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ABSTRACT: The flow field architecture of the proton exchange membrane fuel cell (PEMFC) cathode critically
determines its performance. To enhance PEMFC operation through structural optimization, trapezoidal obstacles
were implemented in the cathode flow channels. The height dependence of these obstacles was systematically
investigated, revealing that a 0.7 mm obstacle height enhanced mass transfer from channels to the gas diffusion
layer (GDL) compared to conventional triple-serpentine designs. This configuration achieved a 12.08% increase in
limiting current density alongside improved water management. Subsequent studies on obstacle distribution density
identified 75% density as optimal, delivering maximum net power density with 10.6% lower pressure drop than
full-density arrangements.

KEYWORDS: Proton exchange membrane fuel cells; numerical simulation; height of obstacles; density of obstacle
arrangement

1 Introduction

Fuel cell technology, recognized as a clean and efficient energy conversion solution [1], demonstrates
broad application prospects and significant societal value. This recognition aligns with the growing demand
for lightweight, high-performance portable power systems in modern electronics [2]. The technology
operates through catalytic electrochemical reactions between hydrogen and oxygen, directly converting
chemical energy into electricity while generating thermal energy as a byproduct [3,4]. Distinguished by its
high energy density [5,6], zero emissions [7], superior efficiency [8,9], rapid start-up capability [10,11], and
environmentally friendly operation with minimal noise, fuel cells are positioned as a pivotal development
in future energy systems. Against the backdrop of escalating global environmental concerns and climate
change mitigation efforts, conventional fossil fuel-based energy faces increasing restrictions. As an advanced
energy conversion platform, fuel cell technology exhibits substantial potential to displace traditional energy
sources [12]. Its adoption could effectively reduce fossil fuel dependence, curb greenhouse gas emissions,
enhance air quality, and ultimately foster sustainable development [13].

Common PEMEC flow field configurations encompass parallel, serpentine, and interdigitated designs.
John et al. [14] demonstrated that parallel flow fields exhibit shorter flow paths and reduced inlet-to-
outlet pressure differentials. However, this low-pressure characteristic coupled with multiple parallel reactant
pathways promotes liquid water slug formation and subsequent accumulation. To systematically analyze
these phenomena, researchers developed a variable-channel-length polymer electrolyte membrane fuel
cell (PEMFC) parallel flow field through integrated design, fabrication, and experimental validation.
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Wang et al. [15] conducted a comparative study on obstacle configuration strategies (positioning and
height distribution) in tri-serpentine channel PEMFCs. Their findings revealed that strategically placed
obstacles enhance reactant gas transport to the gas diffusion layer (GDL) while extending the operational
current density range. Specifically, rear-positioned obstacles achieved optimal reactant uniformity at the
GDL/catalyst layer (CL) interface, whereas full-channel obstacle distribution maximized current density
output. For automotive PEMFC applications requiring high current density operation, oxygen transport
limitations become critical. Interdigitated flow fields demonstrate particular promise in overcoming these
constraints through convective transport mechanisms. Tajiri et al. [16] employed spatially resolved current
density measurements to characterize the land-channel directional performance of interdigitated flow field
PEMFCs, revealing distinct distribution profiles compared to conventional designs. Further investigation
using localized oxygen transport resistance measurements via the limiting current density technique across
varied oxygen concentrations elucidated the underlying mass transfer mechanisms.

Numerous studies have systematically investigated the influence of flow channel geometry and dimen-
sional parameters (including channel height, width, and channel-to-rib ratio) on PEMFC performance.
Xia et al. [17] conducted a comprehensive analysis of channel-to-rib width ratios (CRWR: 1:1 vs. 3:4)
and reactant gas relative humidity combinations (80%/80%, 80%/40%, 40%/80%, 40%/40%) on single-cell
performance. Their methodology involved polarization/power density curve analysis under varied operating
conditions, complemented by electrochemical impedance spectroscopy (EIS) measurements quantifying
ohmic resistance, charge transfer resistance, and mass transport resistance. Zhang et al. [18] pioneered a
bio-inspired flow channel design mimicking human rib cage morphology, evaluating its performance across
different flow patterns and humidity levels. Concurrently, Chen et al. [19] established a two-phase PEMFC
model with dead-end anode configuration, elucidating water transport dynamics under synergistic effects of
channel orientation and dimensional scaling. Their results indicated that vertically aligned larger channels
significantly enhance liquid water expulsion from flow channels to outlets, thereby mitigating performance
degradation and water accumulation issues in dead-end anode operation. Innovative channel architectures
continue to emerge in PEMFC research. Liu et al. [20] proposed a tapered slope flow field (TSFF),
demonstrating through Ansys Fluent simulations that this configuration enhances oxygen distribution
uniformity, improves drainage efficiency, and boosts overall cell performance. In a separate advancement,
Chen et al. [21] developed a partially separated-partially coupled (PSPC) cathode channel design for
PEMFCs with independent cooling channels. Three-dimensional modeling revealed that reduced spacer
length (L) in PSPC configurations accelerates cathode-side water removal while optimizing hydrothermal
distribution homogeneity. Further progress was achieved by Jin et al. [22], who implemented a condensation
tower-inspired curved flow field to enhance air diffusion without auxiliary fans. This design not only
compacted the fuel cell architecture but also reduced parasitic power losses. Experimental validation through
polarization curves and constant-current discharge tests confirmed improved air diffusion kinetics and
overall PEMFC performance.

Recent studies have demonstrated that incorporating obstacles within PEMFC flow channels can
enhance reactant transport and overall cell performance. Chen et al. [23] developed a three-dimensional
model of a PEMFC with porous obstacles in the flow channels, validating its performance through computa-
tional simulations. Their work systematically analyzed how structural parameters of porous obstacles—such
as geometry and placement—influence proton exchange membrane fuel cell efficiency. In a complementary
approach, Shen et al. [24] investigated cathode flow channel modifications by introducing side blockages.
They compared three configurations: conventional straight blockages, alternating side blockages, and hybrid
designs combining both. Through numerical simulations, they evaluated the impact of side blockage arrange-
ments on velocity profiles, thermal gradients, reactant distribution, and water management, elucidating
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the mechanisms behind performance improvements in PEMFCs with these designs. Revisiting serpentine
channel optimization, Wang et al. [15] examined obstacle placement strategies (rear versus full-channel) in
tri-serpentine configurations. Their results revealed that rear-positioned obstacles achieve optimal reactant
uniformity at the gas diffusion layer/catalyst layer (GDL/CL) interface, whereas full-channel obstacle
distribution maximizes current density output. Both configurations outperformed conventional channels by
enhancing gas transport to the GDL and extending operational current density ranges.

From the above literature, it is evident that the cathode flow field design constitutes a critical factor
affecting PEMFC performance. The bipolar plate, being a key component of the PEMFC, features flow
channel structures that significantly influence water management, mass transfer, and output characteristics,
thereby profoundly impacting overall fuel cell efficiency. The flow fields discussed herein are positioned on
the cathode side, as the anode side exhibits negligible effects on cell output performance [25]. Among existing
configurations, tri-serpentine PEMFCs demonstrate superior comprehensive performance, though studies
incorporating obstacles remain relatively limited [15]. While these investigations provide valuable insights
for subsequent researchers, most have overlooked the synergistic relationship between obstacle height and
arrangement density. Current findings further indicate that trapezoidal obstacles effectively enhance reactive
gas diffusion beneath obstruction zones. However, no systematic study has addressed the combined effects
of trapezoidal obstacle height (i.e., obstruction inclination angle) and arrangement density (i.e., number
of obstacles per unit length) in triple-serpentine PEMFC configurations. To address this research gap, this
study proposes a cathode flow field integrating trapezoidal obstacles within a triple-serpentine PEMFC
architecture, building upon prior investigations. We rigorously examine:

1. The influence laws governing trapezoidal obstacle height and arrangement density on PEMFC out-
put performance.
2. Corresponding impacts on oxygen distribution uniformity and liquid water management efficacy.

2 Methodology
2.1 Geometric Model

The serpentine flow channel demonstrates superior mass transfer, enhanced water management,
and higher maximum current densities compared to parallel flow channel designs. As one of the most
widely adopted flow field configurations in bipolar plates (BPP), serpentine channels are favored for their
high overall performance in conventional applications. Relative to single-serpentine configurations, multi-
serpentine flow channels exhibit reduced inlet-to-outlet pressure drops and more uniform reactant gas
distribution across identical active areas. These advantages render multi-serpentine designs more practical
for real-world implementation. However, the inherently slower flow velocity in multi-serpentine structures
compared to single-serpentine layouts impedes water removal efficiency [26], posing limitations for practical
multi-serpentine PEMFC applications. Trapezoidal cross-sections, extensively utilized in mechanical and
civil engineering, optimize stress distribution through their geometric characteristics of parallel top/bottom
surfaces and inclined sidewalls. For instance, trapezoidal retaining walls reduce base bending moments by
15%-20% compared to rectangular counterparts—a principle applicable to fuel cell flow field design for
minimizing fluid flow pressure losses. In flow channel engineering, sloped trapezoidal structures (wide-
top/narrow-bottom cross-sections) enhance reactive gas transport efficiency [20], particularly improving
oxygen diffusion through the gas diffusion layer (GDL). Building upon these insights, this study investigates
how trapezoidal obstacle height and arrangement density influence mass transfer, water management, and
performance enhancement in PEMFCs based on triple-serpentine flow channels. The PEMFC architecture
comprises distinct components: anode flow channel, anode gas diffusion layer (GDL), anode catalyst layer,
proton exchange membrane, cathode catalyst layer, cathode GDL, and cathode flow channel. Detailed
geometric parameters are provided in Table 1. Using 3D numerical simulations, we systematically analyze:
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The impact of trapezoidal obstacle height on PEMFC output performance; Associated effects on mass
transfer and water management. Fig. 1 illustrates the baseline triple-serpentine flow channel geometry and
trapezoidal obstacle integration strategy. Four cathode-side obstacle arrangement densities were evaluated
(Fig. 2): (a) 25% density; (b) 50% density; (c) 75% density; (d) 100% density.

Table 1: PEMFC and obstacle geometric model parameters

Parameters Value/mm
PEMEFC length 27
Channel width 1.0
Rib width 0.8
Trapezoidal obstacle upper bottom edge length 3.0
Trapezoidal obstacle lower bottom edge length 1.0
Channel height L0
GDL height 0.25
CL width 0.0125
PEM height 0.1
Obstacle height 0.4/0.5/0.6/0.65/0.7/0.75

. . (b) Schematic diagram of PEMFC meshing
(a) tri-serpentine flow channel PEMFC for tri-serpentine flow channel
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(e) Dimensional feature of the channel (d) Obstacle

Figure 1: Initial model channels and meshing: (a) Tri-serpentine flow channel PEMFC; (b) Meshed fluid domain;
Obstacle flow channel cathode side channel geometry; (c) Dimensional feature and (d) Obstacle
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(¢) 75% density (d) 100% density

Figure 2: Fluid domains in the presence of four different densities of obstacles in the cathode channel of the PEMFC:
(a) 25% density; (b) 50% density; (c) 75% density; (d) 100% density

2.2 Numerical Model and General Settings

In this study, a three-dimensional PEMFC model was developed with the following rational
assumptions:

(1)  All participating reaction gases behave as ideal gases;

(2)  The reacting gases are incompressible;

(3) The gas diffusion layer, catalyst layer, and proton exchange membrane are modeled as isotropic
homogeneous porous media;

(4) Gravitational effects are negligible.

Within the electrochemical framework, the electronic charge (¢) and ionic charge (i,,) generated in the
PEMFC are interrelated through:

Veig+V-in=0 1)

When the cell is neutral, no charge is generated and the current density is given by the following
equation:

V-i=0 2)



926 Front Heat Mass Transf. 2025;23(3)

According to Ohm’s law and Brueggemann’s correction, the effective conductivity could be determined

as:
V- (071v9,) = —is 0 = €%, 3)
V- (0151ffv¢m) = ~im, Urenff = s}},soim (4)

where o5 ,, is the conductivity of the solid and the membrane; ¢ ,, is the potential of the solid and membrane
phases; The current density in CL can be expressed by the Butler Volmer equation [26,27]:

Ya
. C 2 %aFrq —acFng
Ra:ua(T))( fif) (7 =) ®
Cy,
Co |
. H aaFnc —acFnc
Rc:(ch(T))( r(Zf) (_e oore ® ) (6)
Co;

where Cy, and Cop, are the concentrations of hydrogen and oxygen at the CL anode and cathode, C;;Zf and

C ng are the reference concentrations of the corresponding reactants, where j (T) is the reference exchange
current density per unit effective surface area; y is the concentration dependence, which is 0.5 for the anode
and 1 for the cathode in this paper; « denotes the charge transfer coefficient; The corner labels a and c indicate
the anode and cathode.

The voltage between the solid and the membrane is the electrochemical overpotential (#.), which can
be expressed as the difference between the electron potential (¢;), the ion potential (¢,,) and the equilibrium
voltage (E. ;). The difference in voltage (E.,) is expressed as:

W:(Ps_gom_Eeq (7)

The pressure and the velocity of the reactant gas within BBPs could be calculated upon Navier-Stokes
equations, and the related calculations within the GDL together with the CL were relied on Brinkman
equations as:

v-(p:;u)z—varv-?JrRu (8)

o
where 7 was the stress tensor which could be expressed as:

— S\ T —
- 2
T=U V(%)JrV(%) _EV%I ©)

where p was pressure, 4 was dynamic viscosity, and R, was the source term of momentum conservation. A
porosity (¢) of 0 represented the solid, while a porosity of 1 represented a fluid flowing freely in the channel.
Upon Darcy’s law, the source term of momentum conservation for porous media could be expressed with a
permeability of K, as:

¢

Ru:—EZ (10)
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The convection and the diffusion of the multi-component in CL and GDL were calculated by Maxwell-
Stefan equation as:

Ri:pe%(wi)+v-li+p(u~V)w,~ (11)

where R; was the source term of species, w; was the mass fraction, and J; was the diffusive flux of species
that could be calculated as:

1
]iz_PwiZDij ij+5(xj—wj) VP:I (12)
where D;; was the diffusivity, x was mole fraction, i and j indicated different species. In PEMFC, hydrogen

is cost in the anode-side of CL, oxygen is cost in the cathode-side of CL to generate water; therefore, the
reaction source term (R;) would have the relationship as:

1
RHZ = __Ra (13)
2F
1
Ro, =—-——R 14
Oz 4F c ( )
1
R =—R 15
H,0 F c ( )

The saturated vapor pressure (p;,;) of water is calculated from Buck’s formula as follows:

(16)

18.678 — Thum/234.5) - T,
Psat =0.61121 - exp ( ( hum/ ) hum )

Thum + 257.14

Thum is the humidification temperature.
Boundary Condition

In the simulation, the operating voltage (V,.;;) is the voltage at the cathode collector pole since the
voltage at the anode collector pole is set to 0 V. The cathode outlet and anode outlet boundary conditions
set the pressure to atmospheric pressure. The cell is assumed to be stable under isothermal conditions, and
the temperature is set as a constant; the reactant gas is considered to be a laminar incompressible ideal gas,
and the anode channel inlet is limited by the flow rate (u,,;,) and the reactant molar fraction (ngz 0.in @and

xltflz,in)'

A RTIf A
Ugin = (17)
2FpaxH2Ach
P
x?IzO,in = RH?n }S)ut (18)
a

x?[z,in = 1 - xILZIZO,in (19)
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The entrance boundary of the cathode channel is the entrance velocity and mole fraction of the reactants
(*f1,0,in a0 XFy ).

ARTI"* A,y 00
Ugin = ————————
M 2Fpexo,Ack
X0,,in = 0.21 (1 - x;—IZO,in) (21)
xlilz,in :l_x?IZO,in _xg)z,in (22)

where u is the flow rate, A is the stoichiometric ratio, I, is the reference working current density (A/cm?),
A, is the activated area of the cell, A, is the cross-sectional area of the anode channel, RH is the humidity,
x is the mole fraction of the substance, p is the pressure, sat denotes the “vapor saturation”, a and ¢ denote
the “anode” and “cathode” In the other region, the velocity is set to the no-slip condition, and the material
flux at the fluid-solid interface is set to zero. The detailed settings of the materials, operating conditions, and
boundary conditions of the PEMFC are shown in Table 2.

Table 2: Boundary conditions of PEMFC model

Parameters Value
Working temperature/K 353
Reference pressure/atm 1.01325
Anode reference current density/(A/cm?) 100
Cathode reference current density/(A/cm?*) 0.0012
Specific surface area/m™! 107
GDL porosity 0.4
GDL permeability/m? 118 x 107!
GDL conductivity/(S'm™!) 1400
CL porosity 0.3
CL permeability/m? 2.36 x 10712
CL conductivity/(Sm™) 350
Reference working current density (A/cm?) 1.5
Electrolyte phase volume fraction 0.3
Membrane conductivity/(S-m™) 10
Mole fraction of inlet water 0.037
Mole fraction of inlet oxygen 0.202
Mole fraction of inlet hydrogen 0.963
Anode stoichiometry 1.2
cathodic stoichiometry 2.0
Anode inlet RH 100%
Cathode inlet RH 100%

Moisturizing temperature (°C) 28
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2.3 Grid Independence Study

Mesh independence analysis involves verifying the convergence of computational results in numer-
ical simulations by systematically varying mesh density. This process monitors whether solution outputs
stabilize during progressive mesh refinement, thereby assessing simulation accuracy and reliability. In
numerical modeling, mesh resolution significantly affects computational outcomes: excessively coarse
meshes introduce substantial errors, while overly refined meshes waste computational resources. Thus, mesh
independence verification is essential for determining optimal discretization parameters.

Using a representative PEMFC operating voltage of 0.6 V, seven mesh configurations were evaluated to
assess current density independence from spatial discretization. As Table 3 demonstrates, results converge
near 1.34 A/cm* with decreasing mesh size. Case IV analysis reveals less than 0.1% relative error when
exceeding 431,984 mesh elements (Fig. 3). To ensure high-fidelity results, subsequent simulations employed
Case I'V’s validated configuration (549,821 total elements).

Table 3: Seven mesh schemes and the corresponding results of current density under 0.6 V

Casel CaselIl CaselIll CaselV CaseV CaseVI CaseVII

Number of grids 201,984 356,766 431,984 549,821 760,905 856,918 978,720
current density (A/cm?) 13463 13449 1.3432 1.3418 1.3410 1.3415 1.3417

0.30%

0.20%

0.10%

Related Error upon CaselV

0.00%

T T T T
200000 400000 600000 800000 1000000
Mesh Number

Figure 3: Verification of grid-independence

2.4 Model Results and Validation

To reduce computational complexity and processing time, simulations focused on a single PEMFC unit.
This unit comprises the cathode-anode flow channels and the intermediate membrane-electrode assembly
between the bipolar plates. The numerical model was developed in COMSOL Multiphysics®, with geometric
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parameters and boundary conditions identical to those reported by Wang et al. [15], enabling direct vali-
dation under equivalent operating conditions. Iig. 4 confirms strong agreement between simulation results
and reference experimental data, verifying model fidelity. This validated PEMFC framework (retaining
identical physical parameters) was subsequently applied to analyze flow field structural variations. This
methodological approach aligns with established practices in computational fuel cell research [27,28].

1.1

1.0+ Present Work

0.9 Results by Yang Wang et a1.(2022)

Voltage(V,V)

0.4

0.3

0.2 T T T T T T T T T T T
0.0 0.5 1.0 L.5 2.0 2.5 3.0

Current density(I,A/cm?)

Figure 4: Comparison of polarization curves calculated in this paper with literature [15]

3 Results and Discussion
3.1 Effect of Obstacle Height

Obstacle height has been demonstrated to significantly influence PEMFC performance [29,30]. To
systematically evaluate trapezoidal obstacle effects in tri-serpentine flow channel PEMFCs, this study
specifically investigates height-dependent impacts.

A variable-resolution height sampling strategy was implemented: larger increments (0.1 mm) for
lower obstacle heights (0.4-0.6 mm range) where performance sensitivity diminishes, transitioning to finer
increments (0.05 mm) for critical higher heights (0.6-0.75 mm) to ensure parameter space accuracy. As
shown in Fig. 1¢, uniformly spaced trapezoidal obstacles (1.0 mm inter-obstacle distance) were arranged
column-wise with consistent height per configuration.

Fig. 5 shows the polarization curves of the PEMFC for different obstacle heights. The basic pattern of
polarization is not altered by the presence of obstacles, indicating that the electrochemical reaction principles
within the PEMFC remain the same. However, the obstacles in the cathode-side channel greatly increase the
ability to generate current density compared to the conventional tri-serpentine flow channel.

At higher operating voltages (e.g., greater than 0.7 V), the height of the obstacle arrangement does not

have a significant effect on the current density because the current density generated is too low to reflect this
change. As the operating voltage decreases and the current density increases, the presence of obstacles has
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a more significant effect on the enhancement of the PEMFC; however, different obstacle heights result in
different levels of enhancement.

1.0
—=— Conventional
0.9 I —@— Height of obstacle 0.40mm
3 —A— Height of obstacle 0.50mm
0.8 W —w— Height of obstacle 0.60mm
\ —&— Height of obstacle 0.65mm
—~07 \ He%ght of obstacle 0.70mm
> Height of obstacle 0.75mm
z
50 0.6 K
8
G
> 0.5
0.4
0.3
0.2 =
0.0 0.5 1.0 1.5 2.0 2.5 3.0

current density (7, A/cm?)

Figure 5: Effect of trapezoidal obstacle height on polarization curves

Compared to the conventional tri-serpentine channel, the improvement in current density due to
trapezoidal obstacles increases with the increase in obstacle height (<0.70 mm) and minimizes when the
obstacle height is greater than 0.65 mm. This may be due to the fact that the presence of obstacles greatly
forces the reacting gases to flow towards the GDL and CL instead of high degree of freedom downward,
which leads to enhanced electrochemical reactions, but too high obstacles increase the pressure drop in the
flow channel, which affects the performance of the PEMFC; at the same time, forced mass transfer occurs
throughout the flow channel. As the reactant gas flows along the channel, the concentration of the reactant
gas gradually decreases and the PEMFC reacts more vigorously near the inlet, and the area near the channel
inlet is a highly active region for the PEMFC; therefore, the level of mass-transfer enhancement is weaker for
the GDL and CL at the outlet of the channel (than that near the channel inlet).

Fig. 6 illustrates the influence of trapezoidal obstacle height on PEMFC power density. For all tested
obstacle heights, the power density profiles exhibit a consistent trend: rising to a peak before declining with
increasing current density. As obstacle height increases (<0.7 mm), power density at any given current density
improves (though less noticeably at low current densities <1.0 A/cm?), with both maximum power density
and its corresponding current density demonstrating monotonic enhancement. The optimal performance
occurs at 0.7 mm obstacle height, yielding a 35% power density increase compared to conventional
channels at 2.5 A/cm?. Notably, this enhancement diminishes slightly at 0.75 mm height. Such substantial
improvements highlight the design’s potential for practical PEMFC applications.

Fig. 7 displays the oxygen concentration (mole fraction) distribution at the GDL/CL interface under a
constant operating voltage of 0.6 V. The incorporation of trapezoidal obstacles substantially enhances reac-
tant mass transfer, particularly in the channel outlet region. Oxygen concentration progressively decreases
along the flow path from inlet to outlet due to sustained electrochemical reactions and under-rib convection
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induced by counter-flow gas interactions in adjacent channels. This phenomenon underscores the critical
need to optimize reactant availability in outlet regions to sustain cell reactions.

13

—m— Conventional

1.2 —®— Height of obstacle 0.4mm
—A— Height of obstacle 0.5mm
—w— Height of obstacle 0.6mm
@ Height of obstacle 0.65mm|
—<— Height of obstacle 0.7mm
—»— Height of obstacle 0.75mm

—_
—_

—_
(=]

g
=)

Power Density(,W/cm?)
o o o o
W (o)) - [ee)

I
~

0.3
0.0 0.5 1.0 1.5 2.0 25 3.0 35

Current Density(/,A/cm?)

Figure 6: Effect of trapezoidal obstacle height on power density

(a) Conventional (b) 0.4 mm (¢) 0.5 mm (d) 0.6 mm
(e) 0.65 mm (f) 0.7 mm (g) 0.75 mm
[

Figure 7: Distribution of oxygen (mole fraction) within the GDL/CL interface near the cathode of the PEMFC at
different obstacle heights at a voltage of 0.6 V: (a) Conventional; (b) 0.4 mm; (c) 0.5 mm,; (d) 0.6 mm; (e) 0.65 mm; (f)
0.7 mm; (g) 0.75 mm

Fig. 8 illustrates the water mole fraction distribution at the GDL/CL interface under identical 0.6 V
operation. Continuous water generation along the channel leads to progressive accumulation toward the
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outlet, driven by convective gas flow. Counter-flow dynamics between neighboring channels create enhanced
inter-channel convection through elevated pressure differentials, while accelerated gas flow toward the CL
promotes water removal from the CL through the GDL into the channel. Consequently, water concentration
in these regions remains markedly lower than elsewhere, effectively mitigating flooding effects. Compared
to conventional triple-serpentine designs, trapezoidal obstacles significantly alleviate water flooding—
particularly in under-convection zones—with water management efficacy improving proportionally with
obstacle height (<0.7 mm).

(a) Conventional

(e) 0.65 mm (f) 0.7 mm (g) 0.75 mm
L____ S
0.05 0.1 0.15 0.2 0.25 0.3 0.35

Figure 8: Distribution of water (mole fraction) within the GDL/CL interface near the cathode of the PEMFC at different
obstacle heights at a voltage of 0.6 V: (a) Conventional; (b) 0.4 mm; (c) 0.5 mm; (d) 0.6 mm; (e) 0.65 mm; (f) 0.7 mm;
(g) 0.75 mm

The pressure drop in a PEMFC is a critical metric for evaluating flow field structural integrity and
directly correlates with parasitic pumping losses. Excessive pressure drop reduces operational power output
and compromises system efficiency. Fig. 9 illustrates the cathode flow field inlet-outlet pressure drop profiles
across varying obstacle heights. As shown, the pressure drop gradually increases with obstacle height
elevation (i.e., under rising current density conditions). At an obstacle height of 0.75 mm, the pressure drop
escalates significantly, offsetting potential power density improvements. Comparative analysis of polarization
and power density curves confirms optimal performance at a 0.7 mm obstacle height, where the pressure
drop remains sufficiently low to maintain cell efficiency. Notably, elevated pressure drops not only increase
parasitic pumping power but also jeopardize PEMFC longevity by accelerating component degradation. As
demonstrated in Table 4 (net power analysis), a 0.7 mm obstacle height achieves maximum net power density,
validating this configuration’s superior balance of hydraulic resistance and electrochemical performance.

The net power density (P,;) is calculated using the following equation

AP x Q

Puet = Potack = Ppump =1V ~
net stack pump r]pumpAcell

(23)
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where I is the current density (A/cm?); V is the output voltage (V); AP is the runner pressure drop (Pa), the
difference between the inlet and outlet pressures; Q is the volumetric flow rate; A is the effective reaction
area; and #,,m, is the pump efficiency (assumed value of 0.6).

9000
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6000

= [Sx)
o (=3
(=] (=]
o o

Pressure drop (Pa)
8
()
(e

2000

1000
=

ConventionalQ. 4mm

0. 5mm

0. 65mm

0. 75mm

Figure 9: Comparison of pressure drop at different obstacle heights

Table 4: Table of maximum power density at different obstacle heights

I(A/cm’) AP (Pa) Pps (W/emt’)  Ppypp (W/emr')
Conventional 1.9157 654.99 0.955 0.0024
0.4 mm 1.9488 1111.28 0.966 0.0043
0.5 mm 1.9586 1643.89 0.970 0.0064
0.6 mm 1.9814 2953.42 0.978 0.0110
0.65 mm 2.0109 3755.3 0.987 0.0140
0.7 mm 2.0199 4815.85 0.992 0.0179
0.75 mm 2.0224 8229.6 0.972 0.0311

3.2 Effect of Obstacle Distribution Density

Based on the optimized model from previous analyses, the PEMFC demonstrates enhanced overall
performance with trapezoidal obstacles. At the optimal obstacle height of 0.7 mm, the baseline configuration
with uniformly distributed obstacles across the symmetric flow channel region (Fig. 2) is defined as 100%
arrangement density. This corresponds to four obstacles per column within the designated channel range.
Four distinct arrangement densities were evaluated: Case I (25% density); Case II (50% density); Case III

(75% density); Case IV (100% density).

Figs. 10 and 11 present the polarization and power density curves for these configurations. All
obstacle-enhanced cases outperform the conventional design, with performance improvements escalating
as arrangement density increases. Notably, Case III (75% density) achieves comparable current and power
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densities to Case IV (100% density), suggesting reactant oversaturation near the inlet at high densities (as
evidenced in Fig. 11 by oxygen distribution patterns). While excessive inlet-region density may not further
enhance performance, obstacles near the outlet remain critical for redirecting oxygen-depleted gas toward

the catalyst layer (CL), thereby sustaining electrochemical reactions.
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Figure 10: Effect of density of trapezoidal obstacle arrangement on polarization curves
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Figure 11: Effect of density of trapezoidal obstacle arrangement on power density

Asshown in Fig. 12, oxygen concentration gradually decreases along the channel from inlet to outlet due
to continuous consumption by electrochemical reactions, whereas the concentration significantly increases
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near obstacle placement regions. This enhancement is most pronounced between adjacent channels with
opposing reactant gas flow directions, likely attributable to elevated pressure drops in these zones, which
enhance oxygen diffusion into the catalyst layer (CL). Obstacles amplify pressure differentials between
neighboring channels, intensifying under-rib convection—an effect particularly notable at arrangement
densities exceeding 75%. Critically, obstacles proximal to the outlet redirect oxygen-depleted gas (lower mole
fraction) toward the CL, sustaining electrochemical activity.

,I" m Jl[ﬁ_ ' T,_,l'ﬁ—!” W,ﬁ-‘!
0 e L i |
00 e 0

—_—d

(a) Case 1 (b) Case II (¢) Case 111 (d) Case IV

—
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Figure 12: Distribution of oxygen (mole fraction) within the GDL/CL interface near the cathode of PEMFC at different
arrangement densities at a voltage of 0.6 V: (a) Case I; (b) Case II; (c) Case III; (d) Case IV

Notably, PEMFCs with low obstacle density near the outlet exhibit severe oxygen depletion, significantly
impairing performance. Fig. 11 reveals that low obstacle density configurations display extensive oxygen-
deficient zones at the outlet, while high-density arrangements markedly improve oxygen availability in these
regions. These trends correlate directly with flow field mass transfer dynamics. In high-density configura-
tions, outlet-proximate obstacles effectively drive oxygen-deficient gas toward the CL. Conversely, sparse
outlet obstacles disproportionately intensify inlet reactions, exacerbating oxygen depletion and inducing
non-uniform concentration gradients downstream.

As current density increases, oxygen consumption escalates, progressively worsening rear-channel
oxygen deficiency. To optimize PEMFC performance, maintaining sufficient oxygen concentration at the
channel’s rear section necessitates higher obstacle density in these regions.

Fig. 13 illustrates the water mole fraction distribution at the GDL-CL interface under a constant
operating voltage of 0.6 V. Continuous water generation along the channel during electrochemical reactions
leads to progressive accumulation toward the outlet, driven by convective gas flow. In regions between
adjacent channels with opposing gas flow directions, enhanced under-rib convection and increased gas flow
velocity toward the catalyst layer (CL) accelerate water removal from the CL through the GDL into the
channel. Consequently, water concentration in these zones remains markedly lower than in other regions,
effectively suppressing flooding effects.

Compared to conventional tri-serpentine PEMFCs, trapezoidal obstacles significantly mitigate water
flooding. At obstacle arrangement densities exceeding 75%, water mole fractions in counter-flow channel
regions are substantially reduced compared to baseline designs, further alleviating flooding risks.

Fig. 14 compares the inlet-outlet pressure drop of the cathode flow field across different obstacle
arrangement densities. As illustrated in Fig. 14, the pressure drop escalates proportionally with increasing
arrangement density. The PEMFC achieves its maximum limiting current density at 75% density, while
reducing the pressure drop by 10.6% compared to the 100% density configuration. Combined with the net
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power density data in Table 5, the 75% arrangement density yields peak net power density, establishing it as
the optimal configuration.

(a) Case 1 (b) Case 11 (¢) Case IIT (d) Case IV
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Figure 13: Distribution of water (mole fraction) within the GDL/CL interface near the cathode of PEMFC at different
arrangement densities at a voltage of 0.6 V: (a) Case I; (b) Case II; (c) Case III; (d) Case IV
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Figure 14: Pressure drop curve at different obstacle arrangement densities

Table 5: Maximum power density at different obstacle placement densities

I(A/em®) AP (Pa) P, (W/en?)  Ppypp (W/em®)

Conventional 1.9157 654.99 0.955 0.0024
Casel 1.9703 2413.19 0.976 0.0096
Case II 1.9959 3328.56 0.985 0.0130
Case III 2.0162 4349.79 0.992 0.0165

Case IV 2.0199 4815.85 0.992 0.0179
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4 Conclusions

In this study, the height and arrangement density of trapezoidal obstacles in the cathode flow chan-
nel were numerically analyzed. Their impacts on enhancing output performance, reactant mass transfer,
and water management in tri-serpentine PEMFCs were systematically evaluated, with the following key
conclusions:

Compared with the conventional tri-serpentine PEMFC, the maximum net power density of the
trapezoidal barrier with a height of 0.7 mm in the channel was improved by 3.84%; the power density was
improved by about 35% at the same current density; and the mass transfer and moisture management effects
were also improved.

For different barrier arrangement densities, the increase in current density and power density was
greater at higher barrier densities compared to the conventional serpentine flow field. The effect was most
pronounced when the barrier arrangement density was 75%, with the highest net power density; and the
pressure drop was reduced by 10.6% compared to the PEMFC with 100% arrangement density. Mass transfer
and water management were also superior.
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Nomenclature

Wpiare (mm)  PEMFC length

W,;, (mm) Channel width

W, (mm) Rib width

Wy (mm) Trapezoidal obstacle upper bottom edge length
Wy, (mm) Trapezoidal obstacle lower bottom edge length
H., (mm) Channel height

Hgq; (mm) GDL height
H,j.. (mm) CL width
H,ern (mm) PEM height

Hp (mm) obstacle height

i; (A/m?) Electrolyte current density
Q; (A/m?) Current source

o7 (S/m) Electrolyte conductivity

o (V) Electrolyte potential

is (A/m?) Electrolyte current density

Q, (A/m?) Current source
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0, (S/m)
¢s (V)
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iv,total
o, (1/m)
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F

n (V)

P (Pa)
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xEZOJn
xgbin

Uec,in

A
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Aﬂct
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T (K)
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i;ef (A/cm?)
izef (A/em?)
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Egdl

Kgqy (m?)
Tgar (ST)
Ecl

Kcl

o, (Sm™)
1/ (A/cm?)
Em

om (Sm™h)
A’ﬂ

A‘C

Electrolyte conductivity

Electrolyte potential

Electrolyte conductivity in the porous electrode
Electrode conductivity in the porous electrode
Reaction source of the electrode

Active specific surface area

Current density of the cell

Anode transfer coeflicients

Cathode transfer coefficients

Faraday constant

Overpotential

Pressure

Dynamic viscosity

Source term of momentum

Porosity

Permeability

Source term of species

Mass fraction

Diftusive flux of species

Diffusivity

Mole fraction

Saturation pressure of water

Operating voltage

Anode channel inlet speed

Water molar fraction of anode reactants
Molar fraction of hydrogen in anode reactants
Cathode channel inlet speed

Stoichiometric ratio

Reference working current density

Activated area of the cell

Cross-sectional area of the channel

Molar fraction of oxygen in cathode reactants
Molar fraction of nitrogen in cathode reactants
Working temperature

Reference pressure

Anode reference current density

Cathode reference current density

Active specific surface area

GDL porosity

GDL permeability

GDL conductivity

CL porosity

(m*) CL penetrance

CL conductivity

Reference working current density
Electrolyte phase volume fraction

PEM conductivity

Anode stoichiometry

Cathodic stoichiometry
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RHY, Anode inlet RH

RH, Cathode inlet RH

Thum Moisturizing temperature
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