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The flow field serves as an important component of proton exchange membrane fuel cells (PEMFCs) for maintaining the hydration of the membrane and discharge of excessive water. In this study, a transparent polycarbonate plate was used as the cathode end plate of the PEMFC. The water management capacity of the PEMFCs with different cathode flow fields was evaluated. The movement and evolution patterns of water droplets, film, and columns in different flow fields were analyzed. The results show that liquid water is discharged faster as the cross-section of the flow channel becomes smaller. The performance of the PEMFC with a partially-narrowed flow field is higher due to better water management capacity and forced convection of gas reactant. Liquid water exists mostly in the form of liquid columns in the parallel flow channel, damaging the uniformity of gas distribution. The wavy flow field is likely to be flooded due to the difference of water movement velocity in different channel regions. In addition, a volume of fluid (VOF) model was developed to quantitatively evaluate the water management performance of each type of flow field. The water movement patterns in the different flow channels were concluded. This study provided real-time observations of water movement in the flow channel, revealing a correlation between water management capabilities and the performance of the PEMFC.
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1 INTRODUCTION
To reduce carbon emissions and environmental pollution caused by the extensive use of fossil fuels, the search for renewable and eco-friendly energy solutions has been an important issue worldwide (Jewell et al., 2018). Proton exchange membrane fuel cell (PEMFC) is considered one of the most promising energy transfer devices due to its high power density and zero emission (Jiao et al., 2021a; Parekh, 2022; Yao et al., 2024). Improving the water management capacity is one of the most important subjects among many engineering challenges for the PEMFC (Jiao et al., 2021b; Huo and Hall, 2023). A certain membrane hydration is required to promote effective ionic conductivity during the PEMFC operation. Too little water would dry the membrane out. Excessive accumulation of liquid water can lead to flooding, which induces localized hot spots and corrosion of cell components including electrodes, gas diffusion layer (GDL), etc. Then limited reactive gas transport will negatively affect the performance, durability, and stability of PEMFCs (Min and Zhou, 2023; Wang et al., 2021; Nagulapati et al., 2023).
To improve the water management capacity of the cell, it is necessary to understand the liquid water movement within the flow field plates to achieve its structural optimization (Sun et al., 2023). According to research reports, the main techniques that can observe the water inside the fuel cell are neutron imaging technique (NIT) (Martinez et al., 2019; Manzi-Orezzoli et al., 2019), nuclear magnetic resonance imaging (NMR) (Mrad et al., 2023), X-ray radiography(XRR) (Kato et al., 2022; Tongsh et al., 2021; Martens et al., 2019), and optical visualization of PEMFCs (Rahimi-Esbo et al., 2017; Banerjee and Kandlikar, 2014), etc. The optical visualization technique uses hollowed-out flow field plates and transparent endplates to enable direct observation of liquid water within the flow channel. The method offers the advantage of high spatial and temporal resolution to capture the highly localized two-phase flow dynamics present in the channels, which has low operation cost and high convenience (Hu and Cao, 2016; Aslam et al., 2019). Zhan et al. (2012) applied the optical visualization technique and found that liquid water tends to accumulate in the region near the ridge due to flow rate difference and condensation of water vapor within the pores of GDL. At the same time, if the wall of the flow channel is more hydrophilic than the GDL surface, it tends to result in a liquid film covering the wall. Yin et al. (2022) achieved clear side imaging of water droplets in the flow channel of the PEMFC by using a high-speed camera. There are three stages of water droplet evolution. They are the growth stage, the oscillation stage, and the removal stage. The force balance of the water droplet in the three stages was revealed while the PEMFCs were operating. Rahimi- Esbo et al. (2020) designed a transparent PEMFC stack for investigating and evaluating the water management capacity when it operated at dead-end and open-end modes. An empirical correlation for estimating the required time for opening of purge valve was presented. Pei et al. (2022) obtained the liquid water distribution in the flow field through a transparent PEMFC. The liquid water formation characteristic was estimated according to the electric quantity produced. Based on transparent fuel cells segmented by printed circuit board, Meng et al. (2023) successfully revealed the correlation between cathode liquid water distribution and current density distribution in PEMFCs, which guides the flow field design and the development of water management strategies in fuel cell stacks. However, experimental observations are not able to obtain the details of interfacial changes. Therefore, many numerical simulation methods have also been applied in PEMFC flow channel research (Wang Y. et al., 2023; Zhao et al., 2023; Wang Z. et al., 2023). Among them, the volume of fluid (VOF) method has been widely used as a macroscopic interfacial capture method to study the two-phase flow characteristics in the flow channel. It was used to study the effects of the cross-section shapes of the PEMFC channel, the surface contact angles, the inlet velocities of air and water, as well as different droplet distributions on the water removal characteristics (Liao et al., 2022; Anyanwu et al., 2019; Chen et al., 2020). Dang and Zhou (2023) developed a three-dimensional VOF model to study the water removal process in cathode flow fields. They implemented a dynamic contact angle model to simulate the liquid behavior on GDLs. The observed liquid behavior agrees well with optical visualization results.
Above all, most of the studies focus on the liquid water movement in a single kind of flow field, but no comparisons between different flow fields have been made. Some of the studies are based on offline devices. There is no consideration for the stochastic behavior of water generation in real fuel cells. In this study, an optical visualization fuel cell test system was designed and constructed to compare the water evolution patterns within different cathode flow fields during cell operation. The correspondence between the liquid water drainage in the flow field and the cell performance was analyzed by combining the polarization curve test and electrochemical impedance spectroscopy test (EIS). After that, based on the real-time observation results, an accurate VOF model was built to research the two-phase flow characteristics in the flow channel. The local optimization of the flow field structure was further discussed to provide an important theoretical reference for the improved water management capacity of PEMFCs.
2 METHODOLOGY
2.1 Experimental setup
A visualized cathode PEMFC was designed as shown in Figure 1A, the active area of the PEMFC in this study is 25 cm2. The membrane electrode assembly (MEA) is produced by Wuhan WUT HyPower Technology Co., Ltd., which includes a membrane of 8 um, carbon papers of 167 um, and catalytic layers (CLs) with 0.1 and 0.4 mg cm−2 Pt loadings, corresponding to the anode and cathode, respectively. A heating pad is affixed to the anode plate for cell operating temperature control. The anode flow field plate is made of graphite with parallel flow fields cut on it. The visualized cathode consists of a hollowed-out flow field plate, a transparent plate, and a windowed end plate. The transparent plate is 8 mm thick, made of polycarbonate to prevent deformation during operating temperature, and is engraved with inlet and outlet air channels. The thickness of the hollowed-out flow field plate is equal to the height of the flow channel, which is 0.3 mm, and is made of stainless steel plated with gold (Dongguan SinoEtch Technology Co., Ltd.) to ensure electrical conductivity. The flow fields studied include parallel field, wavy flow field, and partially-narrowed flow field as shown in Figure 1C. The structural parameters of each flow field are shown in Table 1.
[image: Figure 1]FIGURE 1 | Assembly and testing of transparent PEMFCs: (A) Structure of cathode transparent fuel cell; (B) Schematic of the experimental system (Gong et al., 2023); (C) Cathode hollowed-out flow field plates.
TABLE 1 | Structural parameters of different flow fields in the experimental PEMFC.
[image: Table 1]After the PEMFCs were assembled, the experiments were carried out by using a 400 W fuel cell test system (Ningbo Baite Testing Equipment Co., Ltd.), an electrochemical workstation (Zahner Zennium E), and a high-speed camera (Photron fastcam sa1.1) as shown in Figure 1B. A cold light source was chosen to avoid temperature interference during the shooting process. Performance analysis and real-time observation of liquid water can be performed in parallel. The specific operating conditions are shown in Table 2.
TABLE 2 | Operating conditions of the PEMFCs.
[image: Table 2]2.2 Numerical model
A VOF model was employed in the study to investigate the gas transport and liquid water dynamics in the different flow fields. Grid independence test and model validation have been conducted in our previous works (Bao et al., 2019; Bao et al., 2020). The model selected the two sides of the flow channel as the inlet and outlet, respectively. Figure 2 shows the computation domain for the straight flow channel, wavy channel, and partially-narrowed channel. The initial and boundary conditions of cases are listed in Table 3. The liquid is initialized in the form of a droplet near the inlet of the flow channel. The inlet velocity is given as 3.3 m s−1, approximately equalling to the gas velocity in the operating PEMFC under 1.2 A cm−2. Total pressure (1 atm) is defined at the outlet and non-slip boundary is set for all the walls. The static contact angles of surfaces set in the model are derived from the averaged values measured at different places, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Computational domain of geometric channels under investigation (A) schematic illustration straight channel (B) schematic illustration wavy channel (C) schematic illustration partially-narrowed channel.
TABLE 3 | Initial and boundary conditions for the cases in this study.
[image: Table 3][image: Figure 3]FIGURE 3 | The static contact angles of surfaces for different components in the PEMFC.
The VOF method represents local phase change in the computational domain by defining phase volume fraction and realizes the capture of the phase interface by solving the phase volume fraction equation. The governing equations of the VOF method are as follows (Hirt and Nichols, 1981; Pilliod and Puckett, 2004):
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where [image: image] is the velocity vector of each phase fluid, [image: image] is the compression velocity, defined as the relative velocity at the gas-liquid interface. α is defined as the phase volume fraction in each control volume. α = 0 means that the fluid in the control volume is gas, α = 1 means that the control volume is full of liquid, and 0 < α < 1 means that there is a phase interface in control volume. σ and κ are the surface tension coefficient and average interface curvature, respectively. D is the deformation rate tensor with the expression [image: image]. ρ and μ are the density (kg/m3) and dynamic viscosity (kg/(m⋅s)). Based on the phase volume fraction α, the density and viscosity of the fluid are re-expressed as:
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where the subscripts l and g denote the liquid and gas phases, respectively.
The boundary conditions are simplified by defining the modified pressure pd:
[image: image]
where [image: image] is the position vector.
3 RESULTS AND DISCUSSION
3.1 In-situ optical visualization of liquid water in flow fields
After the activation process in constant potential mode, the PEMFCs assembled with different flow fields were tested separately. According to Figure 4A, it is found that the parallel flow field and the wavy flow field have similar performance, while the partially-narrowed flow field shows the highest performance among the three, even in high current densities. It shows better water management capacity and efficient mass transfer. As shown in Figures 4B, C, the ohmic impedance of the PEMFC assembled with a partially-narrowed flow field is higher than the one with the parallel flow field, but the mass transfer and activation losses are reduced. The periodic narrowed channels in the partially-narrowed flow field lead to an enhanced gas mass transfer in the through-plane direction while the gas flow rate is also increased. However, the high gas flow rate reduces the hydration of the membrane compared with the parallel flow field. The wavy flow field has higher ohmic losses than the parallel flow field due to the bigger hollowed-out region, which causes larger electron transport resistance. It is proved by the I-V test in the Figure 4D. The test was conducted by replacing the MEA with a carbon paper to focus on the difference in contact resistance between the hollowed-out flow field plates and GDLs. However, the periodic change of gas flow direction increases the mass transfer to the GDL. The mass transfer and activation losses are reduced, resulting in the cell performance similar to that with the parallel flow field.
[image: Figure 4]FIGURE 4 | Experimental comparison of PEMFCs with different cathode flow fields: (A) Polarization curves; (B) EIS test results and (C) equivalent circuit (Tongsh et al., 2024) fitting results under 1.2 A cm−2; (D) The electrical contact resistance difference between GDLs and hollowed-out flow field plates.
The comparison of different flow fields on real-time observation results is consistent with the performance comparison. As shown in Figure 5, there is water accumulating in the flow channels of the parallel flow field, mostly in the form of liquid columns and liquid droplets. The liquid droplets move much faster than the liquid column. Because the gas tends to flow through the flow channel with less flow resistance. Once there is a channel blocked by liquid columns, the gas flow flux will be reduced, and the liquid column removal speed will be reduced as well. The phenomena lead to uneven distribution of the reactants in the flow channel. Fortunately, the pressure difference between the inlet and outlet of the channels always exists. The liquid column can still move slowly by the force. The moving speed of liquid columns is lower and lower with the number of water increasing in a channel as shown in Figure 5C. Specifically, the liquid column size will gradually decrease with the gas blowing. Then the column discharges or breaks up when the liquid column size is small enough. This is because water is constantly sticking to the walls in the form of film as it flows through channels due to the hydrophilicity of the channel walls, which is proved in Figure 3. Besides, confined chambers are formed between the liquid columns when multiple liquid columns are present in a flow channel. The heat generated in the active region surrounded by the liquid columns and walls is not easily carried away, which increases the possibility of causing localized hot spots.
[image: Figure 5]FIGURE 5 | Real-time observations of liquid water movement in the parallel flow field: (A) Movement of droplets; (B) Movement of a liquid column; (C) Movement of multiple liquid columns in a single flow channel.
For the wavy flow field, although the periodic change of gas flow direction can improve the water removal capacity, which is proved by the EIS test result in Figure 4B, there is still water accumulation in the channels as shown in Figure 6A. An interesting phenomenon was discovered. The droplets move faster when they pass through non-bending regions than bending regions. In this case, the retention of droplets in the bend region is likely to cause the accumulation of liquid water, which in turn leads to the restriction of the reactant transfer efficiency. However, the partially-narrowed flow field shows excellent drainage ability. As shown in Figure 6B, the periodic change of the cross-sectional area of the partially-narrowed channel increases the gas flow rate significantly. The liquid water removal velocity in partially-narrowed flow fields is significantly higher than that in parallel flow fields. Although the membrane hydration is lower, the gas transfer in the through-plane direction is enhanced. This is reflected in the EIS test results as shown in Figure 4B. Therefore, the partially-narrowed flow field is conducive to the transmission of gas to the electrode reaction interface, improving the utilization rate of reactants and discharging the products in time. It has excellent performance.
[image: Figure 6]FIGURE 6 | Real-time observations of liquid water movement in the different flow fields: (A) Velocity differences of liquid droplets through different regions of the wavy flow channel; (B) Rapid movement of liquid water in the partially-narrowed flow field.
3.2 Model analysis of liquid behaviors in a single flow channel
To quantitatively evaluate the water management performance of each type of flow field, this section investigated the water removal process of a single droplet in a single flow channel regarding liquid behaviors, pressure drop, coverage ratio, and droplet velocity. As shown in Figures 7A–C, we placed the same droplet at the inlet of different flow channels. It was found that the gas flow resistance is increased when a wavy or partially-narrowed channel is placed in the flow field as shown in Figure 7D. For a straight channel, the droplet moves fast in the channel if there is no water blockage happening. Liquid water tends to adhere on the side walls of channels under gas flow. In contrast, for a wavy channel, the contact of water with the GDL surface is reduced due to centrifugal force and adsorption on the hydrophilic wall when a droplet passes through the bending region, then the coverage ratio is low as shown in Figure 7E. The droplet moves slower in the wavy flow field due to the change in flow direction as shown in Figure 7F. The droplet shows an increase in velocity as they pass through each neck in the partially-narrowed flow channel, along with break-up into small droplets, which is consistent with experimental observation. Although the coverage ratio is slightly larger, it shows superior water removal capacity because of increased gas flow rate by narrowed regions. This can prevent the accumulation of droplets and improve the mass transfer efficiency of the reactants.
[image: Figure 7]FIGURE 7 | Temporal evolution of a droplet in the (A) straight channel, (B) wavy channel, and (C) partially-narrowed channel. The comparison of (D) pressure loss, (E) movement velocity, and (F) coverage ratio for water droplets among different flow channels.
3.3 Optimization of the partially-narrowed flow channel
To further optimize the water management capacity of the partially-narrowed flow channel. The width of neck of the partially-narrowed channel were reduced from 0.4 to 0.3, 0.2 mm. The observed moving behavior of liquid water in the channels is shown in Figures 8A, B. The flow resistance and the water droplet moving velocity will increase with the neck width decrease, which is shown in Figures 8C–E. Correspondingly, the breakup of liquid droplets is more significant. When the neck width is 0.2 mm, the surface coverage of droplets in the GDL is extremely small, which means that liquid water can be discharged efficiently in the form of small droplets. Reducing cross-section area of the neck or increasing the number of narrowed parts will help discharging water from the fuel cell. However, the excessive pressure loss in the flow channel will reduce the net power output. The flow rate connects the hydration of membrane. Therefore, it is necessary to arrange the neck area and number according to the actual operating conditions of the fuel cell.
[image: Figure 8]FIGURE 8 | Temporal evolution of a droplet in the partially-narrowed flow channels with the neck width of (A) 0.3 mm and (B) 0.2 mm in the narrowed region. The comparison of (C) pressure loss, (D) movement velocity, and (E) coverage ratio for water droplets in the partially-narrowed flow channels with different neck widths.
As shown in the Figures 9A, B, for a partially-narrowed flow channel, each narrowed region in the flow channel could induce droplet break-up. In this study, the interval length between narrowed regions in the partially-narrowed flow channel is denoted by I2. There is no clear difference in droplet behavior when I2 is 19 or 13 mm. As shown in the Figures 9C–E, when I2 is reduced to 6.5 mm, a slight increase in the pressure drop in the flow channel occurs. The movement velocity and the surface coverage in the GDL of droplets show large fluctuations. Specifically, the fluctuations of the coverage ratio are between 0.2% and 0, which indicates that decreasing the interval between narrowed regions is favorable for the removal of liquid water. Compared to reducing the width of the neck, this option can achieve liquid water removal with a slight increase in pressure loss, which is a more effective. As shown in Figure 10, the partially-narrowed flow channel with different interval lengths of narrowed regions was applied to the cathode flow field to assemble a conventional fuel cell with 25 cm2 active area. It was found that a performance enhancement in line with expectations occurred. Compared to the parallel flow field, the net power density of the PEMFC assembling partially-narrowed flow field with I2 of 13 mm as well as 6.5 mm is increased by 22% and 43% under the voltage of 0.65 V, respectively (Nathanial et al., 2016). At high current densities, partially-narrowed flow fields show good drainage capacity, which ensures the efficiency of the reactive gas transport and reduces the concentration and activation losses.
[image: Figure 9]FIGURE 9 | Temporal evolution of a droplet in the partially-narrowed flow channels with the interval between narrowed regions of (A) 19 mm and (B) 6.5 mm. The comparison of (C) pressure loss, (D) movement velocity, and (E) coverage ratio for water droplets in the partially-narrowed flow channels with different intervals of narrowed regions.
[image: Figure 10]FIGURE 10 | Comparison of the flow fields based on the partially-narrowed flow channel. Experimental comparison of the (A) pressure drop; (B) polarization curve and net power density; (C) EIS test result under 2.0 A cm−2.
4 CONCLUSION
Water management capacity is essential for the performance and stable operation of PEMFCs. This study used an optical visualization method to achieve real-time observation of liquid water inside different cathode flow fields during cell operation. The behaviors of liquid water in different flow fields were studied. A VOF model was built to quantify the liquid removal performance of different channels. The main conclusions are as follows:
1. Compared with the parallel flow field, the mass transfer loss of the PEMFCs with wavy flow field and partially-narrowed flow field is lower. The reason is that the gas flow direction changes periodically, which enhances both reactant distribution and through-plane convection. Specifically, the gas flow rate and pressure are periodically changed in the partially-narrowed flow field, which promotes the under-rib cross flow with MEA.
2. In the wavy flow field, the liquid water is removed more slowly but covers a smaller area of GDL surface than the parallel flow field because the inertia effect induced by the periodically changed gas flow direction enhances the adhesion effect of side walls. A lower coverage area of GDL surface indicates a higher mass transfer efficiency between flow field and GDL.
3. In the partially-narrowed flow field, periodically changed gas flow rate promotes both the discharge and the breakup of liquid droplets/columns at the necks of narrowed zones. But membrane hydration could be reduced by the increased pressure drop and through-plane convection. Therefore, the area of the necks and interval length between narrowed regions of the partially-narrowed flow field should be designed considering the change of ohmic loss and pumping loss.
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