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Abstract- In this study, numerical simulations were conducted to analyze the three-dimensional two-phase water/oxygen flow 

in the anode side flow field plate of a proton exchange membrane electrolyzer cell (PEMEC) using COMSOL Multiphysics at 

various times ( 0 s, 1 s, 2 s and 10 s). The mixture model was employed to capture the behavior of the two phases, aiming to 

investigate the flow characteristics within the flow field plate. Therefore, this software is used to solve numerically the complete 

three-dimensional model with the governing equations of continuity, momentum, and energy. The numerical findings including 

the velocity magnitude, the gas volume fraction distributions, and the pressure drop in the cell are presented and discussed. It is 

found that at 2 s and 10 s, the volume fraction of oxygen gas is highest at the plate centre of the flow field and increases from 

the channel entrance to the channel exit. Moreover, the flow distribution within the anode side flow field plate exhibits non-

uniformity initially, particularly when gas production starts, but gradually stabilizes after reaching full oxygen production, 

indicating a relatively stable flow distribution between 2 s and 10 s. This work constitutes a contribution to the understanding of 

flow dynamics and the gas distribution within the anode side flow field plate of a PEM electrolyzer, crucial for optimizing its 

performance and efficiency. 

Keywords PEM electrolyzer, three-dimensional model, COMSOL multiphysics, flow field plate, velocity magnitude. 

 

1. Introduction 

Renewable energy sources, such as solar, wind, and 

hydro, are pivotal in the transition towards sustainable energy 

systems due to their abundance, low environmental impact, 

and inexhaustible nature [1-5]. Solar power harnesses sunlight 

using photovoltaic cells, converting it directly into electricity 

[6]. Wind energy utilizes the kinetic energy of the wind to 

drive turbines, generating electricity [7]. Hydroelectric power 

taps into the gravitational force of flowing water to produce 

electricity through turbines [8]. These sources offer clean and 

renewable alternatives to fossil fuels, mitigating climate 

change and reducing dependency on finite resources [9]. In 

conjunction with renewable energy generation, Proton 

Exchange Membrane water electrolyzers (PEM WE) play a 

crucial role in energy storage and conversion [10]. PEM 

electrolyzers convert water into hydrogen and oxygen gases 

using electrical energy from renewable sources, offering a 

clean and efficient method for hydrogen production. This 

hydrogen can then be stored and used as a versatile energy 

carrier in various sectors, enabling the integration of 

renewable energy into diverse applications and facilitating the 

transition towards a sustainable energy future (Figure 1) [11, 

12].  

 

Fig. 1. Renewable energy sources and PEM electrolyzer: 

enabling sustainable energy systems. 
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Electrolysis involves the use of electricity to break down 

H2O into H2 and O2. A PEMEC closely resembles to a Proton 

Exchange Membrane Fuel Cell (PEMFC). Indeed, the 

operation principle of PEMEC is essentially the reverse of a 

fuel cell. H2O is divided into O2, H+, and e- at the anode, and 

this reaction can be represented as: 

     
2 22 2 0.5H O H e O                                      (1) 

When an electric field is applied, H+ are propelled across 

the PEM towards the opposite electrode (cathode), where they 

unite with e- from the external circuit, resulting in the 

production of H2. This process can be represented by the 

following reaction at the cathode: 

     
22 2H e H                                                 (2) 

Figure 2 illustrates the schematic of a PEMEC. It 

comprises the PEM, the gas diffusion layers (GDLs) on the 

anode and cathode sides, the water and hydrogen channels. 

Among these components, the bipolar plates, also known as 

flow field plates, are crucial as they serve as the flow 

distribution system basic structure [13]. These plates offer 

several functions, including supplying reactants to the active 

area of the cell, collecting current, supporting the membrane-

electrode assembly (MEA) mechanically, controlling water 

and heat, and ensuring reactant separation [14, 15]. 

 

Fig. 2. PEM electrolysis cell schematic. 

PEM electrolyzers are commonly used for the production 

of green hydrogen, which is generated through the electrolysis 

of water using renewable energy sources such as solar or wind 

power [16]. Since the study is focused on the operation of the 

PEMEC, the hydrogen produced is "green hydrogen". Unlike 

grey or blue hydrogen, green hydrogen production involves no 

carbon emissions and is considered environmentally friendly 

and sustainable. 

Different methods for producing hydrogen include 

alkaline electrolysis [17], which utilizes an alkaline solution 

of potassium or sodium hydroxide as the electrolyte, offering 

a cheaper alternative to PEM electrolysis but with lower 

efficiencies and slower response times; solid oxide 

electrolysis [18], employing a solid ceramic material as the 

electrolyte to conduct negative oxygen ions from cathode to 

anode, achieving higher efficiencies at elevated temperatures 

and capable of directly electrolyzing water vapour, thereby 

reducing energy requirements; and photoelectrochemical 

(PEC) water splitting [19], utilizing sunlight on 

semiconducting materials to split water into H2 and O2 without 

external electrical power, although it's still largely 

experimental and less efficient. The computational modeling 

of PEMECs in the article provides various advantages 

including design optimization through COMSOL 

Multiphysics software, understanding dynamic behavior 

under different conditions, predictive capabilities for scaling 

up technology and integrating with renewable energy sources, 

efficiency improvement by identifying areas for enhancement 

such as reducing gas bubble formation, and cost reduction by 

enhancing operational efficiency, ultimately making hydrogen 

production more economically feasible. 

In recent years, computational modeling has become 

increasingly important in understanding and optimizing the 

performance of electrochemical systems like PEMECs [20]. 

Prior research has explored various aspects of PEMECs, 

including electrode design, electrolyte properties, and system 

optimization, but often lacked the comprehensive analyzis of 

flow dynamics and gas distribution over various time 

intervals. Indeed, the dynamic behavior within the flow field 

plate, especially regarding flow distribution phenomena, 

remains a delicate and critical aspect.  

The present research focuses on using computational 

modeling, particularly using COMSOL Multiphysics, to 

analyze the dynamic behavior of PEMEC, specifically within 

the anode side flow field plate. It addresses the intricate flow 

distribution phenomena within the plate, crucial for 

optimizing operational efficiency. 

Numerous researchers have dedicated efforts to enhance 

flow uniformity within flow field plates, primarily focusing on 

fuel cells in their published findings. Upadhyay et al. [21] 

employed numerical methods to investigate how various 

operational parameters affect the PEMEC performance. They 

discovered that low GDL porosity, high cathode pressure, and 

low water input rate increase the power required to run the 

electrolyzer effectively using the ANSYS Fluent solver. Lee 

et al. [22] introduced a 2D computational fluid dynamics 

(CFD) model to analyze gas distribution across the cathode 

and gas diffusion layer (CL-GDL) interface. Their findings 

suggested that optimizing operating temperatures enhances O2 

and H2O transport within the GDL. A computational fluid 

dynamics investigation by Xu et al. [23] examined the anode 

flow field of the PEMWE while taking two-phase flow effects 

into account. According to their findings, a parallel flow 

distributor is less successful than a serpentine flow distributor 

at eliminating oxygen gas bubbles. A three-dimensional 

model was developed by Olesen et al. [24] for high-pressure 

PEMECs to assess the suitability of circular and interdigitated 

anode flow field designs under high current densities. 

In this study, the Electrochemistry Module of the 

COMSOL Multiphysics software is used to develop a 3D 

mathematical model that simulates the behavior of the anode 

side flow field plate of a PEMEC at different times 0 s, 1 s, 2 

s, and 10 s under various parameters, such as the velocity 

magnitude, the gas volume fraction distributions, and the 

pressure drop in the cell. In fact, the study focuses on the 

dynamic behavior within the anode side flow field plate of 

PEMEC, which is a key component in the production of H2 

through water electrolysis, and the oxygen gas produced in the 

anode side which is accompanied by the generation of H2 gas 

at the cathode side. The computational model allows for a 

detailed understanding of the flow dynamics and the gas 

dispersion within the PEMEC, which directly relates to 
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hydrogen production. In addition, the flow dynamics and the 

gas distribution directly contribute to the efficient generation 

of hydrogen related to the electrolysis process. 

2. Mathematical Modeling 

2.1. Geometric Model 

Fig. 3 shows a three-dimensional model of the anode side 

flow field plate of a PEMEC. It features one cylindrical inlet 

port and one exit port, both positioned diagonally. The circular 

inlet at the upper boundary of the cylinder distributes liquid 

water into a manifold. The manifold then evenly distributes 

the flow across 23 channels. Below these channels, the anode 

electrode generates oxygen gas. The resulting two-phase 

mixture of liquid water and oxygen gas exits the cell through 

the exit manifold. Based on the parameters in Table 1, 

geometrical model was developed in COMSOL Multiphysics 

software for simulation and visualization of its flow pattern. 

 

Fig. 3. Model geometry. 

Table 1. Design parameters 

Description Value 

Number of electrodes channels, full cell 

N_ch_full_cell 

23 

Electrode channel lengths  L_ch (m) 0.1049 

Rotation angle, inlet/outlet   ang_inout  

(rad) 

0.3927 

Channel height  h_a (m) 8.89e-4 

Inlet/outlet channel length  L_inout (m) 0.02 

Radius of inlet tube  R_in  (m) 0.00635 

Channel width  w_ch (m) 0.00207 

Oxygen bubble diameter  D_bubbles (m) 1e-5 

2.2. Basic Assumptions 

An isothermal system, laminar flow, incompressible fluid, 

constant thermo-physical characteristics, a three-dimensional, 

stable model, ideal gases for all gases, and isotropic materials 

are among the assumptions. 

2.3. Governing Equations 

The mathematical expressions for continuity, momentum, 

and energy can be outlined as follows [25]: 

 

Continuity equation: 

      .( ) 0U                                                          (4) 
where ρ (kg/m3) is the fluid density and is the velocity vector 

of the fluid. 

Momentum equation: 

( . )U U p U                                         (5) 

where µ (kg/m.s) indicates the viscosity and p indicates the 

pressure (Pa). 

Energie equation: 

.( ) ( )pU C T k T                                                  (6) 

where Cp is the specific heat capacity, T (K) is the temperature 

and k (W/m.K) is the thermal conductivity. 

2.4. Basic Assumptions 

The setup of the model involves utilizing the Mixture 

Model and Laminar Flow interface, where the continuous 

phase is defined by liquid water, and the dispersed phase is 

represented by oxygen gas bubbles. The assumptions made 

include incompressible and isothermal conditions. 

The liquid water is entering at a flow rate of 260 ml/min, 

which is specified through an Inlet boundary condition. 

At the interfaces between the electrode surface and the 

channel, liquid water is utilized, leading to the generation of 

oxygen gas in accordance with: 

2 22 ( ) ( ) 4 4H O l O g H e                           (7) 
The polymer membrane facilitates the movement of protons, 

separating the two electrode compartments and directing them 

to the cathode side of the electrolyzer cell. Alongside the 

generation of oxygen gas, there is a resulting net mass outflow 

attributable to proton transport at the boundaries of the 

electrode surface and channels. 

The total oxygen production rate of 5 mg/s is established by 

utilizing an Inlet boundary condition node, which combines 

the production of oxygen gas with the overall mass outflow. 

At the outlet boundaries, a pressure condition is applied, while 

for all other boundaries, a no-slip wall condition is specified. 

3. Numerical Procedure 

In simulations using CFD, the structure of the mesh plays 

a crucial role in achieving accurate results within a short 

computational time. The schematic configuration of the 

COMSOL Multiphysics software's computational domain for 

the anode side flow field plate of the PEMEC with 23 channels 

is shown in Figure 4. This study utilized two types of 

elements: tetrahedral elements in the inlet and outlet manifolds 

of the bipolar plate and hex elements in the central channels 

of the flow field plate. 
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Fig. 4. Structure meshing. 

4. Results and Discussions 

Numerical simulations were conducted using COMSOL 

Multiphysics for the three-dimensional model of the anode 

side flow field plate of a PEMEC at different times (0 s, 1 s, 2 

s and 10 s) and the results are discussed. Key parameters, such 

as velocity magnitude, gas volume fraction and pressure drop 

in the cell, are illustrated in Figures 5-8. 

4.1. Velocity Magnitude 

Figure 5 depicts the mass-averaged velocity magnitude 

distribution at various times. It is observed that as we move 

from t = 0 s to t = 10 s, the velocity magnitude increases. The 

manifold channels at the inlet and outlet have the highest 

velocities. At t=0s (Figure 5 (a)), meanwhile, the velocity 

magnitude distribution shows a relatively uniform flow 

pattern throughout the system, with no significant variations 

in velocity along the manifold channels. Subsequently, at t=1s 

(Figure 5 (b)), slight increases in velocity magnitude are 

noticeable along the manifold channels, indicating the 

initiation of flow acceleration within the system. As time 

progresses, at t=2s (Figure 5 (c)), the velocity magnitude 

continues to rise, with more pronounced velocity gradients 

along the manifold channels, suggesting further acceleration 

of the flow. Finally, at t=10s (Figure 5 (d)), the velocity 

magnitude distribution exhibits the highest values along the 

manifold channels at the inlet and outlet, indicating the 

culmination of flow acceleration processes within the system. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 5. Velocity magnitude distribution at (a) 0 s, (b) 1 s, (c) 

2 s and (d) 10 s. 

4.2. Volume Fraction of Gas in the Cell 

In Figure 6, the distribution of gas volume fraction 

resulting from oxygen evolution within the cell is depicted at 

various times. This figure shows that the gas volume fraction 

in the cell increases as the time ranges from 0 s to 10 s. By 2 s 

and 10 s, the gas volume fraction reaches nearly 100% towards 

the terminus of the electrode flow channels situated within the 

central region of the flow field. At t=0s (Figure 6 (a)), the gas 

volume fraction within the cell is minimal. Consequently, it is 

predominantly confined to the electrode-electrolyte interface 

due to the initial stages of oxygen evolution. Subsequently, at 

t=1s (Figure 6 (b)), the gas volume fraction begins to 

propagate outward from the electrode-electrolyte interface. As 

a result, there is a slight increase in volume fraction within the 

flow channels. Then, at t=2s (Figure 6 (c)), the gas volume 

fraction further expands within the flow channels. This 

indicates the progression of oxygen evolution and the filling 

of the channels with gas. Finally, at t=10s (Figure 6 (d)), the 

gas volume fraction approaches saturation within the flow 
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channels. Consequently, it is nearing 100%, indicating a 

nearly complete conversion of H2O to O2 gas at the electrode 

surfaces. This observation aligns with the results documented 

in reference [26], where Özdemir and Taymaz conducted a 

comprehensive three-dimensional modeling of gas-liquid flow 

in the anode bipolar plate of a PEM electrolyzer. Their 

findings corroborate the gradual increase in gas volume 

fraction over time, indicating the progression of oxygen 

evolution within the flow channels. Additionally, they 

highlight the significance of the electrode-electrolyte interface 

in facilitating gas generation and its subsequent propagation 

within the cell. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 6. Volume fraction of gas in the cell at (a) 0 s, (b) 1 s, 

(c) 2 s and (d) 10 s. 

4.3. Pressure Distribution 

Figure 7 illustrates the variation in pressure drop within 

the anode flow field at various times. It is observed that the 

pressure drop across the entire flow field experiences a minor 

increase due to the evolution of oxygen gas. At t=0s (Figure 7 

(a)), the pressure drop remains relatively stable as the 

electrolyzer begins operation, with minimal gas evolution and 

flow disturbances. However, at t=1s (Figure 7 (b)), there is a 

slight uptick in pressure drop as the generation of oxygen gas 

initiates within the anode flow field, leading to a slight 

obstruction in flow paths. Subsequently, at t=2s (Figure 7 (c)), 

the pressure drop continues to increase marginally as the 

production of oxygen gas progresses, resulting in a gradual 

build-up of pressure within the flow field. For t=10s (Figure 7 

(d)), the pressure drop reaches a relatively steady state, with 

the evolution of O2 gas stabilizing and the flow field adapting 

to the altered conditions, resulting in a minor but sustained 

increase in pressure drop across the system. This result is 

consistent with the findings of Nie and Chen [27] which 

utilized numerical modeling to investigate the behavior of 

two-phase gas-liquid flow in the flow field plate of a PEM 

electrolysis cell, highlighting similar trends in pressure drop 

variation. 

 

(a) 
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(b) 

 

(c) 

 

(d) 

Fig. 7. Pressure drop in the cell at (a) 0 s, (b) 1 s, (c) 2 s and 

(d) 10 s. 

4.4. Velocity in Electrode Channels at Various Times 

In Figure 8, the velocity magnitudes are depicted at half 

the length in the y-direction and half in the height in the z-

direction of the electrode channels at various times. This 

representation holds significance as it provides insights into 

the uniformity of flow distribution across individual channels. 

The plot reveals that the flow distribution is not particularly 

uniform during the initial stage with pure water (0 s). 

However, it becomes notably less uniform when gas 

production commences (1 s and 2 s). For 10 s, the distribution 

relaxes to a somewhat more uniform profile, but still less 

uniform than that observed with pure water. Additionally, it is 

evident that the flow field distribution remains relatively 

stable between 2 s and 10 s. This observation suggests the 

establishment of a stationary flow distribution shortly after 

achieving full oxygen production at 1 s. 

 

Fig. 8. Individual channel velocities at various times. 

5. Conclusion 

The main contribution of the article is the development of 

a comprehensive numerical model using COMSOL 

Multiphysics to simulate the dynamic behavior within the 

anode side flow field plate of a PEMEC. This model allows 

for the investigation of flow characteristics in the flow field 

plate over different time intervals (0 s, 1 s, 2 s, and 10 s). The 

significance of this work lies in the ability to enhance our 

understanding of the flow dynamics and the gas dispersion 

within the PEMEC, which is crucial for improving its 

operational efficiency. By analyzing parameters such as 

velocity magnitude, gas volume fraction distribution, and 

pressure drop, the study provides insights into the non-

uniform flow distribution during gas production onset and its 

stabilization once full oxygen production is achieved. This 

understanding can inform the design and operation of 

PEMECs, thereby facilitating the development of more 

efficient hydrogen production systems for various 

applications, including renewable energy storage and fuel cell 

technology. The novelties of this research include the 

utilization of a mixture model based on COMSOL 

Multiphysics to investigate the gas-liquid flow in the anode 

side flow field plate of a PEMEC. Additionally, the study 

highlights the non-homogeneous distribution of velocity and 

oxygen gas volume fraction within the flow field plate, as well 

as the stabilization of flow distribution over time. Possible 

applications and extensions of this work could involve further 

optimizing the design of PEMECs based on the insights 

gained from the numerical modeling study. This could include 

refining the flow field plate geometry to improve flow 

distribution and efficiency, as well as exploring different 

operating conditions to enhance overall performance. 

Additionally, the numerical model developed in this study 

could be adapted and applied to investigate other aspects of 

PEMECs or similar electrochemical systems, potentially 

advancing research in the field of renewable energy 

production and storage. 
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