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Abstract

:

In this paper, five shapes of thermoelectric generator (TEG) models (cylindrical, barrel shaped, hourglass shaped, cup shaped, and inverse cup shaped) are built under the boundary conditions of heat flux at the hot end and convection at the cold end of the TEGs. Based on the numerical simulation results, the configuration of the variable cross-section can effectively boost the performance of TEGs. Remarkably, the hourglass-shaped TEG generated the maximum output power and efficiency, which were 69.62% and 70.96% higher than that of the conventional cylindrical TEG, respectively. The results indicate that the hourglass shape is beneficial to enlarge the temperature difference between the two ends of the TEG, which results in performance improvement. In addition, the effects of heat flux and convection on the performance of TEGs are explored and discussed. After choosing the appropriate boundary conditions, the relationships between the maximum output power and efficiency and the shape factor of the hourglass-shaped TEG are obtained according to the fitting results. Finally, some conclusions are drawn to provide guidance for TEG applications.
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1. Introduction


Over the past decades, the massive increase in fossil fuel consumption has led to a severe energy crisis and a series of environmental problems. As a promising energy converter, thermoelectric generators (TEGs) have received the extensive attention of scientists. Due to their outstanding advantages such as direct energy conversion, no moving parts, no working fluid inside the device, no pollution and long lifespan [1], TEGs are readily adopted in a variety of fields, such as recovering power from a semiconductor circuit [2] and converting the wasted heat from exhaust system [3,4]. However, the TEGs are hampered in achieving wider application due to their low conversion efficiency and power density.



Hence, improving the output performance of the TEG has become the key point for the development of TEGs. Nowadays, researchers mainly focus on two directions to boost the performance of TEGs. One is to improve the figure of merit of the thermoelectric (TE) material,   Z T =    S 2  σ  k  T   [5], where  s ,  σ ,  k  and  T  are the Seebeck coefficient, electrical conductivity, thermal conductivity, and temperature of TE material, respectively. Besides the TE materials, geometry modification of the legs also leads to a significant effect on the performance of TEGs [6].



Although notable progress has been made on TE materials in recent years, the geometry optimization of TEGs still needs more effort. Generally, the legs of the TEG are designed with a rectangular cross-section, and the cross-sectional area is constant along the leg. A few studies were carried out to propose some novel leg shapes to enhance the performance of TEGs [7,8,9]. Ugur et al. [7] compared the output performance of four shapes of TEGs with rectangular-, cylindrical-, trapezoidal-, or octagonal-shaped legs. They found that the deviations in output power for the four shapes of TEGs were very small. Ahmet et al. [8] mainly focused on the TEGs with trapezoid legs. Compared to the original rectangular cross-section TEG. the TEGs with trapezoid legs performed better in efficiency but worse in output power. Furthermore, the differences in output power and efficiency among TEGs with the original cylindrical leg, rotated leg, and coaxial leg were also explored [9]. It was concluded that both the output power and the efficiency of coaxial leg model were slightly higher than that of the original leg model, and the rotated leg model presented no performance enhancement. With an attempt at an unconventional shape design, Alkhadher et al. [10] found that the TEGs with an I leg, X leg, trap leg, and Y leg cannot obtain greater performance than the conventional rectangular TEG. In addition, the TEGs with different shapes of hollow structures were compared by Li et al. [11]. A valuable conclusion was gained that the TEG with triangular hollow legs could improve the output power. Taking modifying the cross-section of the TEG as the design idea, some researchers discovered some untraditional TEGs with fine performance [12,13,14]. Liu et al. [12] proposed a shape factor, m, to characterize the variable cross-section leg, and the analysis results revealed that the variable legs always boosted the efficiency. Dhruv et al. [13] studied an asymmetrical TEG having an N-type leg with exponential area. The result showed that the shape change of the N-type leg had a strong influence on the power and efficiency. Ya et al. [14] combined optimization algorithms with the commercial software COMSOL to determine the optimal shape of a TEG with variable cross-section legs. The output power of the optimized TEGs increased with a significant change in thermal resistance and internal resistance. Wang et al. [15] specified the leg shape with a quadratic function and put forward an analytical model to calculate the performance of TEGs with varied leg cross-sections. They found that the shape variation had little enhancement on the performance of the TEG when the volume was fixed. Though it is tough to fabricate a TEG with an unconventional structure through traditional manufacturing approaches, the remarkable development of 3D printing technology provides the possibility to fulfill the fabrication of TEGs with a complex structure [16,17,18]. Therefore, it is meaningful to design a TEG with nontraditional shapes, and a good design of TEG is a prerequisite for high performance.



The thermal boundary condition also needs consideration for the design of TEGs. The constant-temperature boundary condition is frequently adopted in the simulations of TEGs [19,20,21]. However, the constant-temperature boundary condition is not applicable to all working scenarios of TEGs. In a solar TE generation system, the heat flux boundary condition is more reasonable as the hot-side boundary condition [22]. Natural convection is also more suitable for some wearable TEGs [23]. In addition, water cooling or air cooling can only be imitated by implementing the convection at the cold side [24]. Different boundary conditions will result in different conclusions about TEGs. Sisik et al. [25] studied the performance of a group of legs with different shapes under different boundary conditions, the results revealed that the influence of the structure parameters on the performance of TEGs displayed diversity under different boundary conditions. Zhu et al. [26] discovered that reduced thickness, a bigger angle, and longer length would enhance both the output power and the efficiency of annular TEG when the heat flux was set at the hot side. However, when it came to the condition of constant temperature on both ends, an increase in the angle would lead to increased output power and decreased efficiency, while longer length resulted in a declined output power and incremental efficiency. Moreover, the thickness had little influence on both the output power and the efficiency. Ghada et al. [27] discussed the discrepancy in the output power of TEGs under the pulsed heat flux and steady-state heat flux boundary conditions. The output power under periodic heating could be increased by a maximum of 8.6 times compared to the case of steady-state heating. Therefore, a full investigation on the performance of TEGs under various boundary conditions is essential for the design of TEGs.



To identify a TEG with a new shape to obtain better performance, this paper proposes different shapes of TEGs with a variable cross-section, namely, barrel-shaped, cup-shaped, inverse cup-shaped, and hourglass-shaped TEGs. All TEGs maintain the same volume and length to better present the effect of the shape on the performance. The boundary conditions of heat flux at the hot end and convection at the cold end are adopted to imitate the real situation. In addition, the effects of the heat flux and the convection coefficient on the performance of different shapes of TEGs are investigated and compared. The TEG with the best performance is chosen for further exploration under appropriate boundary conditions. The results from this study will hopefully provide a new design approach for improving the performance of TEGs.




2. Materials and Methods


2.1. Physical Model


A typical TE couple consists of a couple of P- and N-type TE legs, ceramic plates, copper electrodes, and the welding layers. Ceramic plates are excellent electrical insulation and thermal conduction materials, aiming to impede electrical conduction while facilitating heat conduction. The welding layer can fix the TE legs. In this work, the volume and length of all legs stayed the same and the welding layers connected to the P- and N-type legs were cylindrical with the same radius of joining surface. The thickness of all welding layers was 0.1 mm. The geometric parameters of the ceramic plates and copper electrodes were   0.6    mm  × 9    mm  × 4    mm    and   0.3    mm  × 9    mm  × 4   m m ,   respectively.



To build the TEGs with variable cross-section legs, the radius of the legs was taken as a polynomial function   r  ξ    written as [15] follows:


  r  ξ  =  r 0  +  a 1  ξ +  a 2   ξ 2   



(1)




where    r 0    is the initial radius set as 2 mm,    a 1       and     a 2     are two constant values, and  ξ  is the length along the TE leg. The equation for the volume of the legs can be calculated from the following:


   V 0  = π L   ∫  0 1  r    ξ   2  d ξ  



(2)







By substituting Equation (2) into Equation (1), the parameter a1 can be expressed as follows:


   a 1  =  1 4    − 6  r 0  − 3  a 2  +   36  r 0 2  + 4  r 0   a 2  − 3  a 2 2  / 5      



(3)







Therefore, by changing the variable    a 2   , a series of different legs with variable cross-section can be obtained. The dimension parameters of the legs are shown in Table 1, and the TEGs with these variable cross-section legs are depicted in Figure 1.



Because Bi2Te3-based TE materials are widely utilized in low temperatures (300 K–500 K) with excellent material performance, Bi2Te3-based TE materials were chosen as the main components of the TEG. In this study, the temperature dependence of the material properties is considered. The material properties used in this study are given in Table 2.



The ZT values of Bi2Te3 considered in this study are shown in Figure 2, the maximum ZT value of the P and N legs can reach 1.028 and 0.935, respectively.




2.2. Boundary Conditions


Herein, the constant heat flux boundary condition was implemented at the hot end and the convection boundary condition was adopted at the cold end as shown in Figure 3. The environmental temperature around the cold side was set as room temperature (300.15 K). Except for the top and bottom surfaces, the other surfaces were thermally insulated. The contact thermal resistance and the contact electric resistance were ignored. In terms of the electrical setting, the lower-left copper block was coupled with the external resistance and the lower-right copper block was grounded. Moreover, it was assumed that good electrical and thermal contacts existed at all interfaces of the TEG [30].




2.3. Governing Equations


To obtain the TE behavior of the different shapes of TEGs, TE analyses were carried out through the software ANSYS Workbench. The referred coupled equation of heat transfer and electric current density can be expressed as [31] follows:


    ∇ ·  q ″  =  Q ′   



(4)






    ∇ · J = 0  



(5)




where    q ″   ,   Q ′  , and  J  denote the heat flux vector, the joule heating energy, and the current density vector, respectively. The left of the Equation (4) represents the thermal energy transferred by conducting.   Q ′   and    q ″    can be rewritten as follows:


   Q ′  = J · E  



(6)






   q ″  = − k ∇ T +  P ′  J  



(7)






  E = − ∇ V  



(8)




where   P ′   is the Peltier coefficient and the  E  is the electric field, which can be obtained by the scalar electric potential  V . In Equation (7), the first term represents the Fourier heat conduction, and the second term describes the Peltier effect.


   P ′  = α T  



(9)






  J = − σ   E − α ∇ T    



(10)







In Equation (10), the first term describes Ohms law, while the second term describes the Seebeck effect. When a temperature difference exists in the legs of the TEG, an open-circuit voltage is produced through the Seebeck effect. The voltage equation is given as


   V  oc   = α Δ T  



(11)




where    V  oc     is the open-circuit voltage, and the   Δ T   is the temperature difference between the hot side and the cold side of the TEGs. When a load resistance is connected to the TEG to form a circuit, the electrical output power,    P  out   ,   is generated and is defined as follows:


   P  out   =  Q h  −  Q c  =  I 2   R L   



(12)




where     Q h    stands for the input heat absorbed form the hot side of the TEG and    Q c    represents the heat dissipated from the cold side.    R L     is the external resistance, and  I  is the load current which can be written as follows:


  I =   α Δ T    R L  +  R I     



(13)




where    R I    is the internal resistance, so Equation ( 7 ) can rewrite as follows:


   P  out   =       α Δ T    2      (  R L  +  R I  )  2     R L   



(14)







From the above equations, it is recognized that the maximum output power appears when    R L  =  R I   , that is,


   P  max   =       α Δ T    2    4  R L     



(15)







The input heat power    Q h    is given as follows:


   Q h  =  q ″  ·  A h   



(16)




where    A h    is the area of hot side. The TEG’s efficiency can be defined as the ratio of the output power,    P  out   ,   to the input heat power  ,    Q h   :


  η =    P  out      Q h     



(17)









3. Results and Discussion


3.1. Model Validation


In this section, the commercial software ANSYS Workbench is used to verify the built model. A single, cone-shape leg was chosen as the validation model, with the top and bottom radius respectively selected as 2.5 mm and 5 mm, and the leg length was 5 mm. The model was meshed with hexahedral elements by sweep meshing, and the material properties and boundary conditions were set the same as Ref. [15] (temperature difference between the two sides varied from 50 K to 200 K with the cold side fixed at 300 K). The grid independence test was carried out, and the results are shown in Figure 4. As seen from Figure 4, the output power of the TE leg became stable when the element number exceeded 5000. Therefore, the grid with 5000 elements was selected to reduce the computation time. The comparisons of results between the simulation and the reference are given in Figure 5. The simulation results for the potential difference, hot-side heat, output power, and efficiency all had excellent agreement with the results presented in Ref. [15], which means the model built in this paper is acceptable for the numerical simulations.




3.2. Effect of External Resistance on the Performance of Variable Cross-Section TEGs


To investigate the effect of external resistance on the output performance, five shapes of TEGs, depicted in Figure 2, were compared with varying external resistances from 0.004  Ω  to 0.8     Ω   . The geometric parameters of all the TEGs maintained the default values. In addition, the constant heat flux of 30,000 W/m2 was applied to the hot side and the forced convection of 1200 W/(m2∙K) was fixed at the cold side. The simulated results of output power and efficiency of five shapes of TEGs are illustrated in Figure 6 and Figure 7, respectively.



As exhibited in Figure 6, the variation in output power for all the TEGs showed a similar tendency. The output power firstly went up to the maximum value and then decreased gradually with the rising external resistance. The curves show that the cylindrical TEG generated the lowest maximum output power of 0.0395 W among the five shapes of the TEGs. Notably, the hourglass-shaped TEG had a significant enhancement in power of 0.067 W, which is 69.62% higher than that of the conventional TEG. The barrel-shaped, cup-shaped, and inverse cup-shaped TEGs had less improvement in output power than the hourglass-shaped TEG. The barrel-shaped TEG had a maximum output power of 0.0431 W. Though the cross-sections of the cup-shaped and inverse cup-shaped TEGs had a contrary variation trend, these two types of TEGs output the same power of 0.0429 W. Furthermore, the external resistances corresponding to the maximum output power also displayed the diversity among these TEGs. The optimal external resistance of the cylindrical-shaped TEG presented the lowest value of 0.012  Ω  for the maximum output power, and the hourglass-shaped TEG presented the highest value of 0.023  Ω , which results from the sharply declined cross-section area in the middle part of the hourglass-shaped TEG.



The output performance was severely affected by the temperature difference between the hot end and the cold end of the TEG. The generated temperature differences of different shapes of TEGs under the same boundary conditions are listed in Table 3. Compared to the temperature difference of 75.76 K yielded by the cylindrical TEG, the TEGs with variable cross-section exhibited evident growth in the temperature difference. The cup-shaped and inverse cup-shaped TEGs had the smallest improvement with a temperature difference of about 83.2 K. The barrel-shaped TEG had slightly higher temperature difference than the cup-shaped and inverse cup-shaped TEGs, which led to its mildly higher output power as depicted in Figure 6. Remarkably, the hourglass-shaped TEG displayed a predominant boost in the temperature difference from 75.76 K to 150.60 K.



As the hot surfaces of the five shapes of TEGs were identical, the heat input,    Q h  ,    of every model remained the same. Therefore, the efficiency of the five shapes of TEGs in Figure 7 displayed variation tendencies that were similar to that of the output power. It was observed that the cylindrical TEG had the lowest efficiency of 3.65%, and the hourglass-shaped TEG showed the best performance in efficiency with a value of 6.24%, which improved by 70.96% compared to the cylindrical TEG. The barrel-shaped, cup-shaped, and inverse cup-shaped TEGs obtained an efficiency of 4.01%, 3.91%, and 3.98%, respectively.




3.3. The Effect of Heat Flux on the Performance of Variable Cross-Section TEGs


The effect of heat flux fixed at the hot end on the performance of TEGs is investigated in this section. The induced temperatures at the hot side and the cold side of five shapes of TEGs are illustrated in Figure 8, with the heat flux varying from 10,000 W/m2 to 50,000 W/m2. The cold-side boundary condition maintained a convection coefficient of 1000 W/(m2∙K) under all cases. The temperatures of the hot end and the cold end both presented an incremental trend with the growing heat flux. However, there was distinct diversity in the hot-end temperatures while little difference appeared in the cold-end temperatures among the five shapes of TEGs. As seen from Figure 8a, the hourglass-shaped TEG held the highest hot-end temperature under all the conditions. The difference in hot-end temperature between the hourglass-shaped TEG and the other four TEGs reached up to 60 K when the heat flux increased to 30,000 W/m2. The generated hot-end temperature of the inverse cup-shaped TEG was approximately equal to the cylindrical TEG, and the hot-end temperatures of the cup-shaped and barrel-shaped TEGs were several Kelvin higher than the two aforementioned TEGs. When it comes to the cold end temperatures, they also go up with the incremental heat flux. The small difference among the five shapes of TEGs indicates that the shape of TEG has mild impact on the cold end temperature. Only when the heat flux rises to a relative value, the cold end temperature of hourglass-shaped TEG is obviously lower than the other four shapes of TEGs.



The evident enhancement in the hot-end temperature of the hourglass-shaped TEG results in a great boost in output power. The clear superiority in output power of the hourglass-shaped TEG can be seen from Figure 9a. With the growing heat flux, the output power of the hourglass-shaped TEG increased from 0.0101 W to 0.131 W. The barrel-shaped, cup-shaped, and inverse cup-shaped TEGs exhibited an obvious output power improvement only when the heat flux at the hot end exceeded 30,000 W/m2. The efficiencies of the five shapes of TEGs illustrated in Figure 9b all increased with the growing heat flux; nevertheless, the increment rates went down as heat flux went up. Surely, the hourglass-shaped TEG always had the highest efficiency among the five shaped of TEGs and the efficiency was promoted to 7.28% from the 5.01% of the cylindrical TEG. The barrel-shaped, cup-shaped, and inverse cup-shaped TEGs achieved around a 0.5% enhancement in efficiency when the heat flux was larger than 25,000 W/m2.




3.4. The Effect of the Convection Coefficient on the Performance of Variable Cross-Section TEGs


To explore the influence of the convection coefficient on the performance of the TEGs, a series of cases were implemented under the heat flux of 30,000 W/m2 with the convection coefficient varying from 200 W/(m2∙K) to 2000 W/(m2∙K). The impact of the convection coefficient on the temperatures of the hot end and cold end are presented in Figure 10. Both the hot-end and cold-end temperatures declined as the convection coefficient increased. Figure 10 clearly depicts that the hot-end temperatures of all five shapes of TEGs all had a sharp decrease when the convection coefficient increased from 200 W/(m2∙K) to 500 W/(m2∙K) and the decline speed became slow when the convection coefficient was larger than 500 W/(m2∙K). Significantly, the hot-end temperature of the hourglass-shaped TEG remained approximate 60 K higher than the temperatures of the other four TEGs, which resulted in the extraordinary behavior of the hourglass-shaped TEG in output performance. A similar tendency for the cold-end temperature can be viewed based on the variation in cold-end temperature with the increment in convection coefficient as shown in Figure 10b. The cold-end temperatures of the five shapes of TEGs went down slowly when the convection coefficient went up. Moreover, the effect of shape on the cold temperature of the TEGs under the current situation can be ignored. The growing convection coefficient at the cold end of the TEG indicates that more heat can be dissipated at the cold side. A greater temperature difference can be induced between the two ends of the TEG. However, the temperature difference becomes stable owing to the slight change in hot-end and cold-end temperatures when the convection coefficient is larger than 1400 W/(m2∙K).



The output power and efficiency of five shapes of TEGs under varying convection coefficients are shown in Figure 11. As seen from Figure 11, the conventional cylindrical TEG had the lowest output power and efficiency under all conditions. The barrel-shaped, cup-shaped, and inverse cup-shaped TEGs had a small enhancement in output power and efficiency compared to the cylindrical TEG. The great preponderance of the hourglass-shaped TEG in the output power and efficiency is still present in Figure 11a,b. The output power of the hourglass-shaped TEG was nearly twice as much as the output power of the cylindrical TEG, and the efficiency enhancement of the hourglass-shaped TEG reached about 3%. Furthermore, it should be emphasized that the impact of the convection coefficient on the performance of the TEGs becomes mild when the convection coefficient is higher than 1400 W/(m2∙K). Hence, the forced convection coefficient of less than 1400 W/(m2∙K) is more appropriate for the TEG application with the consideration of real cost.




3.5. Performance Analysis of the Hourglass-Shaped TEG


As the results show in Figure 12, it is observed that the shape change of the hourglass-shaped TEGs greatly affected the temperature of the hot end, the influence of temperature on the cold end was slight. When the a2 decreases, the temperature difference of hot and cold ends increases, which is beneficial to the enhancement of the output power and efficiency of the TEGs. The comparisons of the output power and efficiency of the hourglass-shaped TEGs are given in Figure 13a and Figure 13b, respectively. The effect of a2 is obvious on both the output power and efficiency. For the output power, the hourglass-shaped TEG with bigger a2 had a higher value. When a2 was set as −1.2, the maximum output power of the hourglass-shaped TEG increased to 0.084 W. The external resistance corresponding to the maximum output power also increased with growing a2. Similar to the output power, the efficiency of the hourglass-shaped TEG was greater when a2 was bigger. The hourglass-shaped TEG gained the maximum efficiency of around 7.5% when a2 = −1.2 and RL = 0.03  Ω .



To better explain the relationship between the performance and shape of the hourglass-shaped TEG, a shape factor, m, was introduced and defined as follows:


  m =    A e       A m      m ≥ 1    



(18)




where    A e    is the cross-section area of the hot end and    A m    is the cross-section area at the middle location of the TE leg. The factor m describes the deformation degree of the hourglass-shaped TEG. A larger m means a smaller cross-section area at the middle location of the leg. The minimum value of m is 1, which is the case for the cylindrical TEG. Figure 14a and Figure 14b, respectively, exhibit the fitting curves of the maximum output power and maximum efficiency of the hourglass-shaped TEGs with changeable m. Both the maximum output power and the maximum efficiency are proportional to the shape factor m. As a consequence, the relationship between the maximum output power and m is given as follows:


   P  m ax   = 0.01726 m + 0.02245     m ≥ 1    



(19)







And the relationship between the maximum efficiency and shape factor m is obtained as follows:


   η  max   = 1.12591 m + 2.71105     m ≥ 1    



(20)







In the previous results of the simulation, the output power and efficiency of the cylindrical TEG were obtained as 0.0395 W and 3.657%, respectively. From the fitting curves, when   m = 1  , the output power and efficiency can be 0.03971 W and 3.837%. Compared to the results of simulation, the error reached 0.43% and 4.91%; the small deviation shows the validity of the fitting curves. The fitting equations can give valid predictions on the maximum output power and maximum efficiency. However, the shape factor, m, cannot be too big since the cross-section area of the middle plane will gradually converge to zero when the shape factor, m, grows, which is not acceptable for the real application of TEGs.





4. Conclusions


Based on the numerical simulations, TEGs with variable cross-sections were built and compared with the cylindrical TEG. The effects of the boundary conditions of heat flux and convection coefficient on the performance of TEGs were explored and analyzed. Some conclusions are obtained from the comparison of results among the five shapes of TEGs and are listed as follows:




	
The configuration with variable cross-section can effectively enhance the output power and efficiency of the TEG. The hourglass-shaped TEG had the most outstanding behavior among the five shapes of TEGs.



	
The hourglass-shape raised the maximum output power and efficiency to 0.067 W and 6.24%, which were 69.62% and 70.96% higher than the conventional cylindrical TEG, respectively.



	
Higher heat flux is beneficial to the performance improvement of TEGs, and the convection coefficient of 1400 W/(m2∙K) is recommended because there was little enhancement on the performance when the convection coefficient was over 1400 W/(m2∙K).



	
The relationships between the maximum output power and efficiency and the shape factor, m, of the hourglass-shaped TEG were obtained according to the fitting results. A larger m will lead to better performance of the hourglass-shaped TEG while the m cannot be too big with consideration of the real situation.
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Nomenclature




	
A

	
area [mm2]

	
ZT

	
figure of merit




	
L

	
length [mm]

	
Greek letters




	
V

	
volume [mm3]




	
V0

	
initial volume [mm3]

	
α

	
Seebeck coefficient [V K−1]




	
  Q  

	
heat power [W]

	
κ

	
thermal conductivity [W m−1 K−1]




	
    r 0    

	
initial radius [mm]

	
η

	
efficiency




	
  r  

	
radius [mm]

	
σ

	
electrical conductivity [S m−1]




	
P

	
output power [W]

	
  Δ  

	
difference




	
I

	
load current [A]

	

	




	
T

	
temperature [K]

	

	




	
V

	
voltage [V]

	
Subscripts




	
E

	
electric flied [V m−1]

	
c

	
cold side




	
J

	
electric current flux [A m−2]

	
h

	
hot side




	
m

	
shape factor

	
in

	
input




	
   P ′   

	
Peltier coefficient

	
I

	
internal




	
    q ″    

	
heat flux [W m−2]

	
out

	
output




	
   Q ′   

	
joule heating energy [W m−3]

	
L

	
load




	

	

	
oc

	
open-circuit




	

	

	
leg

	
thermoelectric leg




	
Abbreviations

	
e

	
end




	
BiTe

	
bismuth telluride

	
m

	
middle




	
TE

	
thermoelectric

	

	




	
TEG

	
thermoelectric generator
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Figure 1. Schematics of TEG models with (a) cylindrical legs, (b) cup-shaped legs, (c) inverse cup-shaped legs, (d) barrel-shaped legs, and (e) hourglass-shaped legs. 
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Figure 2. The ZT value of TE materials. 
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Figure 3. Schematic of TEG with loop circuit. 
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Figure 4. Grid independence test. 






Figure 4. Grid independence test.



[image: Energies 16 04473 g004]







[image: Energies 16 04473 g005 550] 





Figure 5. Validation results of (a) potential difference, (b) hot-side heat, (c) output power, and (d) efficiency with Ref. [15] under different temperature differences. 
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Figure 6. Variation in output power of five shapes of TEGs with different external resistances. 






Figure 6. Variation in output power of five shapes of TEGs with different external resistances.



[image: Energies 16 04473 g006]







[image: Energies 16 04473 g007 550] 





Figure 7. Variation in efficiency of five shapes of TEGs with different external resistances. 
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Figure 8. The temperatures of the (a) hot end and (b) cold end of five shapes of TEGs under different constant heat fluxes. 
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Figure 9. The (a) output power and (b) efficiency of five shapes of TEGs under different heat fluxes. 
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Figure 10. The temperatures of the (a) hot end and (b) cold end of five shapes of TEGs under different convection coefficients. 
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Figure 11. The (a) output power and (b) efficiency of five shapes of TEGs under different convection coefficients. 
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Figure 12. The temperature of the cold and hot ends of five hourglass-shaped TEGs at best output power. 
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Figure 13. Variation in (a) output power and (b) efficiency of five hourglass-shaped TEGs with different external resistances. 
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Figure 14. The fitting results of (a) output power and (b) efficiency with different shape factors, m, of hourglass-shaped TEGs. 
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Table 1. The dimension parameters of TE legs.
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	Shapes
	     a 1     
	     a 2       
	Volume (mm3)
	Length (mm)





	Cylindrical leg
	0
	0
	30.96
	3



	Cup leg
	0.06658
	−0.1
	30.96
	3



	Inverse cup leg
	0.06658
	−0.1
	30.96
	3



	Barrel leg
	0
	−0.2667
	30.96
	3



	Hourglass leg
	0.65903
	−1
	30.96
	3
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Table 2. Material properties used in simulations (T is the temperature) [28,29].
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	Properties
	p-Type Bi2Te3
	n-Type Bi2Te3
	Ceramic
	Copper
	Welding Layer





	Seebeck coefficient: α(T) [V K−1]
	(−0.003638095 × T2 + 2.74380952 × T − 296.214286) × 10−6
	(0.00153073 × T2 − 1.08058874 × T2 − 28.338095) × 10−6
	
	
	



	Electrical conductivity:

σ(T) [s m−1]
	(0.015601732 × T2 − 15.708052 × T + 4466.38095 × 102
	(0.01057143 × T2 − 10.16048 × T + 3113.714229) × 102
	
	5.814 × 103
	7.299 × 103



	Thermal conductivity:

κ(T) [W m−1 K−1]
	0.0000361558 × T2 − 0.026351342 × T + 6.22162
	0.0000334545 × T2 − 0.023350303 × T + 5.606333
	27
	400
	37.8
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Table 3. Temperature difference of the five shapes of TEGs.
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	Model
	Temperature Difference (K)





	Cylindrical
	75.76



	Barrel shaped
	86.08



	Cup shaped
	83.26



	Inverse cup shaped
	83.20



	Hourglass shaped
	150.60
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