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A B S T R A C T   

Enhancing thermoelectric performance while minimizing exhaust back pressure is a crucial step in advancing the 
commercial viability of automotive thermoelectric generators. To achieve high overall performance in a ther-
moelectric generator, an annular thermoelectric generator equipped with circular pin fins is proposed. A 
comprehensive three-dimensional numerical model is established to accurately predict thermoelectric perfor-
mance and thermomechanical behavior. Detailed multi-physics field distribution characteristics are analyzed. 
Using an L25 orthogonal array, we examine five influencing factors and their five levels: exhaust temperature, 
exhaust mass flow rate, fin height, fin diameter, and the number of fins. The Taguchi analysis suggests that 
exhaust temperature is the most influential factor in determining thermoelectric performance, followed by mass 
flow rate, fin height, fin diameter, and fin number. The optimal values for these parameters are 673 K, 30 g/s, 20 
mm, 3 mm, and 420, respectively. Under the optimal design parameters, the net power reaches 34.11 W, rep-
resenting an 18.7% increase compared to the original design. Moreover, a comparative study is conducted be-
tween plate fins and pin fins, showing that the pin fin-based thermoelectric generator exhibits a 5.83% increase 
in output power and a 4.82% increase in maximum thermal stress compared to the plate fin-based thermoelectric 
generator.   

1. Introduction 

For modern engines, approximately 50% of the fuel energy is emitted 
into the atmosphere as exhaust gas [1]. Out of the remaining 50%, 
roughly 25% is employed to operate various equipment, with only 25% 
being dedicated to propelling the vehicle [2]. Improving the energy 
conversion efficiency of automobiles is consistently regarded as one of 
the key strategies for preserving precious fossil fuel resources and 
mitigating greenhouse gas emissions [3,4]. To enhance the fuel econ-
omy of automobiles [5,6], traditional techniques such as exhaust gas 
recirculation [7] and turbocharging [8] have been extensively 
researched. 

Among various waste heat utilization technologies [9,10], thermo-
electric power generation technology has garnered significant attention 
for its potential applications in automotive waste heat recovery systems. 

This interest arises from its distinct advantages, including the absence of 
moving parts, emissions, maintenance costs, quiet operation, and long 
service life. When a thermoelectric generator (TEG) is employed for 
waste heat recovery in a vehicle’s diesel engine, its power generation 
potential can reach approximately 1000 W [11], which effectively ful-
fills the onboard equipment’s power requirements. An automotive waste 
heat recovery TEG system typically consists of three main components: a 
thermoelectric power generation module, a heat exchanger for extract-
ing heat energy, and a radiator. Consequently, the key aspects of TEG 
system optimization design generally revolve around these three 
elements. 

Currently, automotive thermoelectric generators are still undergoing 
research and testing, and they have not yet found widespread use in 
commercial applications. The primary barriers to the broad adoption of 
TEGs in automotive waste heat recovery systems stem from limitations 
in the properties of thermoelectric materials and the challenge of 
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achieving high heat recovery efficiency from vehicle exhaust. This 
challenge arises because methods aimed at improving heat collection 
efficiency by increasing fluid turbulence in the automotive exhaust 
system can have adverse effects on the engine, leading to a significant 
rise in exhaust back pressure. This results in the engine producing 
parasitic power, ultimately reducing overall fuel efficiency. Therefore, 
one of the primary technical challenges currently lies in enhancing heat 
transfer and boosting thermoelectric conversion efficiency while 
ensuring that the exhaust pressure drop remains within an acceptable 
range. 

There are two primary approaches to enhance the efficiency of 
thermoelectric power generation modules: material optimization and 
geometric optimization. Progress in thermoelectric materials demands 
the development of new materials with a high figure of merit [12]. 
Crucially, optimizing the minimum building unit (PN leg) of thermo-
electric modules can improve the power generation module’s efficiency 
while reducing the required amount of thermoelectric material. The 
effects of significant parameters, such as leg length [13], cross-sectional 
area [14], leg number, and filling ratio [15], on the thermoelectric 
performance in the geometric optimization of thermoelectric legs have 
been extensively explored. However, these studies have primarily 
focused on flat thermoelectric generators with rectangular PN legs. In 
practical applications, cylindrical heat sources are common, making 
annular PN legs more suitable for integration with annular heat ex-
changers. This configuration helps reduce thermal resistance caused by 
geometric mismatch [16]. An annular thermocouple has been proposed 
as a replacement for the traditional flat thermocouple [17]. The annular 
thermoelectric generator (ATEG) adopts a ring-shaped design, with 
annular thermoelectric materials installed within the curved substrate 
layer, allowing for higher thermoelectric conversion efficiency within 
cylindrical heat sources. Furthermore, due to its relatively compact size, 
it can be conveniently integrated into various equipment for broader 
applications. Researchers addressed and compared the multi-objective 
optimization problems of a PN couple, an annular thermoelectric mod-
ule, and an ATEG [18]. They have suggested that structural optimization 

should be based on the complete ATEG rather than just a single PN leg. 
Optimization research for the heat exchanger and radiator in auto-

motive TEGs aims to enhance their heat transfer capabilities with the 
thermoelectric modules (TEMs). Improved heat transfer capabilities 
result in a greater temperature difference, leading to enhanced TEG 
performance. To illustrate, a hexagonal TEG with three TEMs on each 
surface was constructed, using a hybrid powertrain internal combustion 
engine as the heat source [19]. Experimental results demonstrated that 
the utilization of 18 TEMs yielded a maximum output power of 8.2 W 
and a maximum efficiency of 6.18%. In another approach, a dual-pore 
cylinder object was introduced to intensify fluid disturbance in the hot 
gas channel, resulting in a 12.9% power increase compared to the 
channel without the porous object [20]. Additionally, the incorporation 
of circulating heat transfer fluid into TEG hot-side heat exchangers for 
automobiles has been explored [21]. This method leverages the high 
heat transfer coefficient of the circulating thermal fluid to enhance the 
thermoelectric system’s performance [22]. Simulation results indicated 
that, compared to traditional generator sets, the peak net output power 
of the new generator set could be increased by 77.5%, while reducing 
the number of components by 83.2%. In contrast to commonly used heat 
exchangers [23,24], the adoption of phase change materials has 
emerged as a reliable method for maintaining temperature stability at 
the hot and cold ends. This approach improves TEG heat transfer, en-
hances temperature uniformity, and increases TEM heat extraction ca-
pacity [25]. However, this method is difficult and costly to install in 
automotive TEGs. 

To enhance the heat transfer efficiency in the hot channel, the 
installation of fins stands out as a low-cost, structurally simple, and 
highly efficient method [26]. A study was conducted to experimentally 
assess the thermal performance of radiators with and without fins [27]. 
The results indicated that the RT-44 type triangular pin fins arranged 
internally and staggered exhibited superior heat dissipation effects. In 
another study, numerical simulations were employed to investigate the 
potential of a perforated array of small wing vortex generators in 
improving the heat transfer efficiency of finned tube heat exchangers 

Nomenclature 

c specific heat, J/(kg⋅K) 
C1ε,C2ε, C3ε, Cμ constants 
D The diameter of pin fin, mm 
E Young’s modulus, Gpa 

E
⇀ 

electric field intensity vector, V/m 
f characteristic property 
H height of pin fin, mm 
h heat transfer coefficient, W/(m2•K) 
I current, A 

J
⇀ 

electric current density vector, A/m2 

k turbulence kinetic energy 
m mass flow rate, g/s 
n number of pin fins 
Ploss power loss, W 
Pnet net power, W 
Pout output power, W 
ΔP pressure drop, Pa 
Q heat flow, W 
R resistance, Ω 
RL load resistance, Ω 
S Seebeck coefficient, V/K 
S/N signal-to-noise ratio 
T temperature, K 
U voltage, V 

Greek symbols 
α Coefficient of thermal expansion, 10− 6/K 
αΔT Seebeck electromotive force, V 
ε friction loss coefficient 
η efficiency, % 
λ Thermal conductivity, W/(m•K) 
μ Poisson’s ratio 
ρ Density, Kg/m 
σ− 1 Electrical conductivity, Ω•m 
φ electric potential, V 

Subscript 
a hot air 
at ambient temperature 
c cold end 
ce Ceramic substrate 
co electrode slices 
eff effective 
n N-type thermoelectric leg 
p P-type thermoelectric leg 

Abbreviations 
ATEM annular thermoelectric module 
ATEG annular thermoelectric generator 
TEM thermoelectric module 
TEG thermoelectric generator  

W. Yang et al.                                                                                                                                                                                                                                   



Renewable Energy 220 (2024) 119628

3

[28]. These simulations demonstrated that the array with discontinuous 
small wings achieved the most significant enhancement in heat transfer. 
In comparison to ordinary fins, the heat transfer coefficient increased by 
8.70− 6.43% at 33◦, with a pressure drop loss of 4.97− 2.30%. The 
electricity generation performance of automotive TEGs under transient 
conditions was examined by incorporating plate fins into a rectangular 
tube [29]. The numerical results revealed that changes in exhaust 
temperature exhibited a certain delay in the output response, often 
accompanied by variations in output voltage and power with changes in 
exhaust mass flow rate. By installing denser fins downstream of the heat 
exchanger, significant improvements in output power and net power 
were achieved, with an average increase of 189.1% and 177.4%, 
respectively [30]. Fins, a commonly employed method to enhance heat 
transfer, have been extensively studied in flat thermoelectric generators. 
Designing heat exchangers based on innovative fin structures proves to 
be an effective approach for enhancing heat transfer performance [31]. 

The study of cylindrical heat exchangers has been relatively limited, 
primarily due to the high cost associated with designing thermoelectric 
modules in a ring shape to fit the curved hot end surface of the exchanger 
[32]. Researchers conducted a comparative analysis of the performance 
between ring-shaped and flat thermoelectric generators for cylindrical 
heat sources, demonstrating that the ring-shaped TEG proves to be a 
superior choice, especially when the inlet temperature or convective 
heat transfer coefficient is relatively high [33]. Consequently, there is a 
growing research interest in improving heat transfer and adapting the 
structure for cylindrical heat exchangers and ring-shaped TEMs [34]. A 
concentric ring-shaped thermoelectric generator was introduced, 
comprising a ring-shaped TEM and a concentric ring-shaped heat 
exchanger [35]. This design improved the heat transfer coefficient and 
increased the maximum net power by 65% compared to traditional 
ATEGs. However, it’s worth noting that this structure involves higher 
modification costs when compared to the installation of fins. In another 
approach, a metal spoiler was incorporated into the annular exhaust 
channel of an air-to-air thermoelectric generator, and the geometric 

parameters of the optimal spoiler were fine-tuned using a meta-heuristic 
algorithm [36]. This modification led to a 10.41% increase in net power 
and a 22.51% improvement in efficiency compared to an ATEG without 
a spoiler. 

Plate fins and pin fins represent two types of enhanced heat transfer 
methods with strong heat transfer performance and lower material costs, 
rendering them suitable for automotive thermoelectric generator sys-
tems. When designing heat exchangers, it’s crucial to consider not only 
heat transfer performance but also the fluid’s resistance characteristics 
[37]. While fins have been widely used to enhance thermoelectric per-
formance, most previous research has concentrated on integrating plate 
fins into rectangular pipes to improve the thermal energy collection 
efficiency of traditional flat TEGs. Notably, there has been a dearth of 
design research focused on incorporating fins into cylindrical heat ex-
changers tailored for annular thermoelectric generators. The applica-
bility of research results and design guidelines derived from flat TEGs 
has not been validated in the context of cylindrical pipes and annular 
TEGs. Circular pin fins, in particular, have demonstrated exceptional 
heat transfer efficiency and can achieve a higher heat transfer coefficient 
compared to plate fins [38,39]. This structure is especially well-suited 
for enhancing heat transfer in cylindrical pipes as it maintains rela-
tively low pressure drop while improving heat transfer efficiency [40]. 
Based on an extensive literature review, there is a scarcity of existing 
research on the numerical prediction and optimization of the 
thermal-electric performance and thermomechanical performance of 
circular pin fins in annular thermoelectric generators under fluid-solid 
heat coupling conditions. Therefore, this study aims to address these 
research gaps. 

To enhance the thermoelectric conversion efficiency of annular 
thermoelectric generators in automobiles, while ensuring that the 
exhaust pressure drop and thermal stresses on the thermoelectric mod-
ules remain within acceptable limits, this study proposes an improved 
heat transfer design involving the integration of pin fins within the 
circular thermoelectric generator. Taking into consideration fluid-solid 

Fig. 1. System schematic: (a) Overall structure, (c) An annular thermocouple, (b) Heat exchanger cross-section, (d) fin distribution (expanded view).  
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coupling and all thermoelectric effects, the optimal combination of 
operating conditions, pin fin structures, and quantities are optimized. 
Additionally, the impact of pin fins on the thermal-mechanical perfor-
mance of the ATEM is investigated. This study encompasses the 
following key aspects: Firstly, a comprehensive multi-physics numerical 
model of fluid-thermal-solid-electric coupling is established using a 3-D 
finite element method to investigate the influence of circular pin fins on 
ATEG performance. Secondly, an L25 orthogonal matrix is constructed, 
and the Taguchi method is utilized to investigate the sensitivity of 
operating conditions and pin fin parameters on the net power and 
conversion efficiency. This systematic approach allows for the deter-
mination of the optimal parameter combination that maximizes per-
formance. Finally, the effects of different fin structures on the 
thermomechanical performance of the ATEG are analyzed. The findings 
of this research provide valuable guidance for the optimization and 
modeling of automotive ATEGs. 

2. Model development 

2.1. Physical model 

The ATEG consists of three key components: a heat exchanger, 
annular thermoelectric modules, and a radiator. Fig. 1(a) provides a 
schematic illustration of a pin-finned ATEG. The heat exchanger features 
a cylindrical channel with a diameter of 80 mm and a length of 60 mm. 
To enhance heat transfer, aluminum pin fins with specific height (H) and 

diameter (D) dimensions are strategically placed within the channel. 
Each pin fin extends axially along the vehicle exhaust pipe, as shown in 
Fig. 1(c). To simplify the representation of the fin layout, the circular 
channel is represented as a flat schematic diagram in Fig. 1(d). Along the 
fluid flow direction, ten pin fins are installed initially, with a total of 10 
× N pin fins being added as needed. To further improve the heat transfer 
coefficient, different rows of circular pin fins are arranged in a cross 
configuration. 

The outer surface of the circular channel is encased with a layer of 
annular thermoelectric modules, which represent a pivotal component 
of the system. The ATEM comprises 12 rings, with each ring housing 24 
pairs of annular thermocouples, as illustrated in Fig. 1(b). Each ther-
mocouple consists of a pair of PN legs, conductive copper electrode 
slices, and ceramic plates. These annular thermocouples are inter-
connected in a thermal parallel and electrical series arrangement, 
collectively forming a power generation module. Each individual ther-
mocouple boasts a height and thickness of 4 mm, featuring an individual 
leg angle of 6◦ and an angle of 1.5◦ between each leg. The gap between 
the rings measures 1 mm. To complete the TEM circuit, a load resistor 
with dimensions of 5 × 5 × 20 mm3 is connected at both ends. The 
magnitude of the load resistance can be adjusted by modifying the re-
sistivity value. The outermost layer comprises a radiator, which typi-
cally employs a concentric sleeve as a conduit for cooling water [35]. For 
simplicity, the cooling system is not depicted in the diagram. 
Throughout the simulation process, it was assumed that the hot and cold 
fluids enter the heat exchanger through their respective inlets at specific 
temperatures and mass flow rates. This simulation aimed to replicate the 
forced convection conditions experienced in automotive TEG systems, 
involving hot exhaust gases from the engine and cooled water circulated 
by the pump. To enhance the heat transfer efficiency, the cold and hot 
fluids flow in opposite directions [41]. Table 1 presents the detailed 
parameters of the ATEG. The thermoelectric properties of the PN 
semiconductor exhibit significant temperature dependence, as shown in 
Table 2. 

2.2. Governing equations 

As the engine exhaust enters the annular pin fin heat exchanger and 
heats the hot end, the cold end is simultaneously kept cool by the 
coolant, creating a significant temperature difference across the ATEMs. 
This temperature differential triggers the diffusion and drift motion of 
charge carriers within the thermoelectric semiconductor. Consequently, 
positive and negative charges accumulate at the hot and cold ends of the 
semiconductor, respectively, giving rise to an electrostatic field. Once 
the motion of charge carriers reaches equilibrium, the thermoelectric 

Table 1 
Material properties of the ATEG system.  

Component Material ρ (Kg⋅m− 3) λ (W/(m⋅K)) S (V/K) σ− 1 (Ω⋅m) (Gpa) μ α (10− 6K− 1) 

Heat exchanger and radiator Aluminum 3970 217.7 N/A N/A 380-366 (273–600 K) 0.26 4.89–6.68 (273–600 K) 
P-type material Bi2Te3 6858 λp(T) Sp(T) σp

− 1(T) radial:40.3 
axial:49.7 

0.28 16.8 

N-type material Bi2Te3 7858 λn(T) Sn(T) σn
− 1(T) radial:42.7 

axial:51 
0.28 16.8 

Electrode slices Copper 8940 165.64 N/A 1.75 × 10− 8 119-100 (273–600 K) 0.31 1.67–1.76 (273–600 K) 
Ceramic substrate porcelain 255 18 N/A N/A N/A N/A N/A  

Table 2 
Thermoelectric properties of the Bi2Te3-based material [16].  

Name Seebeck coefficient 
S (V/K) 

Thermal conductivity 
λ (W/m⋅K) 

Electrical resistivity 
σ− 1 (Ω⋅m) 

P-type 
material 

Sp(T) = 1.134 × 10− 14T4 − 2.035 × 10− 11T3 + 1.11 
× 10− 8T2 − 1.818 × 10− 6T + 1.61 × 10− 4 

λp(T) = − 1.242 × 10− 9T4 + 2.331 × 10− 6T3 −

1.575 × 10− 3T2 + 0.457T − 46.97 
σp
− 1(T) = − 4.32 × 10− 16T4 + 8.94 × 10− 13T3 − 7.74 ×

10− 10T2 + 3.519 × 10− 7T − 5.01 × 10− 5 

N-type 
material 

Sn(T) = − 1.3 × 10− 14T4 + 2.325 × 10− 11T3 + 1.42 
× 10− 8T2 + 3.469 × 10− 6T − 4.428 × 10− 4 

λn(T) = 1.537 × 10− 10T4 − 3.019 × 10− 7T3 +

2.246 × 10− 4T2 − 7.414 × 10− 2T + 10.12 
σn
− 1(T) = 1.317 × 10− 16T4 − 2.305 × 10− 13T3 + 7.827 

× 10− 11T2 + 4.507 × 10− 8T − 8.072 × 10− 6  

Fig. 2. Energy flow of thermoelectric generator.  
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semiconductor efficiently converts heat energy into electrical energy, 
resulting in the generation of current within the circuit. 

The energy flow within the ATEG is depicted in Fig. 2. This current 
flow, in turn, influences the heat distribution within the heat exchanger 
due to the Peltier effect and Joule heating. Consequently, the model 
necessitates the consideration of multi-physics fields, including thermal, 
fluid, and electric fields, necessitating simultaneous solutions of the 
control equations for these three fields. In this section, we provide a 
comprehensive description of the heat transfer equations and boundary 
conditions employed in the steady-state three-dimensional numerical 
model. The following assumptions are made: 

(1) The thermoelectric material is isotropic; (2) Gravity is ignored; 
(3) Radiation heat is ignored; (4) The heat flow is in a steady-state 
condition. 

As the Mach numbers of the exhaust gas and cooling water are quite 
low, they can be considered incompressible. Additionally, the k-epsilon 
(k-ε) turbulence model, based on renormalization group theory, is 
employed for its higher adaptability and precision compared to other 
models. The detailed governing equations for the fluid field are as fol-
lows [42,43]: 

∇ ⋅ (v)= 0 (1)  

∇ ⋅ (vv)= −
1
ρ∇p+∇⋅(μ∇v) (2)  

∇ ⋅ (λ∇T)= ρcv⋅∇T (3)  

∂
∂t
(ρk) +

∂
∂xi

(ρkui)=
∂

∂xj

[

αkμeff
∂k
∂xj

]

+Gb + Gk − YM − ρε (4)  

∂
∂t
(ρε)+ ∂

∂xi
(ρεui)=

∂
∂xj

[

αεμeff
∂ε
∂xj

]

+ C1ε
ε
k
(C3εGb +Gk) − C2ερ

ε2

k
− Rε

(5)  

Where k is the turbulent kinetic energy, Gb is the turbulent kinetic en-
ergy generated by buoyancy, and Gk is the turbulent kinetic energy 
generated by the mean velocity gradient. YM represents the contribution 
of pulsating expansion, while ∂k and ∂ε represent the inverse effective 
Prandtl numbers of k and ε. Eqs. (1)–(3) are the conservation of mass, 
momentum, and energy of the fluid in the flow channels of heat ex-
changers and radiators, while Eqs. (4 and (5) represent the transport 
equations of the RNG k-ε model. 

When calculating the temperature distribution of solid components 
(including thermocouples, copper sheets, ceramic plates, heat ex-
changers, and radiators), the main governing equation is energy con-
servation, i.e., 

∇ ⋅ (λ∇T)= 0 (6)  

In this model, various thermoelectric effects, including Fourier heat 
conduction, Joule heating, the Peltier effect, and the Thomson effect, are 
considered. Consequently, the heat variations resulting from these ef-
fects need to be accounted for in the energy conservation differential 
equation. Eqs. 7–10 [44] depict the energy conservation equations for 
the p-type thermoelectric semiconductor leg, n-type thermoelectric 
semiconductor leg, electrode slices, and ceramic plate. 

∇ ⋅
(
λp(T)∇TP

)
= − ρP(T) J→2+∇SP(T) J→TP (7)  

∇ ⋅ (λn(T)∇Tn)= − ρn(T) J→2+∇Sn(T) J→Tn (8)  

∇ ⋅ (λco∇T)= − ρco J→2 (9) 

Fig. 3. Boundary conditions of the ATEG. A: exhaust mass flow inlet, B: water 
inlet, C: exhaust pressure outlet, D: water outlet, E: ambient convection heat 
transfer, F: voltage coupling boundary, and G: Grounded boundary. 

Table 3 
Selected 5 factors and the levels.  

Factor Parameter Level 1 Level 2 Level 3 Level 4 Level 5 

A Temperature, Ta 

(K) 
473 523 573 623 673 

B Mass flow rate, ma 

(g/s) 
20 25 30 35 40 

C Height, H (mm) 10 15 20 25 30 
D Diameter, D (mm) 1 1.5 2 2.5 3 
E Number, n 10 ×

18 
10 ×
24 

10 ×
30 

10 ×
36 

10 ×
42  

Fig. 4. Circular pin fins in various configurations.  
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∇ ⋅ (λce∇T)= 0 (10) 

The electric field intensity vector is defined as: 

E→= − ∇φ + α∇T (11)  

Where φ represents the potential and αΔT represents the Seebeck elec-
tromotive force. 

Current density vector J→ can be expressed as: 

J→= σE (12)  

Where σ represents the electrical conductivity. 
The governing equation of charge can be expressed as: 

∇ ⋅ J→= 0 (13) 

The power loss due to exhaust backpressure is expressed as follows: 

Fig. 5. Finite element model of the ATEG.  

Fig. 6. Grid independence test (a) without pin fins installed and (b) with pin fins installed.  

Fig. 7. Validation of (a) thermoelectric generation model, (b) conduction-convection model, and (c) Turbulence model.  
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Ploss =(P1 − P2)⋅ma / ρ (14)  

Here, P1 and P2 denote the average pressure on the inlet and outlet 
surfaces, respectively. ma and ρ denote the mass flow rate and density of 
the hot fluid. 

The output power of the ATEG is calculated using the following 
equation: 

Pout =
U2

RL
(15)  

Where U represents the output voltage and RL represents the load 
resistance. 

The net power and efficiency are expressed as follows: 

Pnet =Pout − Ploss (16)  

η=Pout

Qh
(17) 

Thermal stresses arise in a thermoelectric module as a result of the 
disparity between the thermal expansion coefficients of the materials 
within the module and the external constraints. Specifically, in this pin 
fin thermoelectric generator system, the inclusion of pin fins modifies 
the temperature distribution along the PN legs. To assess the thermo-
dynamic performance of the ATEG under different heat exchanger 
structures, the displacement-strain relationship is determined based on 
the following dimensionless equations [45]: 

εxx =
∂u
∂x
, εyy =

∂v
∂y
, εzz =

∂w
∂z

(18)  

Fig. 8. Numerical results of ATEG at Ta = 523 K and ma = 25 g/s. (a) Surface temperature distribution and (b) electric potential distribution of the smooth pipe heat 
exchanger ATEG. (c) Surface temperature distribution, (d) electric potential distribution, (e) PN leg’s temperature distribution, and (f) current density distribution of 
the pin fin heat exchanger ATEG. 
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Fig. 9. The impact of load resistance on the output power of the pin fin ATEG under different exhaust (a) mass flow rates and (b) temperatures.  

Fig. 10. Effects of the pin fin’s structural parameters on (a) power output, (b) efficiency, (c) net power, and (d) pressure drop.  
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εxy= 0.5
(

∂u
∂y

+
∂v
∂x

)

, εyz= 0.5
(

∂w
∂y

+
∂v
∂z

)

, εzx= 0.5
(

∂w
∂x

+
∂u
∂z

)

(19) 

The following asymmetric Jacobi matrix represents a dimensionless 
form of stress-strain relationship: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σxx

σyy

σzz

σyz

σxz

σxy

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=
E

(1+ v)(1 − 2v)

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 − v v v 0 0 0
v 1 − v v 0 0 0
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(20) 

The stress component is represented by σij and the strain tensor is 
represented by εij. Poisson’s ratio is denoted by v, while α and E 
respectively represent the linear thermal expansion coefficient and the 
Young’s modulus of elasticity. 

According to the above equation, this study utilizes the Fluent and 
Thermal-electric software of ANSYS2022 R1 for coupled simulation and 
solving the established numerical model. 

2.3. Boundary conditions 

The main boundary conditions for the pin fin ATEG used in auto-
motive waste heat recovery are the Computational Fluid Dynamics 
(CFD) boundary and electric field boundary. The boundary settings for 
the model can be observed in Fig. 3. Initially, the ATEG is subjected to an 
ambient temperature of 303 K, and the convective heat transfer 
boundary condition is defined as: 

− λ
∂T
∂n

= hnh(T − Tat) (21)  

Here, hnh represents the natural convective heat transfer coefficient, set 
at 15 W/(m2⋅K) [42], and Tat denotes the ambient temperature. 

The engine exhaust acts as the heat source and enters the heat 
exchanger with initial mass flow rates (ma) ranging from 20 g/s to 40 g/s 
and initial temperatures (Ta) spanning from 473 K to 673 K. The 
implementation of this boundary condition is achieved by setting the 
velocity and temperature at the inlet surface of the fluid domain. The 
exhaust gas exits the heat exchanger at standard atmospheric pressure. 
Concerning the cooling system, the impact of water velocity on the TEG 
performance is found to be insignificant [46]. In the simulation, the 
radiator is supplied with cooling water at a velocity of 20 m/s and a 
temperature of 300 K. The temperature boundary conditions for the 
annular thermoelectric module are determined based on the tempera-
ture distribution obtained from CFD simulations. The lateral surfaces of 
the ATEM and the heat exchanger are adiabatic, while heat conduction 
occurs at the interface between the pipe wall and the ATEM. 

Within the ATEM, thermocouples are connected in series to form a 
closed loop. One side of the load resistor and one terminal of the first 
thermocouple are grounded (with the voltage set to 0 V), and the other 
side of the load resistor is connected to one terminal of the last 
thermocouple. 

2.4. Taguchi method 

In engineering, the Design of Experiments (DOE) entails the identi-
fication of superior parameter combinations and the determination of 
the direction for further experiments aimed at achieving an optimized 
solution through the analysis and comparison of experimental results 
[47]. The Taguchi method provides significant advantages by reducing 
the number of required experiments through the use of orthogonal ar-
rays while also facilitating the assessment of different factors’ sensi-
tivity. In the evaluation process, the Taguchi method employs 
signal-to-noise ratio (S/N) metrics, which are determined based on the 
mean and variance of the response. Target function analysis commonly 
employs three types of S/N ratios: “the larger the better,” “the smaller 

Table 4 
Level combination of the size of the pin–fin and boundary conditions in L25 (56) orthogonal array.  

Run Factor A Factor B Factor C Factor D Factor E Pnet (W) (S/N)Pnet η (%) (S/N)η 

1 1 1 1 1 1 1.094 0.784 0.681 − 3.333 
2 1 2 2 2 2 2.526 8.049 1.093 0.771 
3 1 3 3 3 3 4.444 12.956 1.581 3.981 
4 1 4 4 4 4 3.905 11.833 1.992 5.987 
5 1 5 5 5 5 − 3.177 10.037 2.242 7.013 
6 2 1 2 4 5 9.384 19.448 2.141 6.612 
7 2 2 3 5 1 7.796 17.838 1.984 5.952 
8 2 3 4 1 2 4.387 12.843 1.461 3.292 
9 2 4 5 2 3 7.305 17.273 2.064 6.292 
10 2 5 1 3 4 6.273 15.949 1.889 5.524 
11 3 1 3 5 4 10.970 20.804 2.286 7.181 
12 3 2 4 1 5 17.061 24.640 2.925 9.323 
13 3 3 5 2 1 13.043 22.307 2.592 8.272 
14 3 4 1 3 2 10.543 20.460 2.374 7.508 
15 3 5 2 4 3 7.071 16.990 1.874 5.456 
16 4 1 4 2 3 24.288 27.708 3.359 10.52 
17 4 2 5 3 4 13.953 22.893 2.597 8.290 
18 4 3 1 4 5 12.660 22.048 2.485 7.905 
19 4 4 2 5 1 11.687 21.354 2.408 7.633 
20 4 5 3 1 2 19.105 25.623 3.167 10.012 
21 5 1 5 3 2 22.999 27.234 3.237 10.204 
22 5 2 1 4 3 18.188 25.196 2.946 9.385 
23 5 3 2 5 4 28.736 29.169 3.590 11.103 
24 5 4 3 1 5 19.649 25.867 3.078 9.764 
25 5 5 4 2 1 16.169 24.174 2.831 9.039  
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the better,” and “the nominal the better.” In this study, the objective is to 
maximize the net power and efficiency, which falls under the “the larger 
the better” category. The S/N ratio for net power or efficiency is 
calculated as follows: 

S /N= − 10log10
(
1
/

f 2) (22)  

Where f is the value of Pnet or η. 
As shown in Table 3, the Taguchi method considers the output results 

of five factors: exhaust temperature, exhaust mass flow rate, fin height, 
fin diameter, and the number of fins, each at five different levels. The 
parameters of engine exhaust vary depending on the vehicle’s operating 
conditions. In the case of a typical passenger car, the exhaust tempera-
ture fluctuates between 473 K and 673 K, while the mass flow rate of 
exhaust gas typically ranges from 20 g/s to 40 g/s [48]. When designing 
the heat dissipation pin fins and determining their geometric di-
mensions, we take into account the size range recommended by the 
work of Sertkaya et al. [49]. Fig. 4 illustrates the structural parameters 
of the pin fins, including the axial height (H) and the diameter (D) of a 
single cylindrical fin. Furthermore, we design and apply varying quan-
tities of heat dissipation fins, ranging from 180 to 420, within the heat 
exchanger pipeline of the ATEG. 

3. Model validation 

3.1. Grid sensitivity 

To solve the control equations mentioned above, the SIMPLEC al-
gorithm within a pressure-velocity coupling solver is employed. The 
Least Squares Cell Based on the spatial discrete solution is selected. For 
solving momentum, turbulent kinetic energy, and turbulent dissipation 
rate, a second order upwind algorithm is applied. The summation of 
residuals is computed as follows: 

Residualsum=
∑

domain

⃒
⃒αnb∅nb + b − αp∅p

⃒
⃒ (23)  

Where α represents coefficient term, ∅ stands for the transient variable, 
and b represents the contribution of source terms. Convergence criteria 
for all residual values are set at 10− 6. 

To assess grid independence, a grid sensitivity analysis is performed, 
with the temperature difference on the ATEM surface taken as the 
detection target. Typically, more accurate results are achieved with finer 
grid divisions, but they also necessitate longer computation times. 
Therefore, it is essential to determine an optimal grid size that ensures 

Fig. 11. (a) The average S/N ratio distribution and (b) the effect value of 5 
factors on the net power. 

Fig. 12. (a) The average S/N ratio distribution and (b) the effect value of 5 
factors on the net power. 
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effective results while maintaining a reasonable computation time. In 
the ATEG finite element model, as depicted in Fig. 5, a hexahedral grid is 
predominantly employed for grid partitioning, with the tetrahedral grid 
being utilized for irregular geometric areas. Additionally, a five-layer 
boundary layer network is established on the fluid surface in contact 
with the solid domain. Grid independence tests are performed on two 
separate systems: one without pin fins and another with pin fins inte-
grated into the ATEG system. 

Numerical simulations are performed on the smooth-tube air-to- 
water counterflow heat exchanger ATEG, without pin fins, using five 
different grid resolutions, as illustrated in Fig. 6(a): (i) 31,470, (ii) 
566,881, (iii) 1,397,266, (iv) 3,357,511, and (v) 5,540,931. The results 
reveal a strong resemblance between simulations (iv) and (v), exhibiting 
an error of less than 1%. For the heat transfer channel equipped with 10 
× 30 circular pin fins, measuring 2 mm in diameter and 20 mm in height, 
five different grid resolutions are employed, as shown in Fig. 6(b): (i) 
774,911, (ii) 3,919,000, (iii) 48,944,980, (iv) 6,560,194, and (v) 
9,813,946. The findings demonstrate an error of less than 1% between 
simulations (iv) and (v). It’s worth noting that the computation time for 
grid (v) is approximately 4 h and 40 min, while grid (iv) requires 2 h and 
50 min. Consequently, grid (iv) serves as a suitable compromise between 
computational accuracy and efficiency. 

3.2. Validation of the finite element model 

To validate the numerical accuracy of the model, a comparison is 
made between the simulation data and experimental results obtained 
from a relevant study in the literature conducted by Ref. [50]. They 
proposed a 3-D model for the TEM and established a corresponding 
testing system. In this study, a three-dimensional model of the same 
scale is constructed, and identical boundary conditions are applied, with 

Ta = 450 K and Tc = 320.2 K. By comparing the numerical data with the 
experimental results presented in Ref. [50], the impact of load resistance 
on the output power is investigated, as illustrated in Fig. 7. The findings 
indicate that the modeling approach employed in this study exhibits a 
maximum error of 1.08% when compared to the experimental data, 
demonstrating the model’s effective reproduction of the experimental 
results. 

To the best of the authors’ knowledge, experimental data is currently 
lacking for the proposed pin fin ATEG structure in this study. In 
Ref. [51], an air-to-water thermoelectric generator was established, 
simulating steady inlet air temperature and mass flow rate using an air 
heater. Six serrated fins were incorporated in the heat exchanger to 
enhance heat exchange. To validate the accuracy of the 
conduction-convection simulation approach, the thermoelectric gener-
ator structure, boundary conditions, and solution of the control equa-
tions from Ref. [51] were reconstructed using the methods presented in 
this study. In Ref. [51], where the hot fluid inlet temperature was fixed 
at 550 K and the mass flow rate was set at 40 g/s, the output perfor-
mance was tested under various load resistances. Although the struc-
tures differ, this allowed for the verification of the correctness of the 
numerical simulation approach in this study. Simulation results are 
compared with experimental data, as shown in Fig. 7(b). The numerical 
model yields a slightly higher output power than the experimental data, 
with a maximum error of 1.9%. From the perspective of simulating 
verification experiments, this deviation falls within an acceptable range. 
In summary, the obtained results align well with the literature, 
demonstrating the feasibility of the model. 

3.3. Validation of the turbulence model 

To validate the turbulence model, we refer to a study conducted by 
Selimefendigil et al. [52]. Fig. 7(c) presents a comparison between the 
Nusselt numbers obtained from our simulations at different Reynolds 
numbers ranging from 6505 to 32593 and the corresponding data from 
the literature. The results of the model show an average error of less than 
5% when compared to the literature data, indicating the effectiveness of 
the numerical model. 

4. Results and discussion 

4.1. Thermoelectric performance of the pin fin ATEG 

4.1.1. Pin ATEG power generation characteristics 
To assess the impact of incorporating pin fins in a circular pipe on the 

thermoelectric characteristic of the ATEG, Fig. 8 presents the voltage 
distribution, current distribution, heat exchanger temperature distri-
bution, and hot-side temperature distribution of the ATEG under the 
conditions of Ta = 523 K and ma = 25 g/s. Fig. 8(a) displays the tem-
perature distribution in a smooth pipe without pin fins, showing a sig-
nificant temperature decrease from the inlet to the outlet. The hot-side 
temperature of the ATEM reaches only 354 K, with a maximum oper-
ating temperature difference of approximately 50 K. In contrast, Fig. 8 

Table 5 
Comparison of the effect of different heat transfer enhancement methods.  

Ref. Thermoelectric generator shape Working fluid Hot fluid parameter Heat transfer enhancement method NPR 

Hot side Cold side Ta (K) ma (g/s) 

[21] Plate-shaped Air Water 673 30 Intermediate heat transfer fluid 1.77 
[35] Annular Air Water 723 50 Concentric annular heat exchanger 1.65 
[36] Annular Air Water 673 30 Spiral tie 11.86 
[59] Plate-shaped Air Water 500 30 Convergent heat exchanger 3.02 
[60] Rectangular Air Air 353.15 30 Flat fin 2.05 
[61] Rectangular Air Water 603.15 28 Square pin fin 18.56 
[62] Plate-shaped Air Water 564.4 33.3 Porous medium embedding 1.44 
[63] Plate-shaped Air Water 551.2 22.86 Flow straightener 2.22 
Present study Annular Air Water 673 30 Circular pin fin 27.98  

Fig. 13. Plate fin heat exchanger structure diagram.  
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(c) illustrates the ATEG equipped with 10 × 18 pin fins, each measuring 
3 mm in diameter and 20 mm in height. This configuration achieves a 
hot-side temperature of 432 K, with the temperature difference between 
the two ends of the ATEM reaching up to 128.59 K. 

Furthermore, in the smooth pipe, the temperature difference be-
tween the hot fluid and the heat exchanger wall is approximately 169 K. 
However, in the pin-finned ATEG, this temperature difference decreases 
significantly to only 91 K. Additionally, the temperature difference be-
tween the inlet and outlet of the pin-finned ATEG is considerably greater 
than that in the smooth pipe. This indicates that the introduction of pin 
fins enhances the extraction of thermal energy. Similar to square pin fins 
[53], circular pin fins contribute to fluid disturbance, increase the heat 
transfer area, and improve heat transfer efficiency. Both structures 
exhibit similar characteristics in terms of the distribution of cold-side 
temperatures. Therefore, the pin-finned heat exchanger configuration 
can amplify the temperature difference of the ATEM, resulting in a 
higher output voltage generation. 

Fig. 8(b) and (d) display the potential distribution of the ATEM in 
smooth and pin-fin-inserted heat exchangers, respectively. The ATEG 
output voltage for the smooth pipe is 2.469 V, while the pin-fin-inserted 
pipe achieves a higher output voltage of 6.490 V. When connecting a 
resistor with a resistivity of 0.0125 Ω m at the load end and performing a 
simple calculation, it is determined that the output power increases from 
1.219 W to 8.425 W, resulting in a significant 5.9-fold improvement. 
This finding aligns with the conclusion drawn by Jiang et al. [54], who 
observed that TEG modules with fins can achieve dozens of times higher 
output power. The distribution of current density in the ATEM is pre-
sented in Fig. 7(f), where the conductivity of the material primarily 
influences the current density. As a result, the maximum current density 

is observed along the direction of the copper wire. 

4.1.2. Thermal and electrical impedance matching 
Studies have indicated that in TEG systems, the load resistance 

required for achieving peak power output is generally higher than the 
internal resistance. This is primarily due to the mismatch between 
thermal resistance and electrical resistance [55]. Therefore, it is not 
accurate to assume that maximum power output is achieved when the 
internal and external loads are equal. Additionally, the internal resis-
tance of the ATEG varies with changes in operating conditions due to the 
temperature-dependent characteristic of thermoelectric semiconductor 
[56]. To investigate the optimal thermoelectric performance of the pin 
fin ATEG, impedance matching is conducted. Fig. 9 illustrates how the 
output power of the pin fin ATEG is influenced by the load resistance 
under various exhaust mass flow rates and temperatures. As the load 
resistance is raised, the output power exhibits an initial increase fol-
lowed by a subsequent decrease. Increasing the mass flow rate leads to a 
corresponding increase in the output power, although this effect be-
comes less pronounced with further increments in the mass flow rate. In 
contrast, the exhaust temperature plays a crucial role in determining the 
output power, as it demonstrates a positive correlation with power 
output, corroborating the findings of Zhu et al. [57]. It is evident from 
the figure that regardless of changes in operating conditions, the optimal 
load resistance for ATEM is approximately 5 Ω. Consequently, a load 
resistance of 5 Ω is employed in the subsequent numerical simulations. 

4.1.3. Influence of pin fin structure on thermoelectric performance 
As pointed out by Chen et al. [53], increasing the number of rect-

angular fins leads to a higher heat transfer rate. This conclusion can also 

Fig. 14. Numerical results of ATEG at Ta = 673 K and ma = 30 g/s. (a) Temperature distribution of plate fin ATEG, (b) temperature distribution of pin fin ATEG, (c) 
voltage distribution of plate fin ATEG, and (d) voltage distribution of pin fin ATEG. 
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be applied to circular pin fin ATEGs. However, the impact of the struc-
tural parameters of circular pin fins on the performance of ATEGs has yet 
to be determined. In the hot-side channel of the ATEG, we install 10 × 30 
pin fins with various specifications. The fin diameter, D, is set to 1, 1.5, 
2, 2.5, and 3, while the fin height, H, is set to 10, 15, 20, 25, and 30. 
Fig. 10 depicts the effects of these pin fin structural parameters on the 
ATEG’s power output, efficiency, net power, and pressure drop. 

Based on the data presented in Fig. 9(a) and (b), it becomes clear that 
increasing the diameter and height of the pin fins results in a noticeable 
enhancement in both output power and efficiency. Augmenting both the 
height and diameter leads to a more pronounced disturbance in the fluid 
region, thereby increasing convective heat transfer effects. Simulta-
neously, the enlarged surface area of the pin fins in contact with the hot 
fluid, along with the efficient thermal conductivity of the metal pins, 
elevates the heat exchanger wall temperature. This increases the tem-
perature difference of the thermoelectric module, thereby enhancing the 
output power and conversion efficiency. 

Nevertheless, it is crucial to take into account the possible drawbacks 
associated with intensified fluid disruption in the automotive exhaust 
system, such as the potential loss of engine pumping power due to 
elevated exhaust back pressure [58]. Fig. 9(c) and (d) examine the in-
fluence of pin fin structural parameters on the net power and exhaust 

pressure drop of the ATEG system. The results demonstrate that, for 
different values of H, the net power (Pnet) increases with increasing D. 
However, Pnet initially increases and then decreases with increasing H, 
particularly for larger pin fin diameters. A preliminary observation at 
different D values suggests an optimal pin fin height of H = 20 mm. The 
change in net power trend is closely related to Fig. 10(d), which illus-
trates that the heat exchanger pressure drop rises with increasing pin fin 
diameter and height. The fluid disturbance caused by the pin fins in-
creases the fluid pressure drop within the heat exchanger. When the 
negative effects of increased pin fin volume and heat transfer area 
outweigh the benefits of increased heat transfer rate, the net power 
starts to decrease. 

4.2. Optimal design based on Taguchi method 

Taking into account all possible scenarios, a total of 55 (3125) 
simulation calculations are required to capture the changing trends 
under various conditions. This process is highly time-consuming, typi-
cally taking several months to complete due to the complex nature of the 
established three-dimensional high-fidelity numerical model. To inves-
tigate the effects of operational conditions and pin fin parameters on 
ATEG performance, a 25 orthogonal experiment with 5 factors and 5 
levels is conducted in the simulation. This experiment aims to determine 
the impact and sensitivity of each factor on the thermal-electric per-
formance of pin fin ATEGs and identify the optimal combination of 
conditions while saving significant time and resources. 

Table 4 presents the simulation results of net power and efficiency 
for the 25 orthogonal experiments, along with their corresponding S/N 
ratios. Among these experiments, run23 achieves the highest net power 
of 28.736 W, while the lowest result is obtained in run5 with − 3.177 W 
Run23 also demonstrates the maximum efficiency of 3.590%, whereas 
run1 exhibits the minimum efficiency of 0.681%. These results indicate 
that the performance of the ATEG is greatly influenced by five different 
factors. 

The average S/N ratio for each factor in relation to net power or 
efficiency serves as an indicator of the factor’s contribution. For 
example, for net power, the average signal-to-noise ratio of level 1 factor 
A is calculated as (0.784 + 8.049+12.956 + 11.833+10.037)/5 =
8.73171574. Similarly, the average signal-to-noise ratio values for other 
factors and specific levels are calculated. Fig. 11(a) illustrates the 
average S/N ratio corresponding to the net power of the five factors, 
while Fig. 11(b) displays the effect value of the five factors on the net 
power. The effect value is obtained by subtracting the minimum average 
S/N ratio from the maximum S/N ratio. A higher effect value indicates a 
more significant influence of the corresponding factor on the net power. 
As depicted in Fig. 11(b), factor A, representing the exhaust tempera-
ture, exhibits a substantial effect value of 17.6 on the net power, sur-
passing the other factors by a significant margin. This observation aligns 
with the results of Luo et al. [59]. Conversely, the minimum value of 
factor B suggests that altering the mass flow rate has a relatively minor 
effect on the net power, as increasing the mass flow rate leads to 
simultaneous increases in both the output power and pumping power. 

The ranking of the five factors influencing net power is as follows: A 
> D > C > E > B. The net output power exhibits an initial increase 
followed by a decrease as the pin fin height is raised, in accordance with 
the observations depicted in Fig. 9. Moreover, it demonstrates an up-
ward trend of net power as the pin fin diameter is enlarged, aligning 
with the aforementioned findings. Furthermore, the influence of pin fin 
diameter on net power outweighs that of height, whereas the impact of 
pin fin quantity and height on net power is roughly equivalent. 

Fig. 12(a) illustrates the average S/N ratio corresponding to the 
conversion efficiency of the five factors. The average S/N ratio dem-
onstrates a consistent increase as the levels of all factors rise. This can be 
attributed to the calculation of efficiency, which relies on the output 
power. By increasing the levels of all factors, the heat transfer rate and 
working temperature difference of the ATEM are enhanced, 

Fig. 15. The influence of the exhaust temperature Ta on the (a) power output 
and (b) conversion efficiency of the two types of ATEGs under ma = 30 g/s. 
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subsequently resulting in an overall boost in the output power. Fig. 12 
(b) shows the effect value of the five factors on the conversion efficiency. 
It can be seen that the impact of the five factors on efficiency and net 
output power are in the same order. Moreover, the trend of the impact of 
factors C and D on efficiency is consistent with that shown in Fig. 9. 

To determine the ideal combination of factors A-E for the ATEG, an 
analysis of the average signal-to-noise ratio curve is conducted. Upon 
examining Fig. 12(a), it becomes evident that the combination 
A5B3C3D5E5 exhibits the highest signal-to-noise ratio, signifying 
optimal performance for the ATEG. This particular combination corre-
sponds to an inlet temperature of 673 K, a mass flow rate of 30 g/s, a fin 
height of 20 mm, a fin diameter of 3 mm, and a total of 480 fins. Notably, 
this specific combination is not included in the 25 experiments docu-
mented in Table 4. By setting the parameters to the optimal combination 
and performing an additional numerical calculation, it is found that the 
maximum net power reaches 34.11 W, which is 18.7% higher than the 
maximum value obtained in the 25 experiments in Table 4. These results 
demonstrate that the Taguchi method effectively improves the perfor-
mance of the pin fin ATEG while reducing time costs. 

To compare the enhanced heat transfer effect proposed in this study 
with other methods, introduce the Net Power Ratio (NPR) [64]. The NPR 
represents the ratio of the TEG net power after applying the enhanced 
heat transfer measures to the net power before applying these measures: 

NPR=
Pnet

Pnet0
(24)  

Where Pnet0 represents the net power when TEGs are arranged outside 
smooth pipes, while Pnet represents the net power after applying 
enhanced heat transfer measures. The NPR metric takes into account 
both the positive and negative effects of enhanced heat transfer mea-
sures on TEG system performance, making it useful for evaluating the 
overall performance of such measures. 

Table 5 provides a comparison of the NPR for various heat transfer 
enhancement methods. To the best of our knowledge, this method is 
considered to exhibit superior overall performance compared to other 
reported TEG heat transfer enhancement methods, highlighting the 
effectiveness of our design and the potential practicality of the pin-fin 
ATEG. 

4.3. Comparative study 

Finned plates have gained popularity as an effective solution for 
improving the heat transfer efficiency of conventional flat plate ther-
moelectric generators. They offer the advantage of easy integration with 
plate-type heat exchangers and direct installation onto TEMs. Conse-
quently, there has been extensive research conducted on the application 
of finned plates [65]. In this section, we aim to compare the effectiveness 
and thermomechanical property of plate fins and circular pin fins in 
enhancing the performance of an ATEG. 

A plate fin design suitable for annular pipes is developed based on 
the optimal operating combination of a pin fin ATEG, as shown in 
Fig. 13. The designed fin configuration consists of 18 × 4 fins with a 
length of 15 mm and an axial angle of 5◦. To ensure a fair comparison, 
the total volume of the plate fin structure remains the same as that of the 
pin fin ATEG under optimal parameters, with all other boundary con-
ditions being identical. Fig. 14 illustrates the temperature and voltage 
distributions of the plate fin ATEG and the pin fin ATEG under Ta = 673 
K and ma = 30 g/s. It can be observed that the maximum temperatures of 
the two ATEGs are almost identical. The plate fin ATEG achieves an 
output power of 32.23 W, while the pin fin heat exchanger attains 34.11 
W, resulting in a 5.83% increase compared to the plate fin ATEG. 
Furthermore, the pin fin heat exchanger exhibits a significantly smaller 
pressure drop than the plate fin heat exchanger, indicating a reduced 
negative impact on the engine. Fig. 15 shows the influence of the inlet 
temperature Ta on the output power and efficiency of the two types of fin 

Fig. 16. Thermal stress distributions on the PN legs of (a) smooth pipe ATEG, (b) plate fin ATEG, and (c) pin fin ATEG at ma = 30 g/s and Ta = 673 K.  
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heat exchangers under ma = 30 g/s. It can be seen that the pin fin ATEG 
consistently outperforms the plate fin ATEG in terms of output power 
and efficiency across various boundary conditions. 

To investigate the effect of renovating the hot-end heat exchanger on 
the thermomechanical performance of the ATEM, we analyze the ther-
mal stress distribution on the ATEM. Fig. 16 shows the thermal stress 
distribution on the ATEM under different heat exchanger structures at 
ma = 30 g/s and Ta = 673 K. For these two heat exchanger configura-
tions, the maximum thermal stress on the legs occurs at the edge of the 
PN leg due to stress concentration at locations with large temperature 
gradients and structural discontinuities. Fig. 16(a) illustrates the ther-
mal stress distribution of the ATEG using a smooth pipe. It is observed 
that the thermal stress on the hot side of the ATEC is significantly higher 
than that on the cold side, and the maximum thermal stress on the leg is 
91.055 MPa. Fig. 16(b) shows the ATEM thermal stress distribution after 
installing plate fins in the annular pipe. Fig. 16(c) displays the thermal 
stress distribution of the pin fin ATEG using the optimal parameter 
combination of the pin fin determined in the previous section. In the pin 
fin ATEG, the maximum thermal stress on the PN leg is 276.95 MPa, 
which is 204.16% higher than before installing the fins. The maximum 
thermal stress in the pin fin ATEG increases by 4.82% compared to the 
plate fin ATEG. In this scenario, the primary factor influencing thermal 
stress on the ATEM is the temperature distribution along the thermo-
electric legs. This is because, compared to flat-fin ATEMs, the wall 
temperature and thermoelectric leg temperatures are significantly 
elevated in pin-fin ATEG. 

In the current study, the most likely locations for fractures are the 
contact area between the hot-end surface of the PN legs and the solder, 
as well as the edge of the PN legs. It is important to note that the com-
parison between pin fins and plate fins in this section is specific to 
certain conditions, and further investigation is needed to examine the 
enhanced heat transfer effect of pin fins and plate fins under different 
operating conditions. 

5. Conclusions 

To enhance heat transfer and improve the thermoelectric perfor-
mance of thermoelectric generators used for waste heat recovery from 
automobile exhaust gas, a design featuring an annular thermoelectric 
generator with circular pin fins has been developed. This design in-
corporates a fin heat exchanger that is specifically adapted to the 
automobile exhaust pipe. A three-dimensional numerical simulation 
method is employed to analyze the heat transfer characteristics, ther-
moelectric performance, and thermomechanical performance of two 
types of annular thermoelectric generators: those with circular pin fins 
and those with plate fins. To determine the optimal design parameters, 
considering five factors at five levels, the Taguchi method is employed 
using an L25 orthogonal matrix. The study evaluates the sensitivity of 
these selected parameters to the thermoelectric performance. Addi-
tionally, the impact of introducing plate fins or pin fins in an annular 
heat exchanger on the thermoelectric performance and the thermal 
stress on the PN legs is investigated. Based on the comprehensive find-
ings of this investigation, the following conclusions can be drawn:  

1. A 3-D coupled multiphysical model is established to simultaneously 
consider fluid flow, conjugate heat transfer, and thermoelectric ef-
fects, providing accurate predictions of the thermoelectric and 
thermomechanical performance. This comprehensive model de-
termines the output characteristics and generates corresponding 
profiles, including temperature distribution, voltage distribution, 
current density distribution, and thermal stress distribution.  

2. The size of pin fins significantly impacts thermoelectric performance. 
Increasing both the diameter and height of pin fins improves output 
power and efficiency. However, increasing pin fin height results in a 
significant increase in pipeline pressure drop, leading to an initial net 
power increase followed by a subsequent decrease. 

3. The influence of the five design parameters on net power and effi-
ciency can be ranked as follows: hot gas temperature > hot gas mass 
flow rate > pin fin height > pin fin diameter > number of pin fins. 
The optimal values for these parameters are 673 K, 30 g/s, 20 mm, 3 
mm, and 10 × 42, respectively.  

4. With the optimal parameter combination determined by the Taguchi 
method, a maximum net output power of 34.11 W is achieved, rep-
resenting an 18.7% improvement compared to the maximum value 
obtained in the 25 orthogonal experiments. 

5. A comparative study between the installation of plate fins and cir-
cular pin fins in a ring-shaped heat exchanger reveals that the pin fin 
thermoelectric generator exhibits a 5.83% increase in output power 
and a 4.82% increase in maximum thermal stress on the PN legs 
compared to the traditional plate fin thermoelectric generator when 
the same volume of fins is utilized. 
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