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Abstract

:

One of the measures to fight against the current energy situation and reduce the energy consumption at an industrial process is to recover waste heat and transform it into electric power. Thermoelectric generators can be used for that purpose but there is a lack of experimental studies that can bring this technology closer to reality. This work presents the design, optimizations and development of two devices that are experimented and compared under the same working conditions. The hot side heat exchanger of both generators has been designed using a computational fluid dynamics software and for the cold side of the generators two technologies have been analysed: a finned dissipater that uses a fan and free convection biphasic thermosyphon. The results obtained show a maximum net generation of   6.9    W  in the thermoelectric generator with the finned dissipater; and   10.6    W  of power output in the generator with the biphasic thermosyphon. These results remark the importance of a proper design of the heat exchangers, trying to get low thermal resistances at both sides of the thermoelectric modules, as well as, the necessity of considering the auxiliary consumption of the equipment employed.
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1. Introduction


The current global energy situation is pushing every activity to proper use of the resources. In this sense, it is quite common the implementation of energy efficiency measures in domestic and industrial processes. One of these measures is the recovery and reuse of the excess heat that is available in many activities, the so called waste heat [1].



There are plenty of examples about how to recover that waste heat. For instance: Sun presents an analysis to use waste energy from a gas turbine [2] and Kim proposes the use of an organic Rankine cycle to be employed at a thermal power plant and be able to produce electricity from a flue gas [3]. Other ideas include the use of that waste heat to increase the efficiency and environmental operation of a process by employing heat recuperators [4].



Several studies can be found in the literature that analyse the use of thermoelectric generators as a way of harvesting waste heat. These devices can convert thermal energy into electricity by placing a thermoelectric module in between a hot source and a heat sink. Meng et al. [5] theoretically study the production of up to   1.47    k  W  of electric power from a hot gases stream at 350     ∘  C   achieving a generation efficiency of 4.5% for the generator and a return of investment of just 4 years. Yazawa et al. [6] propose the installation of thermoelectric generators in a glass melt factory, on the walls of the fusion furnace getting a theoretical electric production of   55.6    k  W . Araiz et al. [7] present a theoretical study about the installation of thermoelectric modules on the outer wall of a flue gas chimney to produce up to 45  k  W  of electric power after several parameters optimization.



All these works show the high potential of this technology for the harvest of waste heat energy. However, it is crucial to move from theoretical works to experimental analysis and build prototypes that show the real possibilities of thermoelectric generators. Nesarajah et al. [8] have built a 2  W  prototype to harvest waste heat from a hot gas current. Chiarotti et al. [9] show an example of a thermoelectric generator that is able to produce up to 36  W  of electric power using a water flow at 90     ∘  C   as the heat source. This study includes the consumption of the auxiliary equipment used on the cold side of the generator, leading to a decrease in the net production to 20  W . Børset et al. [10] present a thermoelectric generator employed in a metal casting plant that absorbs the heat by radiation from a heat source at 1400     ∘  C   producing up to 160  W /   m 2    of electric output. Although these experimental works are really important to validate the results obtained from theoretical analysis, there is a lack of optimization of the heat exchangers at both sides of the thermoelectric modules and only some of them take into account the auxiliary consumption of the equipment employed for a proper operation of the heat exchangers. These two aspects are really important if a more practical use of thermoelectricity is sought.



The purpose of the heat exchangers is to bring the temperature of the hot and cold faces of the modules closer to the temperatures of the heat source and cold sink, respectively. In this way, by increasing the temperature difference between the faces of the modules, the electric power output is increased [11].



The design of the hot side heat exchangers plays a vital role in waste heat recovery processes. In some cases, the improvements achieved from the thermal and heat transfer point of view have some pressure losses associated with the hot current that needs to be considered [12]. One of the easiest ways to enhance heat transfer from a hot gas current is to extend the surface available [13]. In most cases, these extended surfaces consist of flat metal fins placed longitudinally inside the duct, other studies have studied the use of pin fins in flows where the Reynolds number is low [14]. There are other alternatives such as the use of metal foams to fill in the duct where the gases are flowing to increase the exchange area and the mixing capability of the fluid [15] and seem to perform better compared to traditional fin dissipaters [16]. However, when applied to thermoelectric generators, where the auxiliary consumption is crucial, the pressure losses that cause this kind of heat exchanger are greatly increased [17]. The use of phase-change heat exchangers on the hot side has also been analysed but it raises the cost of the whole installation and affects significantly the proper flow of the hot current [18,19].



Concerning the cold side heat exchangers, there is also a wide range of options to be considered in this part of the thermoelectric generators. Martinez et al. [20] explain that finned dissipaters are widely used due to their simplicity and low cost and working as active heat exchangers using a fan they can achieve high heat transfer rates. Tzeng et al. [21] propose the use of finned dissipaters at both sides of 4 thermoelectric modules to harvest waste heat from an exit fumes current being able to produce 12  W . However, the auxiliary consumption of the fans is not considered. Kim et al. [22] employ liquid water heat exchangers at the cold side of a thermoelectric generator getting better heat transfer coefficients and increasing, in this sense, the efficiency of the device. The maximum power output obtained from this system reaches 119  W  with 40 thermoelectric modules. But again, here the consumption of the pump that moves the water inside the cold side heat exchanger is not taken into account [23]. Aranguren et al. [24] performed a deep study about the influence of the auxiliary equipment needed in this kind of heat exchangers, considering not only the extra consumption of the pump but also the heat exchangers necessary to remove the heat from the water to the ambient. Finally, an optimization of the whole thermoelectric generator was achieved.



Biphasic heat exchangers, working with fluids in vapour-liquid states, are also employed for the cold side of a thermoelectric generator because heat transfer rates are even higher with these systems. Date et al. [25] compared a heat-pipe with a finned dissipater as the cold side heat exchanger in a thermoelectric generator and was able to produce four times more power using the biphasic device,   1.8    W . In this study and many others that use biphasic devices like the one performed by Remeli et al. [26], a fan is employed to release the heat from the condenser to the environment, that is why the extra consumption must be carefully analysed.



According to the literature review, a proper optimization of the heat exchangers that accompany the thermoelectric modules at both sides of the generator is crucial to the performance of the device. It is vital to consider the auxiliary consumption of the equipment that may be involved in them as well. This work presents the design, optimization and experimentation of two thermoelectric generators for waste heat recovery from a combustion chamber. For the hot side heat exchangers, fins have been considered and a CFD study has been done considering the thermal performance of the fins as well as the pressure losses that are added when including them. For the cold side, two technologies have been investigated: a finned dissipater with a fan, which is widely employed in thermoelectric applications; and a biphasic thermosyphon with free-convection, a phase change device that can operate with no extra consumption. The idea is to test and compare both technologies in the exact same working conditions. Section 2 presents the application where waste heat is being recovered and the methodology followed to analyse the generators; Section 3 describes the design and optimization of the prototypes of thermoelectric generators; and, finally, Section 4 shows the results obtained from the experimentation. The electric power output and the thermal resistances of the thermoelectric generators are studied for different conditions: load resistance, auxiliary consumption and mass flow of the hot gases.




2. Methodology


The purpose of this work is to build and experimentally test how a thermoelectric generator can be used for waste heat recovery. As it has been explained before, it is essential an optimization of both, cold and hot heat exchangers of a thermoelectric generator system. Therefore, it is really important to develop a methodology that enables us to analyse the behaviour of the entire system. The methodology must be simple and ready to incorporate both analytical and experimental results that allows an understanding of the performance of the generator. In this application, for the hot side, fins have been chosen to be attached to the interior part of the duct, enhancing the heat transfer from the hot gases to the wall of the duct.



For the cold side of the thermoelectric generator, two technologies are investigated: a finned heat sink, notable for its simplicity, commercial availability and relatively low cost; and a biphasic thermosyphon heat exchanger, which, when operating under free convection, is a completely passive system and, despite its more complexity, can improve the whole performance of the thermoelectric system [27]. One of the goals of this work is to compare both systems and check the differences between them working on the same operating conditions.



2.1. Waste Heat Recovery Application


The experimental setup recovers waste heat from a water boiler located in the Laboratories of the Public University of Navarre. This system uses natural gas as fuel and the comburant, air, is introduced to the combustion chamber using a YP3 blower [28]. It can operate with a fuel mass flow between 2.2 kg/h and 19.4   k g  / h ; an air mass flow between 50 and 160   k g / h  ; and can produce a warm water flow rate between 500 kg/h and 1800   k g  / h . The flue of the boiler consists of an elbow joint that connects the combustion chamber with a vertical round duct that releases the hot gases out to the atmosphere through the roof of the laboratory.



This exit duct is modified to a flat wall duct enabling the installation of thermoelectric modules to recover the waste heat carried by the hot gases. On the inner part of the duct, the hot side heat exchangers will be placed, whereas on the outer side of the duct two kinds of cold side heat exchangers will be investigated.




2.2. Analysis Methodology


In order to properly analyse the results obtained from the experimental tests, a calculation methodology has been developed to explain the thermal behaviour of the elements that form the thermoelectric generator. The idea is to determine the thermal resistances of the components of the system and estimate the heat fluxes that are flowing through them. This tool would help to describe all thermal phenomena that happen along with the thermoelectric generator as well as analysing all the experimental results obtained from the prototype.



According to Figure 1 the hot gases suffer a temperature drop as they flow inside the duct where the thermoelectric generators are placed. This enthalpy drop can be estimated using Equation (1) and part of the energy is absorbed by the TEG and the rest is released to the ambient as a heat loss through the wall, see Equation (2).


    Q ˙  g  =   m ˙  g   c p    T  g   i n   −  T  g   o u t     



(1)






    Q ˙  g  =   Q ˙   T S P  h  +   Q ˙   F D  h  +   Q ˙   l o s s    



(2)







Part of the heat that flows through the thermoelectric modules is converted into electricity, whereas the rest must be released to the ambient, as shown in Equations (3) and (4).


    Q ˙   T S P  h  =   Q ˙   T S P  c  +   W ˙   T S P    



(3)






    Q ˙   F D  h  =   Q ˙   F D  c  +   W ˙   F D    



(4)







After the experimental tests, knowing the temperature of several points of the device, as well as the mass flow of the hot gases, the enthalpy variation that suffers this flow can be obtained,    Q ˙  g  , with Equation (1). Besides, using the voltage and current values from the thermoelectric generators, the electric power output of them can be determined using Equations (5) and (6).


    W ˙   T S P   =  V  T S P    I  T S P    



(5)






    W ˙   F D   =  V  F D    I  F D    



(6)







Moreover, the thermosyphon heat exchanger used in one of the thermoelectric generators has been characterised (see Section 3.2) to obtain the thermal resistance of the device as a function of the heat flux dissipated,    Q ˙   T S P  c  . After an iterative calculation, the thermal resistance of the system,   R  h e x _ c   T S P   ; the heat flux released to the ambient,    Q ˙   T S P  c  ; and, using Equation (3), the heat flux absorbed by this TEG,    Q ˙   T S P  h  , can be estimated. With this result, the hot face temperature of the TE modules,   T  T S P  h  ; and the temperature of the hot gases,   T g  ; the thermal resistance of the hot side heat exchanger can be determined, see Equation (7).


   R  h e x _ h   =    T g  −  T  T S P  h     Q ˙   T S P  h    



(7)







It has been assumed that both hot side heat exchangers are equal, so their thermal resistance has the same value since the thermal behaviour of a finned dissipater is hardly affected by the heat flux [29]. Therefore, the heat absorbed by the thermoelectric generator using the finned dissipater on its cold side can be estimated using Equation (8).


    Q ˙   F D  h  =    T g  −  T  F D  h    R  h e x _ h     



(8)







With this result and using Equation (4), the heat released to the ambient by this thermoelectric generator can be estimated, and the thermal resistance of this finned dissipater,   R  h e x _ c   F D   , is determined, see Equation (9).


   R  h e x _ c   F D   =    T  F D  c  −  T  a m b      Q ˙   F D  c    



(9)









3. TEG Design


This section includes the design and building of the heat exchangers of both sides that form the thermoelectric generator. It also includes the assembly of the whole prototypes and the installation at the exhaust pipe of the boiler described in Section 2.1. The requirements followed for the design of these devices include the possibility to operate in a real application during extended periods and they must be compact enough to install several of these systems to recover that waste heat source. In this way, if the system is applied to a larger scale, the very same design could be used to ensure a proper behaviour of the device.



3.1. Hot Side Heat Exchanger


The goal of the hot side heat exchanger is to bring the temperature of the hot face of the thermoelectric modules closer to the temperature of the hot gases that flow inside the exhaust duct. Due to the simplicity and adaptability to different geometries, a finned dissipater has been chosen for this task. It is now necessary to optimize the design of the heat sink, considering the thermal behaviour of the device, as well as the influence of these fins inside the exhaust pipe. A computational model, using the fluid dynamics software ANSYS Fluent, has been used to analyse heat transfer phenomena and flow performance for different geometries under several boundary conditions. This model was developed in a previous work by Aranguren et al. [29] where it was validated and an independence mesh study was performed. It is a 3D model that employs the realizable   k − ε   turbulence model and can successfully simulate the thermal and fluid behaviour of a hot gas current.



Figure 2 shows the different geometries studied with the computational model. Case A represents a basic inner pipe with flat surfaces and no elements that could enhance heat transfer between the hot gases and the thermoelectric modules. Case B includes long fins longitudinally placed inside the duct which are 35  m  m  heigh and are 21  m  m  spaced. The objective of these flat plates is to increase the turbulence of the gases flow and to extend the heat transfer area. With the aim of rising the turbulence, even more, short fins have been also studied in two configurations: aligned, Case C; and misaligned, Case D. In this latter case, the exchange area is equal to the surface offered by Case B, so this design will be useful to analyse the influence of the turbulence increase for the same exchange surface.



All the geometries have been included in the CFD software and properly meshed to represent the velocity and temperature boundary layers of the hot exhaust gases. The boundary conditions used are shown in Figure 3: velocity inlet, which includes the velocity and inlet temperature of the hot gases; walls, for the surface of the pipe distinguishing the adiabatic zones and the ones converted by thermoelectric modules, where heat flux,   q ˙  , is absorbed; pressure outlet to state the exit of the fumes. Once each of the four geometries is meshed the simulations have been carried out varying the inlet temperature, 490 °C, 525 °C and 560     ∘  C  ; and the mass flow of the gases, 100 kg/h, 133 kg/h and 170   k g  / h , reproducing the conditions that can be obtained from the experimentation.



The objective of these simulations is to check the performance of each heat exchanger by estimating the thermal resistance between the hot fumes and the external wall of the duct, where the thermoelectric modules would be placed; and determining the pressure drop caused between the inlet and outlet of the pipe. The thermal resistance of the hot heat exchanger is calculated using Equation (10), where   T g   is the temperature of the hot gases; and   T  T E M    the temperature of the outer wall of the duct where the thermoelectric modules are placed. The pressure losses are estimated using Equation (11) and the pressure of the gases at the inlet and outlet of the pipe,   P  g   i n    and   P  g   o u t    respectively.


   R  h e x _ h   =    T g  −  T  T E M     q ˙    



(10)






  Δ P =  P  g   i n   −  P  g   o u t    



(11)







Figure 4 shows the velocity diagram of one of the simulations run with ANSYS Fluent where the effect of using fins inside the pipe seems significant over the turbulence of the flow. This diagram has been extracted from a vertical cut section inside the duct at a middle point of the fins added.



The results for the thermal resistance of the hot side heat exchanger are presented in Figure 5 as a function of the mass flow. In all the configurations studied the thermal resistance decreases as the mass flow increases due to the enhancement of the convective coefficients achieved by the rise of the gas velocity. Moreover, case A gets the worst thermal resistance results compared to other configurations that include fins inside. There are small differences between case B and C, since, although case B offers more exchange area, case C presents higher turbulence of the flow restarting the boundary layer and increasing the convective heat transfer coefficient. Case D, which has the same exchange area as case B, obtains better results for the thermal resistance because of the increase in the turbulence and the reduction of the fin spacing that speeds the gases up, enhancing the convective coefficients. As it can be seen, the influence of the temperature of the gases is negligible over the thermal resistance for the ranges analysed.



With regard to the pressure losses, there are also little differences of the behaviour of the heat exchangers with the temperature. Therefore, Figure 6 shows the pressure drop for the geometries considered for the simulation with the gases at an inlet temperature of 560     ∘  C  . The flat pipe, case A, has the lowest pressure losses among all the cases, as expected. For cases B and C the pressure drop is similar; and case D, with the reduction of the fin spacing, that increases the turbulences, the pressure losses increase drastically. Figure 6 also includes the curve of the blower installed in the boiler that pumps the air to the combustion chamber and helps the hot gases to be released to the atmosphere through the exhaust pipe. As this blower is going to be used for the experiments of the boiler with the thermoelectric generator, it should be able to overcome the pressure losses offered by the heat exchanger place inside the exhaust pipe.



According to the results obtained from the simulations, it is essential to include fins inside the exhaust duct in order to greatly enhance heat transfer between the hot gases and the face of the thermoelectric modules. The thermal resistances of the hot side heat exchanger can be reduced from   3.5    K / W  or 4  K / W  if the pipe were flat, to thermal resistances of 2  K / W  by means of including these fins inside. Despite the low thermal resistance achieved in case D, this design has been rejected due to its high pressure drop, even over the blower curve for the mass flows range studied. Case B and case C have similar thermal and hydraulic behaviour, however, case B design has been chosen for the hot side heat exchanger as it is easier to manufacture.




3.2. Cold Side Heat Exchangers


The cold side heat-exchangers’ objective is to help to release the heat that has not been converted to electricity by the thermoelectric modules to the atmosphere, and thus, increases the temperature difference between the the faces of the modules. There is a wide range of systems that can be employed as heat exchangers, in this study the devices considered are: a finned heat sink with forced convection and a biphasic thermosyphon under free convection. Finned dissipaters stand out thanks to their simplicity and commercial availability since they can be found in many geometries and configurations and are inexpensive compared to other technologies. However, they need a fan to make the air flow through their fins achieving an effective heat transfer. For this reason, this system is going to be compared to a biphasic thermosyphon with natural convection, which is a passive device, where no fans or pumps are needed. It is a more complex system but, as there is no auxiliary consumption, all the power output generated by the thermoelectric modules is usable.



The requirement for the design of the thermoelectric generator prototype is that it could be possible to be installed at a larger scale, therefore several devices could be used to harvest energy from the same waste heat source.



3.2.1. Finned Heat Sink


The finned dissipater chosen for the cold side heat exchanger for one of the thermoelectric generators has   14.9    m  m  base thickness, a 150  m  m  × 225  m  m  rectangular base, the corrugated fins are   47.5    m  m  high,   1.4    m  m  thick and they are 6  m  m  spaced. This system has been designed according to previous works where finned heat sinks were employed as cold side heat exchangers in thermoelectric devices [30] and includes a Sunon MEC0251V1 fan to make the air flow between the fins.




3.2.2. Biphasic Thermosyphon under Free Convection


For the design of the other heat exchanger studied, the biphasic thermosyphon, a validated computational model previously developed has been employed [27]. This loop thermosyphon with water has an evaporator in contact with the thermoelectric modules. The heat released by them makes the fluid inside boil, this vapour flows through the vapour line up to the condenser. Once there, the vapour turns back into liquid as it releases the heat to the atmosphere and, due to the tilt angle of the condenser tubes, the liquid drains back to the evaporator, closing the loop, see Figure 7.



This device has a 150  m  m  × 225  m  m  rectangular base, similar to finned heat sink. As reported in the previous work, the most important part of such devices is the condensation section, that is why this thermosyphon has 18 parallel copper tubes, 2  m  long each, with an internal diameter of 7  m  m . These tubes include external   22.5    m  m  × 25  m  m  aluminium fins, with a   0.5    m  m  thick which are 8  m  m  spaced to enhance free convection of the heat between the condenser and the ambient. The condenser has been split into two branches to provide a more compact prototype.



In this way, as it can be seen in Figure 8 and as it happens with the finned heat sink, this design allows the installation of multiple thermoelectric generators in the same exhaust duct. The condensers can be slightly separated from the duct to enable the evaporator of the following generator.



Once the biphasic thermosyphon is built, it has been characterised to obtain the value of its thermal resistance, according to Equation (12), and be able to use the methodology explained before. For these experiments, electric resistances have been employed to simulate the heat that the device must release,    Q ˙   T S P  c  ; temperature probes have been placed to measure the temperature at the evaporator section,   T  T S P  c  ; and the ambient temperature,   T  a m b   . The results obtained from the test are represented in Figure 9.


   R  h e x _ c   T S P   =    T  T S P  c  −  T  a m b      Q ˙   T S P  c    



(12)









3.3. TEG Prototype


Once all the heat exchangers have been designed and built, the thermoelectric generators have been installed at the exhaust pipe of the boiler as Figure 10 shows. Both thermoelectric generators have identical hot side heat exchangers and have 6 thermoelectric modules each. The first prototype uses the finned heat sink as the cold side heat exchanger, TEG_FD; whereas the other prototype employs the biphasic thermosyphon with free convection, TEG_TSP. Both prototypes are placed at the same point of the pipe, and the idea is to compare the power output and efficiency of these devices under the exact same working conditions.



Both thermoelectric generators have been installed with several probes and sensors to properly monitor the behaviour of them registering values of temperature, mass flow, voltage and current. Figure 11 shows the distribution of the sensors employed which is as follows: 16 temperature probes to register hot and cold face temperature of 8 thermoelectric modules; 6 sensors for inlet and outlet temperature of the hot gases and determine the temperature drop of the fumes across the generators; 2 ambient temperature probes; 2 sensors to determine the temperature of the wall of the insulation and estimate the heat losses; 1 mass flow meter; 2 voltmeters; and 2 ammeters for the estimation of the electric power output of each thermoelectric generator. The characteristics of all the sensors employed are gathered in Table 1.



Once the prototype has been completely designed and built it is installed at the exhaust duct of the boiler’s combustion chamber. Then, the connections of the probes and sensors are made and a trial experiment is performed to check the performance of the whole system and determine the limit working conditions. Thanks to this test, the maximum inlet temperature of the hot gases in the thermoelectric generator is set to 405     ∘  C   so as not to exceed the 230     ∘  C   on the hot face of the thermoelectric modules, as recommended by the manufacturer.





4. Results and Discussion


The main goal of this study is to prove the performance of a whole thermoelectric generator under real working conditions and maximise the electric power output obtained. Both systems, TEG_FD and TEG_TSP, are compared and the behaviour of these devices is analysed for different input parameters. Firstly, the influence of the load resistance is studied obtaining the performance curve of the generators. It has also been explored the effect of the auxiliary consumption that, in this case, has the fan employed with the finned dissipater, which punishes the total power output. And finally, the influence of the mass flow of the hot gases has been investigated trying to obtain the maximum electric power from the generators. The methodology described in Section 2 is employed for the discussion of the results.



4.1. Influence of the Load Resistance


Setting an inlet temperature,   T g  i n   , of 405     ∘  C   and a mass flow of 70   k g  / h  the performance of both thermoelectric generators have been tested varying the load resistance connected to the thermoelectric modules. The feed voltage to the fan of the finned heat sink of the TEG_FD is set to 4  V . Figure 12 show the results and, as expected, the power output grows along with the load resistance up to a maximum point in this case in the range from 19 Ω –22 Ω . Beyond this point, the power generation starts to slowly decrease.



In all cases, the power output generated by the TEG_TSP is higher than the electricity produced by the TEG_FD. With the TEG_TSP   9.60    W  are generated, which represents   1.60    W  per thermoelectric module, whereas, with the TEG_FD, the total power output is   5.73    W  from which   0.48    W  must be taken out due to the auxiliary consumption of the fan. Therefore, a net power output of   5.25    W  are produced, which is   0.88    W  per thermoelectric module; that represents a 54.4% lower than the other generator. As shown in Table 2, this difference is achieved thanks to the lower thermal resistances of the thermosyphon,   0.35    K / W  per module; compared to the thermal resistance of the finned dissipater,   0.61    K / W . Thus, more thermal power goes through the TEG_TSP, getting a higher temperature difference between the faces of the modules, and therefore, producing more electric power.




4.2. Influence of the Auxiliary Consumption


The second aspect that wanted to be tested is the auxiliary consumption necessary of the fan that moves the air through the finned dissipater in one of the thermoelectric generators. The higher the velocity of the air, the lower the thermal resistance of that heat exchanger, which leads to a higher temperature difference between the faces of the modules and higher power output. However, it also increases the extra consumption of the auxiliary system, decreasing the net power output at a certain level. Setting the load resistance to its optimal value, obtained from the previous analysis, and an inlet temperature of the gases at 405     ∘  C   with a mass flow of 70   k g  / h , the results of Figure 13 and Table 3 are obtained. For the TEG_FD prototype, shifting from 4  V  to 8  V  for the voltage supplied to the fan causes a reduction of the thermal resistance of the finned dissipater from   0.61    K / W  to   0.37    K / W , which increases the total electric production from   5.7    W  to   7.9    W . This effect is achieved with an increment of the auxiliary consumption from   0.48    W  to   2.16    W . Here, the rise of the total power output is higher than the increase of the auxiliary consumption, therefore the net electric generation also rises from   5.3    W  to   5.8    W . However, at a voltage of 12  V  for the fan, the rise of the power generation is lower than the increment in the auxiliary consumption. That is why the net electric production decreases. As a consequence, an optimum value for the net power generation is obtained at a fan voltage of 8  V .



In any case, the electric output of the TEG_TSP is   9.5    W , a 63.7% higher than the electric production of the TEG_FD, even at the maximum generation point which is   5.8    W , at a voltage of the fan of 8  V .




4.3. Influence of the Hot Gases Mass Flow


Finally, the influence of the mass flow of the gases that goes through the pipe is studied. For that, a constant inlet temperature of them is set to 405     ∘  C   and a voltage of 8  V , that maximises the net power output, is used for the fan of the TEG_FD.



In both prototypes, whose results are shown in Figure 14 and Table 4 the net power output increases as the mass flow of the gases is risen from 70   k g  / h  to 130   k g  / h . In the TEG_TSP the electric output goes from   9.4    W  to   10.6    W  at the optimum load resistance value, which is an improvement of a 12.8%. Considering the TEG_FD the electric output goes from 6  W  to   6.9    W  at the optimum load resistance value again, which represents an improvement of a 15%. The reason for that is the reduction of the thermal resistance at the hot side of the generator, due to the rise of the mass flow, and the enhancement of the heat transfer leading to higher temperature differences between the faces of the modules.





5. Conclusions


In this work, the design, optimization and experimentation of a complete thermoelectric generator for waste heat recovery have been performed. A study methodology has been developed to understand the performance of the whole system including the analysis of the heat fluxes and thermal resistances. The heat exchangers at both sides of the thermoelectric modules have been considered and designed. The hot side heat exchanger has been optimized using the computational fluid dynamics software, ANSYS Fluent. The finned dissipater employed in this part has been studied for different geometries and arrangements considering not only the thermal behaviour but also its effect on the hot gases current, by studying the pressure losses inside the duct. After the simulations, a geometry with low thermal resistance has been selected and built.



For the cold side heat exchanger, two options have been studied. The first one is the use of a finned dissipater with a fan; the other is a biphasic thermosyphon that works under free convection, acting as a passive heat exchanger. The idea was to compare both alternatives working on the same conditions.



After the experimental tests, the power generation curve for both thermoelectric generators has been obtained as a function of the load resistance to which the thermoelectric modules are connected. The device that uses the biphasic thermosyphon produces up to   9.6    W ; which represents a 82.8% more electric output than the other generator that uses a finned dissipater,   5.25    W .



The influence of the auxiliary consumption on the net power output has been also analysed for the thermoelectric generator with the finned dissipater, increasing its production up to   5.8    W  with a voltage of 8  V  supplied to the fan of this dissipater.



Finally, the effect of the mass flow of the hot gases has also been studied. As expected, the higher the mass flow, the higher heat transfer coefficients inside the duct, which causes an increase on the temperature difference between the module’s faces and thus an increment on the power output. The maximum electric power generation is achieved for an inlet temperature of the gases at 405     ∘  C   and a mass flow of 130   k g  / h , reaching   10.6    W  in the thermoelectric generator with the biphasic thermosyphon and   6.9    W  in the generator with the finned dissipater.



This work has remarked the importance of optimizing hot and cold side heat exchangers when designing a thermoelectric generator. It is vital to take into account not only the thermal performance of such devices but also their influence over the entire generator: pressure losses, compactness, etc. It has also been proven that the extra consumption of the auxiliary equipment must always be considered to estimate the net power output of a thermoelectric generator. Besides, the use of a passive heat exchanger, through a biphasic thermosyphon under free convection, has resulted to be of great interest in this application.
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Abbreviations


The following abbreviations are used in this manuscript:



	  Δ P  
	Pressure losses,  Pa 



	FD
	Finned dissipater



	I
	Electric current,  A 



	   m ˙  g  
	mass flow of the gases,   k g / h  



	   Q ˙  c  
	heat power released at the cold side of the generator,  W 



	   Q ˙  h  
	heat power absorbed at the hot side of the generator,  W 



	   Q ˙  g  
	waste heat absorbed from the gases,  W 



	  P  g   i n   
	Pressure at the inlet,  Pa 



	  P  g   o u t l e t   
	Pressure at the outlet,  Pa 



	  R  h e x _ c   
	Thermal resistance of the cold heat exchanger,   K / W  



	  R  h e x _ h   
	Thermal resistance of the hot heat exchanger,   K / W  



	  T c  
	Temperature at the cold side of the generator,  K 



	  T h  
	Temperature at the hot side of the generator,  K 



	  t g  i n   
	Inlet temperature of the gases,     ∘  C  



	  t g  o u t   
	Outlet temperature of the gases,     ∘  C  



	TEG
	Thermoelectric Generator



	TSP
	Thermosyphon



	V
	Electric voltage,  V 



	  W ˙  
	electric power output,  W 
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Figure 1. Scheme of the methodology to estimate thermal resistances and heat fluxes. 






Figure 1. Scheme of the methodology to estimate thermal resistances and heat fluxes.



[image: Energies 14 05815 g001]







[image: Energies 14 05815 g002 550] 





Figure 2. Geometries analysed for the hot side heat-exchanger. (a) Flat inner surface; (b) Long fins; (c) Short aligned fins; and (d) Short misaligned fins. 
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Figure 3. Boundary conditions used in the ANSYS Fluent simulations. 
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Figure 4. Velocity diagram at a vertical cut section inside the duct after the simulations with a gases temperature of 490     ∘  C   and a mass flow of 100   k g  / h . (a) Flat inner surface; (b) Long fins; (c) Short aligned fins; and (d) Short misaligned fins. 
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Figure 5. Thermal resistance of the hot side heat exchangers, between the exhaust gases and the hot face of the thermoelectric modules. 
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Figure 6. Blower curve and pressure losses caused by the different geometries of the heat exchangers analysed. Temperature of the hot gases 560     ∘  C  . 
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Figure 7. Biphasic thermosyphon employed on one of the thermoelectric generators under free convection. 
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Figure 8. Installation scheme of several thermoelectric generators with biphasic thermosyphons on the same exhaust duct. 
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Figure 9. Experimental characterization of the biphasic thermosyphon. 
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Figure 10. Thermoelectric generators built and installed at the exhaust pipe of the boiler. Scheme of the parts that form the prototypes and their assembly. 
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Figure 11. Sensors and probes distribution along the thermoelectric generators. 






Figure 11. Sensors and probes distribution along the thermoelectric generators.



[image: Energies 14 05815 g011]







[image: Energies 14 05815 g012 550] 





Figure 12. Net power output of both thermoelectric generators as a function of the load resistance. 
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Figure 13. Influence of the auxiliary consumption on the net power output of the thermoelectric generators. 
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Figure 14. Influence of the auxiliary consumption on the net power output of the thermoelectric generators. 
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Table 1. Resolution and accuracy of the measurement probes.
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	Sensor
	Resolution
	Accuracy





	Surface temperature
	  0.1       ∘  C  
	±  0.5       ∘  C  



	Hot gases temperature
	  0.1       ∘  C  
	±  0.5       ∘  C  



	Hot gases mass flow
	  0.1     k g  / h 
	1% measured value



	Voltmeter
	  0.1    V 
	±  0.2    V 



	Ammeter
	  0.01    A 
	±  0.02    A 
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Table 2. Experimental results of the thermoelectric generators for an inlet temperature of    t  g   i n   = 405    ∘  C   , a mass flow of     m ˙  g  = 70  k g / h   , and a voltage of the fan of 4  V .
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Case

	
    R L    

	
    Δ  T TEM     

	
    R  hex _ h     

	
    R  hex _ c     

	
     W ˙  gen    

	
     W ˙  aux    

	
     W ˙  net    




	
   Ω   

	
K

	
K/W

	
K/W

	
W

	
W

	
W






	
TEG_TSP

	
   10.4   

	
   142.4   

	
   1.39   

	
   0.35   

	
   7.89   

	
-

	
   7.89   




	
   19.9   

	
   147.3   

	
   1.38   

	
   0.35   

	
   9.60   

	
-

	
   9.60   




	
   30.9   

	
   148.5   

	
   1.43   

	
   0.36   

	
   9.21   

	
-

	
   9.21   




	
TEG_FD

	
   10.3   

	
   87.6   

	
   1.39   

	
   0.60   

	
   4.75   

	
   0.48   

	
   4.27   




	
   19.8   

	
   91.0   

	
   1.38   

	
   0.61   

	
   5.73   

	
   0.48   

	
   5.25   




	
   30.9   

	
   92.2   

	
   1.43   

	
   0.63   

	
   5.57   

	
   0.48   

	
   5.09   
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Table 3. Experimental results of the thermoelectric generators for an inlet temperature of    t  g   i n   = 405    ∘  C   , a mass flow of     m ˙  g  = 70  k g / h   , and several voltages applied to the fan of the TEG_FD.
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Case

	
    V fan    

	
    Δ  T TEM     

	
    R  hex _ h     

	
    R  hex _ c     

	
     W ˙  gen    

	
     W ˙  aux    

	
     W ˙  net    




	
V

	
K

	
K/W

	
K/W

	
W

	
W

	
W






	
TEG_TSP

	
4

	
   147.3   

	
   1.38   

	
   0.35   

	
   9.6   

	
-

	
   9.6   




	
8

	
   150.9   

	
   1.34   

	
   0.35   

	
   9.5   

	
-

	
   9.5   




	
12

	
   146.4   

	
   1.36   

	
   0.35   

	
   9.1   

	
-

	
   9.1   




	
TEG_FD

	
4

	
   91.0   

	
   1.38   

	
   0.61   

	
   5.7   

	
   0.48   

	
   5.3   




	
8

	
   104.5   

	
   1.34   

	
   0.37   

	
   7.9   

	
   2.16   

	
   5.8   




	
12

	
   106.3   

	
   1.36   

	
   0.29   

	
   8.4   

	
   5.40   

	
   3.0   
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Table 4. Experimental results of the thermoelectric generators for an inlet temperature of    t  g   i n   = 405    ∘  C   , different mass flow rates, and a voltage applied to the fan of the TEG_FD of 8  V .






Table 4. Experimental results of the thermoelectric generators for an inlet temperature of    t  g   i n   = 405    ∘  C   , different mass flow rates, and a voltage applied to the fan of the TEG_FD of 8  V .





	
Case

	
     m ˙  g    

	
    Δ  T TEM     

	
    R  hex _ h     

	
    R  hex _ c     

	
     W ˙  gen    

	
     W ˙  aux    

	
     W ˙  net    




	
kg/h

	
K

	
K/W

	
K/W

	
W

	
W

	
W






	
TEG_TSP

	
70

	
   151.1   

	
   1.27   

	
   0.34   

	
   9.4   

	
-

	
   9.4   




	
130

	
   159.4   

	
   1.25   

	
   0.34   

	
   10.6   

	
-

	
   10.6   




	
TEG_FD

	
70

	
   106.5   

	
   1.27   

	
   0.36   

	
   8.2   

	
   2.16   

	
   6.0   




	
130

	
   113.7   

	
   1.25   

	
   0.36   

	
   9.1   

	
   2.16   

	
   6.9   

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Pressure sensor

= Vapour
Conden F
line





media/file4.png
Case A

21

220

45

20

45

20






media/file18.png
Thermal resistance per module (K/W)

0.70

0.60 &

S
0.50 S~ __
0.40

0.30
0.20
0.10

0.00
0 100 200 300

Heat power to dissipate (W)

400





media/file21.jpg
T T2

amb amb
SR 4 .
Thoni Thvc Tiowi T Trsewi Trsec Tisou Tisec
2
T T
2 2 3 73 2 5
Ton: Tivc o T Thew Thec Tisow: Thec

Veos Teo Vrsps Irsp






media/file26.png
Electric power (W)

12

10

g =70kg/h; ti"=405"°C

8 10 12
Voltage fan (V)

— ® —TEG TSP

— A= TEG FD, net

«ee<&--- TEG_FD, total

==\ aux

14





media/file27.jpg
Net power output (W)
2

10

8 ’
’
.
6 s
g%
1,
.
4 ty—
] 7 — ® = TEG_TSP, 130 ke/h
.
I/, 0 ~ B —TEG_TSP, 70 kgh
2 I
% ~ 4= TEG_FD, 130 ke/h
2
.(/ —~ a— TEG_FD, 70 kgh
0
0 s 10 15 20 25 30 35

Load resistance ()





media/file3.jpg
Case A Case B Case C Case D
P 2 1
PO LLLARRR 1111111
T I
o UTTEEEE &
@ () © @






media/file22.png
T1 / Mg \ T2
amb

amb

4 |, g4 . 4 )
TFlD_H; TFlD_C TFD_H ) TFD_C TTSP_Hr TTSP_C TTSP_H: TTSP_C

1 . 2
Tsup; Tsup
3 .m3

T7sp us Trsp ¢

2 2 3 3 2 . m2
Tep us Tep ¢ Teo s Tep e Trspws Ttsp c

Veps Irp Vrsps Isp






media/file19.jpg





media/file7.jpg





media/file28.png
Net power output (W) Vian=18V; tgi" = 405 °C
12
—--+--—_--
10 P L
o i I
-
8 AP
7
) _
/ ’._.k. .-.-'--A
/ P o @ o @m ¢ am o o,
6 Y - ’.,.-A A
/ -" -
4 ', 7 N
’, e — ® = TEG TSP, 130 kg/h
M 4
ly 7 - — @ = TEG TSP, 70 kg/h
y.” — A= TEG FD, 130 kg/h
v/
L &4 — A— TEG FD, 70 ke/h
0 %
0 5 10 15 20 25 30

Load resistance (€2)

35





media/file10.png
Thermal resistance (K/W) l‘g"" = 490 °C
4.50

. --------
_____ e
375 ------ B
3.00
2.25 ST r——
------- #-----:::::::::::*
1.50 e R S *
0.75
B Case A ACase B
0.00 X Case C ¢ Case D
80 100 120 140 160 180
mass flow rate (kg/h)
Thermal resistance (K/W) [ gin = 525 °C
4.50
. ---------
35 s e
°°°°° 2
3.00
2.25 e
) §e=zizzzzzozzzizoog
150 | ¥TTTTEESTsEsss=- Q- <
0.75
B Case A ACase B
0.00 X Case C ¢ Case D
80 100 120 140 160 180
mass flow rate (kg/h)
Thermal resistance (K/W) 4 g"" = 560 °C
4.50
. -------
3715 T -
------ ]
3.00
2.25
T ey w B
1 --#---------:::::::*
150 0 e mmmmmm e i <
0.75
B Case A ACase B
0.00 X Case C ¢ Case D
80 100 120 140 160 180

mass flow rate (kg/h)





media/file14.png
Pressure sensor

A

Condenser

AT R R RS PR AT St PR R
P
-

U
pd W i
Lhane -
.‘_-..--t c
R R R

R R T R R R R TR TR et vvs

4 2 . Il
V?. 7 "m .J..
: i . : .
- N - :'.‘
e o - -
0 »

N T -

" Liquid line (return)






media/file11.jpg
45

40

35

30

25

20

Pressure drop (Pa)

WCasec A
ACase B
xCase C
#Case D
« Blower

100 150 200
mass flow rate (kg/h)

250





media/file6.png
Outlet

Inlet






media/file15.jpg





nav.xhtml


  energies-14-05815


  
    		
      energies-14-05815
    


  




  





media/file16.png
Generator 3 <

Generator 1 <

> Generator 2

Gases duct





media/file2.png
Tamb

QFD

TEG_FD TEG TSP

c
TTSP

: !—’

N\

Tamb

. C
QTSP

Losses





media/file20.png
|»

‘ | | Hot side heat
o b —— S\ exchanger
Thermoelectric |, i 3 Gas duct
“ ~— Gas duc ,
|_generators L \ X Insulation
{E I h\ '
Diffuser r | i Thermoelectric
3 ; - ; ' _ Modules

TEG_TSP

Modified gas duct |

| TEG_FD |






media/file23.jpg
Net power (W) t" = 405 °C; 1ty = 70 kg/h; Vpan = 4V
12
10
PR el s
8
6
Lic.d - g
4
2 - ® =TEG_TSP
4 - &= TEG_FD
(0
o 5 10 15 20 25 30

Load resistance (€2)

35





media/file5.jpg
Outlet

Tnlet






media/file24.png
35

Net power (W) t" = 405 °C; my = 70 kg/h; Vpgp = 4V
12
10
- -8 I - B
P 4
7
8 |
/
6
- - - -‘. - - - - . *
4 V'g
2 ," — ® —TEG TSP
/7 — 4= TEG FD
0 M
0 10 15 20 25 30

Load resistance ()





media/file1.jpg
TEG_TSP

Losses






media/file25.jpg
Electric power (W)

12

10

g =70kg/h; t;"=405°C

A

a 6 8 10 12
Voltage fan (V)

— ® —TEG_TSP +e-e+++ TEG_FD, total

~ 4= TEG_FD, net =—0— Waux

14





media/file12.png
Pressure drop (Pa)
45
BCase A
A
40 ” Case B
J x Case C
35 ," ¢ Case D
," e Blower
/
30 A
U
!
25 /
/
U
/
,l
20 7 X
U /
» /A
15 .... ...... [ O o": I,,/,’
/ ce0, ... ,I
! ’i-
’ P ®
0 S e,
I’, f’ .
5 )/ 4” ". ...b
R BT "o,
’ %7 - ‘e,
/”’,’a”” ______ w ..°'
0 .ﬁ!’: ----
0 50 100 150 200 250 300

mass flow rate (kg/h)





media/file9.jpg
Thermal resistance (KW) 4" = 490°C

=Y

e ow e e’

Theemal resiance (W) i =s25°C

s

[P





media/file0.png





media/file8.png
o
Za "3 -cmwwaooa0ogp
m11197653210/






media/file17.jpg
Thermal resistance per module (K/W)
0.70

0.60 «

~
050 o~
040

0.30
0.20
0.10

0.00

0 100 200 300
Heat power to dissipate (W)

400





