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Abstract

:

Modern ships discharge large amounts of energy into the environment. More specifically, internal combustion engines (ICE) of commercial and passenger ships waste significant amounts of thermal energy at high temperature through their exhaust gases that are discharged to the atmosphere. A practical approach of recovering some amount of this energy is by using thermoelectric generator systems, which can convert thermal into electrical energy, given that there is a significant temperature difference. It is the aim of this work to propose a thermoelectric generator to recover energy from the exhaust gases of marine ICEs. The proposed thermoelectric generator uses the outside surface of the ICE manifold as the hot side of the thermoelectric module, while the cold side is maintained at a low temperature through a heat sink and induced water flow. The goal of this work is to design this thermoelectric generator and identify the configuration that produces the maximum electric power. The analysis and design are performed with the use of modeling and simulation, while commercial software is employed to study the 3-dimensional coupled fluid flow and heat transfer at a steady state. A sensitivity analysis is carried out to identify the parameters with the highest influence on power production. In addition to a full factorial sensitivity analysis, the more efficient Latin hypercube sampling is used. The analysis shows that significant energy of the exhaust gases can be converted into electric power with the use of an optimized heatsink, which creates the highest temperature difference between the two sides of the thermoelectric module.
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1. Introduction


Global warming is evolving into one of the significant problems that humanity is called to battle. One of the major contributors to global warming is the energy and CO2 released into the environment by different sectors of modern industries [1,2]. The scientific community is motivated to study alternative methods to reduce the amount of waste heat energy that industries are currently producing. Each year, modern ships through their internal combustion engines (ICE) discharge massive energy and carbon emissions to the environment. According to the International Maritime Organization (IMO), carbon emissions have increased 8.4% from 2012 to 2019 [3]. In addition, maritime shipping from 2007 to 2012 has accounted for about 2.8% of worldwide greenhouse gases, for both domestic and international operations.



The use of thermoelectric generators (TEG) can provide a solution to convert such waste heat into useful electrical energy. One commercial approach was developed by KELK Ltd. that tested a thermoelectric generation system at a carburizing furnace [4]. Residual carburizing gas heated up the hot side of multiple TEG units, which consisted of 16 Bi-Te modules each. The operating conditions resulted in varying hot side temperatures from 50 to 250 °C and on the other hand, the cold side temperature was kept constant at 30 °C. The results showed that 214 W of electric power was generated, which was used to charge batteries and to power LED lights. Researchers in another work investigated the use of thermoelectric generation systems in a steel production plant. Their TEG included 16 thermoelectric modules made of bismuth-telluride and used radiant heat from hot steel products during continuous casting. The thermoelectric system generated more than 250 W when the hot-side temperature was 250 °C and the cold-side was 30 °C [5]. This system has scaled up to produce up to 9 kW of electric power with the produced steel at 915 °C. A similar solution was introduced in the Portland cement industry, where waste energy is lost into the atmosphere through the outer shell of the rotary kiln. In this work, the system was built as a circular array of TEG units placed at a small distance around the rotary kiln [6]. This system generated about 210 kW, which accounts for about 33% of the energy that could be lost through the kiln surface without the TEG.



In the maritime industry, around 50% of the available fuel energy used to power the diesel ICEs is wasted into the environment [7]. Even though this a significant amount of wasted energy, its quality is low due to the low temperature that this energy is wasted, which in turn results in low recovery efficiency. In addition, this work provides an overview of different waste heat recovery technologies, such as the organic Rankine cycle, Rankine cycle, supercritical Rankine cycle, Kalina cycle and exhaust gas turbine systems. Specifically, waste energy recovery systems from marine incinerators using thermoelectrics have been shown to be a promising option [8,9,10]. Moreover, these works showed that the proposed TEG solution could be financially viable. In another work, the efficiency of the TEG (ZT value) is studied and it was concluded that ZT values higher than 1.5 are more promising, making it a more attractive solution for investment by ship owners [11].



The techno-economic aspects of thermoelectric devices for waste heat energy recovery are also important. For applications with a power output under 10 kW, such as the waste energy of marine ICE, thermoelectric devices can provide a worthwhile solution as they have better efficiency than the Rankine cycle and lower cost [12]. With the future commercial developments of TEGs, they can provide even greater efficiencies in an increased power range of applications.



The use of thermoelectric generators in ICE has numerus advantages. They are solid structures with no moving parts, and they require a small space for installation in addition to their low weight. Compared to other devices, TEGs need only thermal energy to produce electricity, require minimum maintenance and have a long service life. In addition, they can operate in remote locations with no required electricity and can be installed at any location or orientation. The economic changes during these years, high fuel prices and environmental pollution gave the opportunity for more research on environmentally friendly technologies in the marine industry and ship transportations. The ICE generates important waste heat energy through its exhaust gases at high temperature. An efficient way to recover the waste energy from exhaust gases is with the use of thermoelectric generators, which can convert waste heat into electrical energy.



The goal of this work is to design a TEG system that produces the maximum possible power using the exhaust gases of a maritime ICE. First, the description of thermoelectric modules, finite element method and the Latin hypercube sampling approach are given in the Background. Then, the new design, simulation model, and evaluation procedure are given in the Device and Modeling section. Next, the parametric analyses are presented, and finally, conclusions are given.




2. Background


2.1. Thermoelectric Modules


TEG modules operate in two modes, power generation and heat pumping. The Seebeck thermoelectric effect is exploited in this work, which results in the TEG module to operate in power generation mode. By generating a temperature gradient across the two sides of the thermoelectric module, an electrical current is produced. The TEG module contains several thermoelectric n-type and p-type paired legs that are built of highly doped semiconducting materials [13,14]. The electrical connection of the legs is in series in order to increase the voltage; however, the two sides of all legs have the same temperature (thermally connected in parallel). The legs are enclosed between two ceramic plates for electrical insulation (Figure 1).



The p-type legs are positively charged due to the lack of electrons and a current flow is created when a heat flow exists. Heat and current flow have the same direction. On the contrary, n-type legs have a negative charge so current and heat are counter flowing. Due to the series connection, the voltage produced by each pair is added to create the overall module voltage. The power that a thermoelectric generator produces is capable of powering standard electrical or electronic devices. Modules of bismuth telluride (Bi2Te3) are considered in this work. The physical properties used in the simulations and power calculations are given in Table 1. The parameters in this table are only the ones necessary for the thermal analysis of the TEG device, and they are assumed constant. In general, these parameters are dependent on temperature but their change is insignificant for the temperature range used in this work. The dimensions of the module are 50 × 50 × 4 mm and produces maximum power when applying the temperatures provided by the manufacturer (30 °C and 300 °C). This TEG module is selected due to its compatibility to the temperature difference of the specific implementation as it is going to be described later. The power curves for this TEG module for various cold and hot temperatures are given in Figure 2. These power data are provided by the manufacturer [15] and contain the thermoelectric material properties, such as the ZT and Seebeck coefficient.




2.2. Finite Element Method and Solvers


The finite element method (FEM) will be used to solve the partial differential equations that describe the behavior of the model. With FEM, the complex and nonlinear differential equations can be solved for the non-canonical geometries of the domains of interest. For this work, the commercial software COMSOL Multiphysics is used [16,17]. For this model, an implementation between the heat transfer differential equations and the laminar flow differential equations will be used.



The equations for the heat transfer are solved by the FEM for the entire computational volume. The general differential equations are presented in Equations (1) and (2) and their solution determines the temperature, T, and heat flux,  q . The required parameters to solve the equations are the density of the fluid and solid density ρ, specific heat capacity for solid and fluid material Cp, thermal conductivity for solid and fluids k. In addition, the velocity field that is defined by the coupling with the stationary incompressible laminar flow is needed. For this work, the differential equations are used in a stationary form, where the time dependent terms are eliminated from the equation. Equation (2) describes the relationship of heat flux with the temperature gradient. In this work, this relationship is crucial due to the non-symmetrical tensor that this equation provides.


  ρ  C p   u →  · ∇ T + ∇ ·  q →  = Q  



(1)






   q →  = − k ∇ T  



(2)







The solution of Equations (1) and (2) requires the definition of the appropriate boundary conditions. For the analysis in this work, two different forms of boundary conditions are used. On surfaces with thermal insulation, the heat flux is zero, and this condition is expressed by Equation (3). Moreover, on surfaces with interaction between the ambient air and the device, there is heat transfer by means of convection and this heat flux is expressed by Equation (4). In these equations,  h  is the convection coefficient,   n →   is the unit vector normal to the outside surfaces, and    T  a m b     is the ambient temperature.


  −  n →  ·  (  − k ∇ T  )  = 0  



(3)






  −  n →  ·  (  − k ∇ T  )  = h ·  (   T  a m b   − T  )   



(4)







The COMSOL software has a variety of FEM solvers that can be used for the simulation with Multiphysics phenomena and interactions. The use of each solver depends on the convergence of the model and the available processing power. Different types of solvers have been used to evaluate the computational time and convergence. In this work, the solver that is chosen is the segregated solver with Parallel sparse Direct Solver (PARDISO) [18]. PARDISO is one of the best methods to solve large mesh problems faster because in large scale simulations with nodes that are zero, sparse matrix algorithms can reduce the computational time from the fact that in their matrices, they do not include the zero nodes in data storage.




2.3. Latin Hypercube


Generally Latin Hypercube Sampling (LHS) is a method that attempts to allocate random numbers evenly over a multidimensional parameter space [19,20]. The advantage of this method over an ordinary random sampling is that the LHS can distribute the parameters evenly around the center of the parameter space. This is particularly beneficial when large number of parameters need to be evaluated and/or time-consuming computations are required for evaluating the performance of each parameter set. The LHS approach enables uniform coverage of the design space while limiting the number of the parameter set points to a minimum, which in turn reduces evaluation time. An example of a two-dimensional LHS with twenty-one points is shown in Figure 3, where each ‘∗’ represents a point of the parameter set. Note the uniform coverage of the two-dimensional space with at least one point for each value of X1 and X2 (column and row). Covering the same space with a full factorial approach would require 212 = 441 points. Moreover, an advantage of LHS is the flexibility that it provides. In this case, if one of the set of parameters must be eliminated from the study due to geometric limitations, the existing data can still be used without a reduction in the evaluation points. In this study, the use of LHS can help determine the area of interest and allow the examination of a larger range of values.





3. Device and Modeling


Generally, the waste heat from the ICE comes from exhaust gases at high temperature. As a result, the available positions for the TEG device to operate is after the combustion chamber. The exhaust gases for a typical 7-cylinder ICE with engine power 7 to 12 MW are used and the temperature of the exhaust gases is around 370 °C. This turbocharged engine series operates in typical commercial ships and its overall power depends on the number of cylinders (5 to 8), rotational speed (95–124 RPM) and engine configuration. It has a 500 mm bore, 2010 mm stroke and a length of 7.34 m for 7 pistons.



There are different available positions that the TEG can be installed, such as the cylinder exhaust port, engine bypass system, engine manifold, and ship chimney. For this study, the manifold is chosen because the manifold had two circular flat surfaces at its ends as shown in Figure 4. Other installation positions are possible and can be explored using the procedure developed in this paper. However, the manifold position is chosen since it is the least intrusive to the ICE system, which leads to simpler modifications for the installation. Taking into consideration the exhaust gases temperature and the temperature losses, a conservative approach is used and the temperature on the outside surface of the manifold is set to be 270 °C, where the hot side of the TEG will be installed.



3.1. Thermoelectric Device


The proposed thermoelectric device consists of the following three main parts: the heat expansion plate (1), thermoelectric modules (2), and the water cooled heatsink (3), as shown in Figure 5. The area between the TEG modules is assumed to be static air. To achieve a high temperature difference between the hot and the cold side of the modules, the modules are sandwiched between the cooling heatsink and the heat expansion plate. The expansion is in direct contact with the outside surface of the manifold. The device has a square profile, its overall dimensions are 360 × 360 mm and it includes a total of 36 modules arranged in a 6 × 6 pattern. These dimensions allow for an 8 mm gap between the modules and a 10 mm empty space at each end. These gaps are necessary for electrical connections and cables that run from each module to the outside connections of the TEG.



The cooling heatsink is an enclosed rectangular tube that allows the flow of the water in order to extract heat and create a low temperature on the cold side of the modules. The lower surface of the heatsink is in contact with the modules. The inside area of the heatsink includes longitudinal fins that increase the overall heat transfer area and, therefore, the heat transferred from the modules to the water. The configuration of the heatsink is shown in Figure 6. The fins can have a variable height and width that will be determined later using the parametric studies. In addition, the number of fins or gap between the fins is variable. Initially, the heatsink has an overall height of 60 mm and 15 fins.




3.2. Modeling and Analysis


The geometry of the model is designed inside the COMSOL software using a set of parameters that describe each characteristic of the model geometry. The exact model geometry is defined by the following three parameters of the fins: number, thickness, and height. Note that by varying these parameters, the inlet velocity is changed due to the change in inlet surface. These parameters will be later varied by the parametric studies in order to identify the most sensitive parameters to the produced net electric power.



The TEG device model, with its three-dimensional geometry, includes non-isothermal flow with laminal incompressible flow conditions and conjugate heat transfer at the interface between the fluid and the heatsink. These Multiphysics model behaviors and interactions are described by the partial differential equations described above. A vital part of the model is the boundary conditions, as shown in Figure 7. For the heat transfer, the inlet temperature is set to a constant 20 °C and for the outlet is set to “outflow” that enforces heat transfer only by convection. The outer surface of the heat expansion plate is set to be 270 °C, which is the temperature of the manifold. The outside surface of the device is assumed adiabatic, due to the insulation of the manifold enclosure for safety reasons. For the flow, the inlet surface boundary condition is set to constant velocity, where the outlet surface is set to constant pressure (atmospheric). The inlet water velocity is determined by the volumetric flow that is kept constant 0.4 L/s, i.e., the velocity changes due to the different inlet surface for each set of fin parameters. This assumption ensures that the cooling capacity is constant; therefore, only the effect of the heatsink parameters will be accounted for the different designs.



The material physical properties are also required to perform the simulation. The material properties for the heatsink (aluminum) and heat expansion plate (cooper) are given in Table 2. These properties are assumed constant and to not change with temperature, which is a suitable assumption for solids. On the other hand, fluid physical properties are not constant and can be temperature dependent for both the air and the water. For water, the temperature dependency for thermal conductivity, heat capacity, dynamic viscocity, and density is used and shown in Figure 8. The air in the gap between the modules is considered static (solid), since it is not moving. Therefore, only thermal conductivity and specific heat transfer are needed, and their temperature dependency is shown in Figure 9.



To take into consideration the velocity changes for different geometries during the parametric study, the velocity for each parameter set is calculated considering a constant volumetric flow. Model geometry for a given parameter set value is calculated through the formulas given in Table 3. This type of geometric model setup allows the easy implementation of paremetric studies without constant supervision of COMSOL or having to run each simulation separately.



Before using the FEM model for the analysis, its accuracy is considered. At first, a mesh convergence study is performed with the use of different mesh sizes and types in order to identify the proper mesh for the model and the most effective mesh in terms of computational time. Another important factor is the validation of the FEM models with analytical models when possible. For this work, a 1D thermal resistance model, along the height of the heatsink, is used to validate the results from the FEM model. This validation study shows that the 1D model predicts temperatures that are very close to the COMSOL model results, as it is depicted in Figure 10.



To identify the final model geometry and parameters, general studies are performed to identify the model that will be later used for the full factorial parametric and Latin hypercube studies. Initially, a model with an inlet and outlet volume that acts as a manifold before and after the fins is studied. This is what one would expect in the actual device in order to distribute the constant water volumetric flow, but also for easy manufacturing. In contrast, this study shows that this added volume increases rapidly the number of mesh elements, due to the complex geometry at the beginning and ending of the fins. This larger mesh size results in a significant increase in computational time without significant changes in the predicted temperature profiles. As a result, the inflow and outflow volume are eliminated. Another study considered the height of the fins. Having fins that do not cover the whole height of the heatsink and having a gap at the top do not create lower temperatures at the cold side of the module, and in addition, it increases the computational cost due to more complex flow. The simulation results show that the fins should cover the entire height of the heatsink. As a result, small rectangular channels form across the width of the TEG device and the final geometry is shown in Figure 11. In addition, the effect of each heatsink parameter on the temperature is studied. This analysis showed that the three most significant parameters are the height of the heatsink, the thickness and number of the fins inside the heatsink.



Finally, the computational efficiency is considered given that the FEM has about 4 million elements. This model has a simulation time of about 1 h; therefore, the model geometry symmetry is exploited to reduce the computation time. The geometry is symmetric around a vertical plane in the middle of the heatsink and this defined in COMSOL. This results in a model about half the size of the original, which can be computed in about 32 min on an 8 core processor at 4 GHz and 128 GB of RAM.



For the calculation of the net power, the surface temperatures of the cold and hot sides of the modules are exported from COMSOL. A typical temperature profile of the cold side within COMSOL is shown in Figure 12. The cooling water enters the heatsink at the left side (x = 0). As it can be observed in the right plot with the mesh, the available temperatures are at the nodes of the mesh that do not necessary align with the respective temperatures of the module at the hot side. The temperature at the hot side is not very interesting, since it remains almost constant with about 0.4 °C variation. The exported temperatures are imported into MATLAB for analyzing. First, the available temperature points are linearly interpolated in order to get the temperature at the same points for the cold and hot side, as shown in Figure 13. This is critical for the accurate calculation of the power. The power is then calculate using the module data presented in the Background section. The next step is to calculate the pressure drop through analytical expressions and the overall power losses required to maintain the flow used in the simulation. This power is subtracted from the module power to calculate the net power. For the module power calculation, the modules are divided into smaller cells and the power for each cell is shown in Figure 14. The produced power is the sum of the individual power of all these cells.





4. Parametric Studies


The parametric studies are performed in order to evaluate the effect of a variety of possible combinations of the device parameters. Based on the study performed in the previous section, it was determined that only the geometric parameters of the heatsink effect the power production significantly. More specifically, the number and thickness of fins and the heatsink height were considered. A variety of methodologies are available for performing parametric studies and for the purposes of this work, two were employed, i.e., full factorial and Latin hypercube sampling.



4.1. Full Factorial


The parametric analysis using the full factorial approach can be lengthy, since it exponentially increases with the number of parameters and the number of points per parameter. A high number of evaluations are required to identify the finest set of parameters. In this case, we have only three parameters, so this approach is workable if a small number of points per parameter in used. Three points per parameter are selected, which gives a total 33 = 27 analyses. The parameter values are shown in Table 4. These specific values are selected in order to avoid the possibility of having a negative channel thickness, which creates a non-real model that cannot be simulated.



The main goal of the full factorial parametric study is to identify the parameters with the highest contribution to energy recovery. This is achieved with the evaluation of the different set of parameters. The produced power without and with the power loss needed to create the necessary water flow are calculated and the results are shown in Figure 15. The calculations confirm the impact of power losses for creating the required water flow. The maximum gross power produced appears at point 25, with parameter values 7, 30 and 45; however, after removing the flow losses, the maximum net power appears at point 26 with parameter values 7, 45 45. The higher water velocity (smaller channel area) at point 25 creates significant power losses that overcome the higher produced power as compared to point 26. In general, the last three points have the highest power losses because of the highest number of fins and smallest channel area. In addition, this demonstrates that the temperature difference cannot be an optimization parameter by itself due to the importance of power losses. The maximum net power is 367.8 W and the respective geometric parameters are 7 mm fin thickness, 45 mm heatsink height, and 45 fins.




4.2. Latin Hypercube Sampling


As mentioned before, the LHS method can better cover the same parameter space with the same number of evaluation points. The LHS parameter sets are generated using the MATLAB toolbox and they also are checked for not exceeding the geometric constraints. A total of 46 parameter set points are created and they are shown in the Appendix A. The number of fins is constraint to an odd integer number due to an unimportant model geometric limitation. These parameter set points are imported into COMSOL and simulated to produce the temperature distribution for each parameter set. The simulation results are then exported to MATLAB to calculate the produced power. The results of the LHS parametric study are shown in Figure 16. The LHS parametric study provides a new maximum power of 368.3 W, which is produced by parameter set 10. The geometric parameters for producing this power are 6 mm fin thickness, 44 mm heatsink height, and 49 fins. As expected, LHS was able to identify a better design as compared to the full factorial analysis.





5. Conclusions


Significant exhaust gases energy from maritime ICE engines can be recovered and converted into electricity with the use of a properly designed thermoelectric generator system. This design, noted as the “best”, is identified using systematic design methodology and Latin hypercube sampling. More specifically, an optimized heatsink for providing the lowest possible temperature at the cold side of the thermoelctric module is designed. The design analyses are made possible by modeling and simulation that provide the required temperature distribution at the two sides of the thermoelctric modules. The proper and methodical building of the FEM model allows efficient simulation that, in turn, enables the investigation of the multible designs in a short time.



The developed model will be used in future studies for further exploration of the design space by studying the effect of other device parameters on the produced power. In this study, only the geometry of the heatsink and its effect on the performance of the device is considered. There are many other device parametres that affect the efficiency and their contribution can be investigated using the proposed approch in this work. For example, different heatsink materials, patterns of thermoelectric modules, size of thermoelectric modules and cooling water flow rate can be examined more efficiently using LHS; however, this remains as future work.
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Appendix A. Parameter Sets for Latin Hypercube Sampling
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	Parameter Set #
	Fin Thickness [mm]
	Number of Fins
	Heatsink Height [mm]
	Parameter Set #
	Fin Thickness [mm]
	Number of Fins
	Heatsink Height [mm]





	1
	4
	45
	50
	24
	2
	55
	42



	2
	4
	45
	42
	25
	2
	49
	58



	3
	2
	47
	48
	26
	2
	31
	24



	4
	2
	43
	40
	27
	4
	31
	30



	5
	4
	37
	38
	28
	4
	51
	26



	6
	2
	41
	32
	29
	4
	47
	36



	7
	4
	37
	44
	30
	2
	45
	26



	8
	4
	39
	44
	31
	2
	49
	34



	9
	2
	47
	46
	32
	2
	53
	58



	10
	6
	49
	44
	33
	2
	41
	36



	11
	2
	45
	50
	34
	4
	33
	40



	12
	2
	31
	40
	35
	4
	43
	28



	13
	4
	37
	34
	36
	4
	37
	34



	14
	4
	35
	26
	37
	2
	35
	54



	15
	2
	51
	56
	38
	4
	33
	48



	16
	4
	51
	28
	39
	4
	43
	52



	17
	4
	47
	38
	40
	6
	41
	32



	18
	2
	41
	28
	41
	4
	35
	58



	19
	4
	39
	30
	42
	2
	51
	50



	20
	6
	33
	56
	43
	4
	31
	56



	21
	6
	33
	46
	44
	2
	43
	36



	22
	6
	35
	54
	45
	6
	39
	46



	23
	2
	49
	54
	46
	2
	39
	42
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Figure 1. TEG module configuration. 






Figure 1. TEG module configuration.
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Figure 2. Power data of TEG module. 
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Figure 3. LHS−2D space sample. 
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Figure 4. ICE manifold. 






Figure 4. ICE manifold.
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Figure 5. Exploded view of TEG device. 
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Figure 6. Front view of TEG device. 
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Figure 7. Model Boundary conditions. 
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Figure 8. Water thermal properties. 
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Figure 9. Air thermal properties. 
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Figure 10. The 1D thermal resistance model vs. COMSOL model. 
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Figure 11. Final model geometry. 
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Figure 12. Original cold temperature surface within COMSOL. 
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Figure 13. Cold side temperature profile after resampling. 
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Figure 14. Produced power per cell. 
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Figure 15. Full factorial parametric study results for power with and without losses. 






Figure 15. Full factorial parametric study results for power with and without losses.



[image: Energies 15 04075 g015]







[image: Energies 15 04075 g016 550] 





Figure 16. LHS parametric study results. 
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Table 1. TEG module properties.
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	Parameter
	Value





	Thermal conductivity k [W/mK]
	1.2



	Density ρ [kg/m3]
	7700



	Specific heat Cp [J/kgK]
	154
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Table 2. Solid material properties.






Table 2. Solid material properties.





	Material Property
	Aluminum
	Cooper





	Thermal conductivity k [W/mK]
	238
	400



	Density ρ [kg/m3]
	2700
	8960



	Specific heat Cp [J/kgK]
	900
	385
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Table 3. Model geometry.






Table 3. Model geometry.





	Parameter
	Calculation Formula
	Description





	h_heatsink
	60 [mm]
	Heatsink height



	t_fin
	4 [mm]
	Fin thickness



	n_size
	30
	Number of fins



	h_fin
	h_heatsink-8 [mm]
	Fin height



	t_chan
	(352 − n_size × t_fin)/(n_size + 1) [mm]
	Channel thickness



	Entry_area
	(t_vent × (n_size + 1) × h_fin) [mm2]
	Inlet area



	Q_entry
	0.0004 [m3/s]
	Volumetric flow



	v_entry
	Q_entry/Entry_area [m/s]
	Water velocity
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Table 4. Full factorial parameter values.






Table 4. Full factorial parameter values.





	Parameter
	Value





	Fin thickness
	3, 5, 7 [mm]



	Heatsink height
	30, 45, 60 [mm]



	Number of fins
	23, 33, 43
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