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Abstract 

In-depth understanding of the dynamics of water formation, accumulation and removal is important for 

flow-field design optimization to ensure robust performance and durability of polymer electrolyte fuel 

cells (PEFCs). Here, in-operando neutron radiography is used to display and quantify liquid water 

distribution across the entire active area of single-, double- and quad-channel serpentine flow-fields. 

The results revealed that the water management and performance of PEFCs is strongly affected by the 

number of serpentine channels in the cathode flow-field. The single-channel serpentine-based PEFC 

exhibits both a better cell performance and uniformity in the local water distribution. The quad-channel 

based PEFC exhibits the largest voltage fluctuations caused by severe water flooding in the gas channels. 

However, the single-channel design leads to significantly larger pressure drop than the multiple-channel 

counterparts, which requires much higher parasitic power to pressurize and recirculate the reactants.  

Three different regimes of operation can be defined based on the current density: gradually increasing 

hydration (< 400 mA cm-2), flooding (400 mA cm-2 ≤ j ≤ 600 mA cm-2) and drying out (>600 mA cm-

2). The reduced overall quantity of water in the channels with an increase in current density can be 

attributed to faster gas velocity and higher cell temperature. 

1. Introduction  
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Polymer electrolyte fuel cells (PEFCs) carry advantages of high electrical efficiency, low operating 

temperature and rapid start-up, which are desirable for a wide range of applications [1] [2]. A key 

element that dictates PEFC performance and durability is water management [3] [4] [5]. On the one 

hand, the membrane (typically Nafion) needs to be well-hydrated to achieve high ionic conductivity 

and prevent the membrane from drying out, which can lead to increased Ohmic and activation losses 

[6]. On the other hand, excessive water can impede effective reactant transport and lead to flooding, 

which results in performance decay and cell failure [7] [8] [9]. Thus, a careful water balance is required 

for robust PEFC performance. 

Flow-fields are crucial components that affect the water management and performance of PEFCs. They 

distribute the reactants over the active area and remove excess water generated from electrochemical 

reactions. An improper flow-field design will cause maldistribution of water, which affects performance 

and lifespan [10] [11] [12] [13] [14].   

A range of flow-field designs have been proposed, including parallel [15], serpentine [16] [17] [18], 

interdigitated [19], bio-inspired [13] [20] [21], pin-type, [22] and cascade flow-fields [23]. Serpentine 

is the most commonly employed designs in the cathode for its superior water management capacity. 

The long channel length of the serpentine configuration leads to greater pressure drop, which can 

alleviate water build-up in channels and enhance convection under the rib/land. Consequently, PEFCs 

using serpentine flow-fields at the cathode tend to have better water management and performance [18] 

[24] [25], but the greater back-pressure requires more effort to deliver the reactant, resulting in a larger 

parasitic load burden. 

Serpentine flow-fields are classified according to their channel numbers; that is the number of parallel 

channels that trace a common serpentine pathway. Modelling studies have examined the effect of 

channel number, and showed that the current density, temperature and produced water tend to be more 

uniform with the increment in the channel numbers [26]. Computational fluid dynamic (CFD) 

simulations indicate that double-channel serpentine yields more uniform liquid water distribution than 

the single-channel serpentine [27]. However, an opposite trend was reported by Limjeerajarus et al. 

[28]. and Wang et al.[29], which indicates that, for a small-sized PEFC, the single-channel serpentine 



flow-field provides both better water uniformity and related cell performance, attributed to the larger 

pressure drop caused by its long path length, leading to enhanced water removal.    

The reliability of these simulation results requires appropriate experimental validation that includes 

characterisation of internal water management. To this end, a range of diagnostic techniques have been 

employed. Technique such as optical visualisation is a powerful means of determining liquid water 

production and removal within the flow channels [30] [31]. However, the PEFCs need to be modified 

since a transparent window is required for observation, which increases the complexity of the cell design 

and renders the cell unrepresentative of a practical system. Localised electrochemical measurements 

can be used to infer the state of water within a PEFC. Measurement of the Ohmic resistance indicates 

the level of hydration of the membrane, which can be measured using high-frequency impedance (HFR) 

[32]. The pressure drop across the inlet and outlet of the reactant is an indicator of the water management 

capacity of flow-field designs [13] [26] [27] [28] [29]. Larger pressure drop results in effective 

convective liquid water removal from the cell. On the contrary, it requires higher parasitic power to 

pressurize and recirculate of the reactants.  

Of the reported PEFC water mapping methods in the literature, neutron imaging is arguably the most 

powerful. The high attenuation of neutrons by liquid water [33] and high transparency of neutrons to 

other PEFC components allow for high-resolution measurements of liquid water formation and 

transport. First pioneered by Mosdale et al. in 1996 [34], researchers have mainly focused on applying 

this technique to visualise water in a PEFC under different current density, temperature, stoichiometry, 

and reactant humidification conditions [9] [35] [36] [37] [38] [39].  

However, relatively few works employ neutron imaging to study the significant effect of flow-field 

designs on the water management of fuel cells. Limited existing works related to this issue examined 

the effect of channel geometric parameters (such as depth, corner angle and land/channel ratio) on the 

water management of PEFCs [40] [41] [42]. On the contrary, there is no other report in the literature 

providing an in-depth study of the effect of water distribution in a fuel cell as a function of the serpentine 

channels number. As the most commonly employed designs in the cathode of PEFCs, the investigation 

of the effect of serpentine flow-field design on the water management is indispensable to deliver 



performance and lifespan improvements in PEFCs. Therefore, our study fills a gap in the literature and 

for the first time, provides a systematic comparison of the water management in different serpentine 

flow-field designs. 

In the present study, by combining neutron imaging with pressure drop measurement and monitoring 

the high-frequency impedance, it is possible to explore the influence of different serpentine flow-field 

designs on water management and related PEFC performance. The comparison of different flow-field 

designs was made by keeping geometric parameters of the channels constant in order to isolate the 

effect of cathode channel number on fuel cell performance.  

2. Experimental setup 

PEFC design 

A closed-cathode PEFC with an active area of 9.5 cm2 was designed. The cell consisted of two printed 

circuit board (PCB) flow-fields, a membrane electrode assembly (MEA), gaskets, and two end-plates. 

The anode and cathode PCB flow-fields were 0.8 and 1.6 mm thick, respectively. PCB-based fuel cells 

have the advantage of being cheap, light-weight, and easily customisable to specific design 

requirements; they have been employed extensively for current and temperature distribution 

measurements [31] [43] [44] and are being commercialised by the likes of Bramble Energy in the UK. 

The copper layers of the PCB were electroplated in nickel and gold to prevent corrosion. The anodic 

flow-field features a single serpentine flow channel with channel width and spacing of 1 mm, and depth 

of 0.5 mm (Fig. 1(a)). Three cathode serpentine flow-fields with single, double, and quad channels were 

fabricated to study the influence of serpentine channel numbers on water management at the cathode 

(Fig. 1(a)). The width of land and channel, and the channel depth are 1 mm.  

A 70 µm thick sheet of Tygaflor was used as gasket at the interface between flow-fields and end-plates. 

The same material was used as gasket to seal the perimeter of the MEA. The MEA was fabricated in-

house by hot pressing the Nafion 212 membrane (DuPont, USA) and ELE00162 gas diffusion 

electrodes (Johnson Matthey, UK). The MEA was pressed at 130°C for 3 minutes with an applied 

pressure of 400 psi. The anode and cathode aluminium end-plates were 8 and 10 mm thick, respectively, 



and were electroless plated in gold to prevent corrosion. An exploded view of the fuel cell assembly is 

shown in Fig. 1(b). 

 

Fig. 1(a) Serpentine flow-field designs and (b) exploded view of individual fuel cell components.  

Experimental procedure 

An in-house designed LabVIEW software (National Instruments, USA) was used to control the PEFC 

operation (air, hydrogen, and the load) and record the data through communicating with a data 

acquisition card (DAQ card, USB 6363, National Instruments, USA). The PEFC was operated at 

ambient temperature in absence of reactant humidification. The stoichiometry of cathode and anode 

flow was kept at 3 and 1.2 across the investigated current density range, respectively. This leads to 

faster gas velocity at higher current density, which fosters effective convective liquid water removal in 

the channel. Gas was supplied in counter-flow orientation in order to enhance membrane hydration 

[45], where hydrogen is fed from the bottom right of the cell and air is fed from the top left of the cell  

(Fig. 1(a)). The flow rates of inlet gases were controlled using digital mass flow controllers (Bronkhorst, 

UK). The pressure drop across the cathode was monitored using pressure transducers (Variohm, UK). 

The high frequency resistance (HFR) of the PEFCs during operation was measured via electrochemical 

impedance spectroscopy (EIS) to gauge the hydration level of the membrane. Current was drawn from 



the fuel cell using an electronic load (PLZ664WA, Kikusui). Current sweep experiments were carried 

out in steps of 200 mA cm-2 for 10 minutes per point from 0 to 1000 mA cm-2 until the potential fell 

below 0.4 V. The corresponding cell current density, voltage, channel pressure drop, HFR, and neutron 

imaging results were recorded simultaneously. 

The operating temperature also plays a key role in determining the performance and durability of PEFCs. 

Higher temperature enhances both the electrode kinetics of the oxygen reduction reaction (ORR) and 

hydrogen oxidation reaction (HOR) [46] [47], thereby improving cell performance. However, fuel cell 

operating at high temperature without proper gas humidification runs the risk of membrane dry-out, 

which  in turn lowers the cell performance from reduced membrane conductivity [48] [49]. A K-type 

thermocouple (TC-08, PICO Technology) was inserted into the cathode end-plate to monitor the 

dynamic cell temperature response during operation.  

Neutron radiography 

The SINQ-NEUTRA beam-line at the Paul Scherrer Institute (PSI) was used for the neutron 

radiography test; the set-up provided a maximum field-of-view of 15 × 15 cm2. The cell was placed in 

through-plane orientation to the beam to visualise liquid water across the entire active area (Fig. 1(b)). 

Radiographs of the dry cell with different flow-fields are displayed in Fig. 2. Spatial resolution of 20 

μm and temporal resolution of 20 s were used through all of the experiments using the imaging set-up 

developed by Lehmann et al. [50].   

 

Fig. 2. Neutron image of the dry cell, showing the cell structure. Green and red arrows correspond to the 

cathode (air) and anode (hydrogen) gas feeding direction, respectively. 

 



Experimental results post-processing 

Neutron imaging in through-plane orientation allowed visualisation of liquid water in the channel 

allowing the effect of flow-field designs and operating conditions on the internal liquid water  transport 

across the PEFC to be investigated. Corrections have to be made on the neutron radiographs, such as 

scattered neutron removal caused by the set-up, changes caused by the different beam intensity, and 

detector background. To isolate generated liquid water from rest of the fuel cell components, images 

taken during cell operation were normalised to a dry fuel cell image taken at the beginning of each 

experiment. Radiographs of the dry cell with different flow-fields are displayed in Fig. 2. The total 

water thickness of each image, 𝑇𝐻2𝑂, could be calculated by inverting the Beer-Lambert law:  

                            𝑇𝐻2𝑂 =
𝑙𝑛(𝐼 𝐼0⁄ )

𝜀𝑤𝑎𝑡𝑒𝑟
                                                               (1) 

where  𝜀𝑤𝑎𝑡𝑒𝑟 refers to the attenuation coefficient of neutrons in liquid water which was measured in 

the SINQ-NEUTRA beam-line for the given set-up at 3.5 cm-1, 𝐼0 is the intensity of the reference image 

(without water), which was taken after the dry gas was flowing through both sides of the cell for 10 

minutes before each experiment, and I refers the intensity of the ‘working’ image, taken during 

operation.  

3. Results and discussion  

 

3.1 Effect of cathode channel numbers on the polarization performance 

Fig. 3(a) compares the cell performance of the single-, double- and, quad-channel serpentine flow-field 

designs. It shows that the number of channels has a greater influence on the cell performance at higher 

current density. The single-channel serpentine flow-field based PEFC exhibits the best performance, 

while the lowest performance was recorded for the quad-channel design.  

Similar open circuit potential (OCP) was recorded (~0.96 V) for each flow-field. At low current 

densities (≤ 200 mA cm-2), the performance difference between the three flow-field designs is small, 

but diverges with increasing current density. The single-channel design demonstrates a ~3% and ~6% 



increase in performance compared to the double- and quad-channel cell at 400 mA cm-2, and 7% and 

21% at 1000 mA cm-2, respectively. The power density curve in Fig. 3(a) reveals that the single-channel 

design demonstrates ~7% and 21% increase in maximum power density compared to double- and quad-

channel cells respectively at 1000 mA cm-2. This trend agrees with numerical studies [28] [29], which 

report worse performance for serpentine flow-fields with greater channel number. An approximately 

linear increase in temperature with current density is observed for each design, with the highest cell 

temperature recorded for quad-channel, followed by double- and single-channel flow-fields.  

  

 

 Fig. 3. Comparison of (a) polarization performance, (b) high-frequency resistance and temperature, and (c) 

cathode pressure drop between different serpentine flow-field designs. Error bars indicate the difference 

between three repeat runs; solid symbols may cover the whole error bar. 

3.2 High-frequency resistance (membrane conductivity) 

The high-frequency resistance provides a measure of the Ohmic resistance of the fuel cell. The change 

in HFR is mainly as a result of the change in membrane hydration as the electric resistance remains 

almost constant throughout operation. Fig. 3(b) shows the Ohmic resistance as a function of average 

current density.  

In all cases, an increase in current initially results in a decrease in HFR as the membrane hydrates more 

from elevated water generation. Increase in current density above 800 mA cm-2 leads to a larger HFR 

of the double and quad designs and this is associated with the increase in cell temperature that acts to 

dehydrate the membrane [30]. One plausible reason for the differences HFR is that higher pressure drop 

of single-channel design (Fig. 3(c)) induces hydraulic water transport from cathode to anode across the 

membrane, thereby improving the membrane hydration [51]. 

3.3 Pressure drop measurement 



Regarding the cathode pressure drop (Fig. 3(c)), fixed stoichiometry results in an increase in pressure 

drop with current density. The single-channel flow-field shows significantly higher values than that of 

the double- and quad-channel designs (~3 times and ~7 times respectively, at 1000 mA cm-2).  

Higher gas velocity and pressure drop for the single-channel design allow for enhanced liquid water 

removal, potentially improving the cell performance, which agrees with the results reported by 

Trogadas et al.[13] and Limjeerajarus et al.[28]. The double and quad design exhibit much lower 

pressure drop at all current densities, which may have resulted in higher mass transport overpotential 

due to ineffective liquid water removal, as indicated by the polarization curve in Fig. 3(a). On the other 

hand, the larger pressure drop in the single-channel design requires greater parasitic power for pumping; 

the issue that is exacerbated at larger active areas [13]. Therefore, such excessive pressure drop renders 

the use of a large-scale single channel serpentine flow field prohibitive.   

3.4 Neutron imaging of water distribution  

Although local hydration state of the membrane can be gauged using localised HFR measurements [52], 

it is not a direct indicator of the water distributuon in the channel. Neutron imaging on the other hand, 

provides detailed information on local liquid water accumulation, transport and distribution for the 

different serpentine flow-fields (Fig. 4).   

At open circuit potential, the cell is entirely dry since no water is produced electrochemically. At 200 

mA cm-2, liquid water begins to emerge and gets distributed across the active area. The water 

distribution across the three flow-field designs vary significantly (Fig. 4(a, b)). The complete image 

series (~10 mins) of same current density is taken into account and the final averaged image is acquired 

over this period. Similar anode and cathode channel geometries make it difficult to distinguish the 

electrode at which the liquid water belongs. However, differentiation is possible with careful 

observation of the droplet movement and location across the electrode, especially  in the corner regions. 

The flow channels are labelled at left side of each neutron image as a function of their position of the 

cell (from top to bottom) for guidance.   



 

 

Fig.  4. Neutron images showing averaged liquid water thickness distribution in single-channel, double-channel 

and quad-channel serpentine flow-fields during constant current operation over the course of 10 minutes at (a) 

200 mA cm-2 and (b) 400 mA cm-2, respectively. The areas with features of interest have been highlighted: 

Dashed red lines correspond to anode and solid green lines correspond to cathode. The variation in potential of 

each cell over this period is shown in (c) 200 mA cm-2 and (d) 400 mA cm-2.  

For the single-channel design (Fig. 4(a)), liquid water is observed in the middle regions of the cathode 

(bends of 9th ,10th , 11th and 13th channel, see solid green lines) and anode (bends of 7th - 12th channel, 

see dashed red lines) in the form of tiny droplets and film (120-235 µm). Water accumulation in the 

anode is in agreement with a previous neutron imaging study [53], and is due to water back-diffusion 

from the cathode to the anode driven by a hydraulic gradient [32]. Consequently, water will accumulate 

in the anode if the rate of back-diffusion surpasses the rate of water removal. Accumulation  of water 



in the middle region of the cell can be attributed to the counter-current flow orientation of dry air and 

hydrogen; this is in contrasts to the case of co-flow where the water progressively accumulates along 

the serpentine path as the gas stream takes up vapour along the way. This agrees with the result of 

Schneider et al.[54] [55] [56], which investigated the effect of gas flow direction on local water balance 

through spatially resolved impedance spectroscopy. But only now has the effect of counter-flow 

configuration be unequivocally confirmed by the direct visualisation that the onset location of the liquid 

water occurs at the central region of the cell.  

The double-channel design (Fig. 4(a)), shows that water produced at the cathode side is mainly observed 

in the similar region as for the single-channel design (8th-13th channels, see solid green lines). However, 

at the anode side, liquid water appears in both the top and central regions (205-355 µm), as indicated 

by the dashed red lines of Fig. 4(a).  

Most significant liquid water accumulation occurs in the channels of the quad-channel serpentine flow-

field (Fig. 4(a)) (210-550µm). Liquid water is present in almost every anode channel, and liquid water 

occupies nearly half of the 9th and 10th channels in the form of droplet and film, as indicated with the 

dashed red lines in Fig. 4(a). In comparison to the double-channel design, liquid water is observed 

across a wider region of the cathode, as identified with the solid green lines.  

Fig. 4(c) shows that when operated under galvanostatic conditions (200 mA cm-2) the voltage of all three 

flow-fields increases with time as the cell approaches thermal steady-state and the membrane starts to 

hydrate. Accumulation of liquid water in the channel causes flunctuations in voltage. In multi-channel 

flow-fields, gas can ‘bypass’ a water-blocked channel causing local reactant deprivation in the active 

area underneath (or downstream) of the flooded region. Flooding at low current densities is a 

phenomenon apparent especially during cold-start of fuel cells, caused by facile vapour condensation 

and ineffective liquid water removal due to low gas velocity [57]. In comparison to the double- and 

quad-channel serpentine flow-fields, the single-channel design exhibits a higher and more stable 

performance due to faster gas flow allowing for more effective liquid water removal across the channel. 



More liquid water appears in the channels of the serpentine flow-fields at 400 mA cm-2 due to greater 

water production rate. For the single-channel design (Fig. 4(b)), liquid water is observed in greater 

quantity around the bends of the anode channel (140-350 µm) than at 200 mA cm-2 (1st to 13th channels, 

dashed red lines). The increased current density only leads to a slight increase in total liquid water 

content in the cathode channel.  

A similar pattern is observed for the double-channel serpentine flow-field (Fig. 4(b)) where most of the 

channel corners on the anode side (1st to 13th channel, dashed red lines) show signs of water 

accumulation (220-490 µm). On the cathode side, water is present in greater quantity in the central and 

outlet region of the active area (15th and 16th channels, 195-315 µm, solid green lines).  

Fig. 4(b) shows that water  droplets and film occupy  nearly three-quarters of the 9th, 10th (anode side, 

450-615 µm, dashed red lines), and 16th channels (cathode side, 235-420 µm, solid green lines) which 

reveals a propensity to flooding in these regions. The water accumulation in the quad-channel serpentine 

flow-field leads to significant voltage oscillations, as seen in Fig. 4(d).  

 

Fig. 5. Close-up view of the liquid water thickness distribution in central region channel (7 th-10th channels) 

obtained from Fig. 4(b) - (a) single-channel, (b) double-channel, (c) quad-channel. Lines correspond to specific 

features referred to in the text. 

Closer examination of the water distribution in the central channels (7th -12th channels) at 400 mA cm-2 

is shown in Fig. 5. The following points are noteworthy: firstly, liquid water accumulates mainly around 

channel bends (see dashed pink lines in Fig. 5(b), 270-470µm). This is a well-known feature of 

serpentine flow-fields [58] [59] [60], and it is attributed to the decreasing channel-to-channel pressure 

gradient near the bend that reduces flow detachment as gas impinges into the 90 wall surface. Secondly, 

liquid water  accumulates on the channel walls (see solid brown lines in Fig. 5(b), 310-450µm). One 



possible explanation is that the area underneath the land is cooler than underneath the channel [38] [61]. 

Consequently, water vapour preferentially condenses under the land and liquid water starts ‘bulging’ 

into the channel once the region under the land is saturated. The combined effect of the hydrophobic 

GDL and hydrophilic channel wall (contact angle 56.6º) is anticipated to have caused water wicking 

into the corner [62]. 

 

 

Fig. 6. Neutron images showing averaged liquid water thickness distribution in single-channel, double-channel 

and quad-channel serpentine flow-field during constant current operation (10 min) of (a) 600 mA cm-2 and (b) 

800 mA cm-2. Dashed red lines correspond to anode features and solid green lines to cathode features. The 

variation in potential of each cell over this period is shown in (c) 600 mA cm-2 and (d) 800 mA cm-2.  



As seen in Fig. 6 (a), less liquid water is present at 600 mA cm-2 for all three designs, with an overall 

decrease of 5%, 3%, and 16% (against the case for 400 mA cm-2, see Fig. 7(a)) in the amount of 

accumulated water in single-, double- and quad-channel serpentine flow-fields, respectively, despite 

elevated water generation. This is associated with the increased gas flow rates at higher current density, 

since the stoichiometry of both the anode and cathode reactants is fixed across the current density range. 

Higher gas velocity across the channel fosters effective convective liquid water removal in the channel. 

Also, cell temperature is higher at these operating conditions (Fig. 3(a)), which promotes higher water 

evaporation rates.  

The total quantity of liquid water decreases in transitioning from 600 mA cm-2 to 800 mA cm-2 (Fig. 

6(b)). An overall decrease of 36%, 43%, and 35% in the mass of accumulated water is observed in 

single-, double- and quad-channel serpentine flow-fields, respectively, following the increase in current 

density (Fig. 7(a)). The result shows a drastic reduction in the presence of water in the top and central 

regions of all flow-field designs (Fig. 6(a, b)) which suggests the cell starts to dry out at this point. The 

single-channel serpentine flow-field still exhibits the highest and most stable performance compared to 

other flow-field designs (Fig. 6(d)). 

The liquid water accumulation for different cell designs was calculated from the averaged neutron 

image by integrating the local water thickness across the entire active area using Equation (2). 

𝑚𝑎𝑐𝑐 = 𝜌𝐻20. ∫ 𝑇𝐻20. 𝑑𝑆
𝑆

0
                                                        (2) 

where 𝜌𝐻20 is the water density, 𝑆 is the active surface, and 𝑇𝐻20 is the localised water thickness. 

The corresponding water mass is plotted as a function of current density, as shown in Fig. 7(a). The 

fraction of water removal was calculated by taking the difference between water generated based on 

Faraday's law (Equation (3)) and water accumulation.  

𝑚𝑔𝑒𝑛 =
𝑀𝐻20.𝐼.𝑆.𝑡

2𝐹
                                                             (3) 

where 𝑀𝐻20  is the molecular weight of water, 𝐼  is the current density, and t is the duration of the 

constant current operation, which is 10 min.  𝐹 is the Faraday constant (96485 𝐶 𝑚𝑜𝑙−1). The water 



generated by the electrochemical reaction is constant among different cell designs as all experiments 

were carried out at same operation condition. For example, a 9.5 cm2 active area PEFC will generate a 

water mass of 106 mg after 10 min of constant current operation at 200 mA cm-2.  

The fraction of water removed is defined as the amount of removed water divided by the water 

generation.  

%𝐻20𝑟𝑒𝑚 =
𝑚𝑔𝑒𝑛−𝑚𝑎𝑐𝑐

𝑚𝑔𝑒𝑛
. 100                                                 (4) 

It is observed in Fig. 7(a) that much less liquid water is present in the single-channel design than the 

double- and quad-channel serpentine flow-fields throughout the investigated operating range. For 

example, the mass of accumulated liquid water in quad-channel design demonstrates ~63.4% and ~21.4% 

increase compared to the single- and double-channel cell at 400 mA cm-2. The result indicates  an 

elevated susceptibility to flooding with increased number of channels of the serpentine flow-filed design. 

The dynamics of water accumulation comprises three main stages: increasing hydration (< 400 mA cm-

2), flooding (400 mA cm-2 ≤ j ≤ 600 mA cm-2), and drying out (> 600 mA cm-2). This trend agrees with 

the previous studies reporting the transition in the water balance regime from hydration to flooding, 

followed by drying (as the current density increases) [9] [30] [35] . The reduced overall quantity of 

water in the channels with increase in current density as shown in Fig. 7 (b) can be attributed to faster 

gas velocity and higher temperature.  Due to faster gas flow with lower channel number, the single-

channel serpentine flow-field facilitates the most effective liquid water removal than the double- and 

quad-channel designs throughout the investigated current densities.  



 

 

Fig. 7(a) Water accumulation of different flow field designs as a function of current density. (b) Fraction of 

water removed of different flow field designs as a function of current density. 

It has been reported  that maldistribution of water and large lateral hydraulic gradients can lead to 

mechanical stresses in MEAs, which can compromise fuel cell performance and longevity [13] [63]. 

Here, the water distribution in single-, double-, and quad-channel serpentine flow-fields in operating 

PEFCs (10 min at 400 mA cm-2) has been recorded by neutron imaging. Subsequently, the uniformity 

level (%) of water distribution along the y-axis [64] is defined as the ratio of the average water thickness 

over the x-axis at each y position (see coordinate system in single channel of Fig. 4(b)) to the overall 

averaged water thickness in the corresponding cell, and plotted as a function of position y in Fig. 8. The 

averaged water thickness over the x-axis at each y position, 𝑇𝐻2𝑂 (𝑦𝑎𝑣𝑒),  is defined as: 

𝑇𝐻2𝑂 (𝑦𝑎𝑣𝑒) = 𝐴𝑣𝑒(∫ 𝑇𝐻20(𝑥,𝑦). 𝑑𝑥
𝑥𝑚𝑎𝑥

𝑥=0
)                                              (5)                                           

where 𝑇𝐻20(𝑥,𝑦) is the local water thickness.  

As can be seen in Fig. 8, the periodic ‘peaks’ and ‘valleys’ of the uniformity level of the local cell 

hydration are established for the three flow-field designs. This feature is due to the differences in  flow-

field structure (land/channel, see the purple lines in Fig. 8(a)), which result in spatially variant water 

distribution. The peaks are observed at the inner walls of flow channels and the valleys correspond to 

the land regions. Another feature shared amongst the three flow-field designs is that  greater quantity 

of water is present towards the  central region of the cell, which as has been discussed before, and this 

is attributed to the counter-current flow orientation of dry air and hydrogen.  



The single-channel serpentine flow-field exhibits the most uniform water distribution profile, with the 

difference between the lowest valley (y = 1.4 mm) and the highest peak (y = 14 mm) of ~176% (see Fig. 

8(a)), while the difference reaches to ~271% (see Fig. 8(b)) and ~451% (see Fig. 8(c)) for the double- 

and quad-channel designs. In addition to this, a standard deviation of the liquid water thickness 

distribution  of the single-, double-, and quad-channel serpentine flow-fields was calculated. The single-

channel exhibits the least variation (47 µm) among three designs, against 53 µm for the double-channel 

and 76 µm for the quad-channel. The result indicates that the single-channel serpentine flow-field not 

only provides the best performance, as compared to the double- and quad-channel design, but also 

attains the most uniform water profile distribution.  

 
Fig. 8. Uniformity level (%) of water distribution along y-axis (see coordinate system in single channel of Fig 

4(b)) of three designs operating at 400 mA cm-2. 

 

Conclusion  

Water distribution and accumulation has been investigated for single-, double-, and quad-channel 

serpentine flow-fields  based PEFCs using neutron imaging,  high-frequency resistance, and pressure-

drop measurements. This study provides, for the first time, a systematic comparison of different 

serpentine flow-fields and experimentally validates previously conducted numerical simulation studies 

of the effect of water distribution in a polymer electrolyte fuel cell as a function of the flow-field 

serpentine geometry.  

Three different regimes of operation were identified based on the current density: gradually increasing 

hydration (< 400 mA cm-2), flooding (400 mA cm-2 ≤ j ≤ 600 mA cm-2) and drying out (>600 mA cm-



2). The reduced overall quantity of water in the channels with an increase in current density can be 

attributed to faster gas velocity and higher cell temperature. Much more is now known about how 

changing the number of serpentine channels affects performance and water distribution: The single-

channel serpentine flow-field facilitates the most effective liquid water removal than the double- and 

quad-channel designs throughout the different investigated current densities.The quad-channel design, 

on the other hand, reveals a propensity to flooding due to the lowest pressure drop. The result also 

reveals that the single-channel serpentine flow-field not only provides the best performance, as 

compared to the double- and quad-channel design, but also attains the most uniform water profile 

distribution. However, the single-channel design requires much higher parasitic power to 

pressurize/recirculate the reactants compared with the multiple-channel counterparts. 

Therefore, single-channel serpentine flow-field can be designed for the small active area due to its 

efficient water removal. On the contrary, the multiple-channel design becomes more suitable when the 

active area scales up. This is because of its much lower pressure drop compared with the single channel 

design. However, the elevated susceptibility to flooding with increased number of channels needs to be 

considered. 
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