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A B S T R A C T

The output performance of thermoelectric generator using thermoelectric modules can be improved by optimizing
the heat exchanger structure, but this may cause compatibility issues in the exhaust heat recovery process, such as
high backpressure and poor performance for the internal combustion engine. In this study, a polyhedral-shape
heat exchanger-based thermoelectric generator system for vehicle exhaust recovery was constructed for the
uniform temperature and easy thermoelectric module layout, and the influencing factors of heat transfer and
backpressure was evaluated using a realizable k-ϵ turbulence model, and the influence order was analyzed based
on the analysis of variance method. Finally, a multi-objective grey wolf optimizer was used to improve the
thermoelectric generator system based on the proposed compatibility performance index and optimization
objective function. The findings show that the heat transfer performance and backpressure of heat exchanger is
obviously affected by different fin length, fin width, fin intersection angle and fin spacing distance. Compared
with the empty cavity structure based one and those without optimization, the optimized fin parameters not only
obtain high power and satisfactory thermoelectric conversion efficiency, but also ensure low pressure drop and
ideal temperature uniformity, which well meets the compatibility requirements for automobile exhaust recovery
application.
1. Introduction

Thermoelectric generators (TEGs) have been a promising green en-
ergy technology and became a research hotspot all over the world for
they can convert the waste heat into energy [1]. Due to the advantage of
having no moving parts and low vibration, thermoelectric modules
(TEMs) of high reliability and durability have been widely applied in
engines [2], solar energy [3], astronautic tools [4], wireless devices [5],
military powertrain [6], industry electronics [7], medical system [8] and
wearables [9]. It is well known that the classical internal combustion
engines (ICE) can only convert around 25% of their chemical energy into
mechanical energy, with the other 75% being used up by exhaust heat,
ICE coolant, mechanical friction, and other power losses [10]. To fully
harvest the waste heat from exhaust gas, many studied have displayed
the development of different automobile exhaust thermoelectric gener-
ators (AETEGs). For example, Zhang et al. [11] developed an AETEG
system with coolant, the experimental results indicated that it obtained a
maximum power of 1002.6 W and a 2.1% thermoelectric conversion
form 8 November 2022; Accepted
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efficiency when the flow mass is 480 g/s. Brito et al. [12] proposed a
novel AETEG with many conductance heat pipes to protect TEMs from
thermal damage. Kim et al [13] brought out an AETEG whose measured
maximum power was 350Wwhen the evaporator surface temperature of
heat pipes was 443 K.

Despite of developing advanced thermoelectric materials such as
Skutterudite, Half-Heusler and Silicon Germanium [14], structure opti-
mization of heat exchangers and TEMs can increase the output power and
system efficiency of TEG. According to the structure and shape of heat
exchangers utilized in TEGs, there are cylindrical-shape (CS) [15],
polyhedral-shape (PS) [16] and flat plate-shape (FPS) [17] ones.
Regardless of the uniform surface temperature distribution, first two ones
can be covered with more TEMs than the last one for they are usually
manufactured with several symmetrical surfaces. However, the first two
have lower average surface temperature and output power than the last
one under the same condition [18], and their installation and clamping
for TEMs is inconvenient. In all, lots of scholars have focused on AETEG
research using the above heat exchangers from the aspect of theoretical
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modelling, numerical simulation and experimental test, which mainly
involved the hot and cold side temperatures of TEMs, power generation
and system efficiency of AETEG based on different TEMs configurations
and heat exchanger dimensions [19, 20].

However, the fin parameters and flow field structure of heat
exchanger will change the backpressure (i.e. pressure drop, denoted Pd)
of ICE when its exhaust pipe is connected to the inlet of heat exchanger,
which leads to terrible power loss. Yang et al. [21] developed an AETEG
rated at 300 W, the road test result under Environmental Protection
Agency (EPA) highway demonstrated that the maximum backpressure
approached 5.58 kPa, and it was increased to 1.54 kPa under urban road
conditions. Michos et al. [22] proposed a heat recovery vapor generator
using FPS heat exchanger, which caused high backpressure for the
exhaust gas and organic fluid. Li et al. [23] proposed a heat exchanger
inserted with different optimized dimples, which could balance the
pressure drop of heat exchaner, temperature distribution of TEMs and
output power of AETEG.

The above literatures review shows that many researchers have
focused on the performance investigation and enhancement of heat
exchanger or TEG system, some of them optimized the heat exchanger by
inserting different fins or designing different inner topologies without
considering the caused unwanted backpressure and deteriorative tem-
perature uniformity. As a matter of fact, the influence of small back-
pressure on the ICE performance is negligible when TEG system is
applied in automobile exhaust recovery. However, the increased back-
pressure will reduce the dynamic performance and increase the emission
of ICE to some extent. When the generated maximum power of AETEG is
much smaller than the ICE’s loss, the AETEG’s gain becomes the ICE’s
loss [24]. Therefore, the performance deterioration and power loss
caused by the backpressure (i.e. incompatibility characteristic) should be
seriously considered to optimize the structure parameters of heat
exchangers.

Considering the PS heat exchanger displays uniform temperature
distribution and low backpressure, it is adopted in the TEG development
which can be applied in automobile exhaust recovery. Besides, the
comprehensive numerical model of TEG system was established to eval-
uate its influencing factors whose importance degree was investigated
Figure 1. Schematic of the PS heat
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based on analysis of variance (ANOVA) method. Then, a compatibility
agent model was established for TEG, and validated based on the
orthogonal experimental design method and Gauss process regression
algorithm according to the proposed compatibility performance index
which make a balance among backpressure, output power and tempera-
ture uniformity. Finally, the research results based on the optimized fin
parameters were compared with other cases to validate the enhanced
compatibility performance of TEG system, which provides a theoretical
guide for the behavior evaluation and structure optimization of AETEGs
without obviously deteriorating the original performance of ICE on the
condition of low backpressure for heat exchanger.

2. A PS heat exchanger based TEG

The designed TEG system is shown in Figure 1, and the PS heat
exchanger has six heat transfer surfaces which are covered with 30 single
TEMs. From inlet to outlet direction of PS heat exchanger, 5 single TEMs
above each surface share a common coolant box, and they are labeled as
column 1 to 5 in sequence. To obtain uniform cold side temperature of
TEMs, all the coolant boxes made of aluminum alloys are connected in
parallel, and they are clamped above TEMs with tightening parts. To
absorb the exhaust heat as much as possible, brass is utilized to manu-
facture the proposed PS heat exchanger which is inserted with lots of fins.
Due to the small power and low output voltage of a single TEM with low
temperature difference between its hot side and cold side, all the TEMs
connected in series supply power to external electronic load or charge
batteries using a DC/DC converter. To reduce the heat loss, all the un-
covered area among heat exchanger, coolant boxes and TEMs is filled
with high temperature resistant insulation material made from Zirconia.

3. Effect of inserted fins on the performance of PS heat exchanger

3.1. Geometry and meshing

As shown in Figure 2, the PS heat exchanger is taken for an example to
assess the effect of parallel arranged fins on its performance. Where, the
symbols of L, W, A and S represent the fin length, fin width, fin
exchanger based TEG system.



Figure 2. Fin parameters of PS heat exchanger.

Table 1. Boundary conditions of numerical simulation.

Parameter Value

Inlet flow velocity 20~40 m/s

Inlet flow temperature 323 �C

Ambient temperature 23 �C

Coolant flow rate 5000 L/h

Thermal conductivity of P-type thermoelectric legs 2.0 W/(mK)

Thermal conductivity of N-type thermoelectric legs 2.5 W/(mK)

Seebeck coefficient of P-type thermoelectric legs 215 (μV/K)
Seebeck coefficient of N-type thermoelectric legs -215 (μV/K)
Electrical resistivity of PN thermoelectric legs 1.04 � 10�5 (Ωm)

TEM size 40 mm � 40 mm � 4 mm

Coolant box size 300 mm � 60 mm � 21 mm

Coolant box thickness 1 mm

Radiator power 100 W

Water pump power 40 W
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intersection angle and fin spacing distance, respectively. To ensure
simplified model calculation and make obvious difference between its
fluid domains and solid domains, the region out of its internal cavity is
full of fluid. Besides, the mesh size is set at 2 mm, and each mesh has an
average mass greater than 0.84. Finally, to ensure fast convergence,
coarse mesh is set as 20 million (the corresponding parameters of wall-
normal is μfΔy/kν<2), fine mesh is set to be 25 million (the corre-
sponding parameters of wall-normal is μfΔy/kν<1), and finer mesh is
fixed at 30 million (the corresponding parameters of wall-normal is μfΔy/
kν< 0.2), where μf represents the friction velocity, kνmeans the kinematic
viscosity, and Δy is the wall-normal distance.

3.2. Numerical model of heat exchanger

To ensure simplified calculation for the established model, the
following assumptions are proposed:

(1) Exhaust gas is incompressible and has steady flow rate.
(2) The inlet exhaust of PS heat exchanger is evenly distributed.
(3) The heat radiation of PS heat exchanger and heat loss among

TEMs are ignored.
(4) Considering the complex composition of exhaust gas, the air is

used instead of it as the fluid material.

At present, the main turbulence models used in CFD software include
Spalart-Allmaras model, k-ϵ model, k-ѡ model and Reynolds stress
model, and the k-ϵ model is practice for engineering calculation because
of its high accuracy.

The k-ϵ models package includes the standard k-ϵ model, RNG k-ϵ
model and realizable k-ϵ model. The last two kinds of models are
improved and developed based on the standard one. The last one has
improved the turbulence viscosity formula and added a new dissipation
rate transfer equation based on the original turbulent dynamic and the
turbulent dissipation rate equations, it has more accurate solutions in
strong streamline bending, vortex and rotation situations, and has better
analysis and prediction performance of complex secondary flow and flow
separation problems than other k-ϵ models. Considering the hot exhaust
is turbulent and it has more secondary flows inside the PS heat
exchanger, the heat transfer and flow field calculation based on a real-
izable k-ϵ turbulence model are described by Eqs. (1) and (2),
respectively.

∂ðuikÞ
∂xi

¼ ∂
∂xi

��
μþ μt

δε

�
∂k
∂xi

�
þPk � ε (1)

∂ðuiεÞ
∂xi

¼ ∂
∂xi

��
μþ μt

δε

�
∂ε
∂xi

�
þC1Sε� C2

ε2

kþ ffiffiffiffiffi
νε

p (2)

where μt ¼ k2
εA0þASu*k

, C1 ¼ max
�

kS
kSþ5ε; 0:43

�
, u* �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2ij þΩ2

ij

q
, Ωij ¼

1
2

	
∂ui
∂xj �

∂uj
∂xi



, AS ¼ ffiffiffi

6
p

cos φ, φ ¼ 1
3cos

�1
� ffiffiffi

6
p SikSki

S2ij

�
, Sij ¼ 1

2

	
∂ui
∂xj þ

∂uj
∂xi



, δk

¼ 1.0, δε ¼ 1.2, C2 ¼ 1.9, A0 ¼ 4.0. Pk, k, μt, ϵ and S are the shear pro-
duction, turbulence kinetic energy, kinetic viscosity, turbulent energy
3

dissipation rate and mean modulus of strain rate tensor, respectively. u1,
u2 and u3 represent the x-axis, y-axis and z-axis velocity components of
fluid flow, respectively. x1, x2 and x3 correspond to the x, y and z di-
rections, respectively. Finally, the above model is established based on
ANSYS FLUENT software to simulate the TEG system performance.

Although the exhaust around the middle area of the PS heat
exchanger is completely turbulent, the one near the wall of the heat
exchanger is laminar, and the gradient of velocity and temperature
varies greatly. The accurate calculation of gradients is very important
for the simulation calculation of heat transfer, it needs more dense
grids to capture these gradients, consumes longer time and more
computing resources, and leads to poor convergence because of the
dense grids. In this regard, the semi-empirical formula of wall function
is adopted in Fluent simulation software to solve the above heat
transfer problems, which ensures the physical variables on the wall are
related to the ones in the center of the completely turbulent region, and
greatly simplifies the calculation process without modifying the tur-
bulence model.

The commonly used Wall functions include the Standard, Scalable,
Non-equilibrium and Enhanced Wall functions, among which the Scal-
able ones improve the calculation accuracy of the standard one especially
when theWall distance is less than 11. Therefore, ScalableWall functions
are selected for the heat exchanger simulation in this section.

To calculate the heat transfer and flow field with ANSYS FLUENT
software, boundary conditions of numerical simulation are listed in
Table 1. Air is selected as the fluid materials, the classical heat transfer
coefficient is fixed at 20 W/(mK), and the inlet and outlet diameter of
coolant box is set to be 16 mm. Besides, the relative outlet pressure of
PS heat exchanger is set as 0 Pa for ambient air is connected to it, and
the calculation of both turbulent dissipation energy rate and kinetic
energy is carried out with the second order upwind. To alleviate the
calculation complexity and reduce the divergence of iterative process,
the minimum convergence tolerance of governing equations is set to be
10�6.
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3.3. Equivalent circuit model of TEG

The thermal resistance of thermoelectric legs (denoted RPN) is
expressed by Eq. (3).

RPN ¼ δPN
APNλPN

(3)

where APN, δPN and λPN are referred to the effective area, thickness and
thermal conductivity of PN thermoelectric legs.

For a single TEM, according to its PN thermoelectric legs numberNPN,
its internal resistance (denoted RIn) can be calculated using Eq. (4) ac-
cording to leg length (denoted lP and lN, respectively), electricity re-
sistivity (denoted μP and μN, respectively) and effective area (denoted AP
and AN, respectively) of PN thermoelectric legs [25].

RIn ¼ NPNlPμP=AP þ NPNlNμN=AN (4)

According to the TEM datasheet of TEHP1-1264-0.8, the leg length of
PN thermoelectric legs is equal to 1.4 mm, N is 128. Besides, the effective
heat transfer area of TEM is 1600 mm2, the height of PN thermoelectric
legs is 2.2 mm, and the height of ceramic plate is 0.8 mm. In this regard,
RIn is calculated to be about 1.59 Ω.

According to the hot side (denoted TH) and cold side temperature
(denoted TL) of a TEM, its open-circuit voltage (denoted Voc) and prac-
tical output voltage (denoted VL) can be calculated using the following
formulas (Eqs. (5) and (6)) [25].

Voc ¼ N
�
αp � αn

�ðTH � TLÞ ¼ NαPNΔT (5)

VL ¼ Voc � ILRIn (6)

where αPN represents the relative Seebeck coefficient of PN couples, αp
means the Seebeck coefficient of P-type thermoelectric legs, and αn refers
to the one of N-type thermoelectric legs, IL is the output current.

For the output characteristic of a single TEM is similar to the TEG
system without considering the dynamic process, the internal resistance
Figure 3. TEG experi
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RTEG and open-circuit voltageUoc of the TEG system are expressed by Eqs.
(7) and (8), respectively.

RTEG ¼
X30
i¼1

RInðiÞ (7)

Uoc ¼
X30
i¼1

VocðiÞ (8)

For the TEG system, its practical voltage (denoted U) and real power
(denoted Pall) can be defined using Eqs. (9) and (10).

U ¼ Uoc � ILRTEG ¼
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i¼1

VocðiÞRL

P30
i¼1

RInðiÞ þ RL

(9)
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�2
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When the load resistance RL is equal to RTEG, Pall reaches a maximum
value (denoted Pmax) which is described by Eq. (11).

Pmax ¼ U2
oc

4RTEG
¼

�P30
i¼1

VocðiÞ
�2

4
P30
i¼1

RInðiÞ
(11)

3.4. Validation of numerical model

As shown in Figure 3, a TEG experimental platform is set up to vali-
date the proposed numerical model. Considering the PS heat exchanger
without fins has almost the same modelling process as the one with fins,
mental platform.



Figure 4. Temperature map of the empty cavity structure based PS heat exchanger. (a) surface temperature; (b) internal temperature; (c) fluid velocity; (d)
fluid pressure.

Figure 5. Simulation and experimental comparison of temperature distribution. (a) surface temperature; (b) absolute percentage error.
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and the former has lowest pressure drop, the above numerical model
validation work is conducted on the PS heat exchanger with empty cavity
structure. To simulate the ICE operation with different inlet temperatures
and flow rates, the hot-air blower provides exhaust heat to the PS heat
exchanger with different rotating speeds. Considering the six symmetri-
cal surfaces of PS heat exchanger have similar temperature distribution,
each surface temperature is measured with six K-type thermocouples
which are installed at the center points of the hot side temperature lo-
cations corresponding to all the TEMs.

The temperature map of empty cavity structure based PS heat
exchanger without any TEMs nor cooling boxes is shown in Figure 4, and
the comparative external surface temperature distribution between
experimental data and simulation result is displayed in Figure 5. Obvi-
ously, the exhaust flows quickly through the internal area of PS heat
exchanger because of the wide empty cavity, then it increases from inlet
to outlet direction. Besides, as shown in both Figures 4(a) and 5(a), the
5

inlet area of heat exchanger has lowest surface temperature, and its outlet
area has higher surface temperature because of the caused gas eddy.
Figure 5(b) indicates that the experimental tests tie well with the simu-
lation results, for the absolute percentage error is below 1.65%.

When the 30 TEMs and 6 cooling boxes are installed according to the
schematic shown in Figure 1, the output performance comparison of TEG
system between experimental measurement and numerical data with
different inlet flow of exhausts (i.e. 20 m/s, 30 m/s, 35 m/s and 40 m/s,
respectively) is shown in Figure 6. Obviously, when the open-circuit
voltage is 44.08 V (see Figure 6a), the maximum absolute error of be-
tween simulation data and experimental data is 1.09 V; when the output
power is 10.69 W (see Figure 6b), its maximum absolute error 0.41 W.
Considering the maximum absolute percentage error shown in Figure 6c
and 6d is below 3.9%, it can be concluded that the established numerical
model is suitable for the heat transfer evaluation and the power predic-
tion of TEG system.



Figure 6. Output performance comparison of TEG system between experimental data and numerical data. (a) voltage; (b) power. (c) maximum absolute error of open-
circuit voltage; (d) maximum absolute error of power.

Figure 7. Effect of L on the temperature distribution. (a) Tave; (b) γ.
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3.5. Effect of fin parameters on the heat transfer performance

Improved temperature uniformity of heat exchanger helps to mini-
mize the buckets effect caused by the TEMs of lowest temperature dif-
ference, and avoid current-circulation loss of TEMs connected in parallel
[26]. Thus, to verify the effect of fin parameters on the heat transfer
performance of the PS heat exchanger, the temperature uniformity co-
efficient γ corresponding to the 30 detected locations temperatures can
be calculated by Eq. (12).

γ¼1� 1
30

X30
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTi � TaveÞ2

q
Tave

(12)
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where Ti (i ¼ 1,2, …, 30) are the detected surface temperatures corre-
sponding to the hot sides of 30 TEMs, and Tave is the average surface
temperature of heat exchanger.

The effect of fin length on the average surface temperature and
temperature uniformity coefficient of PS heat exchanger with different
inlet flow rates is shown in Figure 7 (W ¼ 8 mm, A ¼ 80�, S ¼ 30 mm).
Obviously, increasing fin length and inlet flow rate contribute to the
enhanced average surface temperature (see Figure 7a) and temperature
uniformity (see Figure 7b) on the same occasion, and increases the TEG’s
maximum power to some extent. Tave is increased by 8.4 �C at a
maximum inlet flow rate of 40 m/s as L ranges from 34 mm to 40 mm,
which can be explained by the enhanced convective heat transfer caused
by increased inlet flow rate and heat transfer area. In addition, the



Figure 8. Effect of W on the temperature distribution. (a) Tave; (b) γ.

Figure 9. Effect of A on the temperature distribution. (a) Tave; (b) γ.

Figure 10. Effect of S on the temperature distribution. (a) Tave; (b) γ.
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maximum difference of γ is only 0.04 (see Figure 7b), and γ is increased
by 0.033 when inlet flow rate is 40 m/s and the maximum L is 40 mm.

Figure 8 shows the effect of fin width with different inlet flow rates
(L ¼ 37 mm, A ¼ 80�, S ¼ 30 mm). It can be observed that the
increased Tave is 5.1 �C (see Figure 8a) and the maximum difference of
γ is only 0.006 (see Figure 8b). Therefore, increasing fin width has
little effect on improving the temperature distribution of heat exch-
anger.

Figure 9 shows the effect of fin intersection angle with different inlet
flow rates. Similarly, increasing fin intersection angle can improve the
thermal characteristic of PS heat exchanger. When A is 85� and the inlet
7

flow rate is 40 m/s, Tave is increased by 3.79 �C (see Figure 9a). Specif-
ically, there is almost no obvious average surface temperature improve-
ment when A is less than 75�, and the increment is nearly saturated when
A is larger than 80�.

However, γ is inversely proportional to fin intersection angle, the
maximum difference of γ is below 0.007 at the largest inlet flow rate of 40
m/s (see Figure 9b).

Figure 10 shows effect of fin spacing distance with different inlet flow
rates. As shown in Figure 10a and 10b, both Tave and γ are inversely
proportional to fin spacing distance with the same inlet flow for the
effective heat transfer area can be enlarged with decreasing S.



Figure 11. Effect of fins parameters on the pressure drop. (a) L; (b) W; (c) A; (d) S.

Table 2. Factor level of fin parameters.

Level Fin parameters

L W A S

1 34 mm 7 mm 70� 20 mm

2 36 mm 8 mm 75� 25 mm

3 38 mm 9 mm 80� 30 mm

4 40 mm 10 mm 85� 35 mm
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3.6. Effect of fin parameters on the pressure drop

Based on the boundary conditions listed in Table 1, Figure 11 shows
the effect of different L, W, A and S on the pressure drop (see
Figure 11a–d, respectively). Obviously, both pressure drop and pressure
drop deviation are proportional to inlet flow rate, and the former is
increased from 48.4 Pa to 193.8 Pa as L changes from 34 mm to 40 mm
and inlet flow increases from 20 m/s to 40 m/s (see Figure 11a).
Figure 11b demonstrates that increasing fin width leads to increased
pressure drop which approaches 1188. 3 Pa when the maximum inlet
flow rate is 40 m/s (W ¼ 10 mm). As shown in Figure 11c, the pressure
drop is increased by 88.9 Pa when the maximum inlet flow rate is 40 m/s
(A ¼ 85�). Figure 11d shows that the pressure drop is increased by 25.3
Pa at maximum inlet flow rate of 40 m/s, it can be concluded that the
effect of S on the ICE emissions is negligible to some extent.
3.7. Analysis of variance for the effect of fin parameters

Orthogonal experimental design is an effective method to research on
multi-factor and multi-level systems, it selects some strong representa-
tiveness from the whole experiment with orthogonality, which ensures
the experimental results conform to the actual situation by reducing the
workload [27, 28]. Considering the compatibility optimization precision,
the proposed factor level of fin parameters is listed in Table 2. The fin
parameters are divided into four levels which generates 16 experimental
samples, and the possible interaction effects between the variables is
ignored.

To evaluate the influence order of fin parameters on the performance
of the PS heat exchanger, the analysis of variance (ANOVA) method is
adopted for it can effectively distinguish the variation of the experi-
mental results caused by the design variables from that caused by the
experimental errors [29], and it is suitable for the significance analysis of
the above fin parameters on the compatibility performance of TEG sys-
tem. Firstly, the sum of squared experimental variable deviations,
8

squared experimental error deviations and squared total deviations
(denoted ST) are calculated. Secondly, the degree of freedom is
computed. Finally, the sum of mean squared deviations of experimental
variables and the sum of mean squared experimental error deviations are
calculated.

For ST, it reflects the experimental results difference caused by all the
data errors and can be expressed using Eqs. (13) and (14), respectively
[30, 31].

ST ¼
Xn

k¼1

ðxk � xÞ2 (13)

x¼1
n

Xn

k¼1

xk (14)

where n is the total number of experiments, xk represents the kth
experimental result.

ANOVA divides all the data error into intra-group and inter-group
one. The former reflects the experimental results difference caused by
the level variation of the experimental variable, which can be expressed
as the sum of squared deviations of the experimental variable (denoted as
Sk). The latter means the experimental results difference caused by the
experimental error existing within the level or the inherent difference of
the data, and it can be expressed by the sum of squared experimental



Table 4. The influence factor analysis results of temperature uniformity.

Name L W A S e

Sk 0.001078 0.000048 0.000219 0.000705 0.000134

νk 3 3 3 3 6

Mk 0.000359 0.000016 0.000073 0.000235 0.000022

F value 16.07 – 3.27 10.52 –

Critical value F0.01 9.78 – 9.78 9.78 –

Critical value F0.05 4.76 – 4.76 4.76 –

Critical value F0.1 3.29 – 3.29 3.29 –
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error deviation (denoted as Se). Sk and Se can be calculated by Eqs. (15),
(16), and (17), respectively.

Sk ¼
Xm
i¼1

liðxi � xÞ2 (15)

xi ¼ 1
li

Xli

j¼1

xij (16)

Se ¼ ST �
Xg

z¼1

Sz (17)

where m is the level number of experimental variable k (i.e. L, W, A and
S), li is the total experiment number at the ith level of experimental
variable k, xij is the jth experimental result of the experimental variable k
at the ith level, g is the total number of experiment variables, Sz is the sum
of squared deviations of the zth experimental variable.

For the total degree of freedom (DOF) νT, the DOF of experiment
variable k (denoted νk) and experiment error (denoted νe) can be calcu-
lated by Eqs. (18), (19), and (20), respectively.

vT ¼ n� 1 (18)

vk ¼m� 1 (19)

ve ¼ vT �
Xg

z¼1

vz (20)

where νZ is the DOF of the zth experimental variable.
The sum of mean squared deviations of the experimental variable

(denoted Mk) and mean squared experimental error deviations (Me) can
be called mean square of inter-group and intra-group, respectively.
They are equal to the ratio of the sum of the squared deviation to the
DOF, which can be calculated by the following formulas (Eqs. (21) and
(22)).

Mk ¼ Sk
vk

(21)

Me ¼ Se
ve

(22)

If Mk is smaller than Me, the experimental variable k has limited in-
fluence on the experimental results, and they can be incorporated into
the experimental errors to recalculate the DOF and the sum of mean
squared experimental error deviations.

For the joint hypotheses test (i.e. F-test), F value reflects the influence
of experimental variables (i.e. fin parameters) on the experimental result.
The larger F value is, the more obvious influence on the experimental
result will be. F value is described by Eq. (23).

F¼Mk

Me
(23)
Table 3. The influence factor analysis results of average surface temperature.

Name L W A S e

Sk 215.2 75.19 25.87 29.98 0.77

νk 3 3 3 3 3

Mk 71.73 10067.34 3502.74 335.62 418.87

F value 281.26 98.27 33.82 39.18 –

Critical value F0.01 29.50 29.50 29.50 29.50 –

Critical value F0.05 9.28 9.28 9.28 9.28 –

Critical value F0.1 5.39 5.39 5.39 5.39 –
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where F represents the influence significance of the corresponding
experimental variable k on the experimental results. In this study, the
sensitivity levels are set as 0.01, 0.05, and 0.1, respectively.

According to the above equations, the influence factor analysis results
regarding the average surface temperature, temperature uniformity and
pressure drop of the polyhedral-shape heat exchanger are listed in Ta-
bles 3, 4 and 5, respectively .

As shown in Table 3, the F value of L, W, A and S is greater than the
critical value F0.01, which indicates that L,W, A and S obviously affect the
internal structure and heat transfer performance of the PS heat
exchanger, and they are significant influencing factors of the temperature
distribution. In all, the influence order on the average surface tempera-
ture by comparing the sum of mean squared deviation can be summa-
rized as: L > W > S > A.

Table 4 shows that the F value of both L and S is greater than the
critical value F0.01, the F value of A is between F0.01 and F0.05, and the
temperature distribution inside heat exchanger can be obviously
enhanced by them, which demonstrates that L, S and A are also the highly
significant influencing factor of the temperature uniformity. Moreover,
as W has been incorporated into the experimental error, its influence on
the temperature uniformity is negligible, which avoids the F value
calculation. Similarly, the influence order on the temperature uniformity
is: L > S > A > W.

Table 5 shows that the sum of mean squared deviation of L,W and A is
larger than the sum of mean squared experimental error deviation. Thus,
L, W and A are the primary influencing factors for the pressure drop of
heat exchanger, while S is the secondary influencing factor. Furthermore,
the F value of both L andW is larger than their F0.01, and the F value of A
is larger than its F0.05. In all, it indicates that increased L, W and A will
prevent exhaust gas from passing through the heat exchanger, and they
are the highly significant influencing factors for its pressure drop. As S
has been incorporated into the experimental error, its influence on the
pressure drop and F value is negligible. Thus, the influence order on the
pressure drop is: L > W > A > S.

4. Compatibility optimization

4.1. Gauss process regression

Gauss process regression establishes a regression model for the
nonparametric model probability, and it suitable for the posterior eval-
Table 5. The influence factor analysis results of pressure drop.

Name L W A S e

Sk 108220.73 30202.03 10508.21 1006.87 1506.37

νk 3 3 3 3 3

Mk 36078.58 10067.34 3502.74 335.62 418.87

F value 86.13 24.03 8.36 – –

Critical value F0.01 9.78 9.78 9.78 – –

Critical value F0.05 4.76 4.76 4.76 – –

Critical value F0.1 3.29 3.29 3.29 – –



R. Quan et al. Heliyon 8 (2022) e12348
uation and accurate prediction of unknown inputs. The mean absolute
percentage error (MAPE) describes the deviation between the actual
value and the prediction value. The smaller the MAPE, the higher the
model accuracy. MAPE can be described by Eq. (24).

MAPE¼100%
NG

XNG

i¼1

yi � fi
yi

 (24)

where NG is the samples number, yi represents simulation value of the ith
sample, fi corresponds to the regression model prediction value of the ith
sample.

According to the gauss process regression method described in
reference [32, 33], the fitting accuracy of gauss process regression agent
model of the PS heat exchanger is shown in Figure 12, the x-axis and
y-axis respectively correspond to the simulation data and prediction
value of the above 16 orthogonal experiment samples, and the diagonal
of y ¼ x means their contour line. The three-scatter diagrams corre-
sponding to the fitting accuracy of average surface temperature, tem-
perature uniformity and pressure drop indicate that all the scatter points
are close to the blue diagonal lines. Besides, theMAPE of Tave, γ and Pd is
0.037%, 0.256% and 0.11%, respectively, which validates that the
simulation value is almost equal to the prediction result, and the fitting
accuracy of the proxy model is acceptable.

4.2. Compatibility optimization objective function

To enhance the compatibility performance of TEG system for auto-
mobile exhaust recovery, the coupling relationship among the perfor-
mance of PS heat exchanger should be taken into account. In this study,
highest Tave, uniform γ and lowest Pd are the optimization objectives for
the proposed heat exchange, which are described by Eqs. (25), (26) and
(27), respectively. In this regard, the corresponding constraint condition
is shown in Eq. (28).
Figure 12. Fitting accuracy scatter diagram of gauss pr
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max fT (L,W,A,S) (25)

max fλ (L,W,A,S) (26)

min fΔP (L,W,A,S) (27)

s.t. L2X1, W2X2, A2X3, S2X4 (28)

where fT, fλ and fΔP are the Tave function, γ function and Pd function of
heat exchanger. X1, X2, X3 and X4 are the design spaces of L,W, A and S.
The ranges of X1, X2, X3 and X4 are set to be [34mm, 40mm], [7 mm, 10
mm], [70�, 85�] and [20 mm, 35 mm], respectively.

4.3. Multi-objective optimization algorithm method

GreyWolf Optimizer (GWO) is a new swarm intelligence optimization
algorithm, which has the advantages of fast convergence, few parameters
adjustment and simple implementation. It mainly includes social hier-
archy, surrounding prey, searching prey and attacking prey, and it keeps
approaching until finding the optimal solution in an iterative way [34].

The Multi-Objective Grey Wolf Optimizer (MOGWO) [35] introduces
multi-objective processing mechanisms based on the traditional grey
wolf algorithm. The first one introduces an external population archive to
store the optimal individuals in each iteration, and updates the internal
individuals of the population according to the dominance relationship. If
a new individual is dominated by an individual in the archive, it will not
be added to the archive. If a new individual dominates one or more in-
dividuals in the archive, it will be added to replace the individuals
dominated by it. If the new individual and the individual in the archive
do not dominate each other, they will not be added to the archive. The
second one is to optimize the leading wolf selection mechanism. The
archive space includes all the non-dominated optimal solutions gener-
ated in the iteration process, and selects the leading wolf by roulette.

According to the proposed compatibility optimization objective
function, MOGWO is utilized to optimize the compatibility performance
ocess regression proxy model. (a) Tave; (b) γ; (c) Pd.



Figure 13. Flow chart of multi-objective gray wolf optimization algorithm.

Figure 14. Optimal solution set based on MOGWO and NSGA-II.

Table 6. Comparison results of compatibility performance index.

Algorithm ƞmax ƞmin ƞave
NSGA-II 0.918 0.874 0.894

MOGWO 0.923 0.877 0.896

R. Quan et al. Heliyon 8 (2022) e12348
of TEG system, and its flow chart is shown in Figure 13. On this occasion,
the grey wolf population, the maximum iteration number and the
external population archive are all set to be 100.
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To validate the advantage of MOGWO, it is compared with the clas-
sical Non-Dominated Sorted Genetic Algorithm-II (NSGA-II) [36], whose
initial population size is 100, maximum iterations number is 100, genetic
crossover probability is 0.9, and mutation probability is 0.25. The
non-inferior solution results obtained with both MOGWO and MOGWO
are shown in Figure 14. It can be observed that the distribution of Pareto
solution set based on MOGWO and the one based on NSGA-II coincide on
the whole. The former is dispersed and uniform with better diversity,
while the latter is relatively concentrated.



Table 7. Several other fin parameters for comparison.

Case L W A S

Case 1 35 mm 7 mm 75� 20 mm

Case 2 37 mm 8 mm 80� 30 mm

Case 3 39 mm 9 mm 85� 25 mm

Table 8. Comparison results of compatibility performance index.

Cavity Optimized Case 1 Case 2 Case 3

ƞ - 0.923 0.905 0.778 0.722
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The constraint condition of non-inferior solution is set as: Tf � 555 K,
λf � 0.95 and ΔPf � 1000 Pa. In addition, to well balance Tave, γ and Pd,
the constrained optimization solution set based on MOGWO and NSGA-II
is transformed respectively with the compatibility performance indexes
(denoted ƞ), which can be calculated using Eq. (29).

η¼
Tj
T0
� λj

λ0
ΔPj
ΔP0

(29)

where Tj, λj and ΔPj are the Tave, γ and Pd of the jth PS heat exchanger
shown in Figure 2, T0, λ0 and ΔP0 are the corresponding ones of the jth
empty cavity structure based PS heat exchanger.

Table 6 lists the compared compatibility performance indexes based
on MOGWO and NSGA-II. The maximum, minimum and average
compatibility performance index (denoted ƞmax, ƞmin and ƞave, respec-
tively) of MOGWO optimization solution set is larger than that with
NSGA-II, which indicates that MOGWO is feasible to optimize the PS heat
exchanger.

In all, the optimized fin parameters corresponding to the maximum
compatibility performance index of Pareto solution set based onMOGWO
is: L ¼ 34.86 mm,W¼ 7.66 mm, A¼ 71.48�, S ¼ 20.70 mm. In this case,
the corresponding average surface temperature is 555.68 K, temperature
uniformity is 0.95 and pressure drop is 935.79 Pa. Besides, the corre-
sponding simulated results with the same optimized fin parameters is
555.06 K, 0.952 and 939.07 Pa, respectively. Compared with the opti-
mization results, the differences are 0.11%, 0.21% and 0.35%,
Figure 15. Performance comparison of different h
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respectively (i.e. less than 1%), which further validates the feasibility of
the established gauss process regression agent model.

5. Results and discussion

5.1. Compatibility performance index

To validate the compatibility performance of the above optimized
heat exchanger, several other fin parameters different from the above 16
orthogonal experimental samples are listed in Table 7.

When the exhaust flow rate and temperature is set to be 40 m/s and
600 K, respectively, Figure 15 compares the performance of the empty
cavity structure based heat exchanger with other ones. It can be seen that
Tave of the optimized PS heat exchanger increases from 545.1 K to 555.1
K (increased by 1.83%, see Figure 15a), the maximum surface tempera-
ture (denoted Tmax) increases from 552.5 K to 561.3 K (increased by
1.59%, see Figure 15b) the pressure loss increases from 853.8 Pa to 939.1
Pa (increased by 9.99%, see Figure 15d), while the temperature unifor-
mity decreased from 0.957 to 0.952 (decreased by 0.52%, see
Figure 15c). Despite of the increased pressure drop, the effect of the
optimized PS heat exchanger on the ICE performance is limited, and the
temperature uniformity variation is within the acceptable range.

In addition, compared with the heat exchangers in case 1 and case 2,
Tave of the optimized PS heat exchanger is reduced by 0.01% and 0.93%,
Tmax is reduced by 0.04% and 0.82%, the pressure drop is reduced by
1.46% and 15.29%, while the temperature uniformity is increased by
0.21% and 1.28%, respectively. Although the optimized PS heat
exchanger displays decreased Tave and Tmax, its pressure drop is much
eat exchangers. (a) Tave; (b) Tmax; (c) γ; (d) Pd.



Figure 16. The voltage-current and power-current curves of TEG system. (a) voltage-current curve; (b) power-current curve.
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smaller, and it has more uniform temperature distribution when it is
applied in automobile exhaust recovery.

Finally, the Tave, Tmax, Pd and γ of the optimized PS heat exchanger are
decreased by 1.91%, 1.68%, 24.06% and 1.24% respectively compared
with the one in case 3. In all, the optimized one has significant pressure
drop reduction and much smaller impact on ICE exhaust.

Table 8 lists the compatibility performance index comparison results
before and after optimization. The optimized one has a higher compati-
bility performance index than those in case 1, case 2 and case 3, and
displays similar performance to the one in case 1. Although the optimized
heat exchanger has lower transfer performance than the ones in case 2
and case 3, its smaller pressure drop makes it insignificant.

5.2. Output power and thermoelectric conversion efficiency

Based on the above Pareto solution set, the optimized fin parameters
are as follows: L ¼ 34.86 mm, W ¼ 7.66 mm, A ¼ 71.48�, S ¼ 20.7 mm.
Then, the output performance of TEG using different heat exchangers is
compared on the same boundary conditions listed in Table 1.

The voltage-current and power-current curves of TEG system are
shown in Figure 16 at the maximum flow rate when the inlet exhaust
temperature is set to be 600 K. Obviously, compared with the TEG system
using empty cavity structure based PS heat exchanger, the optimized TEG
system outputs greater voltage (see Figure 16a) and higher power (see
Figure 16b) with the same output current. The optimized TEG system has
similar output performance to the one in case 1, but has smaller output
performance than that in both case 2 and case 3. Thus, the heat ex-
changers in case 2 and case 3 have higher surface temperature, which
Figure 17. Output power comparison of different TEG systems.
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increases the temperature difference of TEMs and enhance the open-
circuit voltage of TEG on the same occasion.

Furthermore, the maximum output power of TEG systems is
compared in Figure 17. Compared with the TEG system using the empty
cavity structure based PS heat exchanger, Pmax of the optimized one is
increased from 10.92 W to 14.43 W, which is increased by 32.1%. Be-
sides, the optimized TEG system has similar Pmax to the one in case 1.
Compared with TEG system in case 2 (16.45 W) and case 3 (18.26 W),
Pmax of the optimized one is decreased by 12.27% and 20.97%,
respectively.

The heat flows into TEG system (denoted Qf) is calculated using Eq.
(30) [37].

Qf ¼ Cfρf GfΔTf ¼ Cfρf Gf ðTin � ToutÞ (30)

where Cf is the heat capacity, ρf means the density, Gf represnts the
volume flow, Tin and Tout corresponding to the inlet and outlet exhaust
temperature. In this cas, the calculated maximum thermoelectric con-
version efficiency (denoted ηTEG) is defined by Eq. (31).

ηTEG ¼ Pmax
�
Qf (31)

Figure 18 shows the maximum thermoelectric conversion efficiency
of TEG, which indicates that it has the same variation trend as Pmax
shown in Figure 17. Comparedwith the TEG system using heat exchanger
without fins, the maximum output power of the optimized one is
increased from 0.34 % to 0.43%, which is increased by 30.3% and is
equivalent to the one in case 1 (i.e. 0.44%). Compared with ηTEG of TEG
Figure 18. Maximum thermoelectric conversion efficiency comparison of
different TEG systems.
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systems in case 2 and case 3 (0.49% and 0.55 %), the one of the opti-
mized TEG is decreased by 10.2% and 21.8%, respectively.

Considering the pressure drop of optimized PS heat exchanger is
smaller than those in case 2 and case 3, it can be conclude that the
optimized PS heat exchanger not only ensures satisfactory power gen-
eration and thermoelectric conversion efficiency, but also meets the
compatibility requirements by reducing exhaust pressure drop and
maintaining a relatively high temperature uniformity when it is applied
in exhaust heat recovery.

6. Conclusions

To evaluate the heat transfer, fluid flow and fluid-solid-heat coupling
effects, the performance of a PS heat exchanger for automobile exhaust
recovery was analyzed using the realizable k-ϵ turbulence model from the
aspect of different fin parameters. Both simulation and experimental
results demonstrate that increasing L,W and A improves the heat transfer
and power generation of TEG system. Nevertheless, the temperature
uniformity is not obviously affected by increasing S, which decrease its
maximum power and deteriorates its temperature uniformity.

In addition, according to the ANOVA method, the influence order for
the Tave is L>W> S>A, the one for γ is L> S> A>W, and the one for Pd
is L > W > A > S. To ensure low backpressure, large output power and
good temperature uniformity, the designed compatibility optimization
objective function is optimized with MOGWO, and the non-inferior so-
lution of final Pareto solution set is selected according to the highest
compatibility performance index.

Compared with the TEGs using the empty cavity based PS heat
exchanger and other kinds of PS heat exchangers, the optimized TEG
system well balances pressure drop, temperature uniformity, thermo-
electric conversion efficiency and power generation, and it can reduce
the impact on ICE performance when it is applied in automobile exhaust
recovery.

To establish the realizable k-ϵ turbulencemodel of TEG system, several
assumptions were put forward to simplify the calculation, and the dy-
namic response characteristics of TEG under transient temperature exci-
tations remains to be considered. Even though TEG can generate electric
powerwhen theheat exchanger is added toharvest exhaust heat, the effect
of TEG on the original performance of ICE and their performance inter-
action is our ongoing research work, which can provide a theoretical
reference to the compatibility optimization, energy saving and emission
reduction evaluation of low-backpressure AETEGs in further.
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