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Abstract: This research presents a comprehensive computational analysis of the two-phase flow
dynamics within a three-dimensional porous transport layer (PTL) in a proton exchange membrane
(PEM) electrolyzer. Employing advanced computational fluid dynamics (CFD) and a volume of
fluid (VOF) approach, the study utilizes the finite-volume method to model a time-dependent,
isothermal process within a laminar flow regime. Notably, the study treats oxygen as the dispersed
phase and water as the continuous phase within the system. Investigations on the anode side
uncovered the formation of gas bubbles on the electrode’s surface subsequent to the electrochemical
reaction. The simulation, spanning 5 seconds with 0.25-second intervals, highlights the critical role
of the time interval between the initiation and 2 seconds in achieving pressure and velocity
equilibrium within the PTL. The initial 0.75 seconds witnessed a peak in oxygen concentration,
followed by its movement across the PTL, exhibiting a transition from regions of lower to higher
concentration, consistent with known physical behaviour. Remarkably, the model recorded the
highest pressure of 3.5 Pa at 0.25 s. Furthermore, the study observed an incremental pressure drop
from 0.25 s to 0.5 s and 1 s, approximately amounting to 28.5% and 20%, respectively, ultimately
leading to a uniform pressure distribution within the model. Over time, the pressure drop
intensified across the entire model due to the evolving nature of the oxygen gas. These findings
provide valuable insights into the complex dynamics of two-phase flow processes within PEM
electrolyzers, contributing to the advancement of sustainable energy technologies.

Keywords: PEMWE; two-phase flow simulation; PTL; pressure distribution; oxygen generation

1. Introduction

The growing demand for eco-friendly energy sources, driven by advancements in technology,
burgeoning populations, and the urgent need to combat environmental pollution, has led to the
increased exploration of alternative energy options often termed “green energy” [1-3]. Among these
alternatives, hydrogen and solar energy have emerged as prominent solutions [4-9]. Central to the
production of hydrogen is the proton exchange membrane electrolyzer cell (PEMEC), a key contender
in the realm of sustainable energy generation. This setup, characterized by two compartments for the
anode and cathode separated by a polymer membrane featuring porous transport layers (PTLs),
enables the efficient conversion of water into hydrogen and oxygen gases. Operating at high current
densities is vital for achieving substantial hydrogen generation rates, yet it poses significant
challenges, particularly concerning mass transport limitations that can contribute up to 25% of the
entire electrolyzer overpotential [10].

Effective design strategies that mitigate mass transfer losses are essential for optimal PEMEC
performance. Within contemporary PEM electrolyzer systems, the flow of reactant liquid and
product gas through the PTL introduces complexities, as the by-product oxygen gases generated at

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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the anode catalyst layer tend to obstruct the reaction sites, impeding the flow of reactant water [10].
Understanding the behaviour of oxygen bubbles within the PTL is crucial, given their potential
impacts on the electrolyzer’s performance. Several studies have examined the influence of various
PTL characteristics, including fibre dimensions, porosity, and pore width, on cell performance [12—
18]. These investigations have provided valuable insights into the intricate dynamics of mass
transportation within the PTL, emphasizing the critical role of PTL characteristics in optimizing
PEMEC efficiency.

The challenges associated with visualizing and comprehending the complex two-phase flow
within the PTL have prompted the development of advanced modelling techniques to improve our
understanding of the transport phenomena in PEMEC devices [17]. Recent research has leveraged
neutron radiography and X-ray imaging to analyse water and gas distribution within the PTL
structure, shedding light on critical aspects of water content and mass transport behaviour [15,16,22].
These studies have offered crucial insights into the mechanisms governing mass transport within the
PTL, facilitating the development of effective strategies to mitigate mass transport losses and enhance
electrolyzer performance.

Efficient elimination of oxygen bubbles within the PTL is essential for optimizing hydrogen
production, enhancing catalyst utilization, prolonging membrane life, and ensuring system stability,
all vital for numerous applications, including green energy storage, fuel cell systems, and industrial
processes. Understanding the effects of oxygen bubble blockage within the PTL, including mass
transport limitations, reduced gas diffusion, increased resistance, catalyst deactivation, and issues
with PEM hydration, is paramount for developing effective mitigation strategies and enhancing the
overall performance of PEMECs.

In addressing these challenges, the present study introduces a novel numerical model to analyse
the concentration of oxygen within the PTL, employing a sophisticated three-dimensional, two-phase
mixture model with time-dependent thermophysical properties. By contrasting the transport
characteristics of the advanced model with a simplified homogeneous porous media approach, this
study contributes to the comprehensive understanding of effective diffusivity in porous media,
offering valuable insights into transport phenomena within complex porous structures. While
simplified models are often employed for their computational efficiency, the proposed model aims
to bridge the gap between complex porous structures and effective transport features, contributing
to a more nuanced understanding of transport phenomena within PEM electrolyzer systems.

2. Model and Physics Description

The Polymer Electrolyte Membrane Electrolyzer Cell (PEMEC) plays a pivotal role in the
production of oxygen within the porous transport layers of the PEM Electrolyzer. Within the PEMEC,
comprising distinct anode and cathode compartments, the electrolysis process initiates as water
enters the anode side and undergoes consumption, resulting in the generation of oxygen gas.
Meanwhile, protons traverse through a Nafion membrane, congregating at the cathode side where
hydrogen gas is produced and accumulated.

In our investigation, the primary focus centers on the comprehensive analysis of the intricate
oxygen production mechanisms operating within the electrolyzer. This analysis is facilitated by the
utilization of the reaction equation presented below, elucidating the fundamental conversion
dynamics at play:

2H,0(l) — Ox(g) + 4H* + 4e- 1)

In addition to the production of oxygen gas as illustrated in Equation (1), the intricate interplay
of proton transport at the electrode surface and Porous Transport Layer (PTL) interactions leads to a
discernible net mass outflux, adding to the complexity of the electrolysis process. Our study
endeavors to unravel the underlying dynamics of these processes, offering a comprehensive
understanding of the oxygen production mechanisms within the PEM Electrolyzer.

The presented research entails the geometric modeling and numerical simulation of an
engineered homogeneous porous media employing the powerful COMSOL Multiphysics software.
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Figure la vividly illustrates the intricate geometric configuration of the artificial transport layer,
depicting the systematic inflow of liquid water via the inlet positioned at the left boundary of the
Porous Transport Layer (PTL). This influx initiates a controlled dispersion across the spatial domain
represented by the distinct blue-colored region, specifically designed to facilitate optimal diffusion.
The culmination of this dynamic process transpires at the PTL outlet, located along the right
boundary, where the resulting effluent manifests as a two-phase amalgamation comprising oxygen
gas and liquid water, emanating from the anode electrode positioned below the PTL. A
comprehensive schematic overview of this intricate process is depicted in Figure 1b, serving as an
indispensable visual aid in comprehending the intricacies of the system under investigation.
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Figure 1. (a) Geometrical model of an artificial porous transport layer (PTL) (b) Schematically
representation of artificial PTL with generated oxygen bubbles.

The inherent characteristics of the artificial homogeneous PTL domain are meticulously
documented in Table 1, serving as a comprehensive repository of crucial geometrical attributes
essential for a profound understanding of the modeled system. Of note, the average throat diameter,
porosity, and thickness of the domain are thoughtfully calibrated to reflect a balanced synthesis of
the key characteristics associated with both felt and sintered powder configurations [14,15]. These
carefully selected parameters contribute to the accurate representation of the complex dynamics at
play within the artificial PTL domain, underscoring the meticulous attention devoted to achieving a
robust and versatile simulation framework.

Table 1. Geometrical characteristics of the PTL domain.

Throat diameter (mm) 0.04
Domain width (mm) 0.250
Domain length (mm) 0.275
Domain height (mm) 0.02

Furthermore, Table 2 provides a comprehensive compendium of the essential physical
parameters intrinsic to the meticulously crafted mixture model employed in the comprehensive
numerical simulation. These parameters serve as the fundamental building blocks underpinning the
robust computational framework, facilitating a nuanced exploration of the intricate interplay of
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various physical phenomena within the artificial PTL domain. The meticulous documentation and
utilization of these parameters serve as a testament to the rigorous and methodical approach adopted
in the quest for an all-encompassing understanding of the underlying processes governing oxygen
production within the PEM Electrolyzer.

Table 2. Physical parameters and variables of the PTL domain.

Flow_rate_full_cell 260 [ml/min] 4.3333E-6 m3/s Inlet water flow rate, full cell [25]
D_bubbles 10 [pm] 1E-5m Oxygen bubble diameter [25]
rhoO2 32[g/mol] *1[atm]/R_const/25[degC] 1.308 kg/m3 Density, oxygen gas
N_ch_full_cell 1 1 Number of electrode channels, full cell
02_mass_flow_rate_full_cell/
02_flux (N_ch_full_cell*L._ch*w_ch) kg/s Local oxygen mass flux
*step1((phid)) *rm1(t/1[s])
H20_flux 02_flux*18/16 kg/s Local water mass flux
disp_flow 02_flux/mm.rhod m3/s Dispersed phase volumetric flow rate

02_flux/mm.rhod +

5 .
H20. flux/mm.rhoc m3/s Total volumetric flow rate

mixture_flow

The structure of the model is devised in two sequential phases, beginning with the simulation
of single-phase flow, specifically the behavior of liquid water without any oxygen generation.
Subsequently, this initial phase serves as the foundation for the time-dependent simulation,
encompassing a 5-second timeframe during which the generation of oxygen commences at t=0s and
continues until the culmination of the production process. It is noteworthy that the resolution time
for this comprehensive simulation is approximately 22 hours, reflecting the intricacies involved in
capturing the dynamic interplay of the two phases.

In our simulation framework, the integration of two pivotal user-defined functions (UDFs) plays
a crucial role. The first UDF governs the local oxygen flux, effecting a smooth transition from a value
of 1 to 0 as the volume fraction of oxygen approaches 1. The strategic implementation of this UDF
not only curbs abrupt fluctuations in flux but also bolsters convergence, ensuring the robustness and
stability of the computational process. Following the completion of the time-dependent procedure, a
secondary UDF orchestrates a controlled increment in the oxygen flow from 0 to 1, effectively
minimizing the computational time required for the simulation.

The generation of an optimized mesh assumes paramount importance in the realm of
Computational Fluid Dynamics (CFD) modeling for PEM electrolyzers. A well-crafted mesh design
exerts a profound influence on computational efficiency, effectively managing computational
resources by striking an optimal balance between the requisite precision of the simulation and the
associated computational cost. In our study, a physics-driven mesh tailored to the specific model
requirements is meticulously crafted and evaluated across different resolutions, ranging from coarser
to extra fine.

In the process of selecting the most appropriate mesh, a comparative analysis of the relative error
in velocity between different mesh types is conducted. Notably, the assessment reveals a relative
error range between 41.2256% to 0.854701%, with the finer mesh displaying the least error.
Consequently, based on a comprehensive evaluation of simulation duration and result accuracy, the
Finer mesh configuration is chosen for its ability to strike an optimal balance between computational
efficiency and fidelity of results.

The final mesh configuration, as illustrated in Figure 3, is comprised of 1573398 elements,
featuring 1365030 tetrahedral elements and 208368 prism elements. Notably, the average element
quality of the mesh is 0.691, with an element volume ratio of 0.004733 and a mesh volume of 7.472E-
4 mm?. This well-optimized mesh configuration serves as the backbone of our simulation framework,
facilitating the accurate and efficient examination of the intricate dynamics within the PEM
electrolyzer system.
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Figure 2. Grid size evaluation of mesh with respect to the relative error of velocity in %.
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Figure 3. Final mesh of the domain.

2.1. Governing Equations and Boundary Conditions

PEM electrolysis is a three-phase process that involves the flow of energy, momentum, and
charge through a solid membrane, liquid water, and gaseous hydrogen and oxygen. The following
are the governing equations of the problem,

The continuity equation, which is a fundamental equation in fluid dynamics, describes mass
conservation in a fluid system. The continuity equation in this model describes the transport of the
liquid water phase through the PTL and can be expressed as Equation (2) [19]:

3]
5; @)+ V.(pu) =0 )

The momentum equation can be written as:

j . . .
pop +PUV+ (pa = p)Usiip *V)j = V.[-p2l + K] = V.K;y + F + pg + F ©)
where,
V) = mae=— —) @
J=mg(—— —
=M pa

2 . .
K= #(Vj + (Vj)T) - E.U(V-])I' K = (pc +pa — p)Uslip]_sTlip (5)
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The mixture velocity is the most essential component describing the total velocity of the water
and gas mixture in the PTL. The velocity of the mixture is calculated as the sums of the velocities of
the liquid and gas phases, which are collectively referred to within this model as the continuous and
dispersed phases, weighted by their respective volume portions. The velocity of the mixture is stated
as follows [20],

0C.Dcuc + dedud

u = ’ (6)

where @ denotes the volume fraction, and the indices ‘c’ and ‘d” denote continuous and dispersed
phases, accordingly.

In this model, relative velocity between the continuous and dispersed phases, which establishes
the rate of mass transfer between the phases, is also a crucial factor in addition to mixture velocity.
The difference between the velocities of the continuous (u.) and dispersed phases (u4) is defined as
relative velocity.

The relative velocity or the slip velocity can be written as,

Ug — U = Ueg = Ugp (7)

The volume fractions of the dispersed and continuous phases as well as their separate densities
affect the density of the mixture in the model. A weighted sum of the densities of the different phases
can be used to get the mixture density. The density of the mixture can be written as,

p=paDq+ pc(1—0q) ®)

where, p @, represent the density and volume fraction of dispersed phase, p.(1 — @,) represents
the density and volume fraction of continuous phase.
The dispersed phase mass fraction is written as follows,

24
Ca = 7> (1 +0.15Re; ), Re, <1000 )
The drag force is written as follows,
Cdpc a] ) F

BE |uslip|uslip =—=(p = pa) 9t —jVi+g+ ; (10)

where,

dpp,

Re, = % |t | an

The dispersed phase transfer equation has been defined as follows,

a9 . , _ mycp _ .
0_td +] " V(Z)d + V']Slip - - p;;c, Q)d = phld (12)

The mass transfer ratio between the phases is denoted by mg,
The energy equation is expressed as follows [21],

V.((pa Cpa) BauaT + (pcCpe )Dou T = k(V2T) (13)

Temperature, thermal conductivity, and specific heat capacity can be represented by T, K, and
Cp, respectively.

To accurately define the behavior of the system in the mixture model technique used to simulate
PEM electrolysis, specific boundary conditions must be defined. The boundary conditions, which
describe how the system interacts with the surroundings, are critical for precise simulation results.
The inlet and outflow boundary conditions are velocity-driven at the inlet and pressure at the outlet.
For all other boundaries, no dispersed phase flux and no slip conditions are set. The model accounts
for buoyancy’s gravitational effects, with the gravity vector pointed downward in the z-direction.
Using an inlet boundary condition and assuming total oxygen production, the overall oxygen gas
production/total bulk out flux is defined. A dispersed phase flux boundary condition is employed at
the inlet.
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In this work, the numerical investigation has been carried out using COMSOL Multiphysics. The
finite-element approach is used to solve the numerical model. The finite element method (FEM) is
used to resolve physical systems partial differential equations (PDEs). FEM can be used to resolve
the mixture model that explains and analyzes the behavior of the liquid-gas two-phase flow in the
PEM electrolyzer, including the conservation equations for species transport, momentum transfer,
and electrical potential. By reducing the system down into feasible parts, the model is solved using
the FEM, and the PDEs are approximated using piecewise continuous basis functions. Complex
geometries and boundary conditions, which are prevalent in PEM electrolysis, can be solved using
the FEM technique. The approach is a useful tool for developing and enhancing PEM electrolyzers as
it generates accurate results under a variety of operating conditions. The behavior of fluid interfaces
in multiphase flows is simulated numerically using the Volume of Fluid (VOF) method. The VOF
approach can be used to simulate the behavior of the liquid-gas interface in the PTL and the liquid
membrane interface in the membrane electrode assembly in the context of PEM electrolysis. It can
offer insightful information about how the system behaves and performs under various operating
circumstances, and it can aid in PEM electrolyzer design optimization for increased effectiveness and
performance.

3. Results and discussion

3.1. Oxygen concentration

The investigation into the volume of oxygen utilized in proton exchange membrane (PEM)
electrolysis underscores its crucial role in determining the efficiency and performance of the cell. The
oxygen concentration within the anode compartment is predominantly influenced by the mass
transfer of oxygen to the electrode surface and the kinetics of oxygen reduction at the electrode. The
volume fraction of oxygen concentration in PEM electrolysis represents the ratio of the moles of
oxygen gas to the total moles of products generated (including water vapor and oxygen) within the
anode compartment. Various factors such as gas flow rate, pressure, temperature, catalyst activity,
and loading contribute to the modulation of the volume fraction of oxygen concentration.

In this study, the maintenance of a constant mass flow rate of 260 ml/min at a temperature of 80
°C and atmospheric pressure was ensured. Figure 4, illustrates the volume percentage of oxygen
contour within the model at different time intervals. At 0.25 s, the PTL exhibits a uniform distribution
of oxygen gas on the anode side, primarily concentrated at the interface of the electrode surface area
and the PTL. The initial concentration of gas, measuring 0.12, indicates the presence of oxygen
bubbles within the PTL. The concentration of oxygen progressively increases, reaching a maximum
of 0.6 at 0.5 s, accompanied by an escalation in the presence of oxygen bubbles over time. At 0.75 s,
the potential for gas liquefaction becomes pronounced, with the highest concentration of gas peaking
at 0.9%. The concentration of oxygen is notably prominent along the outlet wall of the PTL and the
outermost regions of the circular pores. The movement of oxygen bubbles from the lower to the upper
layer is facilitated by the reduced pressure differential at 0.75 s, ensuring a uniform distribution of
gas molecules across the PTL’s electrode surface area. The saturation of the entire PTL with the
maximum oxygen concentration is observed at 1.0 s, coinciding with optimized oxygen molecule
transport. Furthermore, the stability of the oxygen distribution is evident from 1.25 s to 1.50 s,
implying a steady-state condition.

In Figure 5, the line graph representing the volume fraction of the dispersed phase (O2) along
the arc length demonstrates the spatial distribution of oxygen within the model. The graph indicates
a peak saturation of 1 at 0.09 mm and a minimum saturation of 0.96 at 0.21 mm along the arc length.
Additionally, the uniform distribution of the volume fraction of the dispersed phase (Oz2) across the
entire model is clearly depicted from 0 s to 5 s, reaching saturation at 1 s and persisting throughout
the observation period. These results contribute significantly to the comprehensive understanding of
the intricate dynamics within the PEM electrolysis system, providing a foundation for further
advancements in the field of sustainable energy technology.
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3.2. Velocity field

The concept of “mass-averaged velocity” within PTL of PEM electrolysis represents the mean
velocity of gas within the PTL, weighted by the mass of gas passing through each location in the
layer. This crucial parameter plays a pivotal role in determining the overall performance and
efficiency of the cell, directly influencing the mass transport of reactants and products. Factors such
as pressure, gas flow rate, porosity, tortuosity of the PTL, and the cell’s dimensions collectively
influence the mass-averaged velocity within the anode PTL. Typically, a higher mass-averaged
velocity is indicative of more efficient mass transfer and improved cell functionality.

In this study, a porosity of 50% in the porous medium, combined with an inlet mass flow rate of
a full cell of 260 ml/min simulated under atmospheric pressure and a temperature of 80 °C, was
maintained. Figure 6, illustrates the contours of the mass-averaged velocity at various intervals
within the designed model. The velocity is observed to be minimal at the inlet, where the flow
traverses the pore network. Notably, the streamlines follow the established path of the pore network
once the flow is fully developed. At the outlet, the flow velocity peaks at 0.383 m/s within 0.75 s,
remaining below 1 s for the entire 5-second simulation. This behavior suggests that the flow field
achieves a constant distribution in less than a second. The sliced portion between the throats
represents the mass-averaged velocity, whereas the streamlines depict the velocity field of the
continuous phase (liquid water).

Furthermore, Figure 7, presents the relationship between the mass-averaged velocity field (m/s)
and the arc length (mm), demonstrating the velocity distribution at a specific cut section of the 3D
model at 0.075 mm along the XY axis (indicated by the red line in Figure 7a). The results highlight a
peak velocity at 0.025 mm from the inlet, gradually decreasing along the arc length. These findings
offer valuable insights into the intricate dynamics of mass transport within the PTL of PEM
electrolyzers, providing a comprehensive understanding of the factors influencing the cell’s
performance and efficiency.
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Figure 6. Velocity contours at different time intervals.
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3.3. Pressure distribution

The pressure distribution within a PEM electrolysis cell, characterized by the disparity in
pressure from the inlet to the outlet of the reactant gases (typically hydrogen and oxygen), is
influenced by various factors such as gas flow rate, PTL design, and pressure drop across different
components of the cell. The pressure drop is generally most pronounced at the inlet, gradually
diminishing as the gases traverse through the PTL, catalyst layer, membrane, and other parts of the
cell. Alterations to the flow path, bends, or adjustments in the design of flow channels and PTLs can
significantly impact the pressure distribution.

Figure 8, provides a comprehensive depiction of the pressure distribution contour at different
time intervals, emphasizing the variations in pressure within the PTL. The numerical results
demonstrate that the pressure at the PTL inlet surpasses that at the outlet throughout the observed
instances. Notably, at 0.25 s, the pressure inside the PTL exhibits a significant spike, leading to a
noticeable disparity in pressure, consequently influencing the uniformity of pressure distribution.
Furthermore, an analysis of the results reveals a substantial pressure drop of 37.5% between 0.25 s
and 0.5 s. However, a marginal reduction of approximately 20% in the pressure drop is observed
between 0.5 s and 1.0 s, with the pressure gradually achieving a more uniform distribution within
the PTL over time. Figure 8g, provides a graphical representation of the pressure drop along the arc
length at various time intervals, ranging from 0 s to 5 s with an interval of 0.25 s. The model records
the highest pressure of 3.5 Pa at 0.25 s. As the simulation progresses, the pressure drop across the
entire model exhibits a significant increase, primarily attributed to the evolving nature of the oxygen
gas, as illustrated in Figure 8g. These insights offer valuable implications for understanding the
complex interplay of various factors influencing the pressure distribution within PEM electrolysis
cells, thereby contributing to the advancement and optimization of PEM electrolysis technologies.
Further investigations are recommended to delve deeper into the underlying mechanisms governing
the pressure dynamics within the cell, facilitating the development of more efficient and sustainable
energy conversion systems.
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Figure 8. Pressure distribution in the PTL at different times.

4. Conclusion

This study marks a pioneering attempt to utilize a two-phase flow mixture model to
comprehensively examine the dynamics of oxygen generation within the designed 3D porous
transport layer (PTL) of a PEM electrolyzer. The investigation focused on observing the
computational dynamics of the PEM electrolyzer at various time intervals, contributing to the
refinement of mass transfer losses and the mitigation of pressure drop within the system.

The key findings from this study are as follows:

e  The transfer of oxygen bubbles from lower to higher levels is observed to transpire within the
time range of 0.75 s, shedding light on the intricate dynamics governing the movement of oxygen
within the PTL.

e  The mass-averaged velocity attains its maximum value of 0.383 m/s in 0.75 s, indicating a rapid
establishment of a constant flow distribution within a time frame of less than a second, persisting
throughout the 5-second simulation period.

e  The study reveals a significant pressure drop of 37.5% between the time intervals of 0.25 s and
0.5 s. However, a moderate decline of approximately 20% in pressure drop is observed between
0.5 s and 1.0 s. As the simulation progresses, the pressure distribution within the model
gradually becomes more uniform, emphasizing the evolving nature of the system dynamics.

¢  Notably, the evolution of oxygen gas leads to a substantial increase in the pressure drop across
the entire model over time, underscoring the dynamic interplay between the evolving gas
composition and the intricate flow patterns within the PTL.

These observations contribute significantly to the comprehensive understanding of the intricate
dynamics within the PEM electrolyzer, offering valuable insights for the advancement and
optimization of PEM electrolysis systems. Further investigations building on these findings are
recommended to deepen our understanding of the underlying mechanisms governing the
performance of PEM electrolyzers, thereby facilitating the development of more efficient and
sustainable energy conversion technologies.
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