 T a2

where 1, v, and w represent the velocity components in the direction of x, y, and z, respec-
tively. p is the fluid density, and y is the dynamic viscosity.

Taking the high Reynolds’ number for flow in an automobile exhaust pipe into consid-
eration, we used the k—¢ turbulence model and a simple algorithm to solve the model in
ANSYS Workbencn21 software, and the convergence standard of each residual error was
set at 107°.

2.3. Boundary Conditions

In this study, three different working conditions were considered [40]. The relevant
parameters are shown in Table 2. The convective heat transfer coefficient of 30 W/ (mZ-K)
was selected for the outer surface of the heat exchanger, the ambient temperature was 300 K,
and the cold side of the module was set to 3000 W/ (m?-K) to replace the heat dissipation
effect of the water cooling [41].

Table 2. Gas parameters under three working conditions.

Parameter Working ConditionI =~ Working ConditionII ~ Working Condition III Parameter Unit
Inlet gas velocity 7 30 65 m/s
Inlet gas temperature 436 678 864 K
Density 0.8076 0.5196 0.4187 kg/m?
Specific heat capacity 1018.6 1070.4 1113.8 ]/ (kg-K)
Thermal conductivity 0.0367 0.0521 0.062 W/(m-K)
Dynamic viscosity 2.4484 3.32371 3.8821 107° Pa-S

2.4. Grid Independence Verification

In the present study, six different grid numbers were selected. Simulation analyses
were carried out for each module under the conditions of an inlet gas velocity of 30 m/s
and an inlet gas temperature of 678 K. The relationship between the number of grids and
the temperature of the hot side of the module is shown in Figure 2. Taking the simulation
accuracy and the time required for the simulation into consideration, the grids were divided
based on the method in the circled dotted line. Thus, the number of grids was 1,658,970.
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Figure 2. Grid independence.

2.5. Power Calculation
Module Power Calculation

When the temperature of the cold and hot sides of a pair of thermoelectric legs (PN seg-
ments) is determined, the open-circuit voltage can be calculated through the following formula:

UQ = (OCp — DCN) X (Th — Tc) (5)

where ap and oy represent the Seebeck coefficient of P-type and N-type semiconductors,
respectively. Tj and T stand for the temperature of the hot side and cold side of the
thermoelectric legs, respectively. A single thermoelectric module is composed of multiple
thermoelectric legs, and the open-circuit voltage of a single thermoelectric module is
as follows:

Upm = nlp (6)

where 7 is the number of thermoelectric legs in the thermoelectric module.
The formulae for calculating a single module’s current and output power are as follows:

IL _ UM _ Tl(D(p—tXN)(Th—TC) (7)
Rin + Rp Rin + Rp
U?R
Pout = MiL (8)
2
(Rp + Riy)

where R; is the load resistance, and R;, is the internal resistance of the module. The
corresponding calculation formula is as follows:

- (pNIn | pplp
Rm_n( AN * AP) ©)

where pp and py represent the resistivity of P-type semiconductors, and N-type semicon-
ductors, respectively. Ip and Iy are the length of PN segments. Ap and Ay stand for the
cross-sectional area of the PN segments.
When the load resistance is equal to the internal resistance, the maximum output
power of the module is
2
le(lkp — DCN) (Th — Tc)
4R,
The following equation shows the efficiency of the exhaust thermoelectric power
generation system:

Pmax -

(10)

P output

= mcp(Tin - Tout)

(11)
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where 7 is the efficiency, Poutput is the thermoelectric generator power output, m is the
exhaust gas mass flow rate, C, is the exhaust gas specific heat, Tj, is the exhaust inlet
temperature, and Toyt is the exhaust outlet temperature.

3. Results and Discussion
3.1. Research on Module Spacing

We set the total number of modules at six, the size of which differed. The first columns
of modules were fixed, and the modules were arranged with spacing ranging from 5 mm
to 50 mm in 5 mm intervals. The corresponding simulation calculations were performed
under three different working conditions. Due to the symmetry of the model and the
relationship between the hot-side temperature and the module spacing, the temperature
of the modules’ hot sides is represented by the modules TEM1, TEM2, and TEM3 on the
same side.

It can be seen from Figures 3-5 that the hot-side temperature of modules was positively
correlated with the module spacing. Overall, a larger module spacing led to a higher hot-
side temperature. There were also some slight decreases and increases in the hot-side
temperature during the process, which was related to the position of the modules and the
underlying spoilers. Taking the second working condition of the modules with a side length
of 50 mm as an example (Figure 5), Figure 6 displays the hot-side temperature and the
spoiler position with a module spacing of 35 mm, 40 mm, and 45 mm. TEM2 in the middle
was affected by the front and rear spoilers, and the area of the green temperature area
was reduced, which corresponds to a decrease in the module’s hot-side temperature. The
position change of the spoiler affected the temperature change of the module. Nonetheless,
the module spacing was still the main factor contributing to the module’s temperature
change. In different fin arrangements, the density and size of the fins indeed had an impact
on the hot-side temperature and power output of the thermoelectric modules. If the fin
density and size are small, the exhaust-gas convection heat transfer will be weak, and the
hot-end temperature and output power will be low. Nevertheless, if the fin density and
size are large, the exhaust-gas convection heat transfer will be strong, and the hot-end
temperature and output power will increase, which may also cause a relatively dramatic
pressure drop. Therefore, it is necessary to keep the fin density and size within a reasonable
range, with the aim of enhancing the convective heat transfer effect of the exhaust gas and
increasing the temperature of the hot end of the TEM, thereby increasing the output power
of the entire system.

530
——TEM g [—TEM < egof = TEMI
—— TEM2 . 3 TEM2 e 3 TEM2 e
‘ 920} —e— TEM3 ‘» 670k—=— TEM3 p
2 2 :
o 510 o 660
£ £
. ® 650
o ®
// 2 2640
3 400
Q. o
/ g g 630
F 480 F 620

0 5 10 1520 25 30 35 40 45 50

0 5 10 1520 25 30 35 40 45 50
Module spacing(mm) i
(b)

Module spacing(mm)
(c)

Figure 3. Diagram of the hot-side temperature of the module with a side length of 30 mm: (a) the inlet
gas temperature = 436 K; (b) the inlet gas temperature = 678 K; (c) the inlet gas temperature = 864 K.
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Figure 4. Diagram of the hot-side temperature of the module with a side length of 40 mm: (a) the inlet
gas temperature = 436 K; (b) the inlet gas temperature = 678 K; (c) the inlet gas temperature = 864 K.
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Figure 5. Diagram of the hot-side temperature of the module with a side length of 50 mm: (a) the inlet
gas temperature = 436 K; (b) the inlet gas temperature = 678 K; (c) the inlet gas temperature = 864 K.

Temperature

—~
[V
~

Kl

(b

~

K]

Figure 6. Cloud chart of the hot-side temperature: (a) module spacing: 35 mm; (b) module spacing;:
40 mm; (c) module spacing: 45 mm.

As shown in Figures 4 and 5, TEM2, in the middle of the three modules, had a lower
temperature at the hot side but a higher temperature at the two ends. This phenomenon
was even more obvious under medium- and high-temperature conditions (Tt = 678 K
and Tjpjer = 864 K). When the module spacing is small, the thermoelectric power generation
modules at the front end will absorb part of the heat from the exhaust gas, and the temper-
ature around the thermoelectric power generation modules at the rear end will decrease,
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resulting in a reduction in the output power of the thermoelectric power generation mod-
ules at the rear end. When the module spacing increases, such a mutual influence between
modules will be weakened. In the meantime, the back-end modules will absorb more heat,
and the output power will increase. Hence, the module thermal temperature rises as the
module spacing increases. Hence, when the number of modules is large, a smaller module
spacing will have a greater impact on the internal modules, which leads to relatively low
hot-side temperature and, thus, affects the output power.

For modules with a side length of 30 mm, when the module spacing was between 30 mm
and 40 mm, the hot side performed well under three different working conditions, as shown
in Figure 3. In other words, a high hot-side temperature was obtained when the module
spacing was relatively small. In a similar vein, for modules with a side length of 40 mm
and 50 mm, a module spacing between 30 mm and 40 mm was reasonable.

The temperature difference between the hot and cold sides of modules determines
their output power. To put it simply, the rise and fall of the modules’ hot-side temperature
impact the magnitude of the output power. Figure 7 demonstrates the relationship between
the module spacing and the total system output power. It can be seen that the output
power of the module had a similar trend to that of the temperature of the hot side. As the
module spacing increased, the output power increased accordingly. Similarly, a higher
inlet temperature led to a higher output power of the module. Under the same intake-air
temperature condition, larger modules had more internal thermoelectric legs, which led to
a higher output power of the modules.

[ T=864K . T=864K 75,9 [ T=864K
L 510 736}
L 493 713}
L e 69.0 |
—— T=678K | = —e— T=678K | £323[=—T=678K
o ./ \- a 240 / 5 _ Ak
= o z Ve
8 8304}
- _/ o 225} ’ = A
4 = S 285 -~
- 3 210F pd 3% N
/ 3 % ool
| S 2266} «
—=— T=436K . —e— T=436| . —— T=436K o
L "y 165} e 19} P
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7 ~ 18} 7
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V4 Va 17F e
-/ 135F sl //
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- &
1 1 1 1 1 1 1 1 1 1 20 1 1 1 1 1 1 1 1 1 1 15 1 1 1 1 1 1 1 1 1 1
0 5 101520 25 30 35 40 45 50 0 5 1015202530 3540455 0 5 10152025303540455
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Module spacing

(b)

Medule spacing
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Figure 7. The relationship between module spacing and output power: (a) modules with a side
length of 30 mm; (b) modules with a side length of 40 mm; (c) modules with a side length of 50 mm.

Figure 8 displays the comparative results of the system output power of modules with
side lengths of 30 mm, 40 mm, and 50 mm and at a module spacing between 5 mm and
50 mm. When the module spacing was larger than 30 mm, the output power of modules
of different sizes witnessed a greater increase under different working conditions. For
instance, in Figure 9, when the module spacing was 35 mm, the modules” output power
was not high under low-temperature conditions with a small base value, resulting in a
higher growth rate. On the contrary, under high-temperature conditions, the output power
growth rate of modules of different sizes was 8~9%. In summary, when the number of
modules is set, a reasonable increase in module spacing can increase the output power of
the modules.
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Figure 8. Output power growth rate: (a) modules with a side length of 30 mm; (b) modules with a
side length of 40 mm; (c) modules with a side length of 50 mm.
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Efficiency is the ratio of output power to absorbed heat. When the heat is constant,
the increase in output power will lead to an increase in efficiency. Figure 10 illustrates
that the power generation of modules of different sizes changed little with the increase
in module spacing. The power generation efficiency is mainly related to the inlet gas
temperature. A higher inlet temperature leads to a higher amount of power generation,
thereby increasing the corresponding power generation efficiency. The power generation
efficiency of modules of different sizes was about 0.15% under low-temperature conditions,

from 0.5% to 0.8% under medium-temperature conditions, and from 0.7% to 1.2% under
high-temperature conditions.
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Figure 10. Relationship plot of module spacing and efficiency: (a) modules with a side length of
30 mm; (b) modules with a side length of 40 mm; (c) modules with a side length of 50 mm.

3.2. Research on Module Coverage

Five different coverage ratios (i.e., the ratio of the total modular area to the surface
area of the hot side) were selected for each type of module, with side lengths of 30 mm,
40 mm, and 50 mm, as shown in Table 3. Comparative studies were carried out under
three different working conditions, and the results are shown in Figure 11. The results
show that when the coverage ratio of modules of different sizes was similar, the total
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output power of the system showed little difference. Under low-temperature conditions
(Tintet = 436 K), with the increase in module coverage ratio, the total power underwent
an initial rise and a subsequent fall, which resulted from the low temperature of the inlet
gas. When the temperature of the inlet gas is low, the heat provided is quite limited.
Under such a circumstance, a large number of modules will cause insufficient and uneven
heat absorption of each module, resulting in a low temperature at the hot side and a
decrease in the total output power of the system. When the module coverage ratio was
about 55%, the total output power was relatively high. In fact, excessive module coverage
under low-temperature conditions cannot increase the output power of the system. Under
medium- and high-temperature conditions, the temperature of the inlet gas increased,
which could provide more heat to modules. Thus, as the coverage ratio increased, the
total output power of the modules also rose. This phenomenon was more obvious under
high-temperature conditions.

Table 3. Coverage ratio of modules of different sizes.

Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5
Modules with a side length Module number 15 18 21 24 27
of 30 mm Coverage ratio 35.71% 42.86% 50.00% 57.14% 64.29%
Modules with a side length Module number 8 10 12 14 18
of 40 mm Coverage ratio 33.86% 42.33% 50.79% 59.26% 76.19%
Modules with a side length Module number 4 6 8 10 12
of 50 mm Coverage ratio 26.46% 39.68% 52.91% 66.14% 79.37%
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Figure 11. The relationship between module coverage ratio and total system output power: (a) the in-
let gas temperature = 436 K; (b) the inlet gas temperature = 678 K; (c) the inlet gas temperature = 864 K.

As can be seen in Figures 11 and 12, the overall trend of the efficiency curve is similar
to that of the total power curve. Under low-temperature conditions, a higher coverage ratio
of modules led to less efficient power generation. Under medium-temperature conditions,
higher efficiency was obtained when the module coverage ratio was moderate. How-
ever, under high-temperature conditions, the power generation efficiency was positively
correlated with the module coverage ratio.

Analysis of Temperature Uniformity

To allow the thermoelectric power generation system to generate a larger voltage,
all thermoelectric power generation modules are usually connected in series. However,
the output current of the entire thermoelectric power generation system is limited by
the minimum current in the thermoelectric modules, resulting in an additional power
loss. Studies have shown that improving the temperature uniformity of the hot side of a
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thermoelectric power generation system can effectively solve this problem. This study used
the temperature uniformity coefficient <y, and its expression is as follows [25]:

1¢ |Ti - Tmeunl
_q,_1 12
7 ni:Zl Tean (12)

where # is the number of thermoelectric power generation modules, T; is the average
temperature of the area where the power generation module block i is located, and T eqn
is the average temperature at the hot side of the thermoelectric power generation system.
When the temperature uniformity coefficient <y is close to 1, the temperature uniformity at
the hot side is ideal.
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Figure 12. The relationship plot of module coverage ratio and efficiency: (a) the inlet gas
temperature = 436 K; (b) the inlet gas temperature = 678 K; (c) the inlet gas temperature = 864 K.

It can be seen from Figure 13 that when the module coverage ratio is determined, the
overall trends of the temperature uniformity coefficient under different working conditions
are similar. Specifically, when the coverage ratio is set, the inlet gas temperature and
velocity increase, which will reduce the temperature uniformity. For modules with side
lengths of 30 mm and 40 mm, a larger coverage ratio led to a smaller temperature uniformity
coefficient. This is because a higher coverage ratio indicates an increase in the number of
modules and a decrease in the module spacing, which results in insufficient absorption of
heat among the internal modules, a larger difference in temperature between modules, and,
finally, a decrease in the temperature uniformity coefficient. This phenomenon was more
obvious under high-temperature conditions. For modules with a side length of 50 mm,
due to the larger size and higher module coverage ratio, the number of modules used was
far less than for those with side lengths of 30 mm and 40 mm. Hence, the modules were
not compacted, and the module spacing was not small, which contributed to a relatively
uniform temperature distribution among the modules. This, therefore, suggests that larger-
size modules can be selected to improve the temperature uniformity of the thermoelectric
power generation system, thereby effectively increasing the output power of the system.
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Figure 13. Temperature uniformity coefficient of modules with different coverage ratios: (a) modules
with a side length of 30 mm; (b) modules with a side length of 40 mm; (c) modules with a side length
of 50 mm.
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Compared with the existing research, the current study investigated the impact of
module spacing on an automobile exhaust thermoelectric power generation system in
greater detail, by considering the module spacing of differently sized modules. It was
found that when the number of thermoelectric power generation modules is determined, a
reasonable increase in the layout spacing can effectively increase the total output power of
the power generation modules under different working conditions. Additionally, when the
module coverage ratio is moderate, choosing larger-sized power generation modules can
improve the temperature uniformity of the thermoelectric power generation system and
increase the system’s output power.

4. Conclusions

In the current study, the results showed that when the number of thermoelectric
modules is set, a reasonable increase in module spacing can effectively increase the total
output power of the power generation system under different working conditions, which
verifies the necessity of optimizing the arrangement of the thermoelectric modules. When
the spacing was 35 mm, the output power of the modules was compared with that when
the spacing was 5 mm. Under low-temperature conditions, the growth rate of the output
power of modules of different sizes was about 24%; under medium-temperature conditions,
the output power growth rate of modules of different sizes was between 16% and 19%;
under high-temperature conditions, the output power growth rate of modules of different
sizes was between 8% and 9%. Under low-temperature conditions, the module coverage
ratio should not be too high. Under medium- and high-temperature conditions, increasing
the module coverage ratio can effectively increase the total output power of the system.
The temperature uniformity of the hot side of the thermoelectric power generation system
is closely related to the module coverage ratio and the temperature and speed of the
inlet gas. Under low-temperature conditions, the temperature uniformity of modules is
generally better. When the spacing between modules of 40 mm and 50 mm in size was
set at around 35 mm, the power generation system achieves a relatively higher output
power. Moreover, when the module coverage ratio was about 55%, the output power
and temperature uniformity were more satisfactory. Future research can consider the
impact of transverse spacing of modules on automotive exhaust thermoelectric power
generation systems. More in-depth studies can be carried out on the module layout under
transient conditions.
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