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Abstract

:

The performance of a plate heat exchanger (PHE) using water as the working fluid with zigzag flow channels was optimized in the present study. The optimal operating conditions of the PHE are explored experimentally by the Taguchi method, with effectiveness as the objective function. The results are further verified by the analysis of variance (ANOVA). In addition, the zigzag flow channel geometry is optimized by the non-dominated sorting genetic algorithm-II (NSGA-II), in which the effectiveness and pressure drop of the PHE are considered the two objective functions in the multi-objective optimization process. The experimental results show that the ratio of flow rates is the most important factor affecting the effectiveness of the PHE. The optimal operating conditions are the temperatures of 95 °C and 10 °C at the inlets of hot and cold water flows, respectively, with a cold/hot flow rate ratio of 0.25. The resultant effectiveness is 0.945. Three geometric parameters of the zigzag flow channel are considered, including the entrance length, the bending angle, and the fillet radius. The sensitivity analysis of the parameters reveals that a conflict exists between the two objective functions, and multi-objective optimization is necessary for the zigzag flow channel geometry. The numerical simulations successfully obtain the Pareto optimal front for the two objective functions, which benefits the determination of the geometric design for the zigzag flow channel.
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1. Introduction


During the operation of industrial activities, a large amount of waste heat is liberated into the environment, which not only wastes energy but also causes thermal pollution [1]. The demand for energy in various industries is increasing rapidly. However, the improvement in energy conversion efficiency is limited. Therefore, waste heat recovery as an energy-saving method has recently attracted much attention. According to temperature ranges, waste heat is classified as high-temperature (above 650 °C), medium-temperature (250–650 °C), and low-temperature (below 250 °C) [2]. Among them, low-temperature waste heat accounts for the highest proportion of 60% of the total exhaust energy [3]. Many heat recovery technologies are available for capturing waste heat, such as air preheaters, heat exchangers, and thermoelectric generation [4,5,6]. Heat emissions can be transferred and recovered through these units, allowing thermal energy to be reused in industrial processes.



With the development of energy-saving technology, the applications of heat exchangers in the industry are becoming more popular. There are many types of heat exchangers, and according to different temperatures, pressures, media, and working conditions, heat exchangers have various applications. The advantages and disadvantages of the heat exchanger need to be considered in practical applications. For example, the double-pipe heat exchanger (DPHE) has a simple structure and can withstand high pressure. However, it occupies a large area and is easy to leak [7]. Shell and tube heat exchangers (STHE) are widely used in chemical equipment, but cleaning pipes is difficult [8]. Plate heat exchangers (PHE) have high heat exchange efficiency and are easy to clean, but the pressure drop is generally relatively high in operation [9].



Many researchers have attempted to ameliorate heat exchanger performance through the Taguchi method. The Taguchi method is an effective and low-cost method for quality engineering that has been widely used in various fields [10,11], including heat exchangers. It can take into account factors that may affect product variation and uses fewer experiments to find optimal conditions. Jamshidi et al. [12] combined the shell and helical tube heat exchangers to study the effects of fluid flow and geometric parameters on the heat transfer rate with the Taguchi method. The experimental results showed that the heat transfer rate could be improved by using a larger coil diameter and a higher mass flow rate. Kotcioglu et al. [13] established a model for a three-dimensional crossflow heat exchanger. They used the Taguchi method and analysis of variance (ANOVA) to analyze the flow rate, Reynolds number, and temperature effects on the Nusselt number and friction factor. They found the Reynolds number was the most critical parameter and determined the best combination of operating components.



In addition to the Taguchi method, many other theoretical approaches can also be used to optimize the heat exchanger performance. Rao et al. [14] minimized entropy generation in a crossflow plate-fin heat exchanger using a particle swarm optimization method. Selbas et al. [15] used a genetic algorithm to change the shell and tube heat exchanger’s geometric design and minimize the heat exchanger’s cost. However, more than one objective function often needs to be considered in practical engineering problems, and it is necessary to solve a problem with multiple objective functions. The objective functions may interact, and many multi-objective optimization methods have been developed, such as the global optimal algorithm, the response surface method, and the genetic algorithm method. The Non-dominated Sorting Genetic Algorithm-II (NSGA-II) is one of them, which has been employed in the optimization of heat exchanger performance [14]. It is a genetic algorithm with elite strategy and fast dominance sorting and is especially suitable for solving multi-objective problems. The goal of using NSGA-II is to generate the Pareto optimal front, which consists of optimal solutions that do not dominate each other. The Pareto-optimal front provides visualization of two objective functions. Researchers can evaluate trade-offs between objectives and the most suitable result. Table 1 lists a brief review of the relevant studies concerning multi-objective optimization using NSGA-II.



In past studies regarding heat exchanger optimization, most of them involve the designs of shell-and-tube heat exchangers, plate-fin heat exchangers, and fin-and-tube heat exchangers [22]. However, less effort has been devoted to optimizing PHE with zigzag flow channels and using water as the unique working fluid. Therefore, this study aims to maximize the performance of a PHE in which the working fluid is water with zigzag flow channels designed by the Taguchi method and NSGA-II. The Taguchi method is used to create experimental cases. Three operating factors are considered in the experiments: the inlet temperature of hot water, the inlet temperature of cold water, and the ratio of cold/hot water flow rates. Accordingly, the optimal conditions for the parameters can be determined. Furthermore, multi-objective optimization is carried out for the geometric design of the zigzag flow channel using the NSGA-II algorithm and computational fluid dynamics (CFD) simulation. The pressure drop and effectiveness of the PHE are considered objective functions, and three geometric variables are taken into account: the bending angle, the entrance length, and the fillet radius. The influence of each geometric parameter on the objective functions is explored, and then the Pareto optimal front is determined.




2. Methodology


2.1. Model and Experimental Setup


The photo of the plate heat exchanger is shown in Figure 1a. The heat exchanger stack has twelve flat plates, including nine flow channel plates made of SUS316 steel (Figure 1b), two layers of phase change material (PCM) (Figure 1c), and one cover plate. Bolts clamp them, and the plate dimensions are 0.32 m in length and 0.1 m in width. The thicknesses of the flow channel plate and PCM layers were 0.0025 and 0.0115 m, respectively. The cold and hot flow channel plates have the same zigzag channel geometry, which can increase heat transfer efficiency [23]. According to the study [24], a heat exchanger with a counter-flow design can maximize heat recovery. Hence, the present heat exchanger adopts a counter-flow design as the flow directions of cold and hot flows are shown in Figure 2a. Both cold and hot flows have two inlets and one outlet. A 3-inch metal fitting is attached to each inlet and outlet and connected to silicone hoses. The structure of the plate heat exchanger is illustrated in Figure 2b, which consists of three sets of heat exchange layers with two PCM layers inserted between them. While this study focuses more on the vertical heat transfer between hot and cold water channels, PCM will not be included in the experience and simulation.



The experimental setup is shown in Figure 3. Water was used as the working fluid in the PHE to test the heat exchange performance. The hot water was driven by a pump (HITON, HF-8006) and heated by a 40 L gas heating system (Ta-Han, BDF-23C). The cold water was circulated and controlled by a thermostatic water bath (Yih Der, BL710-D) to maintain a constant temperature at the inlet of the heat exchanger. The flow meters (Dwyer, GSN-15-N) were connected to control the flow rates of cold and hot water flows in a range of 0.25–2.5 L/min (LPM), along with the allowed error of ±3%. Six K-type thermocouples (Chuan Yu, K type) were installed in the pipes to measure the inlet and outlet temperatures of the water flows. The resolution of the K-type thermocouples is ±0.75 °C. The whole heat exchanger was covered by insulation cotton to reduce heat loss. The data measured by the thermocouples were recorded on an industrial computer equipped with a thermocouple module.




2.2. Optimization of Operation Conditions by the Taguchi Method and Analysis of Variance (ANOVA)


The PHE performance was tested, and the Taguchi method was used to analyze the optimal operating conditions for the understanding of the effects of system parameters on the PHE. The Taguchi method is effective in quality engineering, characterized by reducing the effects of various causes to improve quality. An orthogonal array can be selected according to the design of the system parameters and the level values. The experiments to be performed can be filtered, and one can obtain reliable estimations with fewer runs of experimental groups.



Three control factors are considered in the Taguchi method: the inlet temperature of hot water, the inlet temperature of cold water, and the flow rate ratio of cold/hot water flows, which are indicated by Factor A, Factor B, and Factor C, respectively. Each factor consists of three levels, as shown in Table 2. The experiments are performed in one atmosphere where the water boiling temperature is 100 °C. Therefore, three inlet hot water temperatures of 75, 85, and 95 °C are selected. Meanwhile, cold water at room temperature is adopted. As a result, three standard temperatures of 10, 20, and 30 °C are considered. It is inferred that the cold/hot water flow rate ratio may be a crucial parameter affecting heat exchange. Under the condition of a hot water flow rate of 2 LPM, the ratios of cold/hot water flow rates are 0.25, 0.5, and 1. Accordingly, the L9 (33) orthogonal array with 9 cases can be constructed, as shown in Table 3.



The signal-to-noise ratio (S/N ratio) is used to compare the interference and influence of different factors on the objective function, and the sensitivity of the parameters can be calculated. In the Taguchi method, the S/N ratios are categorized as the nominal-the-better (NB), the larger-the-better (LB), and the smaller-the-better (SB). The signal is usually predictable in quality, while the noise is generally unpredictable. The objective function is the effectiveness ( ε ) of the PHE, and the target of the experiments is to find the optimal combination of the factors to obtain the highest effectiveness of the PHE. Therefore, the LB criterion is selected as the judgment basis, which could be expressed by:


   S N  =  − 10    log   10    (   1   y 2     )   



(1)




where y is a dimensionless value representing the effectiveness of the heat exchanger, which is defined as:


  y = ε =    Q  a c t u a l      Q  m a x     =    C c   (   T   c o    −  T   c i     )     C  m i n    (   T   h i    −  T   c i     )    =      (   m ˙   c p   )   c   (   T   c o    −  T   c i     )      (  m ˙   c p  )   m i n    (   T   h i    −  T   c i     )     



(2)







In the above equation,    Q  a c t u a l     is the actual heat transfer rate,    Q  m a x     is the maximum heat transfer rate,    m ˙      is the mass flow rate of cold water,    C c    is the specific heat capacity of cold water,    C  m i n     is the smaller specific heat capacity between cold and hot water,    T   c 0     ,    T   c i     , and    T   h i      are the temperatures at the outlet of cold water, the inlet of cold water, and the inlet of hot water, respectively. The effectiveness mainly depends on the temperature difference    (   T   c 0    −  T   c i     )   . The maximum effectiveness is equal to 1, which represents the ideal condition that the temperature    T   c 0      is equal to the temperature    T   h i      without any heat loss.



ANOVA is a statistical method. ANOVA estimates the amount of change caused by each factor relative to the total change. This was achieved by using the ANOVA F-test to obtain F-values. The measurement of the ANOVA F-test is defined by:


  F =     s u m   o f   s q u a r e   o f   t r e a t m e n t  f      s u m   o f   s q u a r e   o f   e r r o r    f e      =      s i   f       S f       [   (  N − 1  )  − f  ]       



(3)




where f is the degree of freedom, N is the number of tests, and    S f    is the sum of the square of error, which can be represented by the minimum of each factor [4,25].




2.3. Schematic of the PHE Model


SolidWorks established the 3D PHE model for numerical simulation. The structure of the PHE is of the double-banking type, based on the stack of a cold flow channel sandwiched by two hot flow channels. It repeats periodically, as shown in Figure 2b. The entire PHE can be approximated by such a simplified model with periodic boundaries on the top and bottom surfaces, and since the simulation focuses on the vertical heat transfer, the lateral surface boundaries are set to be adiabatic [26,27,28], as shown in Figure 4, to save computation time. The channel geometry is the same as the practical PHE geometry and simplified into three zigzag channels with semicircular cross-sections. The diameter of the semicircular channel is 2.5 mm, and the length and width of the cross-sectional area are 7.5 and 3.5 mm, respectively.




2.4. Theoretical Model and Numerical Simulation


The commercial software COMSOL Multiphysics is used for numerical simulation. The PHE is assumed to operate in a steady state without any heat source. It is well insulated from the surroundings, and the heat loss is ignored. Since the Reynolds number is less than 4000, the model of incompressible laminar flow is employed in the flow channels. The problem involves fluid motion with heat transfer between solid and fluid flows [29,30]. The continuity equation is:


  ∇ ·  V ⇀  = 0  



(4)




where   V ⇀   is the flow velocity. The momentum equations are:


  ρ  (   V ⇀  · ∇  )   V ⇀  = − ∇ p + ∇ ·  K ⇀   



(5)




where ρ is the water density, p is the pressure, and   K ⇀   is the effect of viscous force. The energy equation for water flow is:


  ρ  c p   (  u   ∂ T   ∂ x   + v   ∂ T   ∂ y   + w   ∂ T   ∂ z    )  = κ  (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2     )   



(6)




where  κ  is the thermal conductivity, cp is the specific heat of water, and T is the temperature. The heat diffusion equation in the solid regions is:


     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2    = 0  



(7)







Figure 5 shows the typical grid system and the constructed grid systems were tested before performing numerical simulations. Four grid systems with different grid numbers were established and used to perform simulations under the optimal operating conditions predicted by the Taguchi method. The inlet temperature and velocity of the hot and cold water are set to 95 °C and 0.098 m/s as well as 10 °C and 0.049 m/s, respectively. The outlets are considered to be at atmospheric pressure. The wall boundary layer does not slip and ignores the effect of gravity. The temperature at the outlet of the cold flow is used for comparison. As shown in Figure 6a, the numerical result approaches a constant gradually with an increasing mesh number. Because the relative error between the results of Mesh 3 and Mesh 4 is less than 1%, the grid system of Mesh 3 was employed to reduce time consumption and obtain sufficient accuracy.



The grid system of Mesh 3 is further verified by comparing the numerical predictions with experimental data. Five typical cases, including Cases 6, 7, 8, and 9, and the optimal case in Table 3, are considered for comparisons and illustrated in Figure 6b. For the optimal case, the measured temperature at the outlet of cold flow is 89.0, while the numerical simulation is 90.3, with a relative error of 1.4% only. The relative errors between the experimental and numerical results are always less than 7% for the other cases. This confirms that the grid system of Mesh 3 is sufficient to provide reliable simulation results and that numerical validations are achieved.




2.5. Genetic Algorithm for Multi-Objective Optimization


The genetic algorithm NSGA-II is employed in this study to optimize multi-objective functions. The mathematical definition of multi-objective optimization is as follows [31]:



Maximize/minimize:


    f i     ( x )   i      i = 1 , … ,    N    



(8)







Subject to constraints:


    g j   ( x )  = 1 , … ,    M      j = 1 , … ,    M    



(9)






    h k   ( x )  ≤ 1 , … ,    M      k = 1 , … ,    M    



(10)




where fi is the objective function, gj is the equality constraint, hk is the inequality constraint, and x is the design variable (geometrical parameter or working condition). The subscripts i, j, and k represent the number of the state variable.



Two objective functions are considered: the PHE’s effectiveness and pressure drop. The effectiveness is defined as Equation (2), and the pressure drop is expressed by:


  ∆ P =  P  i n   −  P  o u t    



(11)







The two objective functions conflict with each other; that is, an increase in effectiveness would induce a more significant pressure drop across the PHE. Hence, it is necessary to explore the Pareto optimal front [32] by weighing the two objective functions, and then the corresponding optimal PHE geometry can be determined. Based on the elite strategy and non-dominated sorting theory, the NSGA-II method can efficiently converge to a solution. The flow chart of this method is shown in Figure 7. COMSOL Multiphysics performed numerical simulations to generate the results of objective functions for the initial population. Combining the elite strategy with non-dominated sorting allows for the retention of high-quality solutions as well as the identification of the front of all solutions. The selection mechanism of the population consists of high-rank solutions. When two solutions have the same rank, the solution with the larger crowding distance is selected. After crossover and mutation, a new population is generated by combining the parents, and the selection mechanism is also identified. Finally, the iteration is completed to generate the Pareto optimal front.



In the optimization of geometric design, the feasible design variables are the entrance length, the bending angle, and the fillet radius, as illustrated in Figure 8. The entrance length is between 10 and 20 mm, the bending angle is between 100 and 150°, and the fillet radius is between 1.8 and 5 mm. Each variable was modified based on the practical flow channel geometry and references [33,34]. Here, the variables were updated and calculated by the NSGA-II algorithm, which was implemented in the MATLAB environment. The updated variables were inserted into COMSOL Multiphysics, and SolidWorks created the geometry.





3. Results and Discussion


3.1. Operating Factor Analysis by the Taguchi Method


Experiments were carried out according to the nine cases listed in Table 3, and the results for the effectiveness are shown in Figure 9a. In the experimental study, each experiment was performed at least twice. The uncertainty analysis suggested that the relative error was within 4%. This confirmed the high repeatability of experiments. It is found that Case 8 gives the highest effectiveness of 0.91, whereas Case 2 presents the lowest value of 0.56. The S/N ratio of each case was calculated by Equation (1) to explore the influence of each factor on the quality variation [35], and the results are illustrated in Figure 9b. A comparison between Figure 9a,b suggests that a higher effectiveness value renders a greater quantity of the S/N ratio. The S/N ratios of Case 8 and Case 2 are −0.812 and −5.008, respectively. The mean S/N ratio is the average of the three S/N ratios for a factor at the same level [36], and the variations of the mean S/N ratio for the three factors with the levels are shown in Figure 9c. The influence of the factor on the objective function can be estimated by the difference between the maximum and minimum S/N ratios. The radar chart for the influences of the three factors (i.e., the effect values) is displayed in Figure 10a. The order of the effect magnitudes is Factor C (6.5) > Factor A (1.8) > Factor B (0.6). This result reveals that the flow rate ratio is the most crucial factor affecting the effectiveness of the PHE, and the inlet temperature of hot water is more influential than the inlet temperature of cold water.



According to the results demonstrated in Figure 9c, the optimal operating conditions for maximum effectiveness can be determined. The combination of the optimal operating conditions occurs at 95 °C of the inlet temperature of hot water (level 3), 10 °C of the inlet temperature of cold water (level 1), and 0.25 of the flow rate ratio (level 1). This operating state is not included in the 9 cases of the orthogonal array (Table 3). Hence, an experiment was performed further for this case, and the measured effectiveness was 0.945. This value is the highest value in comparison with the nine cases. The experimental study by Attalla et al. [37] for PHE also observed similar results. A reduction in the flow rate ratio or an increase in the inlet temperature of hot flow would be beneficial to improve the effectiveness of the heat exchanger. The present results show that the Taguchi method is an efficient technique for optimizing the operating parameters to enhance the effectiveness of a PHE.




3.2. ANOVA Analysis


The analysis of variance (ANOVA) is a statistical formula and is usually used to compare the variation between the mean values of different cases. Here we employed this method to identify the importance of the three factors in affecting the objective function. The analysis results are listed in Table 4. The table contains the F-value and p-value data, indicating a factor’s influence and significance [4,38]. A higher F-value means that the factor is more influential. Under the confidence interval of 95%, a p-value below 0.05 represents the influence of the factor is significant [39]. Among the three factors, Factor C′s F-value is 138.74, and its p-value is 0.007. This F-value is substantially larger than those of the other two factors, while the p-value is by far smaller than those of the other two factors. This implies that the flow rate ratio is a significant factor in determining the PHE’s effectiveness. Figley et al. [40] also observed similar results and reported that the flow rate ratio played an important role in affecting the effectiveness of a printed circuit heat exchanger.



The F-values of the three factors follow the order of Factor C (138.74) > Factor A (10.73) > Factor B (1.7). This feature is in line with that of the Taguchi approach. It has been reported that there is a linear correlation between the effect value in the Taguchi method and the F-value in ANOVA [41]. Meanwhile, the rank for the significance of the three factors according to the p-value is Factor C (0.007) > Factor A (0.085) > Factor B (0.37). The trend in the relationship between the F-value and the p-value, as shown in Figure 10b, conforms with the result of a past study [42]. In summary, the results of ANOVA are consistent with those predicted by the Taguchi method. Specifically, the factor possessing the lowest p-value also presents the highest influence value in the Taguchi method.




3.3. Effect of Geometric Parameters of the Zigzag Flow Channel


Before performing the multi-objective optimization of the zigzag flow channel, the effects of the three geometric parameters: the entrance length, the bending angle, and the fillet radius, as shown in Figure 8, on the objective functions: the effectiveness and pressure drop of the PHE, are explored in this section. The optimal operating conditions of the PHE, obtained experimentally by the Taguchi method, were used in the numerical simulation. In other words, with a flow rate ratio of 0.25, the inlet temperatures for the hot and cold water flows were 95 °C and 10 °C, respectively. The entrance length, bending angle, and fillet radius are respectively 15 mm, 130°, and 4.5 mm in the practical zigzag flow channels, as shown in Figure 1b. Here, in the simulations, the effect of each parameter was evaluated with the other two parameters fixed as constants.



Figure 11 shows the effects of the three geometric parameters on the effectiveness and pressure drop of the PHE. The effect of entrance length is considered in the range of 10 to 20 mm, as illustrated in Figure 11a. It is found that an increase in the entrance length reduces the effectiveness and raises the pressure drop simultaneously. This result reveals that the entrance length should be as short as possible to enhance the effectiveness of the PHE. The influence of the bending angle evaluated is in the range of 100–150°, and the results are demonstrated in Figure 11b. The two objective functions decrease as the bending angle is increased. When the bending angle increases, the influence of boundary layer separation diminishes at the corner and thus reduces the flow resistance. As a result, the pressure drop decreases while the effectiveness is also lowered simultaneously. This result is consistent with the findings of Tu et al. [43] and shows the design of zigzag flow channels could improve the effectiveness while the bending angle needs to be optimized to balance the two objective functions.



The results for the effect of fillet radius are shown in Figure 11c, in which the fillet radius varies from 1.8 to 6.5 mm. It is seen that both the two objective functions decrease gradually as the fillet radius increases, but the effect of the fillet radius is less significant than the bending angle. Wang et al. [44] also mentioned that the main flow velocity distribution in the channel would be more uniform as the fillet radius increases; hence, the flow resistance within the channel would decrease. Therefore, a larger fillet radius would cause a smaller pressure drop, while heat transfer effectiveness would be reduced. The present results suggest that the three geometric parameters cause a mutual interference between pressure drop and effectiveness. Accordingly, a multi-objective optimization is necessary to evaluate the optimal geometric design of the zigzag flow channel, which will be conducted in the next section.




3.4. Optimization of Flow Channel Geometry by NSGA-II


The desired goal of optimization is to maximize the effectiveness value and minimize the pressure drop. Accordingly, a multi-objective optimization was performed by the NSGA-II method to determine the Pareto optimal front for the PHE. In the optimizing processes, a total of 30 cases were used as the initial population of NSGA-II. Thirty iterations of evolutionary computations were implemented and set as the final stop criterion, and then 30 design points were generated as the Pareto front points. The crossover percentage, mutation percentage, and mutation rate used in the genetic algorithm for optimization were set as 0.7, 0.4, and 0.2, respectively [45]. The Pareto optimal front in the two-dimensional objective distribution for the effectiveness and pressure drop is displayed in Figure 12. It is obvious that a conflict exists between the two objective functions. That is, an increase in the effectiveness value leads to a rise in the pressure drop. Table 5 lists the geometric design parameters and the corresponding values of the objective functions for the three typical points A′, B′, and C′ on the Pareto optimal front, as denoted in Figure 12. Point A′ takes the effectiveness value as the objective function and gives the maximum effectiveness of 0.953. Point C′ considers the pressure drop as the objective function and presents the minimum pressure drop of 453.98 Pa. The following equation can correlate the effectiveness and pressure drop of the Pareto optimal front:


  ∆ P = 11363   ln ε + 1034 ,        R 2  = 0.91  



(12)




where  ε  is the effectiveness value. The coefficient of determination (R2) value for this equation is 0.91. In fact, any point on the Pareto optimal front is the optimal design point. The choice of the design point is based on the consideration of the relative importance of the two objective functions. Then the corresponding optimal geometric design of the zigzag flow channel can be determined.



Figure 13a–c shows the variations of the objective functions at the three optimal design points A′, B′, and C′, respectively, with each of the geometric parameters: the entrance length, the bending angle, and the fillet radius, respectively. One can see that the variations of the objective functions exhibit the same trend at each of the specific optimal points. As shown by the analysis in the previous section, a smaller entrance length is preferable to enhance the effectiveness value but reduce the pressure drop. On the other hand, the bending angle and fillet radius cause a conflict between the two objective functions. That is, an improvement in the effectiveness value would also raise the pressure drop. Figure 13b demonstrates that the bending angle variation significantly influences the pressure drop and effectiveness. This result reveals that the bending angle has the greatest sensitivity among the three geometric parameters. The flow fields inside the zigzag flow channels were further analyzed. The optimal design points A′ and C′ were selected for comparison to explore the influence of geometric structure on the flow. From the data in Table 5, the bending angles of points A′ and C′ are 100.1° and 144.0°, respectively.



The simulation results of flow velocity and streamline pattern are shown in Figure 14. Figure 14a displays the profiles of axial velocity magnitude along the two hot water channels. It is seen that the flow speed profile at the bends would be more non-uniform, and the flow speed would rise within the central region. When the flow passes through the bends in the zigzag flow channel, the mixing of the fluids adjacent to the wall and in the central region is enhanced due to the boundary layer separation [43]. This phenomenon is more significant as the bending angle decreases. Figure 14b illustrates the cross-sectional streamline patterns at the turning points of the two flow channels. Two Dean vortices can be observed at the cross-section of the turning point, and the intensity is more vigorous for design point A′. The induced centrifugal force in the channel is responsible for the formation of Dean vortices [46,47]. The smaller the bending angle, the more pronounced the Dean vortices. The occurrence of vortices in the flow can enhance collisions between fluid parcels but cause more pressure loss [28]. As a result, design point A′ presents a higher effectiveness value but a more significant pressure loss. Once the bending angle increases at the design point C′, the intensity of vortices decreases, which lowers the mixing effect and heat transfer efficiency [48], but the pressure loss is lessened.





4. Conclusions


The optimization of operating conditions and geometric design of the zigzag flow channel for a PHE has been investigated in this study. The operating conditions were optimized experimentally based on the Taguchi method and verified further by the ANOVA method. Three factors, including the inlet temperature of hot water, the inlet temperature of cold water, and the flow rate ratio of cold/hot water flow, are considered in the experiments. The results show that the flow rate ratio is the most significant factor influencing the PHE effectiveness, while the inlet temperature of cold water only plays a minor role. The highest effectiveness value is 0.945. The result of ANOVA confirms the prediction of the Taguchi method that the flow rate ratio is the most crucial factor affecting the effectiveness. The optimal geometric design of the zigzag flow channel was further explored by numerical simulation. Three design parameters are considered: entrance length, bending angle, and fillet radius. The objective functions are the effectiveness and pressure drop of the PHE, and a multi-objective optimization analysis is implemented to generate the Pareto optimal front by the NSGA-II method to determine the optimal geometric design. Sensitivity analysis reveals that the bending angle is the most important geometric parameter to affect the two objective functions. The flow field simulations found that Dean vortices occur at the bends of the flow channel, and the intensity of vortices is more pronounced as the bending angle decreases. Therefore, the PHE effectiveness and pressure loss rise as the bending angle decreases.
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Figure 1. The photos and dimensions of (a) the PHE, (b) the flow channel plate, and (c) the PCM plate. 
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Figure 2. (a) The directions of cold/hot water flows in the flow channel plates, and (b) the structure of the PHE. 
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Figure 3. Schematic diagram of the experimental setup. 
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Figure 4. The simplified model of PHE with zigzag flow channels. The boundary conditions are adiabatic on the lateral surfaces and periodic on the top and bottom surfaces. 
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Figure 5. The schematic diagram of the grid model. 
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Figure 6. (a) Results of grid tests, and (b) comparisons of numerical and experimental results. 
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Figure 7. The flow chart of the NSGA-II method. 
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Figure 8. Schematic diagram of the three design parameters for a zigzag flow channel. 
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Figure 9. (a) Effectiveness and (b) S/N ratio for the nine cases in the orthogonal array, and (c) mean S/N ratio variations for factors A, B, and C with three levels. 
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Figure 10. (a) Radar chart for Taguchi factor influences; and (b) correlation of Taguchi experimental design influence value and ANOVA p-values. 
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Figure 11. Effects of (a) the entrance length, (b) the bending angle, and (c) the fillet radius on the effectiveness and pressure drop of the PHE. 
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Figure 12. The distribution of solutions of Pareto optimal points using NSGA-II. 
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Figure 13. The variations of the pressure drop with the effectiveness at the three typical design points A′, B′, and C′ as marked in the Pareto optimal front (Figure 11) by adjusting (a) entrance length, (b) bending angle, and (c) fillet radius. 






Figure 13. The variations of the pressure drop with the effectiveness at the three typical design points A′, B′, and C′ as marked in the Pareto optimal front (Figure 11) by adjusting (a) entrance length, (b) bending angle, and (c) fillet radius.



[image: Energies 15 08205 g013]







[image: Energies 15 08205 g014 550] 





Figure 14. Simulation results at optimal design points A′ and C′ in Figure 12; (a) the axial velocity magnitude along the hot water channels, and (b) the profiles of axial velocity magnitude and streamline pattern at the turning locations of the flow channels. 
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Table 1. Major studies for the flow channel optimization of PEMFC and the employed methodology.
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	Heat Exchanger
	Working Fluid
	Objective Function
	Ref.





	Plate-fin heat

exchanger
	Air
	Maximize: Colburn factor

Minimize: friction factor
	[16]



	Plate heat

exchanger
	R134a and water
	Maximize: heat transfer surface area

Minimize: pressure drop
	[17]



	Shell and tube heat exchanger
	Oil and water
	Maximize: effectiveness

Minimize: pressure drop, cost, and entropy generation
	[18]



	Plate-fin heat exchanger
	Air
	Maximize: effectiveness

Minimize: total annual cost
	[19]



	Fin-and-tube heat exchanger
	Air and water
	Minimize: total weight

Minimize: total annual cost
	[20]



	Printed circuit heat exchanger
	CO2
	Maximize: temperature rise

Minimize: pressure drop
	[21]










[image: Table] 





Table 2. Control factors and level settings for the Taguchi method.
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Factor

	
Control Parameter

	
Level




	
1

	
2

	
3






	
A

	
Inlet temperature of hot water (°C)

	
75

	
85

	
95




	
B

	
Inlet temperature of cold water (°C)

	
10

	
20

	
30




	
C

	
Flow rate ratio of cold/hot water flows *

	
0.25

	
0.5

	
1








*: Flow rate of hot water is fixed at 2 L·min−1 (LPM).
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Table 3. L9 (33) orthogonal array.
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Case

	
Factor




	
A

	
B

	
C






	
1

	
1

	
1

	
1




	
2

	
1

	
2

	
2




	
3

	
1

	
3

	
3




	
4

	
2

	
1

	
2




	
5

	
2

	
2

	
3




	
6

	
2

	
3

	
1




	
7

	
3

	
1

	
3




	
8

	
3

	
2

	
1




	
9

	
3

	
3

	
2
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Table 4. Analysis of variance for the three factors A, B, and C.
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	Factor
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	A
	2
	4.9371
	2.4686
	10.73
	0.085



	B
	2
	0.7832
	0.3916
	1.70
	0.370



	C
	2
	63.8308
	31.9154
	138.74
	0.007



	Residual Error
	2
	0.4601
	0.2300
	
	



	Total
	8
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Table 5. Optimal parameters for the design points A′, B′, and C′ in the Pareto optimal front.
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Design Point

	
Geometric Parameters

	
Objective Function




	
Entrance Length

(mm)

	
Bending

Angle

(degree)

	
Fillet Radius

(mm)

	
Effectiveness

	
Pressure Drop

(Pa)






	
A′

	
10

	
100.1

	
6.18

	
0.955

	
529




	
B′

	
10

	
117.2

	
6.17

	
0.953

	
492




	
C′

	
10

	
144.0

	
6.09

	
0.948

	
454
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