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ABSTRACT 
A Segmented Model for Studying Water Transport in a PEM Fuel Cell 

by 

Yong-Song Chen 

 

Chair: Huei Peng 

 

 

Fuel Cells are devices that generate electricity by electrochemically combining 

hydrogen and oxygen. Water management plays an important role in the durability and 

efficiency of a proton exchange membrane fuel cell (PEMFC). In this study, single cells 

are modeled as lumped models consisting of 15 interconnected segments, which are 

linked according to the flow field patterns of the anode and cathode but they are treated 

as individual lumped elements. Parameters of this model were calibrated based on 

neutron radiography experimental results obtained at the NIST Center for Neutron 

Research (NCNR). Three special single cells were designed for the purpose of detecting 

liquid water and water vapor simultaneously. The major difference between our design 

and traditional flow field designs is the fact the anode channels and cathode channels 

were shifted sideways, so that the anode and cathode channels do not overlap in the 

majority of the active areas. The liquid water is measured by using neutron radiography. 

The water vapor is measured by the twenty relative humidity sensors embedded in the 

anode and the cathode flow field plates. 
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The effects of relative humidity and stoichiometry of cathode inlet on relative 

humidity distribution in the channels and on water accumulation in the GDLs were 

investigated in this study. The liquid water accumulation at steady-state was calculated 

by using imaging mask techniques and least-squares method. It is demonstrated that 

liquid water tends to accumulates in the gas diffusion layers under the rib. Modeling 

results suggest that opposite flow direction improve the cell performance at low humidity 

conditions. Accordingly, this segmented model is useful in designing flow field patterns 

and comparing the influence of different flow field patterns before they are machined on 

the flow field plates. That reduces the cost of developing and designing a fuel cell. 



  1

CHAPTER 1 

BACKGROUND AND INTRODUCTION 

 

Fuel Cells are devices that generate electricity by combining hydrogen and 

oxygen electrochemically. Because the efficiency of fuel cells is higher than the internal 

combustion engine and the only by-products are water and heat, fuel cells are considered 

as prominent power sources for the future. There are different types of fuel cells 

classified mainly by the type of the electrolyte used. They are proton exchange membrane 

fuel cells (PEMFCs), alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), 

molten carbonate fuel cells (MCFCs), and solid oxide fuel cells (SOFCs). The operating 

temperature depends on the electrolyte used in the fuel cell. The applications of fuel cells 

can be classified into portable power, transportation, or stationary uses. Among the above 

five types of fuel cells, the PEMFC operating at low temperature has proved its potential 

for wide applications. 

1.1 Principle of PEM Fuel Cells 

A single PEMFC consists of a membrane electrode assembly (MEA), flow field 

plates with flow channels, current collectors, and end plates, as shown in Figure 1-1. The 

MEA is a polymer electrolyte membrane sandwiched between two electrodes. The 

macromolecules of the membrane material typically have a fluorocarbon backbone with a 

sulfonic acid group attached to it. Such material is an electrical insulator but a conductor 

for hydrogen ions. The electrodes are made of porous carbon paper or carbon cloth with a 

layer of carbon-supported platinum catalysts on the surface adjacent to the membrane. 

The porous carbon paper or carbon cloth ensures effective diffusion of the reactant gases 

to the catalyst layer, and is commonly referred as gas diffusion layer (GDL). The flow 

field plates guide the reactant gases throughout the active area and conduct current 
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generated by the reaction. The plates are often made of graphite or metal sheets, which 

are light-weight, gas impermeable, electron and thermal conducting, and corrosion 

resistant. The current collectors are made of gold-plated copper plates. End plates are 

typically made of aluminum alloy, chosen to compress MEAs, flow field plates and 

current collectors together precisely. 

 

Figure 1-1: Schematic of PEM fuel cell. 
 

During fuel cell operation, hydrogen is supplied through anode flow field. 

Hydrogen flows across the GDL and is decomposed into hydrogen ions and electrons by 

the Platinum catalyst. 

 22 4 4H H e+ −→ +  (1.1) 

The hydrogen ions go to the cathode side through the electrolyte, whereas electrons go 

through an external circuit. In the cathode, oxygen is combined with hydrogen ions and 

electrons catalytically to form water. 

 2 24 4 2O H e H O+ −+ + →  (1.2) 

The overall reaction is then 

 OHOH 222 22 →+  (1.3) 

The schematic reaction of a fuel cell is shown in Figure 1-2. A fuel cell with only one 

MEA is called a single cell. Several single cells can be connected in series to form a fuel 

cell stack. In the stack, a flow field plate serves as the anode flow field of one MEA and 

as the cathode flow field of next MEA. The number of cells in one fuel cell stack varies 

depending on the power requirement of the applications. 

 

Current collector 

 

End plate MEA 

 

 

Flow field plate 
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Figure 1-2: Schematic of fuel cell reaction. 
 

PEMFCs convert chemical energy to electrical energy directly, so they have 

higher efficiency when compared to heat engines. Ideally, the maximum amount of 

electrical energy that can be obtained from a fuel cell during the chemical reaction equals 

the change in the Gibbs free energy. However, this is available when the cell operates 

under no electrical load. When there is an electrical load, the energy loss associated with 

the reaction lowers the overall efficiency of the fuel cell. 

The power loss of a fuel cell can be represented by a polarization curve to 

characterize the relationship between the cell voltage and current density under different 

operating conditions. Parameters that significantly influence fuel cell operations include 

pressures of the reactant gases, relative humidity of reactant gases, and fuel cell 

temperature. 

The typical polarization curve of a fuel cell, as shown in Figure 1-3, can be 

divided into three regions. Each of these regions is dominated by different overpotentials. 

There are three types of overpotentials: activation overpotential, ohmic overpotential and 

concentration overpotential. The activation overpotential is a result of the energy needed 

for breaking chemical bonds at the anode, transferring electrons, and reforming them into 

water at the cathode. The ohmic overpotential is due to the resistance of the polymer 

membrane to the transfer of protons and the resistance of the electrodes and the collector 

plates to the transfer of electrons. The concentration overpotential is caused by the 

4H+ 
O2

4e- 

2H2O 
2H2 

4e-

     Anode    Electrolyte   Cathode
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inadequate concentration of the reactant gases as they are consumed in the reaction. The 

combination of these three overpotentials affects the overall fuel cell efficiency.  

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0
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Figure 1-3: Typical polarization curve of a fuel cell. 

 

To maintain high efficiency, a fuel cell usually works in the ohmic overpotential 

region. In this region, the membrane resistance is the major ohmic resistance and varies 

with water content in the membrane. The flow rate and the relative humidity of reactant 

affect the humidity of membrane. Dry membrane results in low membrane conductivity; 

however, too much water in the fuel cell causes flooding and high overpotential. 

Therefore, water management is an important issue in controlling a fuel cell and a model 

that can describe influence of water on cell performance is needed. 

1.2 Literature Review 

The performance of a PEMFC is determined by cell design and operating 

conditions. For cell design, the flow field pattern in the bipolar plates plays an important 

role in distributing reactant and removing generated water. For operating conditions, 

Activation overpotential 

Ohmic overpotential  

Concentration overpotential 

Ideal cell voltage without overpotentials 
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relative humidity of reactants is considered one of the key factors that affect membrane 

hydration level. 

Existing research related to PEMFCs can be divided into four areas: modeling of 

fuel cell performance, experiments about water transport, dynamic fuel cell models, and 

flow field design. The following sections provide a brief review on each of these areas. 

1.2.1 Modeling of Fuel Cell Performance 

Many factors influence the performance of proton exchange membrane fuel cells 

(PEMFCs), including membrane material and thickness, platinum loading, flow field 

designs, temperature, reactant partial pressure, etc. In addition, a critical issue that has 

severely limited the application of PEMFC is its poor reliability under cyclic temperature 

and humidity operations. An important factor that influences both the nominal 

performance and life under transient loading is the water accumulation and distribution in 

a PEMFC. When the fuel cell has too little or too much water, both performance and 

reliability suffers. Water accumulation also influences the warm-up and shut-down 

procedure for PEMFC that need to work in below-freezing temperature. It is fair to say 

that in addition to the cost issue, water management is one of the most important 

remaining issues for the adoption of PEMFC. Many models have been developed over 

the past several years for the water/humidity behavior inside a PEMFC. 

Bernardi and Verbrugge [1, 2] developed one of the early mathematical models. 

They developed a steady-state, one-dimensional model which described the reactant 

transports in gas diffusion layer and water balance in PEMFCs. The membrane in their 

model was assumed fully hydrated, which is far from the real operation of PEMFCs. 

Okada et al. [3] used analytical approach to get the water concentration profiles in the 

membrane. Marr et al. [4] developed a model to investigate the catalyst utilization of the 

cathode, including the electrochemical reaction and mass transport process.Springer et al. 

[5] developed a model with partially hydrated membrane. They empirically related the 

membrane conductivity to the water content in Nafion membrane. Many of the 

subsequently developed models used the relation to determine the conductivity of the 

Nafion membrane. Fuller and Newman [6] developed a two-dimensional model to 

discuss water management, thermal management and fuel utilization in a PEMFC. Gurau 
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et al. [7] developed a two-dimension model which discussed reactant concentrations in 

the through-MEA direction and along the flow channel direction. Wang et al. [8] and Um 

et al. [9] developed models based on computational fluid dynamics (CFD) and solved the 

equations numerically. Um et al. [10] also extended their work to a three-dimensional 

model to study the performance of an interdigitated flow field design. Their results show 

that forced convection of gases through GDL helps to improve performance at high 

current densities. None of the models discussed above considered the effect of water 

accumulation on cell performance. 

Starting from around the turn of the century, models that include the 

water/humidity behavior start to appear in the literature. Baschuk et al. [11]    developed a 

model with the effect of variable degree of water flooding in the cathode catalyst layer 

and the cathode GDL on cell performance. Wang et al. [12] developed a model which 

handles the situation where two-phase flow exists in the cathode. Pasaogullari et al. [13] 

applied the two-phase flow model in the cathode GDL and investigated the effect of 

liquid saturation on cell performance. Wang [12] and Pasaogullari [13] related capillary 

pressure with the Leveretts function. The two-phase flow model successfully described 

water vapor distribution and liquid water accumulation in the GDL and in the flow 

channel. 

Natarajan et al. [14] from the University of Kansas proposed a model that 

included the effect of water accumulation in the GDL under the rib and under the channel 

on cell performance. In their model, instead of using the Leveretts function, they 

suggested another empirical equation to describe the capillary pressure. Later, the same 

group [15, 16] further simplified capillary pressure gradient in their models as a constant. 

Their results showed significant difference with studies using the Leveretts function. 

Thus, experimental data that clearly describe water accumulation in the GDL, for both 

along the flow direction and across the GDL direction is needed. Recently, several 

studies used neutron radiography to detect liquid water distribution in PEMFCs [17, 18]. 

Neutron images showed that significant amount of liquid water could accumulate in the 

GDL under the channel ribs. Most of above models focus on water accumulation in the 

GDL under the channel and the developed formula do not apply readily to the subspace 
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under the ribs. Water distribution in the GDL under the ribs as well as under the flow 

channels should be considered and will be included in our model. 

Because the reactant concentration varies along the flow channels, it causes 

variations in current density, water content, and temperature [19-21]. Therefore, the water 

generation and distribution in a PEMFC is not uniform. In addition, different anode and 

cathode flow field patterns were designed for different applications or working conditions 

[22]. Many CFD models have difficulties simulating PEMFCs with complex flow fields 

due to requirement of heavy computation load. Currently published CFD models simulate 

the reaction either in a straight flow channel or in a simple flow field. Lumped models 

[23-25] commonly assume a uniform reaction within fuel cells and do not consider the 

spatial distribution of reactants. Therefore, pure CFD models or pure lumped models may 

not be the best modeling choice. 

1.2.2 Water Transport Experiments 

Achieving and maintaining proper water balance at all load levels are critical for 

optimal performance of PEMFCs. Conducting experiments to measure water distribution 

inside an operating PEMFC is non-trivial because these experiments need special 

facilities. The water vapor in the flow channels can be measured by relative humidity 

sensors. Nishikawa et al. [26] used a relative humidity (RH) sensor to measure RH along 

the cathode flow channels. However, RH sensors can measure water vapor but not liquid 

water. In addition, a major issue with relative humidity sensors is the fact when they are 

exposed to a near-saturated gas, the reading saturates and even when it is subsequently 

exposed to under-saturated gases, the sensor reading may stay saturated for up to several 

minutes. Since it is desirable to operate a PEMFC near saturated condition, RH sensor 

alone is not a good solution. Mench et al. [27] measured the in-situ water vapor 

distribution in a working PEMFC by using gas chromatography. These methods can 

detect water vapor in the flow channels only. However, in a working fuel cell, liquid 

water is generated in the cathode catalyst layer of the cell due to chemical reaction. And 

it is mainly the liquid water in the GDL that affects cell performance through catalyst and 

flow blockage. Therefore, it is more important to measure liquid water accurately than to 

measure water vapor. 
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Tüber et al. [28] designed a fuel cell with its cathode covered by transparent 

plexiglass to observe the liquid water in the flow channels. They used a digital camera to 

record the images of liquid water generated in the cathode side of flow channels. 

However, this optical method cannot observe the liquid water in the GDL and quantifying 

liquid water accurately is also a challenge. 

Neutron radiography techniques have been used for an in-situ and non-destructive 

visualization and measurement technique for liquid water in working fuel cells [29- 39] 

because neutron transmissibility is sensitive to hydrogen, which is an element of water 

molecular. Bellows et al. [29] used neutron radiography to measure water transport 

profiles across membrane in a working fuel cell. The cell in their experiments had a 

membrane thickness of 500 μm, which enabled visualizing the through-plane water 

profile across the membrane. Bellows’ results showed that the water content in the 

membrane varied with operating conditions, but no significant water gradient across the 

membrane was observed. Using the same neutron facility, Satija et al. [30] demonstrated 

the use of neutron radiography to observe water distribution inside the fuel cell. A four-

cell commercial stack was used in their study. An image-masking technique was used to 

isolate water formation in the anode channels, the cathode channels, and the gas diffusion 

layer (GDL). However, due to the multi-cell stack and overlap of anode channels and 

cathode channels, it was not easy to differentiate water in the anode side from that in the 

cathode side. 

Kramer et al. [31, 32] applied statistical methods, including interpretation of the 

probability density function of the relative neutron transmission, to quantify the liquid 

water volume in an operating PEMFC and a direct methanol fuel cell (DMFC) and to 

compare serpentine and interdigitated flow field designs. Pekula et al. [33] used a facility 

at the Pennsylvania State University to obtain neutron images. Liquid droplets were 

observed in the final two-thirds of the flow field at higher current densities, and mostly in 

the corners. The liquid droplet velocity was not constant due to interactions with the 

channel walls and other droplets. Chuang et al. [34] quantified liquid water in the GDLs 

and flow channels of PEMFCs under both flooded and non-flooded conditions. Their 

results show that cell performance was affected by a few tenths of a milligram of liquid 

water in the fuel cell. Turhan et al. [17] conducted neutron imaging experiments to study 
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the influence of operating parameters on the liquid water distribution and accumulation. 

Their results indicated that liquid water accumulation in the fuel cell decreases with 

increasing gas flow rate of inlet. Ludlow et al. [35] also used neutron radiography to 

quantify the liquid water within an operating fuel cell under various gas flow conditions. 

Geiger et al. [36] used neutron radiography to observe liquid water distribution in 

a PEMFC after it was shut down and cooled to ambient temperature. The liquid water 

was observed to accumulate in the bottom part of the flow field. Zhang et al. [18] studied 

the impact of GDL materials on liquid water accumulation inside a PEMFC. 

Many researchers used the neutron imaging facility in the National Institute of 

Standards and Technology (NIST) to investigate the water content in an operating fuel 

cell. Trabold et al. [37] discussed the water accumulation in a serpentine flow field and 

the effects of current density and cathode stoichiometry on water accumulation. Owejan 

et al. [38] used a fuel cell with an interdigitated cathode flow field to study the effect of 

cathode inlet RH on water accumulation. Hickner et al. [39] focused on the transient 

behavior of liquid water transport inside a PEMFC and effect of local heating on the 

accumulation and distribution of liquid water. 

These earlier studies [29-39] captured neutron images when fuel cells were at 

steady-state conditions and they mostly used fuel cells that have overlapped and identical 

anode and cathode flow fields, making it difficult to differentiate liquid water between 

anode and cathode in neutron images. It is known that the reaction in the cathode side is 

considered the rate determining step because of the slow kinetics of oxygen reduction. 

Liquid water in the channels does not influence cell performance unless the channel is 

filled with liquid water. It is the liquid water accumulation in the cathode catalyst layer or 

in the cathode GDL that could impede mass-transfer of oxygen. Pasaogullari [13] and 

Djilali [14] proposed different mechanisms of liquid water transport in the GDL. 

However, their hypotheses described the GDL under the channels without considering the 

GDL under the ribs. Turhan’s [17] and Zhang’s [18] studies showed that more liquid 

water accumulates in the GDL under the rib than in the GDL under the channel. Thus, the 

influence of liquid water in the GDL under the rib cannot be neglected. We will design 

single cells and conduct neutron radiography experiment to differentiate liquid water in 

different locations and use the results to calibrate our fuel cell model. 
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1.2.3 Dynamic Fuel Cell Models 

Different from steady-state models, dynamic fuel cell models are usually control 

oriented. Amphlett et al. [23] developed a transient PEMFC model based on coupling the 

steady-state electrochemical model with a transient thermal model to predict the 

performance and heat loss of a fuel cell stack. Their model did not consider the water 

transport within the fuel cell stack. Pukrushpan et al. [24] developed a nonlinear dynamic 

model using electrochemical, thermodynamic, and fluid flow principles. Their model was 

used to analyze and design an air flow controller for a PEMFC stack. However, 

Pukrushpan’s [40] model does not consider the effects of GDL. Shan et al. [25] used a 

one-Dimensional single-phase model to represent the dynamics present in the GDL. 

Ceraolo et al. [41] used partial differential equations to describe both static and dynamic 

behaviors of a PEMFC. Pathapati et al. [42] considered the effects of charge double layer 

capacitance, dynamics of flow, and mass/heat transfer transient features in the fuel cell to 

develop a dynamic model. Their model can predict the transient behavior of cell voltage, 

temperature, reactant flow rates and pressure under a load change. 

The above dynamic fuel cell models are lumped models, which assume uniform 

reactions within the fuel cells and do not consider the spatial distribution of reactants. 

Golbert el al. [43] developed a dynamic fuel cell model, which accounts for spatial 

dependencies of voltage, current, reactant flows, and temperatures in the flow channel. 

However, their model can only describe the transient behavior within a single straight 

flow channel. In practical, the fuel cell performance and water distribution depend on 

flow field design, and water distribution inside fuel cells is an important issue. So far, we 

are not aware of any model that can describe the distributed properties of a single cell.  

1.2.4 Flow Field Designs 

PEMFC stacks are constructed with multiple cells connected by bipolar plates. 

Bipolar plates account for the major volume and weight of a PEMFC stack. They play the 

roles of constructing a PEMFC stack, separating individual cells, conducting electrons, 

distributing reactants, and expelling generated liquid water. The power density of a 

PEMFC can be significantly influenced by the flow patterns on the bipolar plates. 

Appropriate flow field design can increase the power density and improve water and heat 
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management. In some designs, cooling channels are integrated on the bipolar plates [44, 

45]. Thus, the flow field pattern on the bipolar plates is an important factor in designing a 

PEMFC stack. 

Common flow field pattern includes parallel, serpentine, interdigitated as well as 

their combinations. Many studies have compared the performance of fuel cells with 

different flow field designs. Aricò et al. [46] conducted an experiment to compare the 

influence of flow field design on direct methanol fuel cell. Dohle et al. [47] and Bewer et 

al. [48, 49] also investigated the influence of flow field design on the performance of 

PEMFCs and DMFCs. They concluded that flow distribution and power density were 

influenced by flow fields. 

Kumar and Reddy [50] developed a three dimensional single phase isothermal 

model to describe the steady-state and transient response of four PEMFCs with different 

flow field designs, including serpentine, parallel, multi-parallel, and interdigitated types. 

Their modeling results showed that transient responses of serpentine and parallel designs 

were faster but performances were lower than the other two designs. However, Kumar’s 

study did not consider water accumulation in the GDLs and due to heavy computational 

method, their model was not able to simulate PEMFCs with different anode and cathode 

flow field designs. 

1.3 Motivation and Tasks 

From the background introduction above, we clearly see the importance of 

understanding the membrane humidity phenomenon of PEMFCs. Unfortunately, due to 

the lack of reliable sensors and comprehensive models, membrane humidity modeling 

and control remain to be a weak link in fuel cell research. The development of an 

accurate humidity/thermal model is challenging because (i) the difficulty in placing 

humidity sensors inside the cell to verify model validity; (ii) the highly-coupled nature of 

humidity and temperature; (iii) the constant generation of product water due to the fuel 

cell reaction; and (iv) the process of water transport across the fuel cell membrane was 

poorly understood. 
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Water distribution inside a fuel cell is affected by the flow field patterns of the 

anode and cathode. From the literature review, we learned that both CFD model and 

lumped models were not able to describe the performance or the dynamic phenomena in a 

fuel cell with complicated flow field patterns. Besides, most fuel cell models do not 

consider the rib effect on water accumulation in the GDLs. Thus, a mathematical model 

that can predict water accumulation in the GDL under the ribs and can be applied on 

practical fuel cell is needed. 

In this research both experimental and analytical studies for the water generation 

and transport phenomena inside a single-cell fuel cell were conducted. A steady-state, 

segmented mathematical model describing the distribution of humidity and current 

density was developed. The active area is divided into 15 segments according to the flow 

field designs. This model approach allows the distribution of current, water, and RH to be 

investigated more accurately. The segment model contains 6 sub-models, which are the 

cathode/anode channel model, the cathode/anode gas diffusion layer model, the 

membrane hydration model, and the segment voltage model.  This model will then be 

used for analysis and control for improved water management of fuel cells. 

Three single cells with different flow fields were designed and fabricated. These 

fuel cells are embedded with relative humidity (RH) sensors to detect the relative 

humidity within the flow channels. In addition, neutron radiography experiments 

conducted at the National Institute of Standards and Technology (NIST) visualized and 

quantified the liquid water within the fuel cells. The experimental data from RH sensors 

and neutron radiography was used to calibrate and validate the fuel cell model.  

The segmented model in this studied will provide distributed characteristics of 

current density, water content in the membrane, relative humidity in the flow channel, 

and water accumulation in the GDLs. These distributed results provide useful information 

of a working fuel cell. That information tells which part of the cell is drying and which 

part of the cell is flooding and helps improve the flow field design.   

1.4 Contributions  

The major achievements of this study are summarized below:   



  13

- A segmented PEMFC model was developed. This model mainly captures the 

distributions of current density, water accumulation in the GDL both under the 

ribs and under the channels, water content in the membrane, and relative 

humidity in the flow channels. 

- The modeling results provide information of drying and flooding levels of a 

fuel cell. By reconnecting the segments of this model, it predicts those 

distributed properties and performance of a single cell with complicated flow 

field patterns and helps improve the design of flow field patterns 

- Conducted neutron radiography experiments for three single cells at the NIST. 

By applying the least-squares method, the average liquid water thicknesses in 

the GDL under the channel, in the GDL under the ribs, and in the channels 

can be calculated. In this study, both steady-state and transient behaviors of 

water accumulation were studied at different cathode inlet conditions. 

- Compared the influence of flow field designs on cell performance and water 

accumulation with calibrated model and provided suggestion of designing 

flow field patterns. 
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CHAPTER 2 

SEGMENTED FUEL CELL MODEL 

 

As discussed in Chapter 1, most models that use partial differential equations 

cannot be easily applied to describe complicated flow fields, and lumped models that 

assume uniform reaction throughout the active area cannot present distributed properties 

accurately. In order to understand the details of water distribution, this study takes the 

advantages of lumped models to develop a steady-state model obtained from simplified 

two-dimensional mathematical equations; the model describes the distribution of water 

humidity and current density. The liquid water distribution model was developed 

according to the neutron experimental data discussed in Chapter 3. 

2.1 Lumped Segments in a Single Cell 

To capture distributed characteristics of a PEMFC, the active area is divided into 

fifteen segments that are connected according to flow fields, as shown in Figure 2-1. 

Each segment is viewed as a small lumped model, i.e. reactant/membrane properties and 

reaction in each segment are assumed to be uniform. The segments are connected 

together based on the flow direction of the reactants. Since each is regarded as a lumped 

model, it cannot account for the rib effects on gas transport. However, we will introduce 

semi-empirical correlation to describe the rib effects on water accumulation. 

The inputs of a segment are the outputs of the preceding segments. For the overall 

cell, input variables are stoichiometry value, relative humidity (RH), and temperatures of 

the inflow gas and cell temperature. In order to simplify our model, we make assumptions 

as the following: 

1. The model describes steady-state conditions. 

2. The ideal gas law was employed for gas mixture. 
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3. Temperature throughout the single cell is uniformly distributed. 

4. Chemical reaction throughout the segment is uniform.  

5. Rib effects on gas transport and gas transport in the flow channel direction are 

neglected. Only gas transport through the MEA direction is considered in each 

segment. 

According to the experiment of Wang et al. [51], temperature difference between 

upper stream and down stream is less than 2 °C when cell current density is 0.74 A cm-2. 

In addition, our experiments also showed uniformly distributed temperature in a single 

cell, which will be discussed in Chapter 3; thus, all segment temperatures are assumed to 

be constant and the same as operating temperature.  

 

Figure 2-1: Schematic of a single cell modeled as several small segments 
 

Based on the desired cell current and operating conditions, the molar flow rates of 

inflow hydrogen and oxygen for a single cell are evaluated, respectively as  

 an
cell

in,Han, 22
ζ

F
IN =   (2.1) 

 ca
cell

in,Oca, 42
ζ

F
IN =  (2.2) 

where N  is the molar flow rate in mol s-1, cellI  is the cell current, anζ  and caζ  are 

stoichiometry of anode and cathode, respectively, and F  is the Faraday constant. The 

Nomenclature for the variables used in this study is shown in the Appendix.  

If air is used as the cathode reactant, the nitrogen molar flow rate is calculated 

from 

 2

2 2

2

O
ca,N ,in ca,O ,in

O

1 y
N N

y
−

=  (2.3) 
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where 
2Oy  is the percentage of oxygen in the air. For an operating condition at selected 

inlet relative humidity φ and pressure P, the inlet vapor molar fraction can be calculated 

from 

 an,in v,sat
an,v,in

an,in

P
x

P
ϕ

=  (2.4)  

 ca,in v,sat
ca,v,in

ca,in

P
x

P
ϕ

=  (2.5) 

where  v,satP  is the saturated vapor pressure, which is a function of temperature. The value 

of v,satP  can be found in the thermodynamics table [52], or calculated from the following 

equation, given in [5]: 

 
5 2 7 3

seg seg seg2.1794 0.02953 9.1837 10 1.4454 105
v,sat 1.013 10 10 T T TP

− −⎡ ⎤− + − × + ×⎣ ⎦= × ×  (2.6)  

The inlet water molar flow rate can then be calculated from  

 
2

an,v,in
an,w,in an,H ,in

an,v,in1
x

N N
x

=
−

 (2.7)  

 ( )2 2

ca,v,in
ca,w,in ca,O ,in ca,N ,in

ca,v,in1
x

N N N
x

= +
−

 (2.8)  

 Equations (2.1) - (2.8) describe the required amount of inflow species. After fed 

into the first segment of a fuel cell, gases flow through each segment based on the flow 

fields of anode and cathode to the subsequent segment.  

 

Species flow in each segment is shown in Figure 2-2. Each segment itself consists 

of six interacting sub-models: cathode flow channel, anode flow channel, cathode GDL, 

anode GDL, membrane hydration, and segment voltage. Theses models will be described 

in the following sections. 
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Figure 2-2: Species flow in a segment 

 

2.2 Anode/Cathode Channel Model 

The channel model describes the reactant flow behavior inside the anode and 

cathode of a segment. The model uses the molar conservation principle and fluid dynamic 

properties to calculate the outflow properties and pressure drop along the flow channels. 

The pressure drop of the gas mixture in the fuel cell flow channels was rarely considered 

in earlier models; however, in practical it is one of the key parameters in designing a fuel 

cell because it is related to the selection of the air pump and the efficiency of a fuel cell 

system. 

The segment current, Iseg, is an input based on which the segment model can be 

simulated.  The amount of consumed reactants in the segment can be determined by the 

fundamental equations: 

 
2

seg
H ,react 2F

I
N =  (2.9) 

 
2

seg
O ,react 4F

I
N =  (2.10) 
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The amount of water generation at the cathode catalyst layer can be expressed as 

 seg
w,gen 2F

I
N =  (2.11) 

Then the molar outflow rates can be calculated from 

 
2 2 2H ,out H ,in H ,reactN N N= −  (2.12) 

 
2 2 2O ,out O ,in O ,reactN N N= −  (2.13) 

 an,w,out an,w,in an,w,gdlN N N= −  (2.14) 

 ca,w,out ca,w,in ca,w,gdlN N N= −  (2.15) 

The water molar flow rates an,w,gdlN  and ca,w,gdlN  through GDL in Equations (2.14) and 

(2.15) are calculated by the gas diffusion layer model, which will be discussed in the next 

section. 

The pressure drop due to friction for a continuous, straight channel with length L 

can be calculated from the following equation [53]: 

 20

( ) ( )32
L

ch ch

y Q yP dy
A d

μ
Δ = ∫  (2.16)  

Since the reactant is consumed along the flow channel direction y, as a first-order 

approximation, we assume that dynamic viscosity μ(y) and flow rate Q(y) vary linearly 

along the flow channel: 

 ( )in in out( ) yy
L

μ μ μ μ= − −  (2.17) 

 ( )in in out( ) yQ y Q Q Q
L

= − −  (2.18) 

where μin and μout are the dynamic viscosities of the mixture at the inlet and outlet, 

respectively, and can be calculated by the mixture properties 

 i i
i

xμ μ=∑  (2.19) 

where xi is the molar fraction of species i. Similarly, the mixture flow rates at inlet Qin 

and outlet Qout can be expressed in terms of the ideal gas law: 

 i
i

RTQ N
P

= ∑  (2.20) 
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After substituting Equation (2.17) and Equation (2.18) into Equation (2.16), and 

integrating the equation, the pressure drop along the channel can be expressed as: 

 ( ) ( )in out in in out out in out2
ch ch

16 2 2
3

LP P Q Q
A d

μ μ μ μ− = + + +⎡ ⎤⎣ ⎦  (2.21) 

The outflow pressure can be determined by Equation (2.21), and the average pressure in a 

segment can be calculated by 

 ( )avg in out
1
2

P P P= +  (2.22) 

From the discussion above, the molar flow rates of every species and pressure at 

the segment outlet are determined. These properties are used as inflow properties for the 

next segment. 

2.3 Anode/Cathode Gas Diffusion Layer Model 

Because GDLs are porous media, and more than one species move through GDLs, 

we need to consider the effect of porous media on the diffusion of gas mixtures. Each 

species has different diffusivity, so the molar fraction of the species will vary along the 

diffusion path. The purpose of the GDL model is to calculate the molar fraction at the 

GDL/membrane interface. Furthermore, by knowing the average pressure, we can 

determine the partial pressure of hydrogen (using the anode GDL model), oxygen 

(cathode GDL model) as well as water activity for both. The hydrogen and oxygen partial 

pressures are used in the segment voltage model. Water activity is used in membrane 

hydration model to determine the water transport through membrane. 

Water transport from membrane to channel via the GDL could be in two forms, 

gas and liquid; therefore, we need to consider the under-saturated and saturated 

conditions separately. At under-saturated conditions, water vapor transport direction 

depends on the relative humidity in the channel and at the membrane/GDL interface. At 

saturated condition, water generated in the catalyst layer will transport through the GDL 

in the liquid form. The presence of liquid water in the GDL not only induces more 

resistance to gas diffusion but also covers part of the activation sites on the catalyst layer.  



  20

The Stefan-Maxwell equation is used to describe multi-component gas mixtures 

diffusion through the GDL [54]. For n-component gas diffusion through a porous 

medium, the molar fraction gradient of species i, is in the form:  

 eff

n
i j j i

i
j i j

x N x N
x RT

PD −

−
∇ = ∑  (2.23) 

where Ni and Nj are molar flux of species i and j. eff
i jPD −  is the effective pressure 

diffusivity product of the mixture i-j in the porous medium, and it is related to that in a 

nonporous system PDi-j by [55] 

 eff 1.5
i j i jPD PD ε− −=  (2.24) 

where ε is the porosity of the GDL. The pressure diffusivity PDi-j is dependent only on 

temperature T, and can be estimated from critical temperature Tc, critical pressure Pc and 

molecular weight M of components i and j with the following equation [54]. 

 ( ) ( )
1/ 2

1/3 5/12

c c c c
c c

1 1
b

i j i j i j
i ji j

TPD a P P T T
M MT T−

⎛ ⎞ ⎛ ⎞
⎜ ⎟= +⎜ ⎟⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

 (2.25) 

  Ni and Nj in Equation (2.23) can be the molar flux of hydrogen, oxygen, or water 

vapor through the GDL, and can be calculated from the segment current or the membrane 

hydration model. 

2.3.1 Under-Saturated Condition 

In the anode GDL, which contains hydrogen and water vapor, the water vapor 

molar fraction gradient is also expressed by the Stefan-Maxwell equation  

 ( )2 2

2

v,gdl seg
v,gdl H ,gdl H ,gdl v,gdl

an,avg H -v'
dx RT

x N x N
dz P D

= −  (2.26) 

The direction 'z  is defined in Figure 2-2.  

Since the sum of the molar fractions of all species is equal to 1, for anode we have  

 
2v,gdl H ,gdl 1x x+ =  (2.27) 

In Equation (2.26), Nv,gdl is the molar water transport determined by the membrane 

hydration model, and hydrogen molar flux through the GDL is equal to the reacted 

hydrogen rate and is calculated bye Equation (2.9). 

Equation (2.26) can be simplified by defining  
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 ( )2

2

seg
1 H ,gdl v,gdl

an,avg v-H

B
RT

N N
P D

≡ − + , (2.28) 

 
2

seg
2 v,gdl

an,avg v-H

B
RT

N
P D

≡  (2.29) 

Given the boundary condition v,c/gx x=  at ' 0z = , the water vapor molar fraction 

profile in the GDL can be solved: 

 2 2
v,gdl 1 v,c/g

1 1

B B( ') exp( B ')
B B

x z z x
⎛ ⎞

= + − −⎜ ⎟
⎝ ⎠

 (2.30) 

The above equation describes the water vapor molar fraction distribution across the anode 

GDL due to water vapor flux and hydrogen flux. At the GDL/membrane interface, 

gdl'z t= , the value of the water vapor molar fraction is 

 2 2
v,g/m 1 gdl v,c/g

1 1

B Bexp( B )
B B

x t x
⎛ ⎞

= + − −⎜ ⎟
⎝ ⎠

 (2.31) 

After knowing the water vapor molar fraction at the GDL/membrane interface, we can 

calculate the water activity at the same interface: 

 v,g/m an,avg
an,v,g/m

v,sat

x P
a

P
=  (2.32) 

The hydrogen partial pressure at the GDL/membrane interface is an important 

parameter to calculate segment voltage and it is determined from 

 ( )
2an,H ,g/m an,avg v,g/m1P P x= −  (2.33) 

If the relative humidity of gas flow in the channel is different from that at the 

GDL/channel interface, there will be water vapor flux in between. The molar flux of 

water vapor at the GDL/channel interface depends on the inflow relative humidity and is 

obtained from  

 ( )v,conv conv c/g in seg,convN K x x A= −  (2.34) 

where the convective mass transfer coefficient convK  is defined by the Sherwood number. 

 conv chijK Sh c D d= ⋅ ⋅ ⋅  (2.35) 
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In the above equation, Dij is the diffusivity of species i in the flow gas j. For the laminar 

flow and constant surface temperature conditions in a fuel cell, the Sherwood number  Sh 

is constant and is equal to 3.21 [56]. 

 In the cathode, three species are flowing in the channel and their molar fraction 

gradients across the GDL are calculated from the Stefan-Maxwell equation: 

 2 2 2 2 2 2 2

2 2 2

O ,gdl O ,gdl v,gdl v,gdl O ,gdl O ,gdl N ,gdl N ,gdl O ,gdlseg

ca,avg O -v O -N

dx x N x N x N x NRT
dz P D D

⎛ ⎞− −
= +⎜ ⎟⎜ ⎟

⎝ ⎠
 (2.36) 

 2 2 2 2

2 2

v,gdl O ,gdl O ,gdl v,gdl v,gdl N ,gdl N ,gdl v,gdlv,gdl seg

ca,avg O -v v-N

x N x N x N x Ndx RT
dz P D D

⎛ ⎞− −
= +⎜ ⎟⎜ ⎟

⎝ ⎠
 (2.37) 

 2 2 2 2 2 2 2

2 2 2

N ,gdl N ,gdl v,gdl v,gdl N ,gdl N ,gdl O ,gdl O ,gdl N ,gdlseg

ca,avg v-N O -N

dx x N x N x N x NRT
dz P D D

⎛ ⎞− −
= +⎜ ⎟⎜ ⎟

⎝ ⎠
 (2.38) 

where the direction z is defined in Figure 2-2.  

Since Nitrogen does not react, there is no Nitrogen molar flux through the GDL, 

i.e.,
2N ,gdl 0N = . Define 
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= , 

2
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6

ca,avg v-N

B
RT N
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=  (2.39) 

Equations (2.36) to (2.38) then can be expressed in the matrix form 

 
2 2

2 2

O ,gdl 3 4 5 O ,gdl

v,gdl 3 4 6 v,gdl

N ,gdl 5 6 N ,gdl

B -B -B
-B B -B
0 0 (B +B )

x x
d x x
dz

x x
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⎢ ⎥ ⎢ ⎥⎢ ⎥=⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

 (2.40) 

or 

 d
dz

= ⋅
x B x  (2.41) 

The solution of Equation (2.41) can be solved by finding the state transition matrix 

 ( )( ) expz z= ⋅Φ B  (2.42) 

and the boundary condition at 0z = : 
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O ,c/g

v,c/g

N ,c/g
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x
x

⎡ ⎤
⎢ ⎥
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⎢ ⎥
⎣ ⎦

x  (2.43) 
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The molar fraction at the GDL/membrane interface is 

 gdl gdl( ) ( ) (0)t t= ⋅x Φ x  (2.44) 

Once the molar fractions of reactants at the GDL/membrane interface are 

determined, the partial pressures of reactants can be calculated and used in the segment 

voltage model to determine the segment voltage. 

2.3.2 Saturated Condition 

When water vapor pressure reaches the saturation pressure, condensation occurs. 

Under this condition, all additional water generated in the cathode catalyst layer appears 

in the liquid form. Because the GDL is commonly Teflonized to provide a hydrophobic 

surface for easy removal of liquid water, the liquid water moves through the porous GDL 

to the surface of GDL, forming liquid droplets, and is removed by gas flow. The liquid 

water generation and electro-osmotic drag flux increase with current density, so at high 

current density, the cathode side could have a flooding problem. Pasaogullari and Wang 

[13] described liquid water transport in the GDL by using a capillary pressure model. 

Since flooding could occur on the cathode side, in the GDL model presented here, we 

must consider the effect of liquid water on diffusivity and cell performance; we will also 

include capillary pressure to model the saturated condition in the cathode GDL. 

 For saturated conditions in the anode, we assume the vapor pressures in the 

channel and in the GDL are both equal to the saturated water vapor pressure. The vapor 

pressure is proportional to the molar fraction, so the water vapor molar fraction in the 

GDL is equal to the saturated vapor molar fraction and is constant:  

 v,sat
v,gdl v,sat

an,avg

( ')
P

x z x
P

= =  (2.45) 

Since the molar fraction of water vapor is constant, its gradient is zero, and the hydrogen 

molar fraction is determined from 

 
2H ,gdl v,sat( ') 1x z x= −  (2.46) 

Hence the hydrogen partial pressure is 

 
2 2H ,g/m H ,gdl an,avg( ')P x z P= ⋅  (2.47) 
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 Similarly, when the cathode is saturated, water vapor molar fraction is equal to 

the saturated molar fraction and is constant, therefore: 

 v,gdl 0
dx

dz
=  (2.48) 

Since the sum of the molar fraction of all species is equal to one: 

 
2 2O ,gdl v,gdl N ,gdl 1x x x+ + =  (2.49) 

Given that xv,gdl is constant, if we know nitrogen molar fraction, the Oxygen molar 

fraction can be determined. Then we use Equation (2.38) to calculate the Nitrogen molar 

fraction from the linear equation 

 2

2

N ,gdl
5 N ,gdlB

dx
x

dz
=  (2.50) 

Given the boundary condition, 
2 2N ,gdl N ,c/gx x=  at 0z =  , the nitrogen molar fraction in the 

cathode GDL can be expressed as 

 ( )
2 2N ,gdl N ,c/g 5( ) exp Bx z x z=  (2.51) 

At gdlz t= , the molar fraction of Nitrogen at the GDL/membrane interface is calculated as 

  ( )
2 2N ,g/m N ,c/g 5 gdlexp Bx x t=  (2.52) 

The partial pressure of oxygen at the same interface is then determined from 

 ( )2 2ca,O ,g/m ca,avg v,sat N ,g/m1P P x x= − −  (2.53) 

On the cathode side, the presence of liquid water will influence the effective 

diffusivity of a porous GDL. The effective diffusivity eff
iD  is correlated with porosity ε 

and saturation s by 

 ( ) ( )eff
i iD D f g sε=  (2.54) 

The saturation s in Equation (2.54) is defined as the ratio of liquid water volume and pore 

volume: 

 w

p

Vs
V

=  (2.55) 

Earlier studies [7, 12, 17, 57-60] suggest the influence of porosity on diffusivity to be 

approximated by a polynomial relationship: 

 1.5( )f ε ε=  (2.56) 
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The presence of liquid water reduces the diffusion area in the GDL and its effect is 

commonly modeled by a normalized function as 

 ( )( ) 1 mg s s= −  (2.57) 

Mezedur et al. [61] suggests m = 0.71 for their porous medium, whereas Nam et al. [62] 

suggested m = 2, which is used in this study. 

 Inside the GDL, liquid water is driven by capillary pressure, which is defined as 

the difference between liquid and gas-phase pressures. 

 c g wP P P= −  (2.58) 

In hydrophobic GDLs, the capillary pressure is negative and drives the liquid water from 

the reaction sites to the surface of the GDL. The capillary pressure between the two 

phases is expressed as 

 
1/ 2

ccosθ ( )cP J S
K
εσ ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 (2.59) 

where J(S) is a function of liquid saturation explained below in Equation (2.61). σ is the 

surface tension and is taken as 0.0625 N m-1 for liquid water-air systems, θc is the contact 

angle, and K is the permeability of the GDL. Both θc and K are GDL dependant. 

In Pasaogullari’s [13] and Nam’s [62] studies, they used Leverett’s function for 

J(S):   

 2 3( ) 1.417 2.120 1.263J S S S S= − +  (2.60) 

where S is the reduced water saturation and is defined as 

 
1

im

im

s sS
s

−
=

−
 (2.61) 

In the above equation, ims is the immobile saturation of GDL and is chosen as 0.1 in 

Nam’s study [62]. In addition, when s is less than ims , S is equal to zero. 

 The liquid flow through GDL under the channel induced by capillary pressure [13, 

62] is expressed as:  

 w rw c
ca,w,gdl

ww

KK dP dSN
M dS dz
ρ

μ
⎛ ⎞= − ⎜ ⎟
⎝ ⎠

 (2.62) 

The definition of parameters on the right hand side of Equation (2.62) and their values are 

listed in Table 2.1. At steady state, ca,w,gdlN  is equal to the net water flux from anode to 



  26

cathode and is determined by the membrane hydration model. Then reduced saturation S 

can be obtained by solving Equation (2.62). 

Table 2.1: Parameters used for GDL 
Parameter Value 
Liquid water density (ρw) 1000 kg m-3 

Absolute permeability  (K) 1×10-8 m2 13 

Relative permeability  (Krw) S 14 

Molecular weight of liquid water (Mw) 18×10-3 kg mol-1 

Dynamic viscosity of water vapor ( wμ ) 4 ×10-4 N s m-2 

 

Instead of using Leverett’s function (Equation (2.60)) to calculate the capillary 

pressure, Natarajan [14] suggested another empirical pressure gradient and did not 

consider the effect of immobile saturation: 

 ( ) ( ){ }c 3.7 0.0173 exp 3.7 0.494 exp 3.7 0.494dP s s
ds

= − × − − + −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦  (2.63) 

Then Equation (2.62) becomes 

 w rw c
ca,w,gdl

ww

KK dP dsN
M ds dz
ρ

μ
⎛ ⎞= − ⎜ ⎟
⎝ ⎠

 (2.64)  

Theses two-phase flow models in Pasaogullari’s, Nam’s and Natarajan’s studies 

describe the liquid saturation in the GDL under channel, as shown in Figure 2-3. The 

difference between these two results is distinct; Pasaogullari’s model is a 2-D model and 

only describes the distribution of liquid saturation in the GDL under the channel. Their 

results show average liquid saturation in the GDL under the channel is close to 0.07. 

Natarajan’s model shows 3-dimensional liquid saturation distribution in the GDLs both 

under the channels and under the ribs. The liquid saturation in the GDL under the ribs is 

higher than 0.9, whereas that in the GDL under the channel varies between 0 and 0.88. 

The huge difference arouses our desire to understand the water accumulation in the GDLs 

under the channels and under the ribs. 

In addition, according to Zhang’s [18] and Turhan’s [17] studies, it is the GDL 

under rib where water content increases with current density. In addition, ribs account for 

almost half of the active area, so they cannot be neglected. Therefore, in this study, we 
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will propose a model that describes the liquid saturation in the GDL under ribs based on 

neutron experimental results. 

 

 (a)     (b) 

 

Figure 2-3. Liquid saturation in the GDL. (a) Pasaogullari’s  study [13] models the liquid 
saturation in the GDL under the channel. (b) Natarajan’s study [14] model the liquid 
saturation in the GDL under the channel and under the rib. 

 

Figure 2-4 shows the mechanism of water transport through the GDL. In Figure 

2-4 (a), water emerges in the cathode catalyst layer due to net water transport from anode 

to cathode and due to water generation.  Because the air flow diffuses through the GDL, 

most liquid water transport is constrained in the GDL under ribs, as shown in Figure 2-4 

(b). The liquid water flux is induced by capillary pressure and transports through the 

pores of GDL, accumulating adjacent to the ribs, as shown in Figure 2-4 (c). When the 

GDL under ribs cannot hold more liquid water, the liquid water emerges from the corner 

of ribs and GDL to the channels. The liquid water then is carried away by air flow, as 

shown in Figure 2-4(d).  

 (a)                                                         (b) 

 
Figure 2-4: Liquid water transport and distribution in the GDL under ribs  

(c) (d) 
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   In this model, we need to determine the amount of liquid water transport through 

the GDL under the channel and through the GDL under the rib. In Chapter 3, the water 

thickness in the cathode GDL under the channel is assumed to be inversely proportional 

to the gas flow rate. Similarly, we assume the water transport through the GDL under the 

channel is also inversely proportional to the gas flaw rate in the channel: 

 ca,w,gdl,ch
ca, react, ch

N
N

β
=  (2.65) 

Once we determine the water transport in the GDL under the channel, we can calculate 

the distribution of liquid saturation in the GDL by using Equation (2.62). To simplify the 

problem, c /dP dS  in Equation (2.62) is chosen as 22.95 N cm-2 [59]. Then the liquid 

saturation in the catalyst layer can be obtained.   

Once the water transport in the GDL ca,w,gdl,chN  is known, we can calculate the 

amount of water transport in the GDL under the rib by 

 ca,w,gdl,rib ca,w,gdl ca,w,gdl,chN N N= −  (2.66) 

According to experimental results in Chapter 3, the maximum water thickness in the 

cathode GDL under the rib is approximately 50 μm. The result implies even though 

liquid water flux is very large, the cathode GDL under the rib has a limited capacity to 

hold liquid water. Thus, the average water thickness of in the GDL under the rib in a 

segment is approximated by  

 
( )

ca,w,gdl,rib
ca,gdl,rib w,max

ca,gas,ch

1 exp
N

t t
N

γ

α⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟= −
⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

 (2.67) 

where , ,ca gdl ribt  is the average water thickness in the GDLs, ca,w,gdl,ribN  is the net water flux 

in the cathode GDL from catalyst layer toward channels. Then the average liquid 

saturation in the GDL under the rib can be calculated from 

  , , , ,
, ,

ca gdl rib ca gdl rib
ca gdl rib

gdl gdl

t A t
s

t A tε ε
⋅

= =
⋅ ⋅ ⋅

 (2.68) 

where tgdl is the GDL thickness, A is the segment area, and ε is the porosity of GDL.  
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We calculate liquid saturation in the GDL under the channel and liquid saturation 

in the GDL under the rib separately. Then the average value between these two variables 

will be used in the segment voltage model. 

2.4 Membrane Hydration Model 

The water transport within membranes is represented by the membrane hydration 

model shown in Figure 2-2. The membrane hydration model determines the water 

transport through the anode/cathode GDLs and water content for determining the 

membrane conductivity. As shown in Figure 2-2, there are three mechanisms for water 

flux in the membrane. They are electro-osmotic drag from anode to cathode, back 

diffusion due to the concentration potential difference between anode and cathode, and 

water generation at the cathode catalyst layer. These three factors are explained in the 

following. 

The electro-osmotic drag is defined as 

 seg
w,osmotic osmotic F

I
N K=  (2.69) 

where Kosmotic is the osmotic drag coefficient, and has been studied by many researchers 

[5, 6, 63-66]. Some results have shown that the value is constant, and others have shown 

that it depends on the water content in the membrane. In this study, we use Springer’s 

results [5]: 

 osmotic

2.5
22

pemK
λ

=  (2.70) 

The water content in the membrane pemλ , is determined from water activity of membrane 

apem:   

 2 30.043 17.81 39.85 36.0pem pem pem pema a aλ = + − + , 0 1pema< ≤  (2.71) 

The average water activity of anode and cathode is used to calculate the water content in 

the membrane: 

 an ca
pem 2

a aa +
=  (2.72) 

In Equation (2.72), ana and caa are equal to the relative humidity of anode and cathode. 
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The water transport by back diffusion is expressed as 

 w,ca w,an
w,diff diff

pem

c c
N K

t
−

=  (2.73) 

where cw is the water concentration of the membrane as defined by Fuller [6], and tpem is 

the membrane thickness. Water concentration is calculated as 

 pem
w,an an

pem

c
M
ρ

λ=  (2.74) 

 pem
w,ca ca

pem

c
M
ρ

λ=  (2.75) 

anλ  and caλ in the above equations can be calculated by water activity in anode and 

cathode: 

 2 30.043 17.81 39.85 36.0an an an ana a aλ = + − + , 0 1ana< ≤  (2.76) 

 2 30.043 17.81 39.85 36.0ca ca ca caa a aλ = + − + , 0 1caa< ≤  (2.77) 

In Equation (2.73), Kdiff is the back diffusion coefficient and is a function of 

temperature and water content in the membrane 5, [67]: 

 diff
seg

1 1exp 2416
303

K K
Tλ

⎛ ⎞⎛ ⎞
= −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (2.78) 

where 

 
( )( )

( )( )

10
pem

10
pem pem

10
pem pem

10
pem

10 , 2

10 1 2 2 ,2 3

10 3 1.167 3 ,3 4.5

1.25 10 , 4.5

Kλ

λ

λ λ

λ λ

λ

−

−

−

−

⎧ <
⎪

+ − ≤ ≤⎪⎪= ⎨
− − < ≤⎪

⎪
× ≥⎪⎩

 (2.79) 

The net water flux through the anode GDL is 

 an,w,gdl w,diff w,osmoticN N N= −  (2.80) 

whereas that through the cathode GDL is 

 seg
ca,w,gdl w,osmotic w,diff 2F

I
N N N= − +  (2.81) 

where the last term on the right hand side is the water generation at the cathode catalyst 

layer. 
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 The water content is used to calculate the membrane conductivity in the segment 

voltage model, and the water fluxes in anode and cathode are used in the GDL model and 

the flow channel model. 

2.5 Segment Voltage Model 

The segment voltage model calculates voltage of each segment at specific current 

according to the partial pressures of hydrogen and oxygen, membrane water content, and 

temperature. The segment voltage can be expressed as 

 seg rev act ohm concV V V V V= − − −  (2.82) 

where Vrev, Vact, Vohm, Vconc are the theoretical reversible voltage, the activation 

overpotential, the ohmic overpotential, and the concentration overpotential, respectively. 

The theoretical reversible voltage is calculated from [68]: 

( ) ( )

2 2

2

2 2

rev

0.50
H Oseg

H O

3 5
seg seg an,H ,g/m ca,O ,g/m

2F
R

      = ln
2F 2F

1      =1.229 0.85 10 298.15 4.3085 10 ln ln( )
2

GV

P PTG
P

T T P P− −

−Δ
=

⎛ ⎞−Δ
+ ⎜ ⎟⎜ ⎟

⎝ ⎠
⎡ ⎤− × − + × +⎢ ⎥⎣ ⎦

 (2.83) 

The partial pressures of hydrogen 
2an,H ,g/mP  and oxygen 

2ca,O ,g/mP  come from the 

anode/cathode GDL models. 

The activation overpotential arises from the kinetic reaction at the anode and 

cathode [69-71]. Due to the slower kinetics of oxygen reduction at the cathode side, the 

voltage drop due to activation overpotential is dominated by the cathode. The 

overpotential is modified from Pukrushpan’s study [24] as 

 act seg0.275 0.1 1 exp( 12 )V i⎡ ⎤= + − −⎣ ⎦  (2.84) 

where segi  is the current density of a segment.  

The ohmic overpotential is due to the internal resistance of a segment and is 

expressed as 

 ohm seg segV I R=  (2.85) 
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where Iseg is the segment current. The resistance of the segment is the sum of all 

components through which current flows and contact resistance. These components are 

membrane, GDLs, and flow field plates: 

 seg pem gdl plate contactR R R R R= + + +  (2.86) 

The conductivities of GDL and graphite plates are typically much larger than that 

of the membrane, so it is not necessary to consider their resistances. Thus only the 

membrane resistance is considered in this model, which is obtained from 

 pem
pem

pem

t
R

σ
=  (2.87) 

where the membrane conductivity σpem is a function of temperature and water content in 

the membrane, and is expressed in the form [5], 

 ( )pem 11 pem 12 13
seg

1 1exp
303

b b b
T

σ λ
⎡ ⎤⎛ ⎞

= − −⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 (2.88) 

where 11b , 12b , and 13b  are empirically determined from our experimental results. 

Concentration overpotential results from the change in concentration of the 

reactants as they are consumed in the reaction. The concentration overpotential is 

significant at high current density and it is frequently expressed by the Nernst equation: 

 
0

ln 1 seg
conc

c

iRTV
F iα

⎛ ⎞
= − −⎜ ⎟

⎝ ⎠
 (2.89) 

However, at high current density, the concentration overpotential from Equation (2.89) is 

not significant. Squadrito et al. [60] suggest another empirical form: 

 
0

ln 1 segk
conc seg

i
V bi

i
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

 (2.90) 

where b and k are coefficients to determining the voltage drop. In addition, the flooding 

effect is also considered, which reduces the activation area of catalyst, so the maximum 

current density is reduced when liquid water appears at the catalyst layer. The modified 

concentration overpotential is expressed as 

 22 seg
conc 21 seg

limit

ln 1
(1 )

b i
V b i

i s
⎛ ⎞

= −⎜ ⎟−⎝ ⎠
 (2.91) 

where 21b  and 22b  are coefficients to be determined by experimental data.  
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In the above calculations, the current density in each segment is assumed to be 

known and the same. However, the cell voltage of all segments should be the same, and 

the difference in humidity, reactant pressure, etc. resulted in different current density. 

After each segment voltage model calculates its voltage, actual segment current can be 

corrected by enforcing all the segment voltages to be the same.   

2.6 Cell Voltage Calculation 

The models presented in previous sub-sections are implemented in the 

SIMULINK environment. The block diagrams of six sub-models of a segment are shown 

in Figure 2-5. Given the inflow properties and (initial guess of) segment current, the 

segment model calculates the segment voltage. Since the current density is actually not 

uniform throughout the active area, the cell voltage is determined iteratively by the 

process shown in Figure 2-6. Xi [72] developed a discretized SOFC model and provided 

an iterative algorithm to solve the equations in his model. We will use the similar 

algorithm to determine the cell voltage in our model. This algorithm will be explained 

briefly in the following. 

At the beginning of an iteration, we guess an inlet gas pressure inP  and a current 

load cellI . Under the desired stoichiometry values and relative humidity levels, the inflow 

anode and cathode flow properties for the cell can be determined. The initial guess for 

each segment current seg, iI , is set to be one fifteenth of the cell current, cellI . The segment 

voltage seg, iV  is determined by the segment model described in previous sections. 

Because of the different locations, each segment may not have the same inflow gas 

properties such as reactant pressure, resulting in different segment voltages. 

If the difference between the maximum and minimum segment voltages is not 

within an acceptable range, the segment currents need to be corrected. Based on the 

typical polarization curve of a fuel cell, the segment with higher voltage should increase 

its current, and that with lower voltage should decrease its current. To increase iteration 

speed, the change in segment current is set to be proportional to the voltage difference 

while keeping the cell current constant.  



  34

3
P/H2/w_out

2
P/O2/w/N2_out

1
Segment Voltage (V)

P_ca_O2_g/m (Pa)

s

Water content in PEM

I_seg (A)

T_cell (K)

P_an_H2_g/m (Pa)

V_seg (V)

Voltage Model

RH_ca_g/m

I_seg (A)

RH_an_g/m

N_ca_w_gdl (mol/s)

Water_content in PEM

N_an_w_gdl (mol/s)

Membrane Hydration Model

P_ca_avg (Pa)

x_ca_O2/v/N2_c/g

T_seg (K)

N_ca_v_gdl (mol/s)

N_ca_react

N_ca_w_gdl

I_seg (A)

P_ca_O2_g/m (Pa)

s

RH_ca_g/m

Cathode GDL

P/O2/w/N2_in

I_seg (A)

T_seg (K)

N_ca_w_gdl (mol/s)

P/O2/w/N2_out

P_ca_avg (Pa)

x_O2/v/N2_c/g

 T_seg (K)

N_ca_v_gdl

N_ca_react

N_ca_w_gdl
Cathode Channel

I_seg (A)

P_an_avg (Pa)1

x_an_v_c/g

N_an_v_gdl (mol/s)

T_cell (K)

RH_an_g/m

P_an_H2_g/m (Pa)

Anode GDL

N_an_w_gdl (mol/s)

T_seg (K)

I_seg (A)

P/H2/w_in

P_an_avg (Pa)

x_an_v_c/g

N_an_v_gdl

 T_seg (K)

P/H2/w_out

Anode Channel 1
4

P/H2/w_in

3
T_cell (K)

2
I_seg (A)

1
P/O2/w/N2_in

 increased seg, i seg, imax( ) min( )I k V V⎡ ⎤Δ = −⎣ ⎦  (2.92) 

 1 increased
seg, i seg, i

seg, i avgnumber of segments whose  
n n II I

V V
+ Δ
= +

>
    when seg, i avgV V> (2.93) 

 1 increased
seg, j seg, j

seg, j avgnumber of segments whose  
n n II I

V V
+ Δ
= −

<
    when seg, j avgV V< (2.94) 

The superscript n  in these equations indicates the n-th step in time. In addition, the inlet 

pressures of the anode and cathode are also adjusted to keep the outlet pressure the same 

as the ambient pressure. 

In this model, water accumulation in the GDL is an important factor to affect cell 

performance. To understand how liquid water accumulates in the GDL makes this model 

more accurate. The detail of observing and quantifying liquid water within a working fuel 

cell is illustrated in next chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5: The connection of six sub-models in a segment 
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Figure 2-6: The process to solve cell voltage 
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CHAPTER 3 

EXPERIMENTAL METHOD 

 

As discussed in Chapter 2, the major water transport mechanisms in a PEMFC are 

electro-osmotic drag, back diffusion, and water transport in the GDL. Electro-osmotic 

drag and back diffusion have been studied experimentally. Water transport in the GDL, 

which affects the liquid saturation in the GDL, has been studied by many researches [13, 

14, 62]. The liquid saturation in the above studies was derived based on empirical 

equations and the results were not validated by experiments. Thus, experimental results 

that can measure liquid water distribution in a PEMFC, and more importantly, results that 

provide cathode/anode and under channel/under rib differentiation can be very helpful in 

the advancement of fuel cell models. 

The water transport within a cell contains two types of forms, liquid and vapor. It 

is not easy to directly quantify the liquid water within an operating fuel cell. However, 

we can detect water vapor by using a relative humidity sensor. Tüber et al. [28] made a 

transparent fuel cell to observe the liquid water within it, but the cell material was 

changed and water quantification was not easy to conduct.  

Neutron is very sensitive to hydrogen, so neutron radiography provides a non-

intrusive method to detect the liquid water inside a fuel cell. In this chapter, we will 

design fuel cells that enable us to locate and quantify liquid water within operating fuel 

cells. In addition, we will also use miniature RH sensors to capture the distribution of 

relative humidity.  

3.1 Single Cell Design 

Three single cells with different flow fields were designed in this study. The 

active area of each cell is 100 cm2. The membrane electrode assembly (MEA) was 
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provided by Umicore. It has a membrane thickness of 25 μm, a carbon-supported catalyst 

loading of 0.4 mg Pt cm-2 on both anode and cathode, and gas diffusion layers (GDLs). 

The GDLs are made of carbon papers with an uncompressed thickness of 230 μm. The 

flow field plates are made of graphite. Because commercial graphite plates have porosity 

that could trap water—which will interfere with the neutron imaging, the graphite plates 

were densified with resin before machining.  

Most published neutron radiography experiments used identical anode and 

cathode flow fields for which the water content in the anode flow field and cathode flow 

field can not be distinguished for the neutron image. In order to differentiate anode flow 

field from cathode flow field in neutron radiography experiment, a special flow field was 

designed. One side of flow field is shifted by a channel width, as shown in Figure 3-1. All 

the anode flow fields were 6-channel serpentine, combined with different straight cathode 

flow fields. Figure 3-2(a) shows the cathode flow channel is perpendicular to anode flow 

field. Figure 3-2(b) shows the cathode flow channel is parallel to anode flow field. Figure 

3-2(c) shows the cathode channel number reduces from 12 channels to 6 channels. This 

design was investigated to see whether the reduction in flow area will help to alleviate 

flooding problem. All channel depth, channel width and rib width were 1, 1.6, and 1.7 

mm, respectively. The rectangular holes in those flow fields indicate the sensor locations. 

The current collectors are made of gold-plated copper plates. End plates are made 

of aluminum alloy, used to compress MEAs, flow field plates and current collectors 

precisely. The cell assembly is compressed by using twelve bolts with nuts. The 

compression is chosen to compress the thickness of GDL to 184 μm, which is suggested 

by Umicore. A flow field plate embedded with RH sensors is shown in Figure 3-3. One 

of the assembled single cells is shown in Figure 3-4. 
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Figure 3-1: Shifted design of flow field to differentiate anode flow field 
 

(a)  

(b)  

(c)  

Figure 3-2: Flow field designs in this study (Left: cathode; Right: anode.). (a) Cell no. 1; 
(b) Cell no. 2; (c) Cell no. 3. 
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Figure 3-3: A flow field plate embedded with RH sensors 
 

 

Figure 3-4: An assembled fuel cell 

3.2 Relative Humidity Sensors and Calibration 

Ten commercial relative humidity sensors (SHT75, Sensirion, Switzerland) were 

placed at selected positions along the anode channels and cathode channels, respectively. 

These positions were shown schematically in Figure 3-2. SHT75 is the smallest available 

sensor we can find on the market. Its cross section area is 3.7 x 2.2 mm. Each sensor was 

penetrated through a plate such that the sensor head was inside the fuel cell and leading 

pins were outside the fuel cell, as shown in Figure 3-5. Removable signal cables were 

connected with the leading pins which transfer digital data to the Evaluation Kit (EK-
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H3), shown as Figure 3-6, which is connected to a computer. With evaluation kit and 

software, temperature, RH and dew point could be measured and recorded for each 

individual sensor. Therefore, there is no need to install thermocouples. 

 

 
Figure 3-5: A SHT75 humidity sensor and the cross section view of a sensor embedded  

 

 
Figure 3-6: Evaluation Kit of Sensirion for humidity sensors. 

 

According to the specification provided by the sensor vendor, the accuracy of the 

relative humidity (RH) measurement is ±2 %RH when RH is between 10% and 90%. But 

it was found that not all RH sensors reported the same value under same environment. 

Therefore, it is necessary to calibrate these RH sensors before they were embedded in 

fuel cells. 

The calibration experiment was conducted at a facility at the Chrysler Technical 

Center of the DaimlerChrysler Corporation. Figure 3-7(a) shows the humidity generator 

made by Thunder Scientific Corporation (model number 2500).  The specifications of 

this humidity generator are as follows.  

Flow field plate 

 

Current collector 

End plate 
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• Relative Humidity Range:  10 to 98%  

• Relative Humidity Resolution: 0.02%  

• Relative Humidity Accuracy : ±0.5% 

Figure 3-7(b) shows the chamber of the humidity generator, which accommodates 

the RH sensors to be calibrated. The RH sensors were placed inside this chamber and the 

connected cables went through the hole on the right of the chamber. The RH inside the 

chamber was set at 60, 70, 80, 90, 95%, respectively. These relatively high levels of RH 

were selected because they represent the typical operating conditions inside PEMFCs.  

The Evaluation Kit for the RH sensors was used to process the signal and record the 

readings from these sensors. 

Figure 3-8 shows the calibration results of the 20 RH sensors. The sensors seem 

to produce readings that can be grouped into two or three batches. The measurement error 

seems to increase with RH and is as large as 7 %. This large level of error is of course 

undesirable.  Fortunately, the error appears to be very linear for all sensors.  Therefore, 

through a simple post-processing routine the measurement error can be compensated. 

         
Figure 3-7: (a) Model 2500 humidity generator--left; (b) chamber--right. 
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Figure 3-8: The relationship between actual RH value and sensor reading value 

3.3 Neutron Radiography 

Neutron transmissibility is sensitive to hydrogen, which is an element of water 

molecule; therefore, neutron radiography provides a non-destructive method to detect 

liquid water inside an operating fuel cell, since Figure 3-9 shows the comparison of the 

relative cross-sections of various elements for X-rays and for neutrons. It shows that the 

hydrogen atom has a high neutron scattering cross section, so that the presence of liquid 

water causes large changes in the attenuation of the neutron beam.  

The transmitted neutron intensity attenuated by any material is given by 

 ( )0 exp wJ J dtρ= −  (3.1) 

where J is the transmitted intensity, J0 is the incident intensity, ρ is the atom density, and 

d is the neutron cross-section. In Equation (3.1),  if J, J0, and d are measured, then one 

can determine the thickness of liquid water tw. The determination of water content within 

the cell is attainable by referencing a conversion factor which correlates water thickness 

to pixel luminance. 
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Figure 3-9: Compared with X-ray, neutron is more sensitive to hydrogen [29]. 

All the experiments were performed at Beam Tube 2 (BT-2) of the Center for 

Neutron Research (NCNR), a research center of the National Institute of Standards and 

Technology (NIST). The experimental setup is depicted in Figure 3-10 and a photo of 

experimental setup is shown in Figure 3-11. The NCNR facility was discussed in the 

literature [73]. High energy neutrons (MeV) were created by fission in the reactor core 

and were moderated to thermal energies (meV) by D2O. The remaining gamma and high 

energy neutron contribution of the beam was filtered out by a 15 cm thick single crystal 

bismuth filter that is very transmissive to thermal neutrons when cooled to 77 K by liquid 

nitrogen. The filtered beam was then collimated with a simple thermal neutron pinhole 

(made from boron and cadmium) located directly downstream from the filter. In this 

study, a 2 cm aperture produced an effective L/d ratio of 300 and a neutron fluence rate 

of 1.7 × 107 cm-2 s-1. The images were acquired with a Li6-doped ZnS scintillator placed 

directly in contact with an amorphous silicon flat panel detector which has a pixel pitch 

of 0.127 mm and a spatial resolution of about 0.250 mm at a frame rate of 1 Hz and about 

0.125 mm at a frame rate of 15 Hz. The following sections will illustrate the experimental 

procedure for steady-state and transient images. 

3.3.1 Experimental Procedure for Steady-State Images 

The fuel cell was controlled by a fuel-cell test station that was custom-built for 

NIST. This test stand provides accurate flows of humidified hydrogen and air as well as 

dry nitrogen and pure/nitrogen mixed oxygen. A heat tape wrapped around the perimeter 

of the cell heated the cell to a temperature of 70 °C. The cell was purged with dry 

nitrogen and dry air for at least 15 mins prior to taking dry reference images. To reduce 

x-ray cross section 

H D C O A Si Fe

neutron cross section 
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image noise, a series of 1000 images of the dry cell was taken and averaged to obtain the 

reference image. The water content in the fuel cell is then calculated based on the 

difference between the test image and the reference image.  

The effect of cathode reactant humidity and stoichiometry were investigated in 

this study.  The cell was operated at different current densities, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, 0.7 A-cm-2. For each current density, the test was conducted at 2 relative humidity 

values, 50% and 100%, and 3 stoichiometry values, 2, 3, and 4 for the cathode inlet. The 

anode gas was not humidified and the stoichiometry was 1.2 for all experiments, except 

that a minimum flow rate for both cathode and anode was set at levels corresponding to 

0.2 A cm-2. Neutron imaging was initiated at least 5 mins after a new condition was 

established. 

 
Figure 3-10: Schematic experimental seetup of Neutron Radiography at NCNR 

     

                

(a)  (b)  

Figure 3-11: (a) Experimental setup at NCNR. (b) Close view of the fuel cell 

Pinhole 

collimator Fuel cell 
Computer 

Detector 

Detector     Fuel cell      Pinhole collimator 
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3.3.2 Experimental Procedure for Transient Images 

The purpose of transient images is to study the variation of water content in the 

fuel cell during step load changes. Seven different changes of current density were 

selected in this experiment: from 0 to 0.1, from 0.1 to 0.4, from 0.4 to 0.6 (0.7), and from 

0.6 (0.7) to 0 A/cm2.  

The experimental setup for transient images was the same with that for steady-

state images except the frame rate was set as 15 fps. The anode gas was not humidified 

and the relative humidity of cathode inlet gas selected at 50% and 100%. The 

stoichiometry values of anode and cathode were 1.2 and 3, respectively for all experiment 

except that a minimum flow rate for both cathode and anode was set at levels 

corresponding to 0.2 A cm-2. At each set of experiments, the current density was changed 

when the transient images were being recorded. The images were recorded for 3 minutes 

at a frame rate of 15 fps. 

3.4 Data Analysis 

Steady-state images and transient images were analyzed by different procedures. 

The steady-sate images focused on how water content varies with current density, 

whereas transient images highlight how water content varies during the setup current 

change. 

3.4.1 Data Analysis for Steady-State Images 

After the raw images were captured, the water content in the cell was extracted by 

analyzing the image data using codes developed at NIST. Ten images were used to obtain 

averaged test data to reduce noise. The image intensity of each pixel of the image reflects 

the recorded neutron intensity, which quantifies the amount of liquid water at that spatial 

location. Once the quantity and location of liquid water along the flow-channel direction 

is determined, the focus shifts to further understanding where liquid water forms along 

the through-MEA direction.  The PEM is quite thin and hydrophilic; therefore the water 

content in it typically remains relatively constant and does not influence the observed 

water quantity in a neutron image.  In an earlier study [18], where an un-shifted flow field 
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design was used, the water content “under channel” was found to be much less than that 

“under ribs,” and the amount of water under channel does not change significantly with 

current density. The under-saturated test conditions reported in another study [17] 

showed similar results. These earlier results imply that the liquid water has a tendency to 

accumulate in the GDLs under the ribs, and the quantity can vary significantly. Water 

that is present in the channels, on the other hand, is carried through the flow channel and 

its quantity is relatively fixed. The above two papers both used fuel cells with a small 

active area and straight flow channels. Therefore, the water distribution within the active 

area is quite uniform. Since the anode flow field was identical to the cathode flow field in 

their designs, the area that was identified by the neutron image to have liquid water under 

channel is at locations where anode channels and cathode channels overlap (referred to as 

“Ch-Ch”), whereas the area under ribs is at locations where anode ribs and cathode ribs 

overlap (“Rib-Rib”). 

In this research, since the flow fields of anode and cathode are not identical and 

are shifted spatially, there are two additional combinations. The two additional types of 

areas, which in fact accounts for the majority of the active area, were the overlap of 

cathode channels and anode ribs (which we will call An_rib), and that of anode channels 

and cathode ribs (Ca_rib), as shown in Figure 3-12. To quantify liquid water in the four 

different areas, image masking techniques were used to determine the location of water 

inside the cell. Image masking refers to the process in which all neutron intensity in an 

image is blocked except for pixels that lie within a specified region. Four masks were 

created to quantify liquid water in the four different areas, as shown in Figure 3-13. 

Another important consideration is that active area was not small enough to be regarded 

as uniform, so the active area was divided into fifteen segments along the anode flow 

field, as shown in Figure 3-14, which is numbered successively along the anode flow 

direction. The average liquid water thickness was then calculated for each mask in each 

of the fifteen segments. The quantification result is the average thickness for each 

segment, for the four different types of area. The water thickness in the plots cannot be 

interpreted as the thickness of liquid water accumulated in any specific layer because the 

equivalent water thickness of each layer in MEA is unknown. 
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Figure 3-12: Schematic of four kinds of channel/rib combinations and water 
accumulation. 

 

       
Figure 3-13: Four masks used to quantify liquid water in (a) Rib_Rib; (b) Ch_Ch; 
(c)Ca_rib; (d) An_rib. 

 

 
Figure 3-14: Schematic of 15 segments along anode flow field. 

 

3.4.2 Data Analysis for Transient Images 

In processing transient results, ten images were used to obtain moving average 

images. The procedure was illustrated in Figure 3-15. The same four masks shown in 

3 2. 1. 

4 5 6 

9 8 7 

10 11 12 

15 14 13 
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Figure 3-13 were also applied to differentiate the water content in four areas. The average 

liquid water thickness was then calculated for each mask in the fifteen segments shown in 

Figure 3-14. 

 
Figure 3-15: Schematic of obtaining moving average images. 

3.5 Neutron Radiography Experimental Results 

The calculated average liquid water quantity can be used for qualitative and 

quantitative assessment. The water quantity can be used for the calibration and validation 

of a mathematical model. In addition, we can also use it as a visualization tool, through 

colorizing the neutron density images. Figure 3-16 shows a colorized neutron image of 

cell No. 2, whose flow field pattern is shown in Figure 3-2 (b). The bottom half of the 

image, which corresponds to the downstream anode flow, contains more water than the 

top half. However, it is not possible to distinguish from this image whether the water 

accumulation is located in the membrane, anode/cathode channels, or anode/cathode 

GDLs. By applying the masking technique described earlier, however, we will be able to 

identify the location of liquid water more accurately. 

 

 

 

 

1
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Figure 3-16: Colorized neutron image of cell No. 2. Current density: 0.2 A/cm2; 
Anode/Cathode inlet RH: 0% / 100%. 

 

3.5.1 Anode and Cathode Differentiation 

First, we will show that the flow field design and image processing technique 

developed in this study help in differentiating liquid water in the anode and in the 

cathode. Figure 3-17 shows the average water thickness in the 15 segments as a function 

of current density by using Rib-Rib (a), Ch-Ch (b), Ca_rib (c), and An_rib (d) masks, 

when the cathode inlet RH is fixed at 50%. Figure 3-18 shows the results when the 

cathode inlet air is fully humidified. The layout of the subplot matrix corresponds to the 

segment distribution in Figure 3-14. In the middle columns of Figure 3-17 (a)-(b) and 

Figure 3-18 (a)-(b), the plots show nothing, because there are no Ch-Ch and Rib-Rib 

areas in those segments. In Figure 3-17 (a) and Figure 3-18 (a), which show results for 

application of the Rib-Rib mask, a maximum water thickness of approximately 100 μm 

was observed in segment 15. Since segment 15 is the last one along the anode flow field, 

it is reasonable for it to contain the most liquid water. The results imply that the 

maximum amount of liquid water that can accumulate in the Rib-Rib area is equivalent to 

the water thickness of around 100 μm. So when we observe water thickness in excess of 

100 μm, it is very likely the amount over 100 μm is due to liquid water in the flow 

channels.   

Top 

Bottom

Cathode outlet

Anode outlet

Cathode inlet

Anode inlet 
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The water thickness in Figure 3-17 (d) was observed to decrease slightly with 

increasing current density. This phenomenon becomes more pronounced when the 

cathode inlet gas was fully humidified, as is displayed in Figure 3-18 (d). The water 

thickness in Figure 3-18 (d) decreases to 20-80 μm, depending on the segment position. 

Figure 3-18 (a) and (b) show that the water thickness in the Rib-Rib and Ch-Ch areas of 

segments 1, 6, 7, 12, and 13 does not significantly change with current density. However, 

the water thickness in the Ca_rib and An_rib areas of these segments decreases with 

current density, as shown in Figure 3-18 (c) and (d). This result suggests the decrease in 

Ca_rib and An_rib areas is due to the water content in the GDLs under the ribs. This 

trend was also observed in the operating conditions with fully humidified or over-

humidified inlet gas reported by Turhan et al. [17].  This phenomenon is perhaps related 

to water transport by electro-osmotic drag from anode to cathode, which is highly related 

to current density [66]. Another possible explanation of this phenomenon is the changing 

flow rate. At fixed stoichiometric value, the gas flow rate varies proportionally with 

current density. Since in this study only the cathode gas is humidified and the anode gas 

is dry, water in the anode GDL has the tendency to move into the channels through 

convective mass transfer. Therefore, high flow rate, resulting from high current density, 

reduces the total amount of water measured in the neutron image. Both explanations seem 

to be plausible and in fact could co-exist.  
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Figure 3-17: Water distribution within the cell in the area of (a) Rib-Rib; (b) Ch-Ch; 
(c)Ca_rib; (d) An_rib when the cathode inlet relative humidity is 50%. (cell No. 2) 
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Figure 3-18: Water distribution within the cell in the area of (a) Rib-Rib; (b) Ch-Ch; 
(c)Ca_rib; (d) An_rib when the cathode inlet relative humidity is 100%. (cell No. 2) 

 
 

3.5.2 Effect of Cathode Inlet Stoichiometry 

Three different cathode inlet stoichiometry values were tested to study the impact 

of flow rate on water quantity and distribution. In Figure 3-17 and Figure 3-18, it is 

observed that at high current densities, experiments at a low stoichiometry value of 2 

result in noticeably higher water content in the GDLs. This is because when the gas flow 

rate is low, less water is taken away, resulting in more water accumulation in the GDLs. 

This phenomenon is more significant when the cathode inlet RH is low. Figure 3-19 

shows the water content in the An_rib area and Ca_rib area along the anode flow channel 

when the cathode inlet RH is 50%. The numbers in the abscissa denote segment number. 
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At the low stoichiometry value of 2, a significant amount of water in those areas was 

observed. However, the segments near the inlet do not contain much liquid water. 

Starting from segment number 8 or 9, the water thickness increases toward a maximum 

of about 120 μm. When the stoichiometry value is higher at 3 or 4, the water thicknesses 

in the Ca_rib or An_rib area vary from 0 to approximately 15 μm along the anode flow 

field.  These values do not change significantly with current density. Liu’s work [74] 

showed that when inlet RH is low, the upstream segments have lower current densities. 

Lower current density is accompanied by weaker electro-osmotic drag from anode to 

cathode and less water generation in the cathode. Therefore, the cathode side could be 

under-saturated, which contributes to higher resistivity and lower current density. Figure 

3-20 shows a similar trend when cathode inlet RH was 100%. In addition, the water 

profile along the anode flow channel seems to be similar for all stoichiometric values. In 

Figure 3-20 (a), it can be seen that at low current densities of 0.1 to 0.3 A cm-2, the 

amount of liquid water starts to increase from segment 3, whereas at high current 

densities, it starts to increase from segment 7. In Schneider’s study [75], both distributed 

current densities and water content were measured and the results support similar trends 

to this work. Schneider found similar profile for current density distribution and water 

content distribution, followed a similar profile. Our study shows similar trend with theirs 

[74, 75]. The trend indicates that current density distribution is more even under low load 

than under high load.  

 At each current density, the cell voltage was recorded as the main indicator of cell 

performance. Figure 3-21 compares polarization curves obtained while different 

stoichiometry values of cathode inlet gas were fed to the cell under two different RH 

conditions. Regardless of the value of RH, lower cathode stoichiometry appears to result 

in lower performance. When the stoichiometry is 2, the polarization curve does not seem 

to be sensitive to cathode inlet RH despite the fact that the water content in the GDL is 

quite different. This implies that at low stoichiometry, water accumulation in the GDL is 

not correlated to low performance. For current densities between 0.1 and 0.5 A cm-2, 

which are in the ohmic polarization region, it is very likely the low performance is due to 

low membrane water content instead of flooding.  At lower cathode flow rate, little water 

is carried to the membrane, which causes low membrane hydration and low membrane 
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conductivity. Therefore, cell performance is low even when the cathode inlet gas is fully 

humidified.     

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-19: Water distribution along anode flow field by using (a) Ca_rib mask; (b) 
An_rib mask, when cathode inlet relative humidity is 50%. (cell No. 2) 
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Figure 3-20: Water distribution along anode flow field by using (a) Ca_rib mask; (b) 
An_rib mask, when cathode inlet relative humidity is 100%. (cell No. 2) 
 



  56

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.2

0.4

0.6

0.8

1

Current Density (A/cm2)

C
el

l V
ol

ta
ge

 (V
)

Cathode inlet RH=50%
Stoi.=2
Stoi.=3
Stoi.=4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.2

0.4

0.6

0.8

1

Current Density (A/cm2)

C
el

l V
ol

ta
ge

 (V
)

Cathode inlet RH=100%
Stoi.=2
Stoi.=3
Stoi.=4

(a)

(b)

 

Figure 3-21: Polarization curves of cell No. 2 when cathode inlet relative humidity is (a) 
50%; (b) 100%. 

3.5.3 Effect of Cathode Inlet Relative Humidity 

The effect of reactant relative humidity (RH) on the water accumulation in the 

GDLs is investigated in this study at two different RH levels: 50% and 100%. The effect 

of cathode inlet RH can be studied by comparing Figure 3-19 and Figure 3-20. When the 

cathode inlet gas is 50% (thus under-saturated), it takes water from the GDL through 

convective mass transfer [12]. When under-saturated cathode gas with stoichiometry of 3 

or 4 is fed to the cell, the water thickness in the Ca_rib area is approximately 20 μm; 

however, the water thickness is apparently larger at low stoichiometry of 2. If a fully 

saturated cathode gas is fed to the fuel cell, the water content in the area increases and 

stoichiometry value has little effect on the water content. From Figure 3-20 (b), the water 

content profiles in the last several segments seem to be fully developed. The maximum 

water thickness in the Ca_rib area is approximately 120 μm, which could be the 

maximum amount of water that can accumulate in the GDL under those operating 

conditions. Since the GDL cannot hold any more water, once the water is generated in the 

cathode catalyst layer, the water is expelled from the hydrophobic GDL into the channels. 

If the flow field design can not remove liquid water effectively, flooding will occur.  

Since the anode gas is not humidified in this study, the only way for the anode 

side to acquire water is through the back diffusion mechanism, which carries water from 
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the cathode to the anode. Water transport by back diffusion not only counter-balances the 

electro-osmotic drag from anode to cathode, but also compensates for the water loss in 

the GDL caused by dry flowing anode gas. Through the back-diffusion mechanism, the 

water content in the anode GDL is not necessarily lower, and sometimes could actually 

be higher than that in the cathode GDL, as can be seen by comparing Figure 3-20 (a) and  

(b). At high current densities, however, the anode GDL generally contains less water than 

the cathode GDL because the electro-osmotic drag becomes more significant and more 

liquid water transports from anode to cathode.  

The polarization curves in Figure 3-21 show that under the same stoichiometry, 

the cell has lower performance when the cathode inlet RH is low. This is likely due to 

insufficient water in the inlet air to humidify the membrane from the cathode side. In 

Figure 3-21 (b), the cell voltages were unstable at the operating condition of 0.7 A cm-2 

for all three stoichiometry values. It is possible that; because the cathode is fully 

saturated, the unstable voltages are caused by flooding in the cathode GDL, especially for 

those segments near the outlet. 

 As a final note, the cell voltage measured in our experiment seems to be lower 

than values reported in typical fuel cell papers. Although we were not able to pinpoint the 

root cause, there are at least two possible explanations.  First, since the flow channel is 

shifted to improve visualization, it might have unintentional adverse effects on the gas 

diffusion in the GDL, for example, due to the “cross bite” of the ribs of the graphite 

plates.  It is also possible that even though we used the compression ratio suggested by 

Umicore, the suggested value is optimized for “regular” cell designs instead of our cross-

bite design.  Since the focus of this experiment is on water distribution rather than cell 

performance, the low cell voltage could be a concern because we could not run higher 

current densities, but not a flaw. 

These experiments, in combination with our specially designed flow fields and 

image processing technique, provide a new way to investigate liquid water distribution in 

anode and cathode. The results show the effects of relative humidity and stoichiometry of 

cathode inlet on water accumulation as well as cell performance. These new results still 

provide some interesting insight to the field of fuel cell water management, prediction, 

and control. 
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3.5.4 Channel and GDL Differentiation 

By using the specially designed cells, we can differentiate the liquid water in four 

areas by neutron radiography experiments; however, we still cannot differentiate the 

liquid water in the GDL under the channel and water in the flow channel. Liquid water 

within a PEMFC could accumulate in six types of locations, as shown in Figure 3-22: 

anode channel (Ac), anode GDL under the channel (Agc), anode GDL under the rib (Agr), 

cathode channel (Cc), cathode GDL under the channel (Cgc), and cathode GDL under the 

rib (Cgr).  

 
Figure 3-22: Schematic of water accumulation in six areas. 

 

We can express the relationship between water thicknesses in those six locations 

and measured data Rib-rib (RR), Channel-Channel (CC), Cathode_rib (CR) and 

Anode_Rib (AR) as 

 

gr gr

c gc gc c

c gc gr

gr c gc

A C RR

A A C C CC

A A C CR

A C C AR

+ =

+ + + =

+ + =

+ + =

 (3.2) 

or in a matrix form 

 =Ax b  (3.3)  

where 

Anode channel 

Anode GDL 

Membrane 

Cathode GDL 

Cathode channel 

Beam direction 

Ch-Ch (CC) 

Rib-Rib (RR) 
An_rib (AR) 

Ca_rib (CR) 

Ac Ac 

CcCc

Agc Agr Agr Agc 

Cgc CgcCgr Cgr 
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There are six unknowns and four equations for each of the 15 segments. Overall, 

there are ninety unknowns and sixty equations. We can solve the water content in fifteen 

segments at the same time. The relationship between water content in ninety locations 

and sixty measured data is expressed in an augmented matrix form: 

 

⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥

=⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦

1 1

2 2

3 3

4 4

15 15

x bA O O O O
x bO A O O O
x bO O A O O
x bO O O A O

x bO O O O A

L

L

L

L

M MM M M M O M

L

 (3.5) 

where A, xi and bi are defined in Equation (3.4) for i-th segment. O is a zero matrix with 

the same size as A. 

Equation (3.5) is an under-determinant problem and a unique solution does not 

exist. In addition, matrix A is not full rank because Agc and Ac always co-exist, and Cgc 

and Cc always co-exist. Since Agc and Ac are not differentiable, they are considered as a 

single unknown, and so are Cgc and Cc. Then there are four unknowns and four 

measurements in each segment; Agr and Cgr can be solved exactly.  

After the above procedure, thirty unknowns are solved, and sixty unknowns 

remain; however, there are only forty-five equations left. The problem is still “too under-

determinant” to yield accurate data. To reduce the number of unknowns, we need to make 

an assumption. According to Turhan [17], liquid water inside a fuel cell significantly 

decreases with increasing gas flow rate. This is because GDL is made of hydrophobic and 

porous materials, large gas flow rate helps push liquid water out from the GDL, resulting 

less liquid water accumulation in the GDL. To simplify the problem, the water 
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thicknesses in the GDL under the channel are assumed to be inversely proportional to the 

gas flow rate: 

 
gc

ca

gc
an

C
N

A
N

α

β

=

=
 (3.6) 

Under these assumptions, the remaining unknowns and equations are expressed as 
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where 

1 1
0 1
1 0

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

S , 
0 0
0 0
0 0

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

O , 
,

,

1

0
1

ca i

i

ca i

N

N

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

a , 

,

,

1

1

0

an i

i
an i

N

N

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥

= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

b , ,

,

c i
i

c i

C
A
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

y , 
i

i i

i

NewCC
NewCR
NewAR

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

T  (3.8) 

 In the vector Ti, 

 
, ,

,

,

i i gr i gr i

i i gr i

i i gr i

NewCC CC C A
NewCR CR C

NewAR AR A
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 (3.9) 

By using least-squares method (LSM), we can solve Equation (3.7) to find out ,c iC , ,c iA , 

α , and β . From Equation (3.6), Cgc  and Agc can then be solved. 
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3.5.5 Steady-State Conditions 

Figure 3-23 to Figure 3-27 show the results of using LSM to differentiate water 

accumulation in the six locations for three single cells at different operating conditions.  

The flow field patterns of these three cells are shown in Figure 3-2. Figures (d) and (f) in 

above figures suggest that water thickness in the anode GDLs decreases when current 

density is high. This phenomenon becomes more pronounced when the cathode inlet RH 

is 100%. The decrease of water content at high current density is likely due to the water 

transport by electro-osmotic drag from anode to cathode. Another possible reason is the 

high gas flow rate at high current density. Higher flow rate gas takes more liquid water 

out from the GDLs.  

Figures (c) (from Figure 3-23 to Figure 3-27) show little liquid water in the 

cathode GDL under the channel. This trend was also observed in Zhang’s study [18] 

when the reactants were fully humidified. A possible reason is that due to the high 

stoichiometric value in the cathode side, the flow rate in the cathode is higher than that in 

the anode. Figure 3-23 to Figure 3-27 also show that water content at a low stoichiometry 

value is slightly more than that at a high stoichiometry value. This is because when the 

gas flow rate is low, less water in the GDLs is carried away by the gas flow, resulting in 

more water accumulation in the GDLs.  
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Figure 3-23: Liquid water accumulation at six locations of cell No. 1 at steady state 
condition (cathode inlet RH=100%). 
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Figure 3-24: Liquid water accumulation at six locations of cell No. 2 at steady state 
condition (cathode inlet RH=100%). 
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(e)      (f) 

Figure 3-25: Liquid water accumulation at six locations of cell No. 2 at steady state 
condition (cathode inlet RH=50%). 
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Figure 3-26: Liquid water accumulation at six locations of cell No. 3 at steady state 
condition (cathode inlet RH=100%). 
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Figure 3-27: Liquid water accumulation at six locations of cell No. 3 at steady state 
condition (cathode inlet RH=50%). 
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From Figure 3-25 and Figure 3-27, it can be seen that when the cathode inlet RH 

is 50%, water content in the GDLs does not change with current densities. Because of the 

low RH of inlet cathode gas, the generated liquid water is quickly taken from GDLs by 

unsaturated gas flow. When the cathode inlet is fully humidified, more liquid water 

accumulates in the cathode GDL under the rib. Figures (e) and (f) in Figure 3-24 and 

Figure 3-26 show that maximum water thickness in the GDLs under the cathode rib and 

under the anode rib is around 50 μm, which could be the maximum amount of water that 

can accumulate in the GDLs under those operating conditions. Once water is generated in 

the cathode catalyst layer, it has the tendency to move from the hydrophobic GDL into 

the channels. If the GDL cannot expel liquid water effectively, liquid saturation in the 

GDL and catalyst layer will be large, which is commonly referred to as flooding. 

Liquid saturation can be precisely quantified by the ratio of liquid volume to the 

pore volume in the GDL. This ratio directly relates to how much of the available volume 

for reactant flow has been occupied by liquid water, and thus reflects the extent of GDL 

“flow blockage”.  Pasaogullari et al. [13] and Natarajan et al. [14] developed different 

empirical models to study the distribution of liquid saturation along the thickness of 

GDLs. The liquid saturation in GDL is not easy to measure by using a mono-neutron 

beam—it will be possible, in theory, to obtain that information by using accurate stereo 

imaging. Unfortunately, such capability was not available when we conducted the 

experiment. Therefore, from the test data we can only calculate the average liquid 

saturation, which can be calculated by Equation (2.68). 

The cathode of the PEMFC is the performance-constraint component due to the 

slower kinetics of oxygen reduction and the mass-transfer limitations caused by liquid 

water generation and the existence of large quantity of nitrogen. Thus, in the following 

only cathode liquid saturation is calculated and compared with other groups’ studies. 

Figure 3-28 shows the result of using Equation (2.68) to calculate average liquid 

saturation in the cathode GDLs in cell No. 3. Figure 3-28 (a) shows that average liquid 

saturation in the GDL under the ribs varies from 0.05 to 0.5, whereas that in the GDL 

under the channels is below 0.02, as shown in Figure 3-28 (b). As shown in Figure 2-3 in 

Chapter 2, Pasaogullari’s model describes the distribution of liquid saturation in the GDL 

under the channels only and the average value is close to 0.07. Natarajan’s model shows 
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3-dimensional liquid saturation distribution in the GDLs both under the channels and 

under the ribs. The liquid saturation in the GDL under the ribs is higher than 0.9, whereas 

that in the GDL under the channel varies between 0 and 0.88. Pasaogullari’s modeling 

result show better accuracy according to our experimental data. 

 

(a)      (b)       

 

 

 

 

 

 

Figure 3-28: Average liquid saturation in (a) the GDL under rib; (b) the GDL under 
channel of cell No. 3. 

 

Figure 3-29 (a) and Figure 3-29 (b) show relative humidity distribution in the 

cathode and anode when the cathode inlet RH is 50%. The RH in each segment increases 

with increasing current density. This is because water generation increases with 

increasing current density. However, at high current density (0.6 A cm-2), RH values 

decrease slightly. It could be due to the high flow rate of unsaturated gas at high current 

density. Moreover, Figure 3-29 (a) shows that RH in the cathode channel at stoichiometry 

of 2 is slightly higher than those at stoichiometry of 3 and 4. These phenomena suggest 

small flow rate results in higher RH values in the channels. On the other hand, when 

cathode inlet RH is 100%, stoichiometry values do not influence RH in the channels, as 

shown in Figure 3-30 (a). Figure 3-29 (c), Figure 3-29 (d), Figure 3-30 (c), and  Figure 

3-30 (d) show segment temperatures increase slightly with current density but the 

temperature difference between segments can be neglected regardless of the 

stoichiometric values and cathode inlet RH. 
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The experimental results in this study suggest liquid water in the GDL under the 

ribs varies with current load and operating conditions, where as that in the GDL under the 

channels is not significantly influenced by operating conditions. In addition, this 

distributed data also provides us useful information to develop a fuel cell model.    

 
(a)      (b) 

(c)      (d) 

Figure 3-29: Relative humidity distribution in (a) cathode channel; (b) anode channel. 
Temperature distribution in (a) cathode channel; (b) anode channel when cathode inlet of 
cell No. 3 (cathode inlet RH= 50%). 
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Figure 3-30: Relative humidity distribution in (a) cathode channel; (b) anode channel. 
Temperature distribution in (a) cathode channel; (b) anode channel when cathode inlet of 
cell No. 3 (cathode inlet RH= 100%). 

3.5.6 Transient Behavior of Water Transport 

The transient behavior of water transport was studied by plotting water thickness 

and measured RH values in the anode and cathode channels versus time. Due to limited 

time at the NIST, only cell No. 3 had simultaneously measured neutron imaging and RH 

sensor data. Cells No. 1 and No. 2 did not have data from RH sensor. In this section, only 
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transient behavior of water transport of cell No. 3 is discussed. The neutron images were 

recorded when the cell was operated at four different step current changes; from 0 A cm-2 

to 0.1 A cm-2, from 0.1 A cm-2 to 0.4 A cm-2, from 0.4 A cm-2  to 0.7 A cm-2, and from 

0.7 A cm-2  to 0 A cm-2 as shown in Figure 3-31. The moment when a load change was 

applied was marked by vertical dashed lines in the figures, and the test data shown in 

Figure 3-32 includes 1 minute before the step change and 2 minutes after.  Figure 3-32 

shows that the water thickness changes with respect to time when the cathode inlet gas is 

100%. These plots suggest that water contents in those six locations do not change 

immediately with load change. In other words, after current density is changed, it takes 

time for the water content in the fuel cell to reach steady-state. 
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Figure 3-31: Step changes of current densities 

 

Figure 3-32 (a) shows that liquid water in segment 13 gradually increases when 

current density changes from 0.4 to 0.7 A cm-2, whereas liquid water in other segments 

decreases or keeps constant. It is possible that due to the channel-reduction design (from 

12 channels to 6 channels) in the cathode, more liquid water is carried to the outlet, which 

encountered a bottleneck at segment 13. The liquid water in the GDL under the rib does 

not increase with time, as shown in segment 13 in Figure 3-32 (e). This result suggests 

that the channel-reduction design reduces flooding in the GDLs.  

Figure 3-33 (a) and Figure 3-33 (b) show the RH values and temperature in the 

cathode and anode channels. When the cell is operated at low current densities, the RH in 
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the anode channel increases with the flow distance quickly and typically reaches 

saturation after one-third of the flow distance. However, when the current density 

changes from 0.4 to 0.7 A cm-2, RH in the anode channel decreases to approximately 

50% due to the electro-osmotic drag. Figure 3-32 (b) shows that there is some liquid 

water in the anode channel but RH sensors in Figure 3-33 (b) do not report 100%. The 

possible reason is that mass transfer rate due to liquid water evaporation is lower than 

that due to anode gas flow at high current density. 

Figure 3-34 (a) and Figure 3-33 (b) show RH difference between cathode channel 

and anode channel when cathode inlet RH is 50%. When the current density is zero, i.e. 

no liquid water generated inside the fuel cell, RH in the anode channel increases along 

the channel to about 50%. When the current density increases to 0.1 A cm-2, the RH 

values in the anode channel increase approximately to 75%, which is higher than that in 

the cathode channel. When the current density is 0.4 cm-2, the RH values in the last 

segment of the anode channel reports 100%. Since the anode inlet gas is not humidified, 

the only way for anode gas to acquire water is through back diffusion from cathode to 

anode. Moreover, the cathode stoichiometry is higher than anode stoichiometry, i.e., 

cathode gas flow rate is higher than anode gas flow rate. Therefore, water in the anode 

channel is slowly removed, resulting in the increase of RH in the anode channels.  

Figure 3-33 and Figure 3-34 also show the temperature distribution measured by 

RH sensors within the fuel cell. Since we only have 10 RH sensors for each of the 

anode/cathode side, some of the segments have no temperature data reported. Subplots 

are arranged corresponding to RH sensor positions. Regardless of the cathode inlet RH 

values, temperatures change slowly after sudden current changes. In addition, there is no 

significant temperature variation throughout the active area. There is little spatial 

variation of temperature at all current density levels. High thermal conductivity of 

graphite (140 W m-1 K-1) and reactant flow both contribute to the uniform temperature.  

This result implies that temperature distribution can be considered to be uniform in a 

single cell, which helps to reduce the complexity of segmented single cell model in our 

future study. 

The specially designed single cells together with image processing techniques and 

LSM provide a new way to investigate liquid water accumulation in an operating fuel 
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cell. These results show the influence of stoichiometry values and RH of cathode inlet on 

water distribution within a fuel cell. The experimental data is used to calibrate the 

mathematical model shown in Chapter 2. In developing a dynamic fuel cell model, the 

slow transient response of water transport in the GDL should not be neglected. 
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Figure 3-32: Step response of average liquid water thickness in (a) cathode channel; (b) 
anode channel; (c) cathode GDL under channel; (d) anode GDL under channel; (e) 
cathode GDL under rib; (f) anode GDL under rib when the cathode inlet RH is 100%. 
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Figure 3-33: Step response of relative humidity in the (a) cathode channel; (b) anode 
channel when cathode inlet RH is 100% 
 

(a)      (b) 

0 500
0

50

100

1
0 500

0

50

100

2

Cathode RH, Cathode inlet RH = 50%

0 500
0

50

100

3

0 500
0

50

100

4

0 500
0

50

100

5
0 500

0

50

100

6
0 500

0

50

100

7

Te
m

pe
ra

tu
re

 ( 
o C

) /
 R

H
 (1

00
%

)

0 500
0

50

100

8

0 500
0

50

100

9
0 500

0

50

100

10

Time (sec)

T: 0 to 0.1 A/cm2

RH: 0 to 0.1 A/cm2

T: 0.1 to 0.4 A/cm2

RH: 0.1 to 0.4 A/cm2

T: 0.4 to 0.7 A/cm2

RH: 0.4 to 0.7 A/cm2

T: 0.7 to 0 A/cm2

RH: 0.7 to 0 A/cm2

0 200 400 600
0

50

100

13
0 200 400 600

0

50

100

12

Anode RH when Cathode inlet RH = 50%

0 200 400 600
0

50

100

11

0 200 400 600
0

50

100

14
0 200 400 600

0

50

100

15

0 200 400 600
0

50

100

17

Te
m

pe
ra

tu
re

 ( 
o C

) /
 R

H
 (1

00
%

)

0 200 400 600
0

50

100

16

0 200 400 600
0

50

100

18
0 200 400 600

0

50

100

19

0 200 400 600
0

50

100

20

Time (sec)

T: 0 to 0.1 A/cm2

RH: 0 to 0.1 A/cm2

T: 0.1 to 0.4 A/cm2

RH: 0.1 to 0.4 A/cm2

T: 0.4 to 0.7 A/cm2

RH: 0.4 to 0.7 A/cm2

T: 0.7 to 0 A/cm2

RH: 0.7 to 0 A/cm2  

Figure 3-34: Step response of relative humidity in the (a) cathode channel; (b) anode 
channel when cathode inlet RH is 50% 
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CHAPTER 4 

MODELING RESULTS AND DISSCUSSIONS 

 

In this chapter we will discuss the steady-state modeling results. A two-

dimensional steady-state fuel cell model was developed in Chapter 2. The model captures 

the distributions of current density, water content in the membrane, and RH in the flow 

channels. The segments of this model will be reconnected according to different flow 

field designs and modeling results will also be compared in this chapter. 

4.1 Model Calibration 

In Chapter 3, three single cells were designed for neutron radiography 

experiments. The experimental results were used to calibrate water related parameters in 

this model. There are many water related parameters in our fuel cell model. Due to the 

limitation in time and access to facility, we were only able to calibrate part of these 

parameters and obtained the other parameter values from the literature. The specification 

of fuel cell No. 1 and corresponding parameters are listed in Table 4.1. Those parameter 

values obtained from the literature are listed in Table 4.2. The parameters that are 

adjusted in this study are listed in Table 4.3. 

The mathematical model discussed in Chapter 2 is calibrated based on the cell 

performance and water accumulation in the GDLs from experimental data. In the ohmic 

overpotential region of cell performance curve, membrane conductivity is mainly 

dependent on water content in the membrane, as shown in Eq. (2.88). Thus, 11b , 12b , and 

13b  in Eq. (2.88) and the contact resistance contactR  in Eq. (2.86) were tuned to match the 

calculated I-V curve with experimental data in the ohmic overpotential region. α  and γ  

in Eq. (2.67) and β  in Eq. (2.65) were adjusted to make modeling results of liqud 
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saturation in the GDLs match data from neutron radiography experiments. Once α , β , 

and γ  were determined, liquid saturation can be determined. Subsequently, 21b , 22b , and 

limiti  in Eq. (2.91) are adjusted according to the concentration overpotential region of I-V 

curve. 

 

Table 4.1: Parameters of the single cell No. 1. 

Parameter Value 

Cell active area (Acell) 100 cm2 

Channel depth (Hch) 1 mm 

Channel width (Wch)  1.6 mm 

Rib width (Wrib) 1.7 mm 

Anode channel number in a segment (Zan) 6 

Cathode channel number in a segment (Zca) 10 

Anode channel length in a segment (Lan) 3.33 cm 

Cathode channel length in a segment (Lca) 2 cm 

GDL thickness (tgdl) 184 μm 

GDL porosity (ε) 0.725 

Dry membrane thickness (tpem) 25 μm   

Dry membrane density (ρpem) 2000 kg m-3 

Dry membrane equivalent weight (Mpem) 1.1 kg mol-1 
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Table 4.2: Parameter values that were obtained from literature 
Parameter Value 

Absolute Permeability of GDL ( K ) 1×10-8 m-2  [13] 

Relative permeability of GDL ( rwK ) S  [14] 

Dynamic viscosity of hydrogen (
2Hμ ) 9.5493×10-6 N s m-2 [53] 

Dynamic viscosity of oxygen (
2Oμ ) 2.2379×10-5 N s m-2 [53] 

Dynamic viscosity of nitrogen (
2Nμ ) 1.9260×10-5 N s m-2 [53] 

Dynamic viscosity of water vapor ( vμ ) 4.6657×10-4 N s m-2 [53] 

Pressure-diffusivity product of water vapor and hydrogen pair (
2H -vPD ) 16.6801 Pa m2 s-1 [54] 

Pressure-diffusivity product of water vapor and oxygen pair (
2O -vPD ) 3.2890 Pa m2 s-1 [54] 

Pressure-diffusivity product of water vapor and nitrogen pair (
2v-NPD ) 3.4400 Pa m2 s-1 [54] 

Pressure-diffusivity product of oxygen and nitrogen pair (
2 2O -NPD ) 2.5504 Pa m2 s-1 [54] 

Diffusivity of water vapor in hydrogen (
2v-HD ) 9.3940×10-3 m2 s-1 [54] 

Diffusivity of water vapor in air ( v-airD ) 2.6560×10-3 m2 s-1 [54] 

 

Table 4.3: Parameters that were tuned based on experimental data 
Parameter Equation number Tuned value 

contactR  (2.86) 0.047 (Ohm) 

α  (2.67) -0.012 

β  (2.65) 1×10-9 

γ  (2.67) 2 

11b  (2.88) 0.195 

12b  (2.88) 0.326 

13b  (2.88) 350 

21b  (2.91) -0.75 

22b  (2.91) 7 

limiti  (2.91) 1.2  (A cm-2) 

 



  79

4.2 Modeling Results of Cell No. 1  

In practical applications, due to space and cost considerations, it is common to 

humidify only the cathode reactant. Thus, we will focus on the influence of relative 

humidity of cathode inlet on cell performance and water transport. Figure 4-1 compares 

the cell performance of cell No. 1 obtained by this model and by experiments. The cell 

operating at low cathode inlet RH of 50% shows lower cell performance. This is because 

the under-saturated air takes water from the membrane, resulting in low membrane 

hydration and conductivity.  

In this study, each segment is regarded as a lumped model. Thus, at the end of the 

iteration procedure, only lumped values were obtained. For visual aids, color pictures are 

created through interpolation and extrapolation of these values, which are marked at the 

center of each segment. 

 

Figure 4-1: Comparison of experimental results and modeling results for different 
cathode inlet RH (cell No. 1). 

4.2.1  Distribution of Current Density and Water Content in the Membrane  

Membrane dehydration increases ohmic overpotential, and could even cause 

irreversible damage to the membrane. Since the membrane conductivity dominates 

(Conductivity of membrane: ~2.75 Ω-1 m-1; GDL: ~1250 Ω-1 m-1; graphite plate: ~1×105 
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Ω-1 m-1), current density distribution is highly dependent on the water content in the 

membrane, which in turns significantly influences the cell performance and reliability. 

Figure 4-2 (a), Figure 4-2 (b), Figure 4-3 (a), and Figure 4-3 (b) show current 

density distribution of four selected operating conditions listed in Table 4.4. All figures 

suggest that the maximum current density is located near the anode outlet, the region with 

maximum water content. By comparing Figure 4-2 (a) and Figure 4-2 (b) (high current 

density cases), we observe that at fully humidified cathode condition, the maximum local 

current is approximately 1.4 times the minimum local current. This ratio increases to 2 at 

low cathode humidity condition. In Figure 4-3 (a) and Figure 4-3 (b), for low current 

density cases, the maximum local current is 1.5 and 1.6 times the minimum, respectively. 

The result suggests that at low current density, cathode inlet relative humidity has less 

influence on current density distribution. Low cathode humidity causes low water 

content, as shown in Figure 4-3(d).  

 

Table 4.4: List of selected operating conditions 

 Case1 Case 2 Case 3 Case 4 

Anode/Cathode inlet RH (%) 0/100 0/50 0/100 0/50 

Anode/Cathode stoichiometry value 1.2/3.0 1.2/3.0 1.2/3.0 1.2/3.0 

Anode/Cathode outlet pressure (atm) 1/1 1/1 1/1 1/1 

Cell current density (A cm-2) 0.7 0.6 0.1 0.1 

Cell temperature (˚C) 70 70 70 70 

 

Measurement of current density distribution of a working fuel cell can be achieved 

by using divided current collectors [74, 77-81]. Yoshioka et al. [77] compared the 

distribution of current densities at different inlet gas RH levels. Their results show that 

the region close to air inlet has lower current density. The trend is more significant with 

dry inlet air. Liu et al. [74] measured current density distribution of a fuel cell with one 

serpentine flow channel. Their findings are the same as [77] qualitatively, except that 

with fully humidified air, current density of the area near outlet is lower due to flooding.  

In the study of Mench et al. [81], both anode and cathode gases were fully humidified 

before fed into the fuel cell and thus the influence of relative humidity was not discussed 
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in their study. Their study mainly focused on the influence of cathode stoichiometry 

value on current density distribution. Experimental results showed that high 

stoichiometry values results in uniformly distributed current density. At Low 

stoichiometry conditions, current density at the downstream area is obviously lower than 

that at the upstream area.  

In our study, the effect of flooding on reducing current density near the outlet is not 

obvious. A possible reason is that anode reactant is not humidified so the excess water 

transports to the anode. Another reason is that we use straight parallel cathode channels 

so liquid water is quickly removed from channels.  
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 Case 1 Case 2 
Current density 
distribution 
(%) 

(a)  (b)  
Water content  

(c)  (d)  
Anode RH 
(%) 

(e)  (f)  
Cathode RH 
(%) 
 

(g)  (h)  

Figure 4-2: Distribution of current density, water content in the membrane, relative 
humidity in the anode channel, and relative humidity in the cathode channel. Left figures: 
case 1. Right figures: case 2. (Cell No. 1) 
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 Case 3 Case 4 
Current density 
distribution 
(%) 

(a)  (b)  
Water content 

(c)  (d)  
Anode RH 
(%) 

(e)  (f)  
Cathode RH 
(%) 

(g)  (h)  

Figure 4-3: Distribution of current density, water content in the membrane, relative 
humidity in the anode channel, and relative humidity in the cathode channel. Left figures: 
case 3. Right figures: case 4. (Cell No. 1) 
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4.2.2  Distribution of RH in the Flow Channel and Water Transport in the MEA 

Figure 4-2 (e), Figure 4-2 (f), Figure 4-3 (e), and Figure 4-3 (f) show RH 

distribution in the anode flow channel. For all cases, RH increases along the flow 

direction because dry hydrogen gradually uptakes water vapor that comes from the 

cathode by back diffusion. Figure 4-4 compares water transport through the membrane 

and through both anode and cathode GDLs. The magnitude indicates the quantity of 

water transport and positive direction represents from the anode to the cathode. At high 

current density, water transport from the anode channel to the membrane through the 

anode GDL was observed in the downstream segments, as shown in Figure 4-4 (a) and 

Figure 4-4 (b). The high current density in those segments results in high electro-osmotic 

drag from the anode to the cathode, which is stronger than the back diffusion from the 

cathode to the anode; hence, water in the anode reactant supplies for the difference. 

However, as shown in Figure 4-2 (a), the anode RH does not decrease along flow 

channel. Because of hydrogen consumption along flow channel, the molar fraction of 

water vapor increases along flow channel. That also explains why RH in the anode 

downstream segments barely increased. 

Figure 4-4 (c) and Figure 4-4 (d) show that the electro-osmotic drag of the segments 

near outlet in case 3 is significantly higher than that in case 4, although current densities 

of both cases are very similar, as shown in Figure 4-3 (a) and Figure 4-3 (b). According 

to Eq. (2.70), the electro-osmotic drag coefficient is a function of water content. Thus, 

high water content in the membrane is attributed to humidified cathode reactant.   

Figure 4-2 (g) and Figure 4-3 (g) show fully saturated reactant in the cathode 

channel throughout the active area. Since cathode inlet reactant is fully humidified, the 

generated water transports to the channel in liquid form. In the cases of under-saturated 

cathode inlet reactant, the cathode RH gradually increases along the gas flow direction, as 

shown in Figure 4-2 (h) and Figure 4-3 (h). The increase is due to water generation and 

also oxygen consumption along the flow channel, resulting in increased molar fraction of 

water vapor. Water transport through GDLs influences diffusivities of reactant and could 

also form liquid water in the GDLs.  
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(a)  

(b)  

(c)  

(d)  
 
 
Figure 4-4: Quantity of water transport (mol s-1) across the MEA (Cell No. 1). (a) case 1; 
(b) case 2; (c) case 3; (d) case 4. 
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4.2.3  Distribution of Water Accumulation   

Cathode liquid saturation in the GDL affects cell performance because liquid water 

may cover the reaction sites in the catalyst layer or block the pathway of gas flow through 

the GDL. The liquid saturation in the cathode GDL is affected by many factors: cell 

temperature, permeability and hydrophobicity of the GDL, net water flux through the 

GDL, and cathode flow RH. In this model, temperature, permeability and hydrophobicity 

of the GDL are assumed to be constant. Under saturated condition, net water flux through 

the GDL is determined by working current density.  Higher current density results in 

higher electro-osmotic drag and water generation, which causes higher net water flux 

through the GDL, as shown in Figure 4-4 (a) and Figure 4-4 (b). 

Figure 4-5 compares average liquid saturation in the cathode GDL of modeling 

results and experimental data. The fifteen subplots correspond to fifteen segments of the 

active area. Figure 4-5 (a) and Figure 4-5 (c) suggest that liquid water accumulate in the 

GDL under the rib. Results from other neutron radiography experiments also show this 

phenomenon [82, 83]. Slight liquid saturation in the GDL under the rib is observed at the 

segment near cathode inlet and increases toward the outlet. Maximum liquid saturation is 

approximately 0.4. The low water accumulation in the cathode GDL at high current 

density is likely due to the high gas flow rate at high current density. Figure 4-5 (c) shows 

some liquid saturation in the GDL under the rib when cathode inlet RH is 50%. However, 

there is almost no liquid water in the GDL under the channel, as shown in Figure 4-5 (d). 

This is because the gas flow in the flow channel is under-saturated. 
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(a)                  (b) 

 

(c)          (d) 

 

Figure 4-5: Comparison of modeling results and experimental data. (Cell No. 1) (a) 
Distribution of liquid saturation in the GDL under the rib when cathode inlet RH=100%; 
(b) Distribution of liquid saturation in the GDL under the channel when cathode inlet 
RH=100%; (c) Distribution of liquid saturation in the GDL under the rib when cathode 
inlet RH=50%; (d) Distribution of liquid saturation in the GDL under the channel when 
cathode inlet RH=50%. 

4.3 Modeling Counter-Flow and Co-Flow Designs 

In this study, three single cells were designed and used for experiments to study 

the influence of flow field pattern on cell performance and water accumulation within 

these cells. The model calibration was based on the experimental data of cell No. 1. We 

will keep the calibrated parameters and connect the segments according to the flow field 
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patterns of cells No. 2 and No. 3, respectively. The experimental results of cells No. 2 

and No. 3 will be used to validate the modeling results. 

In the flow pattern designs for cells No. 2 and No. 3, counter-flow exists in part of 

the active area, as shown in Figure 4-6. Figure 4-7 shows segments numbered 

successively according to the anode flow pattern. If we follow the solving procedure 

shown in Figure 2-6, it will be a challenge in solving the counter-flow segments. In this 

study, segment current and all the properties of the anode and cathode reactants are 

required for individual segment to solve the segment voltage. If we solve each segment 

successively according to anode flow direction, then there is no problem to get 
2an,H ,inN  

and an,w,inN  for each segment. However, when we start to solve segment 4, we don’t have 

2ca,O ,inN , 
2ca,N ,inN , and ca,w,inN  since they are outputs of segment 5, which has not been 

solved yet. 

           (a)              (b) 

              
          (c)          (d) 

                  
 

Figure 4-6: Schematic of counter-flow in cell No. 2. (a) cathode of cell No. 2; (b) anode 
of cell No. 2; (c) cathode of cell No. 3; (b) anode of cell No. 3. 
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(a)                                                              (b) 

        
 

Figure 4-7: Segment connection of cell No. 2 (a) and cell No. 3 (b). 
 

In the literature, a few researchers have modeled the count-flow configuration of 

PEMFCs [84-87]. Ge et al. [84] developed a two dimensional fuel cell model to 

investigate the co-flow and counter-flow modes of fuel cell at different operating 

conditions. When they dealt with the counter-flow mode, they guessed a water flow rate 

at the cathode inlet and the calculated water flow rate at the cathode outlet was compared 

with actual value. If these two values do not match, they will guess a new values and 

solve the model again. Birgersson et al. [85] developed an isothermal three-dimensional 

model to compare the performance of four different flow field patterns: co-flow, counter-

flow, interdigitated, and foam. The details of solving counter-flow mode were not given 

in their study. However, their model took one to twelve hours to solve the counter-flow 

model problem. Their results suggested that under the same operating conditions, 

interdigitated and foam flow fields showed higher performance than co-flow and counter-

flow did, but there was no significant performance difference between the co-flow and 

counter-flow. Hwang et al. [86] developed a non-isothermal model to investigate a 

interdigitated flow field pattern. They studied the conditions where the cathode reactants 

flowed into the GDL with the same (co-flow) and opposite (counter-flow) directions to 

the anode reactants. They used commercial software to solve their model and the details 

were not provided in their paper. Their model also takes hours to solve for each operating 

condition.  

Berger et al. [87] developed a simplified model to study the distributions of 

current density and relative humidity along a straight channel. They discussed the 

3 2 1 

4 5 6 

9 8 7 

10 11 12 

15 14 13 
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4 5 6 

9 8 7 

10 11 12 

15 14 13 

 Anode flow  
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influence of co-flow and counter-flow modes on the distributions of current density and 

relative humidity. In their model, they discretized the flow channel into 1048 points. 

When they solved the counter-flow mode, all the initial values of the anode and cathode 

fluxes at these points were set as the inlet values. The cathode fluxes were then updated 

by using the anode fluxes from the previous iteration. The anode fluxes were then 

updated by using local current and water transfer calculated from previously computed 

cathode channel values. The updating process is continued until the anode and the 

cathode flux values converge. The details can be found in Berger’s study [87]. Berger et 

al. provided a useful method for solving the counter-flow problem in a straight channel 

design. In our study, the flow field patterns are more complicated than straight channels. 

There are not only counter-flow modes but also co-flow modes in our designs of cells No. 

2 and No. 3. We employed and modified Berger’s updating procedure to solve our flow 

field patterns. 

As mentioned at the beginning of this section, 
2ca,O ,inN , 

2ca,N ,inN , and ca,w,inN  for 

segment 4 are unknown when we start to solve segment 4 during each iteration. However, 

we can calculate 
2ca,O ,inN  and 

2ca,N ,inN  before segment 5 and segment 6 are solved. Flow 

rates of reacted oxygen in segments 5 and 6 can be determined by the assigned segment 

currents in the beginning of each iteration.  

 
2 2

,5 ,6
ca,O ,in ca,O ,in,4 ,6 4 4

seg seg

seg seg

I I
N N

F F
= − −  (4.1) 

Besides, nitrogen does not react in each segment, so nitrogen flow rate in segment 4 is 

equal to that at the inlet of segment 6. 

 
2 2ca,N ,in ca,N ,in,4 ,6seg seg

N N=  (4.2) 

From the above, the only unknown is ca,w,inN  when will start to solve segment 4. In the 

flow field design of cell No. 2, same situation happens to segments 5, 10, and 11. 

 Similar to Berger’s procedure, in the beginning of our solution process, the 

ca,w,inN  values of segments 4, 5, 10, and 11 are initially set as the inlet values of segments 

6 or 12 according to the flow field pattern. Then ca,w,inN  values of the above four 

segments are updated by using the output values of their preceding segments, i.e., 

segments 5, 6, 11, 12, respectively.     
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1

ca,w,in ca,w,outseg,4 seg,5

n n
N N

+
=  (4.3) 

 
1

ca,w,in ca,w,outseg,5 seg,6

n n
N N

+
=  (4.4) 

 
1

ca,w,in ca,w,outseg,10 seg,11

n n
N N

+
=  (4.5) 

 
1

ca,w,in ca,w,outseg,11 seg,12

n n
N N

+
=  (4.6) 

The superscript n  in these equations indicates the n-th step in time. 

 The updating procedure continues until solutions converge. The same solution 

procedure is applied to cell No. 3 for the segments with counter-flow mode. 

4.4 Comparison of Cell Performance 

Figure 4-8 shows the cell performance curves of cells No. 2 and No.3. Compared 

with cell No. 1, the cell voltages of cells No. 2 and No. 3 operated at the cathode inlet RH 

of 50% are only a little lower that those at 100%, as shown in Figure 4-8 (a) and Figure 

4-8 (b). The experimental results suggest that cathode inlet RH has more significant 

influence on cell performance in cell No. 1.  

Figure 4-1 shows that simulation results agree well with the experimental results 

for cell No. 1. In Figure 4-8 the slight deviation between modeling results and 

experimental results for cells No. 2 and No. 3 could be due to the different cathode flow 

field designs. The other possible reason is that the MEAs used for the 3 single cells are 

not exactly the same. For example, the difference of Pt catalyst loading between MEAs 

could result in different cell performance. In addition, different flow field designs could 

also cause different contact resistances. These problems can be solved by tuning some 

parameters in the cell voltage model. 

All three cells operated at low cathode inlet RH of 50% show lower cell 

performance. This is because of the low water content in the cathode gas flow, gas flow 

takes water from membrane, resulting in low membrane hydration and conductivity. 
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Figure 4-8: Comparison of experimental results and modeling results for different 
cathode inlet RH. 
 

 Figure 4-9 shows current density distribution, water content in the membrane, RH 

in the anode channels and in the cathode channels of cell No. 2 when the cathode inlet 

RH is 100% and 50%, respectively. When cathode inlet RH is 100%, current density 

distribution is more even than that when the cathode inlet RH is 50%. When cathode inlet 

RH is 50%, the current density near cathode inlet is lower and increases with cathode gas 

flow distance, as shown in Figure 4-9 (b). The result also suggests that cathode inlet RH 

significantly influences current density distribution.  From the above results, high RH of 

cathode inlet gas helps current density distribute more evenly. Liu et al. [74] measured 

the current density distribution of a working fuel cell; their study also showed similar 

results.  

The current density distribution of cell No. 3 suggests similar trend as that of cell 

No. 2, i.e., the current density near the anode inlet is the lowest and gradually increases 

toward the outlet, as shown in Figure 4-10 (a) and Figure 4-10 (b). According to 

Equations (2.71) and (2.72) in the membrane hydration model, water content in the 

membrane is determined by the relative humidity values in the anode and cathode. At the 
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operating conditions where the cathode inlet RH is 50%, the RH in the anode channels 

and in the cathode channels increase with flow direction, mainly from the top to the 

bottom of the active area. If the cathode flow direction is placed opposite to the anode 

flow direction, the overall water content in the membrane will be more even due to the 

humid reactants in the downstream. When a humidifier is not available, counter-flow 

field design is a better solution. 
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 Case 1 Case 2 
Current density 
distribution 
(%) 

(a)  (b)  
Water content  

(c)  (d)  
Anode RH 
(%) 

(e)   (f)  
Cathode RH 
(%) 
 

(g)  (h)  

Figure 4-9: Distribution of current density, water content in the membrane, relative 
humidity in the anode channel, and relative humidity in the cathode channel. Left figures: 
case 1. Right figures: case 2. (Cell No. 2) 
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 Case 1 Case 2 
Current density 
distribution 
(%) 

(a)  (b)  
Water content  

(c)  (d)  
Anode RH 
(%) 

(e)  (f)  
Cathode RH 
(%) 
 

(g)  (h)  

Figure 4-10: Distribution of current density, water content in the membrane, relative 
humidity in the anode channel, and relative humidity in the cathode channel. Left figures: 
case 1. Right figures: case 2. (Cell No. 3) 
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In portable fuel cell systems or transportation applications, where there is no 

space for humidifiers, an appropriate flow field design is the only mechanism to increase 

the system efficiency. Under the circumstances where the humidifier cannot work 

efficiently or humidifier is not available in the system, generated water within the fuel 

cell should be used effectively to humidify the membrane internally. In the flow pattern 

design of cells No. 1, No. 2, and No. 3, both the anode and cathode reactants move from 

the top to the bottom. We designed a virtual cell No. 4 in which the cathode inlet is 

placed at the bottom of the active area and the anode flow direction is kept the same with 

other cells, as shown in Figure 4-11. The performance and water accumulation in this 

design will be predicted by our segmented model and compared with other designs. 

 

 
 

Figure 4-11 : Flow field pattern of cell No. 4. Left: the cathode inlet is placed at the 
bottom of the active area. Right: the anode inlet is on the up right corner. 
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 Case 1 Case 2 
Current density 
distribution 
(%) 

(a)  (b) 
Water content  

(c)  (d) 
Anode RH 
(%) 

(e)  (f) 
Cathode RH 
(%) 
 

(g)  (h) 

Figure 4-12: Distribution of current density, water content in the membrane, relative 
humidity in the anode channel, and relative humidity in the cathode channel. Left figures: 
case 1. Right figures: case 2. (Cell No. 4) 
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Figure 4-12 shows the modeling results of cell No. 4. In Case 1, where the 

cathode inlet RH is 100%, the distributions of current density and water content in the 

membrane are similar to those of cell No. 1 to cell No. 3 at the same operating condition. 

However, when the cathode inlet RH is 50%, the current density (4.72%) near the anode 

inlet is higher compared to that in cells No. 1 (3.90%), No. 2 (3.59%), and No. 3 (3.75%). 

The current densities at the bottom segments are lower because the under-saturated 

cathode reactant is fed from the bottom of the cell. The maximum current density appears 

in the middle part of the active area, as shown in Figure 4-12(b), and the distribution is 

more even. Water content in the membrane shows similar trend as current density 

distribution, as shown in Figure 4-12(d). The performance of these four flow pattern 

designs were compared in Figure 4-13. There is no significant difference when cathode 

inlet RH is 100%. When RH of cathode inlet is 50%, cell No. 4 shows higher 

performance than the other cells at high current density. This is due to the humid cathode 

reactant near the outlet, resulting in increasing the water content of the membrane. 
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Figure 4-13: Comparison of cell performance of four single cells. 



  99

4.5 Comparison between Modeling and Experimental Results 

Figure 4-14, Figure 4-15, and Figure 4-16 compare the experimental data from 

RH sensors and modeling results of RH distribution in the flow channel for cell No. 3. 

Figure 4-14(c) shows that at high current density anode RH near the downstream area is 

lower than at low current density, as shown in Figure 4-14(b). The reason is possibly due 

to the higher dry hydrogen flow rate at high current density, resulting in decreased RH in 

the down stream. The experimental data supports the modeling results, as shown in 

Figure 4-14(c). In Figure 4-15, when the cathode inlet RH is 50%, the modeling results 

also show good agreement with experimental results. 

 

 
Figure 4-14: RH in the anode flow channels when cathode inlet RH is 100% (cell No. 3) 
(a) experimental results; (b) modeling results when current density is 0.1 A/cm2 ; (c) 
modeling results when current density is 0.7 A/cm2 

 

  
Figure 4-15: RH in the anode flow channels when cathode inlet RH is 50% (cell No. 3) 
(a) experimental results; (b) modeling results when current density is 0.1 A/cm2 ; (c) 
modeling results when current density is 0.6 A/cm2 

 

(a) (b) (c)

(a) (b) (c)
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In Figure 4-16(b), at low current density the RH in the cathode channels also 

shows similar results as experimental data. However, at high current density in Figure 

4-16(c), the RH in the down stream area shows 100% in modeling results but shows 

around 60% in experimental data. A possible reason is that we assumed that in our model 

liquid water moves at the same velocity as gas, so there is some liquid water in the 

downstream area of the cathode channels. However, because channel number is reduced 

from twelve to six, gas velocity in the downstream channels increases, resulting in quick 

removal of liquid water. Besides, the under-saturated cathode gas also contributes to 

lower RH in the downstream channels.  

 

 
Figure 4-16: RH in the cathode flow channels when cathode inlet RH is 50% (cell No. 3) 
(a) experimental results; (b) modeling results when current density is 0.1 A/cm2 ; (c) 
modeling results when current density is 0.6 A/cm2 

 

Figure 4-17 and Figure 4-18 compare modeling results and experimental data of 

water distribution for cells No. 2 and No. 3, respectively. In Figure 4-17, modeling results 

agree with experimental data for most of the operating conditions, except for low current 

densities. In Figure 4-18, this model successfully predicts water accumulation in the 

majority of segments for most of the operating conditions. The variation between 

modeling results and experimental data could be due to a few different reasons. First, the 

model parameters were calibrated based on the experimental data of cell No. 1. The 

influence of flow field patterns was not considered for the parameters. Second, the 

experimental data of water accumulation was quantified “indirectly” by using least-

squares method. An improved experimental design to “directly” measure water 

accumulation in the GDL is needed for accuracy.  

 

(a) (b) (c)
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Figure 4-17: Comparison of modeling result and experimental data (Cell No.2) 

 

(a)      (b) 

  

 

 

 

 

 

 

Figure 4-18: Comparison of modeling result and experimental data (Cell No.3) 
 

 When we developed the mathematical models for cells No. 2 and No. 3, we 

reconnected segments according to flow field patterns without changing parameter values 

listed in Table 4.3. However, some of these parameter values may vary from design to 

design. If we want to apply this model to a fuel cell with different materials or designs, 

these parameter values need to be calibrated according to materials or designs. In Table 

4.3 the contact resistance contactR  is mainly influenced by compression force and 

contacting surface roughness of components of fuel cells [88-89]. The compression force 

also affects porosities of GDLs, which influences values of α , β , and γ . GDLs with 
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different materials, porosities, and hydrophobicity also have different values of α , β , 

and γ . In this model, 11b , 12b , and  13b  are calibrated to calculate membrane conductivity.  

If a different membrane is used in a fuel cell, 11b , 12b , and  13b  need to be readjusted. 

Accordingly, the values of contactR , α , β , γ , 11b , 12b , and  13b  are MEA dependant. If we 

want to apply this model to describe the performance of fuel cells with different MEAs, 

we need to calibrate the values of contactR , α , β , γ , 11b , 12b , and  13b . If we use this 

model to describe fuel cells with the same MEA but different flow field designs, there is 

no need to adjust these values; e.g., models of cells No. 2 and No. 3 in this study.  

In summary, this segmented single cell model provides distributed information of 

current density, water accumulation, water content in the membrane, and relative 

humidity in the flow channels. Durability of PEMFCs and life of the membrane depend 

on the level of flooding and drying within a fuel cell. They can be improved by 

appropriate flow field design. The concept of this model can be used to investigate the 

performance or distributed properties of different flow field designs by reconnecting the 

segments. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORKS 

 

In this study, we developed a segmented model to study water transport in a PEM 

fuel cell. This model captures the distributions of current density, water accumulation in 

the GDL, water content in the membrane, and RH in the flow channels. To calibrate this 

model, we conducted experiments under selected operating conditions. We designed 

three single cells each with 20 embedded miniature temperature and relative humidity 

sensors. The results have been reported in the earlier chapters and the major conclusions 

are summarized below. 

5.1 Conclusions of Neutron Experiments 

Neutron radiography provides a non-destructive and valuable measurement 

technique to quantify and visualize liquid water in a working PEMFC. Three single cells 

with shifted flow field designs as well as imaging mask techniques were used to 

differentiate liquid water in four types of channel/rib combinations, anode 

channel/cathode channel, anode rib/cathode rib, anode channel/cathode rib, and cathode 

channel/anode rib. By applying the least-squares method, we are able to calculate average 

liquid water thicknesses in the GDL under the channel, in the GDL under the ribs, and in 

the channels. In this study, both steady-state and transient behaviors of water 

accumulation were studied at different cathode inlet conditions. 

The influence of cathode inlet RH and stoichiometry values on liquid water 

accumulation and distribution was investigated in this study. The RH of cathode inlet was 

shown to have a substantial effect on liquid water accumulation in the GDLs. The steady-

state experimental results showed that liquid water has a tendency to accumulate in the 

GDL under the rib and the amount varies with current densities. The average liquid 
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saturation in the GDL under the rib was found to vary from 0.05 to 0.5 and that in the 

GDL under channel is about 0.02, which is lower than modeling results in the literature. 

The RH in each segment increases with increasing current density due to water 

generation. At high current density, RH values decrease slightly.  This could be due to the 

high flow rate of unsaturated gas. Moreover, temperature difference between segments 

can be neglected regardless of the stoichiometric values and cathode inlet RH. 

The transient behavior of water transport was studied by capturing neutron images 

and RH in the flow channels. The channel-reduced design in the cathode helps gas flow 

carry liquid water to the outlet without causing flooding in the GDLs. In addition, RH in 

the anode channel quickly increases with flow distance and reaches saturation even when 

the cathode RH is unsaturated. At high current density, RH in the anode channel 

decreases due to the higher dry anode gas flow rate. The temperature distributes 

uniformly within the active area and has large response time with respect to load change. 

The experimental results provide useful information for subsequent model calibration and 

validation. 

5.2 Conclusions of Segmented Model 

We developed the governing equations for a 15-segment fuel cell model. Each 

segment is viewed as a lumped element, which consists of six interacting sub-models, 

and is connected based on the reactant flow directions. This model is calibrated based on 

experimental results and is able to describe liquid water saturation in the GDL under the 

channel and in the GDL under the rib. The calibrated model was used to investigate 

distributions of current density, water content in the membrane, RH in the anode/cathode, 

and water accumulation in the GDL under the channel/rib as well as water transport in 

the MEA.  

Modeling results show that cathode inlet RH has significant influence on the 

uniformity of water content in the membrane and current density. At low cathode inlet 

humidity and high load, the maximum local current density is twice that of the minimum 

local current density. Cathode humidity has less influence on the uniformity of current 

density at low current load. In this study, the influence of water accumulation on current 
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density is not obvious. That could be due to un-humidified hydrogen, short flow channels, 

and operating current density. In the GDL under the rib, the minimum liquid saturation is 

observed at segments near the cathode inlet, and increases toward the outlet. The 

maximum liquid saturation is near the cathode outlet and is approximately 0.4. The RH of 

anode flow gas also affects the liquid saturation in the cathode GDL under the rib. 

However, the cell performance is more significantly influenced by the cathode inlet RH. 

The segments in this model can be reconnected according to flow field patterns to 

predict distributed properties within throughout the flow field, including water content in 

the membrane, water transport across the MEA, and liquid saturation in the GDLs. The 

results show current density and the amount of water transport influence with each other. 

This result also provides useful information in placing the inlet/oulet of anode/cathode 

when we design flow field patterns. Modeling results suggest that opposite flow direction 

improve the cell performance at low humidity conditions. Accordingly, this segmented 

model is useful in designing flow field patterns and comparing the influence of different 

flow field patterns before they are machined on the flow field plates. That reduces the 

cost of developing and designing a fuel cell. 

5.3 Recommendations for Future Works 

In this study relative humidity and temperature in the flow channels were detected 

by 20 embedded sensors. Relative humidity sensors cannot detect liquid water within the 

fuel cell, but they can imply the drying areas of the proton exchange membrane. In most 

cases drying is highly possible to happen near the gas inlet areas. Thus, for the future 

designs, we don’t need to install so many sensors and they can be mainly placed near the 

inlet areas.  

We designed a “shifted” flow field and used least-squares method to differentiate 

liquid water accumulation between the anode and cathode; however, this method 

“indirectly” quantified liquid water in both. The novel idea of an improved work is to 

specially design a slender single cell so the liquid water accumulation in the GDL under 

the ribs and in the GDL under the channels can be separately quantified in neutron 

imaging. The flow channels in this newly designed slender cell would be shorter in length. 
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A neutron beam is expected to go through this cell along the flow channel direction so the 

liquid water accumulation in the GDL under the ribs and under the channels can be 

separately detected. By conducting this experiment, we will expect to “directly” quantify 

water accumulation in the GDLs under the ribs and under the channels.  

The maximum current density in our single cells is 0.7 A cm-2 regardless of flow 

field patterns. The shifted flow field design may be responsible for the low current 

density; however, cell No. 1, where there is no shifted design, shows the similar cell 

performance. Thus, another possible reason could be the MEAs themselves. If the 

maximum current density of MEAs could reach as high as 1.2 A cm-2, the influence of 

flow field patterns would become notable. Since we don't have information regarding the 

contents and manufacturing process of the MEAs, for the fuel cell experiments in the 

future, we can test MEAs from different companies and picked the one with best 

performance. 

Cell performance is also influenced by flow field patterns. In the fuel cells with 

larger active area, the influence is more significant. With appropriate flow field designs, 

generated liquid water can be utilized to humidify the membrane, resulting in increasing 

conductivity and cell performance. That can be achieved by counter-flow designs. When 

designing flow field patterns for fuel cell stacks with larger active areas, we also need to 

consider the coolant flow patterns.  

In a fuel cell stack, in which many cells are connected in series, the heat flow of a 

MEA is influenced by other MEAs in neighboring cells. Thus, cell temperature cannot be 

assumed uniformly distributed. In the future, we could include a thermal model in our 

segmented model and extend our single cell model to fuel cell stack model. With the 

stack model, we should be able to analyze the flow distribution in a fuel cell stack, 

perform thermal analysis, and estimate the average cell temperature, localized hot and 

cold spots in a cell. This model is expected to provide useful information for the design 

of cooling system and control algorithms.  
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Nomenclature 
a water vapor activity 

A area (m2) 

c concentration (mol m-3) 

d hydraulic diameter (m) 

Di-j diffusivity of gas pair i-j in a mixture (m2 s-1) 

F Faraday’s constant (96485 C equivalent-1) 

H channel depth (m) 

i current density (A cm-2) 

I current (A) 

I0 Exchange current (A) 

K permeability of GDL (m2) 

Kosmotic electro osmotic drag coefficient 

Kdiff back diffusion coefficient (mol s m-2) 

Kconv coefficient of convective mass transfer (mol s m-2) 

L channel length (m) 

M equivalent weight of a dry membrane (kg mol-1) 

N molar flow rate (mol s-1) 

P pressure (Pa) 

Q gas volume flow rate (m3 s-1) 

R universal gas constant (8.314 J mol-1 K-1) 

Rj resistance of component j (Ω) 

s liquid saturation 

Sh Sherwood number 

t thickness (m) 

T temperature (K) 

V voltage (V) 

W channel or rib width (m) 

xj mole fraction of species j 

Z channel number in a segment 
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Greek 

αc cathodic transfer coefficient 

ε porosity of gas diffusion layer 

ζ stoichiometry of gas 

λ water content  

μ dynamic viscosity (kg m-1 s-1) 

ρ density (kg m-3) 

σ electrical conductivity (Ω-1 m-1) 

φ relative humidity 

 

Subscripts 

an anode 

act activation 

avg average 

c critical 

ca cathode 

c/g channel and gas diffusion layer interface 

ch channel 

contact contact 

conc concentration 

gdl gas diffusion layer 

g/m gas diffusion layer and membrane interface 

H2 hydrogen 

H2O water 

in inlet 

limit limit 

N2 nitrogen 

ohm ohmic 

out outlet 

O2 oxygen 

p pore 
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pem proton exchange  membrane 

plate plate 

sat saturation 

seg segment 

v water vapor 

w liquid water 
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