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A B S T R A C T   

Conventional thermoelectric generator (TEG) configurations suffer from the temperature drop of exhaust gas, 
resulting in a decrease in output power. To address this issue, diverging fins are introduced into a hexagonal TEG 
to enhance the heat transfer between exhaust gas and heat exchanger. Additionally, a corresponding numerical 
model is established to predict and optimize the output performance of the hexagonal TEG. The study indicates 
that, as the diverging angle, number, and height of diverging fins increase, both output power and pressure drop 
of the hexagonal TEG continuously increase, except for the pressure drop which decreases with the increase of fin 
height. To achieve maximum output power, the optimal values for fin height (h) and number (n) are determined 
to be 15 mm and 30, respectively. Moreover, regarding the diverging angle, the optimal value is related to the 
exhaust mass flow rate, and the optimal diverging angle is 0.2◦ when the flow rate is lower than 35 g/s. At an 
exhaust mass flow rate of 35 g/s and a temperature of 550 K, the optimal hexagonal TEG achieves an output 
power of 143.94 W, experiencing a 5.83 % improvement compared to the traditional structure. Meanwhile, the 
pressure drop is only 1.92 kPa, within the allowable range of the hexagonal TEG. This research provides new 
perspectives for enhancing the performance of TEGs by introducing diverging fins in heat exchangers.   

Nomenclature   

U voltage, V 
v→ velocity, m⋅s− 1 

Abbreviations Greek symbols 
CFD computational fluid dynamics α diverging angle, ◦

TEG thermoelectric generator σ− 1 electrical resistivity, Ω⋅m 
TEM thermoelectric module φ electrical potential, V 
Symbols ε turbulent dissipation rate, 

m2⋅s− 3 

ρ density, kg⋅m− 3 

A area, m2 μ dynamic viscosity, Pa⋅s 
D diameter, mm λ thermal conductivity, 

W⋅m− 1⋅K− 1 

E→ electric field density vector, 
V⋅m− 2 

θ angle, ◦

h height, mm Subscripts 
J→ current density vector, A⋅m− 2 

k turbulent kinetic energy, m2⋅s− 2 a ambient 

(continued on next column)  

(continued ) 

ṁ mass flow rate, g⋅s− 1 al aluminum 
n number of fins ce ceramic plate 
p pressure, Pa co copper electrode 
Δp pressure drop, Pa in exhaust inlet surface 
P output power, W out exhaust outlet surface 
r radius, mm L load resistance 
R electric resistance, Ω n n-type thermoelectric elements 
S seebeck coefficient, μV⋅K− 1 p p-type thermoelectric elements 
T temperature, K t transmission system  

1. Introduction 

As a solid-state energy conversion technology, thermoelectric con-
version features broad prospects in both power generation (i.e., waste 
heat recovery [1,2] and power sources [3,4]) and thermal management 
(i.e., battery [5,6], chip [7–9], and data center [10]). In the area of waste 
heat recovery, thermoelectric generators (TEGs) have gained 
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widespread attention due to their ability to directly convert waste heat 
into electricity and the unparalleled merits of high reliability, compact 
structure, no moving parts, and a long lifespan. Initially, TEG was pre-
dominantly utilized in the aerospace industry [11]. However, with 
advancing research, their applications have expanded to include in-
dustrial waste heat recovery [12], automotive waste heat recovery [13, 
14], wearable devices [15], and wireless sensors [16] across various 
fields. It is not difficult to conclude that the TEG holds vast prospects in 
promoting clean energy and addressing energy wastage. 

Despite significant progress in recent years, the TEG still faces 
challenges, primarily attributed to low efficiency and high costs, hin-
dering their large-scale commercial production process [17]. The recent 
advances in thermoelectric studies are shown in Table 1. Currently, re-
searchers focus on improving thermoelectric conversion efficiency in 
two main areas: (i) Exploring high-performance thermoelectric mate-
rials, and (ii) Optimizing the structure to increase the operating tem-
perature difference of TEGs. The progress of nanotechnology and 
quantum-scale synthesis technology has resulted in the successive 
emergence of various new thermoelectric materials [18], including 
nanocomposites, nanocrystalline materials, and nanowires. These ad-
vancements have led to a significant enhancement in thermoelectric 
performance. Furthermore, advanced thermoelectric element struc-
tures, such as segmented design [19], two-stage design [20], and vari-
able cross-sectional area optimized by temperature distributions [21], 
have been developed to enhance the performance of the TEG. 

A typical TEG for automotive waste heat recovery consists of a heat 
sink, a heat exchanger, and thermoelectric modules (TEMs). To maxi-
mize the working temperature difference of the TEG, it is essential for 
the heat exchanger to efficiently absorb as much heat as possible from 
the exhaust gas, while simultaneously ensuring that the heat sink 
effectively dissipates more heat into the coolant. Due to the advantages 
of water cooling over air cooling and the minimal impact of coolant flow 
rate variations on the cold-end temperature of the TEG at a relatively 
high flow rate value [22], the focal point of research centers on 
enhancing the heat transfer efficiency of the heat exchanger. Luo et al. 
[23] proposed a convergent heat exchanger with a continuously 
decreasing flow channel cross-section along the exhaust gas direction; 
This innovative design led to a significant increase in both the Reynolds 
number and convective heat transfer coefficient along the exhaust flow 
direction, resulting in an augmented hot-end temperature of the TEM 
and an enhancement in the output performance of the TEG. Yang et al. 
[24] proposed a concentric annular heat exchanger, which also com-
presses the flow space of exhaust gas, thereby increasing the total heat 
transfer coefficient and improving the output performance of the TEG; 
Compared to traditional smooth-flow annular heat exchangers, the TEG 
with a concentric annular heat exchanger showed a 65 % increase in 
maximum net power. In addition to compressing the exhaust flow space, 

integrating some new configurations into the heat exchanger can also 
improve the heat transfer performance. Li et al. [25] proposed an 
annular heat exchanger with integrated heat pipes; Thanks to the 
incorporation of integrated heat pipes, the TEM does not need to be 
designed as a ring and can adapt to a curved hot-end surface. Zhao et al. 
[26] implemented a fluid layer between the exhaust gas and the heat 
exchanger, which facilitates the transfer of heat energy from the exhaust 
gas to TEMs through the condensation-boiling process of the medium 
fluid; This innovative approach significantly enhances the output per-
formance of the TEG. Yang et al. [27] proposed a novel concentric 
tube-type heat exchanger that employs silicone polymer thermal 
conductive oil to transfer the heat from the exhaust gas; This innovative 
design resulted in a 15.2 % increase in the maximum output power of the 
new TEG compared to traditional structures. 

Additionally, the insertion of flow disturbance elements into the heat 
exchanger proves to be an effective method for significantly enhancing 
heat transfer capability. Zhu et al. [28] proposed an annular TEG 
featuring a twisted tape and derived the optimal structural parameters 
through a multi-objective optimization approach; Under optimal pa-
rameters, the net power of the new TEG demonstrated a significant 
improvement compared to that of the TEG with a smooth channel. Li 
et al. [29] investigated the impact of inserting porous copper foam into 
the central flow area on the heat transfer performance of the heat 
exchanger; The findings demonstrated that, compared to the traditional 
TEG without porous copper foams, the utilization of porous copper foam 
with high porosity density and volume ratio increased the output power 
by 2.3 times. 

In contrast to twisted tape and porous copper foam, fins offer ad-
vantages such as low cost, straightforward installation, and high effi-
ciency, making them more widely applied. Fins can augment the heat 
transfer area between the heat exchanger and exhaust gas, elevate the 
hot-end temperature of the TEM, and consequently achieve greater 
output performance. Chen et al. [30] introduced a TEG featuring plate 
fins and conducted a performance analysis under the conditions of 
low-temperature waste heat recovery; The results indicated that, despite 
an increase in system back pressure, the TEG demonstrated significant 
performance improvement within the Reynolds number range of 
0–1000. Yang et al. [31] implemented pin fins in an annular TEG and 
studied its performance through numerical simulations; They found that 
under the optimal design parameters, the TEG with pin fins exhibits a 
5.83 % increase in output power compared to TEGs equipped with plate 
fins. Chen et al. [32] introduced a square pin fin and conducted a 
comparative study with plate fins; Their results indicated that both the 
installation of plate fins and square pin fins can significantly enhance the 
output performance of the TEG; Specifically, when the number of square 
pin fins reached 48, the TEG with square pin fins exhibited a higher 
heat-side heat transfer rate than the TEG with plate fins. 

Table 1 
Recent advances in thermoelectric studies.  

Research object Improvement methods Specific implementation Sources 

TEMs exploring high-performance thermoelectric materials  • nanocomposites  
• nanocrystalline materials  
• nanowires 

[18] 

optimizing the structure of TEMs  • segmented design [19]  
• two-stage design [20]  
• variable cross-sectional area optimized by temperature distributions [21] 

Heat exchanger compressing the exhaust flow space  • convergent heat exchanger [23]  
• concentric annular heat exchanger [24] 

integrating some new configurations  • heat pipes [25]  
• fluid layer [26]  
• silicone polymer thermal conductive oil [27] 

inserting turbulence elements  • twisted tape [28]  
• porous copper foam [29]  
• plate fins [30]  
• pin fins [31]  
• square pin fins [32]  
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However, the traditional design of fins fails to meet the requirement 
for temperature uniformity in the heat exchanger. Zhang et al. [33] 
utilized a TEG with plate fins for recovering exhaust heat and reported 
that the temperature of fins is the highest at the exhaust inlet and 
gradually decreased along the direction of exhaust flow, leading to an 
uneven distribution of temperature on the heat exchanger surface. 
Through numerical investigation, Meng et al. [34] found that the un-
even surface temperature of the heat exchanger significantly de-
teriorates the output power of the TEM along the heat flux direction, and 
the maximum power output of the TEG is not enhanced but is actually 
reduced when too many TEMs are adopted. This power constraint stems 
from the cascading arrangement of TEMs. When all TEMs are connected 
in series, the overall output current is restricted by the minimum output 
current of the TEMs, while in parallel connection, the overall output 
voltage is constrained. Therefore, the temperature uniformity of the heat 
exchanger is a key factor that can not be ignored, which affects the 
overall output performance of the TEG, and the temperature uniformity 
can be improved by introducing innovative designs of the fin structure. 

Additionally, to save time and costs, theoretical models have become 
powerful tools for predicting and optimizing TEG performance, espe-
cially when multiple parameters need to be optimized [35]. The previ-
ously published models can be categorized into: analytical models, 
computational fluid dynamics (CFD) models, and fluid-thermal-electric 
multiphysics numerical models. Among them, analytical models can 
quickly obtain analytical results for guiding preliminary performance 
analysis of TEGs. However, owing to simplifications and assumptions 
inherent in analytical models, the predicted results of the TEG obtained 
through such models inevitably deviate [36]. CFD models can be used to 
predict the fluid and thermal distributions in the TEG, but fail to predict 
electrical output performance [37]. Compared to analytical and CFD 
models, fluid-thermal-electric multiphysics numerical models can 
simultaneously calculate fluid, thermal, and electric fields while 
considering multiphysics coupling effects, thus achieving higher model 
accuracy [38]. Luo et al. [39] utilized fluid-thermal-electric multi-
physics numerical models to predict the performance of a convergent 
TEG and completed experimental verifications; Their study showed that 
the maximum deviation between numerical results and experimental 
results is approximately 2.4 %, exhibiting a high accuracy of the mul-
tiphysics numerical model. 

As mentioned above, the design of fins plays a crucial role in facili-
tating the heat exchanger to absorb more heat from the exhaust gas 
while maintaining uniformity in the temperature across the heat 
exchanger surface. To realize this objective, the present work introduces 
a diverging fin, which is integrated into a hexagonal TEG with a circular 
channel. Diverging fins differ from traditional fins in a key aspect: their 
cross-sectional area continuously increases along the direction of 
exhaust gas flow, which enhances the heat transfer performance 
downstream of the exhaust gas, thereby improving the temperature 
uniformity of the heat exchanger. However, the diverging design of fins 
also results in additional pressure drop. It is imperative to strike a bal-
ance between heat transfer efficiency and pressure drop to avoid an 
undue increase in engine pumping power [40]. Kim et al. [41] con-
ducted experiments and demonstrated that, under the eight most com-
mon driving conditions of a car, the acceptable pressure drop for the 
hexagonal TEG is 2.1 kPa. Hence, in this study, the maximum allowable 
pressure drop for the heat exchanger is established at 2.1 kPa, guiding 
the design of the hexagonal TEG with diverging fins towards the goal of 
maximizing output power. The key research procedures of this paper are 
delineated as: (i) Developing a fluid-thermal-electric multiphysics nu-
merical model for the hexagonal TEG and validating its accuracy; (ii) 
Utilizing the established numerical model to conduct a comprehensive 
analysis and comparison of the performance between diverging fins and 
traditional fins; (iii) Within the limitation of a maximum pressure drop 
of 2.1 kPa, optimizing the diverging angle, quantity, and height of 
diverging fins to maximize the output power. 

The paper is organized as follows: Section 2 outlines the structure of 

the hexagonal TEG and the design of diverging fins; Section 3 introduces 
and validates the numerical model; Section 4 presents a comprehensive 
optimization for the hexagonal TEG with integrated diverging fins, 
aiming to achieve maximum output power; Finally, Section 5 provides a 
summary of the conclusions. 

2. Structure of the hexagonal TEG 

The proposed hexagonal TEG is composed of 6 S-shaped liquid 
cooling heat sinks, 30 TEMs and a hexagonal heat exchanger with 
diverging fins, as shown in Fig. 1. The hexagonal heat exchanger is 
configured with a circular exhaust flow channel, with a diameter of 50 
mm, to match the pipeline diameter of most automobile exhaust pipes, 
thereby contributing to the mitigation of pressure drops induced by the 
TEG. A hollow cylindrical tube with a radius of r is placed inside the heat 
exchanger to secure diverging fins. Simultaneously, the introduction of 
diverging fins increases the contact area between exhaust gas and heat 
exchanger, thereby enhancing the convective heat transfer and 
improving the hot-side temperature of TEMs. Also, two semispherical 
protrusions are applied on both sides of the hollow cylindrical tube to 
facilitate the uniform and smooth flow of automotive exhaust gas 
throughout the entire fin area. Here, the width of the hot-side surface of 
the hexagonal heat exchanger is 32 mm. Accordingly, the TEM with 
dimensions of 30 mm × 30 mm × 3.4 mm (L × W × H) is adopted in this 
work. Each hot-side surface of the hexagonal heat exchanger is uni-
formly equipped with 5 TEMs, with each TEM composed of 72 pairs of p- 
type and n-type thermoelectric elements, 144 copper electrodes, and 
two ceramic plates. To ensure the accuracy of theoretical analysis, the 
temperature-dependent thermoelectric properties are taken into ac-
count, with detailed parameters of the TEM listed in Table 2 [42], where 
the maximum error of the fitting function is within 1 %, and the range of 
T is from 300 K to 550 K. On the cold side of TEMs, a heat sink with a 
thickness of 5 mm is employed to dissipate its heat. Inside the heat sink, 
there is an S-shaped channel with a diameter of D = 4 mm to ensure its 
cooling performance. The heat sink and hexagonal heat exchanger 
feature the same length and are both made of aluminum materials. 
Furthermore, air is used to replace the exhaust gas, while cooling water 
serves as the medium for heat dissipation. 

Details of the internal diverging fins in the heat exchanger are given 
in Fig. 2. Along the direction of exhaust gas flow, the cross-sectional area 
of the diverging fins continuously increases, as can be seen in Fig. 2(a). 
This design effectively enhances the heat transfer between exhaust gas 
and heat exchanger, especially in the downward flow direction, thereby 
improving the uniformity of the hot-side temperature of the TEMs and 
enhancing the electrical output. Fig. 2(b) illustrates the axial cross sec-
tion of the diverging fins. Here, the diverging angle, α, is defined as the 
angle between the long edge of the fin and the axial direction. The 
output performance of the proposed hexagonal TEG is sensitive to this 
diverging angle, and it will be optimized in the following sections. Fig. 2 
(c) shows the radial cross section of the diverging fins at the exhaust gas 
inlet, where the central angle of fins is fixed at θ = 2.5◦. The height of the 
diverging fins is defined as h, and the radius r of the hollow cylindrical 
tube varies with h, with the relationship being: r + h = 25 mm. 
Considering that the diverging angle (α), height (h), and number of 
diverging fins (n) interact with each other, a comprehensive optimiza-
tion is carried out on these three parameters to maximize the output 
performance of the hexagonal TEG. 

3. Numerical model 

To predict and guide the optimization of the TEG performance, a 
fluid-thermal-electric multiphysics numerical model for the hexagonal 
TEG is developed. Also, the finite element method is adopted to solve the 
numerical model via the commercial software of COMSOL Multiphysics. 
Details for the numerical model are introduced below. 
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3.1. Governing equations 

Fig. 3 depicts a schematic diagram of the governing equations of the 
numerical model. The basic equations of the numerical model consist of 
conservation equations for fluid, thermal, and electrical fields. Both 
exhaust gas and cooling water are considered as incompressible fluids, 

following the mass, momentum, and energy conservation principles 
[43]. Also, a standard k - ε turbulence model is applied to calculate the 
fluid dissipation rates and kinetic energy [44]. The hexagonal heat 
exchanger, heat sinks, as well as ceramic plates, only involve heat 
transfer and follow the energy conservation equation. The thermoelec-
tric elements and copper electrodes involve heat and current transfer, 
adhering to the conservation of electrical and thermal fields [45]. The 
coupling of thermal and electrical fields occurs in the regions of ther-
moelectric elements and copper electrodes. For example, as the current 
flows through TEMs, Joule heat is generated in copper electrodes and 
thermoelectric components, and in thermoelectric elements, due to the 
thermoelectric effects, Peltier heat and Thomson heat are also accom-
panied. These parasitic heats are treated as energy source terms in the 
conservation equations [46]. Further details for this model can be found 
in Ref. [47]. 

3.2. Boundary conditions 

Fig. 4 displays the finite element model and its boundary conditions 
for the hexagonal TEG. Considering the computational cost and sym-
metrical structure, the finite element model is established using a 1/6 
geometry of the hexagonal TEG. Accordingly, symmetric boundary 
conditions are applied on these symmetrical surfaces. In fluid domains, 
boundary conditions for temperature and flow velocity are specified at 
the inlet surface of the cooling water channel, temperature and mass 
flow rate conditions are defined on the inlet surface of the exhaust 
channel, and pressure boundary conditions are defined on the outlet 
surfaces of both exhaust and cooling water channels. In the computing 

Fig. 1. Schematic diagram of the hexagonal TEG.  

Table 2 
Geometric dimensions and material parameters of TEM.  

Parameter p-type thermoelectric element n-type thermoelectric element Ceramic plates Copper electrodes 

Dimensions (L × W × H mm3) 1.8 × 1.8 × 1.2 1.8 × 1.8 × 1.2 30 × 30 × 0.8 4.1 × 1.8 × 0.3 
Thermal conductivity (W⋅m− 1⋅K− 1) 1.8022× 10-10T4-2.8631× 10-7T3 

+ 1.7941 × 10-4T2-0.052T+ 6.8208 
-1.0257× 10-9T4 + 1.6523× 10-6T3 

-9.6842×10-4T2 + 0.2447T-21.5585 
22 400 

Electrical resistivity (10-5Ω⋅ m) -6.839× 10-10T4 + 9.9566× 10-7T3 

-5.3215×10-4T2 + 0.1298T-11.506 
4.3486× 10-10T4-8.9267× 10-7T3 

+ 6.4322 × 10-4T2-0.192T+ 21.419 
– 1.67 × 10− 3 

Seebeck coefficient (μV⋅ K-1) 1.9359× 10-8T4-3.7183× 10-5T3 

+ 2.4243 × 10-2T2-6.366T+ 772.02 
1.1468× 10-8T4-1.2129× 10-5T3 

+ 3.5018 × 10-3T2-0.1535T-189.21 
– –  

Fig. 2. Schematic diagram of the diverging fins. (a) 3D Architecture diagram; 
(b) Axial cross section; (c) Radial cross section at the exhaust inlet. 
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domain of the electrical field, the surface B of the TEM closing to the 
exhaust inlet, as marked in Fig. 1, is defined as the grounded boundary, 
while the remaining surfaces A and B are designated as circuit terminals. 
Besides, virtual circuits are introduced to ensure TEMs are connected in 
series, and an additional circuit with an external resistance RL is intro-
duced to form a loop between TEMs and load resistance. On the surfaces 
of the TEG exposed to the external environment, a convective heat 
transfer boundary condition is defined, as follows: 

λ
∂T
∂n

= hα(T − Tα) (1)  

with ha and Ta being the ambient convection heat transfer coefficient 
and ambient temperature respectively. Specific values for different 

boundary conditions can be found in Table 3. It is worth noting that, due 
to the adoption of a 1/6 geometric model, the mass flow rate in the 
model should be divided by 6. 

3.3. Parameter definition 

The TEMs convert the absorbed heat into electricity due to the See-
beck effect. Due to the use of a 1/6 model, the output power of the entire 
hexagonal TEG is equal to 6 times the obtained value, defined as follows: 

Pout =
6Uout

2

RL
(2)  

where, Uout is the output voltage of the 1/6 structure, and RL is the 

Fig. 3. Basic theory of the fluid-thermal-electric multiphysics numerical model.  

Fig. 4. Finite element model and boundary conditions of the hexagonal TEG.  
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external load. 
In addition, the introduction of diverging fins can not only enhance 

the heat transfer but also generate additional pressure drop. According 
to Ref. [41], the pressure drop cannot exceed the allowable value of 2.1 
kPa for the use of TEG in the exhaust system. Therefore, the pressure 
drop should be considered during optimizations, which can be expressed 
as: 

Δp= pin − pout (3)  

where pin and pout are respectively the average pressure on the inlet and 
outlet surfaces of the exhaust exchannel. 

3.4. Cell independence validation 

Before conducting extensive numerical calculations, cell indepen-
dence validation is required because coarse cells may lead to deviations 
in simulation results, while overly fine cells may increase computational 
costs. To select a suitable cell system, the output power of the TEG was 
compared under five cell systems, as shown in Table 4. Here, simulations 
were conducted with boundary conditions of Tin = 550 K and RL = 5 Ω, 

because the maximum output power of the 1/6 TEG occurs when RL = 5 
Ω through a preliminary analysis of load response characteristics. It can 
be observed that with the increase in the number of cells, the output 
power slightly decreases. When the cell number reaches 1095726 the 
output power remains essentially constant. To balance model accuracy 
and computation costs, Cell III was chosen for numerical simulations 
under different parameters in this work. 

3.5. Experimental validation 

In Ref. [41], Kim et al. conducted experimental studies on a finned 
hexagonal TEG under 8 common vehicle operating conditions. To vali-
date the accuracy of the used numerical model, a 1/6 geometric model 
of the hexagonal TEG used in Ref. [41] was established, and the model 
developed in this work was used for simulations. The simulation con-
ditions used are consistent with those in Ref. [41], with the coolant mass 
flow rate of 27 g/s and exhaust conditions in Table 5. Fig. 5 shows the 
comparison between numerical simulation and experimental results 
under different vehicle operating conditions. It can be observed that 
both the exhaust outlet temperature and the maximum output power of 
the TEG obtained from the fluid-thermal-electric multiphysics numerical 
model are slightly higher than the experimental results. This deviation is 
attributed to the neglect of thermal grease in the numerical model. The 
maximum temperature deviation is approximately 2.75 %, and the 
maximum power deviation is about 1.94 %, which is within an accept-
able range. In summary, the results obtained align well with the litera-
ture, confirming the feasibility of the model. 

4. Results and discussion 

4.1. Numerical results 

Fig. 6 illustrates the physical field distribution characteristics of a 1/ 
6 hexagonal TEG with traditional fins. The parameters of the traditional 
fins are: α = 0◦, n = 30, h = 15 mm. The inlet temperature Tin of the 
exhaust gas is 550 K, and the mass flow rate ṁ is 30 g/s. The temperature 
along the heat exchanger’s surface experiences a notable decrease in the 
direction of the exhaust flow, as depicted in Fig. 6(a). This occurrence is 
mainly attributed to the heat dissipation by cooling water. Additionally, 
from a side view, it is evident that the temperature drop of the fins 
mainly occurs axially, with the highest temperature at the entrance of 

Fig. 5. Comparison between experiments in Ref. [41] and simulations of in 
present study. 

Table 3 
Boundary conditions of the fluid-thermal-electric multiphysics numerical model 
for the hexagonal TEG.  

Computing domain Boundary Value Unit 

Cooling water temperature inlet 300 K 
velocity inlet 1 m/s 
pressure outlet standard 

atmospheric 
pressure 

Pa 

Exhaust gas temperature inlet from 350 to 550 at 
every 50 

K 

mass flow rate inlet from 10 to 60 at 
every 5 

g/s 

pressure outlet standard 
atmospheric 
pressure 

Pa 

Surface B of the first 
TEM 

grounded 0 V 

The remaining 
surfaces A and B 

circuit terminals NA NA 

Heat loss ambient heat 
transfer coefficient 

15 W/
(
m2 ⋅K

)

ambient temperature 300 K 
Symmetrical 

surfaces 
symmetric boundary NA NA  

Table 4 
Output power and its deviation of the TEG under different cell systems.  

Cell 
system 

Cell 
number 

Output 
power with 
ṁ = 20 g/s 

Output 
power with 
ṁ = 40 g/s 

Output 
power with 
ṁ = 60 g/s 

Deviation 

Cell I 4620768 95.3727 W 145.8608 W 172.0233 W NA 
Cell II 2111782 95.3727 W 145.8608 W 172.0233 W 0 % 
Cell III 1095726 95.3765 W 145.8666 W 172.0302 W 0.004 % 
Cell IV 536527 95.3908 W 145.8884 W 172.0560 W 0.015 % 
Cell V 196543 95.4137 W 145.9234 W 172.0973 W 0.024 %  

Table 5 
Correspondence between vehicle operating conditions and exhaust gas 
conditions.  

Vehicle operating 
conditions 

Exhaust gas mass flow 
rate (g/s) 

Exhaust gas inlet 
temperature (K) 

1 16.33 590.26 
2 18.83 656.67 
3 20.36 664.71 
4 22.22 694.65 
5 24.03 743.81 
6 27.11 811.56 
7 32.22 847.46 
8 37.39 886.01  
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the exhaust gas and gradually decreasing along the direction of the 
exhaust flow. This temperature drop leads to a corresponding decrease 
in the output of TEMs, and additional electrical energy loss also occurs 
when TEMs are connected to each other, especially in the traditional all 
series topology connection. Therefore, a novel design of diverging fins is 
introduced in the heat exchanger to address this issue, wherein the 
diverging fins enable enhancing the heat transfer between exhaust gas 
and heat exchanger, especially in the downward flow direction. Fig. 6(b) 
shows the pressure distribution of the exhaust. By extracting the average 
pressure on the inlet and outlet surfaces of the exhaust channel, the 
exhaust pressure drop of the entire TEG can be obtained. In the tradi-
tional structure, the pressure drop is 442.4 Pa at the mass flow rate of 30 
g/s, which is far below the allowable value of 2.1 kPa, and thus the heat 
transfer performance of the heat exchanger can be further improved by 
introducing some enhanced heat transfer methods. Fig. 6(c) displays the 
voltage distribution of TEMs in a 1/6 hexagonal TEG. In this study, five 
TEMs are connected in series, and the output performance of the hex-
agonal TEG is constrained by the minimum current within the TEMs 
[48]. The novel diverging fins proposed in this study offer a solution to 
this performance constraint, leading to an improvement in the overall 
output performance of the hexagonal TEG. 

4.2. Comparison between traditional fins and diverging fins 

To analyze the mechanism by which diverging fins improve the heat 
transfer performance, a comparison with traditional fins is conducted in 
this section. As shown in Fig. 7, Fig. 7(a) represents a hexagonal TEG 
with traditional fins, and Fig. 7(b) shows a hexagonal TEG with 
diverging fins used for comparison. The parameters of the diverging fins 
are: α = 0.2◦, n = 30, h = 15 mm. The traditional fins and diverging fins 
used for comparison have the same quantity and height. Additionally, 
both configurations are designed with the same boundary conditions: 
Tin = 550 K, ṁ = 30 g/s. 

Fig. 8(a) shows the exhaust velocity distributions of the hexagonal 
TEG with different fins. Obviously, compared to traditional fins, the 
diverging fins enable a higher flow velocity within the heat exchanger 
due to the smaller cross-sectional area in the flow channels, especially in 
the downward flow direction. Additionally, the higher the flow velocity 
is, the greater the convective heat transfer coefficient will be. The cross- 
sectional area of the exhaust channel in the heat exchanger with 
diverging fins continuously decreases along the heat flux direction, 
resulting in the continuous increase of the convective heat transfer co-
efficient. This helps mitigate the adverse effects of exhaust temperature 
drop and improves the thermal performance and temperature 

Fig. 6. Numerical results of the hexagonal TEG. (a) Temperature distributions; (b) Pressure distributions; (c) Voltage distributions.  

Fig. 7. Schematic diagram of the hexagonal TEG with different fins. (a) Traditional fins; (b) Diverging fins.  

D. Luo et al.                                                                                                                                                                                                                                      



Energy 301 (2024) 131756

8

uniformity of the heat exchanger. However, the diverging design of the 
fins inevitably increases the pressure drop. Therefore, in order to bal-
ance the pressure drop and heat transfer performance, a comprehensive 
optimization for the diverging angle α, number of fins n, and fin height h 
of the diverging fins is conducted in Section 4.3, ensuring that the 
pressure drop remains within a reasonable range. 

Fig. 8(b) shows the temperature distributions on the hot-side surface 
of the heat exchanger, with the average surface temperature data at the 
hot end for each TEM. Compared to traditional fins, the use of diverging 
fins leads to a higher and more uniform temperature distribution on the 
hot side of the heat exchanger. In the heat exchanger with traditional 
fins, the cross-sectional area of the exhaust channel remains unchanged, 
and the heat exchanger suffers from the exhaust temperature drop, 
resulting in lower temperature uniformity on the hot side surface [49]. 
As can be observed, the hot-side temperature of the last TEM experiences 
an increase of 8.92 K when applying the diverging fins, which will lead 
to a corresponding increase in the output power of the hexagonal TEG. 
Besides, the TEG with diverging fins benefits from improved tempera-
ture uniformity, resulting in a less electrical energy loss when TEMs are 
connected in series. Consequently, the use of diverging fins can not only 
improve the output power but also lower the power loss, which is an 
effective optimization approach for traditional fin structures. 

4.3. Exploration of optimal fin parameters 

Reasonable structural design can further enhance the gain effect of 
diverging fins. Therefore, the fins parameters, including diverging angle 
α, number of fins n, and fin height h, are optimized in this section. To 
maximize the output performance of the hexagonal TEG, the selection of 
fin parameters for diverging fins should meet the following criteria:  

1) The overall pressure drop of the hexagonal TEG should be below 2.1 
kPa [41];  

2) Maximize the output power. 

4.3.1. Effect of the diverging angle 
The influence of different diverging angles α on the output perfor-

mance of the hexagonal TEG is investigated in this subsection, while 
fixing the fin height h and the number of fins n as 15 mm and 30 
respectively. Due to the structure limitations, four cases of diverging 
angle were considered with α = 0.05◦, α = 0.1◦, α = 0.15◦, and α = 0.2◦. 
Fig. 9(a) shows the output power of the hexagonal TEG with different α 
as a function of exhaust temperatures. The findings reveal a rapid in-
crease in the output power of the hexagonal TEG with rising tempera-
tures. The increased exhaust temperature leads to a larger temperature 
gradient across TEMs, thus increasing the output power of the TEG. 
Furthermore, the disparity in output power between the hexagonal TEG 
equipped with diverging fins and traditional fins consistently widens. 
The gain of diverging fins increases with a larger diverging angle, and 
this effect is more pronounced at higher exhaust temperatures. At the 
same time, the increase in the diverging angle α leads to a larger pressure 
drop, as shown in Fig. 9(b). With the increase in exhaust inlet temper-
ature, the pressure drop slightly increases, because of the temperature 
dependence of air density. Considering that the influence of exhaust 
temperature on pressure drop is tiny, and the temperature changes only 
affect the amplitude of output power, without affecting the optimization 
results of fin parameters, the influence of exhaust temperature is 
neglected in the following sections. 

Fig. 10(a) shows the output power of the hexagonal TEG with 
different α as a function of exhaust mass flow rate. The output power of 
the hexagonal TEG increases with the increase in exhaust mass flow rate. 
In addition, compared to traditional fins, the hexagonal TEG with 
diverging fins always features a higher output power. With the increase 
in α, the gain of diverging fins becomes more pronounced. For example, 
at a mass flow rate of 35 g/s, as the diverging angle increases from 0.05◦

to 0.2◦, the power improvement increases from 0.68 % to 5.38 %. This is 
attributed to the fact that under the same mass flow rate, the larger the 
diverging angle of fins, the faster the flow velocity in the downstream 
direction of the exhaust gas, resulting in a higher heat transfer coeffi-
cient. At the same time, larger mass flow rates result in larger pressure 
drops, as shown in Fig. 10(b). When the exhaust mass flow rate increases 
to a certain value, the pressure drop of the hexagonal TEG with α = 0.1◦, 

Fig. 8. Physical field distribution characteristics of the hexagonal TEG with different fins. (a) Velocity distributions; (b) Temperature distributions on the hot-side 
surface of the heat exchanger. 
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α = 0.15◦, and α = 0.2◦ exceeds the acceptable pressure drop of 2.1 kPa. 
Therefore, the range of exhaust mass flow rate determines the optimal 
value of α for diverging fins. For example, within the mass flow rate 
range of 0–35 g/s, α = 0.2◦ is suggested. 

Through the above analysis, it is known that increasing the diverging 
angle α of diverging fins can always enhance the output power of the 
hexagonal TEG, but it also causes an additional pressure drop. The 
pressure drop is greatly influenced by the exhaust mass flow rate, and 

thus the appropriate α should be determined according to the 
displacement of vehicles. Additionally, the exhaust temperature has a 
relatively small impact on the pressure drop, therefore, the increase of 
exhaust temperature can improve the output performance of the hex-
agonal TEG without affecting the pressure drop. 

4.3.2. Effect of the number of fins 
The effect of the number of fins n on the output performance of the 

Fig. 9. Output performance of the hexagonal TEG with different α as a function of exhaust temperature. (a) Total output power; (b) Pressure drop. (e.g. ṁ = 35 g/s).  

Fig. 10. Output performance of the hexagonal TEG with different α as a function of mass flow rate. (a) Total output power; (b) Pressure drop. (e.g. Tin = 550 K).  

Fig. 11. Comparison of output performance between diverging fins and traditional fins with different n under different mass flow rates. (a) Total output power; (b) 
Pressure drop (e.g. Tin = 550 K). 
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hexagonal TEG is investigated in this subsection, while fixing the 
diverging angle α and fin height h as 0.2◦ and 15 mm respectively. Also, 
a comparison between the diverging fins and traditional structure (α =
0◦) is conducted. Fig. 11(a) shows a comparison of output power be-
tween diverging fins and traditional fins with different n under different 
mass flow rates. The output power of the hexagonal TEG increases with 
the increase in the number of fins. It can be observed that both the 
number of fins and the diverging angle have a significant influence on 
the output power. For example, the output power of the hexagonal TEG 
with α = 0.2◦ and n = 24 approaches that with α = 0◦ and n = 30. Also, 
when α = 0◦ and ṁ = 10 g/s, as the number of fins increases from 12 to 
30, the output power increases by 26.87 %. This is attributed to the 
significant increase in the number of fins, which greatly increases the 
heat transfer area between the exhaust gas and heat exchanger, resulting 
in a significant improvement in the heat absorption capacity of the heat 
exchanger. Additionally, it is observed that when n = 30 and ṁ = 10 g/s, 
as the diverging angle increases from 0◦ to 0.2◦, the output power only 
increases by 7.47 %. Consequently, compared to the diverging angle, the 
number of fins has a more significant impact on the output power of the 
hexagonal TEG. The variation in pressure drop is shown in Fig. 11(b). An 
increase in the number of fins leads to a higher pressure drop. Combined 
with Fig. 10(b), it can be obtained that, both the diverging angle and the 
number of fins significantly affect the pressure drop. It can be concluded 
that, to maximize the output power, the optimization of the number of 
fins takes precedence over the optimization of diverging angle. There-
fore, the number of fins (n = 30) is suggested. 

4.3.3. Effect of the fin height 
This subsection explores the influence of fin height h on the output 

performance of the hexagonal TEG, with a fixed diverging angle α of 0.2◦

and the number of fins n of 30. Fig. 12(a) shows a comparison of output 
power between diverging fins and traditional fins with different h under 
different mass flow rates. Obviously, the output power of the hexagonal 
TEG exhibits an augmentation with the increase in fin height. This 
phenomenon can be attributed to the enlarged heat transfer area be-
tween the heat exchanger and exhaust, consequently enhancing the hot- 
side temperature of TEMs. Also, when α = 0◦ and ṁ = 10 g/s, as the fin 
height increases from 7.5 mm to 15 mm, the output power increases by 
5.2 %. The effect of fin height on the output power of the hexagonal TEG 
is comparatively insignificant, standing in contrast to the 7.47 % 
increment of the diverging angle (from α = 0◦ to α = 0.2◦) and the 26.87 
% increment of the number of fins (from 12 to 30). Besides, a notable 
reduction in pressure drop caused by the heat exchanger is evident with 
the increase in fin height, as depicted in Fig. 12(b). As the fin height 

decreases, the hollow cylindrical tube occupies more space in the 
exhaust channel, and the cross-sectional area of the exhaust channel is 
smaller, resulting in greater flow resistance. Combined with Figs. 10(b) 
and Fig. 11(b), the influence of fin height on pressure drop is greater 
than that of diverging angle and number of fins. From the above anal-
ysis, it can be deduced that an increased fin height consistently yields a 
positive impact on the performance of the hexagonal TEG, enabling a 
higher output power and a lower pressure drop. Moreover, the influence 
of fin height on the output power of the hexagonal TEG is relatively 
smaller than that of the number of fins and diverging angle. Hence, to 
maximize the performance of the hexagonal TEG, the fin height of h =
15 mm is suggested. 

4.4. Selection of the optimal fin parameters under different conditions 

The above analysis suggests that, in terms of output power, the 
number of fins has the most pronounced effect, followed by the 
diverging angle, and lastly, the fin height. Regarding pressure drop, the 
fin height exerts the most substantial impact, followed by the diverging 
angle and the number of fins. To maximize the performance of the 
hexagonal TEG, the number and height of fins should be as large as 
possible within the acceptable structural limits. In this study, optimal 
values for the fin height and the number of fins are h = 15 mm and n =
30, respectively. Regarding the crucial parameter of the diverging angle, 
it is closely related to pressure drop. It necessitates a flexible selection of 
a suitable α value based on the range of exhaust mass flow rates. Within 
the limit of the maximum acceptable pressure drop of 2.1 kPa for the 
hexagonal TEG [41], the optimal α values are determined according to 
the different exhaust flow rates, as listed in Table 6. 

It can be observed that, when the exhaust mass flow rate is lower 

Fig. 12. Comparison of output performance between diverging fins and traditional fins with different h under different mass flow rates. (a) Total output power; (b) 
Pressure drop (e.g. Tin = 550 K). 

Table 6 
Optimal α values under different maximum exhaust flow rates.  

Maximum mass 
flow rate 

Optimal 
α 

Max Δp Max 
Pout 

Improvement of Pout 

compared to traditional 
fins 

35 g/s 0.2◦ 1915.82 
Pa 

143.94 
W 

5.83 % 

45 g/s 0.15◦ 2074.99 
Pa 

159.36 
W 

3.58 % 

55 g/s 0.1◦ 2097.57 
Pa 

170.27 
W 

2.20 % 

60 g/s 0.05◦ 1874.09 
Pa 

173.46 
W 

0.84 %  
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than 35 g/s, the optimal value of the diverging angle can be set to the 
structural limit, which is 0.2◦. However, when the mass flow rate is 
higher, the diverging angle should be correspondingly reduced to ensure 
that the pressure drop does not exceed the allowable value. Fig. 13 
demonstrates the effect of mass flow rate on the performance gains 
under the optimal α = 0.2◦. As the mass flow rate increases from 10 g/s 
to 35 g/s, the power improvement decreases from 7.47 % to 5.83 %. It 
seems that as the mass flow rate decreases, the gains introduced by the 
diverging fins become more pronounced. 

5. Conclusions 

In order to improve the heat transfer and temperature uniformity of 
the heat exchanger, and consequently enhance the output performance 
of the hexagonal TEG. In this work, a novel design of diverging fins is 
proposed, and the difference compared to traditional fins lies in the 
continuous increase of their cross-sectional area along the heat flux di-
rection. Then, a fluid-thermal-electric multiphysics numerical model of 
1/6 hexagonal TEG is established to predict its output performance 
under various parameters. Finally, the key structural parameters of the 
diverging fin, including diverging angle, number of fins, and fin height, 
are optimized through numerical simulations. The principal conclusions 
are as follows:  

(1) The proposed novel design of diverging fins can improve the heat 
transfer performance and temperature uniformity of the heat 
exchanger, enhancing not only the output power of the hexagonal 
TEG but also reducing the electrical power loss caused by the 
series connection among TEMs, which is an effective optimiza-
tion method for traditional fin-based heat exchanger.  

(2) As the diverging angle, number, and height of fins increase, both 
output power and pressure drop of the hexagonal TEG continu-
ously increase, except for the pressure drop which decreases with 
the increase of fin height. In terms of output power, the number of 
fins has the most pronounced effect, followed by the diverging 
angle, and lastly, the fin height. Regarding pressure drop, the fin 
height exerts the most substantial impact, followed by the 
diverging angle and the number of fins.  

(3) Through numerical optimizations, the optimal values of 30 and 
15 mm for the number of fins and fin height are obtained. While 
the optimal diverging angle is related to the exhaust mass flow 
rate due to the limite of allowable pressure drop. When the 
exhaust mass flow rate is lower than 35 g/s, the optimal value of 
the diverging angle is 0.2◦, and with the increase of flow rate, the 
optimal diverging angle decreases correspondingly.  

(4) The optimized hexagonal TEG with diverging fins can reach an 
output power of 143.94 W at the exhaust mass flow rate of 35 g/s 
and temperature of 550 K, which is 5.83 % higher than that of the 
traditional structure. Meanwhile, the pressure drop is only 1.92 
kPa, within the allowable limit for the hexagonal TEG. Besides, as 
the mass flow rate decreases, the gains introduced by the 
diverging fins become more pronounced.  

(5) The current study focuses on the optimization for individual fin 
parameters. However, the diverging angle, number, and height of 
the diverging fins interact with each other. In order to obtain 
more comprehensive optimization results, a multi-objective 
optimization algorithm will be introduced in future work to 
simultaneously optimize these parameters. 
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