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Abstract

:

The products generated by the electrochemical reaction in the PEM fuel cell (PEMFC) are mainly concentrated in the flow field on the cathode side of the bipolar plate, and the oxygen introduced on the cathode has higher requirements to improve its diffusion performance by using the flow field structure. For this reason, the optimization of the cathode flow field of the PEMFC is essential. Inspired by the structure of a spider web, this paper proposes a novel spider-web-type flow field. In this kind of flow field, the shape of a polygonal structure and the number of layers of spiral flow channels are the two most crucial variables. In order to explore the impact of these two variables on the cathode flow field, complete three-dimensional PEMFC models with different values of the two variables were established, and the models were simulated by the method of CFD. By observing the results of oxygen distribution, the water removal performance and fuel cell output performance of different schemes, the optimal scheme of the polygonal structure and layer number are determined. Compared with the traditional flow field, it is proved that the optimization scheme is desirable in improving the performance of the cathode flow field in PEMFC.
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1. Introduction


For the purpose of environmental protection and energy saving, a broad consensus has been reached in industry to find new renewable energy alternatives to replace traditional fossil energy [1]. Among many new energy sources, hydrogen energy is considered to be the most promising clean energy source in the 21st century. Since the 1970s, many countries and regions in the world have conducted research about hydrogen energy. The application of a proton exchange membrane fuel cell (PEMFC) provides a feasible solution to how to utilize hydrogen energy in actual production and life. PEMFC uses hydrogen as anode fuel to generate electricity by a chemical reaction with oxygen from the cathode. It has the advantages of a low operating temperature, less pollution, low noise and high energy conversion efficiency [2]. As an important component of PEMFC, the bipolar plate is not only the electrical junction between adjacent cells, but also the structural support for the stack. The design of the flow field on it also directly affects the distribution and transmission of reactant gases and the discharge of products [3,4,5]. At present, the research of the bipolar plate can be divided into two aspects: material optimization and structure optimization. Considering such factors as cost and time consumption, the optimization of the flow field structure is more popular.



In addition to the improvement of traditional structures such as the straight flow field [6,7] and the serpentine flow field [8,9], there have been many bionic flow field structures inspired by natural or biological factors in recent years. Chen pointed out that some structures in nature are the result of a spontaneous optimization that evolved after the long-term survival of the fittest. This kind of structure must have its advantages in mass transfer and heat transfer, and the flow field based on this heuristic design has a better fluid distribution, mass transfer and heat transfer performance than the traditional structures [10].



The research for the bionic flow field mainly focuses on the design of the overall structure or the improvement of geometric parameters. Most of the literature chooses the vein distribution of leaves as the reference object in the design of the overall structure. Tuber proposed a multi-channel fractal structure based on a fractal algorithm for the first time in 2004 and tested its performance [11]. Inspired by Tuber, Su put forward symmetrical and asymmetric interdigital flow fields based on tree fractals. These two kinds of flow fields had shown good effects in reducing irreversible loss in the fuel cell and improving the distribution uniformity of reactant gas in the catalyst layer [12]. Li designed a tree-shaped fractal flow field structure according to Murray’s law and its extension formula. The subsequent simulation and comparative results showed that the maximum output power density of the new structure was 23.9% higher than that of the straight flow field [13]. Kloess took a different approach. He designed a mammalian-lung-type flow field. After a numerical simulation, it was confirmed that this kind of flow field structure was equipped with the advantage of realizing a more uniform gas distribution [14]. In terms of the optimization of geometric parameters, Qiao proposed that the width of the flow channel, the angle between the main channel and the tributaries and other geometric parameters would have an important effect on the performance of PEMFC using the bionic leaf-vein flow field [15]. Lorenzini-Gutierrez and others compared the flow channels with different gradation numbers and proposed that increasing the gradation number of the flow channels was beneficial to improve the uniformity of fluid distribution and reduce the pressure drop in the flow field [16]. Badduri and others examined the effect of the bionic leaf-vein flow field on the PEMFC performance experimentally under various operating conditions. It was found that at the operating temperature of 75 degrees, a back pressure of 3 bar and 100% relative humidity, the PEMFC performance was the best [17].



Whether it is imitating fish bone, mammalian lung or leaf vein, they can all be regarded as the result of the combination of several flow channels with a similar shape and arrangement. Additionally, there are many other substances with this rule in nature, such as snowflakes and spider webs. The flow field structure designed on this basis should also have a positive influence on the performance of PEMFC. Li designed the flow field of imitating a snowflake structure and carried out a series of follow-up studies on it. The improvement effect of this structure confirmed the above inference [18]. Compared with the snowflake structure, there is still a lack of literature related to the design of flow fields inspired by spider web structures. For this reason, in this study, three-dimensional computational models of PEMFC with a bionic spider-web-type flow field were designed and established. The shape of the polygonal structure and the number of layers of spiral flow channels are the key variables of this flow field structure. In order to explore the influence of these two variables on the cathode flow field, the computational fluid dynamics (CFD) method was used to simulate the models with different polygonal structures and flow channel layers, and the differences in oxygen diffusion performance, water removal performance and fuel cell output characteristics were compared, subsequently. The ultimate purpose of this study is to determine the optimal scheme for the shape of the polygonal structure and the number of layers of spiral flow channels, and compare it with the traditional flow field, in order to verify the significance of this kind of structure in improving the performance of the cathode flow field in PEMFC.




2. Numerical Model


2.1. Modeling


As shown in Figure 1a, the spider web can be regarded as a structure consisting of spiral lines and connecting lines. All spiral lines form the outline of the net, and connecting lines are responsible for connecting the spiral lines of each layer. Inspired by this, the spider-web-type flow field structure, as shown in Figure 1b, was designed. These structures can be considered as the result of the combination of spiral flow channels and connecting flow channels.



The shape of the polygonal structure and the number of layers of spiral flow channels were selected as the key factors affecting the structural performance of such a flow field. Table 1 lists all established schemes and their corresponding values in this study. In order to ensure the consistency of the other factors except these two variables, the external circle of all polygonal structures was designed with the same size, while the distance between each layer of spiral flow channels was equal.



As illustrated in Figure 2, according to the above design schemes, complete PEMFC models, including a proton exchange membrane, gas diffusion layer (anode/cathode), catalyst layer (anode/cathode) and flow field (anode/cathode), were established and then simulated through the method of CFD in COMSOL Multiphysics® software. All models adopted the same calculation domain and the position of inlet/outlet to avoid errors. Table 2 shows the main geometric parameters referenced during the modeling process [19,20,21].




2.2. Governing Equations


2.2.1. Mass Conservation Equation


The mass conservation equation of PEMFC is:


    ∂  (  ε ρ  )    ∂ t   + ∇  (  ε ρ  u →   )  =  S m   



(1)




where  ρ  is the fluid density (kg/m3);  ε  is the porosity of porous media;   u →   is the velocity vector (m);    S m    is the source term of mass (kg/(m3·s)). For the cathode and anode flow channels,  ε  = 1,    S m    = 0; for cathode and anode diffusion layer,  ε  = 0.4,    S m    = 0; for cathode and anode catalytic layer,  ε  = 0.4. In the three-phase reaction zone of the catalytic layer,    S m    is calculated by the following equation:


   S  m a   =  S   H 2    = −    M   H 2      2 F   ⋅  i a   



(2)






   S  m c   =  S   H 2  O   +  S   O 2    =    M   H 2  O     2 F   ⋅  i c  −    M   O 2      4 F   ⋅  i c   



(3)




where    M   H 2     ,    M   H 2  O     and    M   O 2      are the molar mass fractions of    H 2   ,    H 2  O   and    O 2   , respectively (kg/mol); F is the Faraday constant (96,485 C/mol); i is the current density (A/m3); subscripts A and B denote the anode and cathode, respectively.




2.2.2. Momentum Conservation Equation


The momentum conservation equation of PEMFC is:


    ∂ ( ε ε  u →  )   ∂ t   + ∇ ⋅ ( ε ε  u →   u →  ) = − ε ∇ p + ∇ ⋅ ( ε ε ∇  u →  ) +  S u   



(4)




where P represents the pressure (Pa);  μ  is the dynamic viscosity (Pa·s);    S u    represents the source term of the momentum. For the cathode and anode channels,    S u    = 0; for the porous medium diffusion layer, ignoring convection and diffusion flow, Darcy’s law can simplify the momentum source term as:


   S u  = −    k p   μ  ∇ p  



(5)




where    k p    is the gas permeability of porous media (m2).




2.2.3. Energy Conservation Equation


The energy conservation equation of PEMFC is:


    ( ε ε  ρ p  )   e f f     ∂ T   ∂ t   +   ( ε ε  ρ p  )   e f f   (  u →  ∇ T ) = ∇  (   k  e f f   ∇ T  )  +  S e   



(6)




where    c p    is the specific heat capacity of the gas at a constant pressure (J/(kg·K)); T is the temperature (K);    k  e f f     is the thermal conductivity (W/(m·K));    S e    is the source term of energy; the subscript eff indicates the availability of porous media. Considering the electrical resistance, chemical reactions, phase transitions and overpotential during the PEMFC operation, the source term can be expressed as:


   S e  =  j 2   R  o h m   + β   m ˙    H 2  O , g    h  r x n   +  r w   h L  +  j  a , c   η  



(7)




where j is the current density (A/m2);    R  o h m     is the ohmic resistivity (Ω·m); β is the effective ratio of the fuel chemical energy to heat energy;     m ˙    H 2  O , g     is the rate of gaseous water formation (kg/s);    h  r x n     is the enthalpy change of reaction (kJ/mol);    r w    is the rate of the water phase change (mol/s);    h L    is the enthalpy of phase change (kJ/mol);    j  a , c     is the exchange current density of the anode and cathode (A/m3); η is the sum of activation overpotential and concentration overpotential (V).




2.2.4. Species Mass Conservation Equation


The species mass conservation equation of PEMFC is:


    ∂  (  ε  c k   )    ∂ t   + ∇ ⋅  (  ε  c k   u →   )  = ∇ ⋅  (   D k  e f f   ∇  c k   )  +  S k   



(8)




where    c k    is the component concentration;    D k  e f f     is the effective diffusion coefficient of components (m2/s);    S k    is the source term of the component (kg/(m3·s)); the subscript k represents the components, which is represented by hydrogen and water vapor at the anode, and oxygen, water vapor and nitrogen at the anode.




2.2.5. Current Conservation Equation


The current conservation equation of PEMFC is:


  ∇  (   k s  e f f   ∇  φ s   )  +  S  φ s   = 0  



(9)






  ∇  (   k m  e f f   ∇  φ m   )  +  S  φ m   = 0  



(10)




where    k s  e f f     is the solid phase conductivity (S/m);    k m  e f f     is the membrane phase conductivity (S/m);    φ s    is the solid phase potential (V);    φ m    is the membrane phase potential (V);    S  φ s     is the source term of the electronic current (A);    S  φ m     is the source term of the proton current (A).




2.2.6. Electrochemical Equation


On the anode, hydrogen oxidation occurs according to:


   H 2  ⇒ 2  H +  + 2  e −   











(no water molecules were assumed to be involved in the proton transport), and the following local current density expression was used for the hydrogen oxidation reaction:


   i a  =  i  0 , a      (     C   H 2       C   H  2 ,   , r e f      )    0.5    (     α  a , a   +  α  c , a     R T   F  η a   )   



(11)




where    C   H 2      is the local hydrogen concentration and    C   H 2  , r e f     the hydrogen reference concentration (this is a linearized concentration-dependent Butler–Volmer expression) (mol/L). At the cathode, oxygen reacts together with the protons to form water according to:


   O 2  + 4  H +  + 4  e −  ⇒ 2  H 2  O  








and the following current density expression was used for the oxygen reduction reaction:


   i c  = −  i  0 , a    (     C   O 2       C   O  2 ,   , r e f      )  exp  (  −    α  c , c     R T   F  η c   )   



(12)




where    C   O 2      is the local hydrogen concentration and    C   O 2  , r e f     an oxygen reference concentration (mol/L). (This is a simplified concentration-dependent Butler–Volmer expression, where the anodic term was omitted, it can also be seen as a concentration-dependent Tafel equation.)





2.3. Boundary Conditions


The boundary conditions required for the calculation were defined as follows:




	
The anode GDL boundaries facing the flow pattern ribs were set to zero electronic potential, and the corresponding boundaries at the cathode side were set to the cell potential. All other external boundaries were electrically isolating;



	
All external boundaries were set as isothermal conditions;



	
There was no slip in all wall boundary conditions;



	
The inlet gas of the cathode and anode was laminar flow;



	
The outlet pressure of the cathode and anode was set to 0.








In addition, Table 3 lists the parameter settings related to the membrane, GDL, CL and reaction gases involved in the calculation process.




2.4. Assumptions


In order to simplify the numerical simulation process, the following assumptions were made for the calculation model of PEMFC [22,23,24,25]:




	
PEMFC operates in a steady state;



	
The gas of the anode and cathode are ideal and incompressible;



	
The reactant gas flow is laminar;



	
All porous media (membrane, catalytic layer and gas diffusion layer) are considered to be isotropic and homogeneous;



	
Ignoring gravity effect;



	
The working temperature of the fuel cell is 80 degrees;



	
Symmetrical boundary conditions and non-slip conditions are provided for the GDL and catalyst layer.









2.5. Model Validation


2.5.1. Mesh Independence Test


All models simulated in this work were meshed by the built-in meshing module of COMSOL Multiphysics®. With case #3 as the mesh independence test object, four types of meshing methods were used in this work: meshes with a tetrahedral structure (TET), meshes with a hexahedral structure (TEX), meshes with a tetrahedral and hexahedral structure (TET and TEX) and meshes automatically generated by the software (SW). Figure 3 shows the polarization curves generated by case #3 under four different meshing methods. It can be seen that the difference between the results of the last three meshing schemes was acceptable, while the result from the first one was much lower. In order to simplify the research process and shorten the research time as much as possible on the premise of ensuring the accuracy, the second scheme (meshes with tetrahedral and hexahedral structure) was selected as the basis for the meshing of the model, and the other models also adopted the same scheme in the meshing stage.




2.5.2. Experiment Validation


Verifying the accuracy of simulation results through experiments and correcting them is a necessary part of this type of research. For this purpose, we referred to Um and Wang’s experiments [26] because the parameters they set in their experiments (such as temperature, intake air volume, etc.) were very similar to those used in this model. In order to verify the validity of the model in this study, we established the PEMFC model with the same straight flow field structure used in the experiment of Um and Wang and simulated it. Figure 4 shows the comparison between the polarization curve obtained in this simulation and the experimental result. It can be seen that the simulation result was in good agreement with the experimental result, which suggests that the numerical simulation process for this model was reasonable under similar operating conditions. The subsequent simulation of the spider-web-type flow field would only change the structure of the flow field and would not change the other settings of the model. Therefore, the relevant settings of the straight flow field could be applied to the spider-web-type flow field, and the difference between them was only in the flow field structure.






3. Results and Discussion


In PEMFC, the hydrogen from the anode reacted with the oxygen from the cathode generating water and releasing a current. The water mainly collected in flow channels on the cathode side and was finally discharges from the PEMFC together with the oxygen which did not participate in the electrochemistry reaction. In order to achieve this purpose, it was necessary for the oxygen on the cathode to have good diffusion properties. However, unlike the strong diffusion ability of hydrogen itself, the transfer efficiency and distribution uniformity of oxygen are usually optimized by improving the structure of the cathode flow field. Therefore, whether the distribution of oxygen is uniform or not and whether the water can be effectively removed are two important bases for judging whether the flow field structures proposed in this study were reasonable. In addition, the comparison between the currents generated by different schemes were analyzed through polarization curves and power density curves.



3.1. Oxygen Distribution Performance


Figure 5 represents the oxygen distribution of different schemes at the interface of the cathode GDL and CL under the operating voltage of 0.7 V.



For all schemes, it can be seen from the figure that the distribution of oxygen in the cathode flow field showed good symmetry on both sides of the flow channel connecting the inlet and the outlet. In addition, in most single flow channels, the concentration of oxygen did not decrease significantly along the channel. These two characteristics are not available in some traditional flow fields.



In Figure 5, the different schemes in each row reflect the influence of changing the shape of polygonal structures on the oxygen distribution at the interface. It is worth mentioning that changing the shape of polygonal structures means that the number of polygonal sides changed. In this paper, for the convenience of expression, the change of the shape was also expressed by the increase or decrease in the number of polygonal sides.



Taking schemes #1 to #7 as examples, their oxygen distribution is shown in Figure 6. As the number of polygonal sides increased, the uniformity of oxygen distribution in the cathode flow field was becoming worse. Especially in the area near the outlet, the oxygen concentration in some spiral and connecting flow channels reduced obviously. The interaction between the inflection points and the included angles at the junction of adjacent spiral flow channels in the second half of the flow field played a key role in causing this phenomenon.



On the one hand, the increase in the number of polygonal sides led to an increasing number of spiral flow channels, and the number of inflection points between adjacent spiral flow channels grew as a result. The more the number of inflection points, the more frequently the flow direction of the gas changed, which would undoubtedly affect the smoothness of the gas flow. However, the increase in the number of inflection points was not all bad. In the first half of the flow field, the sufficient gas supply made the influence caused by the inflection points less obvious. However, when oxygen reached to the second half of the flow field, it was consumed continuously due to the participation in the reaction. At this point, the increasing number of inflection points produced a favorable influence on the transport of the remaining gas. The frequent changes in the flow direction of the remaining gas caused by inflection points resulted in a constant change in its flow velocity. At the same time, the pressure received by the remaining gas from the side wall of the flow channel also became stronger. These two factors led to an increased ability of the remaining gas to continue flowing towards the outlet, and the problem of gathering in the flow channel due to insufficient pressure and a reduced flow rate was less likely to occur.



On the other hand, the included angle between adjacent spiral flow channels gradually increased with the growing number of polygonal sides, making the transition between adjacent spiral channels smoother than before. However, the increased angle was not all good. Additionally, in the second half of the flow field, the smoother transition was, on the contrary, not conducive to the remaining gas transport, and the gas instead converged there due to the lack of flow pressure. In contrast, the sharper the angle was, the greater the instantaneous velocity changed when oxygen flows through the inflection points, which was more conducive to the delivery of residual oxygen to the outlet.



From the above analysis, it can be seen that in the second half of the flow field, the increase in the number of inflection points favored the flow of the remaining gas, while the larger included angles, on the contrary, caused the accumulation of the gas. Continuously increasing the number of polygonal sides, both influencing factors increased, but the role of the included angle gradually dominated; thus, causing an adverse effect on the oxygen transport and distribution in the cathode flow field.



The growing polygonal sides not only increased the number of spiral flow channels, but also the number of connecting flow channels. Especially near the outlet, the increase in inflection points and included angles between adjacent spiral flow channels had already affected the oxygen distribution. However, the newly added connecting flow channels made the oxygen flow in this area encounter a new problem of gas diversion, which aggravated the phenomenon of low oxygen concentration and uneven distribution in the second half of the flow field. In some schemes, the number of connecting flow channels with insufficient oxygen distribution even exceeded that with the normal oxygen concentration near the outlet.



Increasing the number of layers of spiral flow channels was an effective way to improve the uniformity of oxygen. Each column in Figure 5 illustrates the influence of different number of layers on oxygen distribution at the interface. Choosing #7, #14, #21 and #28 as the comparison schemes, it can be seen from Figure 7 that the effect of increasing the number of layers on the uniformity of oxygen distribution was mainly reflected in the flow channels of the outer layers. In the inner layers, the gas distribution in each scheme maintained a good uniformity and density. This is because the distance between the inner flow channels, especially the connecting flow channels, was small, making it easier for the gas to diffuse through the convection under the ribs. However, in the outer layers, the distance between the flow channels was constantly expanding, and it was extremely difficult to realize the convection under the ribs, which led to the phenomenon that the oxygen concentration in the area under the ribs was lower than that in the area under flow channels. With the growing of the number of layers, the space between the spiral flow channels was gradually reduced, and the closer distance improved the convection flow of the gas under the ribs, so the oxygen concentration in this region increased to a certain extent. Similarly, the increase in the number of layers also made the length of the connecting flow channels gradually shortened, leading to the result that the resistance overcome by oxygen diffusing through such channels was reduced, so the performance of oxygen transmission in connecting flow channels was enhanced.




3.2. Water Removal Performance


Figure 8 shows the water distribution of different schemes in the cathode flow field under the operating voltage of 0.7 V.



As can be seen from the Figure, the water concentration was lower in the flow channels at the front part of the flow field. However, in the middle and latter part of the flow field, the water concentration gradually increased, especially in the channels near the outlet, where the water concentration was the highest in the whole flow field. The reasons for this phenomenon could be considered that the accumulated water in the flow channels was mainly discharged from the flow field by the purge of the residual reaction gas, so the concentration and distribution of oxygen were highly correlated with that of water. The oxygen concentration in the first half of the flow field was high, which could effectively carry the water produced by the reaction to the second half of the flow field. However, oxygen was gradually consumed in the reaction. When it flowed to the second half, its concentration decreased obviously. For this reason, in these places, the water accumulated and blocked the flow channels, which eventually obstructed the transmission of the gas.



Figure 9 shows the water distribution of schemes #1 to #7. As shown in the Figure, after increasing the number of polygonal sides, the area with a high water concentration in the second half of the flow field gradually became larger, and the number of flow channels with a significantly increased water content also increased.



According to the analysis of oxygen distribution in Figure 6, in the second half of the flow field, continuously increasing the number of polygonal sides, the role of the included angle gradually dominated, and the remaining oxygen tended to accumulate in the flow channels due to the lack of flow pressure and the reduction in the flow velocity. At this time, in these flow channels, the water generated by the reaction and carried here by oxygen also accumulated here because the remaining oxygen could no longer effectively purge them to the outlet. In contrast, in the flow field with a small number of polygonal sides, the difference between the effect of the inflection points and the included angle on oxygen transport was smaller, and the uniformity of oxygen distribution and its concentration in the second half of the flow field was higher, so the water removal capacity of such schemes was better.



Similarly, as shown in Figure 10, increasing the number of layers had a positive effect on the performance of water removal. The improvement was mainly reflected in the reduction in water concentration in the connecting flow channels. After increasing the number of layers, the length of the connecting flow channels gradually shortened and it was easier for oxygen to diffuse through them, so the removal effect of water in these flow channels was relatively better. In contrast, the water concentration in the spiral flow channels, especially in the outermost channels near the outlet, did not decrease with the increase in the number of layers.




3.3. Fuel Cell Performance


The output voltage, current density and power density of the spider-web-type flow field were mainly affected by the joint action of the flow channels and the ribs. In PEMFC, electrons were generated in the membrane electrode assembly (MEA) and conducted to the external circuit through the ribs on the bipolar plate. The larger the contact area between the ribs and the MEA, the more favorable the current conduction. However, the gas diffused as uniformly as possible to all positions of the membrane through the flow channel. As the contact area between the ribs and the MEA increased, the total area of the flow channels would inevitably decrease, and the contact area between the flow channels and the gas diffusion layer would naturally decrease, which was not conducive to the full entry of the reacting gas into the membrane to participate in the reaction to generate electrons. It can be seen that there was an optimal value between the total area of the ribs and the total area of the flow channels (in this paper, altering the polygonal structure or the number of layers changed the ratio of the rib area to flow channel area), which maximized the current conduction of the bipolar plate while ensuring the full diffusion of the reacting gas to the electrodes to participate in the reaction. In this section, a comparative analysis of the output voltage, current density and power density of the spider-web-type flow field was performed to determine this optimal configuration, which in turn determined the polygonal structure and the number of layers under this configuration.



Figure 11 shows the polarization curves and power density curves of schemes #1 to #7.



The polarization curve reflects the variation law between the voltage and current density of the fuel cell. It can be seen from the Figure that the voltage decreased with the increase in current density. At low current densities, schemes #1 to #7 all generated high voltages, and the difference between them was small. By contrast, the voltage gap between different schemes gradually increased at the intermediate and high current densities. This is because in these regions, as the number of polygonal sides increased, the total area of the flow channels gradually increased, which meant that the effective contact area between the reactant gas and the MEA also gradually increased, eventually causing the increase in the voltage produced by the fuel cell. What was shown from schemes #1 to #3 is that when the number of polygonal sides increased gradually, the voltage increased obviously and greatly at the intermediate and high current densities, which meant that changing the shape of polygonal structures at the beginning had a significant effect on the increase in voltage caused by the increase in the area of flow channels. However, the growth gap of voltages between schemes #4 and #7 became smaller with the continuous increasing polygonal sides. It is no doubt that the effect of the flow field structure on the fuel cell performance was diminishing. Especially between scheme #6 and scheme #7, the difference in their polarization curves was negligible, which meant that the difference in the interaction between the flow channels and the ribs corresponding to the two schemes was similar. In brief, changing the structure can indeed improve the voltage generated by the fuel cell, but the principle of moderation should be followed. Blindly increasing the number of polygonal sides cannot make the voltage produce a sustained and significant increase. The interaction between the flow channels and the ribs would eventually remain in a floating range and would not grow with the increasing number of polygonal sides. The same trend was reflected in the limiting current density of different schemes in Figure 12. The limiting current density from schemes #1 to #7 increased gradually, but the growth gap between adjacent two schemes decreased with the increasing number of polygonal sides. The difference between the limiting current density of scheme #6 (0.47205 A·m−2) and scheme #7 (0.47259 A·m−2) was even less than 0.1%.



The power density was the product of the current density and its corresponding voltage. Additionally, the power density curve composed of a current density and power density was not a monotonically increasing curve, but showed a trend of increasing first and then decreasing. The highest point in this curve corresponded to the maximum power density that could be achieved by the fuel cell (in Figure 12, yellow columns show the maximum power density of schemes #1 to #7). As can be seen from Figure 11, the change of polygonal structures improved the power density at the intermediate and high current densities. However, this did not mean that the power density could continue to increase substantially. The amplitude of the increase in power density due to the change of polygonal structures was the same as the variation trend revealed in voltage, showing an obvious decline. Take scheme #6 and scheme #7 for example, the growth gap of the power density between the two was very small, which could also be reflected in their maximum power density, and the difference between them was even less than 0.25% (scheme #6: 0.1721 W·m−2; scheme #7: 0.1725 W·m−2). The test results of the other three groups (schemes #8–#14, #15–#21, #22–#28) also showed similar characteristics. In a word, changing the shape of polygonal structures (by increasing the number of polygonal sides) can improve the output voltage and power density of the fuel cell, but the number of polygonal sides should not be blindly increased. The scheme with more polygonal sides could not achieve better results instead.



Figure 13 shows the polarization curves and power density curves among schemes #1, #8, #15 and #22. These four schemes had a different number of layers of spiral flow channels.



The influence of the number of layers on each scheme was also mainly reflected at the intermediate and high current densities. In these areas, the voltage increased accordingly with the growing number of layers. This is due to that the increase in the number of layers also effectively increasing the total area of the flow channels, which in turn promoted the full diffusion of the reactant gas into the MEA to participate in the electrochemical reaction; finally, resulting in an increase in the voltage of the fuel cell. Similar to the impact of changing the flow field structure on the fuel cell performance, the growth gap of voltages between four schemes became smaller with the continuous increase in layers. However, the difference between two key variables was that the gap of adjacent schemes with different layers could not be ignored. In the aspect of power density, increasing the number of layers has a positive effect on the improvement of the power density in the region with the intermediate and high current densities. Similarly, the magnitude of this growth was gradually diminishing. The comparison of the limiting current density and the maximum power density of four schemes in Figure 14 also conformed to the above variation characteristics. In a word, increasing the number of layers, such as increasing the number of polygonal sides, can change the interaction between the flow channel and the rib by increasing the area of flow channels, which in turn promoted the fuel cell to produce a greater voltage and power. In addition, increasing the number of layers also faced a gradual decrease in the growth rate. However, the difference between two key factors was that increasing the number of layers corresponded to a longer duration of the effective increase in the output voltage and power density of the fuel cell, and the floating range was higher when the interaction between the flow channel and the rib reached stability.



It is worth mentioning that, in addition to schemes #1 to #28, we continued to build and simulate the models with more polygonal sides and layers. The results showed the voltage and power density generated by these structures were not as good as the original schemes. Therefore, we believe that increasing the number of polygonal sides and layers should be moderate, and an excessive increase is counterproductive.




3.4. Pressure Drop Performance


Pressure drop is another important indicator to measure the design of the flow field. An excessive pressure drop would increase the pumping power needed to transport the reaction gas in the flow channels. Accordingly, the energy loss of PEMFC increased, leading to the decline of its performance. Figure 15 shows the comparison of the pressure drop in the cathode flow field from schemes #1 to #7.



It can be seen that changing the polygonal structure did not reduce the pressure drop. With the increase in the number of polygonal sides, the pressure drop of the corresponding scheme, consequently, increased instead. Even in scheme #3, there was an increase of 10 Pa higher than the lowest scheme. Except for scheme #3, by contrast, the difference of pressure drop between the other six schemes was small, so it could be considered that their effects on the pressure drop in the cathode flow field were similar.



Figure 16 shows the effect of increasing the number of layers on the pressure drop in the flow field. In contrast, the pressure drop in the flow field gradually decreased with the increase in the number of layers, so the pumping power needed to transport the reaction gas decreased, which led to the reduction in the energy loss and the improvement of the output performance of the cathode flow field in PEMFC.



Results of other control groups showed similar trends. Therefore, it can be considered that changing the shape of the flow field structure cannot reduce the pressure drop. On the contrary, in most schemes, the pressure drop increased slightly. By contrast, increasing the number of layers can effectively reduce the pressure drop, thereby improving the performance of the cathode flow field in PEMFC.




3.5. Comparison with the Traditional Flow Field Structure


After a comprehensive consideration, scheme #27 was selected to compare with the straight flow field and the serpentine flow field under the same working area. It can be seen from Figure 17a that the oxygen distribution of scheme #27 was more uniform than that of the other two structures. The oxygen concentration in the middle part of the straight flow field decreased obviously, while in the serpentine flow field it reduced severely from the inlet to the outlet. The same phenomenon also appeared in the water removal performance (Figure 17b). Although scheme #27 was not the best in all spider-web-type flow fields, its water removal performance was relatively better than the other two traditional structures. There was an obvious accumulation of water in the middle and latter part of the straight flow field. The same phenomenon also appeared in the flow channel near the outlet of the serpentine flow field. In contrast, the area with a high water concentration in scheme #27 was much smaller.



Figure 18 shows the polarization curves and power density curves of these three schemes. It can be seen from the figure that scheme #27 was able to a produce higher voltage compared to the straight flow field under the same current densities. In addition, the limiting current density (0.512 A·m−2) and the maximum power density (0.202 W·m−2) of scheme #27 were also significantly higher than the straight flow field (0.477 A·m−2/0.183 W·m−2). The serpentine flow field produced a higher voltage than scheme #27 at the same current densities, and a higher limiting current density (0.52 A·m−2) and maximum power density (0.23 W·m−2). However, the pressure drop in the cathode flow channels of the serpentine flow field was too high. By contrast, the pressure drop in the cathode flow channels of scheme #27 was much smaller, even lower than that of the straight flow field, as shown in Figure 19.



From the comparison in this section, it can be concluded that the optimized scheme selected for the spider-web-type flow field was superior to the straight flow field in terms of oxygen distribution, water removal, pressure drop and fuel cell output performance at the cathode. Although the voltage and power densities generated by scheme #27 at the intermediate and high current densities were not as great as those of the serpentine flow field, the excessive pressure drop in the flow channels of the serpentine flow field hindered its further development. In contrast, the pressure drop of the spider-web-type flow field was much smaller. In addition, the performance of such a flow field in oxygen distribution and water removal was better than that of the serpentine flow field. In summary, this structure was of reference value for improving the performance of the cathode flow field in PEMFC.





4. Conclusions


The products generated by the electrochemical reaction in the PEM fuel cell (PEMFC) were mainly concentrated in the flow field on the cathode side of the bipolar plate, and the oxygen introduced on the cathode had higher requirements to improve its diffusion performance by using the flow field structure. For this reason, the optimization of the cathode flow field of the PEMFC was essential. Inspired by the structure of a spider web, this paper proposed a novel bionic spider-web-type flow field, which was composed of two types of flow channels—the spiral flow channels and the connecting flow channels. The spiral flow channels were distributed in multiple layers, and such flow channels of each layer were connected to form the overall shape of the flow field structure while the connecting flow channels were used to connect the spiral flow channels of each layer. Based on this, the change in the polygonal structure of the flow field and the change in the number of layers of spiral flow channels can be considered as the two most critical factors that affect the performance of this type of flow field. In order to explore how these two factors affect the performance of the spider-web-type flow field in the fuel cell, we established complete three-dimensional PEMFC models with different values of the two factors and then simulated through the method of CFD. By observing the simulation results of different schemes in terms of oxygen distribution, water removal performance and cell output performance, the optimal scheme of polygonal structure and the number of layers were determined. After comparing with the straight flow field and the serpentine flow field, the desirability of this optimal scheme in improving the performance of the cathode flow field in PEMFC was proved.



In this kind of cathode flow field, the distribution of oxygen and water presented a good symmetry. In addition, the oxygen concentration in each single flow channel did not significantly decrease along the channel. These two characteristics were difficult to realize in the traditional flow field structure.



As the number of polygonal sides increased, the uniformity of oxygen distribution in the cathode flow field, especially in the area near the outlet, became worse. The reason for this phenomenon was that the oxygen distribution and water distribution in the spider-web-type flow field were mainly influenced by the interaction between the inflection points and the included angles from adjacent spiral flow channels. On the one hand, the increase in the number of polygonal sides led to an increasing number of spiral flow channels, and the number of inflection points between adjacent spiral flow channels grew as a result. The more the number of inflection points, the more frequently the flow direction of gas changed, which would undoubtedly affect the smoothness of the gas flow. However, when the reactant gas flowed to the second half of the flow field, it was continuously consumed due to the participation in the reaction. At this point, the frequent change of gas flow direction caused by the increase in the number of inflection points instead facilitated the gas transport and avoided the problem of stagnation of the remaining reactant gas due to the lack of pressure and the decrease in the flow rate. On the other hand, the included angle between adjacent spiral flow channels gradually increased with the growing number of polygonal sides. The larger the included angle, the smoother the transition between the two adjacent spiral flow channels and the better the stability of the gas flow. Nevertheless, also in the second half of the flow field, the smooth transition was instead detrimental to the gas transport, where the gas also accumulated due to the lack of flow pressure. From the above analysis, it can be seen that in the second half of the flow field, the increase in the number of inflection points favored the flow of the remaining gas, while the larger included angles, on the contrary, caused the accumulation of the gas. Continuously increasing the number of polygonal sides, both influencing factors increased, but the role of the included angle gradually dominated; thus, causing an adverse effect on the oxygen transport and distribution in the cathode flow field.



Different from the adverse effect of changing the structure on the oxygen distribution in the flow field, increasing the number of layers was a reliable way to improve the uniformity of the oxygen distribution in the flow field. This is because the increase in the number of layers reduced the distance between the layers of spiral flow channels, and the convection effect under the ribs was enhanced. In addition, the increase in the number of layers also meant that the length of connecting flow channels was shortened, which was more favorable to gas transmission.



The water accumulated in the cathode flow channels mainly relied on the purge of the remaining reaction gas to discharge the flow field, so the distribution of oxygen in the flow field was highly contrasted with the distribution of water. With the increase in the number of polygonal sides, the area of high water concentration in the latter part of the flow field gradually became larger, and the number of flow channels with a higher water content also increased. This is because in the second half of the flow field, continuously increasing the number of polygonal sides, the role of the included angle gradually dominated, and the remaining oxygen tended to accumulate in the flow channels due to the lack of flow pressure and the reduction in flow velocity. At this time, in these flow channels, the water generated by the reaction and carried here by oxygen also accumulated here because the remaining oxygen could no longer effectively purge them to the outlet. In contrast, in the flow field with a small number of polygonal sides, the difference between the effect of the inflection points and the included angle on oxygen transport was smaller, and the uniformity of oxygen distribution and its concentration in the second half of the flow field was higher, so the water removal capacity of such schemes was better. Similarly, increasing the number of layers also played a positive role in water removal. The uniformity of oxygen distribution was improved with the growing number of layers, and the oxygen concentration in the latter part of the flow field was relatively becoming higher and more beneficial to carrying the water out of the flow field.



The output voltage, current density and power density of the spider-web-type flow field were mainly affected by the joint action of the flow channels and the ribs. In PEMFC, there was an optimal value between the total area of the ribs and the total area of the flow channels (in this paper, altering the polygonal structure or the number of layers changed the ratio of the rib area to flow channel area), which maximized the current conduction of the bipolar plate while ensuring the full diffusion of the reacting gas to the electrodes to participate in the reaction. A comparative analysis of the output voltage, current density and power density of the spider-web-type flow field was performed to achieve this purpose.



In the spider-web-type flow field, as the number of polygonal sides or flow channel layers increased, the total area of the flow channels gradually increased, which meant that the effective contact area between the reactant gas and the MEA also gradually increased, eventually causing the increase in the voltage produced by the fuel cell. However, the growth gap between adjacent schemes was significantly decreasing at the same time, and there was no doubt that the effect of the flow field structure on fuel cell performance was diminishing at this point. In brief, changing the structure can indeed improve the voltage generated by the fuel cell, but the principle of moderation should be followed. Blindly increasing the number of polygonal sides or flow channel layers cannot make the voltage produce a sustained and significant increase. The interaction between the flow channels and the ribs will eventually remain in a floating range and will not grow with the increasing number of polygonal sides or flow channel layers. At this time, the output voltage and power density of the fuel cell gradually become stable. Among the two variables, increasing the number of flow channel layers is relative better for a sustainably improving output voltage and power of the fuel cell, and its floating range is higher when the interaction between the flow channel and the rib reaches stability.



Finally, as far as the influence of the two on the pressure drop is concerned, changing the polygonal structure cannot effectively reduce the pressure drop in the flow field. Instead, there was a slight increase in most of the schemes. By contrast, the increase in the number of layers can reduce the pressure drop of the cathode flow field, thereby reducing the pumping power when carrying the gas in the flow channels and reducing the energy loss of the PEMFC.



After analysis and comparison, the optimal scheme was selected to compare with the structure of the straight flow field and the serpentine flow field. The results showed that the optimized scheme selected for the spider-web-type flow field was superior to the straight flow field in terms of oxygen distribution, water removal, pressure drop and fuel cell output performance at the cathode. Although the voltage and power densities generated by the optimal scheme at the intermediate and high current densities were not as great as those of the serpentine flow field, the excessive pressure drop in the flow channels of the serpentine flow field hindered its further development. In contrast, the pressure drop of the spider-web-type flow field was much smaller. In addition, the performance of such a flow field in oxygen distribution and water removal was better than that of the serpentine flow field. In summary, this structure was of a reference value for improving the performance of the cathode flow field in PEMFC.







Author Contributions


Conceptualization, Q.X. and M.Z.; Data curation, Q.X.; Methodology, Q.X.; Resources, M.Z.; Software, Q.X.; Supervision, M.Z.; Validation, Q.X.; Writing—original draft, Q.X.; Writing—review and editing, Q.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


I choose to exclude this statement because the study does not report any data.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations were used in this manuscript:



	CFD
	Computational fluid dynamics



	CL
	Catalyst layer



	GDL
	Gas diffusion layer



	PEMFC
	Proton exchange membrane fuel cell









References


	



Choi, K.; Kim, H.; Moon, S. Numerical studies on the geometrical characterization of serpentine flow-field for efficient PEMFC. Int. J. Hydrogen Energy 2011, 36, 1613–1627. [Google Scholar] [CrossRef]

	



Zhang, L.; Chen, X.; Wu, W.; Gao, H. Discussion on the development prospects of PEMFCs. Agric. Eng. Technol. 2011, 4, 15–19. [Google Scholar] [CrossRef]

	



Chalk, S.G.; Miller, J.F.; Wagner, F.W. Challenges for fuel cells in transport applications. J. Power Sources 2000, 86, 40–51. [Google Scholar] [CrossRef]

	



Barbir, F.; Gomez, T. Efficiency and economics of proton exchange membrane (PEM) fuel cells. Int. J. Hydrogen Energy 1996, 21, 1027–1037. [Google Scholar] [CrossRef]

	



Cacciola, G.; Antonucci, V.; Freni, S. Technology up date and new strategies on fuel cells. J. Power Sources 2001, 100, 67–79. [Google Scholar] [CrossRef]

	



Dutta, S.; Shimpalee, S.; Van Zee, J. Three-dimensional numerical simulation of straight channel PEM fuel cells. J. Appl. Electrochem. 2000, 30, 135–146. [Google Scholar] [CrossRef]

	



Lee, W.K.; Van Zee, J.W.; Shimpalee, S.; Dutta, S. Effect of Humidity of PEM Fuel Cell Performance. Part I. Experiments; ASME: Nashville, TN, USA, 1999; pp. 359–366. [Google Scholar]

	



Su, A.; Chiu, Y.C.; Weng, F.B. The impact of flow field pattern on concentration and performance in PEMFC. Int. J. Energy Res. 2005, 29, 409–425. [Google Scholar] [CrossRef]

	



Huang, C.-H.; Lin, J.-W. Optimal Gas Channel Shape Design for a Serpentine PEMFC: Theoretical and Experimental Studies. J. Electrochem. Soc. 2009, 156, B178–B187. [Google Scholar] [CrossRef]

	



Chen, T.; Qiao, Y.; Li, C.; Gu, Y. Flow field design based on leaf venation in pemfc. Acta Energy Sol. Sin. 2013, 34, 453–458. [Google Scholar]

	



Tüber, K.; Oedegaard, A.; Hermann, M.; Hebling, C. Investigation of fractal flow-fields in portable proton exchange membrane and direct methanol fuel cells. J. Power Sources 2004, 131, 175–181. [Google Scholar] [CrossRef]

	



Su, Y. Performance Analysis of Proton Exchange Membrane Fuel Cell with Fractal Tree-like Flow Field. Master’s Thesis, Zhejiang University of Technology, Zhejiang, China, 2015. [Google Scholar]

	



Li, S. Design and Performance Research of High Temperature Proton Exchange Membrane Fuel Cell with Fractal Tree-like Flow Field. Master’s Thesis, Zhejiang University of Technology, Zhejiang, China, 2016. [Google Scholar]

	



Kloess, J.P.; Wang, X.; Liu, J.; Shi, Z.; Guessous, L. Investigation of bio-inspired flow channel designs for bipolar plates in proton exchange membrane fuel cells. J. Power Sources 2009, 188, 132–140. [Google Scholar] [CrossRef]

	



Qiao, Y. Bipolar Plate Design and Optimization Based on Novel Biometric Method in PEMFC. Master’s Thesis, Wuhan University of Technology, Hubei, China, 2011. [Google Scholar]

	



Daniel, L.; Abel, H.; Bladimir, R.; Isaac, P.; Alejandro, A. Performance analysis of a proton exchange membrane fuel cell using tree-shaped designs for flow distribution. Int. J. Hydrogen Energy 2013, 38, 14750–14763. [Google Scholar]

	



Badduri, S.R.; Srinivasulu, G.N.; Rao, S.S. Influence of bio-inspired flow channel designs on the performance of a PEM fuel cell. Chin. J. Chem. Eng. 2020, 28, 824–831. [Google Scholar] [CrossRef]

	



Li, Y.; Lu, G.; Li, Y. Performance Optimization of Proton Exchange Membrane Fuel Cell with Snow-flake Topological Plate. J. Eng. Thermophys. 2020, 41, 2900–2907. [Google Scholar]

	



Cooper, N.J.; Smith, T.; Santamaria, A.; Park, J.W. Experimental optimization of parallel and interdigitated PEMFC flow-field channel geometry. Int. J. Hydrogen Energy 2016, 41, 1213–1223. [Google Scholar] [CrossRef]

	



Khazaee, I.; Sabadbafan, H. Numerical study of changing the geometry of the flow field of a PEM fuel cell. Heat Mass Transf. 2015, 52, 993–1003. [Google Scholar] [CrossRef]

	



Muthukumar, M.; Karthikeyan, P.; Lakshminarayanan, V.; Kumar, A.S.; Vairavel, M.; Girimurugan, R. Performance Studies on PEM Fuel Cell with 2, 3 and 4 Pass Serpentine Flow Field Designs. Appl. Mech. Mater. 2014, 592, 1728–1732. [Google Scholar] [CrossRef]

	



Ramiar, A.; Mahmoudi, A.; Esmaili, Q.; Abdollahzadeh, M.; Abdollahzadehsangroudi, M. Influence of cathode flow pulsation on performance of proton exchange membrane fuel cell with interdigitated gas distributors. Energy 2016, 94, 206–217. [Google Scholar] [CrossRef]

	



Sezgin, B.; Caglayan, D.G.; Devrim, Y.; Steenberg, T.; Eroglu, I. Modeling and sensitivity analysis of high temperature PEM fuel cells by using Comsol Multiphysics. Int. J. Hydrogen Energy 2016, 41, 10001–10009. [Google Scholar] [CrossRef]

	



Frappé, E.; De Bernardinis, A.; Bethoux, O.; Candusso, D.; Harel, F.; Marchand, C.; Coquery, G.; Bethoux, O. PEM fuel cell fault detection and identification using differential method: Simulation and experimental validation. Eur. Phys. J. Appl. Phys. 2011, 54, 23412. [Google Scholar] [CrossRef]

	



Xiong, C.; Luo, M.; Chen, B.; Tu, Z. Effect of channel structure on oxygen distribution in cathode of fuel cells. Chin. J. Power Sources 2018, 42, 230–232. [Google Scholar]

	



Um, S.; Wang, C. Three-dimensional analysis of transport and electrochemical reactions in polymer electrolyte fuel cells. J. Power Sources 2004, 125, 40–51. [Google Scholar] [CrossRef]








[image: Processes 09 01526 g001 550] 





Figure 1. The basic structure of (a) spider web and (b) spider-web-type flow field. 
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Figure 2. The PEMFC model established for the simulation. 
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Figure 3. Polarization curves under four different meshing methods. 
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Figure 4. Comparison of polarization curves between simulation results and experimental data. 
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Figure 5. The oxygen distribution of different schemes at the interface of the cathode GDL and CL. 
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Figure 6. The oxygen distribution of schemes #1 to #7 at the interface of the cathode GDL and CL. 
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Figure 7. The oxygen distribution of schemes #1, #14, #21 and #28 at the interface of the cathode GDL and CL. 
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Figure 8. The water distribution of different schemes in the cathode flow field. 
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Figure 9. The water distribution of schemes #1 to #7 in the cathode flow field. 
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Figure 10. The water distribution of schemes # 7, #14, #21 and #28 in the cathode flow field. 






Figure 10. The water distribution of schemes # 7, #14, #21 and #28 in the cathode flow field.



[image: Processes 09 01526 g010]







[image: Processes 09 01526 g011 550] 





Figure 11. The polarization curves and power density curves between schemes #1 and #7. 
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Figure 12. The limiting current density and the maximum power density between schemes #1 and #7. 
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Figure 13. The polarization curves and power density curves between scheme #1, #8, #15 and #22. 
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Figure 14. The limiting current density and the maximum power density between scheme #1, #8, #15 and #22. 
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Figure 15. The pressure drop in the cathode flow field from schemes #1 to #7. 
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Figure 16. The pressure drop in the cathode flow field between schemes #1, #8, #15 and #22. 
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Figure 17. (a) Oxygen distribution and (b) Water removal performance between scheme #27, Straight flow field and Serpentine flow field. 
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Figure 18. The polarization curves and power density curves of scheme #27, straight flow field and serpentine flow field. 
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Figure 19. The pressure drop of scheme #27, straight flow field and serpentine flow field. 






Figure 19. The pressure drop of scheme #27, straight flow field and serpentine flow field.
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Table 1. Schemes with different polygonal structures and number of layers.
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Scheme

	
#1

	
#2

	
#3

	
#4

	
#5

	
#6

	
#7




	
The shape of polygonal structure

	
4

	
6

	
8

	
10

	
12

	
14

	
16




	
The number of layers of spiral flow channels

	
2




	
Scheme

	
#8

	
#9

	
#10

	
#11

	
#12

	
#13

	
#14




	
The shape of polygonal structure

	
4

	
6

	
8

	
10

	
12

	
14

	
16




	
The number of layers of spiral flow channels

	
3




	
Scheme

	
#15

	
#16

	
#17

	
#18

	
#19

	
#20

	
#21




	
The shape of polygonal structure

	
4

	
6

	
8

	
10

	
12

	
14

	
16




	
The number of layers of spiral flow channels

	
4




	
Scheme

	
#22

	
#23

	
#24

	
#25

	
#26

	
#27

	
#28




	
The shape of polygonal structure

	
4

	
6

	
8

	
10

	
12

	
14

	
16




	
The number of layers of spiral flow channels

	
5
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Table 2. Main geometrical parameters.
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	Parameter
	Value
	Unit





	Flow channel width
	1 × 10−4
	m



	Flow channel depth
	1 × 10−4
	m



	The rib width between the flow channel
	1 × 10−4
	m



	Thickness of GDLs
	3.8 × 10−4
	m



	Thickness of MPLs
	5 × 10−5
	m



	Thickness of membrane
	1 × 10−4
	m



	External circle radius of the polygonal structure
	3 × 10−3
	m
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Table 3. Main parameters of membrane, GDL, CL and reaction gases.
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	Value
	Parameter





	eps_gdl
	0.4
	GDL porosity



	kappa_gdl
	1 × 10−13 (m2)
	GDL permeability



	sigma_gdl
	222 (S/m)
	GDL electric conductivity



	wH2_in
	0.743
	Inlet H2 mass fraction (anode)



	wH2O_in
	0.023
	Inlet H2O mass fraction (cathode)



	wO2_in
	0.228
	Inlet oxygen mass fraction (cathode)



	U_in_anode
	2 (m/s)
	Anode inlet flow velocity



	U_in_cathode
	2 (m/s)
	Cathode inlet flow velocity



	mu_anode
	1.19 × 10−5 (Pa*s)
	Anode viscosity



	mu_cathode
	2.46 × 10−5 (Pa*s)
	Cathode viscosity



	MH2
	0.002 (kg/mol)
	Hydrogen molar mass



	MN2
	0.028 (kg/mol)
	Nitrogen molar mass



	MH2O
	0.018 (kg/mol)
	Water molar mass



	MO2
	0.032 (kg/mol)
	Oxygen molar mass



	D_H2_H2O
	9.15 × 10−5 * (T/307.1 (K))1.75 (m2/s)
	H2-H2O binary diffusion coefficient



	D_N2_H2O
	2.56 × 10−5 * (T/307.15 (K))1.75 (m2/s)
	N2-H2O binary diffusion coefficient



	D_O2_N2
	2.2 × 10−5 * (T/293.2 (K))1.75 (m2/s)
	O2-N2 binary diffusion coefficient



	D_O2_H2O
	2.82 × 10−5 * (T/308.1 (K))1.75 (m2/s)
	O2-H2O binary diffusion coefficient



	T
	80 + 273.15 (K)
	Cell temperature



	p_ref
	101 × 103 (Pa)
	Reference pressure



	V_cell
	0.9
	Cell voltage



	CO2_ref
	40.88 (mol/m3)
	Oxygen reference concentration



	CH2_ref
	40.88 (mol/m3)
	Hydrogen reference concentration



	eps_l
	0.3
	Electrolyte phase volume fraction



	eps_cl
	1−(eps_l)−(eps_gdl)
	Open volume fraction for gas diffusion in porous electrodes



	kappa_cl
	(kappa_gdl)/5
	Permeability (porous electrode)



	sigma_m
	9 (S/m)
	Membrane conductivity *



	%RH
	100%
	Relative humidity(anode/cathode)



	F
	96,485 (C/mol)
	The Faraday constant







* The change of water concentration in the flow field was not only related to the structure, but also related to the proton conductivity of the membrane. Under normal conditions, the proton conductivity of the membrane change significantly with the change of water concentration. However, this study focused on the influence of the structure on the water concentration, so the membrane conductivity was set to a constant value.
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