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Abstract 

Water management in PEM fuel cells has received extensive attention for its key 

role in fuel cell operation. Several water management issues have been identified 

that needed further investigation, i.e., droplet behaviour on the GDL surface, two-

phase flow patterns in gas flow channels, impact of two-phase flow on PEM fuel 

cell performance, impact of flow mal-distribution on PEM fuel cell performance, 

and mitigation of flow maldistribution. In this work, those issues were investigated 

based on simulations using computational fluid dynamics (CFD) method. 

Using the Volume of Fluid (VOF) two-phase flow model, droplet behaviour and 

two-phase flow patterns in mini-channels were identified consistently in both 

simulations and experimental visualizations. The microstructure of the GDL was 

found to play a significant role in the formation of local two-phase flow patterns, 

and the wettability of both GDL and channel wall materials greatly impacted on 

the two-phase flow patterns.  

A novel 1+3D two-phase flow and reaction model was developed to study the 

impact of two-phase flow on PEM fuel cell performances. The existence of two-

phase flow, especially the slug flow, in gas flow channels was found to be 

detrimental to the fuel cell performance and stability. Uneven liquid flow 

distribution into two parallel gas channels significantly reduces the fuel cell output 

voltage because of the induced severe non-uniform gas distribution, which 

should be avoided in the operation due to its negative effect on the fuel cell 

performance and durability.  

Finally, several maldistribution mitigation methods were tested in the simulation. 

It was found that utilizing narrow communication channels or adding gas inlet 

resistances could effectively reduce the gas flow maldistribution. 
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1. Introduction
1
 

1.1. Background of fuel cell technology 

Energy supply and use are of fundamental importance to our modern society. 

However, the three major energy sources nowadays, i.e., petroleum, nature gas 

and coal are all fossil fuels, which are non-renewable, and cause great impact on 

environment, such as global warming, air and water pollution. As society further 

develops, the demand for these energy sources will grow rapidly, which may 

cause more severe environmental problems, and as the fossil fuels deplete 

gradually, searching for alternative energy sources becomes more and more 

urgent. 

Hydrogen, which is the most abundant chemical element in the universe, is 

widely regarded as the next generation clean energy source. However, how to 

convert the hydrogen into power efficiently is still a challenge work. Fuel cells, 

which directly convert the chemical energy into electricity, show great potential as 

a high-efficiency energy-conversion device. In recent years, fuel cell research 

has been receiving much attention, both academic and industries. A number of 

applications have been developed and demonstrated in the markets, such as 

automobiles, distributed power generation, back-up power, portable power, 

space, and airplanes [1]. 

Several common types of fuel cells, characterized by the different electrolyte 

used, have been developed, such as polymer-electrolyte membrane (PEM) fuel 

cell, alkaline fuel cell, phosphoric acid fuel cell, molten carbonate fuel cell and 

solid oxide fuel cell. Among those types of fuel cells, PEM fuel cells have been 

                                            
1 Sections of this chapter were published. Anderson R, Zhang L, Ding Y, Blanco 
M, Bi X, Wilkinson DP. A critical review of two-phase flow in gas flow channels of 
proton exchange membrane fuel cells. Journal of Power Sources 2010;195:4531-
53. 
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receiving the most attention for their low operating temperatures (60~90℃), 

simpler design and lower cost. However, the current PEMFCs are still more 

expensive than conventional fuel combustion engines, thus, in-depth research 

should be carried out to reduce the cost and increase the power density of PEM 

fuel cells. 

1.2. Proton exchange membrane (PEM) fuel cells  

1.2.1. PEM fuel cell components 

Figure 1.1 shows a typical unit of PEM fuel cell, which consists of three parts - 

the anode side, the cathode side and the electrolyte. Both the anode and 

cathode sides include gas flow channels, gas diffusion layers and catalyst layers, 

and the electrolyte is a polymer-electrolyte membrane. 

 
Figure 1.1: Schematic of a PEM fuel cell 

 

Hydrogen flows into the anode gas flow channel, diffuses through the gas 

diffusion layer, and then reacts on the catalyst layer where hydrogen ions and 

electrons are generated. The hydrogen ions diffuse through the polymer 

electrolyte membrane, and the electrons flow through anode gas diffusion layer 
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to the current collector and into the electric load. Electrons enter the cathode side 

through the cathode current collectors and gas diffusion layer. At the cathode 

catalyst layer, the electrons, the hydrogen ions and the oxygen react to form 

water. 

1.2.1.1. Gas flow channels 

In PEM fuel cell applications, bipolar plates are generally used to separate 

different cell units and the gas flow channels are carved into the bipolar plates. 

Gas flow channels provide a pathway of reactants. Meanwhile excess liquid 

water will be expelled into the flow channels. Because gas channel flooding will 

have a damaging effect on the performance of PEM fuel cell, the design of gas 

flow channels has been given special considerations in the past. It was also 

found that the appropriate design of flow channels was the most effective 

strategy in tackling water flooding issues [2]. Three main types of flow-field 

developed to date are the straight and parallel flow field, the interdigitated flow 

field and the serpentine flow field (See Figure 1.2). 

 

Figure 1.2: Flow field designs: (A) straight and parallel; (B) interdigitated; (C) serpentine. 
(Reprinted from Li et al. [2] with permission from Elsevier)  

 

1.2.1.2. Gas diffusion layer (GDL) 

The gas diffusion layers, as shown in Figure 1.1, connect catalyst layers and gas 

channels and provide a pathway for electrons, gases, and liquid water to move to 

or from the catalyst layers [3]. Two materials are typically employed as gas 

diffusion layers in PEM fuel cells; carbon cloth and carbon paper (See Figure 1.3). 
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Both materials are porous media and fabricated from carbon fibers. In order to 

balance membrane hydration and flooding, the gas diffusion layers are typically 

treated with a PTFE (Teflon) during its manufacturing. PTFE, as a hydrophobic 

material, can help prevent liquid water flooding but allow water vapour to be 

transported to the membrane.            

  

Figure 1.3: SEM micrographs of: (a) carbon paper and (b) carbon cloth.  
(Reprinted from Wang et al. [4] with permission from Elsevier) 

 
 

1.2.1.3. Catalyst layer 

Due to the slow electrochemical reactions especially at the cathode side, a 

catalyst layer is essential to enhance the electrochemical reaction rates. The 

reactions can only occur at the three-phase boundary of catalyst surface where 

all the necessary reactants, namely gases, electrons and protons meet. Thus 

catalyst layers must be installed between the membrane and gas diffusion layers 

where electrons can travel through the electrically conductive fibers of gas 

diffusion layers and catalyst itself, reactant gases can travel through the voids of 

gas diffusion layers and protons can migrate through the membrane. 

The most commonly used catalyst in PEM fuel cells for both oxygen reduction 

and hydrogen oxidation reactions is platinum [1]. Typically the platinum is 

supported on carbon clump forming nano-porous agglomerate structures. The 

structure of catalyst is probably of a “spaghetti and meatball” structure, where the 
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carbon agglomerates are connected to each other and covered by thin tendrils of 

membrane [3]. (See Figure 1.4) 

 
Figure 1.4: Schematic of catalyst layer. (Reprinted from Djilali and Sui [5] with permission from 

Taylor & Francis) 
 

Considering both the transport of protons and the permeation of reactant gases, 

the catalyst layers should be made reasonably thin to reduce the potential losses. 

At the same time, Pt particles should be dispersed as finely as possible to 

maximize the active surface area of catalyst. The catalyst layer in PEM fuel cells 

is typically 10-30 m thick and can have platinum loading as low as 0.2 mg/cm2, 

with the diameter of Pt particles being 4 nm or smaller [6]. Besides, the Nafion in 

catalyst layer is hydrophilic and will absorb and retain liquid water. Thus it is 

important to remove excess liquid water to prevent its blocking of reaction sites. 

1.2.1.4. Membrane 

The membrane in PEM fuel cells acts as the electrolyte to transport protons and 

prevents the cross-flow of reactant gases and electrons. The membrane used 

most often in the past was a melt-extruded membrane manufactured by DuPont 

and sold under the label Nafion No.117 [7]. This type of membrane consists of a 
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hydrophobic fluoro-carbon backbone attached with hydrophilic sulfonic acid (SO3
-) 

groups.  

The proton conduction takes place via the sulfonic acid groups with the aid of 

water, because of their strong attraction to protons. Thus, the protonic 

conductivity is highly dependent on the fixed-charge concentration (the acidic 

groups) and the water content in the membrane. It is thus crucial to keep the 

membrane fully humidified at all times. Another factor that has a great impact on 

protonic conductivity is the thickness of the membrane. A thinner one reduces 

the ohmic losses of the membrane, but increases the reactants crossover, which 

causes the short circuiting of fuel cell. The typical thickness of a membrane is in 

the range of 5~200 m , and a fully humidified membrane‟s conductivity is usually 

around 0.1 S/cm [8]. Operating temperature is another important parameter to 

maintain high performance of membrane. For Nafion, the maximum operating 

temperature is about 125 oC, above which the chemical and thermal stability – as 

well as resistance to strong oxidizing or reducing agents – begins to decrease [9]. 

1.2.2. PEM fuel cell performance 

The PEM fuel cell as one kind of energy conversion devices is more efficient than 

conventional combustors in theory. However, the irreversible process in the PEM 

fuel cell greatly reduces its efficiency. Thus, it is essential to understand the 

limitation and influential factors of its performance.  

The performance of a fuel cell can be captured with the polarization curve, which 

shows the voltage output for a given current load. A typical polarization curve for 

a PEM fuel cell is shown in Figure 1.5. 
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Figure 1.5: Typical polarization curve of PEM fuel cells. (Reprint from Larminie et al. [10] with 

permission from John Wiley and Sons)  
 

An ideal fuel cell would maintain a constant voltage determined by 

thermodynamics (indicated by the dotted line). Unfortunately, the real voltage of 

a fuel cell is much lower than thermodynamically predicted one due to its 

irreversible losses, especially at higher current load. In a fuel cell, these 

irreversible losses are generally caused by different factors: 

 Kinetics of the electrochemical reactions 

 Crossover of reactants and internal currents 

 Electrical and ionic resistance 

 Mass transport limitation 

1.2.2.1. Thermodynamics 

The basic electrochemical reactions in a PEM fuel cell are: 
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At the anode: 

 
+ -

2H 2H +2e  (1.1) 

At the cathode: 

 + -

2 2

1
O +2H +2e H O

2
   (1.2) 

Overall: 

 
2 2 2

1
O +H H O

2
  (1.3) 

The maximum work obtainable from the reaction corresponds to the Gibbs free 

energy change of the reaction. According to basic thermodynamics, 

 ΔG=ΔH-TΔS  (1.4) 

It means that not all the energy input can be converted into electricity, and some 

irreversible losses in energy conversion due to the entropy loss. At an 

environmental temperature of 25 oC and ambient pressure, 237.34 KJ/mol 

energy can be converted into electrical energy and 48.68 KJ/mol is converted 

into heat [1].  

Meanwhile, the electrical work is equal to: 

 eW =nFE  (1.5) 

Where: 

n = number of electrons per molecule of H2 (= 2 electrons per molecule) 

F = 96,485 Coulombs/electron-mol (Faraday‟s constant) 

E = electric potential 
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As mentioned previously, 

 e,maxW =-ΔG  (1.6) 

Thus, the theoretical potential of a fuel cell is then: 

 
max

-ΔG
E =

nF
 (1.7) 

According to equation(1.7), at 25oC and ambient pressure, the theoretical 

potential of hydrogen/oxygen fuel cell is: 

 
0,max

-ΔG 237340 J/mol
E = = =1.229 V

nF 2 96485 A/mol
 (1.8) 

Thus, the theoretical efficiency is (assuming liquid water formation): 

 maxη =ΔG/ΔH=237.34/286.02=83%  (1.9) 

At a different temperature, the theoretical potential can still be calculated by 

equation (1.4) and (1.7), 

 max

-ΔG ΔH TΔS
E = =- -

nF nF nF

 
 
 

 (1.10) 

Both ΔH and ΔS  are functions of temperature and can be calculated by the 

integration of heat capacity. However when the temperature is low (below 100 

oC), the enthalpy and entropy can be considered constant [1]. 

At different pressures or concentrations of gas reactants, the theoretical potential 

can be calculated by the Nernst equation: 

 2 2

2

0.5

H O

max 0,max

H O

P PRT
E =E + ln

nF P

 
 
 
 

 (1.11) 

where P indicates the partial pressure of the reactants. 
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Although the theoretical efficiency predicted by equation (1.9) is much higher 

than that in conventional heat engines, it requires “equilibrium” state during the 

whole process to achieve that efficiency. It also means that infinite time is 

needed, which is impossible in a real fuel cell. Thus, some irreversible processes 

are inevitable, which will decrease a fuel cell‟s efficiency. 

1.2.2.2. Electrochemical reactions 

For any electrochemical reaction, the reaction rate is finite due to the activation 

energy barrier that the charge must overcome. In reality, even the simple 

hydrogen oxidation reaction (HOR) also consists of a series of basic steps, and 

the overall reaction rate is limited by the slowest step which is always the 

electrons transfer between reactants and the electrode surface. On the other 

hand, electrons may transfer towards both directions, thus, an electrochemical 

reaction involves both oxidation and reduction of the species: 

 
-Ox+ne Red  (1.12) 

The measured current is the net current, namely, the difference between forward 

and backward current. Generally, the net current density of any electrochemical 

reaction can be calculated by the Butler-Volmer equation: 

 0

( ) ( )
exp expRd r Ox rF E E F E E

i i
RT RT

         
     

    
 (1.13) 

where: 

i0 = exchange current density, equal to the forward (or reverse) current density 

when the net current density is equal to zero (at equilibrium), 

α = transfer coefficient, depends on the symmetry of the activation barrier, 

F = Faraday‟s constant, 
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E = potential, 

Er = equilibrium potential. 

The exchange current density depends on the chemical reactions (concentration 

dependent), electrode catalyst loading, catalyst specific surface area, and also 

temperature and pressure. It is also a measurement of electrochemical reaction 

activity. In a PEM fuel cell, the exchange current density at the anode is much 

higher (usually several orders of magnitudes) than at the cathode. 

The equilibrium potential at the PEM fuel cell anode is 0 V by definition and at the 

cathode it is 1.229 V (at 25 0C and atmospheric pressure).  

1.2.2.3. Voltage losses 

As mentioned above, voltage losses are caused by different factors, and some of 

factors will become predominant when current density is within a certain range.  

1.2.2.3.1. Internal currents and crossover losses 

When the electrical circuit of a fuel cell is not closed, no current will be generated, 

and the potential of the fuel cell is called the open circuit potential. In principle, 

this potential should equal the theoretical potential. However, it is always 

significantly lower. This voltage loss is due to internal currents and reactant 

gases crossover. Although the membrane of fuel cell is effectively impermeable 

to reactant gases and electrons, some small amount of hydrogen will diffuse 

through the membrane and react with oxygen on the cathode side directly, or 

some electrons pass through the membrane resulting in external circuit (short-

circuiting). In addition, oxygen may also diffuse through the membrane. However, 

this permeation rate is much lower than that of hydrogen. 
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Reactant gases crossover is a function of membrane permeability, membrane 

thickness and gases concentration gradient. Thus, when electrical circuit is open 

or current density is very small, this kind of voltage loss will be predominant. 

However, as the current density increases, the gas concentration in the catalyst 

layer decreases. As a result, the gas crossover loss can be neglected. 

1.2.2.3.2. Activation losses  

As shown in equation(1.13), some voltage difference from equilibrium potential, 

which is called overpotential, is present which is essential as a driving force to 

keep the electrochemical reaction going. This overpotential is also called 

activation loss, which indicates the voltage loss due to the slowed 

electrochemical reactions. Obviously, higher exchange current density results in 

lower activation loss. Thus, oxygen reduction reaction (ORR) in PEM fuel cell 

requires much higher overpotential than HOR and has a higher activation loss. 

According to the Butler-Volmer equation(1.13), at the cathode side, the 

overpotential is negative, which makes the second term negligible: 

 
,

0,

( )
exp

c c r c

c c

F E E
i i

RT

  
  

 
 (1.14) 

Thus,  

 , ,

0,

lnact c r c c

c c

RT i
V E E

F i

 
      

 
 (1.15) 

According to equation(1.15), as the current density increases, activation losses 

first increase significantly at low current densities, and then remain constant. This 

tendency is the same at the anode side. Thus, this kind of voltage loss is always 

predominant at low current densities. 
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1.2.2.3.3. Ohmic losses 

Ohmic losses are due to the resistance when ions pass through the membrane 

and electrons pass through the electrically conductive parts of PEM fuel cell. It 

can be expressed by Ohm‟s law: 

 ohmV iR   (1.16) 

R indicates the total resistance of the fuel cell. Typically, electronic resistance 

can be neglected because of much higher conductivity of materials. Because 

ohmic losses are linear to the current density, this kind of voltage loss becomes 

predominant at high current densities. 

1.2.2.3.4. Concentration losses 

Concentration losses occur when the gas reactants are consumed faster than 

supplied. Gas consumption depends on current density - higher current density 

results in lower gases concentration at the catalyst surface. Thus, this kind of 

voltage losses becomes predominant at very high current densities. 

On the other hand, gas supply depends on the diffusion rates, which are also 

functions of gas concentration gradients. Thus, the maximum current density will 

be reached when the gas concentration at the catalyst surface approaches zero. 

This current density is also called limiting current density. However, due to the 

non-uniform structure of porous media, this limiting current density is seldom 

reached in a real fuel cell. Some areas would reach “equilibrium” while other 

areas still not. 

1.3. Water management in PEM fuel cells 

In the operation of PEM fuel cells, water management is a key issue to improve 

the fuel cell performance. Too little water will cause membrane dehydration, 

which limits proton conductivity, and too much water can flood the fuel cell, 
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causing less reactant to reach active catalyst sites and consequently decreasing 

the cell performance. Therefore, the objective of water management is to 

maintain a proper water balance in a fuel cell. 

Usually the membrane dehydration issue can be addressed by using humidified 

reactant gas streams. However, on the other side, flooding issue is almost 

unavoidable, especially when the fuel cell is operating at high current density with 

humidified reactant gases. To address the flooding issue, several aspects must 

be fundamentally understood, such as, 

Liquid water generation at the catalyst layer. 

Water transport inside the membrane. 

Water transport inside the GDL. 

Gas-liquid two-phase flow in the flow field channel. 

A recent review [2] detailed issues associated with water management, which 

described the role of each layer of the PEM fuel cell „sandwich‟ and how each 

area is prone to flooding. Trabold [11] noted the importance of two-phase flow 

research in PEM fuel cells, and explained that the gas-liquid flow within the flow 

channels is complex and requires an understanding of electrochemistry, heat and 

mass transfer, and fluid mechanics. Meanwhile, the first three aspects, i.e., water 

transport inside the MEA (membrane electrode assembly) which happens at 

microscale or mesoscale, are beyond the scope of the research. Therefore, in 

the following literature review, much attention is placed on gas-liquid two-phase 

flow issues in the flow channel. 
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1.3.1. Experimental visualization techniques 

1.3.1.1. Optical visualization 

Directly observing a transparent fuel cell is probably the most convenient 

technique to study the two-phase flow in the flow field. Charge-Coupled Device 

(CCD) camera is often used to capture two-phase flow patterns through a 

transparent window [12-19].  

One concern about this technique is that the materials used for the transparent 

window may not be able to mimic the commercially used graphite flow field plates. 

It is found that the hydrophobicity of material has great impact on the two-phase 

flow. Therefore the flow patterns observed from transparent fuel cells may differ 

from those in a real fuel cell. Because most of the transparent materials are not 

electrically conductive, they cannot be used to make contact with GDL as an 

electron collector, which means only a top view, not a side view can be provided 

from a transparent fuel cell. Even in ex-situ experiment, while dealing with 

multiple channels, it is still impossible to observe the two-phase flow in the cross-

through GDL direction. Another important material property is the surface 

roughness, which influences the total pressure drop [20] or water condensation 

[21], and in turn may alter the two-phase flow patterns. 

Another drawback of this technique is that it is not able to provide quantitative 

information, i.e., volume of liquid water, water coverage ratio on each wall, etc. 

Some quantities such as droplet velocity can be measured from post-image 

processing, but the reflective GDL background usually complicates the 

processing [17]. It is useful to correlate the images with a pressure drop signal or 

voltage signal, but it still provides only qualitative information about the cell [22].  

Despite these drawbacks, optical visualization of fuel cells provides a method to 

validate existing models and to understand the impacts of key variables, which is 

particularly important in incorporating two-phase flow into existing models [23].  
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1.3.1.2. Other visualization methods 

Other visualization methods include neutron radiography [24-31], magnetic 

resonance imaging (MRI) [32-37] and the X-ray method [38-43]. They are all non-

invasive and can quantify liquid water accumulation in operating PEM fuel cells. 

Neutron radiography uses neutron beams, which can detect high hydrogen 

content organic materials or water, to obtain 2-D images of liquid water. This 

technique allows the user to gain greater quantitative information. One drawback 

of neutron radiography is that it is difficult to distinguish between liquid water and 

vapor. Also the 2-D images can only provide through-plane or in-plane water 

distribution [28]. Although reconstructing three-dimensional water distribution by 

using more sets of neutron beams is possible [30], it has only ever been applied 

to an inactive PEM fuel cell. Furthermore, neutron imaging typically provides a 

spatial resolution of only 0.1 mm by 0.1 mm, which is insufficient to analyze the 

through-plane evolution of water transport [44]. 

Magnetic resonance imaging (MRI) is widely available, inherently three-

dimensional, and capable of visualizing water in opaque structures [45]. Unlike 

optical visualization, this method can detect the liquid water distribution under the 

gas channel and landing areas. However, limited temporal resolution, limited in-

plane spatial resolution [33] and limited size of the magnet-core for fuel cell 

housing restricts its application [44]. 

The X-ray image technique can give high temporal and spatial resolution. The 

use of synchrotron radiation makes it capable of reaching higher spatial 

resolutions coupled with high signal to noise ratios [38]. However, this method is 

relatively unstable because the X-ray beam is easy to scatter and is absorbed by 

electrons, a feature which makes X-ray method less popular than the neutron 

method [46]. 
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Recent reviews provides more details and in-depth discussion on water 

visualization techniques by these methods and others [44-48].  

1.3.2. Gas-liquid two-phase flow models 

In addition to experimental efforts, many attempts have been made to model and 

simulate two-phase flow and transport in PEM fuel cells. In particular, 

computational fluid dynamics (CFD) is considered to be a very powerful tool in 

fuel cell design and operation optimization. In the literature, the earliest PEM fuel 

cell models date back to the early 1990s by Springer et al. [49] and Bernardi and 

Verbrugge [50]. Increasingly complex and detailed models have been developed 

since then, from one-dimensional, single-phase flow, isothermal, steady state 

and single layer models to three-dimensional, two-phase flow, non-isothermal, 

transient and multiple layer models. However, due to the various complicated 

phenomena in PEM fuel cells, the modeling and simulation of PEM fuel cells still 

remains a challenge. Complications include two-phase flow, electrochemical 

reaction, charge transport, diffusion in porous media, and coupling different 

length scales (such as the nanometer components of catalysts, the micrometer 

scale heterogeneous pores in the gas diffusion layers (GDLs), and the millimeter 

scale of the flow field channels). 

In recent years, several reviews have been published about fuel cell models. 

Weber and Newman [51] presented various types of transport and corresponding 

models in each fuel cell layer. However, their review mainly focused on one-

dimensional models and two-phase flow in gas channels was not taken into 

account. Wang [52] summarized fundamental models for PEM fuel cell 

engineering but limited the review to computational fluid dynamic (CFD) methods 

only. Biyikoglu [53] presented a review about different aspects of modeling and 

simulation, including CFD modeling and flow field design. Tao et al. [54] 

presented a comprehensive review of mathematical modeling of PEM fuel cells, 

which especially focused on model validation and parameter influence. Djilali et 

al. [5] gave a critical discussion about computational strategies for the polymer 
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electrolyte membrane, porous gas diffusion electrodes, and microchannels. Multi-

scale strategies were also discussed. Siegel [55] presented a detailed literature 

overview of PEM fuel cell models with a focus on modeling strategies and 

commonly used model assumptions.   

Empirical models, mechanistic models, and computational fluid dynamics (CFD) 

models have been developed to study the gas-liquid two-phase flow. In PEM fuel 

cells, gas-liquid two-phase flow occurs simultaneously with mass transfer, heat 

transfer, and electrochemical reactions, and is affected by the material properties 

in different components. Therefore, CFD models can be effective tools for the 

parametric investigation of the effect of two-phase flow on PEM fuel cell 

performances. Liquid water transport was first incorporated in fuel cell modeling 

in the early 2000s, treating the liquid water as a solid species that only occupies 

a certain volume fraction [56] or neglecting the convective transport of liquid 

water [57]. As computational power increased, more complex two-phase flow 

models have been applied to the modeling of PEM fuel cells. In this section, 

several key two-phase flow models applied to PEM fuel cells are reviewed, 

including the multi-fluid model, mixture model, volume of fluid method (VOF), and 

Lattice Boltzmann method (LBM).  

1.3.2.1. Multi-fluid model 

The multi-fluid model was first used in PEM fuel cell modeling by Berning and 

Djilali [58]. In this model, each phase is represented by one complete set of 

conservation equations (mass, momentum, and energy), and the two phases are 

coupled by the saturation state. This model has only a few assumptions, but has 

the highest number of dependent variables to solve, and the coupling of the 

phases can lead to unstable solutions [6].  



19 

1.3.2.2. Mixture model 

The mixture model was first used to model PEM fuel cells by Wang et al. [59] and 

uses the same equation set as the multi-fluid model. Each phase is modeled 

using an individual mass conservation equation, but a single momentum 

equation is solved to obtain the velocity field of the mixture, of which physical 

properties are the average of the two phases. Each phase velocity can then be 

extracted from the mixture velocity in post processing. Recently, Gurau et al. [60] 

commented that the mixture model was limited to flows without phase transitions 

or phase production because the momentum term due to phase change is 

neglected. For more complex situations, such as in PEM fuel cells, this model 

may lead to predictions of unrealistic velocity and scalar fields. Although Wang‟s 

group [61] responded that the “missing” term was relatively small compared with 

the Darcy term, Gurau [62] insisted that the missing term possibly had the same 

order of magnitude as the Darcy term. 

1.3.2.3. Volume of fluid method (VOF) 

The volume of fluid (VOF) method was developed in the 1970s as a flexible way 

to simulate complicated free boundaries [63] and this method has become 

popular in simulating gas-liquid flows in fuel cell gas flow channels since it was 

first incorporated by Quan et al. [64]. The model can simulate immiscible fluids by 

solving a single set of momentum equations and then tracks the volume fraction 

of each of the fluids throughout the domain. Due to its capacity to consider 

surface tension and wall adhesion effects, liquid droplet behaviours can be 

captured and traced. Thus, this model is especially suited for surface tension 

dominated flows and flows in channels with different wall materials. However, 

because the specific structure of the flow domain is required this model has been 

only applied to gas flow channel simulations, and it is difficult to be coupled to the 

electrochemical reactions in the fuel cell. 
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There are two similar interface tracking methods dealing with immiscible two-

phase flow as VOF method, namely, Level Set (LS) Method [65, 66] and Front 

Tracking (FT) Method [67, 68]. The basic idea of the LS method is to represent 

the interface by the zero level set of a smooth scalar function Φ(x) [69], and then 

the position of the interface is known implicitly through the nodal values of Φ. In 

the FT method, interfacial locations are tracked by a set of Lagrangian marker 

points [69]. These two methods have been applied to various applications in 

mini- and microchannels [70-73]. However, they have not been applied to PEM 

fuel cells because of the large computational demand for simulating large and 

multiple channels. 

1.3.2.4. Lattice Boltzmann method (LBM) 

Instead of solving the Navier-Stokes equations with traditional CFD methods, the 

Lattice Boltzmann method models the fluid as fictive particles, which perform 

consecutive propagation and collision processes over a discrete lattice mesh. In 

conventional CFD models, it is difficult to implement microscopic interactions, 

such as interfaces between gas and liquid phases, into the macroscopic Navier–

Stokes equation. However, in the LBM, the particulate kinetics provides a 

relatively easy and consistent way to treat the microscopic interactions by 

modifying the collision operator [74]. Thus, this method shows great potential to 

simulate the two-phase flows in PEM fuel cells. Unfortunately, as a mesoscopic 

model, it is difficult to apply this method to large length scales, and the coupling 

of this model with heat transfer and reactions is still a challenge.  

1.3.2.5. Two-phase flow model coupling with electrochemical reactions 

The membrane electrode assembly (MEA) also consists of porous media, with a 

length scale much smaller than those of the GDL. To date, because of the huge 

diverse length scale ratios between different layers, only macroscopic two-phase 

models can be employed to integrate the MEA and electrochemical reactions, 

and the MEA usually was assumed to be a homogenous medium. 
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Le et al. [75] developed a 3D general model of PEM fuel cells, and coupled the 

VOF method with electrochemical reactions, heat transfer and species transport. 

Liquid droplets were initially located in the serpentine gas channels of the 

cathode side. Furthermore, Le et al. [76] applied this model to investigate the 

flow behaviours of liquid water in serpentine-parallel flow channels and their 

effects on PEM fuel cell performance. However the VOF method using an 

interface tracking algorithm was unable to trace the gas-liquid interface without 

knowing the microstructure of porous media. Therefore, in their model, the GDL, 

catalyst layer and membrane were all assumed to be homogenous media. This 

confirms that it is not appropriate to apply the VOF method to simulate this region. 

1.3.3. Two-phase flow studies in PEM fuel cells 

Two-phase flow in fuel cells is different from traditional two-phase flow in other 

applications [77]. One difference is that the water content changes along the 

length of the channel as water is introduced into the channels from the GDL after 

reaction at the catalyst surface. This introduction method means that water 

droplet generation and removal at the GDL surface into the channel must be 

considered. This issue is further complicated by the location of the emerging 

droplet because the water removal process depends on whether the droplet is 

created on the porous GDL surface towards the center or the wall of the channel 

[78]. The surfaces of the channel also have dissimilar contact angles, since the 

flow field plates and the GDL have different contact angles, which may influence 

droplet behaviour.  

Once the droplet is removed from the GDL surface, it can coalesce with droplets 

downstream, forming two-phase flow patterns. It has been found that the fuel cell 

performance depends on the two-phase flow patterns. Also, the two-phase flow 

in fuel cell flow channels is characterized by a large gas to liquid flow ratio and a 

decreasing mole fraction of the reactant gas down the length of the channel due 

to hydrogen and oxygen consumptions. Therefore, the two-phase flow pattern 
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may vary along the channel, which makes predicting the two-phase flow pattern 

very challenging. 

Non-uniform temperature distributions created by local hotspots can also change 

the amount of water that will remain in the gas phase, which affects the water 

balance in the flow channel [79]. Non-uniform current distribution, which changes 

the amount of water being produced, can also lead to non-uniform distribution of 

the water product in the channels. For multiple parallel channels, non-uniform 

current distribution also causes non-uniform gas distribution in each channel, i.e., 

gas flow maldistribution, which aggravates non-uniform water production which 

should be well avoided.  

In this section, experimental and numerical studies about those concerns, i.e. 

droplet behaviour, two-phase flow patterns, and gas flow maldistribution will be 

reviewed in detail.   

1.3.3.1. Droplet behaviour 

In the fuel cell, water enters the gas flow channels from the GDL and the 

behaviour of these droplets is important in understanding the development of 

two-phase flow. Schillberg and Kandlikar [80] provided a detailed review of water 

droplet detachment mechanisms, summarizing relevant operating variables such 

as the channel dimensions, droplet sizes, Reynolds number, GDL properties, 

temperature, water introduction rate, and gas flow conditions.  

One important characteristic of droplet is the critical detachment diameter, which 

is the maximum droplet size on a specific surface. The critical detachment 

diameter on a GDL is a function of the air flow rate, water injection rate, and 

material contact angles.  

The GDL material, for instance, a standard Toray carbon fiber paper (without 

PTFE treatment) is highly hydrophilic, which facilitates water spreading instead of 
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droplet formation. The droplet dynamics under hydrophilic and hydrophobic 

conditions are schematically illustrated in Figure 1.6. 

 
Figure 1.6: Effect of GDL hydrophobicity on droplet shape. 

When the contact angle is less than 90o, the surface is considered as hydrophilic 

and the droplet wets the surface; when the contact angle is greater than 90o, the 

surface is hydrophobic and the droplet beads up on the surface. The hydrophobic 

cases allow a droplet to reach a critical diameter. However, when the surface is 

hydrophilic, the droplet does not detach and remains on the surface, blocking 

oxygen diffusion into the GDL and starving the electrochemical reaction. The 

contact angle of the channel wall is also an important parameter. Theoretically, 

water film formation along the channel is dictated by the Concus-Finn condition 

[81]: 

 / 2half     (1.17) 

where θ is the contact angle of water on the channel and α is the half-angle 

formed by the channel corner. For a rectangular channel, αhalf is equal to 45o. 

The wall contact angle has to be lower than 45o in order to achieve film formation 

along the flow channels. In PEM fuel cells, the channel walls are usually 

hydrophilic, and more hydrophilic channel surfaces are desired for proper water 

management since top wall film flow is considered to be a preferable flow pattern 

for water‟s removal in fuel cells.  
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Ous et al. [78] showed that the air velocity that caused detachment is inversely 

proportional to the droplet size, i.e., smaller droplets detached at higher velocities. 

Taller droplets are easier to be removed than flatter droplets due to a greater 

drag force relative to the surface adhesion force. Polytetrafluoroethylene (PTFE) 

loading causes the droplet to bead up, which can increase contact angle 

hysteresis and therefore more deformation occurs. Greater deformation of the 

droplet decreases the surface tension between the water and carbon fiber paper, 

leading to detachment. Temperature is also an important variable in the droplet 

detachment process. As the temperature increases, the surface tension 

decreases, which allows droplets to be removed from the GDL at lower velocities 

[82].  

The effect of advancing and receding contact angles is also important. The 

definition of contact angle is in reference to a static droplet. However, when the 

air flows over the droplet, the droplet deforms and two contact angles are created. 

These are referred to as advancing and receding contact angles and are also 

called contact angle hysteresis, which should be considered when modeling 

droplet detachment from a GDL surface [12]. A schematic of the dynamic 

behaviour of a droplet with contact angle hysteresis is shown in Figure 1.7.  

 
Figure 1.7: Schematic of contact angle hysteresis (A - advancing contact angle, R - receding 

contact angle). 
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The capillary number, the ratios the viscous forces exerted on a droplet by the air 

to the surface tension, has been used to characterize the deformation of a 

droplet. The capillary number, Ca, is defined as: 

 
V

Ca



  (1.18) 

where μ is the viscosity and V is the velocity of the continuous phase (in this case 

air) and γ is the interfacial surface tension. Over the range of Ca from 0.014 to 

0.219, droplet deformation was studied numerically on a solid surface and it was 

found that the deformation was a strong function of Ca when it is large [83]. 

Droplet detachment can also be characterized by a critical Ca, which 

corresponds to the point that the advancing and receding contact angles reach 

an observable limit [82]. These results were studied numerically and 

experimentally on GDL surfaces relevant to fuel cells.   

Besides experimental studies, Kumbur et al. [84] developed a macroscopic force 

balance containing relevant parameters such as the contact angle hysteresis 

(difference in advancing and receding contact angles), flow velocity, droplet 

height, chord length, and the channel height. The results of their analysis are in 

good agreement with experimental results, and one conclusion of this study is 

that for a constant droplet size and channel width, a lower channel height aids in 

droplet removal. Chen et al. [85] developed a two-dimensional simplified 

cylindrical droplet model to predict the instability of a single water droplet based 

on macroscopic force balances and a droplet-geometry approximation. Their 

qualitative results indicated that increasing the flow channel length or mean gas 

flow velocity, decreasing channel height or contact angle hysteresis, or making 

the GDL surface more hydrophobic would reduce the critical detachment 

diameter and enhance the removal of droplets. The same model also predicted 

the critical gas velocity required for a spherical water droplet to detach from the 

GDL surface [86]. It was found that the critical gas velocity varied inversely with 

water-droplet size (to the 2/3 power), and decreased with increasing GDL surface 
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hydrophobicity, decreasing contact-angle hysteresis, and lowering the channel 

height. However, the geometry approximation used in this simplified model would 

result in an inaccurate drag force on the droplet, especially at high gas flow 

velocity. Parametric studies with the VOF method [87] also showed that the 

height of the channel as well as the width of the pore had a significant impact on 

the detachment of the water droplet. The critical velocity was found to decrease 

with increasing droplet size and decreasing GDL pore diameter.  

More hydrophobic GDL surfaces aid in droplet detachment because of lower 

capillary forces, as shown by He et al. [88] using the multi-fluid model. These 

results are in agreement with Hao et al. [89], who applied a multiphase LBM 

approach to show that high gas flow velocities and a more hydrophobic GDL 

surface were beneficial for the water removal. An analytical model based on a 

force balance was also developed to predict the droplet detachment size. Zhu et 

al. [90] found that the critical air velocity for detachment decreased with 

increasing the hydrophobicity of the surface and increasing the initial size of the 

droplets.  

Temperature also has an effect on the droplet‟s detachment [82]. Experimentally 

measured contact angles and operating conditions were input into a numerical 

model based on the VOF method where water was injected from a single pipe. 

The results showed that higher temperatures facilitate the droplet‟s detachment 

due to lower surface tension and adhesion forces.  

From simulation, contact angle hysteresis was found to play a major role in 

droplet detachment dynamics. Fang et al. [91] investigated the effects of contact 

angle hysteresis on droplet detachment height using the VOF method and 

showed that contact angle hysteresis impacts slug elongation and detachment. 

The model agreed well with the deformation of droplets measured in micro-

channels. Without considering contact angle hysteresis, the droplet‟s detachment 

height was quite different from what was observed in experiments. These results 
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are shown in Figure 1.8. The results also implied that the contact angle 

distribution along the droplet can be approximated by piecewise linear functions.  

 
Figure 1.8: Droplet detachment height versus air velocity. Both hysteresis and non-hysteresis 

results are presented for comparison with experimental results. (Reprinted from Chen et al. [91] 
with permission from Elsevier) 

 

After droplet detachment, a liquid droplet may have different behaviour while 

moving along the gas flow channel because of different operating conditions or 

materials (different wettabilities of channel surfaces). A hydrophobic GDL surface 

and hydrophilic channel sidewalls, which is a common configuration in PEM fuel 

cells, turn dispersed droplets into thin water films attached to the channel 

sidewalls [92]. Shirani et al. [83] used the VOF method to investigate the motion 

of a liquid droplet. By studying the effects of gas velocity, the density and 

viscosity of water, and the surface tension on the droplet deformation, it was 

found that the droplet shape strongly depended on the capillary number when the 

capillary number was large and poorly correlated with the Reynolds number.  

Different fabrication techniques can alter the surface roughness, which is often 

only reported from the manufacturer as an average value. The surface 

roughness is especially important for channels with small hydraulic diameters 

(0.62-1.067 mm), as the pressure drop and heat transfer rate can be increased 
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with increased surface roughness [93]. The work of Dunbar et al. [94] suggested 

that slugs of liquid water in channels often move from surface defect to surface 

defect. These findings suggest surface roughness plays a role in two-phase flow 

in PEM fuel cells.  

The liquid water droplets appear in preferential areas, rather than uniformly along 

the channel [95]. Once detached, the droplet moves along the flow channel, 

where it can combine with other droplets to form slugs [96]. The droplet formation 

from the GDL surface in PEM fuel cells is difficult to study in ex-situ experiments 

or in simulation. In ex-situ experiments, water is often introduced between the 

middle and the end of the channels instead of uniformly along the channel. Also, 

droplets have been identified in two categories: land-touching and non-land-

touching, and those that touch the land grow faster and to a larger size [78]. The 

location where water droplets are first observed also changes over long 

operating times (3000 hrs).  Observed at 161 hrs, 2036 hrs, and 3092 hrs, the 

emergence of droplets moved toward the exit with time [97].  However, most ex-

situ two-phase flow studies are carried out over short time periods (typically < 1 

hr at each data point), and conclusions drawn from ex-situ studies or 

computational simulation on droplet dynamics may not accurately capture fuel 

cells with long expected lifetimes. 

1.3.3.2. Two-phase flow patterns 

In an operating fuel cell, two-phase flow patterns impact the pressure drop and 

liquid water distribution in the flow channel, which will alter the PEM fuel cell 

performance. Liquid water holdup is a particular concern for low Bond number 

(10-4≤Bo≤10-1) and low Suratman number (103≤Su≤105) environments [15]. The 

Bond number is the ratio of gravitational force (body force) to surface tension for 

a liquid surface and the Suratman number is the ratio of surface tension to 

viscous forces: 
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where ρ is the density difference between phases, g is the acceleration due to 

gravity, L is a characteristic length such as the drop radius, γ is the surface 

tension, and μ is the dynamic viscosity. For low Bo and low Su conditions, the 

noted flow patterns are slug flow, core-annular, and transition flows [15]. Typical 

flow patterns in operating fuel cells can be seen in Figure 1.9 from the work of 

Hussaini and Wang [98].  

 
Figure 1.9: Typical flow patterns in PEM fuel cell flow channels. (Reprinted from Hussaini et al. 

[98] with permission from Elsevier) 
 

Not all two-phase flow studies show the same flow patterns and the lack of 

consistency highlights the difficulty in understanding and characterizing two-

phase flow in operational cells. Additionally, the schematic in Figure 1.9 contains 

stray droplets in the description of single-phase flow, which would be more 

accurately described as mist flow or as a pseudo-homogenous flow. Mist flow 

has been identified in an operating fuel cell but at an air stoichiometry of 10, 

which may be unrealistic for a fuel cell due to high parasitic power losses [14]. 

Further complicating the identification of flow patterns, fuel cells operate at 
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different relative humidity and temperatures, with different flow channel 

configurations, different flow rates, and different surfaces (GDL and channel). 

Individual results are thus noted for specific setups, and little work has been done 

to determine the effect of such operating conditions on two-phase flow in a 

general sense.  

In the ex-situ experiments, flow patterns were investigated under flow conditions 

related to fuel cell operations. Similar to the flow regimes identified in the in-situ 

experiments, typical flow regimes of ex-situ two-phase flow relevant to fuel cells 

are shown schematically in Figure 1.10.  

 
Figure 1.10: Flow patterns in PEM fuel cells. 

 

The gray in the figure represents liquid water while the clear areas represent air. 

Various researchers have observed the flow regimes shown in Figure 1.10. 

These include slug flow (Figure 1.10a) where a discrete droplet grows to or close 

to the size of the channel, blocking gas passage [15], transition flow from slug 

flow to annular flow (Figure 1.10b) [15], wavy-stratified flow (Figure 1.10c) [94], 

and stratified (or annular) flow (Figure 1.10d) that occurs at high superficial gas 

velocities with low pressure drop fluctuations [15].  Lu et al. [99] found that at low 

gas velocities (typically stoichiometric ratios below 5) slugs or semi-slugs are in 

dominance. They have also reported a mist flow, which is considered as an 

effective way to remove water because liquid droplets are dispersed in the gas 
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phase and removed convectively. However, mist flow requires high gas velocities, 

resulting in high parasitic power losses when applied to an operational fuel cell. 

Film flow or stratified flow is therefore considered to be the most favorable flow 

pattern for water removal from the gas flow channels because it requires a 

minimum gas velocity to achieve the desired flow pattern.  

Predicting two-phase flow patterns in simulation is challenging. One main 

problem is the limitation of computational time. As stated above, only VOF 

method is capable of tracking droplet movement at the gas flow channel scale. In 

an operating PEM fuel cell, the formation of two-phase flow pattern in gas flow 

channels usually takes several minutes or even hours due to the large gas to 

liquid flow ratio. However, the current computational capacity can only simulate 

up to several seconds. One remedy is to amplify the liquid generation rates [87, 

90, 100-105]. Although Quan et al. [103, 104] stated that the unrealities 

introduced by the amplified water generation rate are not significant, to the 

author‟s knowledge, there is no proof of that argument in the literature yet. 

Another remedy is to locate a certain amount of liquid water or droplets in the gas 

channel prior to the simulation [64, 75, 76, 106]. From prior simulation work, 

droplet flow, stratified flow, and slug flow were usually identified as in experiment. 

It was found that the two-phase flow patterns strongly depend on the operating 

conditions, e.g., gas flow rate, channel configuration, and surface wettability. 

However, none of those work consider the microstructure of GDL, which 

determines the location of water emergence sites. Water was usually injected 

into the channel from one inlet or the whole GDL surface in the first method. And 

the second method completely neglects the water formation. Therefore, all 

previous simulation results were not able to capture the two-phase flow pattern 

accurately. 

Flow pattern maps are useful because it shows how superficial air and liquid 

velocity can be exploited to give a particular flow regime. Hussaini and Wang [98] 

constructed a flow map showing different regions at different superficial gas and 
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liquid velocities. Trabold [11] recommends operating the channels in the annular 

flow regime, which would require a superficial gas velocity of 5 to 6 m s-1. This 

regime allows water to be removed on the channel walls while leaving the GDL 

surface available for gas transport. An ex-situ flow pattern map was given by Lu 

et al. [99] (Figure 1.11). They found the superficial gas velocity should be more 

than 3 m s-1 to avoid slug flow.  

Flow pattern maps have been generated in terms of superficial gas velocities and 

superficial liquid velocities for other applications as well. The bubbly flow pattern 

is not observed in PEM fuel cells due to the high ratio of gas flow rates to liquid 

flow rates required. In micro-channels, the surface tension, inertia, and viscosity 

are important parameters. Different forces can be combined to form several 

dimensionless groups as discussed by Akbar et al. [107], which may help create 

dimensionless flow regime maps with greater relevance to fuel cells.  

 
Figure 1.11: Ex-situ flow patterns in terms of superficial gas and liquid velocities. (Reprinted from 

Lu et al. [99] with permission from Elsevier)  
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1.3.3.3. Flow maldistribution  

Flow maldistribution has been indentified from both in-situ and ex-situ PEM fuel 

cell experiment with multiple channels as shown in Figure 1.12. A uniform 

distribution of current density is considered to be important in fuel cell operations 

because it leads to a uniform distribution of temperature and liquid water 

production, and lower mechanical stresses on the membrane electrode assembly 

(MEA) [108]. Flow maldistribution arises in PEM fuel cells when common inlet 

and exit headers are used to supply reactant gases to multiple channels and to 

collect exhaust gases with the same pressure drop across the flow field. In 

addition to fuel cell flow fields, flow maldistribution is also commonly encountered 

in other applications that utilize a large number of parallel channels such as heat 

exchangers [109, 110] and micro-reactors [111, 112]. 

 
Figure 1.12: Flow maldistribution in both ex-situ and in-situ PEM fuel cell experiment. (Reprinted 

from Kandlikar et al. [113] with permission from Elsevier)  
 

The flow maldistribution occurs in PEM fuel cells due to different flow resistances 

caused by inherent geometric differences, GDL intrusion during compression 

[114], and uneven liquid water accumulation in the flow field channels [115]. This 

maldistribution is problematic because it leaves the flooded channels without 

sufficient air flow and the unflooded channels with excessive air flow, leading to a 

non-uniform distribution of current density and membrane hydration. As a result, 

it lowers fuel cell performance, causes pressure drop and erratic fluctuations in 
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current density, and leads to the loss of cell efficiency and lowered cell durability. 

It is also considered to be an important factor in reducing the operating lifetime of 

a fuel cell [116, 117]. Therefore, proper gas reactant distribution is critical to 

ensure high performance and long lifetime for a PEM fuel cell.  

The gas flow rate in the entrance region of individual channels can be used as an 

indicator of flow distribution in the flow fields, since no other measures are 

available to characterize this effect. Kandlikar et al. [113] developed an entrance 

region pressure drop measurement technique to determine instantaneous gas 

flow rates through individual channels. The method was employed in both an ex-

situ and in-situ experimental set-up, and it was found that a porous GDL backing 

could lead to severe flow maldistribution compared to impermeable backing for 

the same channels. At in-situ operating conditions, flow maldistribution was also 

observed due to water blockage in gas flow channels. One limitation of this 

method is the difficulty for implementation in operating fuel cells. Nevertheless, it 

still can provide some valuable information of flow maldistribution in parallel 

channels related to other fuel cell operating parameters such as current density, 

gas stoichiometry, and gas humidity in a fuel cell with specially designed gas 

introduction. Zhang et al. [118] employed a similar method to measure flow 

distributions in parallel channels and it was found that flow distributions also 

depend on whether the gas flow rate is changed in an ascending or descending 

manner. In-situ (electrochemically active) experiments also showed significant 

maldistribution among parallel channels at 35 oC. Low temperature and low 

current densities (low gas flow) are particularly relevant conditions for automotive 

applications [119], and are also the conditions prone to flooding and therefore 

maldistribution. Realistic air stoichiometry (defined as the ratio of the number of 

moles of oxygen at the inlet to the theoretically needed number of moles of 

oxygen), namely 1~5, gives rise to slug/semi-slug flow patterns in the flow 

channels, leading to severe maldistribution in parallel channels and large 

fluctuations in the pressure drop [99]. Basu et al. [114] used numerical simulation 

to investigate maldistribution in 7 parallel channels with GDL intrusion and 



35 

showed that the edge channels were susceptible to air stoichiometry less than 1, 

which would be insufficient to sustain the electrochemical reaction. Models have 

also shown flow maldistribution among multiple channels in interdigitated flow 

fields, where high GDL permeability tends to allow for greater maldistribution 

[120]. 

The maldistribution also varies in parallel channels if the inlet and exit headers 

are connected in a U-type or Z-type configuration [121]. Basu et al. numerically 

explored the effect of GDL intrusion and manifold design [122]. It was found that 

an improved manifold design with a flow splitter could reduce the maldistribution 

by more than 50%. Multiple bifurcations have been proposed In order to reduce 

flow maldistribution [123]. It was found that the length and shape of bifurcations 

has great impact on the flow distribution uniformity. Novel flow field designs such 

as a bionic flow slab have been proposed numerically to increase flow uniformity 

while maintaining a reasonable pressure drop [124]. A slotted-interdigitated 

design has also been optimized to reduce maldistribution but the optimization 

method did not consider flooding-induced maldistribution [125]. 

Despite many research efforts on reducing flow maldistribution in either in-situ or 

ex-situ fuel cell flow fields, little attention has been paid to the effect of 

communication between parallel channels on flow distributions. These 

communications are important since the requirement of an equal pressure drop 

and different flow resistance in each parallel channel unavoidably lead to flow 

communications through the porous gas diffusion layers. In a single-phase flow 

system, flow distributions only rely on the flow resistance of the gas flow 

channels and communication in parallel channels enables flow redistribution 

when there is a pressure difference between adjacent channels. In contrast, in a 

two-phase flow system (due to the presence of liquid water), both gas and liquid 

water can be redistributed due to the pressure difference between adjacent 

channels. The redistribution of two-phase flow can produce two distinct impacts 

on flow distributions in PEM fuel cells, a beneficial one and an adverse one. The 
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beneficial one is to enable more even distribution of both gas and liquid and the 

adverse one is to create more severe maldistribution by flooding one channel 

with a significant presence of liquid water and drying other channels with an 

excess amount of gas flow. In the second situation, the overall performance of 

fuel cells can be significantly lowered. Therefore, an understanding of two-phase 

flow distribution in communicating channels is required to design optimal fuel cell 

flow fields and to achieve stable and durable operation of PEM fuel cells. 

The occurrence and the recoverability of channel blockage in parallel channels 

are directly related to the instabilities of the two-phase flow in parallel flow 

channels and are affected by many parameters such as the channel flow rate 

and the wall physical properties such as the contact angle. Theories or models to 

interpret instability-induced flow maldistribution are still lacking in the open 

literature. An attempt was made recently to analyze the stability of possible 

solutions of gas and liquid flow distributions in parallel channels for fuel cells with 

a one-dimensional momentum balance equation across the channels [126]. All 

possible combinations of gas and liquid flow distributions must satisfy the equal 

pressure drop across all channels if they share a common inlet and outlet. 

Theoretically, even flow distribution is one default solution of the equal pressure 

drop requirement, but experimental results show that an even distribution is not 

always observed. Instead, flow maldistribution appears as a stable solution, 

indicating that flow distributions of two-phase flow in parallel channels depend on 

not only pressure drop but also flow stability. If the two-phase flow is operated at 

an unstable condition, a small perturbation will shift the flow to the nearest stable 

condition. A more rigorous theoretical analysis should be conducted over a wide 

range of operating conditions in the future.  

1.4. Research objectives and thesis layout 

As stated in the literature review, several issues were identified that need further 

investigation, i.e., multiple droplets behaviours when GDL microstructure is 

considered, two-phase flow patterns in gas flow channels, impact of two-phase 



37 

flow on PEM fuel cell performances, impact of flow mal-distribution on PEM fuel 

cell performance, and maldistribution mitigation. Therefore, the objectives of this 

work are to investigate the gas-liquid two-phase flow phenomena in single and 

multiple gas flow channels and its impacts on the PEM fuel cell performance. To 

achieve those objectives, following work has been carried out. 

To study the impact of two-phase flow on PEM fuel cell performances, a so-

called 1+3D model is presented in Chapter 2. This model deals with two-phase 

flow in the cathode side only.  A 1D MEA model is adopted to simplify the 

transport phenomena across the GDL, catalyst layer and membrane, and the 

two-phase flow in the 3D gas flow channel is simulated by the VOF method. 

Multiple droplets behaviour in a small-scale three-dimensional gas flow channels 

was firstly modeled by VOF method using a commercial CFD software FLUENT. 

The non-uniform surface of gas diffusion layers was considered by creating 

several pores on the GDL surface to represent the real microstructure of GDL 

surface. Different GDL surface structures were also simulated by changing the 

pore size and pore number. Parametric studies such as the influences of 

wettability of channel surfaces, influences of amplified liquid flow rate, were 

carried out. This part of work will be presented and discussed in Chapter 3. 

To study the two-phase flow patterns in a large-scale gas flow channel, the work 

in Chapter 3 is extended by implementing the simplified microstructure to a much 

larger channel, which is comparable with realistic PEMFC gas flow channels. The 

effects of liquid injection rates and surface wettability on two-phase flow patterns 

in the flow channel are investigated and simulation results are presented in 

Chapter 4.  

The impact of flow maldistribution in parallel channels on two-phase flow pattern 

was simulated in Chapter 5. The gas maldistribution was introduced by injecting 

water into the parallel channels with different flow rates. Two-phase flow patterns 
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under different degrees of gas maldistribution were compared. The impact of 

GDL surface and channel wall wettability on the gas distribution and GDL water 

coverage ratio was also simulated.  

In Chapter 6, in order to develop maldistribution mitigation method, two parallel 

flow channels connected by several communication channels were designed and 

tested in simulation. Different number and/or width of the communication 

channels were simulated under severe maldistribution conditions. Both steady-

state and transient flow behaviours were simulated and discussed. 

All of above work only considered the two-phase flow in gas flow channels 

without involving electrochemical reactions in the MEA. In Chapter 7, the 

influence of two-phase flow in a single channel on the fuel cell performance was 

investigated using the 1+3D model developed in Chapter 2. The PEM fuel cell 

output voltage and pressure drop were compared under different gas 

stoichiometric flow ratios, water generation rates and surface contact angles.  

The effects of flow maldistribution on fuel cell performance was studied in a unit 

consisting of two parallel channels and presented in Chapter 8. Effects of flow 

maldistribution and liquid generation rate on PEM fuel cell performance were 

tested. Several maldistribution mitigation methods were also examined in 

simulation, including gas flow rates, material surface wettability and adding inlet 

resistance. 

To evaluate the simulation results, two experiments were carried out in Chapter 9. 

In one experiment, the two-phase flow pattern in a transparent gas channel 

under different GDL surface was recorded. In another experiment, the effects of 

maldistribution on two-phase flow in two parallel channels, and the impact of 

communication channels on the gas maldistribution were conducted. The degree 

of flow maldistribution with or without communication channels was compared. 
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In the last chapter, all the work of this thesis is summarized. Conclusions and 

recommends for future studies are given based on the findings of this research. 
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2. Development of two-phase flow model of PEM 

fuel cells 

The two-phase flow model adapted in this thesis is called 1+3D model, which 

couples 3D volume of fluid (VOF) model with a 1D MEA model. The VOF part 

was implemented in commercial software, FLUENT® 6.3.26, and the 1D MEA 

model was coupled with the FLUENT through its user defined functions written in 

C programming language. In Chapters 3, 4, 5, 6, only VOF model was used to 

simulate the droplet behaviour and two-phase flow patterns in a single channel 

and gas maldistribution in two parallel channels. In chapter 7 and 8, the whole 1+ 

3D model was adapted to study the effects of two-phase flow and gas 

maldistribution on the fuel cell performance. 

2.1. 1+3D model 

The proposed model only deals with two-phase flow in the cathode side. As 

shown in Figure 2.1, a 1D MEA model is adopted to simplify the transport 

phenomena across the GDL, the catalyst layer and the membrane, and the two-

phase flow in the 3D gas flow channel is simulated by the VOF method. The 

MEA model and the 3D flow channel model are coupled at the GDL surface 

which lies between the gas flow channel and the MEA. Several pores at the GDL 

surface are used to represent the large pores inside the GDL where liquid water 

emerges. 
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Figure 2.1: Illustration of 1+3D cathode side of PEM fuel cell. 

 

Specifically, as shown in Figure 2.2, the temperature, oxygen concentration and 

gas volume fraction at the bottom wall of the gas channel, i.e. at the GDL surface, 

are input into the 1D MEA model as its boundary conditions. Then the overall 

voltage is calculated for the given boundary conditions and other parameters. 

Finally, the flux of oxygen, liquid water and water vapor are calculated based on 

the mass balance, and returned to the gas channel as mass sources at the GDL 

surface.  
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Figure 2.2: 1+3D model coupling method. 

 

2.2. 1D MEA model 

The 1D MEA model in this work is derived from Berg‟s 1D MEA model [127], 

except that the membrane is assumed to be fully humidified, which is justified 

when the purpose of the model is to examine effects outside the membrane (e.g. 

cathode flooding) [51]. Berg‟s model has been validated against their 

experimental results by comparing the polarization curves obtained from 

experiments and simulations. It was proved that the 1D MEA model is capable of 

accurately predicting the PEM fuel cell performance at given operating conditions.  

In 1D MEA model, the local potential U is calculated by, 

 0 cU E I   
 (2.1) 

where the anode overpotential is neglected due to its relatively small value 

compared to the cathode overpotential. 

From the Butler-Volmer equation, the local current density I  is given by,  
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At high current densities, the overpotential is an explicit function of the current 

density and the oxygen concentration in the membrane, which is approximated 

by its Tafel form. 
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where cl

oC  is the oxygen concentration in the catalyst layer, which can be 

expressed via Henry's law, 
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where m

oC   is the oxygen concentration at membrane, which can be calculated 

from the mass balance. 
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Define the oxygen mass transfer coefficient   as, 
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The cathode overpotential then becomes, 
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where temperature, T , and oxygen concentration, 
2oC , are the boundary 

conditions  from CFD calculations. 

The overall ohmic loss is calculated by,  
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 I  (2.8) 

where   is the averaged cell conductivity. 

Finally, the local potential can be expressed as, 

 2

0

,

ln
( )

ref

o o

c o c o

C HRT I
U E I

F i RT C I


 

 
   

    (2.9) 

Equation (2.9) gives the relationship between potential and current density at a 

local position, which varies along the channel due to the variation of oxygen 

concentration. Therefore the total current density at a given voltage is the 

integration of local current density weighted by the mesh area. In reality, the total 

current density is fixed in the experiment instead of the fixed voltage. Thus, a 

feedback program is added to maintain a specific overall current density. 

After knowing the local current density, the oxygen and water mole fluxes can be 

calculated according to the mass balance,  
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where S is the area of a local mesh at the GDL surface.  

Since both liquid water and gas mixture exist in the channel, it is assumed that 

the liquid covering the GDL surface will block the diffusion path of gases from the 

channel through to the membrane, by assuming that the gas diffusion through 

the liquid layers is much slower than through the gas mixtures. Therefore the 

effective area for the reactants diffusion is reduced, and so is the effective 

reaction area at the catalyst layer. Another assumption is that all the water 

generated by the electrochemical reaction and the electro-osmotic flow diffuses 

back to the cathode side channel only, ignoring the water crossover term, e.g. 
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the diffusion of the liquid water from cathode to anode, since it is relatively small 

in comparison to the value in equation(2.11). 

2.3. 3D VOF method 

The two-phase flow hydrodynamics in the 3D gas flow channel is simulated by 

the VOF method. In this method, a single set of momentum equations are solved 

to obtain the volume fraction of each immiscible phase, with the interface 

between phases being tracked throughout the domain. Conservation equations 

include, 

Mass conservation equation, 
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where 
mS  is the mass sources and for gas-liquid flow, the mixture density is 

defined as, 

 liquid liquid gas gas     
 (2.13) 

where   is the volume fraction of each phase. The volume fraction of each phase 

is given by the following relationship, 

 
1liquid gas  

 (2.14) 

Momentum conservation equation, 
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where p is the static pressure and μ is the dynamic viscosity given by,   

 liquid liquid gas gas     
 (2.16) 
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Volume fraction conservation equation is given by, 
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The surface tension effect is considered by the continuum surface force (CSF) 

model proposed by Brackbill et al. [128]. In this model, extra surface tension 

results in a source term in the momentum equation (2.15) given by, 
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where surf  is the surface tension coefficient, and liquid  is the surface curvature of 

the liquid droplet defined in terms of the divergence of the unit normal liquidn , 

given by, 

 liquid liquidn 
 (2.19) 

The unit normal liquidn  is computed from local gradients in the surface normal at 

the interface. 
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Wall adhesion effects are considered by adjusting the curvature of the surface 

near the wall, where the gas-liquid interface meets the solid surface. The local 

curvature of this interface is determined by the static contact angle,
w , which is 

the angle between the wall and the tangent of the interface at the wall. The 

surface normal, n , at the wall is given by, 

 
cos sinw ww wn n t  

 (2.21) 
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where wn  and wt  are the unit vectors normal and tangential to the wall, 

respectively. 

Species conservation equations, 
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where i indicates different species. In the cathode side gas flow channel, it could 

be water vapor, nitrogen, and oxygen. iJ is the diffusion flux of species i , which 

is given in Maxwell-Stefan equations [129]. 
iS  is the species source term which 

can be obtained from 1D MEA model as mentioned previously. 

The temperature in the channel is assumed to be isothermal, therefore the 

energy conservation equation is not considered in this model. 

All of the above governing equations are implemented in a commercial software, 

FLUENT® 6.3.26 [129]. The geometric reconstruction scheme from the work of 

Youngs [130] is used to represent the interfaces between two fluids, which is one 

of the accurate methods for interface tracking .The 1D MEA model was coupled 

in the FLUENT through its user-defined functions written in C programming 

language.  

2.4. Water treatment 

How liquid water enters the channel is important, since it determines the droplet 

size and behaviour. According to experimental observations [82], the emergence 

of droplets from the GDL surface is not homogenous. Large pores in the GDL are 

preferred sites for droplets. To address this issue, a series of pores are randomly 

placed at the GDL surface along the channel so as to represents the droplet 

emerging sites, as shown in Figure 2.1. The liquid water generated by the 

reaction does not directly enter the channel at its local boundary but from the 
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nearest pore instead. Therefore, the liquid flow rate at each pore is the 

summation of liquid flux nearby. 

The water flux calculated in the 1D MEA model contains both liquid and vapor 

water. Although the heat transfer model is not coupled in the model, the water 

evaporation rate in the gas channel is usually fast enough that gas is saturated if 

liquid water is present there [51], and the minimum heat released from 

electrochemical reaction, as shown in section 1.2.2.1, can provide enough heat 

required to evaporate all liquid water generated at catalyst layer. Therefore, we 

assume that the water generated by reaction firstly humidifies the gas to 

saturation. This amount of water directly enters the channel at its local boundary, 

and if there is still water left, it will emerge from the nearest pore as liquid. On the 

other hand, if water vapor somewhere in the channel is oversaturated, the 

excess water will condense, and be added into the nearest emerging pores as 

well. 

Table 2.1 summarizes all key assumptions made in the current 1+3D model. 

Table 2.1: Assumptions of 1+3D model. 

Anode overpotential and hydrogen and water transport are not considered. 

Membrane is fully humidified. 

Transport phenomena across the GDL, the catalyst layer and the membrane are simplified 

into a 1D MEA model. 

Liquid water emerges from several randomly located pores at the GDL surface. 

Liquid covering the GDL surface blocks the diffusion path of gases from the channel through 

to the membrane, giving zero gas diffusion rate through liquid blocked GDL surface. 

Water crossover is ignored. 

The temperature in the channel is uniform. 

Liquid water enters the channel from the nearest pore. 

Water generated by reaction firstly humidifies the gas to saturation. 

Oversaturated water vapor condenses, and is added into the nearest pores. 
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2.5. CFD algorithm and solution procedure 

In all simulations, the computational grids are generated by using Gambit ® 2.4 

mesh generation software. The governing equations are discretized by Finite 

Volume Method (FVM). The Pressure-Based Segregated Solver and PISO 

algorithm are adapted for solving the governing equations. Adaptive time step 

method is utilized in order to keep the global courant number less than 0.5, which 

ensures that the droplet behaviour in the channel can be well captured. The 

convergence criterion, mesh dependency and VOF validation were examined in 

a case from chapter 3.  

As shown in Figure 2.3, a three dimensional cuboid channel as the base case 

has a 250μm × 250μm square cross section and a 1250 μm length. Air flows into 

the channel from one end and liquid water was injected from 16 open pores on 

the bottom wall. Each pore has a diameter of 50 µm. The gas velocity was set at 

10 m∙s-1, and the liquid injection velocity was set at 0.0625 m∙s-1 for all the pores. 

A total of 82,525 meshes with a uniform size of 0.1 mm are used in the 

simulation. 
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Figure 2.3: Three dimensional computational domain. 
 

2.5.1. Precision improvement 

 The default residual criterion for each governing equation was set to  

10-3, and the program was run in the single-precision mode for all out early cases. 

To increase the accuracy, a lower residual criterion (10-6) and the double 

precision solver were tested, respectively. Simulation results (Figure 2.4) showed 

that using the lower residual criterion or double precision solver does not change 

the over-all droplet behaviour. However, according to the governing equations 

and the geometry used, water droplets emerged into a channel is expected to be 

symmetrical, which is not seen in Figure 2.4. 
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Default Double precision Lower residual criteria 

Figure 2.4: Effects of solver precision on droplet behaviour. 
 

2.5.2. Mesh dependency 

Mesh size is a critical parameter in numerical simulation. Small mesh size would 

increase the accuracy, but also exponentially increase the computational time. 

Thus, appropriate mesh size should be carefully chosen for both representing the 

fluid characteristics and saving the computational time. The original mesh size for 

the base case is 10 µm, and the total number of elements is 82,525. To examine 

the mesh size and mesh symmetry effects, I first refined the mesh size to obtain 

a more symmetric profile, and then further refined the mesh size. Figure 2.5 

shows different meshes for base case, improved case (X1), and further refined 

cases (X2 and X4). For improved case (X1), the mesh size is 10 µm, which is the 

same as base case. For X2, the mesh size is 8 µm and the total meshes are 

155,434, almost doubled the number of meshes of the base case. For case X4, 

the mesh size is 6 µm and the total meshes are 364,812, about four times of the 

base case. 
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Base case Improved mesh (X1) Refined mesh (X2) Refined mesh (X4) 

Figure 2.5: Top view of meshes for base case, improved case X1, and refined cases X2 and X4 
 

The water coverage ratio on the two side walls for different cases is shown in 

Figure 2.6. It is clearly seen that with improved meshes (X1), the symmetry is 

improved, but the difference between the two walls still exists. Meanwhile, with 

finer meshes (X2, X4), the symmetry is even getting worse. One possible reason 

is that the water inlets are circular, while the channel wall is rectangle. Thus, it is 

difficult to make symmetrical meshes for both the rectangle channel and the 

circular water inlet holes.  
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Base case Improved mesh (X1) 

  
Refined mesh (X2)  Refined mesh (X4)  

Figure 2.6: Time evolution of the water coverage ratio on the two side walls 
 

In order to create completely symmetrical meshes, the shape of water inlet was 

changed from circle to square (Figure 2.7).  For case X1, the mesh size is 10 µm, 

and the total meshes are 117,600. For case X2, the mesh size is 8 µm and the 

total meshes are 230,300. For case X4, the mesh size is 5 µm and the total 

meshes are 940,800. 
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X
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Z

   
Geometry X1  X2  X4  

Figure 2.7: Top view of symmetrical meshes. 
 

The water coverage ratio on the two side walls for different cases is shown in 

Figure 2.8. It is seen that symmetrical flow distribution along the channel can now 

be obtained when the meshes are symmetrical for both the channel and the 

water inlets and also fine enough (case X4). However, it requires extraordinarily 

large computational time -- four weeks to obtain one result.  
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Case X1  Case X2 

 
Case X4 

Figure 2.8: Time evolution of water coverage ratio on the two side walls. 
 

Using finer mesh definitely increases numerical accuracy, but also greatly 

increases computational time. It was also found that the mesh size at the 

boundary has more impact on the droplet behaviour than the mesh size in the 

central. Therefore, in order to reduce the computational time, non-uniform size 

mesh, which has finer meshes near the wall, but coarser meshes in the center, 

has been utilized in this study. Figure 2.9 shows the side views of two types of 

non-uniform meshes, “X1_5” means the total meshes are the same as case X1, 

and the mesh size adjacent to the wall is now 5 µm. Thus, the computational time 

is almost the same as case X1. 
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Case X1 Case X1_5 Case X2_2 

Figure 2.9: Side views of non-uniform meshes  

It was found that for circular water inlet, non-uniform size mesh is able to predict 

the water distribution and pressure drop as good as the case with much finer 

mesh, meanwhile, saving the computational time significantly.  

As discussed above, symmetrical simulation results will be obtained when the 

meshes are symmetrical and fine enough. However, it takes very long CPU time 

to run the simulation. It was also found that some quantitative variables, such as 

total pressure drop, water distribution and water volume fraction do not change 

too much with mesh refinement. Therefore, to some extent, we can still trust that 

the simulation results at large mesh sizes are still able to represent the major 

characteristics of fluid flow. Therefore, non-uniform mesh with moderate size was 

still used in all simulations in this study, which ensures the computational time is 

acceptable and the results are creditable.  

2.5.3. VOF validation 

A lot of studies have been done on VOF method validation in various applications. 

Two very relevant studies have been focused particularly on the water droplet 

movement and deformation in fuel cell channels [91, 131]. Quantitatively, their 

results showed good agreement between VOF simulation results and 

experimental data in both slug curvature and detachment length for different 

droplet size and different GDL materials, and both of their work considered the 

contact angle hysteresis.  
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Fang et al. [91] also found that for the non-hysteresis cases, the liquid slug 

detachment is much earlier than that in the hysteresis simulation as well as in the 

experiment. The reason is likely that the absence of the hysteresis precludes the 

asymmetry of the contact angle distribution and the existence of the retentive 

force as well, leading to the early detachment. As shown in Figure 1.8, the 

hysteresis model yields much better results (solid line) than the non-hysteresis 

model (dashed line). 

Both Theodorakakos et al.[131] and Fang et al. [91] used their own codes to 

implement VOF method. The commercial FLUENT software VOF code, however, 

does not include the contact angle hysteresis by default. Figure 2.10 shows that 

non-hysteresis model results predicted by FLUENT in this study are well in 

agreement with their results, which suggest that the VOF code in FLUENT 

performs similarly to the in-house VOF code of Fang, when hysteresis model is 

not included. However, after searching and trying for several months, 

unfortunately, it is found impossible to add contact angle hysteresis model in 

FLUENT unless its source code can be accessed. Therefore, only qualitative 

results can be obtained from using FLUENT, which is still meaningful when 

investigating multiple droplet behaviours since the effect of single droplet 

behaviour to some extent may be canceled out in a large flow channel. 

 
Figure 2.10: Comparison of FLUENT simulation results with literature results. (Modified from 

Chen et al. [91] with permission from Elsevier) 
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3. Droplet behaviours in gas flow micro-channel
1
 

As discussed in the literature review, most work using VOF method only focused 

on single droplet behaviour or several droplets initially located in the gas channel; 

but none has considered the effects of microstructure of the GDL surface. The 

GDL surface has been treated either as a homogenous surface or a surface with 

only one pore opening for liquid water injection into the channel. The multiple 

droplet behaviour in the flow channels of a real operating fuel cell is likely quite 

different from that determined based on droplets emerging from a uniform GDL 

surface, or from single droplet behaviour. However, full consideration of detailed 

microstructure of the GDL, the so-called pore-scale model, needs extremely 

large computational time, and has been only employed for very small length 

scale systems [40, 89, 132-136]. The effect of GDL microstructure on the multiple 

droplet behaviour in the gas flow channel is still poorly understood. In this section, 

we simplified the microstructure of the GDL by creating a number of 

representative pores on the 2D GDL surface. Droplet formation and motion were 

then simulated using the VOF method. Different GDL surface structures were 

then simulated by changing the pore size and pore number. Parametric studies 

were also conducted to investigate the effect of GDL and channel walls 

wettability and liquid velocity on the two-phase flow pattern and pressure drop 

through the flow channel. 

 

                                            
1
 A version of this chapter has been published: Y. Ding, H.T. Bi, D.P. Wilkinson. Three-

dimensional numerical simulation of water droplet emerging from a gas diffusion layer surface in 
micro-channels. J. Power Sources 2010; 195: 7278-7288. Part of results were presented in the 
conference: Ding, Y., H.T. Bi, and D.P. Wilkinson. 3-D Numerical Simulation of Water Droplet 
Emerging from a Non-uniform Gas Diffusion Layer Surface. in 20th International Symposium on 
Transport Phenomena (ISTP-20). 2009. Victoria, BC. 
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3.1. Computational domain and boundary conditions 

The three dimensional computational domain is shown in Figure 3.1. This cuboid 

channel, which was used in all the cases in this chapter, has a 250μm × 250μm 

square cross section and a 1250μm length with a hydrophobic GDL surface on 

the bottom. Air flows into the channel from one end and liquid water was injected 

from several open pores on the GDL surface. 

 
Figure 3.1: Three dimensional computational domain. 

 

For the base case, 16 pores were located within a 250μm×250μm square on the 

GDL surface, each with a pore diameter of 50µm, which corresponds to typical 

GDL surfaces with a porosity of 0.5 [6]. At the gas inlet, the velocity of air was set 

at 10 m∙s-1, which is of the same order of magnitude as flows encountered in 

automotive fuel cell stacks [90]. The theoretical calculation of liquid generation 

rate for this channel with 3.125×10-7 m2 of reaction area at a current density of 

800 mA∙cm-2 is 0.20 mg∙hr-1. However, in order to shorten the time for water 

accumulation in the channel, the liquid injection velocity was set at 0.0625 m∙s-1 

for all the pores with a corresponding mass flow rate of 7 g∙hr-1. Quan and Lai 
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[103] reported that deviations introduced by amplifying the water generation rate 

by several orders of magnitude are insignificant due to the large flow rate ratio 

between gas and liquid water. Laminar flow and no-slip boundary condition were 

assumed since the Reynolds number of each phase is quite small (Reg=171, 

Rel=7.8). The static contact angle for the GDL surface and channel wall surfaces 

were set at 140o and 45o respectively, based on typical values for PTFE treated 

carbon paper GDL materials [6]. There are two side walls and one top wall in the 

channel in addition to the bottom GDL surface. The time step for the baseline 

simulation was set at 10-7s to ensure that the global courant number is less than 

one. The mesh size was set to 10μm, and there were 82625 meshes in total for 

the base case. Smaller mesh sizes, e.g. 8μm and 5μm, were also tested, and 

showed no obvious difference from the base case. Therefore, the mesh size for 

all the other cases was also set to 10μm to save computational time. 

3.2. Results and discussion 

Due to small length scale of the channel, the surface tension effects were more 

noticeable. For base case conditions, the capillary number (Ca), the Weber 

number (We), and the Bond number (Bo) were much less than one, which means 

the surface tension force was the dominant force in comparison to the viscous 

force, inertia force, and gravity force in the mini flow channel. 

3.2.1. Droplet evolution 

Figure 3.2 clearly shows three stages of two-phase flow pattern evolution in the 

channel: emergence and merging on the GDL surface, accumulation on the side 

wall, and detachment on the top wall. In the emergence and merging stage, small 

droplets emerging from each pore coalesce on the GDL surface, which 

generates a liquid film covering the injection area. At the same time, liquid water 

is continually accumulating in the channel, and due to the wettability difference 

between the GDL surface and channel walls, liquid water tends to accumulate on 

the side walls which results in the formation of large droplets. As these droplets 

dict://key.0895DFE8DB67F9409DB285590D870EDD/inertia%20force
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“grow” larger and larger, they begin to move slowly along the side walls. Once 

these droplets reach the top wall, the liquid water rapidly spreads on the top wall, 

resulting in a thin film on the top wall. As this liquid film moves outward quickly, 

some of water on the side wall is also dragged away. In the last stage, the top 

liquid film detaches itself from the droplets on the side walls due to its faster 

speed, and a new cycle begins. It is worth noting that the emergence and 

merging stage and the accumulation stage occur continuously in the channel, but 

the detachment stage only occurs periodically.  

  
(a) 

 
(b) 

 
(c) 

Figure 3.2: Three stages of the emerging water droplet into a channel: (a) emergence and 
merging, (b) accumulation, and (c) detachment. 

 

These three stages of dynamic droplet behaviours can also be identified by the 

time evolution of the water coverage ratio on the different surfaces of the channel, 
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the water volume fraction and the total pressure drop (Figure 3.3). The water 

coverage ratio is defined as the ratio of the surface area covered by water to the 

total surface area. In PEM fuel cells, reactants diffuse through the GDL, hence, 

the GDL surface water coverage ratio is a key parameter that indicates the 

negative effects of liquid water on PEM fuel cell performance. The water volume 

fraction or degree of saturation indicates the degree of channel flooding. The 

pressure drop, which is another important parameter, indicates the energy loss of 

fluid flowing through the channel. For operating PEM fuel cells, a lower GDL 

surface water coverage ratio, a lower water fraction, and a lower pressure drop 

are preferred. 

 
Figure 3.3: Time evolution of water distribution and pressure drop. 

 

From Figure 3.3, it can be seen that the water coverage ratio on the GDL surface 

continuously increases at the beginning (up to 4 ms), due to the emerging small 

droplets. At the same time, liquid water also accumulates on the side wall, and 

the higher water coverage on the side wall is due to the different wettabilities 

between the side wall and GDL the surface. The pressure drop also increases, 
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corresponding to the increase in the water volume fraction. After about 4 ms, a 

sudden drop in the GDL surface water coverage ratio occurs, followed by a steep 

increase in the top wall water coverage ratio, indicating the droplet's fast spread 

to the top wall. The pressure drop also decreases rapidly, even though the level 

of water saturation is still increasing. This is because the buildup of droplets on 

the hydrophobic GDL surface occupies more cross sectional area. On the other 

hand, water on the hydrophilic channel walls forms a thin film, which occupies 

much less cross sectional area, imposing little influence on the pressure drop 

even though the volume of this liquid film is much higher than the droplets on the 

GDL surface. The liquid film on the top wall moves faster than the droplets on the 

side walls, and soon (at 5.5 ms) this film detaches from the droplet, resulting in a 

maximum top wall water converge ratio and a minimum GDL and side wall water 

coverage ratio. Once the detached liquid film is flushed out of the channel, a new 

cycle begins. From the flow pattern shown in Figure 3.3, it can be concluded that 

the pressure drop does not correspond to the level of water saturation, but to the 

size of the droplets located on the GDL surface. Thus, these results indicate that 

most empirical equations [137-141] which correlate pressure drop with water 

fraction should not be applied to PEM fuel cell channels.   

3.2.2. Effects of water inlet structures 

GDLs, which are typically fabricated from carbon fibers, connect catalyst layers 

and gas flow field and provide a pathway for electrons, gases, and liquid water to 

move to and from the catalyst layers. The microstructure of the GDL plays an 

important role in water management. In this section, several pore structures are 

simulated to examine the effect of the microstructure of the GDL surface on the 

flow patterns in order to identify a simple but representative structure for future 

use in the simulation of large-scale fuel cell stacks. Five structures, (uniform inlet, 

1-pore inlet, 4-pore inlet, 16-pore inlet, and 64-pore inlet), with the same open 

area and liquid flow rate, were selected and are shown in Figure 3.4. 
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Figure 3.4: Different water injection inlet structures representing the GDL: (a) Uniform, (b) 1-pore, 

(c) 4-pores, (d) 16-pores (base case), and (e) 64-pores. 

The uniform inlet case (Figure 3.4a) is a commonly used approximation in many 

CFD simulations. For this case, the microstructure of the GDL is neglected, and a 

very distinct two-phase flow pattern is observed in the channel, as shown in the 

three snapshots of flow pattern evolution in Figure 3.5a. Only one big droplet is 

formed during the merging stage, and the liquid accumulation occurs 

simultaneously on the GDL surface and side walls. As a result, more liquid stays 

on the hydrophobic GDL surface, which slows down the droplet spread on the 

hydrophilic side walls and makes the liquid droplet detach before it reaches the 

top wall, leading to the formation of liquid slugs.  
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(a) 

 
(b) 

 
(c)  

 
(d) 

Figure 3.5: Effects of water inlet configurations on the two-phase flow patterns: (a) Uniform, (b) 1-
pore, (c) 4-pore, and (d) 64-pore. 

 

The 1-pore case (Figure 3.4b) is another commonly used configuration to 

investigate the droplet behaviour in PEM fuel cell channels. Similar to the uniform 

inlet case (Figure 3.5b), only one droplet is formed in the channel. However, this 

droplet is not big enough to touch either the side walls or the top wall before 

detachment, leading to droplet flow in the channel. The two-phase flow patterns 
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with 4 pores and 64 pores (Figure 3.5c, d) are very similar to the case with 16 

pores, with three stages of water dynamic behaviour present.  

The effects of pore structures on the flow patterns can also been seen clearly 

from the time-averaged water distribution shown in Figure 3.6. The uniform inlet 

and 1-pore cases have a higher water coverage ratio on the GDL surface and a 

much lower coverage ratio on the channel walls, compare to the 4-pore and 64-

pore cases which have very similar water distribution with the base case of 16 

pores due to the similar two-phase flow pattern in the channel. 

 
Figure 3.6: Effects of water inlet configurations on the time-averaged water distribution. 

 

The effects of pore structures on the time-averaged pressure drop are shown in 

Figure 3.7. The uniform inlet and 1-pore inlet cases show a much greater 

pressure drop than the three multi-pore cases which have a lower and similar 

pressure drop. As discussed previously, the pressure drop is dominated by water 

residing on the GDL surface, which creates more blockage of the gas channel 

than water on the other channel walls. Thus, the pressure drop of both the 
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uniform inlet and 1-pore cases is much higher, which results in faster liquid 

removal, and thus lower average water volume fraction in the flow channel, as 

shown in Figure 3.6.  

 
Figure 3.7: Effects of water inlet configurations on the time-averaged pressure drop. 

 

In a real fuel cell, droplets emerge from preferential sites on the GDL surface. At 

the front of the channel, small droplets are formed and the flow pattern is mainly 

droplet flow as shown in the 1-pore case. As these small droplets move along the 

channel, droplets coalesce and form larger droplets which are able to touch side 

walls. As a result, the flow pattern in this region would be similar to that shown by 

the multiple pore cases. Since the GDL pores are quite small and non-uniform in 

size and the pores are randomly distributed on the GDL surface, a full 

consideration of the detailed microstructure of the GDL surface is almost 

impossible.  However, the previous cases demonstrate that when the pore size is 

small enough (e.g., 4-pore case), the flow pattern changes little with a further 

increase in the number of pores or a reduction in the pore diameter. Thus, the 4-

pore case could be considered as a minimum required number of pores in order 
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to capture the two-phase flow pattern in the fuel cell mini channel at a reasonable 

computational time demand. 

3.2.3. Effects of GDL surface contact angles 

The wettability of the GDL, which is characterized by the surface contact angle, 

can be altered by varying the PTFE content of the GDL. Although the GDL 

wettability has been shown to have a significant impact on the liquid water 

transport inside the GDL [142], its impact on the two-phase flow pattern in the 

gas channel is still unclear. In this section, the effects of GDL surface wettability 

on the flow pattern in the mini channel were investigated by varying the 

water/GDL surface static contact angle from 0o to 180o, i.e., 0o, 30o, 45o, 60o, 90o, 

120o, and 180o. Figure 3.8 shows different two-phase flow patterns in channels 

for different GDL wettabilities. When the GDL surface contact angle is less than 

that of side walls (Figure 3.8a, b), a thin liquid film forms on the GDL, which 

covers almost the entire GDL surface. For a hydrophilic GDL surface with a 

contact angle less than 90o (Figure 3.8c, d, e), a liquid water film still tends to be 

formed. This liquid film blocks the diffusion pathway of gas reactants to the 

catalyst layer, leading to decreased fuel cell performance. Since the GDL is 

hydrophilic, some water may even flow back from the channel towards the 

catalyst layer, which would further decrease the fuel cell performance. As the 

contact angle of the GDL surface increases, liquid water begins to accumulate on 

the side walls and the higher the contact angle, the more water moves from the 

GDL surface to the side walls. When the GDL surface is hydrophobic with a 

contact angle greater than 90o (Figure 3.8f, g), liquid water droplets form on the 

GDL surface, and grow until they are detached. It should be noted that the flow 

patterns on hydrophobic GDL surfaces are all similar to the base case in section 

3.2.1. 
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(a)  

 
(b) 

 
(c) 

 
(d) 

 
(e)   
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(f) 

 
(g) 

Figure 3.8: Effects of GDL surface wettabilities on the two-phase flow patterns:(a) θ=0
o
, (b) 

θ=30
o
, (c) θ=45

o
, (d) θ=60

o
,(e) θ=90

o
, (f) θ=120

o
, and (g) θ=180

o
. 

 

Hydrophobic and hydrophilic GDL surfaces show very distinct liquid distribution 

profiles as shown in Figure 3.9. For the hydrophilic GDL surface, the water 

coverage ratio on the side walls changes very little with varying GDL contact 

angle, and no water is present on the top wall, but the water coverage ratio on 

the GDL surface decreases significant as the contact angle increases. That is 

because a higher contact angle lifts the water up, i.e., move from a film to a 

droplet, which is more conducive to water removal from the GDL surface. For the 

hydrophobic GDL surface, the water coverage ratio on both the GDL and side/top 

surfaces changes little with varying the GDL contact angle, and a the stable flow 

pattern is formed as observed in the base case. It is worth to note that for 90o 

case, the water coverage ratio on the GDL surface is similar to that of hydrophilic 

GDL surface but the water coverage ratio on the side wall is close to that of 

hydrophobic GDL surface, indicating that the flow pattern for this case is in a 

transition state. The contact angle is big enough to lift up the water, leaving less 

water on the GDL surface, but the lift is not sufficient to make the liquid to reach 

the top wall. As a result, the water coverage ratio on the side wall is the highest 

among all the cases. 
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Figure 3.9: Effects of GDL surface wettabilities on time-averaged water distribution. 

 

The time-averaged water volume fraction is also shown in Figure 3.9. For both 

hydrophilic and hydrophobic GDL surfaces, the water volume fraction decreases 

a little with an increase in contact angle. For a hydrophilic GDL surface, the liquid 

water is more in the form of a film. Increasing the GDL contact angle lifts up the 

water more from the GDL surface to occupy more cross sectional channel area, 

hence facilitating liquid water being flushed out of the channel. For a hydrophobic 

GDL surface, the flow pattern is similar to the base case, where increasing the 

contact angle helps the developing droplet to reach the top wall, which also 

facilitates the liquid water being flushed out of the channel. The corresponding 

time-averaged effects of GDL wettability on pressure drop is shown in Figure 

3.10. As discussed previously, the pressure drop is mainly caused by the liquid 

blockage of the gas channel. Thus, increasing the GDL surface contact angle 

should always increase the pressure drop. For the hydrophobic GDL surface, 

however, the pressure drop varies little with increasing the contact angle, since 

the water coverage ratio on the GDL surface almost remains the same as shown 

in Figure 3.9. 
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Figure 3.10: Effects of GDL surface wettabilities on time-averaged pressure drop. 

 

It can be concluded from the above observation that increasing the 

hydrophobicity of the GDL surface is helpful to expel liquid water from the GDL 

surface and also reduce the water fraction in the channel, although the pressure 

drop only increases slightly. The wettability of the GDL also affects the water 

transport inside the GDL. Thus, it is difficult to conclude whether high or low 

wettability is beneficial for water management in the whole fuel cell system 

without coupling the mass transfer and electrochemical reactions into the 

hydrodynamics.  

3.2.4. Effects of channel wall surface contact angles 

Instead of changing the GDL surface wettability, one can also change the 

channel wall wettability for a given GDL to improve the water management in the 

gas channel. The effects of channel wall surface wettability were investigated by 

varying the water/wall surface static contact angle from 0o to 180o. Figure 3.11 

shows the effects of different wall surface contact angles, i.e., 0o, 30o, 45o, 60o, 
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90o, 120o, and 180o, on the two-phase flow pattern. For hydrophilic wall surfaces, 

three-stage flow patterns similar to the base case are observed. More hydrophilic 

wall surfaces make the droplet on the GDL easier to move to the top wall, and 

also decrease the thickness of the liquid film on both side and top walls. For 

hydrophobic wall surfaces, the flow pattern is similar to that of the 1-pore case 

with the droplet flowing on the GDL surface only and more hydrophobic wall 

surface prevents the formation of big droplets. 

 
 (a)   

 
 (b)  

 
 (c)  
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 (d)  

 
 (e)    

 
 (f)  

 
 (g)  

Figure 3.11: Effects of channel wall wettabilities on two-phase flow patterns:(a) θ=0
o
, (b) θ=30

o
, 

(c) θ=60
o
, (d) θ=90

o
,(e) θ=120

o
, (f) θ=140

o
,  and (g) θ=180

o
. 

 

The effects of channel wall surface wettability on water distribution are shown in 

Figure 3.12.  
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Figure 3.12: Effects of channel wall wettabilities on time-averaged water distribution. 

 

As discussed previously, the more hydrophobic channel walls suppress liquid 

water removal from the GDL surface. As a result, the water coverage ratio on the 

top and side walls always decreases with increasing channel wall contact angle. 

Although the water volume fraction in the channel is higher for the more 

hydrophilic channel wall, the water coverage ratio on the GDL is smaller, 

resulting in more area for the gas reactants to diffuse through the GDL, leading to 

improved fuel cell performance. The pressure drop with different channel wall 

wettabilities (Figure 3.13) also suggests that a more hydrophilic channel wall 

should be used in fuel cells to reduce the energy loss. 
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Figure 3.13: Effects of channel wall wettabilities on time-averaged pressure drop. 

 

3.2.5. Effects of liquid flow rates 

As specified in the boundary conditions section, the liquid flow rate used in the 

base case simulation, i.e. 7 g∙hr-1, is much higher than the theoretical values 

according to the reaction rates, e.g. 0.2 mg∙hr-1. The effects of liquid flow rates 

were thus investigated in order to make sure the previous simulation results 

reveal the flow patterns in a real PEM fuel cell. In this section, two cases with 

liquid flow rate reduced to 10% and 1% of base case flow rate are investigated. 

Simulation results shown in Figure 3.14 indicate the three-stage flow pattern 

remains the same even when the liquid flow rate is reduced by two orders of 

magnitude. 
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 (a)         

 
 (b)  

Figure 3.14: Effects of liquid flow rates on two-phase flow patterns: (a) 1/10
th
, (b) 1/100

th
. 

 

Water distribution with respect to liquid flow rates in Figure 3.15 also shows that 

a lower liquid flow rate only results in a lower water coverage ratio on the top and 

side walls, but has little influence on the water coverage ratio on the GDL surface. 

This is because at the lower liquid flow rate, the liquid accumulation rate on the 

side walls is much smaller, and the adhesive force between top wall liquid thin 

film and side wall droplets becomes weaker, which makes the droplet 

detachment from the top wall much easier. As a result, the water coverage ratio 

on the top and side walls decreases rapidly due to the relatively rapid removal of 

liquid water from the top wall. Correspondingly, the time-averaged water volume 

fraction and time-averaged pressure drop (Figure 3.16) also become lower. 
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Figure 3.15: Effects of liquid flow rates on time-averaged water distribution. 

 

  
Figure 3.16: Effects of liquid flow rates on time-averaged pressure drop. 
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3.3. Conclusions 

The following conclusions can be drawn from this simulation study: 

1) For a microstructured GDL surface, three stages of two-phase flow 

patterns can be identified when water is injected through the GDL into the 

gas channel, namely emergence and merging of liquid water on the GDL 

surface, accumulation on the side walls, and detachment from the top 

wall. The flow patterns can be characterized by the channel cross-

sectional water distribution and coverage on the different walls. Water on 

the hydrophobic GDL surface tends to form droplets, while water on any of 

the hydrophilic surface tends to form a thin liquid film. The total pressure 

drop in the flow channel is mainly caused by droplet blockage of the 

channel by the droplet.   

2) The microstructure of the GDL surface has a significant impact on the two-

phase flow patterns in the flow channel. The uniform inlet case and 1-pore 

case, approximations commonly used in previous studies, showed distinct 

flow patterns which are quite different from those observed in multiple 

pores. For the 4-pore, 16-pore and 64-pore cases, the flow patterns are 

similar, suggesting that the 4-pore case may be a minimum requirement to 

represent the microstructure of the GDL surface with a reasonable CPU 

time. 

3) The wettability of both the GDL surface and channel walls also has a 

significant influence on the two-phase flow patterns in the flow channel. It 

was shown that more hydrophobic GDL surface and/or more hydrophilic 

channel walls would be helpful to remove the liquid droplets from the GDL 

surface to the channel walls. Decreasing liquid water coverage of the GDL 

will facilitate the gas reactants diffusion through the GDL to the catalyst 

layer and should improve the PEM fuel cell performance.  
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4) A lower liquid water flow rate into the channel can facilitate faster water 

removal due to the relatively faster detachment of water from the top wall. 

However, simulation results also showed that the liquid flow rate had little 

influence on the two-phase flow patterns formed in the channel. Thus, in 

order to shorten the computational time, the liquid flow rates could be 

amplified by several orders of magnitude in order to study the flow 

characteristics qualitatively in operating fuel cells. 
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4. Two-phase flow patterns in gas flow channel
1
 

As reviewed in the chapter 1, the two-phase flow pattern in PEMFC gas flow 

channels has a great impact on the reactant distribution and the pressure drop. 

Several flow patterns have been identified in the PEM fuel cell channel both from 

in-situ [15, 98] and from ex-situ [94, 99] experiments, such as mist flow, droplet 

flow, film flow, annular flow and slug flow. Hussaini and Wang [98] and Lu et al. 

[99]  have developed two-phase flow regime maps in terms of superficial gas and 

liquid velocities. These flow regime maps are useful for selecting optimal 

operating conditions. However, the two-phase flow pattern depends not only on 

the gas and water flow rate, but also the channel design and operating procedure, 

material properties, etc. The two-phase flow pattern may also vary along the 

length of the channel, since water is constantly introduced into the channels from 

the GDL. Therefore, there is still a lack of consistency on the two-phase flow 

patterns in PEM fuel cell channels in the literature. 

The main challenge in simulating flow patterns in fuel cells is how to consider the 

GDL microstructure. Most of the simulations do not address this issue, and have 

treated the GDL surface either as a homogenous surface or a surface with only a 

single open pore for liquid water injection. Some pore-scale models, such as the 

pore-network model and the Lattice Boltzmann model, are able to consider the 

detailed microstructure of the GDL, but at the micro-scale, which is thus not 

suitable for simulating the two-phase flow patterns at the macro-scale that form in 

the flow channel. In chapter 3, a simplified microstructure for the GDL surface 

was proposed in order to simulate the multiple droplet behaviour in a 

microchannel of a PEMFC. It was found that, in the channel width direction, at 

                                            

1
 A version of this chapter has been published. Y. Ding, H.T. Bi, D.P. Wilkinson. Three-

dimensional numerical simulation of water droplet emerging from a gas diffusion layer surface in 
micro-channels. J. Power Sources 2010; 195: 7278-7288. Part of results were presented in the 
conference: 8th International Conference on Nanochannels, Microchannels, and Minichannels, 
2010, Montreal, Canada. 
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least 2 pores are required to represent the microstructure of the GDL surface, 

and the two-phase flow pattern in the channel only changes slightly with further 

increase in the pore number. In this chapter, the same approach as used in last 

chapter was extended to a much larger channel by implementing a simplified 

microstructure, which is comparable with realistic PEMFC gas flow channels. The 

effects of liquid injection rates and surface wettability on two-phase flow patterns 

in the flow channel were then investigated.   

4.1. Computational domain and boundary conditions 

The three-dimensional computational domain is shown in Figure 4.1. A cuboid 

channel, which is used in all the simulations, has a 1.0 mm × 1.0 mm square 

cross section and is 100 mm in length with a hydrophobic GDL surface on the 

bottom and three hydrophilic channel walls. There is a 20 mm long entrance 

region before the water emergence area, which ensures the gas flow being fully 

developed before contacting the water droplets. In Chapter 3, it was shown that 

two pores in the width direction are enough to represent the microstructure of the 

GDL surface in a microchannel. Therefore, in this chapter, the same strategy is 

employed to simplify the GDL surface structure by opening 320 pores on the 

GDL surface with the same diameter of 400 µm. The selection of pore diameter 

ensures the total open area of GDL surface is around 50%, which corresponds to 

typical GDL surfaces with a porosity of 0.5. Air flows into the channel from one 

end and liquid water is injected from the multiple pores along the GDL surface. 
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(a) 
 

 
 

(b) 

 
(c) 

Figure 4.1: Three-dimensional computational domain: (a) overview (b) simplified GDL 
microstructure (c) Local view of GDL microstructure with meshes.   

 

For the base case, the velocity of air was set at 5 m∙s-1 at the atmospheric 

pressure, which is of the same order of magnitude as flows encountered in 

automotive fuel cell stacks [90]. The liquid injection velocity was set at 10-4 m∙s-1 

for all the pores, which corresponds to the theoretical liquid generation rate at a 

current density of 0.5 A∙cm-2. Laminar flow and the non-slip boundary condition 

are assumed since the Reynolds number of each phase is quite small (Reg=458, 

Rel=11.9). The static contact angles of GDL surface and channel wall surface 

were set at 140o and 45o, respectively, based on typical PTFE treated carbon 

paper GDL materials and carbon plate. Air and water physical properties, i.e., 

densities, viscosities and surface tension coefficient were all set to a typical PEM 

fuel cell operating temperature of 70 oC. The model is isothermal, thus, liquid 

evaporation and condensation were not accounted. The time step for the 

baseline simulation was set at 10-6 s, which ensures that the global courant 
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number is less than 1. 149,690 meshes in total were used in the simulation with a 

mesh size of 0.1 mm. Figure 4.1(c) shows the local view of meshes at water inlet 

and GDL surface. Time step and mesh size independency were examined for the 

base case, to prove that they were small enough.  

4.2. Results and discussion 

4.2.1. Two-phase flow patterns in gas flow channels 

It is worth noting that since the length to height ratio of the channel is 100:1, it is 

difficult to have an overview of the whole channel. Therefore, for a better view, 

the length of the channel has been suppressed by a factor of 10 times, making 

the spherical droplets ellipsoid-like. Meanwhile, the undistorted two-phase flow 

patterns at certain location are also given by snapshots besides the overall view.  

As shown in Figure 4.2, for the base case, the three-stage droplet behaviour, 

which was found in Chapter 3, namely emergence and merging of liquid water on 

the GDL surface, accumulation on the side walls, and detachment from the top 

wall, could be identified in the channel. Liquid droplets first emerge from the 

pores and then coalesce on the GDL surface to form larger droplets. Due to the 

wettability difference between the GDL surface and channel walls, droplets on 

the GDL surface tend to attach to side walls (emergence and merging stage). 

Then, as the liquid water is constantly injected from the bottom, more and more 

water accumulates on the side wall, resulting in even larger droplets 

(accumulating stage). Due to the drag force exerted by the gas, large droplets 

begin to move slowly along the side wall, which forms so-called bottom corner 

droplet flow on the GDL surface. As these droplets move forward, more and 

more droplets coalesce and the droplets grow larger. Once a droplet hits the top 

wall, it rapidly spreads out on the top wall, and due to its much faster speed, it 

quickly detaches itself from the bottom corner, with some water on the side wall 

also being dragged away (detachment stage). As a result, corner droplet flow is 

formed. Since the droplet on the top wall moves much faster, it gives them more 
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opportunities to coalesce with other droplets that are still sitting on the bottom 

corner. Therefore, droplets flow on the top corner is usually larger than those on 

the bottom corner. 

 

 

 
Figure 4.2: Two-phase flow patterns in the channel. 

 

To quantitatively illustrate the two-phase flow pattern evolution along the channel, 

the time-averaged water coverage ratio on different surfaces along the channel 

was calculated as shown in Figure 4.3. The x-axis indicates the distance from the 

channel inlet, and the water coverage ratio is defined as the ratio of the surface 

area covered by water to the total surface area. The GDL water coverage ratio is 
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more important since the water on the GDL surface blocks the reactant diffusive 

pathway. To maintain a good cell performance, GDL water coverage should be 

kept as low as possible. In this case, the high GDL water coverage ratio means 

that the flow pattern is mainly bottom corner flow. The fluctuation in water 

coverage on the GDL and side wall reflects the droplet detachment from the 

bottom. The top wall water coverage ratio is still increasing, indicating that the 

flow is still developing along the channel.  
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Figure 4.3: Time-averaged water coverage ratio on different surfaces along the channel. 

 

4.2.2. Effects of liquid flow rates 

In the base case, the liquid injection rate was set according to the theoretical 

liquid generation rate by the electrochemical reaction in the cathode catalyst 

layer using dry air as the reactant gas. Practically, the inlet gas is usually 

humidified to avoid membrane dehydration. Therefore, the liquid water formation 

rate in the cathode side channel is usually much higher than that generated by 

the reaction due to water condensation. Also, in an active PEM fuel cell the gas 
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channel is much longer, and more water tends to accumulate in the channel 

especially in the downstream section of the channel, resulting in various two-

phase flow patterns as observed in the literature. However, simulating such a 

long channel requires an extremely huge computational time. To shorten the 

water accumulation, we simply increased the liquid injection rates by 10 (x10 

case), 100 (x100 case) and 1000 (x1000 case) times, respectively to mimic the 

flow patterns in the downstream section of a long channel. 

The two-phase flow pattern for each case is shown in Figure 4.4, and the time-

averaged water coverage ratio on different surfaces along the channel is shown 

in Figure 4.5. For the x10 case (Figure 4.4.a), droplets emerge into the channel 

much faster than that in the base case (Figure 4.2), resulting in more and bigger 

droplets on the GDL surface. Meanwhile, the detachment occurs more frequently, 

with more water flowing on the top wall. Since the top wall is hydrophilic, the 

droplets in the top corner tend to form a liquid film. Therefore, the flow pattern for 

the x10 case is bottom corner droplet flow and top wall film flow. Figure 4.5.a 

shows that the GDL surface water coverage ratio reaches its highest point at 

about 0.04 m, indicating that beyond this point, droplets detach faster than they 

emerge. The top wall water coverage ratio begins to exceed the GDL surface 

water coverage ratio at about 0.065 m, and it still continues to increase at the 

end of channel, indicating that the flow is still developing. 
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(a) 

 
 

(b) 

 
 

(c) 

Figure 4.4: Effects of liquid flow rate on the two-phase flow patterns in the channel: (a) x10 case, 
(b) x100 case, and (c) x1000 case. 
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(c) 

Figure 4.5: Time-averaged water coverage ratio on different surfaces along the channel: (a) x10 
case, (b) x100 case, and (c) x1000 case. 
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Further increasing the liquid flow, as shown in the x100 case (Figure 4.4.b), 

results in more water present on all the channel walls. Droplets on the GDL 

surface merge together and the liquid film on the top wall covers almost all the 

top wall surface, which makes the flow pattern in the channel similar to annular 

flow. The water coverage ratio on each wall eventually becomes stable as shown 

in Figure 4.5.b. Most of the water flows on the top wall, which results in the GDL 

water coverage ratio being similar to the x10 case. When the liquid flow rate is 

amplified by 1000 times, quite distinct flow patterns are formed in the channel 

(Figure 4.4.c). Liquid water covers almost all the channel wall surface, and 

becomes a continuous phase. An annular flow pattern develops in the entrance 

section, and then gas bubble and slug flow are identified in the exit section of the 

channel. Due to the density differences between water and air, discrete gas 

bubbles can easily escape from the top of the channel. Therefore, the GDL 

surface water coverage ratio is much higher than that of the top wall (Figure 

4.5.c), which indicates a much different water distribution for very high water 

injection rate.   

These selected four cases imply that, the flow patterns in a longer PEM fuel cell 

flow channel may follow a flow pattern evolution along the length of channel, 

namely, corner droplet flow at the beginning of channel, followed by top wall film 

flow, annular flow, and finally slug flow in the channel. From a practical point of 

view, slug flow should be avoided as much as possible, since it causes an 

extremely high GDL surface water coverage ratio and therefore significant loss in 

fuel cell performance. 

The effects of liquid flow rates on the time-averaged water volume fraction (also 

called water saturation) and total pressure drop were also analyzed as shown in 

Figure 4.6. The water volume fraction or the water saturation indicates the 

degree of channel flooding. The pressure drop, which is a key parameter, 

indicates the energy loss for the fluid flowing through the channel. It is obvious 
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that the pressure drop increases exponentially with the increasing water volume 

fraction. Therefore, water accumulation in the channel for an operating PEM fuel 

cell should be avoided as much as possible to reduce parasitic energy loss, 

reactant flow maldistribution, and poor cell performance. 

 
Figure 4.6: Effects liquid flow rate on the pressure drop and water volume fraction in the channel. 

 

4.2.3. Effects of GDL surface wettability 

The wettability of the GDL, which is characterized by the surface contact angle, 

plays a significant role in PEM fuel cell water management. To investigate the 

impact of GDL surface wettability on the two-phase flow patterns formed in the 

channel, several GDL surface contact angles, i.e., 45o, 60o, 90o, 120o, and 140o 

were tested in the simulation. The contact angle of the other walls was kept 

constant at 45o. The liquid water injection rate was amplified by 10 times as in 

the x10 case. 
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Figure 4.7 shows quite different two-phase flow patterns in the channel for 

different GDL contact angles. When the GDL surface contact angle is hydrophilic, 

i.e., Figure 4.7a, b, c, water on the GDL surface tends to form a liquid film. The 

lower the GDL contact angle, the higher the GDL area that is covered by the 

water, which blocks the reactants pathway to the catalyst layer and leads to 

decreased fuel cell performance. There is no water flowing on the top wall for 

these hydrophilic cases. Therefore, the flow pattern in the channel is bottom film 

flow or bottom corner flow. As the contact angle of the GDL surface increases, 

liquid water begins to move to and accumulate on the side walls and the higher 

the contact angle, the more water moving from the GDL surface to the side walls. 

When the GDL surface is hydrophobic, i.e. Figure 4.7 d, e, water begins to form 

liquid droplets rather than liquid films, and the three-stage droplet behaviour can 

be identified again. The two-phase flow pattern becomes corner droplet flow as 

observed in the base case. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Figure 4.7: Effects of contact angle of GDL surface on the two-phase flow patterns in the channel 
:(a) θ=45

o
, (b) θ=60

o
,(c) θ=90

o
, (d) θ=120

o
, (e) θ=140

o
. 

The effects of GDL wettability on the time-averaged water distribution are shown 

in Figure 4.8. For the hydrophilic GDL surface, the water coverage ratio on the 

side walls changes very little with varying GDL contact angle due to the balance 

of liquid droplet moving from the GDL to the side wall and faster expelling out of 

the channel. No water is present on the top wall, and the water coverage ratio on 

the GDL surface decreases significantly as the contact angle increases. This is 

because a higher contact angle lifts the water up, changing the water on the GDL 
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from a liquid film to droplets, thus occupying less GDL surface area. On the other 

hand, for the hydrophobic GDL surface, further increase in contact angle 

decreases the water coverage ratio on the GDL surface. Meanwhile, the liquid 

droplets are able to touch the top wall, resulting in the top corner flow, which 

decreases the water coverage ratio on the side walls slightly. 

 
Figure 4.8: Effects of GDL surface contact angle on the water distribution in the channel. 

 

The effects of GDL surface wettability on the time-averaged pressure drop and 

water volume faction are shown in Figure 4.9. Increasing the GDL surface 

contact angle always increases the total pressure drop, which is consistent with 

experimental results [143, 144]. This is because higher hydrophobicity of the 

GDL surface lifts more water up from the GDL surface to occupy more of the 

cross sectional channel area, which blocks the gas pathway in the channel, 

resulting in higher pressure drop. In addition, the increased drag forces between 

the liquid and gas also shorten the water residence time in the channel and thus 

reduce the water volume fraction. 
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Figure 4.9: Effects of GDL surface contact angle on the pressure drop and water volume fraction 

in the channel. 
 

It can be concluded from the previous observations that increasing the 

hydrophobicity of the GDL surface is helpful to expel liquid water from the GDL 

surface and reduce the water volume fraction in the channel, but the pressure 

drop also increases slightly. Therefore, in the selection of the GDL contact angles 

both avoiding flooding and reducing parasitic energy loss should be considered. 

4.2.4. Effects of channel wall surface wettability 

The effects of channel wall surface wettability were also investigated by varying 

the contact angle of channel walls from 45o to 140o, i.e., 45o, 60o, 90o, 120o, and 

140o. The contact angle of the GDL surface was kept at 140o for all these cases. 

The liquid water injection rate was amplified by 10 times as in the x10 case.  

Figure 4.10 shows the two-phase flow patterns formed in the channel for different 

channel wall contact angles. For hydrophilic channel walls (Figure 4.10 a, b, c), 

the flow pattern is corner droplet flow as observed in the base case. For more 
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hydrophilic wall surfaces, the droplets on the GDL surface move more easily to 

the top wall, increasing the droplet detachment frequency and forming larger 

droplets on the top corner. Thus, it facilitates faster water removal from the 

channel. For hydrophobic channel walls (Figure 4.10 d, e), the flow pattern is 

droplet flow on the GDL surface, and no water flows on the top wall. All the 

droplets are expelled from the hydrophobic surfaces, occupying a large cross 

sectional area of the channel, and thus become easier to be flushed out by the 

gas. It is also observed that the highly hydrophobic channel walls can further 

prevent the formation of larger droplets in the channel and reduce the droplet 

resident time. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Figure 4.10: Effects of contact angle of channel side and top wall surfaces on the two-phase flow 
patterns in the channel: (a) θ=45

o
, (b) θ=60

o
, (c) θ=90

o
, (d) θ=120

o
, (e) θ=140

o
. 

 

The effects of channel wall wettability on the water distribution in the channel are 

shown in Figure 4.11. It is found that when the channel wall is hydrophilic, 

increasing the channel wall contact angle significantly decreases the water 

coverage ratio on the top and side walls, due to the prevention of droplet 

formation on the side walls. Correspondingly, the GDL surface coverage also 

decreases slightly, since the larger droplets formed on the GDL surface 

accelerate their removal from the channel. When the channel wall is hydrophobic, 
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stable droplets are formed, with little water attached onto the top and side walls. 

Therefore, any further increase in the channel wall contact angle has little impact 

on the water distribution in the channel. 

 
Figure 4.11: Effects of channel wall contact angle on the water distribution in the channel. 

 

The effects of channel wall wettability on the pressure drop and water volume 

fraction are shown in Figure 4.12. The pressure drop is seen to increase first with 

increasing the channel wall contact angle due to the larger water cross sectional 

area, followed by a slight decrease due to the smaller droplets formed on the 

GDL surface. Increasing the channel wall contact angle always decreases the 

water volume fraction in the channel, because of the reduced water resident time. 

The previous results indicate that using a more hydrophilic channel wall is helpful 

to reduce the pressure drop but the GDL water coverage ratio also increases 

slightly. The selection of optimal channel wall wettability thus depends on the 

specific requirement of fuel cell applications.  
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Figure 4.12: Effects of channel wall contact angle on the pressure drop and water volume fraction 

in the channel. 
 

4.3. Conclusions 

The following conclusions can be drawn from this chapter: 

1) Three stages of droplet behaviour can be identified, namely, i) emergence and 

merging of liquid water on the GDL surface, ii) accumulation on the side walls, 

and iii) detachment from the top wall, For the base case, i.e., at theoretical liquid 

water production rate, the flow pattern is corner droplet flow, with liquid water 

mainly presents in the bottom corners. 

2) With increasing liquid injection rates, the flow pattern evolves from corner 

droplet flow to top wall film flow, annular flow, and finally slug flow.  

3) To reduce the parasitic energy loss, the water volume faction should be kept 

as low as possible in the channel, since the pressure drop increases 

exponentially with it.  
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4) The material wettability has a great impact on the two-phase flow pattern, 

water distribution and pressure drop. Using a more hydrophobic GDL surface is 

helpful to expel water from the GDL surface, but also increases the pressure 

drop. On the other hand, using a more hydrophilic channel wall reduces the 

pressure drop, but increases the GDL water coverage ratio slightly and the water 

residence time.  
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5. Impacts of two-phase flow maldistribution on 

flow behaviours in parallel gas flow channels 

Flow maldistribution always happens in PEM fuel cells when using common inlet 

and exit headers to supply reactant gases to multiple channels. This 

maldistribution is problematic because it leaves the more flooded channels 

without sufficient air flow and the less flooded channels with excessive air flow. 

As a result, it lowers fuel cell performance, leads to the loss of cell efficiency, and 

causes durability problems.  As reviewed in Chapter 1, possible reasons for flow 

maldistribution include different flow resistances caused by inherent geometric 

differences (e.g., manufacturing tolerances, channel defect or corrosion), GDL 

intrusion during compression [114], uneven liquid water accumulation in the flow 

field channels [115], and two-phase flow instabilities [126]. Several analytical 

models [121, 145-148] and CFD-based simulations [114, 120, 122, 148] have 

been utilized to study the flow maldistribution in multiple channels. However, 

most of those works did not consider the existence of liquid water, except that 

Basu et al. [145] who used their two-phase flow analytical model and found that 

flow maldistribution is always more severe in a two-phase flow than in a single-

phase flow field. They also used the mixture model to study the mitigation of flow 

maldistribution [114, 122]. However, the mixture model is not capable of 

capturing the liquid droplet or the slug flow which was found to be mainly 

responsible for the severe maldistribution in parallel channels from experiments 

[99]. Thus, the VOF method is probably a more suitable two-phase flow model for 

investigating the flow maldistribution phenomena in multiple channels.  

In this chapter, the impact of gas flow maldistribution on two-phase flow pattern, 

pressure drop and water coverage in two parallel channels is simulated using 

VOF method. The gas maldistribution is introduced by injecting water into the 

channel with different flow rates. Effects of liquid injection rates and material 

wettability on the degree of maldistribution are also discussed. Finally, the 
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potential impact of the GDL microstructure on flow maldistribution in parallel 

channels is investigated. 

5.1. Computational domain and boundary conditions 

Figure 5.1 shows the three-dimensional computational domain of the two parallel 

channels, which have a 1.0 mm × 1.0 mm square cross section for each branch 

and a 100 mm in length. The distance between two parallel channels is 1 mm. Air 

flows into the channel from the left end and liquid water is injected from two 

pores at the entrance of each branch on the GDL surface. The setting of two-

pore-in-the-width-direction ensures that the two-phase flow patterns can be 

reproduced as discussed in Chapter 3. The distance from the manifold to the 

water inlets is 5 mm. 

 
Figure 5.1: Three-dimensional computation domain of two-parallel channel. 

 

For all the cases, the velocity of air is set at 4.464 m/s at atmospheric pressure 

and, for the base case, the water injection velocity is set at 0.1 m/s for all the 
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pores. The operating conditions are set according to a typical operating PEM fuel 

cell (cathode side) at a current density of 1 A/cm2. Liquid flow rates in each 

branch are set differently to mimic the severe liquid maldistribution caused by 

non-uniform water generation. The liquid velocity is amplified by 100 times to 

shorten the computation time. Same as in Chapter 4, the GDL surface, i.e., the 

bottom surface is hydrophobic with a contact angle of 140o, and all the other 

surfaces are hydrophilic with a contact angle of 45o. The total meshes of the 

geometry are about 220,000 and the time step for all the simulations is less than 

10-6 s to ensure the global courant number below 1. 

5.2. Results and discussion 

5.2.1. Effects of severe flow maldistibution  

To mimic the severe liquid maldistribution, liquid velocity in the left branch is set 

at 0.01 m/s, one-tenth of that in the base case. Liquid velocity in right branch is 

increased to 0.19 m/s to keep the total liquid flow rate the same as in the base 

case. 

Figure 5.2 shows the two-phase flow pattern in the two parallel channels with and 

without maldistribution. The blue color indicates liquid droplets. For the base 

case (Figure 5.2a) without maldistribution, the flow pattern is the top-wall droplet 

flow, which is consistent with the case in Chapter 4, and this flow pattern is 

formed mainly due to the wettability difference between the GDL surface and 

other channel walls. When more water enters the right branch (Figure 5.2b), 

larger droplets are formed due to the higher liquid flow rate and the lower gas 

flow rate. As they flow along the channel, some droplets coalescence and then 

elongate on the top wall. Especially near the right branch outlet, slug flow 

sometimes appears. In the left branch, much smaller droplets are formed and 

quickly removed from the channel due to a high gas flow rate. 
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(a) (b) 

Figure 5.2: Effects of maldistribution on two-phase flow patterns in parallel channels: (a) w/o 
maldistribution, (b) with maldistribution 

 

The average gas velocities in each branch are shown in Figure 5.3. The error bar 

gives the standard deviation of gas velocity after the steady state is reached. 

Apparently, flow maldistribution not only alters the gas distribution in two 

branches, but also results in more gas flow fluctuation, which may be detrimental 

to the fuel cell stable operation. This fluctuation is associated with the formation 

of slug flow in the right branch. When slug flow forms, it causes a high flow 

resistance, thus reduces the gas flow in the branch.   
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Figure 5.3: Effects of maldistribution on averaged gas velocity in each branch. 

 

Figure 5.4 shows the average total pressure drop and liquid volume fraction in 

each branch. As discussed above, the existence of slug flow increases the total 

pressure drop and its fluctuations. The unstable gas flow in each branch also 

influences the liquid removal, therefore increases the fluctuation of liquid volume 

fraction. The total pressure drop with a liquid maldistribution is higher than the 

base case with uniform distribution, which accelerates the liquid being expelled 

from the channel. Thus the total volume fraction with maldistribution (9.2%) is 

smaller than the base case (11.8%). 



106 

w/o mal. with mal.
0

200

400

600

800

 Pressure Drop

 

 

P
re

s
s
u
re

 D
ro

p
 (

P
a
)

Cases

0.00

0.05

0.10

0.15

0.20

0.25

0.30

L
iq

u
id

 V
o
lu

m
e
 F

ra
c
ti
o
n
 (

-)

 Left Branch

 Right Branch

 
Figure 5.4: Effects of maldistribution on total pressure drop and liquid volume fractions in each 

branch. 
 

Figure 5.5 shows the effects of maldistribution on wall liquid coverage in each 

branch. The liquid coverage ratio is defined as the ratio of the surface area 

covered by liquid to the total surface area. The GDL water coverage ratio is a key 

parameter to indicate the impact of liquid water on PEM fuel cell performance; 

because GDL surface coverage by liquid water reduces the reactant gas 

diffusion into the catalyst layer, where the electrochemical reaction occurs. The 

total top and side wall liquid coverage ratios with maldistribution are much 

smaller than the base case. One reason is that in the base case, droplets are 

smaller and thinner, which are easy to spread on the channel surfaces. 

Meanwhile, more total liquid volume fraction in the base case further increases 

the liquid coverage ratio on the top and side walls. Since slug flow formed in the 

channel with a maldistribution, the total GDL liquid coverage ratio is a little bit 

higher, which may reduce the fuel cell performance if reactions are included in 

the simulation. 
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Figure 5.5: Effects of liquid maldistribution on wall liquid coverage in each branch. 

 

5.2.2. Effects of the degree of flow maldistribution  

In operating PEM fuel cells, different degree of flow maldistribution may occur in 

multiple channels. Some channels may totally be blocked by liquid water, 

causing more gas flows through other channels, which may lead to membrane 

dehydration there. To study the effects of the degree of flow maldistribution on 

fuel cell performance, different liquid injection rate ratios between the two parallel 

channels were set by changing the water flow rate in one branch while keeping 

the total water flow rate the same.  

Figure 5.6 shows the two-phase flow patterns under different liquid injection rate 

ratios.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.6: Effects of the degree of flow maldistribution on two-phase flow patterns. 
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QL and QR indicate the liquid injection rates in the left and right branch, 

respectively. In general, the two-phase flow pattern mostly remains in the top-

wall droplet flow under different degrees of flow maldistribution. Fewer droplets 

present in the left branch and their sizes become smaller when the severity of 

maldistribution is increased. Meanwhile, in the right branch, droplets first become 

larger due to their coalescence (Figure 5.6 e,f), then because of less gas flowing 

through the channel, droplets become longer (Figure 5.6 a,b,c,d) and eventually 

transform into slugs in the channel. 

Figure 5.7(a) clearly shows the two tendencies of flow pattern development. 

When QL/ QR is higher than 0.25, the severity of gas maldistribution changes 

gradually mainly associated with the changing of liquid volume in the channel. 

When the liquid flow ratio is lower than 0.25, slug flow begins to appear, and gas 

maldistibution changes more substantially with the liquid ratio. The gas flow rate 

ratio‟s variation with liquid flow rate ratio, as shown in Figure 5.7(b), has a 

hyperbola shape of curve, which is consistent with experimental results [149]. 

The transformation of two-phase flow pattern well explains the variation of gas 

flow rate ratio with liquid flow rate ratio. 
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(a) (b) 

Figure 5.7: Effects of the degree of flow maldistribution on (a) gas velocity (b) gas flow rate ratio. 
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The GDL surface liquid coverage ratios in each branch are shown in Figure 5.8. 

Although the slug flow does not exist in the left branch, there still is some liquid 

(about 0.3%) covering the GDL surface due to the emerging droplets from the 

GDL surface, as shown in Chapter 3, Increasing the gas velocity will elongate the 

droplets and thus increase the GDL liquid coverage. Therefore, GDL liquid 

coverage ratio in the left branch firstly increases with increasing the severity of 

maldistribution (QL/ QR from 1.0 to 0.4), and the opposite trend is followed in the 

right branch. Increasing gas flow rate also advances the droplet detachment. 

Therefore, further increasing gas flow rate will decrease the GDL coverage, as 

observed in the left branch (QL/ QR from 0.4 to 0). The sudden increase (QL/ QR 

from 0.25 to 0.0) in the right branch is due to the transition to slug flow and the 

sudden drop (QL/ QR at 0.0) in the left branch is caused by the absence of liquid 

in the channel.  

0.0 0.2 0.4 0.6 0.8 1.0
0.000

0.002

0.004

0.006

0.008

G
D

L
 S

u
rf

a
c
e
 L

iq
u
id

 C
o
v
e
ra

g
e
 R

a
ti
o
 (

-)

Liquid Flow Rate Ratio (-)

 Left Branch

 Righ Branch

 
Figure 5.8: Effects of the degree of flow maldistribution on GDL surface liquid coverage ratio.  

 

The total pressure drop at different degrees of flow maldistribution (Figure 5.9) is 

complicated. The pressure drop in parallel channels depends on many factors, 
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e.g. two-phase flow patterns, droplet size, liquid distribution and flow instabilities 

etc. Zhang et al. [118, 126, 150] also recorded such a wavy shape of pressure 

drop from their experiments, and attributed it to the flow instabilities. But in 

general the pressure drop seems to be insensitive to the flow maldistribution, 

which are consistent with the existence of gas and liquid maldistribution in 

parallel two-phase flow channels. 

0.0 0.2 0.4 0.6 0.8 1.0
350

375

400

425

450

P
re

s
s
u
re

 D
ro

p
 (

P
a
)

Liquid Flow Rate Ratio (-)  
Figure 5.9: Effects of the degree of flow maldistribution on pressure drop. 

 

As shown in Figure 5.10, liquid volume fraction in the left branch continuously 

decreases (QL/ QR from 1.0 to 0) due to the presence of less liquid and more gas. 

The flow in the right branch is just in contrary, except that the two-phase flow 

pattern transforms from the droplet flow to slug flow.  
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Figure 5.10: Effects of the degree of flow maldistribution on liquid volume fraction.  

 

5.2.3. Effects of GDL surface hydrophobicity on flow maldistribution 

In Chapters 3 and 4, the GDL and channel wall hydrophobicity are found to have 

great impact on droplet behaviours and two-phase flow patterns. However, there 

is still no open literature on their effects on flow maldistribution. In this section, 

the effect of GDL surface hydrophobicity on flow maldistribution is investigated 

based on simulations by varying the GDL surface static contact angle from 45o to 

120o, i.e., 45o, 60o, 90o, and 120o. In all those simulated cases, the liquid injection 

velocities in each branch are set at 0.01 m/s and 0.19 m/s, respectively. The 

obtained two-phase flow patterns under different GDL surface hydrophobicity are 

shown in Figure 5.11. As expected, slug flow appears more frequently in the right 

branch for more hydrophilic GDL surface, e.g. Figure 5.11a, b. Meanwhile, the 

total liquid volume holdup in the channels also decreases with increasing the 

hydrophilicity of GDL surfaces.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.11: Effects of GDL surface hydrophobicity on the two-phase flow patterns :(a) θ=45
o
, (b) 

θ=60
o
, (c) θ=90

o
, (d) θ=120

o
. 

 

Liquid slugs increase the local flow resistance, meanwhile, accelerate their 

removal and thus reduce the liquid volume holdup in the channel (Figure 5.12 b). 

These two mechanisms have opposite effects on the pressure drop, thus 

resulting in a parabolic shape of the pressure drop curve (Figure 5.12 a). Since 

there is no slug flow in the left branch, the liquid volume fraction there is 

dominated by the pressure drop, i.e., higher pressure drop corresponds to less 

liquid holdup. For hydrophobic GDL surface, e.g., with a contact angle of 120o 

and 140o, there is almost no slug flow in the right branch. Increasing the 

hydrophobicity of GDL would decrease the critical droplet detachment diameter, 
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leading to smaller droplets which are easier to be removed from the channel. 

Therefore, there is a slightly lower liquid content in the right branch when more 

hydrophobic GDL is used. This conclusion is consistent with previous ones 

drawn in Chapters 3 and 4. 
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(a) (b) 

Figure 5.12: Effects of GDL surface hydrophobicity on (a) pressure drop (b) liquid volume fraction. 
 

Using more hydrophilic GDL surface always increases the GDL liquid coverage 

ratio (Figure 5.13), which is not favored for the fuel cell performance. The flow 

maldistribution also becomes a little bit more severe when more hydrophilic GDL 

surface is used (Figure 5.14). Therefore, it can be concluded that more 

hydrophobic GDL surface should be used in PEM fuel cells to reduce flow 

maldistribution and increasing fuel cell performance. 
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Figure 5.13: Effects of GDL surface hydrophobicity on GDL liquid coverage ratio. 

 

30 60 90 120 150
0

1

2

3

4

5

G
a
s
 V

e
lo

c
it
y
 (

m
/s

)

GDL Contact Angle(
o
)

 Left Branch

 Right Branch

 
Figure 5.14: Effects of GDL surface hydrophobicity on flow maldistribution. 
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5.2.4. Effects of channel wall hydrophobicity on flow maldistribution 

In this section, the effects of channel wall hydrophobicity on flow maldistribution 

are simulated by varying the channel wall contact angle, i.e., 60o, 90o, 120o, and 

140o. The settings of injected liquid velocities in each branch remain the same as 

in the prior section. Figure 5.15 shows that as the channel wall contact angle 

increases, droplets in the right branch become smaller and fewer. For the 

hydrophobic channel wall, i.e., Figure 5.15 c, d, slug flow is observed. Changing 

channel wall wettability also changes the droplet size and shape in the left 

branch, although its impact is insignificant because of low liquid flow rate.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.15: Effects of channel wall hydrophobicity on the two-phase flow patterns :(a) θ=60
o
, (b) 

θ=90
o
, (c) θ=120

o
, (d) θ=140

o
. 
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Altering channel wall contact angle can exert a great impact on the pressure drop 

(Figure 5.16a). A decrease of pressure drop as the contact angle varies from 45o 

to 60o mainly results from the less resident time of liquid in the channel. The 

sudden pressure drop increase as the contact angle changes from 60o to 120o is 

related to the more frequent appearance of slugs. Further increasing the channel 

wall contact angle does not change the slug flow pattern but accelerates the 

droplet removal, thus decreases the pressure drop. Liquid volume fractions in 

both branches always decrease with increasing the hydrophobicity of the channel 

wall (Figure 5.16b), which is consistent with previous simulation results 

presented in Chapters 3 and 4. 
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(a) (b) 
Figure 5.16: Effects of channel wall hydrophobicity on (a) pressure drop (b) liquid volume fraction. 

 

Using more hydrophilic channel wall is an effective method to reduce the GDL 

liquid coverage (Figure 5.17), leading to improved fuel cell performance. The 

high GDL liquid coverage for hydrophobic channel walls indicates the existence 

of slug flow. In the left branch, however, more hydrophobic channel walls lower 

the GDL liquid coverage due to the fast droplet detachment. 
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Figure 5.17: Effects of channel wall hydrophobicity on GDL liquid coverage ratio. 

 

Channel walls with a contact angle close to 90o give the least flow maldistribution 

(Figure 5.18). Taking all factors into consideration, it is suggested that a 

moderate channel wall contact angle, e.g. 80o to 90o, should be used in PEM fuel 

cells. Within this range of contact angles, pressure drops and the GDL liquid 

coverage are much lower than in channels with hydrophobic channel walls. The 

liquid volume faction is also lower and the flow maldistribution is less severe than 

in channels with more hydrophilic channel walls. 
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Figure 5.18: Effects of channel wall hydrophobicity on flow maldistribution. 

 

5.2.5. Effects of liquid inlet position on flow maldistribution 

The GDL has a random microstructure as shown in Chapter 1. Therefore, water 

droplet may emerge from several pores that are randomly located in parallel 

channels. The random emergence of droplets may cause different flow 

resistance between channels, leading to flow maldistribution, even though the 

liquid flow rates in each branch are the same. To examine the effects of liquid 

inlet position on flow maldistribution, a new parallel channel configuration is 

considered as shown in Figure 5.19 b where water inlet in the left branch is 

located to the middle of the channel. The injected liquid velocity is set at 0.1 m/s 

for both cases. 
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(a) Base case 

 

 
(b) Mid-inlet 

Figure 5.19: Comparison of water inlet positions of two cases. 
 

A snapshot of the two-phase flow pattern for the mid-inlet case is shown in 

Figure 5.20. For both branches, the flow pattern remains in the top wall droplet 

flow. Since the pressure drop over the two branches must be equal, pressure 

gradient for each droplet in the left branch must be higher than that in the right 

branch. Therefore, droplets in the left branch are stretched and thus longer than 

the droplet in the right branch. 

 
Figure 5.20: Simulated two-phase flow pattern for the mid-inlet case. 
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Figure 5.21 shows that the liquid inlet position has a huge impact on flow 

maldistribution, and it also causes large gas velocity fluctuations. The gas flow 

rate ratio (left branch to right branch) is about 1.37, almost the same degree as 

the ratio at a liquid flow ratio (QL/QR) of 0.67 in the base case. This result implies 

that the GDL microstructure is probably another factor that may influence the flow 

maldistribution. 
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Figure 5.21: Effects of liquid inlet position on the average gas velocity in each branch. 

 

5.3. Conclusions 

The following conclusions can be drawn from this chapter‟s simulation study: 

1) Severe flow maldistribution caused by uneven liquid flow rates in two parallel 

channels may transform the two-phase flow patterns from the top wall droplet 

flow to the slug flow in the higher-liquid-flow-rate-branch. It also leads to severe 

uneven gas distribution, and increases the pressure drop, gas velocity 
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fluctuations and the GDL surface liquid coverage, which are detrimental to the 

PEM fuel cell performance.  

2) Varying the degree of flow maldistribution does not change the two-phase flow 

patterns except under severe maldistribution conditions, i.e. at a liquid flow rate 

ratio less than 0.25, where the slug flow starts to appear, gas maldistibution 

becomes more severe, and GDL surface liquid coverage soars up. Pressure 

drops at different degrees of flow maldistribution show a wavy shape that may be 

associated with the flow instabilities in parallel channels. 

3) Using more hydrophobic GDL is helpful to avoid slug flow, reduce the total 

pressure drop, decrease the GDL surface liquid coverage and improve the gas 

maldistribution. Meanwhile, a moderate channel wall contact angle, e.g. 80o to 

90o, should be used in PEM fuel cells because, within this range, pressure drops 

and the GDL liquid coverage are lower than in a channel with hydrophobic walls, 

the liquid volume faction is lower and the flow maldistribution is less severe. 

4) Simulation results show that the GDL microstructure is probably another factor 

that may cause flow maldistribution. 
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6. Communicating channels for flow mal-

distribution mitigation
1
  

Flow maldistribution in multiple channels of PEM fuel cells is almost unavoidable 

due to the different flow resistances caused by inherent geometric differences, 

asymmetrical channel design, two-phase flow instabilities or random droplet 

emerging. Several researchers have tried different designs to reduce flow 

maldistribution based on either simulations or experiments. Johnson et al., found 

that increasing the pressure differences between adjacent gas channels could  

improve water management or reactant distribution [151]. Based on this principle, 

several novel channel configurations have been designed, such as channels with 

varying depth or width [151], wave or sinusoidal shaped channels [152], and 

crossly connected channels [152]. Basu et al. [122] designed a flow splitter in the 

manifold, which was found to reduce the flow maldistribution by more than 50% 

based on simulation. Liu et al. [123] designed multiple bifurcations to distribute 

gas flow. Wang et al. [124] simulated the gas flow in a novel flow field of a bionic 

flow slab. Comparing to multiple parallel channels, it increased flow uniformity 

while maintaining a reasonable pressure drop. Hu et al. [125] designed a slotted-

interdigitated channel, which was then optimized to reduce maldistribution. 

However, none of those works have considered the presence of liquid slugs in 

the channel or even two-phase flow in their designs.  

In parallel channels, the different flow resistance also creates a pressure 

difference between two adjacent channels. Since the GDL is porous media, it 

allows gas or liquid flows through it, i.e., flow communications. The existence of 

flow communications may produce two distinct impacts on flow distributions. 

When liquid flow through the GDL, it reduces the flow maldistribution by evening 

                                            

1
 A version of this chapter will be submitted for publication: Y. Ding, R. Anderson, L.F. Zhang, H.T. 

Bi, D.P. Wilkinson. Simulations of Two-phase Flow Distribution in Communicating Parallel 
Channels for a PEM Fuel Cell 
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out the liquid distribution, but if gas flows through the GDL from the high liquid 

flow channel to the low liquid flow channel, it may make flow maldistribution even 

worse. However, little attention has been paid to the effect of communication 

between parallel channels on flow distributions in the open literature. 

In view of the knowledge gap on the impact of flow communications on flow 

distributions in interconnected parallel channels for fuel cells, an attempt has 

been made to simulate two-phase flow in parallel channels with communications 

in this chapter. The investigated interconnected parallel channels resemble the 

gas and liquid communication in fuel cell flow fields due to inherent or artificial 

structures of GDLs. To investigate the effect of communicating channels, two 

parallel channels are connected at several locations along the length of the 

channels. The proposed benefits of the across-rib (or landing area) transport 

have been noted numerically in the study of adverse flow fields [153], but the 

projected benefits may be unrealistic or lessened since liquid water was not 

included in the simulation.  

6.1. Computational domain and boundary conditions 

Figure 5.2(a) shows the schematics of simulated parallel communicating 

channels. Each parallel channel has a 1.0 mm × 1.0 mm square cross section 

and is 100 mm in length. The distance between the two parallel channels is 1 

mm. This geometry has the same dimension as in Chapter 5 except that the two 

parallel channels are connected by several communication channels along the 

length of the channels. In order to investigate the effect of communication 

channels, five different channel designs are tested. There is no communication 

channel for the base case, and the other four cases have different width of 

communication channels, i.e., 0.25 mm, 0.5mm, 1 mm and 2 mm, respectively. 

The depth of the communication channel in those cases is 1 mm. To maintain the 

overall communication area being the same, the number of communication 

channels also varies with their width. There are 20 communication channels for 

the 0.25 mm case, 10 for the 0.5 mm case and 5 for the 1 mm case. For 2 mm 
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case, 5 communication channels are used to test the effects of total 

communication area. For all cases, communication channels are equally 

distributed along the two parallel communicating channels. 

 
(a) 

 
(b) 

Figure 6.1: Three-dimensional computational domain (a) illustration of parallel communicating 
channels (b) base case  

As shown in Figure 5.2(b), air flows into the channel from one end and liquid 

water is injected from two pores at the entrance of each branch on the GDL 

surface. For all the cases, the velocity of air is set at 4.464 m/s at atmospheric 

pressure, and the water injection velocity is set at 0.01 m/s in the left branch and 

0.19 m/s in the right branch. The operating conditions are set according to an 

operating PEM fuel cell (cathode side) at a current density of 1 A/cm2. Liquid flow 
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rates in each branch are set differently to mimic the severe liquid maldistribution 

caused by non-uniform water generation. The liquid velocity is amplified by 100 

times to shorten the computation time, since the two-phase flow pattern in the 

channel has been found not to change when the liquid flow rate is amplified 

several orders of magnitude [154]. The static contact angles of the GDL surface 

and channel wall surface are set at 140o and 45o, respectively, according to a 

real PEM fuel cell [155]. 

6.2. Results and discussion 

6.2.1. Effects of communication channels on flow maldistribution  

Figure 6.2 shows the two-phase flow patterns for five cases simulating the 

operating conditions for the cathode side of a PEM fuel cell at 1 A/cm2. For the 

base case, as discussed in Chapter 5, the flow pattern in both branches is mainly 

top wall droplet flow where the liquid droplets are attached to the top wall. The 

slug flow also appears in the right branch sometimes. For the 2 mm 

communication channel case, big liquid slugs are formed in the right branch, 

which block the whole channel and result in ceased gas flow in the right branch. 

Some of the water in the right branch is able to flow through the first 

communication channel (the nearest one to the gas inlet), but it seems that water 

prefers to stay in the right branch, even flowing back to the entrance of the right 

branch. For the case with 1 mm size communication channels, the droplets or 

liquid slugs in the right branch are smaller than those in the 2 mm case, but still 

bigger than those in the base case. The communication channels allow the gas 

and liquid to exchange, but the left branch does not appear to gain much liquid 

via exchange. Liquid droplets in the right parallel channel after the third 

communication channel form liquid slugs due to the reduced gas flow. For the 0.5 

mm case, more liquid begins to move through communication channels from the 

right to the left branch. All the communication channels are occupied by liquid 

due to the capillary effect in small channels, which also indicates that gas may 

not be able to flow through those channels. For the 0.25 mm case, more liquid 
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water is forced to flow from right to the left branch, and no liquid slugs show up in 

the last two cases.  

  

  

 
Figure 6.2: Snapshots two-phase flow patterns in each case. 
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Water saturation is a key parameter, since liquid water formed in the gas flow 

channel will increase the pressure drop (causing a parasitic power loss) and may 

reduce PEM fuel cell performance. Figure 6.3 shows the time-averaged water 

volume fraction, namely water saturation, in both branches for the five cases. It is 

obvious that using communication channels will increase the water saturation in 

both branches. Since the liquid injection rates are the same for all those cases, it 

means that water has a longer residence time in communicating channel 

branches when there is communication between the two branches. Therefore, it 

will take longer time to have the liquid removed from the channels. The water 

volume fraction in the left branch also reflects the amount of liquid transferred 

through the communicating channels. Comparing those cases with 

communications, the 2 mm case is not recommended since it not only causes 

longer liquid slugs, but also significantly increases the water holdup in both 

branches. Meanwhile, smaller size communication channels are able to keep a 

lower liquid water holdup in the right branch and avoid the formation of slug flow.  
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Figure 6.3: Time-averaged water volume fraction in each branch. 

 

The GDL water coverage ratio, which is defined as the ratio of the GDL surface 

area covered by water to the total GDL surface area for both parallel channels, is 

another key parameter to indicate the impact of liquid water on PEM fuel cell 

performance. In PEM fuel cells, gas reactants diffuse from the flow field channel 

through the GDLs to the catalyst layer. Once a certain area of GDL surface is 
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covered by liquid water, some of the diffusion pathways will be blocked, resulting 

in less catalyst sites being used and thus lowering the cell performance. Figure 

6.4 shows the time-averaged total GDL water coverage ratio for the five cases. 

For the base case, the 0.5 mm case and the 0.25 mm case, the flow pattern is in 

top wall droplet flow with very little GDL surface area being covered by water. 

Therefore, they have almost the same level of GDL water coverage ratio. For the 

1 mm case, due to the larger droplets and longer residence time, the two-phase 

flow pattern begins to transit from droplet flow to slug flow, which greatly 

increases the GDL water coverage. For even longer liquid slugs, as formed in the 

2 mm case, the GDL water coverage ratio is much higher and keeps growing due 

to the continuous accumulation of water in the right branch. From these results, it 

can be concluded that more communication between two branches leads to 

higher water holdup and higher GDL surface water coverage, with both being 

harmful to the fuel cell performance. But when the size of communication 

channels is small enough, it may impose little influence on the fuel cell 

performance due to the unchanged GDL water coverage ratio. 
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Figure 6.4: Time-averaged total GDL water coverage ratio. 
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To quantify the effect of communication on the flow maldistribution in the two 

parallel channels, the time-averaged superficial gas velocity variation along the 

left branch is calculated and shown in Figure 6.5. Since the total gas flow rate for 

those cases are the same, it is not necessary to show the gas velocity in the right 

branch. For an even distribution, the gas flow velocity should be 2.232 m/s. 

Therefore, the closer the gas velocity is to 2.232 m/s, the less severe gas flow 

maldistribution there is in the parallel channel. For the base case, there is no 

communication between two parallel channels, thus the superficial gas velocity 

remains the same along the channel. The liquid injection rate difference is the 

only cause for the flow maldistribution. For other cases, communication channel 

size has a huge impact on the flow maldistribution. In the 1 mm case, gas flows 

from the right branch to the left branch at every communication channel, since 

the superficial gas velocity in the left branch always increases along the channel 

after each communication channel. Because the parallel channels require the 

pressure drop across each branch to be identical, the right branch, which has 

more water than the left branch, must have a lower gas velocity to balance the 

overall pressure drop across the parallel channel. On the other hand, gas is more 

mobile than liquid. Therefore, when a pressure difference is formed between the 

two branches, it is easier for gas to transfer from the higher pressure branch to 

the lower pressure branch. For the 2 mm case, wider communication channels 

allow more gas exchange, resulting in no gas passing through the right branch 

and the formation of long slugs in the right branch. Since liquid slugs cause large 

pressure drops, the pressure at the exit end of right branch may become less 

than the left branch, which pushes the gas flow back from the left to the right 

branch, i.e., the gas flow rate in the right branch increases after the 4th and 5th 

communication channels. It can be inferred that the high pressure drop caused 

by the liquid slug also results in less pressure gradient in the rest of the right 

branch to satisfy the requirement of equal total pressure drop in both branches. 

Small size communication channels, as in the 0.5 mm and 0.25 mm cases, have 

completely different hydrodynamics. Due to the capillary force, liquid in those two 
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cases fully fill up the communication channels, which can prevent the gas flowing 

through them. When there is a pressure difference, only liquid is allowed to 

exchange between the two branches. With 0.25 mm communication channels, 

the flow maldistribution is even more reduced comparing to the base case, which 

proves that the use of small communication channels can be an effective tool in 

mitigating the flow maldistribution. 
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Figure 6.5: Time-averaged superficial velocity along the left branch.  

The time-averaged pressure drop for the five cases is shown in Figure 6.6. The 

pressure drops for all those cases almost remain the same and the 0.25 mm 

case gives the least pressure drop. As discussed in Chapter 5, the pressure drop 

seems to be insensitive to the severity of flow maldistribution. Therefore, using 

communication channels will not notably alter the overall pressure drop across 

the flow field channels. 
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Figure 6.6: Time-averaged total pressure drop. 

 

6.2.2. Effects of communication channels on liquid slug removal 

In an active PEM fuel cell, a liquid droplet or slug usually stays in the channel for 

a long time before it is removed from the channel by the passing gas, and the 

droplet or slug removal process is much faster than its accumulation. Therefore, 

the water removal in channels can be considered to be a transient process in the 

cell, which means that during the slug removal the water generated from reaction 

can be neglected. In order to investigate the effects of communicating channels 

on the water‟s transient behaviour, we started with a 1 cm long slug in the right 

branch as an initial state. During the whole process of liquid removal, no 

additional liquid water was injected into the cell. The final states of liquid 

distribution for those cases are simulated and shown in Figure 6.7. At the final 

states, liquid distribution will no longer change with time. For the base case, it is 

seen that all the liquid is flushed out of the channel after a certain time. But in 

both the 1 mm and 2 mm communication channel cases, some water still 

remains in the channel, indicating that the gas flow rate is not high enough to 
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expel water out of the channel. Furthermore, the remaining liquid in the 2 mm 

case forms liquid slugs rather than droplets hanging on the top wall, which has a 

negative impact on the fuel cell performance and the total pressure drop. Also, 

stagnant liquid droplets or slugs always hang around the communication 

channels, indicating that the gas exchange through the communication channels 

may hinder the liquid movement. In the 0.25 mm and 0.5 mm communication 

channel cases, almost all the communication channels are filled by liquid. There 

is still some water left in the parallel channels at the final state, but much less 

than that in the 1 mm and 2 mm cases, and the water does not cover the GDL 

surface but hangs on the top wall, which has little impact on the fuel cell 

performance. 
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Figure 6.7: Snapshots of initial and final water distribution in channels with communications. 

 

Figure 6.8 shows the temporal variation of water volume fraction in both parallel 

channel branches. Liquid can be completely removed from the right branch after 

0.45 s for the base case, but for the 1 mm case after about 0.5 s, there is still 

20% of the initial water remaining in the right branch and another 4% in the left 

branch. Even worse, the 2 mm case appears to have no capability to remove the 

water, leaving about 90% of the initial water in the channel. Liquid removal in the 

0.5 mm case is faster than the 1 mm and 2 mm cases. It takes about 0.45 s for 

the 0.4 mm case to reach the steady-state, but there is still 15% of the initial 

water left in the channel (excluding the water hanging in the communication 

channels). The small communication channel allows more liquid to flow from the 

right branch to the left branch. But since the liquid in the left branch mainly flows 

on a hydrophilic top wall, it tends to form a liquid film and takes much longer time 

to expel out of the channel. As a result, more water stays in the left channel 

branch at the steady state for the case with small 0.5 mm communication 

channels.  
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Figure 6.8:  Temporal variation of water volume fraction in each parallel channel branch. 
 

The temporal variation of total GDL water coverage ratio for the three cases is 

shown in Figure 6.9. It takes about 0.1 s to remove the water from the GDL 

surface for the base case, about 0.5 s for the 1 mm case and about 0.2 s for the 

0.5 mm and 0.25 mm cases. Although there is certain liquid remaining in the 

channel for the 1 mm, 0.5 mm and 0.25 mm cases, the wettability difference 

between the GDL surface and the other walls is still large enough to lift the water 

up from the GDL surface, reducing the GDL water coverage ratio to almost zero. 

However, for the 2 mm case, too much water remains in the channel. After the 

liquid passing the second communication channel, most of the gas flows to the 

left branch, leaving liquid staying in the right channel near the 2nd communication 

channel to form liquid slugs. Therefore, the GDL water coverage ratio rebounds 

to about 1.5% after 0.2 s.  
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Figure 6.9:  Temporal variation of total GDL water coverage ratio. 

 

Figure 6.10 shows the final state of the superficial gas velocity profile along the 

left channel branch. As discussed previously, gas has a better mobility than liquid 

and can easily adjust itself to “find” the best way to reduce the total pressure drop. 

Therefore, when the communication channels are wide (1 mm and 2 mm cases), 

gas will always avoid passing by the liquid water if an alternative path is available. 

The velocity profile in Figure 6.10 clearly demonstrates this tendency. Referring 

to the final state of water distribution in Figure 6.7, more water in one branch 

always results in a higher gas flow rate in the other branch. When there is less or 

no water in one channel branch, the gas from the other channel branch will flow 

through the communication channel to it to balance the pressure drop in the 

other branch. This result is especially relevant for the 2 mm case, where the 

whole right branch from the second communication channel to the fifth 

communication channel is blocked by liquid slugs, causing the most severe gas 

maldistribution in this section. However, when the communication channels are 

narrow enough, as in the 0.5 mm and 0.25 mm cases, they are fully filled by 
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liquid which prevents the gas exchange via the strong capillary forces. Therefore, 

the gas flow rate along the channel remains the same. 
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Figure 6.10: Final state of superficial gas velocity along the channel length. 

 

From those simulation results, it can be concluded that when a liquid slug passes 

through parallel channels with communication channels, there will be certain 

liquid exchange between the two parallel channel branches. The amount of liquid 

communicated depends on the size of communication channels, i.e., the smaller 

the channel, the more liquid exchange. Communicating parallel channels always 

delay the liquid removal from the channel and subsequently liquid expelling from 

the GDL surface, which would be potentially detrimental to the fuel cell 

performance.  

6.3. Implications of communication channels to PEM fuel cells 

Communication is always happening inside a PEM fuel cell GDL via in-plane 

diffusion or convection [156]. While the communication channel geometry may be 
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exaggerated in our simulations, flow fields relying on in-plane GDL diffusion 

(such as interdigitated flow fields) may need to consider communication-induced 

maldistribution. This mechanism of maldistribution (in addition to GDL intrusion or 

water formation in gas flow channels for instance) is new to the literature, and 

may be a consideration for future experimental and numerical work.  

High in-plane diffusion may also cause reactant bypass (reducing active area 

used) in PEM fuel cells with certain flow fields [157]. Serpentine flow field 

channels experience flow bypass when there is a difference between the local 

oxygen partial pressure and the total pressure of an adjacent channel. Under 

these conditions, convective and diffusive transport of gas reactants under the 

landing area can occur (adjacent channels thus establish communications). 

While the reactant bypass in the GDL was reported to enhance the 

electrochemical reaction for the case with a high in-plane permeability [157], the 

communication-induced maldistribution was ignored in the previous simulation. 

The negative effects of the maldistribution may offset any electrochemical gains 

by reducing flooding in the flow field channels. Thus, the results presented here 

could be incorporated into future simulations for a more accurate understanding 

of the relationship between water management and PEM fuel cell performance.  

A slotted-interdigitated flow field plate was recently proposed to eliminate flow 

maldistribution [158]. These slots connected typical interdigitated channels in a 

way similar to the communicating channels studied in this paper. An analytical 

model based on single-phase gas flow was used to determine the optimal slot 

dimensions, without accounting for the possible presence of liquid water in the 

flow field channels. Thus, the conclusions obtained from this study may not be 

applicable to the actual fuel cells when two-phase flow is always present. In the 

presence of liquid water, we expect that the maldistribution may actually be 

worse in their proposed geometry since their communication channels are much 

wider than those of the flow channels. 
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As a potential method to mitigate the flow maldistribution in multiple parallel 

channels, communicating channels need to be carefully optimized, since they 

can also cause certain negative effects such as the reduced liquid removal 

capacity. More experimental or numerical work should be conducted to further 

determine the optimal size, number and positions of the communication channels 

in parallel flow channels. 

6.4. Conclusions 

In this study, the VOF method was employed to investigate the performance of 

communicating flow field channels on mitigating the two-phase flow 

maldistribution. The following conclusions can be drawn, 

1) Communication between parallel channels can have a great impact on the 

two-phase flow pattern, gas and water distribution and flow maldistribution. When 

the communication channels are wide, they provide a pathway for gas to short-

circuit the liquid, leading to a worse gas flow distribution. However, when the 

communication channels are narrow enough, due to the capillary force, liquid will 

occupy the whole communication channel which prevents the gas exchange 

between parallel channels. As a result, the small communication channels are 

helpful for mitigating the flow maldistribution by redistributing the liquid among 

the parallel flow channels. 

2) With communication channels, the liquid water in the flow channel tends to 

have a longer residence time, which results in a higher water content in both 

branches, and higher water coverage ratio on the GDL surface, which, however, 

has little impact on the overall pressure drop. 

 3) The removal of liquid slugs in the parallel channels is significantly affected by 

the communication channels as well. With communications, water removal from 

flow channels or from the GDL surface is delayed, which would decrease the 
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PEM fuel cell performance. Wide communication channels even make water 

permanently remain in the channel, leading to increased total pressure drop. 

4) The current simulation results suggest that wide communication channels 

between parallel flow channels should be avoided to reduce gas maldistibution 

and accelerate liquid water removal. Narrow communication channels can be 

used to mitigate the flow maldistribution but need to be carefully designed.  

5) Since the communication between parallel channels naturally occurs in a PEM 

fuel cell through the porous GDL via in-plane diffusion, further simulations should 

be carried out to investigate the effects of this inherent communication. 
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7. 3D simulations of the impact of two-phase flow 

on PEM fuel cell performance
1
 

To better understand the impact of two-phase flow on the PEM fuel cell 

performance, a two-phase flow model must first be able to reproduce the two-

phase flow patterns at the channel length scale. As discussed in Chapter 1, the 

VOF method is perhaps the most potential model because of its capacity to track 

the gas-liquid interface at large scales. However, coupling the VOF method with 

electrochemical reaction is still a challenge. Le et al. [75, 76, 106] developed a 

general model that included electrochemical reactions, heat transfer and species 

transport in the frame of VOF method. But, they treated the MEA as a 

homogenous layer without a microstructure, with the liquid droplets being initially 

located in gas flow channels. Therefore, such an approach can only provide 

some initial or transient information about the impact of droplets on PEM fuel cell 

performance. To address this issue, we have developed a 1+3D two-phase flow 

model as presented in Chapter 2. The VOF method was employed to account for 

the two-phase flow and species transports in a 3D cathode-side gas flow channel, 

coupling with a 1D MEA model to account for the electrochemical reactions and 

species transport inside MEA.  

In this chapter, the two-phase flow patterns under severe flooding conditions are 

examined based on simulations. The effects of liquid generation rates, current 

densities, and gas stoichiometric flow ratios on the PEM fuel cell performance 

are investigated. In addition, the impact of GDL surface and channel wall 

wettability on the cell performance is also studied. 

                                            

1
 A version of this chapter has been submitted for publication. Y. Ding, H.T. Bi, D.P. Wilkinson. 

3D Simulations of the Impact of Two-phase Flow on PEM Fuel Cell Performance. 
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7.1. Computational domain and parameters  

A three-dimensional straight single channel was used in all simulations. As 

shown in Figure 2.1, the channel has a 1.0 mm × 1.0 mm square cross section 

and 100 mm in length with a hydrophobic GDL surface on the bottom and three 

hydrophilic channel walls. 20 water emerging pores are located randomly on the 

GDL surface along the channel with the same diameter of 250 µm, which 

represents the large pores on the GDL surface. A total of 100,000 meshes with a 

uniform size of 0.1 mm are used in the simulation, which is fine enough to obtain 

the stable two-phase flow patterns at the channel scale. Adaptive time step 

method is utilized in order to keep the global courant number less than 0.5, which 

ensures that the droplet behaviour in the channel can be well captured.  

 
Figure 7.1: Illustration of 1+3D cathode side of a PEM fuel cell. 

 

Fully humidified air flows into the channel from one end and both liquid and gas 

exit at the other end. The air flow rate at the inlet is calculated based on the gas 

stoichiometric ratio , which is defined as follows: 
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where 
2 ,o inletm  is the number of moles of oxygen at the inlet and 

2 ,o reactionm  is the 

theoretically needed oxygen calculated by the operating current density and 

active surface area of MEA.  

The physical properties of oxygen, nitrogen and water (vapor and liquid), such as 

density, viscosity and diffusivity, are all calculated based on the kinetic theory at 

a given operating temperature and pressure [159]. Other operating conditions 

and model parameters are given in Table 7.1. 

Table 7.1: Constants and operating parameters. 

Constants and operating parameters  Value 

Gas constant 1 18.314 J K molR      

Faraday constant 196500 C molF    

Henry‟s constant for oxygen [127] 
3 120265.0 Pa m moloH   

 
 

Open circuit potential [127] 0 0.95 VE   

Thickness of GDL [127] 
42.5 10  mGL  

 
 

Membrane water transfer coefficient [127] 1   

Cathode transfer coefficient [127] 1c   

Cathode oxygen reference concentration [127] 
-340.9 mol mref

oC    

Oxygen diffusion coefficient [127] 
2

7 2 -37.2043 10  m seff

oD     

Cathode exchange current density [127] 
2

, 426.0 A mo ci    

Effective conductivity [127] 6 29.37 10  S m       

Static contact angle [154] , ,45 , 140o o

w side w GDL     

Operating pressure 206703.0 PaopP 
 

Operating temperature 348.15 KT   

Operating current density 
2500 ~12000 A mopI    

Operating gas stoichiometric ratio 2,  3, 4, 5, 6   

Inlet air humidity 100%
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7.2. Results and discussion 

7.2.1. Effects of stoichiometric flow ratios for single phase flow 

A series of base cases were first simulated at gas stoichiometric flow ratios 

ranging from 2 to 6. Water was assumed to be finely dispersed in the gas phase 

only, which corresponds to the dispersed two-phase flow, which is analogy to 

single-phase flow. It is seen in Figure 7.2 that the gas stoichiometric flow ratio or 

the gas flow rate has great impacts on the performance only in the mass 

transport limited region at current densities more than 800 mA/cm2 for those 

simulated cases. 
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Figure 7.2: Effects of gas stoichiometric flow ratios for single phase flow. 

 

7.2.2. Effects of two-phase flow on the PEMFC performance 

Liquid water in the gas flow channel blocks the pathway of reactants diffusing 

through the GDL, and alters the gas distribution along the channel. The two-

phase flow patterns are not only determined by how much of water the channel 
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contains, namely the water volume fraction, but also depends on how water 

distributes in the channel as shown in Chapter 3. Figure 7.3 shows the two-

phase flow pattern in the cathode channel when the cell is operated at  

800 mA/cm2 with a gas stoichiometric flow ratio of 2. Several small droplets can 

be identified on the GDL surface. However the water volume fraction is only 

about 0.7% on average, which is so little to give only a decrease of 4.3 mV in the 

cell voltage compared to the base case with single phase flow in the cathode 

channel. 

 
Figure 7.3: Two-phase flow pattern in the cathode side channel. 

 

From experiments [15, 94, 98, 99], the water content in the cathode channel is 

generally much higher than the above value. One possible reason is that the 

channel length we are simulating is only 10 cm, which is much shorter than a real 

fuel cell channel which typically has a length scale of 1 m. Therefore, less water 

is generated and accumulated in the end section of the channel. Another 

possible reason is that in real fuel cell channels, due to the channel wall 

roughness, some water may remain in the channel and cannot be readily 

removed by the passing gas. On contrary, in the current simulation, the channel 

walls are assumed to be perfectly smooth. Also, it usually takes several minutes 
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or even hours to observe slug flow in the experiment, but it takes only 10 s to 

reach the steady state in our simulation. It is worthy to note that simulating a 

longer channel with rough surfaces or simulating over a longer time requires 

extremely huge computational time, which is unrealistic for the current 

computational capacity. One alternative way to deal with this issue is to simply 

increase the water generation rate, which has been used in several simulation 

studies [100, 154, 160]. It has been proved that at a small scale, the two-phase 

flow pattern does not change even when the flow rate is amplified by 1000 times 

[154]. Therefore, we amplified the water generation rated by 10 (X10 case), 100 

(X100 case), and 1000 times (X1000 case), respectively, in subsequent 

simulations presented below, while the oxygen consumption rate is kept the 

same.  

The two-phase flow patterns for the three cases are shown in Figure 7.4. For the 

X10 case, in addition to the appearance of several liquid droplets on the GDL 

surface, a larger droplet forms and flows on the top wall. This flow pattern, 

namely top wall droplet flow, is in accordance with the two-phase flow pattern 

reported in Chapters 3 and 4. When small droplets coalesce to form large 

droplets, the opportunity for the droplet to touch the hydrophilic side walls is 

increased. Therefore, once hit the side wall, the droplets will detach them from 

the hydrophobic GDL surface and then flow on to the top wall. The same 

mechanism also applies to the X100 case, except that there are more droplets on 

the top wall, which begin to coalesce and spread on the top wall forming liquid 

films. When the liquid water generation rate is further increased, as in the X1000 

case, the droplets on the top wall become so big that they span to the whole 

cross sectional area of the channel and finally transform into liquid slugs. 
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(a) 

 
(b) 

 
(c) 

Figure 7.4: Effects of liquid water generation rates on two-phase flow patterns. 
(a) 10 times, (b) 100 times, (c) 1000 times. 



148 

 

Comparing the fuel cell performance at different liquid generation rate shown in 

Figure 7.5, it is found that only in the X1000 case, there is a drastic cell voltage 

drop from the X100 case. The error bar in the figure shows the standard 

deviation, which indicates the fluctuations over time. The pressure drop also 

does not change too much in the X1, X10 and X100 cases, since the droplets on 

the top and side hydrophilic walls tend to form liquid films, which occupy less 

cross sectional areas than the droplets on the GDL surface. However, the 

formation of liquid slugs, as in the X1000 case, causes a significant increase of 

pressure drop. Meanwhile the large fluctuations of pressure drop and cell voltage 

must have a damaging effect on the cell stability and durability. Therefore, it is 

suggested that the slug flow should be avoided during PEM fuel cell operation. 
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Figure 7.5: Effects of liquid water generation rates on the cell voltage and pressure drop. 

 

The liquid water distribution on different walls and liquid volume fraction in the 

channel are given in Figure 7.6. A water coverage ratio on a surface is defined as 

the ratio of the surface area covered by liquid water to the total surface area. 

Clearly, the fuel cell performance is greatly influenced by the water coverage 
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ratio of the GDL surface, because it determines the effective mass transfer area 

and reaction area in the catalyst layer. For the X1, X10 and X100 cases, the 

amount of liquid water on the GDL surface changes very little, as shown in Figure 

7.6, since most of liquid droplets flow on the top wall. Meanwhile, the water 

coverage ratio on the top and side walls increases rapidly with increasing the 

liquid generation rate, indicating that the extra liquid water mainly flows on the 

top and side walls. Although the water volume fraction increases accordingly, the 

overall cell voltage and pressure drop do not change much. However, further 

increase in liquid generation rate makes the flow pattern transition to the slug 

flow, and the GDL water coverage ratio increases significantly, resulting in a 

lower cell voltage. All the above results imply that due to the wettability 

differences between the GDL surface and other walls, the gas flow channel can 

hold a wide range of water amount without triggering the deterioration of the fuel 

cell performance.  
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Figure 7.6: Effects of liquid water generation rates on liquid wall coverage and volume fraction. 
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7.2.3. Effects of severe flooding on cell performance 

Slug flow is inevitable under high loading operating conditions, as observed from 

the experiment. Thus, it is important to investigate how to mitigate its negative 

impact on the PEM fuel cell performance. In this section, the fuel cell was 

operated at different current densities, ranging from 50 mA/cm2 to 1000 mA/cm2, 

i.e. 50, 100, 200, 400, 600, 800, 1000 mA/cm2. The water generation rate was 

amplified 1000 times as in the X1000 case in order to study the impact of slug 

flow, which corresponds to a PEM fuel cell operating under severe flooding which 

usually occurs at the end section of the flow channel. 

The fuel cell polarization curve in Figure 7.7 shows that the slug flow only affects 

the fuel cell performance in the mass transport limited region when the current 

density is more than 600 mA/cm2.  
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Figure 7.7: Fuel cell polarization curves under severe flooding conditions. 

 

At 800 mA/cm2, the presence of liquid slugs causes great voltage fluctuations, 

which are detrimental to the fuel cell power output and its durability. Further 

increasing the operating current density results in the complete shutdown of the 

cell, since there is not enough oxygen at the catalyst layer to sustain the reaction. 
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When operating in kinetic and ohmic region, the liquid slug flow has little effects 

on the fuel cell performance, and the fuel cell output voltage can still remain 

stable. 

Figure 7.8 shows the overall pressure drop as a function of current densities. The 

slug flow causes large pressure drop and fluctuations compared to single-phase 

flow, even at low current densities. Therefore, to reduce the parasitic energy loss 

and stabilize fuel cell operation, slug flow should be avoided, especially at high 

current densities.  
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Figure 7.8: Effects of operating current densities on overall pressure drop. 

 

Figure 7.9 shows the water distribution on different surfaces and water volume 

fraction in cathode channels. Since the gas stoichiometric flow ratio is fixed in 

these cases, namely the ratio between gas flow rate and water generation rate is 

kept the same at different current densities, changing operating current density 

does not have great impacts on water wall coverage and distribution among the 

walls and water volume fraction. At low current densities, increasing the current 
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density results in slightly higher water coverage ratios on top and side walls but 

lower water coverage ratio on the GDL surface, implying that the increased drag 

force between two phases, which acts to lift the liquid from the GDL, overweighs 

the increased water generation rate. One exception is the last point at 1000 

mA/cm2, which is due to a reduced water generation rate due to the fuel cell 

shutdown. Therefore, there should exist an optimal current density, where lowest 

GDL water coverage ratio can be achieved. 
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Figure 7.9: Effects of operating current densities on water wall coverage and liquid holdup. 

 

7.2.4. Effects of gas stoichiometric flow ratio on the PEMFC performance 

To mitigate the negative impact of slug flow, one can increase the gas 

stoichiometric flow ratio, i.e. the gas flow rate to accelerate the slug flush-out. In 

this section, several gas stoichiometric flow ratios, i.e. 2, 3, 4, 5 and 6, were used 

in the simulation at a constant current density of 800 mA/cm2. The two-phase 

flow patterns for different stoichiometric flow ratios are shown in Figure 7.10. As 

discussed above, slug flow is identified at a stoichiometric flow ratio of 2. 
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However, when operating at higher stoichiometric flow ratios, the increased drag 

force between two phases reduces the droplet residence time in the channel, and 

thus reduces the liquid slug length. Further increasing gas flow rate results in the 

two-phase flow pattern to shift from slug flow to the top wall droplet flow. The 

latter flow pattern is helpful to maintain high performance since there is little liquid 

water left on the GDL surface, and it also helps to reduce the overall pressure 

drop since the channel is no longer blocked by liquid slugs. 

 

 
 

(a) (b) 

  
(c) (d) 
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(e) 

Figure 7.10: Two-phase flow patterns at different gas stoichiometric flow ratios.  
(a) stoich.=2 (b) stoich.=3 (c) stoich.=4 (d) stoich.=5 (e) stoich.=6. 

The fuel cell output voltage and pressure drop over the channel at different gas 

stoichiometric flow ratios are shown in Figure 7.11. The pressure drop is seen to 

increase linearly with increasing the gas stoichiometric flow ratio. However, when 

the gas stoichiometric flow ratio becomes equal to or larger than 3, the fuel cell 

voltage does not change much, and the channel remains in slug flow. The reason 

is that more gas flow into the channel not only affects the two-phase flow pattern, 

but also provides more oxygen so that the fuel cell is not operated in the mass 

transport controlled region any more. Therefore, in this specific case, to 

maximize the fuel cell efficiency, the optimal gas stoichiometric flow ratio is 

around 3, since using larger stoichiometric ratios only causes more parasitic 

energy loss with little gain in voltage output. 
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Figure 7.11: Effects of gas stoichiometric flow ratio on the fuel cell voltage output and pressure 

drop. 
 

The water coverage and distribution on channel walls and water volume fraction 

at different gas stoichiometric flow ratios are given in Figure 7.12. As the 

stoichiometric ratio increases, the increase in gas flow rate reduces the droplet 

residence time, leading to lower water coverage ratios on the walls and the water 

volume fraction. One exception is at the stoichiometric ratio of 6 where a higher 

top wall water coverage ratio indicates that the flow pattern begins to transform 

from slug flow to the top wall droplet flow. 
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Figure 7.12: Effects of gas stoichiometric flow ratio on water wall coverage ratio and volume 

fraction. 
 

According to the previous single-phase flow results, the voltage differences in 

both kinetic and ohmic regions at different gas flow rate should be very small. 

Fuel cell operation at different gas stoichiometric flow ratios and different current 

densities were simulated only in the mass transport limited region, ranging from 

800 mA/cm2 to 1200 mA/cm2. As shown in Figure 7.13, increasing the gas flow 

rate significantly extends the ohmic region, as in the single-phase flow cases, 

and the effect becomes less significant when the gas flow rate is further 

increased at high stoichiometric ratios. 
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Figure 7.13: Effects of gas stoichiometric flow ratio on polarization curves. 

 

7.2.5. Effects of GDL surface wettability on fuel cell performance 

To investigate the impact of GDL surface wettability on the two-phase flow 

patterns and fuel cell performance under severe flooding, several GDL surface 

contact angles, i.e., 45o, 60o, 120o, and 140o were tested in the simulation. The 

contact angle of the other walls was kept constant at 45o. While the cell is 

operated at 800 mA/cm2, it is found that the two-phase flow pattern remains in 

slug flow with different GDL surface contact angles as shown in Figure 7.14. 

However, with a hydrophobic GDL surface, (Figure 7.14 c, d) the liquid slug 

formation is later than with a hydrophilic GDL surface (Figure 7.14 a, b). There is 

less reaction occurring at the end of the channel due to the reactants depletion, 

indicating that increasing GDL surface contact angle is an effective method to 

yield better cell performance.  
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(a) (b) 

  
(c) (d) 

Figure 7.14: Effects of GDL surface contact angle on the two-phase flow patterns in the channel 
at 800 mA/cm

2
: (a) θ=45

o
, (b) θ=60

o
, (c) θ=120

o
, (d) θ=140

o
. 

 

Changing the GDL surface wettability can effectively alter the water distribution in 

the fuel cell as shown in Figure 7.15. The GDL water coverage ratio significantly 

decreases with increasing GDL hydrophobicity. More water is lifted up due to the 

wettability difference between the GDL and other walls and flows on the top wall, 

leading to a higher top wall water coverage ratio. For more hydrophilic GDL 

surface, there are more liquid slugs formed, which accelerates the liquid removal 

from the cell and leads to the slightly lower water volume fraction.   
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Figure 7.15: Effects of GDL surface contact angle on water wall coverage and holdup at 800 

mA/cm
2
. 

 

As discussed in previous chapters, the pressure drop depends on not only the 

liquid holdup, but also the flow pattern and water distribution. When the GDL is 

hydrophilic, increasing its contact angle accelerates the liquid slug removal, 

resulting in lower pressure drops. But when the GDL is hydrophobic, increasing 

its contact angle pushes droplet to the hydrophilic channel wall causing longer 

water residence time, and thus increases the pressure drop. 
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Figure 7.16: Effects of GDL surface contact angle on the fuel cell pressure drop at 800 mA/cm

2
. 

 

The fuel cell output voltage under three current densities, i.e., 600 mA/cm2, 800 

mA/cm2 and 1000 mA/cm2 with different GDL surface contact angles is shown in 

Figure 7.17. Those three current densities represent the cell operations at ohmic 

and mass transfer limited region. Clearly, using a more hydrophobic GDL surface 

is highly recommended because it can significantly extend the ohmic region and 

increase the fuel cell performance. As we have found in previous chapters, 

hydrophobic GDL is helpful to lift the droplet up, leaving more area for reactant 

diffusing through it, therefore is capable to improve the fuel cell performance. 
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Figure 7.17: Effects of GDL surface contact angle on the fuel cell voltage output at three different 

current densities. 
 

7.2.6. Effects of channel wall wettability on fuel cell performance 

The impact of channel wall wettability on the two-phase flow patterns and fuel 

cell performance under severe flooding conditions were simulated by changing 

the channel wall contact angles from 45o to 140o, i.e., 45o, 60o, 120o, and 140o. 

The contact angle of GDL surface was kept constant at 140o. It is found that 

using more hydrophobic channel walls can reduce the liquid slug size but 

increase the number of slugs (Figure 7.18 c, d). Top wall droplet flow almost 

disappears in the channel with hydrophobic channel walls. 
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(a) (b) 

  
(c) (d) 

Figure 7.18: Effects of channel wall contact angle on the two-phase flow patterns in the channel 
at 800 mA/cm

2
: (a) θ=45

o
, (b) θ=60

o
, (c) θ=120

o
, (d) θ=140

o
. 

 

Using more hydrophobic channel walls also reduces liquid holdup and the top 

and side wall water coverage ratios (Figure 7.19), indicating that it is easier for 

the liquid to be removed from the channel. For the hydrophobic channel wall, the 

GDL water coverage ratio is higher since there is not enough wettability 

difference to life the liquid up. But for the hydrophilic channel wall, increasing 

GDL contact angle can slightly reduce the GDL water coverage ratio, which may 

be attributed to the faster liquid removal from the channel.  
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Figure 7.19: Effects of channel wall contact angle on water wall coverage and holdup at 800 

mA/cm
2
. 

 

The pressure drop over the channel with hydrophilic channel walls is higher than 

that with hydrophobic channel walls due to the longer liquid resident time, but is 

insensitive to the channel wall contact angle as long as the channel walls remain 

hydrophilic (Figure 7.20). Since there is a flow pattern transition from the top wall 

droplet flow to the slug flow when a channel wall changes from hydrophobic to 

hydrophilic, the pressure drop over the channel with hydrophilic walls has higher 

fluctuations than that with hydrophobic walls. 
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Figure 7.20: Effects of channel wall contact angle on the fuel cell pressure drop at 800 mA/cm
2
. 

 

As shown in Figure 7.21, the impact of channel wall wettability on the fuel cell 

voltage output is not as remarkable as the GDL surface wettability. In the ohmic 

region, i.e., 600 mA/cm2, the effect is insignificant. In the mass transport limited 

region, i.e., 800 mA/cm2, a hydrophobic channel wall increases the GDL surface 

water coverage thus reduces the cell output voltage, and is thus not 

recommended.  
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Figure 7.21: Effects of channel wall contact angle on the fuel cell voltage output at three different 

current densities. 
 

7.3. Conclusions 

The following conclusions can be drawn from this simulation work: 

1) Three flow patterns are observed in an operating fuel cell, namely, droplet flow, 

top wall droplet/film flow and slug flow. To obtain slug flow in the simulation, 

liquid generation rate is amplified by 1000 times, which represents the severe 

flooding observed at the end section of a long flow channel or after an extended 

operating period of time. 

2) Under severe flooding, compared to single-phase flow, the slug flow pattern 

only affects fuel cell voltage output in the mass transport limited region, i.e. at 

high current densities, and causes large cell voltage decrease and fluctuations, 

which are detrimental to the fuel cell stability and durability. However, the slug 

flow always creates high pressure drops and large pressure fluctuations, causing 
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extra energy loss. Therefore, the slug flow should be always avoided in operating 

PEM fuel cells. 

3) Increasing gas stoichiometric flow ratios can effectively extends the stable fuel 

cell operating range, and may alter the two-phase flow pattern in the channel. 

However, when operating at a certain current density, too large a stoichiometric 

ratio is not recommended, because it may cause more parasitic energy loss with 

little gain in voltage output. 

4) Altering GDL surface wettability can significantly change the water coverage 

ratio and distribution on channel walls and the fuel cell performance. Using more 

hydrophobic GDL surfaces is recommended to extend the ohmic region and 

increase the fuel cell output voltage. Although the impact of channel wall 

wettability on the cell performance is not as remarkable as the GDL surface 

wettability, increasing the contact angle of a hydrophilic channel wall can slightly 

increase the fuel cell output voltage because of the reduced GDL water coverage 

ratio. 
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8. Effects of two-phase flow maldistribution on 

PEM fuel cell performance 

In this chapter, the 1+3D two-phase flow model is applied to a fuel cell consisting 

of two parallel flow channels to investigate the effects of flow maldistribution on 

the fuel cell performance. The total water flow rate is determined by the current 

density, and the flow maldistribution is introduced by varying the water 

distribution in the two branches. The effects of flow maldistribution severity and 

liquid magnification are discussed in detail. Furthermore, several maldistribution 

mitigation methods are tested, such as changing material wettability, increasing 

gas stoichiometric flow ratio and adding inlet resistances.  

8.1. Computational domain and parameters 

The three-dimensional computational domain of the two parallel channels is 

shown in Figure 2.1. Each channel branch has a 1.0 mm × 1.0 mm square cross 

section and is 50 mm in length. The distance between two branches is 1 mm. 

Similarly to the base case in last chapter, there are a hydrophobic GDL surface 

with a contact angle of 140o on the bottom and three hydrophilic channel walls 

with a contact angle of 45o. 10 water emerging pores in each branch are located 

randomly on the GDL surface along the channel with the same diameter of 250 

µm, which represents the large pores on the GDL surface. The position of pores 

in each branch is symmetrical in order to avoid geometry-introduced flow 

maldistribution as discussed in Chapter 5. Fully humidified air flows into the 

channel from one end and both liquid and gas exit at the other end. The gas 

stoichiometric ratio is set at 2 for the base case, and all other parameters, such 

as reactant physical properties, operating conditions and model parameters are 

the same as in the last chapter. The total water flow rate is calculated by the 

operating current density, but for the base case, it is amplified by 1000 times in 

order to represent the severe flooding at the end section of a long channel or 

after an extended operating period of time. To introduce flow maldistribution, 
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different amount of water is injected into branches A and B. For example, the 

„25/75 case‟ indicates 25 percent of total water generated by reaction being 

injected into branch A and the other 75% into branch B. The „0/100 case‟ gives 

the extreme flow maldistribution with no water entering branch A, and the „50/50 

case‟ represents the even distribution of liquid water. A total of 116,000 meshes 

with a size of 0.1 mm are used in the simulation, which is fine enough to obtain 

the stable two-phase flow patterns at the channel scale. Adaptive time step 

method is utilized in order to keep the global courant number less than 0.5, which 

ensures that the droplet behavior in the channel can be well captured. 

 
Figure 8.1: Three-dimensional computation domain of two parallel channels. 

 

8.2. Results and discussion 

8.2.1. Effects of flow maldistribution severity on fuel cell performance 

Figure 8.2 shows the two-phase flow patterns under different flow maldistribution 

severity and at different current densities. As discussed in previous chapters, the 
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two-phase flow pattern in typical PEM fuel cell channels evolves from droplet flow 

to corner flow, top wall film flow, and finally slug flow. Since the liquid generated 

rate is amplified by 1000 times, the main two-phase flow pattern in the channel is 

the slug flow, but other two-phase flow patterns still can be identified in Figure 

8.2.  

   
(a) 

   
(b) 

   
(c) 

Figure 8.2: Effects of flow maldistribution severity on the two-phase flow patterns in the channel 
under three different current densities: (a) 100 mA/cm

2
, (b) 400 mA/cm

2
, (c) 800 mA/cm

2
. 

 

Obviously, more severe flow maldistribution leads to longer liquid slug, and in 

some cases, i.e., the „0/100 case‟ at 400 and 800 mA/cm2, and the „25/75 case‟ 

at 800 mA/cm2, the slug even occupies the entire branch, which will completely 
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shut down the reaction in it. For low current density, since the gas flow rate is low, 

severe flow maldistribution results in back flow in the branch B as in the „0/100 

case‟ at 100 mA/cm2. 

The fuel cell polarization curves under different degree of flow maldistribution are 

shown in Figure 8.3. For moderate flow maldistribution, namely the 25/75 case, 

only mass transport limited region is affected by the flow maldistribution. Severe 

flow maldistribution, namely the 0/100 case, results in a huge voltage decrease in 

both ohmic and mass transport limited regions. Therefore, from the fuel cell 

performance point of view, flow maldistribution should be well avoided. 
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Figure 8.3: Effects of flow maldistribution severity on the fuel cell polarization curve. 

 

The pressure drop differences caused by flow maldistribution at the same current 

density are not obvious at low to moderate maldistribution especially at low 

current densities, as shown in Figure 8.4. At severe maldistribution with the cell 

operated at high current densities, the pressure drop becomes higher than the 

base case with uniform flow maldistribution.  
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Figure 8.4: Effects of flow maldistribution severity on the total pressure drop. 

 

Figure 8.5 shows that the flow maldistribution also increases the total GDL water 

coverage ratio in the whole range of current densities, which is the main cause 

for poor fuel cell performances. In 4 simulated cases almost 50% GDL surface is 

covered by the water, indicating the likelihood of branch B being fully flooded.  
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Figure 8.5: Effects of flow maldistribution severity on the GDL water coverage ratio. 

 

The gas velocity ratio in Figure 8.6 is defined by the gas velocity in branch B over 

that in branch A. A value of 1.0 represents the even gas flow distribution, and 

there is no gas flow through branch B at a gas velocity ratio of 0.0. Apparently, 

the 0/100 case leads to the most severe gas flow maldistribution. For the 50/50 

case, there is a small deviation from 1.0 when the operating current density is 

higher than 100 mA/cm2. However, at 50 mA/cm2, the deviation is substantial, 

which may be due to the flow instabilities when the pressure drop is sensitive to 

the two-phase flow patterns at low gas velocity. For example, once a liquid slug 

is firstly formed in one branch, it increases the flow resistance there, and the gas 

flow rate in the other branch will increase, which thus reduces the chance of 

liquid slug formation in it. Especially at low current densities, there is not enough 

liquid in the channel to form slug flow in both branches. Therefore, even though 

the liquid flow rates are same in each branch, flow maldistribution still occurs. 

The flow maldistribution at low current densities for the „0/100 case‟ and „25/75 

case‟ is less severe than at high current densities owing to the back flow shown 

in Figure 8.2. 
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Figure 8.6: Effects of flow maldistribution severity on the gas velocity ratio  
 

8.2.2. Effects of liquid generation rate on flow maldistribution 

In the previous section, the liquid generation rate was amplified by 1000 times, 

which only represents the severe flooding at the end section of a long channel or 

after an extended operating period of time. To investigate the effects of flow 

maldistribution on fuel cell performance under low liquid generation rate, we 

simulated the cell performance with the liquid generation rate amplified by 10 and 

100 times, namely the X10 case and the X100 case.  

The output voltage at a current density of 800 mA/cm2 for the three cases with 

different liquid generation rates and different degrees of flow maldistribution is 

shown in Figure 8.7. Without flow maldistribution, namely the 50/50 case, there is 

a small voltage drop from the X100 case to the X1000 case, indicating that the 

fuel cell enters the mass transport limited region at high liquid generation rate. 

Meanwhile, with the flow maldistribution, namely both the 25/75 and the 0/100 

cases, the fuel cell almost shuts down, even at low liquid generation rates, which 
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proves that the flow maldistribution in parallel channels has a detrimental impact 

on the fuel cell performance and should be well avoided. 
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Figure 8.7: Effects of liquid generation rate on the fuel cell output voltage at a current density of 

800 mA/cm
2
. 

 

Gas velocity ratios at different liquid generation rates are shown in Figure 8.8. It 

is found that the gas flow maldistribution is slightly less severe at lower liquid 

generation rates, indicating that at higher current densities, the gas distribution in 

parallel channels is more sensitive to the liquid distribution. Even slight liquid 

uneven distribution may cause great gas flow maldistribution. 
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Figure 8.8: Effects of liquid generation rate on the gas velocity ratio. 

 

8.2.3. Effects of GDL surface wettability on flow maldistribution 

In previous chapters we have found that the GDL and channel wall wettability 

have great impacts on two-phase flow patterns, flow maldistribution and fuel cell 

performances. To further study their impact on flow maldistribution with reaction, 

the effects of GDL surface wettability was firstly simulated in this section by 

varying the GDL surface static contact angle from 45o to 120o, i.e., 45o, 60o, 90o, 

and 120o. The case with an operating current density of 600 mA/cm2 and 25/75 

case was selected for simulation since it represents a critical operating point 

according to the polarization curve in Figure 8.3. 

As shown in Figure 8.9, using more hydrophobic GDL can effectively expel liquid 

water from the GDL surface, and thus reduces the GDL water coverage ratio, 

which is of beneficial to the fuel cell performance because of the better liquid 

water removal from the GDL surface as observed in other chapters. 
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Figure 8.9: Effects of GDL surface contact angle on the fuel cell output voltage and the GDL 

water coverage ratio. 
 

As shown in Figure 8.10, using either extremely hydrophilic or hydrophobic GDL 

surface can slightly reduce the pressure drop, which is consistent with the 

observation reported in Chapter 5. However, the total pressure drop over the 

channel with different GDL surface contact angles does not change much since 

the two-phase flow pattern in the channel remains in the slug flow. Using more 

hydrophobic GDL also mitigates the gas flow maldistribution in parallel channels 

because of a less flooded channel B. It can thus be concluded that a more 

hydrophobic GDL is recommended to be employed in the fuel cell in order to 

improve the fuel cell performance, reduce total pressure drop and mitigate the 

gas flow maldistribution. 
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Figure 8.10: Effects of GDL surface contact angle on the total pressure drop and the gas velocity 

ratio. 
 

8.2.4. Effects of channel wall wettability on flow maldistribution 

Furthermore, the effects of channel wall wettability on flow maldistribution with 

reaction were simulated by varying the channel wall contact angle from 60o to 

140o, i.e., 60o, 90o, 120o, and 140o, meanwhile keeping the GDL surface contact 

angle at 140o.Similarly to the last section, the operating current density was set 

at 600 mA/cm2, and only the 25/75 case was simulated. 

Changing channel wall wettability has less significant impact on the fuel cell 

performance than changing the GDL surface wettability. As shown in Figure 8.11, 

increasing the channel wall contact angle suppresses the expelling of liquid water 

from GDL surface to side walls, thus slightly increases the GDL water coverage 

ratio. However, on the other hand, the hydrophobic channel walls also reduce the 

residence time of liquid slugs in the channel. As a result, further increasing the 

channel wall contact angle leads to a small decrease in the GDL water coverage 

ratio. But in general, the fuel cell performance does not change too much while 

varying the channel wall wettability. 
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Figure 8.11: Effects of channel wall contact angle on the fuel cell output voltage and the GDL 

water coverage ratio. 
 

Since the slug flow is the dominating two-phase flow pattern in the channel, 

accelerating the liquid slug‟s removal will effectively reduce the total pressure 

drop. Therefore, as shown in Figure 8.12, increasing channel wall contact angle 

decreases the pressure drop. The use of more hydrophobic channel walls is also 

found to create less severe gas flow maldistribution in the cell. This is because 

that hydrophobic channel walls increase the number of liquid slugs in branch A, 

thus balance the flow resistance in the two branches. In conclusion, when the 

slug flow pattern is dominant in the parallel channels, hydrophobic channel walls 

give lower pressure drops and less severe gas flow maldistribution than 

hydrophilic walls, while the fuel cell performance remains unchanged. 
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Figure 8.12: Effects of channel wall contact angle on the total pressure drop and the gas velocity 

ratio. 
 

8.2.5. Effects of cathode side gas stoichiometric flow ratio on flow 

maldistribution 

In Chapter 7, it is found that increasing the gas stoichiometric flow ratio can 

accelerate the removal of liquid slugs from the channel and thus increase the fuel 

cell performance. In this section, several gas stoichiometric flow ratios, i.e. 2, 3, 4, 

and 5, were used in the simulation at a constant current density of 600 mA/cm2 

and under different degrees of flow maldistribution to investigate its impact on the 

fuel cell performance and gas flow distribution. 

Figure 8.13 shows the output voltage of the fuel cell when operated at different 

gas stoichiometric flow ratios. It is seen that under the severe liquid flow 

maldistribution condition, namely the 0/100 case, increasing the cathode gas flow 

rate does not improve the fuel cell performance. Because once branch B is 

completely flooded, the additional gas input will only flow through the other 

branch. As a result, the total effective mass transfer and reaction area will remain 

the same, which is supported by the GDL water coverage ratio results shown in 

Figure 8.14. 
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Figure 8.13: Effects of gas stoichiometric flow ratio on the fuel cell output voltage. 

 

At severe liquid flow maldistribution, the GDL water coverage ratio remains at 

about 0.5, indicating a completely flooded branch B. However, when there is no 

flow maldistribution or only a moderate flow maldistribution, increasing the gas 

flow rate can effectively lower the GDL water coverage ratio and improve the fuel 

cell performance. It is worth to be noted that although there is little noticeable 

voltage increase with increasing the gas flow rate for the 50/50 and 25/75 cases 

in Figure 8.13, the large drop in GDL water coverage ratio can greatly extend the 

fuel cell ohmic region, so that the fuel cell can be operated at a higher current 

density. 
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Figure 8.14: Effects of gas stoichiometric flow ratio on the GDL water coverage ratio. 

 

Since increasing the gas flow rate cannot flush out the liquid slug in branch B 

when it is already fully flooded, the gas flow maldistribution in the 0/100 case 

does not get improved with increasing the gas flow rate (Figure 8.15). For the 

25/75 case, the gas flow maldistribution becomes slightly less severe when the 

cell is operated at higher gas stoichiometric flow ratio due to the shift of the two-

phase flow pattern from slug flow to top wall droplet flow. However, increasing 

the gas stoichiometric flow ratio seems not to be an effective method for 

mitigating the flow maldistribution.  
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Figure 8.15: Effects of gas stoichiometric flow ratio on the gas velocity ratio. 
 

8.2.6. Effects of inlet resistances on flow maldistribution 

Gas flow restrictor/distributor is commonly used in multiphase flow systems to 

improve the gas and liquid flow distribution and to prevent the gas maldistribution 

caused by the difference in flow resistances in multiple channels. Bi et al. [149] 

theoretically analyzed the impact of gas distributor on the gas-liquid two-phase 

flow maldistibution in two parallel straight channels. They found that the creation 

of a pressure drop over a gas inlet distributor at an order of 30–50% of the 

pressure drop over the flow channel might be beneficial for suppressing the gas 

flow maldistribution.  

In this section, the same idea was examined by adding an orifice at the gas inlet 

of each branch. The pressure drop over the orifice is estimated by  
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where   is the resistance coefficient defined as the ratio of the orifice diameter 

to the channel diameter, gU  is the superficial gas velocity passing through the 

orifice, g  is the gas density, and dC  is the frictional coefficient with a value of 

0.68 [149]. 

To investigate the impact of inlet resistance, simulations with several values of 

resistance coefficient, i.e., 1.0, 0.4, 0.15 and 0.1, were conducted with results 

being compared. Here a higher resistance coefficient represents a lower inlet 

resistance, and there is essentially no inlet resistance when its value is 1. The 

operating current density was set at 600 mA/cm2, and only the 0/100 and 25/75 

cases were simulated since it is not necessary to add an orifice when the flow is 

uniformly distributed among the channels. 

As shown by the fuel cell voltage output in Figure 8.16, even under severe liquid 

flow maldistribution, namely the 0/100 case, the fuel cell performance can be 

recovered significantly when a high flow resistance orifice is used (i.e. at the 

resistance coefficient of 0.1 and 0.15). The small voltage difference between the 

25/75 case and the 0/100 case with high inlet resistances suggests that the cell 

is operated in the ohmic region. 
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Figure 8.16: Effects of inlet resistance on the fuel cell output voltage. 

 

Apparently, adding an inlet flow resistance to the flow channel will add an extra 

pressure loss to the overall pressure drop, as observed in Figure 8.17. However, 

under the severe flow maldistribution (the 0/100 case), the total pressure drop 

remains almost the same when the resistance coefficient is equal to or greater 

than 0.15. This is because that without the inlet resistance, branch B is fully 

flooded, and all the gas flows into branch A. The introduction of an inlet 

resistance decreases the gas flow into branch A, thus decreases the pressure 

drop over the branch A. If the reduced pressure drop over the branch straight 

section is balanced by the increased pressure loss over the inlet orifice, the total 

pressure drop can remain the same. 



185 

0.1 0.15 0.4 1
0

100

200

300

400

 25/75

 0/100

 

 

P
re

s
s
u
re

 D
ro

p
 (

P
a
)

Resistance coefficient (-)
 

Figure 8.17: Effects of gas inlet resistance on the total pressure drop. 
 

Adding gas inlet resistance can also effectively decrease the GDL water 

coverage ratio even under severe flow maldistribution conditions as shown in 

Figure 8.18, and the sharp decrease of the GDL water coverage ratio, as 

discussed in the last section, also extends the ohmic region. However, when the 

gas flow resistance is high enough, further increase in the resistance can no 

longer lower the GDL water coverage ratio, Instead, it will cause huge increases 

in the total pressure drop, as shown in Figure 8.17. 
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Figure 8.18: Effects of gas inlet resistance on the GDL water coverage ratio. 

 

As anticipated, the existence of an inlet resistance significantly reduces the gas 

flow maldistribution as shown in Figure 8.19. For a resistance coefficient of 0.1, 

nearly uniform gas distribution is achieved, which proves that adding a gas inlet 

resistance is a more effective maldistribution mitigation method than changing 

the wall and GDL material wettability or increasing gas flow rate.  
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Figure 8.19: Effects of inlet resistance on the gas velocity ratio. 
 

8.3. Conclusions  

The following conclusions can be drawn from simulations presented in this 

chapter: 

1) Slug flow patterns are mainly observed in the flow channel under different flow 

maldistribution conditions and at different current densities. More severe liquid 

flow maldistribution results in longer liquid slugs and the liquid slug can 

eventually occupy the entire branch, leading to significant voltage decrease in 

both the ohmic and the mass transport limited regions. There are no clear 

pressure drop differences caused by liquid flow maldistribution at the same 

current density. However, the flow maldistribution significantly increases the GDL 

water coverage ratio over the whole range of simulated current densities, which 

directly leads to poor fuel cell performance. 
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2) Even at low liquid generation rates, the flow maldistribution still can cause 

poor fuel cell performance and severe non-uniform gas distribution. As a result, 

liquid and gas flow maldistribution in parallel channels should be completely 

avoided if possible over the whole range of operations. 

3) Using more hydrophobic GDL surfaces is recommended in order to improve 

the fuel cell performance, reduce total pressure drop and mitigate the gas flow 

maldistribution. Meanwhile, using more hydrophobic channel wall is 

recommended since it can lower the pressure drop and improve the gas flow 

maldistribution, while keeping the fuel cell performance unchanged. 

4) Increasing the gas stoichiometric flow ratio is not an effective method to 

mitigate the gas flow maldistribution, although it can extend the fuel cell ohmic 

region, which makes the fuel cell capable of being operated at a higher current 

density. 

5) Adding a gas inlet resistance is found to be the most effective maldistribution 

mitigation method among those evaluated in this study including changing the 

wall and GDL material wettability and increasing gas flow rate. With a carefully 

selected value of flow resistance coefficient, for example 0.15 for the simulated 

fuel cell in this chapter, both the fuel cell performance and the gas flow 

distribution can be significantly improved. Meanwhile, the total pressure drop can 

still remain the same, since the extra pressure loss caused by the inlet resistance 

can be cancelled out by the pressure drop decrease due to a more uniform gas 

distribution among channels. 
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9. Experimental observation and evaluation 

All the conclusions presented in previous chapters are based on the simulation 

results from a gas-liquid two-phase flow and electrochemical reaction model 

using the VOF method. To evaluate some of those simulation results, we have 

conducted three experiments. In the first experiment, the droplet behaviour and 

two-phase flow patterns were observed in a transparent mini-channel. Both the 

top and side views of the two-phase flow inside the channels were captured and 

used to qualitatively evaluate the three stages of droplet development as 

observed in the simulation as presented in Chapter 3 and the two-phase flow 

pattern evolvement as discussed in Chapter 4. The second experiment examined 

the gas flow maldistribution induced by injecting water into two parallel channels 

with different flow rates. The total pressure drop and the gas flow ratio were 

compared with the simulation results. Furthermore, two parallel flow channels 

with different sizes of communication channels were tested in the third 

experiment. Since it is difficult to track the gas or liquid communication in those 

channels, we only recorded the total pressure drop and the gas flow ratio at the 

entrance section of the channel before the first communication channel.  

9.1. Droplet development in a transparent mini-channel 

In Chapter 3, three stages of droplet development were identified when water 

was injected through a GDL into the gas channel, namely emergence of liquid 

droplets on the GDL surface, droplet accumulation on the side walls, and droplet 

detachment from the top wall. In Chapter 4, we found that as the liquid injection 

rate increased, the two-phase flow pattern evolved from the top wall corner flow 

to top wall film flow, annular flow, and finally slug flow. To confirm these 

simulation-based findings, droplet behaviour and two-phase flow patterns were 

observed experimentally by a CCD camera in a transparent mini-channel.  
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Figure 2.1 shows the picture and schematic of the Plexiglas mini-channel. The 

length from gas inlet to outlet is 100 mm with a 1.0 mm × 1.0 mm square cross 

section. Toray® TGPH-030 GDL with 60% PTFE content was placed between 

the water reservoir and flow channel.  

 
 

 
Figure 9.1: Picture and schematic of the transparent mini-channel. 

 

Compressed air flowed into the channel from one end and liquid water was 

injected into the reservoir which then flowed through the GDL into the gas 

channel. Gas flow rate was set at 0.2 SLPM and liquid injecting rate was set at 

200 mL/h, which correspond to 100 times of theoretical liquid generation rate at a 
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current density of 0.5 A∙cm-2. The contact angles of Plexiglas and the GDL are 

about 70o and 110o [161], respectively. Two CCD cameras were located above 

and by the side of the channel to take pictures of both top and side views of the 

channel. The dimension of the channel and operating conditions are the same as 

those used in the simulations in Chapter 4, which enables us to evaluate the 

simulation results both qualitatively and quantitatively. Water emerging method 

also mimics that in practical PEM fuel cells, and the transparent channel design 

can provide different views of two-phase flow in the channel, which helps to 

better understand droplet behaviors and flow regime transition in a real fuel cell 

flow channel.  

Figure 9.2 shows a typical droplet development on the GDL surface from side 

views of the channel.  

 
Figure 9.2: Side views of liquid droplet development. 
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Similar to the simulation results shown in Chapter 3, a liquid droplet first emerges 

from the GDL surface and grows in size with time. Once it hits the top wall, due 

to the wettability difference between the GDL surface and channel walls, the 

droplet rapidly spreads out on the top wall, and detaches itself from the GDL 

surface. During this process, the droplet does not move along the channel, which 

implies that all liquid water flows downstream along the channel walls rather than 

along the GDL surface. The accumulation of droplets on the side walls as 

identified in the simulation was not clearly observed from the experiment, 

because once the droplet hit the side wall, it has already been big enough to 

reach the top wall immediately. Liquid droplets usually emerge from large pores 

of a real GDL. Unlike in the simulation presented in Chapter 3, the distance 

between adjacent droplets is too far for droplets merging on the GDL surface to 

collide, and the rough GDL surface also prevents the liquid droplet from moving 

on the GDL surface. Therefore, the droplets only merge together on the side or 

top walls. Multiple droplet behaviors on the GDL surface simulated in Chapter 3 

may not accurately represent what happens with a real GDL, although the 

simulation results capture the single droplet behaviors in the channel. 

Figure 9.3 shows the snapshots of two-phase flow patterns as observed from the 

top of the channel. Several droplets can be identified on the GDL surface, but 

they do not move along the channel until they touch the side or top channel wall. 

At the beginning, the two-phase flow pattern is in the top wall corner flow (the first 

three pictures). As more droplets detach themselves from the GDL surface to the 

channel wall, the top wall film is eventually formed in the channel as shown in the 

last picture. Slug flow was not observed in the experiment at the given operating 

conditions, but it is most likely to appear in a longer channel.  
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Figure 9.3: Top views of two-phase flow patterns. 

 

9.2. Two-phase flow maldistribution in parallel channels 

In Chapter 5, the impact of gas flow maldistribution on two-phase flow pattern, 

pressure drop and water distribution in two parallel channels was investigated. 

To evaluate the simulation results, similar two parallel channels were designed 

and constructed as shown in Figure 9.4.  
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Figure 9.4: Picture and schematic of two parallel channels. 

 

The total channel length in Figure 9.4 is 30 cm, and the section with two parallel 

channels is 10 cm long with a 1.0 mm × 1.0 mm square cross section for each 

branch. The distance between two parallel channels is 1.0 mm. The channel 

plate was made of Plexiglas, and a hydrophobic Teflon tape was placed on the 

bottom to prevent the inherent communication through the GDL. Air flows into the 

channel from the left end at a velocity of 4.464 m/s. Liquid water was injected into 

each branch separately with a total water flow rate of 129.6 mL/h. Different liquid 

injection rate ratios between the two parallel channels were tested by changing 

the water flow rate in one branch while the total water flow rate was kept at a 

constant. All the operating conditions are the same and the channel dimension is 

similar as the cases simulated in Chapter 5, which makes sure the simulation 

and experimental results are comparable. The transparent top wall provides a top 

view of two-phase flow patterns in the parallel channels, which can be further 

analyzed to estimate the water volume fraction in each branch.  Three pressure 

transducers were used to record the total pressure drop (from the air inlet to the 

outlet) and the pressure drops PL and PR over the entrance sections of the 
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bifurcating channels as shown in Figure 9.4. Since only air flows through the 

entrance section, the pressure drop, PL and PR, is proportional to the air 

velocity only. Because the two branches has exactly the same dimensions and 

are composed of the same materials, the pressure drop ratio is expected to be 

equal to the gas velocity ratio for laminar flow in the mini gas flow channels, 

which enables us to obtain the gas flow rate ratio and then compare it with 

simulation results. The total pressure drop P in the experiment is much higher 

than the one obtained from simulation due to the longer channel used in the 

experiment. To properly compare the two parameters, the pressure drop was 

normalized by the channel length. 

Figure 9.5 compares the gas flow rate ratios between experimental and 

simulation results. 
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Figure 9.5: Effects of the degree of flow maldistribution on gas flow rate ratio. 
 

Both results show a similar trend, i.e., when liquid flow rate ratio is higher than 

0.25, the severity of gas maldistribution gradually increases with decreasing the 
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liquid flow ratio which can be mainly attributed to the uneven liquid volume 

fractions in the two channels. When the liquid flow ratio is lower than 0.25 with 

severe non-uniform distribution, gas flow maldistibution increases more 

substantially with decreasing the liquid flow ratio due to the appearance of the 

slug flow in the right branch as explained in Chapter 5. There are several factors 

that may cause the difference between experimental and simulated values. One 

possible factor is the wall roughness which was not considered in the simulation. 

The rough wall surface increases the liquid residence time, which may alter the 

two-phase flow patterns in both branches. Another possible cause is the 

difference in the material contact angle. In the experiment, the contact angles of 

Plexiglas and the Teflon tape are about 70o and 110o [161], respectively, while in 

the simulation the wall contact angle and the GDL contact angle were set at 45o 

and 140o, respectively. As we learnt in Chapter 5, the material wettability may 

also slightly influence the flow distribution. Finally, the inherent channel geometry 

variation due to imperfect manufacturing may also induce flow maldistribution 

even at a uniform water injection rate into the two parallel channels. 

The measured and simulated normalized total pressure drops are shown in 

Figure 9.6. Obviously, a general trend is followed by both measured and 

simulated pressure drops as the liquid flow ratio varies. From those results, we 

can conclude that the general characteristics of two-phase flow distribution in two 

parallel channels can be well captured from the simulation using the VOF method. 
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Figure 9.6: Effects of the degree of flow maldistribution on normalized pressure drop. 
 

9.3. Effects of communication channels 

 In Chapter 6, we found that communication between parallel channels can have 

a great impact on the two-phase flow pattern, gas and water distribution along 

the channels and flow maldistribution between the channels. Wide 

communication channels provide a pathway for gas to avoid passing and 

contacting the liquid, which thus worsens the flow maldistribution between the 

parallel channels. However, narrow communication channels can prevent the gas 

exchange between parallel channels, which are helpful for mitigating the flow 

maldistribution. To evaluate above conclusions, two designs of parallel channels 

with different size of communication channels were tested in the experiment. One 

design has 5 communication channels, which are 1 mm in width and 1 mm in 

depth, evenly distributed along the parallel channels. Another design has 17 

evenly distributed communication channels along the parallel channels, which 

are 0.25 mm in depth and 1 mm in width. The liquid flow ratio was set at 0.053 

for all the tests, which is the same as simulated in Chapter 6. 
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Unlike the simulations, it is difficult to track the gas or liquid communication 

through each communication channel in the experiment. Comparing the PL and 

PR only yields the gas flow rate ratios before the first communication channel 

which are shown in Figure 9.7. From the simulation, it was found that without 

communication channels, the gas flow rate ratio was the highest since there was 

no gas or liquid exchange throughout the parallel channels. The configuration 

with 1 mm communication channels showed the least gas flow ratio due to the 

gas exchange at each communication channel. The same tendency is also 

identified from the experimental results, which implies that similar phenomena as 

predicted by the simulation may have occurred in the experiment. 
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Figure 9.7: Effects of communication channels on gas flow rate ratio between parallel channels. 

 

The normalized pressure drop is another parameter which can be used to 

compare the simulated and measured two-phase flow patterns inside the parallel 

channels. From the simulation, it was found the 1 mm communication channels 

case had the highest total pressure drop since liquid slugs were easily trapped in 

one branch after the first communication channel. Meanwhile, the 0.25 mm case 
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shows the lowest pressure drop due to the more uniform gas and liquid 

distribution. The experimental results, as shown in Figure 9.8, also reveal the 

same trend as predicted by the simulation, which to some extent evaluate s the 

simulation results. 
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Figure 9.8: Effects of communication channels on normalized pressure drops. 

 

9.4. Conclusions 

The following conclusions can be drawn from the experimental work presented in 

this chapter. 

1) The simulated droplet development and two-phase flow patterns were 

qualitatively evaluated in a transparent mini-channel. Two of the three stages of 

droplet development, namely droplet emergence from the GDL surface and 

detachment from the top wall were clearly observed in the experiment and the 

two main flow patterns, namely top wall corner flow and top wall film flow were 

identified in the experiment.   
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2) The effects of non-uniform liquid distribution on the gas flow maldistribution in 

two parallel channels were quantitatively evaluated by comparing the gas flow 

ratios and the total pressure drop under different liquid injection rate ratios. The 

experimental results confirm that the characteristics of two-phase flow 

maldistribution in two parallel channels can be well captured from the simulation. 

3) Two designs of communicating channels were examined in experiments to 

evaluate the effectiveness of communication channels on improving the flow 

distribution. By comparing the total pressure drop and the gas flow ratios at the 

entrance section of the channel, it was found that the effectiveness of the 

communication channels strongly depended on the size of the communication 

channels, which is similar to what was predicted from simulations and the results 

to some extent validate the simulation results. 
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10. Conclusions and recommendations 

10.1. Conclusions 

This study focused on understanding the water management issues in gas flow 

channels of PEM fuel cells. Such issues include droplet behaviour, two-phase 

flow pattern development, impact of two-phase flow on PEM fuel cell 

performance, flow maldistribution in multiple parallel channels and its impact on 

the cell performance, and mitigation of flow maldistribution. The following 

conclusions were drawn from each chapter of this thesis. 

10.1.1. Droplet behaviour 

Three stages of droplet behaviour in a typical PEM fuel cell flow channel can be 

identified when water is injected through the GDL into the gas channel, namely 

emergence of water droplet on the GDL surface, accumulation on the side walls, 

and detachment from the top wall. These three stages were observed in almost 

all the cases both numerically and experimentally. 

Changing gas or liquid flow rate does not alter the three stages of droplet 

behaviour. However, the microstructure of the GDL surface was found to have a 

significant impact on the multiple droplet behaviour in a mini-channel. The 

uniform liquid inlet case and 1-pore case showed distinctly different flow patterns. 

However, for the 4-pore, 16-pore and 64-pore cases, similar flow patterns are 

observed, suggesting that a minimum of 4 pores may be required to represent 

the microstructure of the GDL surface in a fuel cell mini-channel. However, from 

the experiment observation, it was found that the distance between each 

emerging pore may be too far for droplets to coalesce on the GDL surface. 

Instead, they only merge together on the side or top walls. Multiple droplet 

behaviors on the GDL surface in simulation may not accurately represent the 

case with a real GDL, but the simulation properly captures single droplet 

behaviours in a gas flow channel. 
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10.1.2. Two-phase flow pattern development 

In a large-scale gas flow channel, at theoretical liquid water production rate, the 

two-phase flow shows the corner droplet flow pattern, with liquid water mainly 

present in the bottom corners. With increasing liquid injection rates or over a long 

gas flow channel, the flow pattern may evolve from the corner droplet flow to 

corner flow, top wall film flow, annular flow, and eventually slug flow. The two 

main flow patterns, namely the corner flow and top wall film flow, were also 

observed in the experiment, which qualitatively evaluated the capability of the 

VOF method in capturing the gas-liquid flow in fuel cell flow channels. 

10.1.3. Impact of two-phase flow on PEM fuel cell performance 

Under severe flooding, e.g., at the end section of a long flow channel or after an 

extended period of operation, the slug flow will affect fuel cell voltage output in 

the mass transport limited region at high current densities, causing a large cell 

voltage decrease and fluctuations, which are detrimental to the fuel cell stability 

and durability. The slug flow also creates high pressure drops and large pressure 

fluctuations, causing extra energy loss. Therefore, it should be always avoided in 

operating PEM fuel cells. Increasing gas stoichiometric flow ratios can effectively 

extend the stable fuel cell operation range by altering the two-phase flow pattern 

in the channel. However, when operating at a certain current density, too large a 

stoichiometric ratio is not recommended, because it may cause more parasitic 

power loss with little gain in voltage output. 

10.1.4. Flow maldistribution and its impact on the cell performance 

Severe liquid flow maldistribution caused by uneven liquid flow rates in two 

parallel channels may transform the two-phase flow patterns from the top wall 

droplet flow to the slug flow in the branch that has a higher liquid flow rate. 

Severe uneven gas distribution also increases the pressure drop, gas velocity 

fluctuations and the GDL surface liquid coverage.  
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Varying the degree of liquid flow maldistribution does not change the two-phase 

flow patterns except under severe maldistribution conditions, i.e. at a liquid flow 

rate ratio less than 0.25, where slug flow starts to appear, gas maldistibution 

becomes more severe, and GDL surface liquid coverage soars up. Pressure 

drops at different degrees of liquid flow maldistribution show a wavy shape that 

may be associated with the flow instabilities in parallel channels.   

The effects of non-uniform liquid distribution on the gas flow maldistribution in 

two parallel channels were quantitatively evaluated by comparing the measured 

and predicted gas flow ratios and the total pressure drop under different liquid 

injection rate ratios, and it is proven that the characteristics of two-phase flow 

maldistribution in two parallel channels can be well captured by the current 

simulation.  

Different flow resistances are caused by inherent geometric differences, GDL 

intrusion during compression [114], uneven liquid water accumulation in the flow 

field channels [115], or two-phase flow instabilities [126]. Our simulation results 

also showed that the GDL microstructure was probably also responsible for the 

flow maldistribution due to the different flow resistance it causes. 

In two parallel channels with electrochemical reactions, slug flow is the dominant 

two-phase flow pattern observed. More severe flow maldistribution results in 

longer liquid slugs and the liquid slug can eventually occupy the entire branch, 

leading to a substantial voltage decrease in both the ohmic and the mass 

transport limited region. There is little change in the pressure drop when there is 

a flow maldistribution for the cell operated at the same current density. However, 

the flow maldistribution significantly increases the GDL water coverage ratio over 

the whole range of current densities, which may lead to poor fuel cell 

performance. Even at low liquid generation rates, the flow maldistribution can still 

cause poor fuel cell performance and severe non-uniform gas distribution. 
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10.1.5. Impact of material wettability  

Liquid on a hydrophobic GDL surface tends to form droplets, occupying a large 

cross sectional area of the channel and causing high flow resistance. But those 

droplets are easy to detach from the surface. On the other hand, liquid on a 

hydrophilic GDL surface tends to attach on it and form a thin liquid film, which 

has a longer residence time compared to the liquid on a hydrophobic surface. For 

those reasons, hydrophobic GDL and hydrophilic channel wall are commonly 

used in typical PEM fuel cells, aiming to reduce the parasitic energy loss and 

improve the fuel cell performance. However, our simulation results showed that 

these two objectives were always in conflict with each other at certain operating 

conditions or for a given channel configuration. 

Using a more hydrophobic GDL always reduces the GDL water coverage and 

thus improves the fuel cell performance. Usually the pressure drop also 

increases because more channel cross sectional area is occupied by the droplet 

on the GDL surface. One exception is that when slug flow appears in the channel, 

increasing the GDL hydrophobicity will accelerate the water removal which may 

reduce the pressure drop as shown in Section 7.2.5. In parallel channels, 

increasing the GDL hydrophobicity leads to the transformation of two-phase flow 

patterns from the GDL droplet flow or slug flow to the top wall droplet flow, thus 

reducing the total pressure drop. 

Depending on the two-phase flow pattern in the channel, more hydrophilic 

channel walls may be favourable for reducing the GDL water coverage and 

increasing the fuel cell output voltage in cases when there are no liquid slugs in 

the channel. Too hydrophilic a channel wall increases the liquid resident time and 

liquid on a hydrophobic channel wall occupy more cross sectional area, therefore 

liquid slugs are easily formed under those two circumstances, thus increasing the 

pressure drop. However, further increase in the channel wall hydrophobicity 

facilitates the slug‟s removal. As a result, the pressure drop showed a wave 

shape with varying the channel wall wettability, as shown in Chapters 3 and 5. 
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10.1.6. Maldistribution mitigation methods 

Increasing the gas stoichiometric flow ratio is not an effective method to mitigate 

the gas flow maldistribution, since the additional gas input will only flow through 

the branch with less water. However, it can extend the fuel cell ohmic region, 

which makes the fuel cell capable of being operated at a higher current density. 

Using a more hydrophobic GDL surface or more hydrophobic channel walls can 

slightly improve the gas flow maldistribution, but the effect is quite limited. 

Using narrow communication channels can effectively mitigate gas flow 

maldistribution by redistributing the liquid among the parallel flow channels. 

However, when the communication channels are not narrow enough, they will 

provide a pathway for the gas to short-circuit the liquid, leading to a poorer gas 

flow distribution. One side-effect of using communication channels is the delayed 

water removal from flow channels, which would decrease the PEM fuel cell 

performance. Wide communication channels even make water permanently 

remain in the channel, leading to higher total pressure drops. Communication 

channels should not be applied to serpentine channels, since adding 

communication channels will lead to gas short circuit and thus lower the reactant 

conversion. 

Adding gas inlet resistances is found to be the most effective method in 

mitigation maldistribution. With a carefully selected value of resistance coefficient 

both the fuel cell performance and gas flow maldistribution can be significantly 

improved. Meanwhile, the total pressure drop still remains more or less the same, 

since the extra pressure loss caused by the gas inlet resistance can be cancelled 

out by the pressure drop decrease due to a more uniform gas distribution.  
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10.2. Suggestions for ideal gas flow channel design 

Based on simulation results in this work, several suggestions are given for better 

flow channel designs, 

    More hydrophobic GDL surface should be used to expel liquid water from 

GDL surface. Depending on the amount of liquid water in the flow channel, 

more hydrophilic channel wall is preferred in order to form liquid film flow 

on the top wall, but when slug flow is inevitable, more hydrophobic 

channel wall is suggested to accelerate the slug removal. 

    Droplets in a channel with lower height to width ratio or a trapezoidal 

channel may easily detach on the top wall rather than on the GDL surface, 

which helps to form top wall film flow. 

    When using communicating channels in multiple parallel channels, it is 

recommended that the width of communicating channel should be less 

than 0.5 mm.  

    Adding gas distributor at the inlet of parallel channels is highly 

recommended to mitigate the flow maldistribution, and the value of 

resistance coefficient should be selected based on the overall system 

pressure drop and the degree of the flow maldistribution. 

10.3. Recommendations for future work 

This thesis investigated several water management issues in PEM fuel cells 

based on CFD simulations. It is worth noting that all the conclusions obtained 

from simulation are only validated in limited operating range. The following 

recommendations are suggested for modeling development, experimental 

validation, and further simulation/experiment work. 
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10.3.1. Modelling development 

    Couple contact angle hysteresis model with current VOF method. With 

contact angle hysteresis, droplets tend to stay longer on a surface, which 

may change the two-phase flow pattern in the channel. For example, slug 

flow is more easily formed, which may affect the pressure drop, flow 

maldistribution and fuel cell performances. 

    Add wall roughness model into the VOF model, since rough wall delays 

droplet removal, the slug flow is expected to be more easily formed. 

    Add the gas diffusion layer in the simulation and consider its 

microstructure, so that the gas and liquid transport inside GDL can be well 

captured. The calculation of fuel cell output voltage will become more 

accurate since the gas reactant concentration at the catalyst layer can be 

explicitly accessed. Flow maldistribution caused by non-uniform water 

transport inside GDL and gas/liquid communication between parallel 

channels though GDL can be simulated. 

    Add membrane layer and anode side channel into the current 1+3D model, 

so that the water crossover can be calculated.  

    Add heat transport into the 1+3D model to investigate the heat 

management coupling with water management in PEM fuel cells. 

    Mesh refinement for more accurate results. 

10.3.2. Experimental validation 

    Two-phase flow in a channel using materials with different wettability 

should be performed. In addition to flow pattern visualization, it would be 
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useful if quantitative variables such as water holdup, water coverage ratio 

on different surfaces can be obtained. 

    In-situ experiments should be performed to validate the 1+3D model 

developed in this thesis.  

10.3.3. Further simulation/experiment work 

    In order to validate the 1+3D model, reaction parameters should be first 

obtained from experiment with the cell operated in single-phase flow. Then, 

the polarization curve and total pressure drop from experiments under 

two-phase flow conditions will be compared with simulation results.  

    Two-phase flow patterns and performance of PEM fuel cells with different 

channel designs, such as serpentine or interdigitated channels, can be 

simulated using the 1+3D model in the future study.   

    More simulations should be performed in large-scale fuel cells or fuel cell 

stacks with more channels, where liquid flooding and flow maldistribution 

are expected to be more severe issues. 

    More parametric studies should be conducted in the simulation. Such 

variables include gas humidity, operating pressure and temperature.     

    It would be interesting to investigate other factors that may lead to flow 

maldistribution using VOF method, e.g., GDL intrusion and channel 

manifold design. Also other maldistribution mitigating methods, e.g., new 

channel designs, can be examined in simulation.  

    It is necessary to test the maldistribution mitigating methods proposed in 

this thesis in a real PEM fuel cell. Special attention should be given to the 
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two methods, namely using communication channels and adding inlet 

resistance, which could greatly reduce the flow maldistribution.  

    It is better to avoid liquid water‟s formation in the first place by having a 

more complicated humidity and heat management system, more 

simulation and experimental work should be carried out to design such a 

system. 
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