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Abstract: The heat exchanger determines the overall performance of automotive thermoelectric
generator (ATEG) systems. To obtain the accurate performance of the ATEG system under actual
driving conditions, a fluid-thermal-electric multiphysics numerical model is established. Considering
the backpressure loss, weight loss, and pumping power loss, a net power model of the ATEG system
is established. The performance of the two heat exchangers with and without fins is investigated and
compared. Through optimizations, the optimal parameters for the heat exchanger with fins are Nw = 2
rows, H =30 mm, and N = 5 columns, and those of the heat exchanger without fins are Nw = 2 rows,
H = 10 mm, and N. = 4 columns. The output power, net power, conversion efficiency, and net
efficiency of the optimal ATEG system with fins are 35.49 W, 22.93 W, 1.89%, and 1.22%,
respectively, and those of the optimal ATEG system without fins are 16.49 W, 8.67 W, 1.51%, and
0.79%, respectively. Through the use of fins, the net power and net efficiency of the ATEG system
can be increased by 164.48% and 54.43% respectively. The results are helpful to guide the optimization
and design of ATEG systems.

Keywords: heat exchanger; automotive thermoelectric generator; numerical model; net power;

optimization.
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Nomenclature A thermal conductivity, W-m™-K

n conversion efficiency
Symbols y Voltage uniformity coefficient
4 area, m’ Subscripts
¢ specific heat, J'kg!-K'! ave average
E  electric field density vector, V-m? b backpressure loss
f rolling resistance coefficient co copper electrodes
H  height, mm ex exhaust gas
J  current density vector, A-m™ exi exhaust inlet
k  turbulent kinetic energy, m?-s> exo exhaust outlet
m  mass flow rate, g-s”! h hot side
N number 1 ith,i=1,2,3, ......
p  pressure, Pa L length or load resistance
P power, W m material
QO  heat absorption, W n n-type legs
R resistance, Q net net power or net efficiency
S source term out output power
T  temperature, K p n-type legs or pumping power loss
U  output voltage, V t transmission system
v velocity, m-s™ \% vehicle
V  volume flow rate, m>s’! W width
W weight, N w weight loss
Greek symbols Abbreviations
a  Seebeck coefficient, pV-K! ATEG automotive thermoelectric generator
o electrical conductivity, S-m’! CFD computational fluid dynamics
¢  electrical potential, V HWFET highway fuel economy test
&  turbulent dissipation rate, m*.s™ SUV sports utility vehicle
p  density, kg-m? TEG thermoelectric generator
4 dynamic viscosity, Pa-s TEM thermoelectric module

1. Introduction

Thermoelectric power generation technology has aroused great interest in harvesting waste heat from
the automotive exhaust gas, because of the unparalleled merits of no moving parts, no emissions, no
maintenance costs, silent operation, and long service life [1-3]. When the thermoelectric generator
(TEG) is applied to waste heat recovery from an automotive diesel engine, it has the potential of
producing over 1000 W of electricity [4], fully satisfying the power demand of on-vehicle equipment.
Through designing a recycling circuit controller [5], the produced energy can be directly used for the
power supply of lights, audios, etc., or stored in vehicle batteries. Accordingly, the vehicle fuel
consumption rate is reduced. The potential fuel saving produced by the automotive TEG system is
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about 6% [6]. However, the conversion efficiency of existing automotive thermoelectric generator
(ATEG) systems to convert the absorbed waste heat into electrical energy is generally less than 4% [7-
9]. To achieve the wide application of the TEG in automotive waste heat recovery, its conversion
efficiency needs a further breakthrough.

The ATEG system is composed of a heat exchanger structure, thermoelectric module (TEM) arrays,
and a cooling structure. Generally, there are numerous different types of heat exchangers used in ATEG
systems, such as plate type [10], polygonal type [11], and cylindrical type [12]. For the plate-type heat
exchanger, the TEM array is arranged on the two hot end surfaces [13], which has the advantages of
simple structure and flexible fin configurations. For the polygonal heat exchanger, it can apply more
TEMs due to multiple hot-side surfaces and can be integrated with other exhaust systems such as
muffler [14] and catalytic converter [15]. Only a few studies [16] have studied the cylindrical heat
exchanger because the TEM needs to be designed with a ring shape to fit the curved hot end surface
of the heat exchanger, which requires high cost. From light-duty passenger cars to heavy-duty
commercial vehicles, the mass flow rate of exhaust gas produced by combustion engines under a
dynamic driving cycle ranges from ~10 g/s [17] to ~300 g/s [18]. Accordingly, to adapt to high or low
mass flow rate applications, the plate-type heat exchanger can respectively increase or decrease the
number of plates, while a polygonal heat exchanger can respectively increase or decrease the number
of edges. For a mass flow rate of 71.5 g/s, Wang et al. [19] divided the exhaust manifold into four
channels and proposed a four-ATEG system to maximize waste heat recovery, wherein each ATEG
unit was plate-type and equipped with 60 TEMs. In addition to dividing the exhaust manifold into
multiple channels, the plate-type heat exchanger can be stacked with TEM arrays and cooling devices
to form a multi-layer design to recover the exhaust heat with a high mass flow rate.

To determine the optimal cross-section shape of the heat exchanger, Yan et al. [20] compared the
performance of ATEG systems with different cross-section shapes and reported that the rectangular-
shaped channel produces the highest power generation and conversion efficiency. Accordingly, this
paper focuses on the optimal design of a plate-type heat exchanger. High heat transfer performance
and low-pressure drop are two criteria to evaluate the performance of heat exchangers. Fernandez-
Yarez et al. [21] proposed a ratio of heat absorption to backpressure loss to compare the performance
of four heat exchangers, in which the internal flow channels were mounted with long fins, two kinds
of short-fin designs with different mixes, and channel-arranged fins, respectively. According to
computational fluid dynamics (CFD) results, the long-fin design can achieve the highest ratio. Also,
some novel optimization approaches were suggested to enhance the performance of plate-type heat
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exchangers. Cao et al. [22] and Pacheco et al. [23] introduced heat pipes into the heat exchanger for
automotive exhaust heat recovery and pointed out that the heat pipe assisted heat exchanger has a good
potential for high thermal load applications. A great number of researches on the structure optimization
of plate-type heat exchangers have been reported. However, there are no comprehensive optimization
and design strategies for the plate-type heat exchanger of the ATEG system.

The performance evaluation method of the ATEG system is the premise of designing and optimizing
heat exchangers. CFD model plays an important role in the structural optimization of heat exchangers
[24, 25]. However, the electric performance of the ATEG system can not be estimated by the CFD
model. For this issue, Chen et al. [26] used the average surface temperature data obtained from CFD
simulations as the working temperature of TEMs to calculate the output power and conversion
efficiency of the ATEG system. To make the predicted results more accurate, Luo et al. [27] proposed
a fluid-thermal-electric multiphysics model to evaluate the performance of a gas-to-water TEG system.
Compared with the traditional analytical model, the predicted results of the proposed model were more
reasonable [28]. Nevertheless, the used gas-to-water TEG system only contained one TEM, which was
not in line with the actual situation of ATEG systems, as well as the fluid, thermal, and electric fields
were not solved simultaneously in the model, resulting in errors. Therefore, it is necessary to establish
a comprehensive fluid-thermal-electric multiphysics model of the ATEG system to guide the
performance analysis and structure design.

As mentioned above, the plate-type heat exchanger exhibits good heat transfer performance and is
widely used in ATEG systems. However, the mass flow rate of different vehicles varies greatly. For a
specific ATEG system, when applied to light-duty vehicles, the exhaust gas generated can not fill the
exhaust channel, resulting in low heat transfer efficiency. When used in heavy-duty vehicles, the
exhaust gas generated may overfill the exhaust channel and cause excessive backpressure. At present,
there are no comprehensive optimization and design strategies for the plate-type heat exchanger of the
ATEG system. For this reason, this work tries to explore the optimal parameters of the plate-type heat
exchanger for thermoelectric waste heat recovery of a passenger car, including the height, width, and
length, to maximize the energy utilization from waste heat. Besides, a comprehensive fluid-thermal-
electric multiphysics model for ATEG systems is established to predict the electric performance of the
ATEG system under different structural parameters of the plate-type heat exchanger.

This work fills the gap about how to select the optimal parameters of the plate-type heat exchanger
of the ATEG system for a specific vehicle, and how to predict the performance of the ATEG system
with high reasonability. Considering the effect of fin structure on the heat exchanger, two plate-type
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heat exchangers with and without fins are studied. The layout of this paper is as follows: Section 2
introduces the model in detail. Section 3 discusses the numerical results under different heat exchanger
parameters. Section 4 analyzes the optimal design of the plate-type heat exchanger. Section 5

summarizes the main findings of this study.

2. Model description

2.1 Diagram of the automotive thermoelectric generator system

1 ATEG system with no fins:

muffler  ATEG system catalyst

'_‘ 1/2 ATEG system with different rows and columns: L_\_‘::::; ::::::::J szzzzzzzzzzl
’ Different rows with N, = 4 columns

\

Fig. 1. Position of the ATEG system in a passenger car and the diagram of the ATEG system with different configurations.

The heat transfer performance of the heat exchanger determines the overall performance of the
ATEG system. To guide the design of the ATEG system and ensure its high performance, the height,
width, and length of the plate-type heat exchanger are comprehensively optimized. Besides, the ATEG
system is used to recover exhaust heat from a given passenger car. When the optimized ATEG system
is applied from passenger cars to heavy trucks or other large-size vehicles, it can be regarded as one
of the subsystems like Ref. [19] in which the exhaust gas was divided into several parts through the
manifold and flows through each subsystem respectively, or it can be designed as a multi-layer
structure like Ref. [29], to ensure the high efficiency of the optimized ATEG system. The number of
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subsystems and the number of layers of the multi-layer structure are determined according to the
integer multiple relationships of the exhaust mass flow rate between the large-size vehicle applied and
the passenger car given herein.

Here, the height of the heat exchanger can be adjusted at will, however, its width and length must be
an integral multiple of the corresponding size of the TEM. To ensure high heat transfer performance,
the heat exchanger and heat sink are made of aluminium materials with thermal conductivity of 201
W/(m-K). The Bi>Tes-based commercial TEM (TEG-127020, P&N Technology, China) is used as the
power generation unit, and its structural size and material properties are listed in Table 1 [30]. The
TEM consists of 256 copper electrodes, 128 pairs of thermoelectric legs, and two ceramic plates.
Considering the layout gap between TEMSs, the width and length of the basic unit of the ATEG system
are set as 46 mm and 42 mm respectively. Fig. 1 shows the position of the ATEG system in a passenger
car and the diagram of the ATEG system with different configurations. The ATEG system is located
between the muffler and the catalyst of the passenger car. The height (H) varies at a value of every 5
mm from 5 mm to 30 mm. The width (Nw) varies from 1 row to 6 rows. The length (NLr) varies from
NL = 1 column to N = 6 columns. To reduce the computing time and workload, the 1/2 ATEG system
is used as the research objective to analyze the performance of the complete ATEG system. The
symmetrical surface is defined on the middle plane of the heat exchanger. Consequently, the height
(H) varies at a value of every 2.5 mm from 2.5 mm to 15 mm in the 1/2 ATEG system. According to
the optimization results of previous research [31], a water-based heat sink with a pipeline diameter of
5.5 mm is adopted to ensure good cooling performance. Also, the size and number of heat sinks

correspond to the heat exchanger.
Table 1. Datasheet of the Bi,Tes-based TEM [30].

Seebeck coefficient Thermal conductivity Electrical resistivity Size

(wV-Kh (W-m.K1) (1050hm-m) (LxWxH mm?)
p-type -1.80268x107T* -3.05948x10°T* -3.08802x10°T* 1.4x1.4x1
legs +3.23632x10T° ~0.21537T?  +4.56781x10°T%-251621x10°T?  +4.56531x10°T* -2.58541x107°T?

+62.97444T —6616.56781 +0.61074T —53.98632 +0.65579T — 60.58804
n-type 1.80268x107T* -3.05948x10°T* -3.08802x10°T* 1.4x1.4x1
legs -3.23632x10T°+0.21537T?  +4.56781x10°T%-251621x10°T?  +4.56531x10°T* -2.58541x107°T?

—62.97444T + 6616.56781 +0.61074T —53.98632 +0.65579T — 60.58804
copper 165.64 1.75x1073 3.8 x1.4x 0.35
electrodes
ceramic 22 40 x 44 (and 40)
plates x 0.8




10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26

27

28
29
30

When the length of the heat exchanger is fixed at a specific value (NL = 4 columns in this study), the
optimization for the height and width is carried out at the same time, because both will affect the cross-
sectional area of the exhaust channel. After determining the optimal height and width, the optimization
for length is performed. Considering the great influence of fins on the heat exchanger, the two kinds
of heat exchangers with and without fins are studied. According to Ref. [32], the plate-fin structure
provides better performance than other fin structures, and thus plate fins are adopted for the heat
exchanger with fins. Also, the thickness of fins and the spacing between them are set as 2 mm and 4
mm respectively, according to the optimization results of Ref. [33]. There are 7 plate fins for a basic

unit of the ATEG system. As for the heat exchanger with no fins, it has a smooth exhaust gas channel.

2.2 Governing equations of the comprehensive fluid-thermal-electric multiphysics numerical model

In the subsequent numerical simulation, the following preconditions are made:

(i) Thermoelectric materials are isotropic.

(if) The contact thermal resistance between TEM and other components is neglected because its
influence can be minimized by applying thermal grease and applying clamping force [34], and the
contact thermal resistance is often ignored in previous studies [35]. Through preliminary analysis, the
power difference between the ATEG with and without consideration of contact thermal resistance [36]
is within 2%, which indicates that the contact thermal resistance plays an insignificant role in the
overall performance of the ATEG.

(iii) Dry air is taken as exhaust gas and water as coolant.

(iv) Heat radiation is also ignored due to its tiny influence.

The governing equations of the comprehensive fluid-thermal-electric multiphysics numerical model
can be divided into three parts: fluid domain, thermal conduction domain, and thermal-electric

conversion domain. For the fluid domain, the fluid flow can be characterized by CFD equations [37],

as follows:
V-V=0 1)
v.(w)=-%Vp+v.(ﬂw) @
V- (/WT ) =pcV-VT (3)

where, ¥ is the vector of fluid velocity, p is the fluid pressure, T is the absolute temperature. p, x4, A,
and c are the interior properties of fluids, which denotes the density, molecular viscosity, thermal

conductivity, and specific heat, respectively.
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In addition, the fluid flow in the exhaust gas channel of the heat exchanger and the cooling water
channel of the heat sink can be viewed as turbulence. To compute the flow field, the standard k-&

turbulence model [38] is adopted in this study, which transport equations include:

p(V-V)k:V-H,u+ﬁij}+Pk—,08 (4)
Oy
2
p(V-V)e=V. pu+ o |ve +C18£Pk—C25pg— (5)
o, k k
with
k2
:ut:pcy_ (6)
&

where k and & are the turbulence kinetic energy and the dissipation rate of turbulence energy
respectively. Pk is the shear production of turbulence kinetic energy. Cie, Co:, Cy, ok, and oz are
constants defined as C1e = 1.44, C2: = 1.92, C, = 0.09, ok = 1.0, and o= = 1.3 [39].

In the thermal conduction domain, including the heat exchanger and heat sink, the energy
conservation equation is defined as:

V-(AVT)=0 ©)

In the thermal-electric conversion domain, including the TEM and load resistance, its energy
conservation can be written as:

V- (4,VT)4S, =0 (8)
where, subscript m represents the name of different materials, ce for ceramic plates, co for copper
electrodes, n for n-type thermoelectric legs, p for p-type thermoelectric legs, L for load resistance. S,,
is the energy source term in different computational regions, which is [40]:

0, (T)J?=Va,(T)JT,; p-type thermoelectric leg
o, (T)J?=Va, (T)JT,; n-type thermoelectric leg
S, ={0,J?% copper electrode (9)

o *J%, load resistance
0; ceramic plates

where, o1 is the electrical resistivity, J is the current density vector, « is the Seebeck coefficient. It

is worth noting that the thermal conductivity, electrical resistivity, and Seebeck coefficient of
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thermoelectrical materials are temperature-dependent.

Besides the energy conservation equation, the computational domain of current flow, including
copper electrodes, load resistance, p-type and n-type thermoelectric legs, also follows the governing
equations of the electric field, as follows [41]:

E=-Vg+a,, (T)VT (10)
J=0 E (11)
v-J=0 (12)

where, E and ¢ are the electrical field density vector and electrical potential respectively. The last term
in Eqg. (10) represents the generated voltage due to the Seebeck effect. The continuity of current is
expressed by Eqg. (12).

Egs (1)-(12) constitute the governing equations of the comprehensive fluid-thermal-electric
multiphysics numerical model. Combined with boundary conditions, the model can be calculated by

numerical analysis methods, such as the finite element method [42].

2.3 Vehicle parameters and boundary conditions

To calculate the above numerical model, reasonable boundary conditions are needed, including the
boundary conditions of the fluid, thermal, and electric fields. Herein, the exhaust temperature and mass
flow rate are used as the inlet boundary conditions of the exhaust channel. In this study, the ATEG
system is designed and optimized for a passenger car. The actual operation condition of the selected
vehicle is simulated by ADVISOR [43], a professional vehicle simulation package. Table 2 lists the
key parameters of the passenger car in the simulation environment, and the vehicle is set to run under

HWFET (Highway fuel economy test) driving cycles.

Table 2. Key parameters of the passenger car.

Parameter Value unit
vehicle type passenger car

engine type gasoline engine
maximum engine power 102x10° W
engine displacement 3 L
number of cylinders 6

cargo 250x103 g
total mass 1747x10° g

According to the simulation results of ADVISOR, the exhaust temperature and mass flow rate are
extracted from the exhaust gas after the catalyst [44]. Fig. 2 shows the time-dependent exhaust

temperature, exhaust mass flow rate, and vehicle speed of the passenger car under the HWFET driving
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cycle. Accordingly, the average values of 546.73 K and 18.24 g/s are used as the inlet conditions of
the exhaust channel. In the coolant channel, the inlet temperature of 300 K and inlet velocity of 1 m/s
are defined. On the outlet surfaces of both exhaust and coolant channels, a pressure outlet with a
standard atmospheric pressure is defined. On the surfaces of the ATEG system exposed to the
environment, a heat loss boundary condition with a convection coefficient of 15 W/(m?-K) and an
environmental temperature of 300 K [45] is adopted. As for the electric field, it only needs the
grounded boundary condition, that is, the potential of the TEM terminal with a p-type leg issetto 0 V.
Besides, to reduce the execution time, only 1/2 of the ATEG system is considered, and the symmetric
boundary condition is adopted on the symmetry plane. For the 1/2 ATEG system, the exhaust mass
flow inlet should be divided by 2, which is 9.12 g/s.

mass flow rate (g/s)

10

1
[" exhaust temperature (K)
552

gg [ vehicle speed (km/h)

0 100 200 300 400 500 600 700
time 7 (s)

Fig. 2. Exhaust temperature and exhaust mass flow rate under the HWFET driving cycle.

2.4 Optimal load resistance of the TEM

Owing to the temperature dependence of thermoelectric material properties, the internal resistance
of the TEM varies with the working temperature [46]. Determining the optimal load resistance of the
TEM is the premise of numerical simulations of the ATEG system. In the ATEG system, all TEMs
have the same size (40x40x3.3 mm?®) and parameters. Through the preliminary numerical simulations,
it is found that the hot-side temperature of the TEM for the ATEG system with different heat exchanger
configurations fluctuates in the range of 400-500 K. Taking a single TEM as the research objective,
the output power of the TEM at different working temperatures is predicted by using a thermal-electric
numerical model [47]. Fig. 3 shows a schematic diagram of the TEM and its output power at different

working temperatures. Regardless of the change in the hot-side temperature (Th), it can be observed

10
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that the optimal load resistance of the TEM is about 4 Q. Therefore, the load resistance of each TEM

is set to 4 Q during simulations.

(a) (b)

74 71.=310K —=— 7, =400K
—e— 7, =450K
6 —a— T, =500 K

IS
!

w
1

. ./_/./-"""'_'_’"""—'*H—*—-—-«—.

0 1 2 3 4 5 6 71 8 9 10
Load resistance (Q)

Load resist N~
5 ‘
Ceramic plate \"‘/

Copper electrodes

Fig. 3. Schematic diagram of the TEM and its output power at different working temperatures.

2.5 Finite element model and grid independence examination of the ATEG system

The model is numerically calculated by the finite element method on the platform of COMSOL
Multiphysics [48]. Fig. 4 shows the finite element model of the ATEG system, in which, H = 10 mm,
Nw =1 row, and N = 4 columns. To balance the calculation accuracy and time, a grid independence
examination for the finite element model is performed. The four cases with 1474662, 807467, 401389,
and 218453 grids in the ATEG system are designated as case I, case Il, case Ill, and case 1V,
respectively. Taking the output voltage of the first TEM under case | as the reference, the errors of
case 11, case Il1, and case IV are 0.28%, 0.85%, and 2.66%, respectively. Also, the time consumption
from case | to case IV is greatly reduced. Therefore, case 111 with 401389 grids is used for the following

simulations.

Coolant inlet Coolant outlet

<

’
NE
A
X AN

e AV, OO
AN RANNN N AR
auvg;mgmv%gﬂ%é{%‘a&%ﬁmmm&%l%:«ugawx
STAVAN 0D S SV A VAVAVA(\WAVAVAV N g vava VAV AV
}VAVAVAVAVAVAVAVAVAVAVAWAVAVAVAVAVAVAVAVﬂmm

A 4

Exhaust inlet

Symmetry plane

Fig. 4. Finite element model of the ATEG system.
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2.6 Parameter definitions

Output power and conversion efficiency of the ATEG system are two key indexes to measure its
performance. The output power of the ATEG system can be regarded as the sum of the output power
of all TEMs, that is [10]:

n n U_Z
I:)out = Pl = z_l (13)
i=1 i=1 RL
where, Poyt is the output power of the ATEG system, subscript i =1, 2, 3,..., n denotes ith TEM, P is
the output power of ith TEM, Ui is the output voltage of ith TEM, and RL = 4 Q is the load resistance,
respectively.
The conversion efficiency of the ATEG system is equal to the output power divided by the heat

absorbed from exhaust gases, which is defined by [49]:

Pout I:)out
= = 14
7 Qh Cex mex (Texi _Texo ) ( )

where, 7 is the conversion efficiency of the ATEG system, Qx is the heat absorbed from exhaust gases,
subscript ex denotes exhaust gases, m is the mass flow rate, Texi and Texo are the exhaust inlet and outlet
temperatures, respectively.

However, the ATEG system not only brings energy gains to the vehicle but also produces additional
energy losses. The energy losses include weight loss, pumping power loss, and backpressure loss.
Herein, the net power of the ATEG system is defined by [29]:

P

net — Pout - Pw - Pb - Pp (15)
where, Pw, P, and Py are the weight loss, backpressure loss of the exhaust gas, and pumping power
loss of the cooling water, respectively.

The weight loss represents the additional vehicle power required to drive the ATEG system, which

is [29]:

fy
P, =—W (16)

w ateg
t

where, f = 0.012 represents the rolling resistance coefficient, vy = 77.65 km/h represents the average
vehicle speed under an HWFET driving cycle, n: = 0.9 represents the transmission efficiency of the
vehicle drivetrain system, and Waeg is the weight of the ATEG system, respectively. The corresponding
vehicle parameters are obtained from the vehicle model in ADVISOR.

When the exhaust gas flows through the heat exchanger, there is a pressure drop from the exhaust

12
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inlet to the exhaust outlet, which can be characterized by backpressure loss [29]:

7 rﬁex
Pb :VexApex = _Apex (17)
where, V is the volume flow rate, Ap is the pressure drop, m is the mass flow rate, and p is the density,
respectively.

Similarly, the pumping power loss can be written as [29]:
By =ViaAPys = Ve AP, (18)
where, subscript wa denotes the cooling water, vwa is the fluid velocity of the cooling water, and Awa

Is the cross-sectional area of the cooling water channel, respectively.

In addition, the net conversion efficiency of the ATEG system can be written as:

P
Mot = =0 (19)
Q

2.7 Experimental validation of the model

The experimental results in Ref. [27] are used to verify the model. According to the parameters in
their study, the finite element model of the TEG system is established and the numerical calculation is
carried out. Fig. 5 shows a comparison of the output voltage and power between the predicted and
experimental data. The average errors of output voltage and power are 1.42% and 2.81% respectively.
The developed model is proven to be able to accurately predict the performance of TEG systems under

real conditions, and then guide the optimization of the TEG system.

6 4.0

51 13.5
Z g
— 4 13.0 <
o E
% p
2 31 425 2
= g
22 {20 &
= 3
c Ul. out .. o

1 - - - predictions 415

| * #« experimental data [24]

(=]
(=]

0 1 2 3 4 5 6 7 8 9 10
load resistance

Fig. 5. Model validation using experimental data in [27].
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3. Physical field distribution characteristics of the ATEG system

In this section, taking an ATEG system with H = 15 mm, Nw = 1 row, and N_ = 4 columns as the
objective, the distribution characteristics of the ATEG system are elucidated in detail, and the
performance can be observed from these distributions. Besides, the fin structure has a serious impact

on the heat exchanger and then affects the overall performance of the ATEG system.

3.1 Temperature distributions

Temp: (cl)

®) !
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Fig. 6. Temperature distributions of the ATEG system. (al), (b1), and (c1) are the main, side, and bottom-side views of
temperature distributions of the ATEG system with fins, respectively; (a2), (b2), and (c2) are the main, side, and bottom-
side views of temperature distributions of the ATEG system without fins, respectively; (d1) and (d2) are the TEM hot

(cold) -side temperature distributions of the ATEG system with and without fins respectively.

Fig. 6 shows the temperature distributions of the ATEG system. Under the same conditions, the heat
exchanger temperature of the ATEG system with fins is higher than that of the ATEG system without
fins. Owing to the use of fins, the heat transfer area of the heat exchanger increases, the convective
heat transfer is significantly enhanced, and more heat from the exhaust gas is collected by the finned
heat exchanger. Designing a high-performance fin structure is one of the effective ways to improve
the performance of ATEG systems. Besides, temperature drops can be observed from both directions
from the exhaust inlet to the exhaust outlet and from the exhaust gas to the cooling water. In the
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direction of heat conduction from the exhaust gas to the cooling water, the temperature drop from the
hot side to the cold side of TEMs accounts for 64.85% of the total temperature drop in the ATEG
system with fins, whereas that is 41.35% in the ATEG system without fins. In the downward flow
direction of the exhaust gas, the TEM hot-side temperature drop from the first TEM to the fourth TEM
is 25.21 K in the ATEG system with fins, whereas that is 13.63 K in the ATEG system without fins.
The heat contained in the exhaust gas is absorbed by the heat exchanger, then transferred to the TEM,
and finally dissipated by the cooling water. Part of the heat absorbed by the TEM is converted into
electricity. For this reason, as the exhaust gas flows downward, the heat contained in the exhaust gas
gradually decreases, especially in the ATEG system with fins.

Moreover, the output is directly proportional to the temperature difference of TEMs. According to
Figs 6 (d1) and (d2), in the ATEG system with fins, the temperature differences of the four TEMs from
the first to the last are 160 K, 151.87 K, 142.79 K, and 135.93 K, respectively, while in the ATEG
system without fins, those are 102.03 K, 95.32 K, 90.59 K, 88.86 K, respectively. It seems that the use
of fins can dramatically improve the temperature difference of TEMs. In this study, the optimal fin
parameters reported in [32] are adopted. However, the heat exchanger parameters play an important
role in the performance of the ATEG system, as well the fin parameters depend on the structure of the

heat exchanger. Therefore, the optimal design of the heat exchanger is a priority and essential.

3.2 Pressure distributions

Pressure (Pa)

x10°

TEG system with fins

Ap=2333.25Pa

TEG system without fins

Ap = 140.36 Pa

Fig. 7. Pressure distributions of the exhaust gas and cooling water.

Fig. 7 shows the pressure distributions of the exhaust gas and cooling water in the ATEG system.
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The pressure drop of the cooling water is significantly greater than that of the exhaust gas. However,
the backpressure loss of the exhaust gas is higher than the pumping power loss of the cooling water,
due to the larger cross-sectional area of the exhaust gas channel and the larger velocity of the exhaust
gas. The exhaust pressure drop in the ATEG system with fins (Ap = 2333.25 Pa) is greater than that in
the ATEG system without fins (Ap = 140.36 Pa), because fins will block the exhaust flow and cause
additional resistance. The exhaust pressure drop has a negative influence on the net power of the ATEG
system. To avoid excessive pressure drop caused by the use of fins, the heat exchanger can be designed
with a larger exhaust channel, but it may lead to inefficient heat transfer between the exhaust gas and
the heat exchanger. Therefore, a set of optimal heat exchanger parameters should be selected to balance
the pressure drop and heat transfer, including height, width, and length. Moreover, the optimal
parameters of the heat exchanger with fins are different from those of the heat exchanger without fins.

3.3 Voltage distributions

Voltage (V)
4 TEG system with fins

4.0386

TEG system without fins

Fig. 8. Voltage distributions of the TEMs in the ATEG system.

Fig. 8 shows the voltage distributions of the TEMs. For a single TEM, the electric potential increases
from cathode to anode due to the series connection of thermoelectric legs. In the ATEG system with
fins, the output voltages of the four TEMs from the first to the last are 4.04 V, 3.84 V, 3.62 V, and
3.45 V, respectively, while in the ATEG system without fins, those are 2.62 V, 2.45 V, 2.33 V, and
2.28 V, respectively. The output voltage of the first TEM is the highest, and that of the last TEM is the
lowest. In practical applications, all TEMs are usually connected in series, while the overall current of

the ATEG system is limited by the smallest current among TEMs. Therefore, the length of the heat
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exchanger should be controlled in a reasonable range. The more uniform the output voltage is, the
smaller the power loss caused by the topological connection of TEMs will be.

As aforementioned, increasing the cross-sectional area of the exhaust channel is an effective way to
reduce the exhaust pressure drop in the ATEG system with fins, which can be achieved by increasing
the height and width of the heat exchanger. Fig. 9 shows voltage distributions of the TEMs under
different widths for the ATEG system with fins. It can be observed that the total output voltage
increases as the heat exchanger width (Nw) increases, because more TEMs are used to generate
electricity. However, when Nw = 2 rows, the total output power of the ATEG system reaches the
maximum, Pout = 17.12 W. With the increase of TEMs, the hot-side working temperature of TEMs
decreases significantly, and the internal resistance of TEMs increases, resulting in a decrease in the
overall power of the ATEG system. Note that the 1/2 structure is taken as the objective to predict the
performance of the complete ATEG system herein, and the performance analysis in the following
sections is based on the complete structure. Accordingly, the output power for the complete ATEG
system is 34.24 W when Nw = 2 rows. The highest output power can not reflect the best performance
of the ATEG system, and the conversion efficiency and power losses should also be considered.
Besides, the heat exchanger with a fixed height of H = 15 mm is used in this section. When the height
is different, the maximum output power may appear at a different heat exchanger width (Nw = 2 rows).
To obtain the optimal design of the heat exchanger, a comprehensive analysis of the net power and net

efficiency for the ATEG system with different parameters is performed in the following sections.

2rows 3rows

4 Irow

YUL=1494V
Y P=14.00 W

4rows

1 LUL=3225V

SP=1645W

YUL=3448V
XP=1507W

N\

YXU.=2836V
YP=1692W

6rows

Y UL=36.69V
LP=1424 W

Fig. 9. Voltage distributions of the TEMs under different Nw for the ATEG system with fins.
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4. Results and discussion

In determining the optimal parameters of the heat exchanger, both height and width affect the cross-
sectional area of the exhaust channel, while the length only affects the length of the exhaust channel.
Firstly, fixing the length (NL = 4 columns), the height and width of the heat exchanger are optimized.
Then, fixing the height and width, the length is optimized. Also, an index of the voltage uniformity is
introduced to evaluate the performance, to avoid excessive power loss caused by the topological
connection among TEMs. More importantly, the following selection criteria should be followed:

Criterion I: The net power and net efficiency of the ATEG system should be as high as possible.

Criterion Il: Under the almost same net power or net efficiency, the height, width, and length of the
heat exchanger should be as small as possible due to the space limitation of automobiles, especially
the passenger car.

Criterion I1I: Under the almost same net power or net efficiency, TEMs should be used as little as

possible, to reduce the cost.

4.1 Effect of the height and width on the performance of the ATEG system with fins

Fig. 10(a) shows the output power of the ATEG system at different widths and heights. Under the
same width, the output power decreases with the increase in height, especially when the height is
relatively low. The reason is that the lower the height is, the more intense the heat transfer between the
exhaust gas and the heat exchanger is, and the higher the hot-side working temperature of TEMs will
be. However, the situation for the heat exchanger width is quite different. The output power first
increases and then decreases with the increase of width, and the optimal width seems to be Nw =2 or
3 rows. When the width is at a relatively small value, the heat absorbed by the heat exchanger can not
be effectively utilized by a few TEMSs, and the output power can be further improved by applying more
TEMSs. With the further increase of the width, the increasing number of TEMs may lead to the
excessive reduction of the heat allocated to each TEM, and can not balance the negative effect of the
increase of internal resistance, resulting in the decrease of the total output power.

The output power can not be used as the only criterion to determine the optimal parameters of the
heat exchanger, and the energy loss should also be considered. Fig. 10(b) shows the power losses of
the ATEG system at different widths and heights. The backpressure loss decreases with the increase
in height and width, especially when the height and width are relatively low. When the height and
width of the heat exchanger are too small, the crowded exhaust flow will lead to a large backpressure

loss. To achieve a small backpressure loss, the height should be greater than 15mm and the width
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should be greater than 2 rows. Unlike the backpressure loss, the weight loss is proportional to the
height and width of the heat exchanger, and the influence of the width is greater than that of the height.
In addition, the pumping power loss is only affected by the width and is proportional to the width (not
shown in the figure). However, compared with backpressure loss and weight loss, the pumping power
loss is quite small. When the width increases from 1 row to 6 rows, the pumping power loss increases
from 0.27 W to 1.63 W.
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Fig. 10. Effect of the height and width on the performance of the ATEG system with fins. (a) Output power; (b) Power

losses; (c) Net power; (d) Heat absorption; (e) Conversion efficiency; (f) Net efficiency.

Considering the backpressure loss, weight loss, and pumping power loss, the net power of the ATEG
system is obtained, as shown in Fig. 10(c). It is worth noting that the extremely low width and height
will produce negative gains for the ATEG system. The best working points can be observed at Nw = 3
rows (H = 20 mm, 25 mm, and 30 mm) and Nw = 2 rows (H = 25 mm and 30 mm). According to
criteria I and 11, the points of Nw = 3 rows (H = 25 mm and 30 mm) and Nw = 2 rows (H = 25 mm) are
abandoned. The net power of the ATEG system is 19.73 W when Nw = 3 rows and H = 20 mm, and
20.58 W when Nw = 2 rows and H = 30 mm. According to criteria | and 11, the heat exchanger with
Nw = 2 rows and H = 30 mm is better than the heat exchanger with Nw = 3 rows and H = 20 mm,
because it uses fewer TEMs and has a slightly higher net power.

Besides the net power, the conversion efficiency of the ATEG system is also an important index to

determine the optimal design of the heat exchanger. Fig. 10(d) shows the heat absorption of the ATEG
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system. The heat absorption increases with the increase of the width and the decrease of the height,
and the influence of the width is greater than that of the height. The reason is that with the increase of
the width, the heat transfer area increases, and the increasing number of TEMs leads to an increase in
the heat demand from the exhaust gas. With the increase in height, although the heat transfer area
increases slightly, the convective heat transfer coefficient between the exhaust gas and the heat
exchanger decreases significantly, resulting in a decrease in heat absorption. Fig. 10(e) shows the
conversion efficiency of the ATEG system. The conversion efficiency decreases with the increase of
the width, which is opposite to the situation of the heat absorption because the conversion efficiency
is inversely proportional to the heat absorption. However, with the increase in height, the conversion
efficiency keeps the same change trend as the heat absorption, that is, it decreases, which is caused by
the decrease of the output power.

Similarly, the ultrahigh conversion efficiency when Nw = 1 row can not represent the best
performance of the ATEG system due to its excessive power losses. The net efficiency is more worthy
to discuss. According to Fig. 10(f), it is obvious that when Nw = 2 rows and H = 30 mm, the net
efficiency is the highest, which is 1.28%.

Based on the above analysis, the heat exchanger with Nw = 2 rows and H = 30 mm can achieve the
best performance of the ATEG system with fins, with the output power of 31.75 W, the net power of
20.58 W, the conversion efficiency of 1.98%, and the net efficiency of 1.28%. In the previous studies
[11], the conversion efficiency of the ATEG system is about 1.3% under a similar inlet exhaust
temperature, which is significantly lower than 1.98% herein. It can be concluded that the conversion
efficiency of the ATEG system can be effectively enhanced by optimizing the heat exchanger structure.
According to Figs 10(c) and (f), it seems that the net power and net efficiency of the ATEG system
can be further improved with the increase in height. Through the numerical simulation for the case of
Nw = 2 rows and H = 35 mm, it is found that the net power, in this case, is the same as that in the case
of Nw = 2 rows and H = 30 mm, although the net efficiency is slightly improved. Combined with
criterion 11, the optimal heat exchanger parameters of Nw = 2 rows and H = 30 mm are ultimately

determined for the ATEG system with fins.

4.2 Effect of the height and width on the performance of the ATEG system without fins

A similar study is also carried out on the ATEG system without fins. Fig. 11(a) shows the output
power of the ATEG system without fins. The variation of the output power with the height and width

is almost the same as that in Fig. 10(a), except for the case of Nw = 1 row to Nw = 2 rows, due to the
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small exhaust channel in the finned heat exchanger. Fig. 11(b) shows the power losses of the ATEG
system without fins. Compared with Fig. 10(b), the only difference is that the amount of heat losses in
the ATEG system without fins is smaller than that in the ATEG system with fins. Generally, the fins
can enhance the heat transfer and improve the performance, but bring greater power losses to the ATEG
system. It is necessary to determine reasonable fin parameters to balance the increased power and
power loss, therefore, the optimal fin parameters previously reported are adopted in this work.
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Fig. 11. Effect of the height and width on the performance of the ATEG system without fins. (a) Output power; (b) Power
losses; (c) Net power; (d) Heat absorption; (e) Conversion efficiency; (f) Net efficiency.

Fig. 11(c) shows the net power of the ATEG system without fins. The optimal points of H =5 mm
(Nw = 3 rows and 4 rows) and H = 10 mm (Nw = 2 rows) can be observed. According to criterion IlI,
the heat exchanger with H = 10 mm and Nw = 2 rows is preferred to the other two heat exchangers,
because it uses fewer TEMs and has almost the same net power. Figs 11(d) and (e) show the heat
absorption and conversion efficiency of the ATEG system without fins, respectively. The heat
absorption decreases with the increase in height and the decrease in width. However, when the height
reaches a relatively high value, that is H > 25 mm in this study, the influence of the width on the heat
absorption becomes tiny because the heat transfer is close to saturation. The changing trend of the
conversion efficiency of the ATEG system without fins is consistent with that of the ATEG system
with fins in Fig. 10(e), but with a smaller conversion efficiency.

Fig. 11(f) shows the net efficiency of the ATEG system without fins. The results show that the heat
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exchanger with H = 10 mm and Nw = 2 rows can not only achieve the optimal net power but also
achieve the optimal net efficiency. When H = 10 mm and Nw = 2 rows, the output power, net power,
conversion efficiency, and net efficiency of the ATEG system without fins are 16.49 W, 8.67 W,
1.51%, and 0.79%, respectively.

4.3 Voltage uniformity coefficient and the influence of the height and width on it

Accordingly, the optimal height and width for the heat exchangers with or without fins are obtained.
However, the output power of the ATEG system is calculated based on the sum of the output power
of each TEM, and the topological relationship among TEMs is ignored. The temperature differences
of TEMs located in different positions of the heat exchanger are different. When all TEMs are
connected in series, a parasitic power loss will occur due to the uneven output of TEMs. For this reason,
a voltage uniformity coefficient is proposed to quantify this nonuniform output, which is defined by
Eq. (20). Compared with the temperature uniformity coefficient proposed by Su et al. [25], the voltage
uniformity coefficient can directly reveal the uneven output among TEMs.

—1-—
TTUNET U

1 ZN: (Ui _Uave)2

(20)

ave

where, N denotes the total number of TEMs used, i denotes the ith TEM, Ui represents the output
voltage of the ith TEM, Uave represents the average output voltage of all TEMs, respectively.

96%
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Fig. 12. Effect of the height and width on the voltage uniformity.

Fig. 12 shows the voltage uniformity coefficient of the ATEG system at different heights and widths.
Under the same height, the voltage uniformity coefficient decreases with the increase of the width. The

reason is that the larger the width of the heat exchanger is, the more TEMs are used in the ATEG
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system. Therefore, the optimal width of Nw = 2 rows obtained above can not only achieve the best
performance but also achieve a relatively high voltage uniformity coefficient. For the ATEG system
with fins, the voltage uniformity coefficient increases with the increase in height. However, the
situation for the ATEG system without fins is quite different. When H = 10 mm, the voltage uniformity
coefficient reaches the highest value. Based on the above analysis, the optimal parameters (Nw = 2
rows and H = 30 mm for the heat exchanger with fins, and Nw = 2 rows and H = 10 mm for the heat
exchanger without fins) are obtained, which can achieve high voltage uniformity and effectively reduce
parasitic loss.

4.4 Effect of the length

Fig. 13(a) shows the output power, power losses, and net power of the ATEG system under different
lengths. With the increase in the length, the output power, weight loss, backpressure loss, and pumping
power loss increase, because more heat in the exhaust gas is reused by the increased length, and the
increased length leads to the increase in power losses. However, the net power does not increase with
the increase in the length. The reason is that the output power of the TEM decreases with the downward
flow of the exhaust gas. If the length is too long, the increased power will be less than the increase in
power losses. The optimal length of NL = 4 columns for the heat exchanger without fins can be
observed. In the case of the heat exchanger with fins, the net power can be further increased with the
increase of the length (NL > 6 columns). However, when the length is further increased, the net
efficiency and voltage uniformity may be greatly reduced, thus affecting the performance of the ATEG
system. These two factors should also be taken into account when determining the optimal length of
the heat exchanger with fins.

Fig. 13(b) shows the net efficiency and voltage uniformity coefficient of the ATEG system under
different lengths. Generally, the efficiency decreases with the increase in the length. With the increase
of the length, more TEMs are used, and the conversion efficiency of a single TEM is reduced, resulting
in the decline of the overall efficiency of the ATEG system. For the optimized heat exchanger without
fins (Nw = 2 rows, H = 10 mm, and N = 4 columns), the conversion efficiency and net efficiency are
1.51% and 0.77% respectively. For the heat exchanger with fins, when N_ > 4 columns, the increase
of the net power becomes more and more gentle, but the net conversion efficiency decreases constantly.
It is difficult to determine its optimal length. Combined with the results of the voltage uniformity,
when N = 5 columns and 6 columns, the voltage uniformity coefficients of the ATEG system with

fins are 0.901 and 0.862 respectively, and the output voltages of the TEM in the last column are
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respectively 76% and 67% of those of the TEM in the first column. When all TEMs are connected in
series, through a simple calculation, the power penalty caused by increasing the length from N_ =5
columns to 6 columns is greater than the corresponding power increment. However, even if the voltage
uniformity coefficient decreases from 0.998 to 0.901, the output power of the ATEG system still
increases as N increases from 1 column to 5 columns. Herein, the voltage uniformity coefficient is
suggested to be higher than 0.9. Therefore, the optimal heat exchanger with fins (Nw = 2 rows, H = 30
mm, and N = 5 columns) is obtained, with the output power of 35.49 W, the net power of 22.93 W,
the conversion efficiency of 1.89%, and the net efficiency of 1.22%. Compared with the optimal ATEG
system without fins, the net power and net efficiency of the optimal one with fins are increased by
164.48% and 54.43% respectively. In Ref. [50], the developed ATEG system (Nw = 2 rows, H = 20
mm, and N. = 5 columns) with winglets could deliver the maximum conversion efficiency of 1.2%
under similar conditions, which is lower than the maximum efficiency of 1.89% of the ATEG system

with the optimal design.
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Fig. 13. Effect of the length on the performance of the ATEG system. (a) Output power, power losses, and net power; (b)

Efficiency, net efficiency, and voltage uniformity.

5. Conclusions

In this study, a fluid-thermal-electric multiphysics model is used to optimize the heat exchanger of
the ATEG system for a passenger car. A net power model of the ATEG system is also established to
comprehensively evaluate the performance of the ATEG system, with the consideration of weight loss,
backpressure loss, and pumping power loss. According to the numerical results, the height, width, and
length of the heat exchanger are optimized. Besides, the optimal parameters of two kinds of heat

exchangers with and without fins are determined, and the performance of the two kinds of heat
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exchangers is compared. The main conclusions can be drawn as follows:

(1) The fluid-thermal-electric multiphysics numerical model, considering the actual working
conditions of the ATEG system, can obtain accurate distribution characteristics of the fluid, thermal,
and electric fields. The model provides a new tool to guide the optimization of automotive
thermoelectric generators. Through experimental validation, the average errors of output voltage and
power between experimental and model results are 1.42% and 2.81% respectively.

(2) The output power and conversion efficiency of the ATEG system can be improved by reducing
the cross-sectional area of the heat exchanger, but the power loss, especially the backpressure loss,
also increases. With the increase in the length of the heat exchanger, the output power increases,
whereas the conversion efficiency decreases. It is necessary to consider the power loss caused by the
ATEG system, and use the net power and net efficiency as optimization objectives to optimize its
structure parameters.

(3) The voltage uniformity coefficient decreases with the increases in the width and length. When
the length increases from N =5 columns to 6 columns, the voltage uniformity coefficient of the ATEG
system with fins decreases from 0.901 to 0.862, and when all TEMs are connected in series, the power
penalty caused by increasing the length from N. = 5 columns to 6 columns is greater than the
corresponding power increment. To avoid excessive parasitic loss, it is suggested that the voltage
uniformity coefficient should be greater than 0.9.

(4) Through optimization, the optimal parameters of Nw = 2 rows, H = 30 mm, and N = 5 columns
for the heat exchanger with fins, and those of Nw = 2 rows, H = 10 mm, and N = 4 columns for the
heat exchanger without fins are obtained. The output power, net power, conversion efficiency, and net
efficiency of the optimal ATEG system with fins are 35.49 W, 22.93 W, 1.89%, and 1.22%,
respectively, and those of the optimal ATEG system without fins are 16.49 W, 8.67 W, 1.51%, and
0.79%, respectively. The net power and net efficiency of the ATEG system can be increased by
164.48% and 54.43% respectively by using fins.
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