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In order to obtain the power generation of the thermoelectric power generator (TEG) group, a similar structure of the disc sandwich structure and an experimental system are built to analyze the power generation performance and temperature characteristics. To improve heat transfer and move heat from the hot side to the cold side, heat pipes with high thermal conductivity are arranged on the adjacent cold and hot plates of the TEG. The similar sandwich structure has 17 cold plates and 17 hot plates for the TEG pieces, which are connected in series on the circuit. Working conditions are hot air flow and cold water flow; hot air temperature and cold water temperature are set to a fixed temperature. The power generation of a single TEG is tested for verifying linear changes in the power generation performance with temperature differences (Td). Experimental results are that the power generation is improved by the air flow and water flow increasing. The water flow has a smaller effect on the power generation than the air flow. In the cold side of TEG pieces, the temperature of the cold side showed a gradual upward trend, the temperature of the hot side showed a wave trough phenomenon, and the Td showed a wave trough phenomenon. The hot air flow and the cold water changing cannot weaken the temperature trend of the hot side and the cold side. The hot air flow can more significantly increase the Td than the cold water.
Keywords: TEG group, heat pipe, similar sandwich structure, power generation performance, temperature characteristics
INTRODUCTION
With the increase in vehicle exhaust gas emission regulations and energy saving requirements, energy recovery technologies are required to improve fuel efficiency. In the conventional internal combustion engine vehicle, approximately 40% of energy is lost through the waste exhaust gases (Orr et al., 2016). So there are many energy recovery technologies which are used for vehicle exhaust waste recovery, such as waste heat recovery air conditioners, phase change energy storage technology, etc. Among them, TEG technology which can transform the exhaust heat directly into electricity is used for the vehicle (Mohamed, 2019). In addition, the hybrid vehicles also have the internal combustion engine and stable operating status. So the thermoelectric generation technology can be used to supply the electric energy for the power battery (Kim et al., 2011).
The TEG technology which is based on the Seebeck effect was discovered by Thomas Johann Seebeck in 1821 (Riffat and Ma, 2003). For analyzing the performance of the single TEG, theoretical modeling is used to analyze the power generation efficiency. In this modeling, the TEG maximum power,[image: image], is given by the following:
[image: image]
where [image: image] is the electrical conductivity of the material in p-type and n-type, [image: image] is the electrical resistance, and [image: image] is the temperature difference between the hot side and the cold side of the TEG (O’Shaughnessy et al., 2013). In the application for vehicle exhaust waste recovery, the TEG material usually used was bismuth telluride (Bi2Te3), which can achieve more power densities (Twaha et al., 2016). So the major influencing factor is the temperature difference between the hot side and the cold side of the TEG. The heat sinks are needed to realize the temperature difference.
The heat sinks usually use the forced convection heat transfer method with air or water. For enhancing the heat transfer, many enhanced heat transfer structures are used. There are metal foams, liquid metal, metal-fin, phase change materials (PCMs), and heat pipes. The metal foams are filled in the heat sink duct to improve the heat transfer coefficient. Wang et al. (2016a) used the metal foams filling the heat sink duct to enhance the heat transfer on both sides of the TEG. So the metal foams can improve the heat transfer coefficient effectively on the hot-air side and the water-cooling side. The liquid metal heating plate also served to harvest and transport waste heat. Dai et al. (2011) used liquid metal as an effective way of harvesting and transporting the waste heat. With an electromagnetic pump, the heat is transformed from the waste heat source to the TEG hot side. Meanwhile, the liquid metal coupled the metal plate to supply the heat to the TEG surface. In order to improve the temperature stability and power generation efficiency, the PCM is also utilized in the TEG system. Atouei et al. (2017) utilized the PCM and air cooling to improve power generation efficiency. Rea et al. (2018) utilized aluminum-silicon as the PCM to store heat and maintain the temperature.
The metal-fin heat sink is one of the main ways of enhancing heat transfer. It has a lot of structural changes as the heat sinks in the cold side or the hot side. In the hot side heating, Jang et al. (2013) used the heat sink with a typical sheet fin to transfer the heat from the flue gas in the chimney. They analyzed the performance of different sizes of the sheet fin. Weng and Huang. (2013) made the hexagonal pipe and the circular exhaust pipe coupled with radial fins the hot side of the TEG. There is no effect on the flow resistance in the pipe. The radial fins can enhance heat transfer and temperature uniformity. Others like Wang et al. (2018) used the flat plate duct instead of the round pipe as the hot side for assembling more TEG pieces. The inner fin structure is designed for ensuring uniform temperature distribution. In the cold-side cooling, cooling can be done by air or water, like how the water jacket with different inner structures is used as the water cooling method on the cold side. Fernandez-Yanez et al. (2018) used the rectangle water jacket with a serpentine flow channel to assemble the flat plate duct. This structure can enhance the heat transfer coefficient and the temperature uniformity. The microchannel heat sink was also integrated with liquid cooling for reducing the thermal resistance of the heat exchanger. Rezania and Rosendahl (2012) devised a micro plate-fin heat sink to cool the cold side and reduce the coolant pumping power.
To realize the temperature difference on both sides of the TEG, the heat must be removed from the heat source to the surface of the hot side and from the cold side to the surroundings quickly. In terms of heat transfer, the heat pipe has higher heat transfer performance than the traditional metal fin. Lv et al. (2018) investigated the differences of three typical heat exchangers in the thermoelectric setup and the parasitic power loss by the mathematical model, which was verified via the experiments. There are the air cooling exchanger, water cooling exchanger, and flat heat pipe cooling heat exchanger. The heat pipe cooling exchanger is shown to be the most effective. Aranguren et al. (2015) also compared the finned heat sinks and heat pipes. In terms of heat dissipation, the heat pipes generated more than 43% net power while the air cooling was used.
With the heat pipe, the temperature difference, uniformity, and stability can be improved, and the power generation efficiency can be further improved. Ishiyama and Yamada (2012) used the solid metal heat sink with heat pipes as the cold plate to analyze the heat leakage effect on the heat pipe. The cooling fins with the fan are installed on the condenser side of the heat pipe to remove the heat to the surroundings. They compared the power generation between using the heat pipe and not using the heat pipe. The TEG with heat pipes can keep the temperature different easily. Date et al. (2014) used the heat pipe as the passive cooling method. The heat pipe evaporator is embedded inside a heat spreader block to collect the heat from the cold side of the TEG, and the heat pipe condenser is immersed in a water tank which can offer a high heat transfer coefficient for cooling. In order to further increase the temperature difference, the heat pipe will be used on both sides of the TEG. Kim et al. (2011) integrated the heat pipe, heat sinks, and coolant nut as the cold side of the TEG. The heat pipe evaporator end was inserted into the coolant nut for exchanging the heat to the condenser end. In the condenser end, the heat was dissipated into the air by coupling with heat sinks. Cao et al. (2018) utilized the heat pipes to transfer the heat from the inside of the exhaust pipe to the outside aluminum block, which efficiently achieves both heat transfer and heat source migration by using heat pipes. The loop heat pipe is also utilized to migrate the cold or heat source. At RMIT University, Orr et al. (2014) utilized the heat pipes associated with fins as the hot and cold copper sinks. The heat pipe evaporator or condenser with fins is installed in the air duct to obtain the heat source or remove the heat. The finned heat pipe is soldered with the copper block to fit the TEG surface.
Except for when the cold or hot side is used, the loop heat pipe is assisted in the TEG system to deal with the limited space and move the heat to any suitable space. Kim et al. (2014) used the TEG system associated with a loop thermosyphon; the novel design can be applied to hybrid cars. The TEG is installed at the exhaust pipe, and the cold side is associated with the condenser section of the loop. Through the loop thermosyphon, the heat is transmitted to the heat sink at a certain distance. Huang et al. (2015) used the loop heat pipe to expand the cooling surface and migrate the cold source. The condenser line is extended, and it is coupled with the metal plate to obtain the maximum power generation. The TEG system uses a passive cooling device without consuming power and free of noise. Jang et al. (2015) used the loop heat pipe to remove the heat sources under the limited space of the exhaust gas pipeline. The aluminum block with the condenser section is the hot plate of the TEG. The TEG pieces are set on both sides of the block and cooled by two special ducts. The flat heat pipe is also used to achieve the uniform temperature for a bigger TEG. Liu et al. (2017) utilized the flat heat pipe coupled with the TEG for achieving more power generation in the unit space.
For the TEG system, the number of TEGs in the unit space should be considered while considering the Td. The heat pipe can increase the number of TEGs in the unit space while improving the Td. Thereby, it can increase the power generation of the TEG device. So on the basis of the multi-stage TEG modules, a compact and scalable heat pipe heat exchanger was designed. Li et al. (2015) and Wang et al. (2016b) used the method of sandwiching heat pipes between these multi-stage TEG modules to increase the number of the TEG pieces. The cold side is cooled by water. On the original structure, a disc plate with six heat pipes was designed, the results showing that this design is an effective solution to enhance heat transfer by simulating. The heat can be transferred from the gas flow in the exhaust to the TEG effectively by immersing heat pipes perpendicularly into the exhaust flow. Li et al. (2017) also devised a modularized thermoelectric power generator for passenger vehicles. The TEG structure is also designed to fit the modularized demand. Every module is coupled with twelve heat pipes in the hot side and twelve heat pipes in the cold side for enhancing the heat transfer. They used the simulation to analyze the thermal performance and the power generation performance.
In this study, a novel TEG group device is designed as a similar structure to the disc sandwich structure. An experimental system is built to analyze the performance of the modularized thermoelectric power generator. In the experiment, air flow and water flow are analyzed, and power generation performance and temperature characteristics are obtained under different working conditions.
EXPERIMENTAL SYSTEM DESCRIPTION
Thermoelectric Power Generator Device Structure
In the disc sandwich structure, the structure of the cold plate and the hot plate is a coaxial circular structure, where 12 heat pipes are evenly arranged on each cold disc or hot disc. The heat pipe, a straight round tube, is used for the similar structure; its diameter and height are 6 mm and 40 mm, respectively, and it is obtained from Guangdong Newidea Technology Co., as shown in Figure 1. With the characteristics of the circular structure, the flow and heat transfer characteristics inside and outside the disc structure can be evenly divided into many similar structures with the center line of the circular structure as the axis. In these similar structures, the flow and heat transfer characteristics are similar. By analyzing the flow and heat transfer of the similar structures, the flow and heat transfer characteristics of the entire disc structure can be obtained. In this study, the disc sandwich structure is evenly divided into six similar structures. Each similar structure has two columns of heat pipes in hot discs and cold discs. Because the similar structure has the same fluid flow and heat transfer characteristics, a similar sandwich structure was built instead of one similar structure. The similar sandwich structure has two heat pipes, which are evenly arranged in each hot plate and cold plate. 17 TEGs (TEG-1-127-1.4-1.6-250) with 127 couples were built, and their overall size is 40 × 40 × 3.8 mm, obtained from Fuxin Company, Guangdong. They are arranged in it and connected in series on the circuit. So the similar sandwich structure has 17 cold plates and 17 hot plates for the TEG pieces. In order to realize hot temperature and cold temperature, a hot air duct and a cold water duct are set to the hot side and the cold side.
[image: Figure 1]FIGURE 1 | TEG device similar conversion.
In order to obtain the heat transfer performance, the type-K thermocouples with an accuracy of ±0.4% are arranged in some cold plate surfaces and hot plate surfaces, as shown in Figure 2. Some are utilized to measure the cold side temperatures, while the others are utilized to measure the hot side temperatures. The TEG is surrounded by thermal insulation to prevent the heat from being transferred to the outside. There are five TEG pieces which are arranged as the thermocouples, No. 1, No. 5, No. 9, No. 13, and No. 17. The cold side temperature values are indicated, respectively, by T.1, T.3, T.5, T.7, and T.9, and the hot side temperature values are indicated, respectively, by T.2, T.4, T.6, T.8, and T.10.
[image: Figure 2]FIGURE 2 | Temperature sample points setting.
Experimental System Setup
After completing the above structural design, it is necessary to provide the TEG with a heat source and a cold source. A corresponding test system is needed, as shown in Figures 3A,B. A TEG experimental system includes three parts: a heat source supply and test system, a cold source supply and test system, and a test system for the TEG.
[image: Figure 3]FIGURE 3 | (A) Schematic of the TEG experimental system. (B) Prototype of the TEG experimental system.
The heat source supply and test system include thermocouples, high-pressure blowers, an air heater, and a thermo-mass flow sensor. The thermocouples are used to measure the temperatures of the hot air inlet and outlet. The high-pressure blowers, which include two blowers, can supply the air volume. With the frequency converter, the high-pressure blowers can supply different air volumes. Through the air heater, the air can be heated to the specified temperature with the temperature controller. The thermo-mass flow sensor (Quadra Therm 780i) with an accuracy of 0.5 can measure the air volume with the specified temperature and flow. The cold source supply and test system include thermocouples, a valve, a water pump, a plate heat exchanger, a water bath, and a flow sensor. The thermocouples are utilized to measure the temperatures of the cold water inlet and outlet. The valve is a slide valve which can adjust the flow. The plate heat exchanger can exchange heat with tap water. Using the tap water to reduce the temperature of the water which has been heated, exchanging with heat pipes, the load of the water bath can be reduced. The water bath is used to cool the water and supply the water at a constant temperature. The flow sensor (IFM SU7000) is used to measure the flow with an accuracy less than ±3%MW + 0.2%MEW.
The test system for the TEG includes temperature measurement and power measurement. The data taker (DT85M) is used to measure the temperatures of the TEG cold sides and hot sides. It can also be used to measure the temperatures of hot air and cold water. In order to measure the power generation of the TEG, the DC electric load (BK8540) is used to measure the power generation in the suitable external resistance.
In order to obtain the power generation performance and temperature characteristics, the air flow and water flow are set to various conditions. The air flow is controlled by the frequency converter, and the frequency is set to 30, 35, 40, 45, 50, 55, 60, 70, and 75, as shown in Figure 4. The corresponding air flow can be changed with the frequency. The water flow is set to 3 L/min, 4 L/min, 5 L/min, 6 L/min, 7 L/min, 8L/min, and 9 L/min. The flow direction is utilized by way of the same direction, that is, the air flow direction is the same as the water flow direction.
[image: Figure 4]FIGURE 4 | Air flow curve with frequency.
The hot air temperature is usually stable in the vehicle exhaust gas. The heat source is set to a fixed temperature. In order to keep the thermo-mass flow sensor operating safely, the heat source temperature is set to 200°C. So the hot air inlet temperature is about 180°C and the cold source temperature is set to 15°C for getting a big temperature difference. Because of the heat transfer inside the ducts, the temperature in both sides of the TEG will be lower than the temperature of the cold and heat sources. In order to analyze the power in a high Td, a single TEG is tested first with different temperature differences, as shown in Figure 5. It is the power performance when the external resistance is 3.5 Ω. The power generation, voltage, and current are changed linearly with the Td. So the power performance of high Td conditions can be obtained and analyzed through analyzing the low Td conditions. Meanwhile, the power generation performances will be changed under different external resistances, as shown in Figure 6. It is the power performance when the Td is 55°C. When the external resistance is 3.5 Ω, the power generation is an optimal value. So the external resistance is defined as 59.5 Ω when the TEG group experiment is done.
[image: Figure 5]FIGURE 5 | Single TEG power generation performance with the Td.
[image: Figure 6]FIGURE 6 | Power performance curve with resistance.
RESULTS AND DISCUSSION
Power Generation Performance
The power generation performance is shown in Figures 7A,B. The power and voltage are both increased with air and water flow increasing. It can be seen from the power and voltage curves that the water flow has a smaller effect on the power generation than the air flow. Special working conditions are selected to compare the different effects. When the water flow is 6 L/min and the air flow is between 0.415 m3/min and 0.927 m3/min, the power is increased from 0.639 to 1.6 W and the voltage is increased from 6.2 to 9.817 V. However, when the air flow is 0.684 m3/min and the water flow is between 3L/min and 9L/min, the power is only increased from 1.179 to 1.268 W and the voltage is increased from 8.415 to 8.69 V. As can be seen, the air flow has a bigger effect on power and voltage than the water flow. So the air flow is the main influencing factor for the TEG group on the power generation characteristics.
[image: Figure 7]FIGURE 7 | (A) Power curves of the TEG group with air flow. (B) Voltage curves of the TEG group with air flow.
Temperature Characteristics
For the TEG, the temperatures on both sides of the TEG are important factors affecting the power generation. The hot side temperature, cold side temperature, and Td are utilized to analyze the power generation of the TEG group. The special working condition is that the air flow is 0.684 m3/min and the water flow is 6 L/min. As shown in Figure 8, it is seen that the cold side temperature curve showed a gradual upward trend, and the hot side temperature curve showed a wave trough phenomenon. The temperatures on both sides of the TEG make it so that the Td curve also showed a wave trough phenomenon. The lowest value of the hot side temperature is also concentrated near TEG No. 13.
[image: Figure 8]FIGURE 8 | Temperature curves with different TEGs.
In the duct structure of the TEG group, the section size of the duct is 65 × 65 mm, and the air outlet size is 15 mm in diameter. This has a big cross section difference and causes the hot air to reflow at the end of the duct. Because of this, the heat pipes can get more heat at the end of the duct, and the hot side temperature at the end of the duct can be increased. On the other hand, the air inlet temperature is 173.5°C, and the air outlet temperature is 138.59°C. The big temperature difference between the air inlet and the air outlet makes the hot side temperature show a significant downward trend. On integrating the air reflow and the temperature-significant downward trend, the hot side temperature curve showed a wave trough phenomenon. The cold side duct also has the reflow and the temperature difference between the water inlet and the water outlet. The water inlet temperature is 15.19°C, and the outlet temperature is 16.08°C. Due to the temperature difference between the water inlet and the water outlet being small, the cold side temperature curve also has a slight upward trend.
The air flow can affect the hot side temperature and the cold side temperature, as shown in Figures 9A,B. When the water flow is 6 L/min, temperatures of both sides of the TEG are increased with the air flow increase. The cold side temperature curves showed a gradual upward trend with the TEG position in the different air flows, the hot side temperature curves showed a wave trough phenomenon, and the air flow increased the temperature of the hot side more than that of the cold side. Although the air flow increasing causes temperatures on both sides to be increased, the cold side temperature curves still have the same gradual upward trend, and the hot side temperature curves still have the same wave trough phenomenon, as shown in Figure 10. The Td curves have the wave trough phenomenon. This is the result of a combination of the cold side temperature and the hot side temperature. The air flow increasing can also improve the Td value of all the TEGs, and the wave trough phenomenon cannot be weakened.
[image: Figure 9]FIGURE 9 | (A) Cold temperature changing in different air flows. (B) Hot temperature changing in different air flows.
[image: Figure 10]FIGURE 10 | Td curves in different air flows.
The Td values in the different TEGs are selected to analyze the effect of the air flow increases, as shown in Figure 11. All the Td values are increased with the air flow increases, which are basically parallel. So the increase in temperature values is basically consistent.
[image: Figure 11]FIGURE 11 | Td curves with air flow in different TEGs.
The water flow can also affect the hot side temperature and the cold side temperature, as shown in Figures 12A,B. The air flow is 0.684 m3/min, same as the air flow; the cold side temperature curves also showed a gradual upward trend with the TEG position. The hot side temperature curves showed the wave trough phenomenon in the different water flows, too. The water flow increasing causes a smaller change in temperature than the air flow increases. The water flow also causes a decrease in temperature on both sides.
[image: Figure 12]FIGURE 12 | (A) Cold temperature changing in different water flows. (B) Hot temperature changing in different water flows.
As shown in Figure 13, the Td curves show the wave trough phenomenon. The increasing water flow has little effect on weakening the wave trough phenomenon, and the Td values are almost not changed with the water increases. It is also shown in Figure 14 that the Td curves are almost horizontal, which means that the water flow changing cannot improve the Td value obviously. The reason is that the heat pipes in the cold side are cooled by water. The water has high heat transfer ability. The flow change cannot have a big effect on the convective heat transfer coefficient. So the flow change has little effect on the heat transfer between the heat pipes and the water.
[image: Figure 13]FIGURE 13 | Td curves in different water flows.
[image: Figure 14]FIGURE 14 | Td curves with air flow in different TEGs.
CONCLUSION
The TEG group device is built for analyzing the performance of the disc sandwich structure. 17 sets of TEG units are included in the TEG group device for analyzing the temperature distribution along the flow direction. The cold plate and the hot plate are used as the cold side and the hot side of the different TEG pieces simultaneously. The heat pipes are used to transfer the heat of the cold and hot sides while ensuring the high heat transfer coefficient. They can make as many TEG pieces as possible on the exhaust pipe per unit length. By analyzing different air flows and water flows, some results are obtained.
1) The power and voltage can be increased with the air flow or water flow increasing; the water flow has a smaller effect on the power generation than the air flow.
2) In the TEG group, the cold side temperature showed a gradual upward trend, the hot side temperature showed a wave trough phenomenon, and the Td showed a wave trough phenomenon.
3) The hot air flow and the cold water changing cannot weaken the temperature trend of the hot side and the cold side. The hot air flow can more significantly increase the Td than the cold water.
4) The hot side temperature distribution is mainly affected by the hot air flow, and the main influence of the cold side temperature distribution is from the hot side temperature. The effect on the water side is not obvious.
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