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Abstract 

This thesis explores two-phase flow phenomena relevant to water management in PEM 

fuel cells. Particularly, pressure drop hysteresis is explored in depth, which occurs when 

the gas and liquid flow rates are increased and decreased along a set path but exhibit 

different pressure drops. The hysteresis effect is explored here experimentally in three 

studies: non-operating cold model to study hydrodynamics, non-operating hot model at 

fuel cell operating conditions to study increasingly relevant hydrodynamics, and an 

operating study to explore pressure drop hysteresis in an active cell. This is the first time 

pressure drop hysteresis has been studied in a PEM fuel cell. A specially designed 

visualization fuel cell, allowing for observation into the cathode flow field channels, is 

utilized to further understand these results. The pressure drop hysteresis occurs because 

liquid water accumulates in the cathode flow channels during the descending approach. 

The cathode air stoichiometry and temperature play a major role, as lower stoichiometries 

and lower temperatures lead to more water accumulation in the channels, which increases 

the hysteresis problem. The gas diffusion layer is not a main parameter affecting pressure 

drop hysteresis. Additionally, several other variables are studied through the three 

experimental setups to understand the hysteresis behavior. This thesis then examines 

anode water removal (AWR) as a diagnostic tool to determine maximum fuel cell 

performance in the absence of mass transfer limitations on the cathode. By exacerbating 

cathode flooding and using a variety of cathode GDLs, large voltage increases occur 

through the AWR process when the cathode GDL is under flooding conditions. Larger 

voltage gains occur during the AWR process with the use of GDLs without an MPL 

when the cathode gas stream is fully humidified. Both studies, pressure drop hysteresis 

and AWR, improve overall fuel cell performance by better understanding water 
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management in PEM fuel cells. Understanding the pressure drop hysteresis is important 

to limit the parasitic power losses associated with higher pressure drops, and AWR is a 

novel tool researchers can use to evaluate new GDLs in terms of their ability to prevent 

voltage losses due to flooding. 
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1 Introduction 

Fuel cells offer a way to turn the stored chemical energy in a fuel, such as methanol 

or hydrogen, into electricity. Unlike a battery, electricity continues to be produced as long 

as fuel is continually supplied to the fuel cell. The proton exchange membrane (PEM) 

fuel cell has received much attention in recent decades as a clean and efficient way to 

generate power for various applications due to its high energy efficiency, low operating 

temperature, and low to zero emissions during its operation. In particular, it has been 

considered one of the most promising alternatives to fossil-based fuel engines for 

automotive applications. The electrochemical reaction between hydrogen fuel and oxygen 

oxidant produces electricity, with the only emissions being excess heat and water. The 

PEM fuel cell is thus an environmentally viable option that is also capable of achieving 

high power density and high efficiency. Proton exchange membrane fuel cells (PEMFC) 

refer to a class of fuel cells that utilize a conductive ionomer membrane as electrolyte. 

PEM fuel cells have the advantages of high power density, good start-stop capabilities, 

and low temperature operation well suited for portable applications. However, 

disadvantages include an expensive platinum catalyst, an expensive membrane, water 

management issues, and strict fuel requirements (i.e. avoiding carbon monoxide in the 

hydrogen stream)[1].   

The following half reactions and overall reaction occur in the PEM fuel cell that 

operates with hydrogen.  

Anode:  
 −+ +→ 2e2HH2  Eo = 0 V (1) 

 
Cathode: 
 

OH2e2HO
2

1
22 →++ −+  

Eo = 1.23 V (2) 
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Overall:  
 

OHO
2

1
H 222 →+  + heat 

Eo = 1.23 V (3) 

The PEM fuel cell is comprised of seven main layers in a ‘sandwich’: the air/oxygen 

(oxidant) flow field channel, the cathode gas diffusion layer (GDL), the cathode catalyst 

layer, the polymer electrolyte membrane (PEM), the anode catalyst layer, the anode gas 

diffusion layer, and the hydrogen (fuel) flow field. The combination of the GDLs, 

catalyst layers, and membrane is commonly referred to as the membrane electrode 

assembly (MEA). A schematic of this setup is shown in Figure 1. The number of layers is 

reduced to five with the inclusion of a catalyst coated membrane (CCM), where the 

catalyst layers are included on the membrane. The gases diffuse perpendicular to the 

direction of the channel flow through the respective gas diffusion layers to reach the 

catalyst layers, where the reactions take place. Protons move through the membrane from 

the anode toward the cathode, and electrons move through an external circuit. The 

protons and electrons react with oxygen at the cathode to form water. The product water 

also diffuses through the GDL to reach the flow channels where it can be removed.  
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Figure 1. Schematic of a PEM fuel cell's components highlighting the gas flows, gas diffusion layers, 
catalyst layers, and membrane 

The theory and background presented here explain PEM fuel cells in terms of basic 

thermodynamics, sources of voltage losses, the fuel cell’s components, typical operating 

conditions, and flow channel pressure drop. The scope is intentionally broad and aims to 

be largely applicable to PEM fuel cell water management, one of the current 

disadvantages in PEM fuel cells. The scope is then focused and water management issues 

are covered more extensively in the literature review presented in Chapter 2.  

1.1 Fuel cell thermodynamics 
 

This overall reaction in Eqn. 3 is exothermic, and the heat of reaction can be 

determined by: 

 
222 OfHfOHf )1/2(h)(h)(h∆H −−=  (4) 
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For liquid water formation at 25oC, this value is -286 kJ mol-1 (using hydrogen’s higher 

heating value) at standard conditions. However, not all of the energy can turn into 

electricity due to entropy. The total potential energy in fuel cell operation is the Gibbs 

free energy, where only -238 kJ mol-1 can turn into electricity (∆G) and the rest (due to 

∆S) is lost to heat: 

 S T∆∆H∆G −=  (5) 

The electrical work can also be related to the Gibbs free energy. The electrical work (J 

mol-1) is: 

 G-qEWel ∆==  (6) 

where q is charge (Coulombs mol-1) and E is potential (Volts). The charge is expressed 

as: 

 nFqnNq elAv ==  (7) 

where n is the number of electrons per molecule of H2, NAv is Avogadro’s number 

(6.022x1023 molecules/mol), qel is the charge of an electron (1.602x10-19 

Coulombs/electron), and F is Faraday’s constant (96,485 Coulombs/electron-mol).  

Thus, the electrical work expression is: 

 nFEWel =  (8) 

Thus, ∆GWel −=  is the theoretical hydrogen/oxygen fuel cell potential. At 25oC and 1 

atm, this maximum voltage is the equilibrium cell potential: 

 
V1.23

molsA96,4852

molJ237,340

nF

∆G
E

1

1
o =

×
=−= −

−

 
(9) 
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1.1.1 Effect of temperature on theoretical fuel cell potential 

The theoretical potential, E, can be substituted in for the Gibbs Free Energy 

expression to give: 

 







 −−=
nF

S T∆

nF

∆H
E  

(10) 

This means that an increase in cell temperature will decrease the theoretical cell potential. 

This result is true because ∆H and ∆S are both negative. The enthalpy and entropy can 

also be solved for as a function of temperature, both of which increase (become less 

negative) with temperature, by knowing how the heat capacity changes with temperature. 

The change in Eo from 25oC to 100oC is a loss of 0.063 V (63 mV), a 5% decrease. 

1.1.2 Effect of pressure on theoretical fuel cell potential 

For an isothermal process, the change in Gibbs free energy can be expressed as 

 dPVdG m=  (11) 

where Vm is the molar volume and P is the pressure. The ideal gas law is the simplest 

basis to use (PVm=RT), which after integration leads to:  

 

0
0 P

P
RTlnGG +=  

(12) 

For the general reaction nDmCkBjA +→+ , the Gibbs free energy can be written as 

BADC kGjGnGmG∆G −−+= . As a function of pressure, this is: 

 























































+=
k

0

B

j

0

A

n

0

D

m

0

C

0

P

P

P

P

P

P

P

P

RTlnGG  

(13) 
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which is the Nernst equation (P0 is 1 atm). When applied to the hydrogen/oxygen fuel 

cell, this expression becomes: 

 

OH

0.5
OH0

2

22

P

PP
ln

nF

RT
EE +=  

(14) 

The PH2O term is 1 if the water is liquid, and the partial pressure of oxygen in air is 0.21, 

which reduces the theoretical potential by 0.012 V (12 mV). When combined with the 

expression for how E0 changes with T, one has a final expression for the cell potential as 

a function of temperature and pressure.  

 

OH

0.5
OH

PT,

2

22

P

PP
ln

nF

RT

nF

S T∆

nF

∆H
E +




 −−=  

(15) 

1.1.3 Theoretical efficiency 

One of the benefits of PEM fuel cells is the potential for high efficiency, where the 

maximum efficiency at standard conditions is:  

 

0.83
V 1.482

V 1.23

nF

∆H
nF

∆G

∆H

∆G

mol

kJ
286.02

mol

kJ
237.34

∆H

∆G
η ==

−

−

=
−
−===  

(16) 

This uses the higher heating value of hydrogen, which is more thermodynamically correct 

because the ∆H term accounts for all of the available energy coming into the system. The 

Gibbs free energy term decreases more than the enthalpy with temperature, which means 

the efficiency of the fuel cell will decrease up to 100oC. The efficiency lowers from 

~83% to ~78% when the temperature is increased from 25oC to 100oC. However, for an 

operating fuel cell where the oxygen is always supplied in excess, water vapor can form 

in addition to the liquid water. While this would make the theoretical efficiency look 
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artificially higher (lower ∆H), it also realistically limits the total potential in an operating 

fuel cell.  

1.2 Voltage losses 

The difference between the electrode potential and the reversible potential 

(determined from thermodynamics) is the overpotential. Even at no current the cell does 

not exist at the equilibrium cell potential (1.23 V at 25oC, 1 atm) because of fuel 

crossover. The resulting open circuit voltage (OCV) during operation at zero current is 

therefore lowered, with typical values ranging from 0.95-1 V [1].   

Once current is drawn, the electrode potential decreases depending on three different 

losses: activation (kinetics), ohmic (resistance), and mass transport. Though each loss can 

occur at all current densities, as the current increases, the main (controlling) loss 

mechanism changes. The voltage as a function of current density is referred to as a 

polarization curve. An example of a polarization curve with the controlling loss 

mechanism highlighted is shown in Figure 2.  
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Figure 2. Polarization curve schematic showing kinetic, ohmic, and mass transport losses control regions 

The derivation of each loss mechanism is provided in the following sections.  

1.2.1 Activation polarization 

The reactions happen on an interface between the ionically conductive electrolyte and 

the electrically conductive electrode. The speed of the reaction is the rate at which the 

electrons are released or “consumed”, which is the electrical current. Faraday’s Law 

gives the current density (current normalized by reaction area) produced: 

 jFni ⋅⋅=  (17) 

where i is the current density, nF is the charge transferred (Coulombs mol-1) and j is the 

flux of reactant per unit surface area (mol s-1cm-2).  

The local kinetic rate expression for an electrochemical system is the Butler-Volmer 

Equation (BVE), which can be simplified to: 

 
















 −−






 −−=
RT

)EF(Eα

exp
RT

)EF(Eα

expii rOxrRd
0  

(18) 



 9

where i0 is the exchange current density, α is the transfer coefficient for either the 

reduction or oxidation reaction, and (E-Er) is the activation overpotential. The expression 

is considered local since the oxygen content can decrease down the length of the flow 

field channel, changing the local concentration of oxygen at the catalyst sites. The 

exchange current density is a measure of the equilibrium reaction rate, where a higher 

values means faster reaction kinetics. The transfer coefficient is a dimensionless value 

that reflects the ‘symmetry’ of the forward and reverse reaction’s activation barrier. 

Typical values are 0.2-0.5. The Butler-Volmer (BV) expression can be written for the 

anode and the cathode, but the cathodic current is the limiting reaction due to slow 

oxygen reduction reaction kinetics. The exchange current density of the anode is much 

higher than the cathode by several orders of magnitude. A higher i0 means lower energy 

barrier to reaction and more current is generated at any overpotential, so the overpotential 

on the cathode is much larger than the anode. Neglecting the anodic contributions, the 

BV expression can be simplified to: 

 








 −−
=

RT

)EF(Eα

expii cr,ccRd,
c0,c  

(19) 

Solved for the voltage loss due to activation, the BV equation becomes: 
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A simplified form of this is the Tafel equation: 

 blog(i)a∆V cact, +=  (21) 

where )log(i
αF

RT
2.3a 0−=  and 

αF

RT
2.3b = . 
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The Tafel slope is b. Higher Tafel slopes means lower performance (lower α means 

higher Tafel slope). An additional problem at low currents is fuel crossover, where 

hydrogen can diffuse directly through the membrane without reacting, which lowers the 

cell potential. The total current is the sum of external (useful) current and current due to 

losses ( lossext iii += ), which means the expression for Ecell at lower current densities for 

losses due to activation is: 

 
)

i

ii
log(

αF

RT
EE

0

lossext
rcell

+
−=  

(22) 

1.2.2 Ohmic losses 

Ohmic losses are due to resistance to the flow of ions in the electrolyte and the flow 

of electrons through the conductive fuel cell components. Ohm’s Law relates the voltage 

drop to the current and resistance: 

 
Tohm iR∆V =  (23) 

The total resistance is the sum of all the internal resistances: ionic, electronic, and 

contact: 

 
ceiT RRRR ++=  (24) 

The electronic resistance is almost negligible, while the ionic and contact resistances are 

the same order of magnitude (typical RT values are 0.1-0.2 ohms-cm2).  

1.2.3 Concentration polarization 

Concentration or mass transfer limited polarization occurs when a reactant is rapidly 

consumed at the electrode by the electrochemical reaction. An expression for this loss is: 
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where B refers to the bulk and S refers to the surface concentration (mol cm-3). Fick’s 

Law equates flux and concentration gradient: 

 
A

δ

)C(CD
N SB −⋅

=  
(26) 

where N = the flux of reactants (mol s-1), D = the diffusion coefficient (cm2s-1), A = 

electrode surface area, and δ = diffusion distance. Combining with Faraday’s law at 

steady state, the consumption rate is equal to the diffusion flux, which means: 

 

δ

)C(CDFn
i SB −⋅⋅⋅

=  
(27) 

The surface concentration is zero when consumption exceeds diffusion, which occurs at 

the limiting current density: 

 

δ

CDFn
i B

L

⋅⋅⋅
=  

(28) 

This result means the concentration polarization is: 
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L
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(29) 

This equation accounts for the sharp drop in cell potential at the limiting current density, 

as shown in Figure 2. 

1.2.4 Overall expression for cell voltage 

A simplified version of the polarization curve subtracts the three loss mechanisms 

(kinetic, ohmic, mass transport) from the equilibrium cell potential at a given temperature 

and pressure: 
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(30) 

This expression assumes there are no anodic contributions to any of the loss mechanisms. 

1.3 Properties of PEM fuel cell components 

As discussed and shown schematically in Figure 1, the PEM fuel cell consists of 

separate oxidant and fuel flow field channels, anode and cathode gas diffusion layers, 

anode and cathode catalyst layers, and the polymer electrolyte membrane (PEM). This 

section discusses these main components.   

The membrane must be a high proton conductor, barrier to fuel and reactant gas 

mixing, and chemically and mechanically stable. The membranes are typically made of 

perfluorocarbon-sulfonic acid ionomer (PSA), which is a copolymer of tetrafluorethylene 

(TFE) and perfluorosulfonate monomers. Proton conductivity is a function of membrane 

water content, so the membrane must be well hydrated. Water transport can occur 

through the membrane by three main mechanisms, each of which is a function of 

membrane hydration, λ1: 

1. Electroosmotic drag (anode to cathode) 
 

F

i
)ζ(N drag0,H2
λ=  

(31) 

2. Diffusion (cathode to anode, usually) 
 

∆z

∆c
 )D(N diff0,H 2

λ=  
(32) 

3. Hydraulic permeation (high pressure on cathode forces water to anode) 
 

∆z

∆P
)(kN hydhyd0,H2

λ=  
(33) 

                                                 
1N.B. This λ should not be confused with the gas stoichiometry, which is mentioned often in the rest of the 
thesis and is explained in Section 1.4.  



 13

The membrane hydration is the ratio of the number of water molecules to charged SO3
-H+ 

sites, with values ranging from 0 (dry) to 22 (full saturation) [1]. Depending on the 

relative magnitude of each term, which depends on the operating conditions, water can 

favor net flux toward the anode or the cathode. In general, the net water transport to the 

cathode is the difference between the electroosmotic drag term and the diffusion term.  

The electrode is a thin catalyst layer between the ionomer and the porous electrically 

conductive substrate, where the reaction takes place on the catalyst surface (usually 

platinum). Current Pt loadings are 0.3-0.4 mg cm-2. 

The gas diffusion layers (GDLs) are responsible for several roles in PEM fuel cell 

operation, including: 

• Pathway for reactant gas from the flow field to the catalyst layer 
• Pathway for product water back to the flow field channel from the catalyst layer 
• Electrically connects the catalyst layer to the bipolar plate 
• Conducts heat from the reaction to the bipolar plate for heat removal 
• Mechanical support of the MEA to stop intrusion into the flow field 

Required properties include being porous to allow gas and water flow, electrically and 

thermally conductive (in-plane and through-plane), and sufficiently rigid. Typical 

thickness ranges from 70-400 µm, with a porosity between 70-80%. They are also usually 

PTFE treated (5-20% by weight) to increase the hydrophobicity and thus reduce flooding. 

Some GDLs include a microporous layer (MPL) for better electrical contacts with the 

catalyst layer and increased water management capabilities.  

Typical flow field designs include parallel, serpentine, and interdigitated channels, 

and these flow fields are generally made of metals or graphite plates. The flow field 

plates must also satisfy many requirements: 

• Connect cells electrically in series  (must be conductive) 
• Separate the gases in adjacent cells (must be impermeable) 
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• Structural support (must be strong but lightweight) 

Parallel channels are advantageous because of the low flow channel pressure drop but are 

susceptible to flooding and reactant maldistribution. Single-serpentine channels are 

common in small active areas but have a higher pressure drop due to the numerous bends. 

In interdigitated designs, gas is forced from the inlet to the outlet through the porous 

GDL, which can increase cell performance, but has trouble removing liquid water from 

inlets. The channel’s shape, dimensions, and spacing are also important considerations. 

Typical channels are ~1 mm in width. Wider channels allow more reactant gas to touch 

the GDL and give more area for water removal, but if they are too wide the GDL will 

bend into the flow field. Wider spacing (landing areas) facilitates conduction of heat and 

electricity, but the GDL is less exposed to gases and water can accumulate below the 

landing areas.  

1.4 Fuel cell operating conditions 

The main operating conditions in a PEM fuel cell are the pressure, temperature, gas 

flow rates, and the relative humidities of the gas streams.  

Increasing pressure increases cell potential via two reasons, the Nernst equation and 

an increase in the exchange current density due to increased gas concentrations at the 

electrodes. For example, increasing the cell operating pressure from 101.3 kPa to 200 kPa 

can result in a 34 mV gain. However, the increase in voltage due to an increase in 

pressure may be offset due to parasitic losses from the compressor. The pressure is also 

related to water management, which can have varying impacts on the fuel cell 

performance.  
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Typical fuel cell operation occurs at ~75oC, which means the cell must be heated. 

Like pressure, the energy required to keep the cell temperature up may offset the 

electrochemical gains of elevated temperature. However, the reaction is exothermic so a 

cooling system is needed to maintain the proper temperature. Measuring the temperature 

can be ambiguous as it can typically be measured at the outer surface, exiting air, or 

exiting coolant. The complex geometries and electrochemical reaction often mean 

temperature gradients will be present in the cell.  

Faraday’s Law (Eqn. 17) dictates all of the flow rates based on the current, which for 

hydrogen, oxygen, and water are: 

 

2F

I
N 2H =
⋅

 
4F

I
N 2O =
⋅

 
2F

I
N OH2 =
⋅

 
(34) 

These can all be corrected for T and P with the ideal gas law when determining the gas 

velocity in the flow channel. Also, the actual flow rate of supplied reactant is always 

more than needed, and the ratio of supplied gas to needed gas is the stoichiometric ratio: 

 

needed

supplied
i N

N
λ =  

(35) 

An increase in the stoichiometry (stoich) helps remove product water from the flow field 

channels and keeps the oxygen concentration high. Typical stoichiometries are 2 for the 

cathode and 1.5 for the anode.  

The reactants are typically humidified to ensure the membrane remains well hydrated. 

Relative humidity (RH) is the ratio between the water vapor partial pressure and the 

saturation pressure (saturation pressure is only a function of temperature). Some systems 

can capture heat and water generated by the cell to humidify the incoming air. However, 

even if enough water is generated most of the air will stay under-saturated (RH < 100%) 
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1.5 Pressure Drop in PEM fuel cell flow channels 

The Darcy–Weisbach equation can be used to approximate the pressure drop of 

incompressible flow in pipes: 

 

 vorder with 2nd
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2

H 2
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ρK
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ρ

D

L
f∆P ∑+=  

(36) 

where f is the friction factor,  v is the average velocity, ρ is the density and K is local 

resistances (bends and expansion /contraction etc.) In PEM fuel cells, there are deviations 

from normal pipe flow such as the roughness of the GDL being different than the walls, 

the gas participates in the reaction and therefore the flow rate varies down the channel 

length, the temperature may not be uniform, and liquid water impacts the pressure drop.  

The presence of liquid water in the flow channels is an example of two-phase flow, 

and this increases the pressure drop. The two-phase flow multiplier provides useful 

insight into the impact of the two-phase flow pressure drop. The two-phase flow 

multiplier, φ2-phase, is defined as: 

 

phase1

phase2
phase2

∆P

∆P
φ

−

−
− =  

(37) 

A higher two-phase flow multiplier indicates a larger influence of water on the overall 

pressure drop. This is relevant to PEM fuel cells since an increase in the pressure drop is 

an increase in the parasitic power loss of the system.  
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2 A review of two-phase flow in PEM fuel cell flow channels2 

As has been discussed, PEM fuel cells have received extensive study and interest due 

to its high energy efficiency, low operating temperature, and low to zero emissions 

during its operation [2]. However, several technical issues still exist that impede the 

further use of fuel cells in practical applications. One major issue that has received a great 

deal of attention is proper water management in the fuel cell, and this issue continues to 

play an important role in the understanding of fuel cells. In a perspective piece published 

by AIChE Journal, Benziger [3] stated “Recent results suggest that better engineering 

designs of PEM fuel-cell reactors may be more important to the commercial success of 

fuel cells that developing better membranes and catalysts, which has been the focus of the 

DOE road map.” The key problem, he notes, is how to manage water. An excellent 

review by Jiao and Li [4] was published in 2011 furthering the topic of water transport in 

a fuel cell. Their comprehensive review (430 papers) covers the state of water in each 

layer of the fuel cell, the various transport mechanisms, experimental and numerical 

work, cold start operation, and high temperature PEM fuel cells. Their outlook for future 

experimental work is for researchers to simultaneously measure more parameters while 

avoiding major modifications to the fuel cell.  

PEM fuel cell water management is particularly important because too little water 

will cause membrane dehydration, which limits proton conductivity, and too much water 

can flood the fuel cell, causing less reactant to reach active catalyst sites. Both cases 

consequently decrease the cell performance. Another recent review [5] detailed issues 

associated with water management, which described the role of each layer of the PEM 

                                                 
2 A portion of this chapter was published in [2]: R. Anderson, L. Zhang, Y. Ding, M. Blanco, X. Bi, D.P. 
Wilkinson, A critical review of two-phase flow in gas flow channels of proton exchange membrane fuel 
cells, J. Power Sources 195 (2010) 4531-4553. 
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fuel cell and how each area is prone to flooding. The paper also detailed mitigation 

strategies based on 1) engineering principles and changing operating conditions and 2) 

modification of materials. While comprehensive in the overall picture of water 

management, little emphasis is placed on gas-liquid two-phase flow issues in the flow 

field channel itself.  

Trabold [6] noted the importance of two-phase flow research in PEM fuel cells, and 

explained that the gas-liquid flow within the flow channels is complex and requires an 

understanding of electrochemistry, heat and mass transfer, and fluid mechanics. Knowing 

the air and liquid velocity in the channel allows one to develop flow regime maps, which 

have been studied in traditional two-phase flow research. Different operating conditions 

can lead to different flow patterns though, which can lead to flow maldistribution among 

multiple channels to satisfy the equal pressure drop between a single inlet and outlet of 

the manifold. Thus, many competing variables are noted in PEM fuel cell two-phase 

flow. Two-phase flow also represents a higher overall pressure drop, which lowers the 

total system efficiency.  

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

simulate the two-phase transport phenomena in PEM fuel cells. In particular, 

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

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

date back to the early 1990s by Springer et al. [7] and Bernardi and Verbrugge [8]. 

Increasingly complex and detailed models have been developed since, from one-

dimensional, single-phase flow, isothermal, steady state and single layer models to three-

dimensional, two-phase flow, non-isothermal, transient and multiple layer models. 
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However, due to the various complicated phenomena in PEM fuel cells, the modeling and 

simulation of PEM fuel cells still remains a challenge. Complications include two-phase 

flow, electrochemical reaction, charge transport, diffusion in porous media, and coupling 

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

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

flow field channels), and experimental validation. Numerical studies are reviewed in 

Appendix A.    

This chapter presents a review of two-phase flow in PEM fuel cell flow channels. The 

relevance of this topic is demonstrated by the number of papers published related 

specifically to ‘two-phase flow’ and ‘PEM fuel cells’ continuing to increase, which is 

shown in Figure 3. While this shows 207 cumulative citations since 1994, it is also 

interesting to note that in the same time publications relating to ‘water management’ and 

‘PEM fuel cells’ numbered 431 citations via the same database.  
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Figure 3. Cumulative number of papers published for keywords "two-phase flow" and "PEM fuel cells" 
since 1994 in the Compendex Engineering Village 2 database 

This review emphasizes gas-liquid two-phase flow in minichannels or microchannels 

(Dmicrochannel ≤ 1 mm) related to PEM fuel cell applications. The focus is on PEM fuel 

cells under normal operating conditions (ambient temperature to 100oC operation) and 

neglects two-phase flow issues related to startup or shutdown. The experimental 

approaches and results of researchers in both active fuel cells (in-situ; operating) and in 

channels designed to mimic operational fuel cells (ex-situ; non-operating) are considered. 

Mitigation strategies specific to water flooding in channels via material modifications and 

operating conditions are also presented.  

2.1 Experimental visualization techniques 
 

This section reviews techniques for detecting water in PEM fuel cell minichannels, 

focusing on direct optical visualization while referencing other methods reported in the 
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literature. A discussion of the uses and the results of these techniques in active fuel cells 

is given in Section 2.2.   

2.1.1 Optical visualization 

The most common technique to observe flow field two-phase flow is to use a 

transparent fuel cell. A typical schematic diagram of a transparent fuel cell is shown in 

Figure 4.  

 
Figure 4. Schematic of a typical transparent PEM fuel cell (reprinted from Anderson et al. [2] with 
permission from Elsevier) 

The membrane electrode assembly (MEA) is sandwiched between flow field plates 

and transparent endplates for viewing. Not shown are the means to collect current, plates 

for heating (either electrically or via cooling water), or compression plates since these are 

common to all fuel cells and are not novel in regards to a transparent fuel cell. Machining 
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the flow field directly through a metal plate allows the flow field plate to also act as the 

current collector. In Figure 4, gas enters via port 1 and exits via port 2. The manifolds 

(labeled 3) distribute the gas to the flow channels (labeled 4). The flow field plates in this 

schematic are symmetrical about the MEA. This design is not the only means of creating 

a transparent cell but contains the components commonly found in the literature. Tüber et 

al. [13] conducted a highly cited work on transparent fuel cells. A steel rib was placed 

between an MEA and a Plexiglas end plate, with the rib defining the depth and the 

landing width of two channels. Gas was introduced from the Plexiglas above via one 

common inlet hole. The unit was compressed with screws, and a copper wire was 

attached to the rib for current collection. Different phenomena to be studied lead to 

specific designs for a transparent fuel cell, and Table 1 summarizes the designs of several 

research groups, including relevant channel dimensions, materials, and flow field design.  
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Table 1 Typical transparent fuel cell designs with a focus on flow field type, flow field material, channel 
dimension, and transparent plate material (reprinted from Anderson et al. [2] with permission from 
Elsevier) 

Author Flow Field Type Flow Field 
Material 

Channel Dimensions 
(l x w x d) 

Transparent 
plate material 

Zhang et al. [9] 7 Parallel Channels Gold Coated 
Stainless Steel 

100x 1x 0.5 mm 
Active Area = 14 cm2 

Antifogging 
polycarbonate 
 

Liu et al. [10]   9 Parallel Channels 
(vertical orientation) 

Gold Coated 
Stainless Steel 

22.4x0.8x1mm Plexiglas 
 
 

Ous and Arcoumanis 
[11] 

13 Serpentine Channels Graphite 655 x1.5 x 1.5mm Plexiglas 
 
 

Masuda et al. [12] Single Straight Channel Gold Coated 
Stainless Steel 

30 x 1.6 x 1 mm Glass 
 
 

Tüber et al. [13] 2 Parallel Channels Stainless Steel 50 x 1.5 x 1 mm Plexiglass 
 

Hakenjos et al. [14] Single Serpentine Graphite 1 x 1 mm (w x d) 
Active Area = 20.25 cm2 

Zinc Selenide 
 
 

Weng  et al. [15] Two Serpentine 
Channels 

Brass 2 x 2 mm (w x d) 
Active Area = 10 cm2 

Acrylic 
 
 

Spernjak et al. [16] Single Serpentine Stainless Steel 
316 

0.8 x 1 mm (w x d) 
Active Area = 10 cm2 

Polycarbonate 
 
 

Ge and Wang [17] (a) 7 Parallel Channels 
(b) 4 Serpentine 
Channels  

Gold Plated 
Stainless Steel 

(a) 1 x 0.5 mm (w x d)  
Active area =14 cm2  
(b) 70 x 1 x 0.5 mm 
Active area=5 cm2  

Polycarbonate 
 
 
 
 

Theodorakakos et al. 
[18] 

Single Serpentine Plexiglas  1.46 x 0.28 mm (w x d) Plexiglas 
 
 

Shimoi et al. [19] 3 Parallel Channels Brass 100 x 3 x 1 mm Sapphire (Al2O3) 
 

Kim et al. [20] 35 Serpentine Channels Carbon  0.7 x 1 mm ( w x d ) 
Active Area = 25 cm2 

Acrylic 
 
 

Sugiura et al. [21] Single Serpentine 
14 Parallel  

-- 1.6 x 0.8 mm ( w x d) 
Active Area = 25 cm2 

Polycarbonate 
 
 

Ma et al. [22] Single Straight Channel Graphite 125 x 1.5 x 1 mm 
Active Area = 5 cm2 

 
 
 

Yang et al. [23] 7 Parallel Channels Gold Coated 
Stainless Steel 

100x 1x 1 mm 
Active Area = 14 cm2 

Polycarbonate 
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As shown in Table 1, metals are often used for flow field plates. Weng et al. [15] 

showed that a brass plate could be used for the anode and cathode flow fields with 

extension areas included for electric heating or convective cooling. Clear acrylic plates 

acted as endplates on the cathode and anode side, allowing for visualization of either side 

of the cell. Stainless steel is a common flow field material in transparent cells [9, 

10,12,13,16,17,23], and the plates are often gold plated to avoid corrosion and to increase 

conductivity. When clear acrylic end plates are used they are prone to fogging, and it can 

be difficult to discern between liquid water emerging into the channels and liquid water 

condensing on the clear plate if humidified reactants are used. One solution to this 

problem is to use an antifogging coating [9], though this solution causes the clear 

polycarbonate plate to be very hydrophilic, which is not representative of commercially 

used graphite flow field plates that are less hydrophilic. Another interesting choice for an 

optical plate is zinc selenide, as used by Hakenjos et al. [14]. Zinc selenide is transparent 

to optical light for direct visualization and IR irradiations for the determination of the 

temperature distribution with an IR camera. A barium fluoride plate is also transparent to 

IR light and can be used to determine temperature distributions [24].  

One drawback of transparent cells is the lack of quantitative information provided. 

Viewing the channel from the top does not offer depth resolution, and the true volume of 

films, slugs, and droplets in the channel cannot be analyzed. The reflective GDL 

background also complicates image processing [16]. The images are often usefully 

correlated with pressure or voltage data, but this correlation provides only qualitative 

details about the cell [25]. The subjective nature of these qualitative correlations makes it 

difficult to standardize between authors. Another issue associated with transparent cells is 
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the material of construction. The surface properties are very important in analyzing two-

phase flow, especially contact angles, and little consideration is given to this problem in 

the literature. For instance, specific results found in a cell with a Plexiglas end plate may 

differ from the results found in a cell using traditional graphite plates. Since transparent 

cells define flow channels with an optical plate top, flow field plate walls, and a GDL 

bottom, three contact angles must be considered when analyzing the surface properties 

and droplet dynamics. Another potentially important parameter is the surface roughness 

of the flow field plates [26]. Despite these drawbacks, visualization cells provide a 

method to validate existing models and to further understand the influence of key 

operating variables. As pointed out by Chang et al. [27], this validation is particularly 

important in incorporating two-phase flow into existing models. Coupling the optical 

visualization with other techniques to monitor liquid water also enhances the use of 

transparent cells [28].  

Recently, an in-situ technique was coupled with advanced image processing 

techniques to quantitatively determine the water content in the flow fields of the anode 

and cathode in an operating visualization fuel cell [29]. Depending on the GDL, 

stoichiometries, and current density, the water coverage and type of flow pattern (film or 

slug) changed. While the image processing filtered out droplets on the transparent wall 

via condensation, it is unclear what role the condensation played in growing the slugs and 

films reported. However, this is still the most quantitative statement of flow channel 

flooding yet made via optical visualization. This work also points out the excess water 

accumulation at low current densities and low gas flows, which are conditions a fuel cell 

may often operate at for high efficiency.  



 26

Flow channel water visualization and oxygen partial pressure have also been studied 

together in a triple-serpentine fuel cell [30]. An oxygen sensitive porphyrin luminescent 

dye film coated the channel walls, and from this the oxygen partial pressure can be 

determined. At water blockages, the partial pressure of oxygen approaches zero. The 

partial pressure results also show oxygen can pass through the GDL from the other 

channels to the blocked channel, which is one reason the serpentine configuration shows 

high electrochemical performance. Further, this result showed an interesting link between 

channel flooding and catalyst layer flooding, and mitigation strategies should reflect both 

flooding processes.   

2.1.2 Other visualization systems 

Other methods to visualize two-phase flow include neutron radiography and magnetic 

resonance imaging (MRI). Neutron radiography can be used to obtain 2-D images of 

liquid water [31, 32], and this allows the user to gain greater quantitative information. 

Recent reviews of water visualization and measurements by these methods and others are 

discussed in greater detail [28,33]. These methods help validate the qualitative 

information derived from optical visualization cells, and also help validate the results of 

numerical models. A review by Tsushima and Hiraiu [34] extensively covers these topics, 

as in-situ imaging techniques are also becoming more readily available to study water 

transport in PEM fuel cells. Though these methods have improved in the last few years, 

the authors still note that better spatial and temporal resolution is needed, especially to 

consider water transport in the catalyst layers and MPLs. Also, physical properties from 

these studies should be used in new numerical simulations for more accurate models. The 

connection between the emergence of liquid water in the flow field channels and the cell 
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voltage has been noted, but like Jiao and Li [4], the authors note that the visualization 

results should be validated in a more realistic setup that does not rely on clear plates and 

metal current collectors. 

In an MRI system, Dunbar et al. [26] attempted to mimic actual materials used in 

typical flow fields. Ferromagnetic materials like iron or nickel are unsuitable due to the 

magnetic field, so Teflon® flow fields coated with a graphite layer (Aquadag) to 

represent the hydrophobicity of commercially available graphite flow fields were used to 

avoid complications in the MRI. A neutron imaging technique was used to study purging, 

a possible mitigation strategy, when using super-hydrophilic (13.5o) and super-

hydrophobic (152.5o) channels [35]. Each coating offered a benefit, as the super-

hydrophilic channels helped remove more water from the GDL, while the super-

hydrophobic channels increased convective water removal from the channels. Lu et al. 

[62] also noted benefits to using hydrophilic channels in promoting film flow on the 

channel walls. Additional work needs to be done to determine an optimized solution.  

2.2 In-situ experimental two-phase flow studies in PEM fuel cells 

In active PEM fuel cells, the presence of liquid water has been observed by the 

visualization techniques described in Section 2.1. This section describes two-phase flow 

studies in operational PEM fuel cells, which is an important distinction because two-

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

[36]. One such difference is that the water content changes along the length of the 

channel as water is introduced to the channels from the GDL after reaction at the catalyst 

surface. This introduction method means water droplet generation and removal at the 

GDL surface into the channel must be considered. This issue is further complicated by 
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the location of the emerging droplet because the removal process depends on whether the 

droplet is created on the GDL surface towards the center or the wall of the channel [11]. 

As discussed, the surfaces of the channel also have dissimilar contact angles, since the 

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

influences droplet behavior. A schematic showing these three surfaces is shown Figure 5. 

 
Figure 5. Schematic of three distinct channel surfaces in a transparent fuel cell (modified from Anderson et 
al. [2] with permission from Elsevier) 

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

downstream, changing the behavior of the two-phase flow. Also, the two-phase flow in 

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

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

consumption. Non-uniform temperature distributions created by local hotspots can also 

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

balance in the flow channel [24]. Non-uniform current distribution, which changes the 

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

water product in the channels.  
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2.2.1 Gas channel two-phase flow: causes and problems 

Liquid product water is transported in the fuel cell by various mechanisms, and a 

review of the PEM fuel cell water balance has recently been published [37]. Also, water 

can condense in the flow field channel from the inlet gas due to decreased operating 

temperature, increased pressure, or increased gas humidification if the saturation vapor 

pressure is reached. The water that eventually enters the cathode flow field channels is 

therefore a function of condensation, evaporation, and the contributions of electroosmotic 

drag and water back diffusion. Electroosmotic drag carries water from the anode to the 

cathode via protons moving through the electrolyte. Back diffusion occurs when the 

product water establishes a concentration gradient between the cathode and anode, 

causing water to diffuse toward the anode. These terms are defined explicitly in Section 

1.3.  

The product water must diffuse through the GDL to reach the flow field channels. 

Once liquid water enters the channels, several problems can emerge, and major issues 

associated with gas channel flooding include [36]: 

• Blockage of the channel by liquid water, which can increase the pressure 
drop in the channel.  

• Non-uniform current distribution and reactant distribution.  
• Blockage of reactant gas transport to the active reaction sites due to the 

formation of a liquid film on the GDL surface.  

2.2.2 Flow patterns  
 

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

water distribution in the flow channel, which can alter the PEM fuel cell performance. 

Research has shown that liquid water holdup is a particular concern for low Bond number 

(10-4
≤Bo≤10-1) and low Suratman number (103

≤Su≤105) environments [10]. The Bond 
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number is the ratio of gravitational force (body force) to surface tension and the Suratman 

number is the ratio of surface tension to viscous forces. The equations for these 

dimensionless groups are shown below: 

 

γ

∆ρgL
Bo

2

=  
(38) 

 
2

µ

γρL
Su=  

(39) 

where ρ is the density, ∆ ρ is the density difference between phases, g is the acceleration 

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

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

patterns are slug flow, core-annular, and transition flows [10]. Typical flow patterns in 

operating fuel cells can be seen in Figure 6 from the work of Hussaini and Wang [38].  

 
Figure 6. Typical flow patterns in PEM fuel cell flow channels including single-phase flow, droplet flow, 
film flow, and slug flow (reprinted from Hussaini et al. [38] with permission from Elsevier) 

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

consistency highlights the difficulty in understanding and characterizing two-phase flow 

in operational cells. Additionally, the schematic in Figure 6 contains stray droplets in the 

description of single-phase flow, which would be more accurately described as mist flow 
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(if enough stray droplets are noted) or as a pseudo-homogenous flow. Mist flow has been 

identified in an operating fuel cell but at an air stoichiometry of 10, which may be 

unrealistic for a fuel cell due to high parasitic power losses [9]. Further complicating the 

identification of flow patterns, fuel cells operate at different relative humidities and 

temperatures (affecting water removal capacity), with different flow channel 

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

results are thus noted for specific setups, and no work has been done to determine the 

effect of such operating conditions on two-phase flow in a general sense.  

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

can be exploited to give a particular flow regime. Hussaini and Wang [38] constructed a 

flow map showing different regions at different superficial gas and liquid velocities. 

 
Figure 7. Flow map in an active PEM fuel cell based on superficial gas and liquid velocities showing 
different flow regimes (reprinted from Hussaini et al. [38] with permission from Elsevier) 

Trabold [6] recommends operating the channels in the annular flow regime, which would 

require a superficial gas velocity of 5 to 6 m s-1. This regime allows water to be removed 

on the channel walls while leaving the GDL surface available for gas transport. To 
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maintain this regime, though, specific operating conditions would have to be met at a 

given current density and stoichiometry (λi).  In practical systems, the parasitic load or 

energy required for gas delivery is directly related to the pressure, flow rate, and pressure 

drop. It is therefore desirable to keep the stoichiometric ratio as low as possible while 

sufficiently high for effective water management [39]. Since the GDL, flow field, and 

operating conditions can shift the transitions between flow regimes, the results presented 

in Figure 7 are valid for that specific experimental setup only.  Multiple factors in 

addition to superficial velocities have to be understood in order to operate the fuel cell in 

the desired flow regime. 

2.2.3 Pressure drop (characteristics under active cell operating conditions) 

The pressure drop is considered to be an indicator of liquid water build-up in flow 

field channels of a PEM fuel cell. The pressure drop increases with current density, which 

is explained by the higher reactant flow rates and higher water production rates in 

accordance with Faraday’s law. Higher water production can mean a higher degree of 

channel flooding and thus a higher pressure drop. The pressure drop will continue to 

increase with time as liquid water accumulates in the channels, which varies with flow 

rate and flow field design [40]. The flow regime also plays an important role in 

determining the overall pressure drop, where a liquid slug can completely block a channel 

before being removed, causing a sudden spike in the pressure drop measurement. Liu et 

al. [41] have shown that the different flow patterns can be identified based on the total 

pressure drop. Pressure measurements can also be used to obtain information about how 

much water enters the cathode. Differential pressure between the cathode to anode can be 

used to determine the water saturation in the GDL, which affects how much water is 
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transported into the channel and directly affects the liquid flow rate into the flow 

channels [42]. 

The pressure drop can also be used as a diagnostic tool, which is seen by comparing 

the cathodic pressure drop signal to the voltage signal, as shown in Figure 8 [6]. As the 

voltage decreases, the pressure drop increases and fluctuates to a greater extent, providing 

a sensitive measure of the flooding occurring in the fuel cell.  

 
Figure 8. Pressure drop (transducer output voltage) and cell voltage signals as flooding diagnostic tools 
with an emphasis on the sensitivity of the pressure drop signal (reprinted from Trabold [6] with permission 
from Elsevier) 

This technique can be useful at the cathode, where major flooding can occur, and at the 

anode, where little flooding occurs. The anode generally sees little variation in the 

pressure drop but, like the cathode, the expulsion of slugs coincides with spikes in the 

pressure signal. Pressure drop measurements on the cathode side have also been used to 

identify flooding in PEM fuel cell stacks [43,44].  

The pressure drop signal and voltage signal have also been correlated to show that 

flow channel flooding in parallel channels lowers voltage and increases instability in the 
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signal [45]. The voltage loss scaled proportionally to channel plurality divided by the air 

stoichiometry, and the amplitude of the voltage fluctuations scaled to the channel 

plurality divided by the air stoichiometry squared. Plurality here is defined as the number 

of parallel channels per active area. 

Pressure drop measurements can be used to determine the ideal gas velocity for water 

removal at a given current density, as shown by Ma et al. [22]. The pressure measurement 

was compared with photographs in the cell, which showed that as water accumulated, the 

pressure drop increased.  When the water was finally expelled, the pressure drop 

decreased. As the gas velocity was increased, the magnitude of the fluctuations decreased 

since droplets did not have adequate time to form in channels and cause a blockage. This 

type of analysis could help to optimize flow field design and operating conditions. One 

problem associated with pressure drop measurements is that it does not provide 

information regarding the possibility of flooding in other layers in the fuel cell. However, 

combining the analysis of the pressure drop measurements with the performance curves 

can give more insight into the operating regions where flooding is an issue [36].  

2.2.4 Gas reactant flow maldistribution 
 

Typical flow fields for the PEM fuel cell contain multiple channels connected to the 

same inlet and exit, and non-uniform flow distribution is a major concern. Flow 

maldistribution in an active fuel cell is considered to be an important factor in reducing 

the operating lifetime of a fuel cell [46,47]. Therefore, proper gas reactant distribution is 

critical to ensure high performance and a long lifetime for a PEM fuel cell. A uniform 

distribution of current density leads to a uniform distribution of temperature and liquid 

water production, and lower mechanical stresses on the membrane electrode assembly 
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(MEA) [48]. Flow maldistribution can cause flooding in some channels, leading to a non-

uniform distribution of current density and membrane hydration. As a consequence, the 

pressure drop and current density show erratic fluctuations and the overall power 

performance decreases.  

Figure 9 shows the effects of flooding in a channel [13]. Once the liquid droplet 

blocked the channel, the cell performance did not recover over the testing period, which 

impacts the reliability of the PEM fuel cell. The occurrence and the recoverability of 

channel blockage in parallel channels is directly related to the flow instabilities of the 

two-phase flow in parallel flow channels and is affected by many parameters such as the 

channel flow rate and the wall physical properties such as the contact angle. 

 
Figure 9. Flow field channel flooding with time (image ‘6’, ‘7’, and ‘8’ at 5, 25, and 30 minutes of 
operation, respectively) (reprinted from Tüber et al. [13] with permission from Elsevier) 

Along with visual observation, residence time distributions may help quantify flow 

maldistribution in PEM fuel cells [49]. Coupling multiple experimental methods will help 

to further validate and understand flow maldistribution in fuel cells.  

2.3 Ex-situ experimental two-phase flow studies relevant to PEMFCs 

Since two-phase flow is a complex phenomenon in PEM fuel cells, ex-situ (non-

operating) studies enable one to explore detailed mechanisms behind two-phase flow 
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behavior at flow conditions relevant to fuel cell operations. In some cases, the work is 

tied directly to PEM fuel cells, such as droplet emergence and detachment in channels 

from a GDL surface. Other cases involve non-fuel cell applications, such as heat 

exchangers, where two-phase flow is also relevant. Ex-situ experiments possess the 

advantages of easy equipment setups, flexible operating conditions, and the ability to 

decouple reaction and heat and mass transfer from intricate flow phenomena. This section 

is an overview of existing ex-situ experimental results related to two-phase flow in 

minichannels with relevance to fuel cells. These studies have explored the influence of 

flow conditions, channel wall wettability, channel geometries, and flow media on 

hydrodynamic parameters such as droplet formation, pressure drop, flow pattern, and 

liquid hold-up.  Additionally, flow distributions are investigated in parallel channels, 

though few studies are concerned with this phenomenon [50,51].  

As noted in Section 2.2, gas-liquid two-phase flow in PEM fuel cells is a unique 

multiphase flow. Significant differences from conventional two-phase flow are large gas 

to liquid flow ratios, the method of liquid introduction, and a combination of multiple 

water transport mechanisms including electroosmotic drag, back diffusion, and water 

condensation from humidified inlet gases. To simulate an operating fuel cell, the water 

production rates and total water transport can be taken into account using Faraday’s law 

modified with a water transport coefficient, α, for water transport across the MEA as 

follows:  

 
2F

)iA2(1
m act

water

α+
=  (40) 

where mwater is the rate of moles of water generated on the cathode side, Aact is the active 

area (cm2), i is the current density (A cm-2), and F is Faraday’s constant (96485 
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Coulombs mol-1). In ex-situ studies in general, the corresponding superficial velocity of 

air ranges from 0-10 m s-1, analogous to active fuel cell operations in the current density 

range of 0-2 A cm-2 and gas stoichiometric ratios up to 20. While this is a high 

stoichiometry, it is useful in establishing potentially relevant hydrodynamic parameters 

for a PEM fuel cell. Experimental conditions in all two-phase flow studies for fuel cell 

applications generally fall into these flow conditions, with gas flow channel dimensions 

typically in the sub-millimeter to millimeter range. Table 2 summarizes ex-situ 

experimental studies of two-phase flow related to fuel cell operation in the literature. 

Table 2 Ex-situ experimental studies of two-phase flow in minichannels and microchannels for fuel cells 
(reprinted from Anderson et al. [2] with permission from Elsevier) 

 

Authors Channel 
Dimensions 

Operation Conditions Remarks 

Allen [52] 330 µm circular and 
500 µm square  

Nitrogen and water, uG:0-2.4 ms-1 
and uL=0-0.035 ms-1 

 Non-wetting channels with 
high flow resistance 
 

English and Kandlikar [53] 1.124 mm in width 
and 0.93 mm in 
height 

Air, water and surfactant Triton 
DF-12 with concentrations of 
0.0208 to 0.1089;  
uG, 3.19-10.06 ms-1 and uL, 0.0005 
-0.022 ms-1 

No significant difference in 
pressure drop in different 
surfactant solutions 
 
 
 

Lee et al. [54] 0.5 mm in  width 
and 0.2 mm in depth 

Air and water; uG:0 to 20 ms-1; uL: 
0-0.007 ms-1 

Flow hysteresis; flow 
regimes depends on GDL 
hydrophobicity 
 

Zhang et al. [50,55] Y-branched parallel 
channel, 1.6 mm in 
width and 1.6 mm in 
height 

Air and water, uG:0-10 ms-1; uL:0-
0.03 ms-1;  

Flow hysteresis, flow 
maldistribution occurs at 
low gas and liquid flow rates 
 
 

Lu et al. [56] Parallel channels, 
0.7 mm in width and 
0.4 mm in height 

Air and water; uG: 0-20 ms-1 and 
uL:0-0.015 ms-1 

Two-phase flow patterns, 
pressure drop in parallel 
channels, flow 
maldistribution 
 

Kandlikar et al. [51] Parallel channels, 
0.7 mm in width and 
0.4 mm in height 

Air and water;  uG:0-20  ms-1 and 
uL:0-0.0003 ms-1 

Entrance region pressure 
drop measurement; Flow 
maldistribution due to 
different flow resistance 
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A recent ex-situ method for characterizing two-phase flow in flow channels was designed 

by Steinbrenner et al. [57] to study how flow patterns change throughout eight injection 

ports along the length of a serpentine flow channel. This injection is more consistent with 

the actual mechanism of water injection in an operating fuel cell. As has been seen in 

other studies, lower pressure drops (parallel channels) and corners (serpentine channels) 

inhibit water removal from the flow channels. While novel, the water injection ports, 

where there was often a buildup of liquid water, likely influenced the transitions between 

flow patterns down the length of the channels. Thus, the flow pattern maps should not be 

evaluated quantitatively.  

2.3.1 Flow patterns 

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

related to fuel cell operation. As in the in-situ case, flow patterns are dependent on the 

superficial gas and liquid velocities, which are related to gas flow stoichiometric ratios 

and current densities under active fuel cell operation. In the literature, there are various 

flow regimes observed in different experiments depending on the flow operating 

conditions, channel geometries, and liquid water introduction methods. Additionally, 

channel wettability largely influences the flow regimes in gas flow channels [52].  

Similar to the flow regimes identified in the in-situ experiments, typical flow regimes 

of ex-situ two-phase flow relevant to fuel cells are shown schematically in Figure 10.  
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Figure 10. Flow patterns in PEM fuel cell operations a) slug flow b) transition flow from slug to annular c) 
wavy-stratified d) stratified (annular) flow (reprinted from Anderson et al. [2] with permission from 
Elsevier) 

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

researchers have observed the flow regimes shown in Figure 10. These include slug flow 

(Figure 10a) where a discrete droplet grows to or close to the size of the channel, 

blocking gas passage [10, 52], transition flow from slug flow to annular flow (Figure 

10b) [10], wavy-stratified flow (Figure 10c) [26], and stratified (or annular) flow (Figure 

10d) that occurs at high superficial gas velocities with low pressure drop fluctuations 

[10].  Lu et al. [56] found that at low gas velocities (typically stoichiometric ratios below 

5) slugs or semi-slugs are dominant, leading to severe flow maldistribution in parallel 

channels and large fluctuations in pressure drop.  They have also reported a mist flow, 

which is considered an effective way to remove water because liquid droplets are 

dispersed in the gas phase and removed convectively. However, mist flow requires high 

gas velocities, resulting in high parasitic power losses when applied to an operational fuel 

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

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

velocity to achieve the desired flow pattern. As previously discussed, Trabold et al. [6] 

found that a superficial gas velocity of 5-6 m s-1 is needed to achieve this flow pattern 
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while Lu et al. [56] found the superficial gas velocity should be more than 3 m s-1. These 

results are shown in Figure 11, with the main regimes being slug, film and mist flows. 

 
Figure 11. Ex-situ flow patterns in terms of superficial gas and liquid velocities, which change from slug 
flow to film flow to mist flow as the superficial gas velocity is increased (reprinted from Lu et al. [56] with 
permission from Elsevier) 

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

superficial liquid velocities for other applications as well. Examples of flow pattern maps 

for conventional air and water studies can be found in [58,59,60,61]. While not directly 

related to the conditions experienced in a PEM fuel cell, these works provide a strong 

framework from which PEM fuel cell two-phase flow studies can emerge. The bubbly 

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

liquid flow rates.  

Lu et al. [62] also created additional flow pattern maps in their continuing study on 

water management in fuel cells. An ex-situ apparatus studied hydrophilic (11o), uncoated 

(85o), and hydrophobic (116o) channel walls, rectangular, sinusoidal, and trapezoidal 

channels, and vertical/horizontal orientations. Hydrophilic channels and sinusoidal 
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channels favor film flow, which is advantageous for operating PEM fuel cells. Vertical 

channels also help remove water and thus avoid maldistribution and channel flooding.  

In microchannels, the surface tension, inertia, and viscosity are important parameters. 

These forces can be combined to form several dimensionless groups as discussed by 

Akbar et al. [59], which may help create dimensionless flow region maps with greater 

relevance to fuel cells. 

2.3.2 Gas reactant flow maldistribution and hysteresis 

As shown by Section 2.2.4, few attempts have been made to study fuel cell flow 

fields to address this critical issue due to the complexity of the flow distribution in active 

fuel cell flow fields. This complexity arises from a number of factors including the 

presence of the porous gas diffusion layer, where pressure gradients can cause leakage of 

reactant gas between flow channels, which is particularly relevant when serpentine flow 

channels are used [1]. Therefore, gas flow rates (and local stoichiometry) can differ from 

one end of the gas flow channels to the other and differ between channels. Uniform 

distribution of gas reactants in fuel cell flow fields is important for fuel cell performance, 

as non-uniform flow distribution can lead to performance losses and non-uniform 

gradients. Traditional two-phase flow studies on maldistribution in other applications 

(such as heat exchangers) can be found in [63,64,65]. These studies are useful references 

for furthering two-phase studies related to PEM fuel cells.  

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

indicator of flow distribution in the flow fields.  Kandlikar et al. [40] developed an 

entrance region pressure drop measurement technique to determine instantaneous gas 

flow rates in individual channels. The method was employed in both an ex-situ and in-
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situ experimental setup, and it was found that a porous GDL backing could lead to severe 

flow maldistribution compared to impermeable backing for the same channels.  Under in-

situ operating conditions, flow maldistribution was also observed due to water blockage 

in gas flow channels. One limitation of this method is difficult implementation in 

operating fuel cells. Nevertheless, it still can provide valuable information of flow 

maldistribution in parallel channels related to other fuel cell operating parameters such as 

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

introduction.  

The order of changing gas flow rates also has an impact on flow distributions in 

parallel channels. Flow hysteresis phenomena were found when the gas flow rate was 

changed in an ascending or a descending manner. Flow hysteresis is also observed in 

minichannels bounded with porous walls [54]. In recent work by Zhang et al. [50,55] on 

gas-liquid flow patterns and flow distributions in two parallel channels, it was found that 

flow maldistribution occurred at low gas and liquid flow rates, corresponding to low gas 

stoichiometric ratios, where slug flow patterns were observed.  

 Figure 12 shows an experimental flow regime map representing the flow patterns in 

two parallel channels for superficial gas velocities changed in an ascending and 

descending manner.  
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(a) 

 
(b) 

Figure 12. Flow patterns in parallel channels as observed at different superficial gas velocities and liquid 
velocities (a) ascending approach and (b) descending approach. (1) ´: slug flow + stagnant liquid; (2) o: 
stratified flow + stagnant liquid; (3) ∆: slug flow in both channels; (4) �: stratified flow in both channels; 
solid lines are drawn as guides to the eye and define boundaries between flow patterns (reprinted from 
Zhang et al. [55] with permission from Elsevier) 

When the system starts from initial flooding conditions, stratified flow in both channels 

(regime 4) cannot be reached until very high gas velocities. Slug flow in both channels 

(regime 3) occurs at medium levels of gas flow rates and high liquid flow rates. Both 

regime 4 and regime 3 indicate even flow distributions. However, at low gas velocities 

the gas tends to go through one channel preferentially, leaving the other channel filled 

with liquid only, as shown in regime 1 and regime 2. This observation is consistent with 

previous work [66,67] that at low gas velocities both gas and liquid tend to flow in one 

channel of parallel channel systems, leading to a flow maldistribution.  Figure 12b shows 

the flow pattern distribution identified with decreasing the gas velocity from a stratified 

flow condition. Compared to the flow patterns obtained in the gas ascending process 

(Figure 12a), there is a wider region for slug flow and stratified flow in both channels 

(regime 3 and regime 4) in the gas descending process. In addition, the region of 

stratified flow and stagnant liquid (regime 2) appears to be much narrower in the gas flow 

descending process.  
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Flow hysteresis and flow maldistribution are also observed from the pressure drop 

data shown in Figure 13, which was a study on the effect of channel inclination angle on 

ascending and descending pressure drops. 
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Figure 13. Effects of inclination angles on pressure drop in both ascending (gas flow increasing) and 
descending (gas flow decreasing) approaches (reprinted from Zhang et al. [50] with permission from 
Elsevier) 

It is seen in Figure 13 that with an increase in inclined angles the total pressure drop 

increases due to the additional gravitational or static pressure drop. In general, there is a 

slight decrease in the pressure drop with an increase in the superficial gas velocities, 

followed by an increase in the pressure drop with further increasing superficial gas 

velocities. The occurrence of the sudden change in pressure drop indicates a transition 

from flow maldistribution to even distribution. It was also found that the pressure drop at 

the peak reflects intrinsic characteristics of the channel design and a lower value is 

always desirable, indicating that a lower gas flow rate is required to purge water slugs in 

the gas flow channels. In addition, the pressure drop hysteresis zone still exists in parallel 

channels inclined with a positive angle, whereas flow hysteresis disappears at negative 

angles with even flow distribution achieved at lower gas velocities. This result indicates 
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that it might be beneficial to position flow fields downwards during real fuel cell 

operation. 

While it has been recognized that the presence of liquid slugs in the gas flow channels 

leads to flow maldistribution [36,51], theories or models to interpret instability-induced 

flow maldistribution are still lacking in the literature. An attempt was made recently to 

analyze the stability of possible solutions of gas and liquid flow distributions in parallel 

channels for fuel cells with a one-dimensional momentum balance equation across the 

channels [50]. All possible combinations of gas and liquid flow distributions must satisfy 

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

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

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

observed. Instead, flow maldistribution appears as a stable solution, indicating that flow 

distributions of two-phase flow in parallel channels depend on not only pressure drop but 

also flow stability. If the two-phase flow is operated at an unstable condition, a small 

perturbation will shift the flow to the nearest stable conditions. A more rigorous 

theoretical analysis should be conducted over a wide range of operating conditions in the 

future. 

2.3.3 Droplet generation and removal 

In the fuel cell, water can enter the gas flow channels from the gas diffusion layer 

(GDL) media, and the behavior of these droplets is important in understanding the 

development of two-phase flow. Schillberg and Kandlikar [68] provided a detailed 

review of water droplet detachment mechanisms, summarizing relevant operating 

variables such as the channel dimensions, droplet sizes, Reynolds number, GDL 
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properties, temperature, water introduction rate, and gas flow conditions. Their review 

also covered the approaches taken to study the type of flow, drag forces, and surface 

adhesion forces reported in the literature. A static force balance on a droplet emerging 

from a GDL into a flow field is given by  

 0FFF dragshearP =++  (41) 

 where FP is the pressure force from the flow field pressure gradient, Fshear is the shear 

force exerted on the top wall by the fluid, and Fdrag is the drag force exerted on the droplet 

by the bottom GDL, which is equal and opposite to the surface tension/adhesion force 

before the droplet detaches from the GDL [69]. If the drag force balances the adhesion 

force, the droplet will not be removed and the droplet is considered stable. Increasing the 

drag force until it is greater than the adhesion force can cause instability, allowing the 

droplet to be detached from the GDL. The droplet growth can increase the force of 

gravity or the shearing of the liquid by the gas to overcome the surface adhesion force 

between the droplet and the pore [68]. Kumbur et al. [69] further developed equations for 

these forces and provided a final macroscopic force balance containing relevant 

parameters such as the contact angle hysteresis (difference in advancing and receding 

contact angles), flow velocity, droplet height, chord length, and the channel height. The 

results of their analysis are in good agreement with experimental results. An important 

conclusion of this study is that for a constant droplet size and channel width, a lower 

channel height aids in droplet removal.  

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

channel [48, 53, 70]. Once detached, the droplet moves along the GDL surface, where it 

can combine with other droplets to form slugs [71]. Also, droplets have been identified in 
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two categories: land-touching and non land-touching, and those that touch the lands grow 

faster and to a larger size [11]. The location where water droplets are first observed also 

changes over long operating time (3000 hrs).  Observed at 161 hrs, 2036 hrs, and 3092 

hrs, the emergence of droplets moved toward the exit with time [72].  However, most ex-

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

each data point), and conclusions drawn from these ex-situ studies on droplet dynamics 

may not be accurate for fuel cells with long expected lifetimes, such as 5000 hrs for cars, 

due to cell degradation [73]. Another ex-situ study used a permeation cell to determine 

the breakthrough pressure in a GDL as a function of thickness and PTFE content. The 

breakthrough pressure increased with both thickness and PTFE content. The inclusion of 

an MPL was not considered. The results also changed when the GDL was dried between 

trials, which could be attributed to surface degradation, micro-structural deformation, or 

residual nano-sized water droplets since the drying was only done at 70oC. Importantly, 

once breakthrough occurs, water would continue to flow from the column through the 

GDL even without the syringe pumping in more water to maintain the same hydrostatic 

pressure [74]. 

It has been established experimentally that the droplet formation and critical 

detachment diameter on the cathode side GDL are a function of the air flow rate, water 

injection rate, and material contact angles [75]. For instance, a standard Toray carbon 

fiber paper (without PTFE treatment) is highly wettable, which facilitates water spreading 

instead of forming droplets. The static droplet behavior under hydrophilic and 

hydrophobic GDL conditions is schematically illustrated in Figure 14.  
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Figure 14. Effect of GDL hydrophobicity on contact angle where water spreads on a hydrophilic surface 
and beads on a hydrophobic surface (reprinted from Anderson et al. [2] with permission from Elsevier) 

When the contact angle is less than 90o, the surface is hydrophilic and the droplet wets 

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

droplet beads up on the surface. The hydrophobic cases allow a droplet to reach a critical 

diameter (depending on the gas and liquid flow rates) and then detach, which is a benefit 

of using a PTFE treated GDL. However, when the surface is hydrophilic, the droplet does 

not detach and remains on the surface, blocking oxygen diffusion into the GDL and 

starving the electrochemical reaction. The contact angle of the channel wall is also an 

important parameter. Theoretically, water film formation along the channel is dictated by 

the Concus-Finn condition [76]: 

 2/παθ <+  (42) 

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

channel corner. For a rectangular channel, α is equal to 45o. The wall contact angle has to 

be lower than 45o in order to achieve film formation along the flow channels. In PEM 

fuel cells, the channel walls are usually hydrophilic, and more hydrophilic channel 

surfaces are desired for proper water management since film flow is considered to be a 

preferable flow pattern for water removal in fuel cells.  
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Ous et al. [11] showed that the air velocity that caused detachment is inversely 

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

droplets are easier to remove than flatter droplets due to a greater drag force relative to 

the surface adhesion force. Greater deformation of the droplet decreases the surface 

tension between the water and carbon fiber paper, leading to detachment. Temperature is 

also an important variable in the droplet detachment process. As the temperature 

increases, the surface tension decreases, which allows droplets to be removed from the 

GDL at lower velocities [18]. Recently, an innovative approach used fluorescence 

microscopy to monitor droplet movement, where a stagnant drop on a hydrophobic GDL 

moved quasi-statically across the GDL with a dynamic solid surface to mimic the landing 

area [77]. The hydrophobic landings remove water more effectively under the landing 

areas, facilitating quick water detachment into the flow channel.  

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

definitions of hydrophilic and hydrophobic surfaces given above are in reference to a 

static droplet. However, when the air flows over the droplet, the droplet deforms and two 

contact angles are created. These are referred to as advancing (A) and receding (R) 

contact angles and are also called contact angle hysteresis, which must be considered 

when modeling droplet detachment from a GDL surface [13]. Polytetrafluoroethylene 

(PTFE) loading on the GDL causes the droplet to bead up, which can increase contact 

angle hysteresis and therefore more deformation occurs. A schematic of the dynamic 

behavior of a droplet with contact angle hysteresis is shown in Figure 15.  
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Figure 15. Contact angle hysteresis showing direction of flow and the resulting advancing and receding 
contact angles (reprinted from Anderson et al. [2] with permission from Elsevier) 

Fang et al. [78] further showed the importance of contact angle hysteresis in a numerical 

simulation, where the contact angle hysteresis is found to impact slug elongation and 

detachment. The model agreed well with the deformation of droplets measured in 

microchannels.  

The capillary number, which ratios the viscous forces exerted on a drop by the air to 

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

capillary number, Ca, is defined as: 

 

γ

µv
Ca=  

(43) 

where µ is the viscosity and v is the velocity of the continuous phase (in this case air) and 

γ is the interfacial surface tension. Over the range of Ca from 0.014 to 0.219, droplet 

deformation was studied numerically on a solid surface and it was found that the 

deformation was a strong function of Ca when it is large [79]. Droplet detachment can 

also be characterized by a critical Ca, which corresponds to the point that the advancing 

and receding contact angles reach an observable limit [18]. These results were studied 

numerically and experimentally on GDL surfaces relevant to fuel cells.   

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

reported from the manufacturer as an average value [80]. The surface roughness is 

especially important for channels with small hydraulic diameters (0.62-1.067 mm), as the 
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pressure drop and heat transfer can be increased with increased surface roughness [81]. 

The work of Dunbar et al. [26] suggested that the slugs of liquid water in the channels 

(monitored by MRI) often move from surface defect to surface defect. These findings 

suggest the surface roughness plays a role in two-phase flow in PEM fuel cells.  

Addition of water to the anode channel can also affect cell performance. After a long 

time (> 1 hr) and at low current densities (i < 0.2 A cm-2) water can move into the anode 

due to a concentration gradient across the membrane. Characterizing two-phase flow in 

the anode channel may also be important when a micro-porous layer (MPL) is used on 

the cathode side. The MPL on the cathode GDL can create a pressure barrier, which 

forces water to the anode side rather than to the cathode side [16], and this is discussed 

further in Section 2.4.2.1. 

2.4 Water mitigation strategies 

Since water in the PEM fuel cell is an unavoidable product of the electrochemical 

reaction between oxygen and hydrogen, water mitigation will always be an issue for PEM 

fuel cells. In general, even if steps are taken to avoid two-phase flow issues there is some 

parasitic power loss associated with implementing water mitigation strategies. The main 

purposes of these strategies are to maintain a water balance inside the cell and to reduce 

the damages associated with two-phase flow inside the flow field channels, the gas 

diffusion layers, and the catalyst layers (CL). Some of the methods used to improve water 

management are based on modifying the operating conditions of the fuel cell. The 

different components of a fuel cell system can also be individually designed to mitigate 

the overall water management issues. However, many water management approaches 
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lead to increased system volume and complexity, so continued study into two-phase flow 

and its applications to water management is still essential.  

2.4.1 Operating conditions 

Key operating conditions that determine the water accumulation (or water 

dehydration) inside a fuel cell are gas flow rates, pressure, temperature, relative humidity, 

and the specific current load at which the fuel cell is running.  

Usually, gas flow rates are based on stoichiometry, which is defined in Eqn. 35. Since 

most of the water is accumulated on the cathode side of the fuel cell, much attention has 

been paid to the effect of high air/oxygen flow rates on the removal of water. When pure 

oxygen is used, the required stoichiometry is typically between 1.2 to 1.5, and when air is 

used the stoichiometry is 2.0 or higher [82]. Higher gas flow rates increase the cell 

performance, but also increase the total parasitic losses since the air compressor would 

consume more power [39]. Through the use of a transparent fuel cell, Liu et al. [10,83] 

observed how the accumulated water droplets and slugs in the flow field channels are 

removed efficiently when higher air flow rates are used. However, Natarajan et al. [84] 

demonstrated that high flow rates affect the local current densities and ohmic resistance 

of the membrane due to membrane dehydration.   

The use of high gas flow rates can also be used in order to purge accumulated liquid 

water inside the channels, GDL and the catalyst layer. Normally, dry gas purging is 

performed for < 1 minute [85, 86] to ensure the membrane does not dehydrate 

excessively. Introducing humidity to the purging gas can reduce the degradation of the 

membrane without significantly affecting the removal of water from the cell [87]. 

Purging strategies have also been refined to use less power. Cho and Mench [88] studied 



 53

evaporative strategies at various flow rates with various landing width to channel width 

ratios (L/C). This ex-situ work led to a multi-step purge validated in-situ that varied from 

high to medium to low flow rates. The composite purge was able to remove as much 

water with time as the high flow rate purge but led to less membrane resistance and less 

parasitic energy consumption.  

A visualization cell with 1 straight channel, 3 parallel channels, and a single 

serpentine channel also studied the correlation between channel flooding and voltage 

dynamics [89]. In each flow field design, the onset of flooding was coupled with a 

decline in the voltage. When the flooding plugged the entire channel, the voltage would 

quickly decrease. After a purge, the voltage would recover and the process would repeat. 

This general description applied to all the flow channel configurations, but the time and 

magnitude associated with the voltage decrease depended on the configuration. The 

single straight channel was most prone to flooding and performed worst while the 

serpentine channel relied on higher convective water removal in the GDL and flow 

channels to maintain higher performance. A schematic of the flooding and voltage 

response is shown in Figure 16.  



 54

 

Figure 16. Schematic of channel flooding and voltage response for 3 flow channel configurations (straight 
1-channel, parallel 3-channel, and serpentine 1-channel) (reprinted from Masuda et al. [89] with permission 
from Elsevier) 

The pressure of the gases, the pressure drop within the flow field plates, and the 

pressure difference between the anode and cathode sides are vital parameters that can be 

manipulated in order to improve the water removal inside fuel cells (details about flow 

field designs and their pressure drops are given in Section 2.4.2.2). Anode water removal, 

proposed by Ballard Power Systems [90,91,92], exploits the anode pressure drop to 

modify the water concentration gradient across the proton exchange membrane, which 

increases the back diffusion rate of water from the cathode towards the anode. The 

pressure of the anode gas stream decreases along the flow channel at high fuel flow rates 

(high stoichiometries) of the fuel gas. As the hydrogen stoichiometry increases, the 

pressure drop draws more water from the cathode side towards the anode through the 

membrane. The cell voltage increases with higher fuel flow rates until a peak in 

performance is reached (Figure 17), where the cell’s internal resistance begins to increase 
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with high flow rates due to membrane dehydration [91].  This topic is further explored 

experimentally in Chapter 6. 

 
Figure 17. Example of the improvement of a single cell performance due to the anode water removal 
method where a high fuel flow rate increase cell voltage (reprinted from Voss et al. [91] with permission 
from Elsevier) 

The temperature of the fuel cell has a great effect on the overall cell performance and 

on the water accumulation inside the flow field channels. At low temperatures, more 

liquid water accumulates in the channels, which blocks the air flow and decreases the 

cell’s performance due to the lack of oxygen reaching active sites in the catalyst layer. 

Once the temperature is increased, the amount of liquid water in the channels is reduced 

since the vapour condensation rate at high temperatures is slower than at low 

temperatures [83]. Therefore, the flow channels are substantially less blocked with water 

and the cell’s performance improves. In addition, when the cell temperature is increased 

the cathode pressure drop may decrease since there is less liquid water present in the gas 

diffusion layers and subsequently the flow channels [93]. Chuang et al. [94] observed that 

even slight changes in the cell temperature (76 to 80°C) are enough to decrease the 

amount of liquid water accumulated in the channels and in the GDLs, especially at high 
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current densities. Higher temperatures also decrease the surface tension and viscosity of 

liquid water, facilitating more convective water removal in the flow channels [93]. 

Increasing the temperature between the cathode inlet and outlet to establish a thermal 

gradient has been shown to be an effective method for water management as well [95]. 

This can be accomplished through the use of a coolant flow field that can create such 

temperature gradients. In general, the use of temperature gradients in order to control the 

water migration from one side of the membrane to the other (from low to high 

temperature), also referred to as thermo-osmosis, is important in resolving water 

management issues [96, 97]. A number of researchers have studied this temperature 

driven flow, but more work is needed so it can be fully understood and used efficiently in 

future fuel cell designs [98, 99]. 

The relative humidity is another important operating condition that can be 

manipulated to mitigate water flooding and two-phase flow inside fuel cells. Bernardi 

[100] discussed how the water balance in fuel cells is more sensitive to changes in the 

relative humidity at the inlet of the air stream than at the inlet of the fuel side, leading 

most studies to deal with the relative humidity on the cathode side. Büchi et al. [101] 

performed tests with dry gases and showed the performance of the cell was lower 

compared to the same cell with humidified gases. This performance loss was attributed to 

increased membrane resistance due to dehydration. Figure 18 shows an example of a 

single fuel cell with and without humidified gases. It is evident with no humidification 

that at high current densities (greater than 2000 mA cm-2) the membrane is likely 

dehydrated, causing the cell performance to quickly deteriorate. Although at the mid-

range current densities the cell with dry gases performs similarly to the humidified gases, 
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it is important to note that after prolonged hours of operation a number of failures are 

encountered with the dry gases (i.e., dehydration due to lack of water content in the fuel 

cell). As a water management control strategy, Hussaini and Wang proposed a dynamic 

RH control to avoiding flooding while maintaining membrane hydration [102]. In 

general, there should be a proper water balance inside the fuel cell, and the ideal humidity 

for a specific fuel cell design and operating condition(s) should be the one that achieves 

such balance.  

 
Figure 18. Comparison between humidified gases (100% relative humidity) and no humidified (dry) gases. 
The MEA was composed of a Gore 5510 Primea Series membrane (0.4 mg Pt cm-2 in each side), SGL 25 
BC GDLs for both anode and cathode sides. The active area was 50 cm2. Schematic of a typical transparent 
PEM Fuel Cell (reprinted from Anderson et al. [2] with permission from Elsevier) 

2.4.2  Fuel cell design 

Manipulating the proton exchange membrane, the catalyst layer, the gas diffusion 

layers, and the flow field channels to improve the overall water management inside fuel 

cells are all valid water mitigation strategies that have been studied and developed. The 

focus of this section is on the GDL, microporous layer, and flow field designs.  
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2.4.2.1 Gas diffusion layer design 

Designing and modifying each component of the MEA is a common strategy to 

reduce water accumulation and two-phase flow inside the flow field channels and the 

whole fuel cell. Though novel methods exist for optimizing the catalyst layer and 

membrane for water management, this section focuses on the gas diffusion layer. Owejan 

et al. [103] also provided a review of the various transport mechanisms in GDLs. An 

example of two different GDLs is shown in Figure 19 [104], which highlights the random 

orientation of the carbon fibers and the relative thickness of the GDL compared to the 

MPL.  

 
Figure 19. SGL SIGRACET 25 BC GDL(5% PTFE) showing the GDL and microporous layer (MPL) and 
b) plain (no PTFE) Toray TGPH-060 showing the random orientation of carbon fibers (modified from 
[104] with permission from Blanco) 

As discussed in Section 1.3, gas diffusion layers are normally treated with an agent 

such as PTFE to increase hydrophobicity. For cathode GDLs, this coating is vital since 

most of the water produced and accumulated inside the cell exits through the cathode 

side. For the anode GDL, this coating is not as critical but is still important when dealing 

with back diffusion of water and to give more structural strength to the GDL. The most 

common loadings of PTFE are from 5 to 30-wt%. Lin et al. [105] did an extensive study 

on the effect of the PTFE content on the performance of Toray and SGL SIGRACET 
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carbon fiber papers. It was observed that increasing the hydrophobicity of the GDL 

enhanced both the gas and water transport when the fuel cell was operated with high 

levels of humidity. However, excessive amounts of PTFE reduced the amount of 

hydrophilic pores, deteriorating the water flow out of the catalyst layer and the GDL. 

Through the use of a transparent fuel cell, Spernjak et al. [16] observed that with treated 

GDLs the water produced at the cathode side emerged as droplets on the surface of the 

material over the entire visible area. With the untreated GDLs, water preferred to be in 

contact with the sidewalls of the channels, and the water formed films and slugs near the 

walls. This behavior caused greater water management issues and lowered gas transport 

towards the active areas.  

Normally, the hydrophobic content in the GDLs is constant throughout; however, if 

certain parts of the GDL have different PTFE content, then the water behavior can be 

manipulated. A method to vary the PTFE content of a GDL was developed by Mathias et 

al. [106], leaving high and low PTFE particle density regions around the GDL. Another 

way of manipulating the GDL in order to overcome water issues is by varying the GDL 

porosity in specific areas [107]. For instance, grooves or holes can be inserted in the 

carbon fiber paper in areas where water flooding is a major issue [108]. The location and 

size of the holes depends on the current densities and the other operating conditions at 

which the fuel cell will be used. Using carbon cloth materials, which are more porous, in 

locations of greater water flooding and using carbon fiber paper in the remaining active 

areas can also create differences in GDL porosity. GDL modification has also been 

proposed as a mechanism for stabilizing fluctuations in local current density [113]. When 

water was directed to under the lands as opposed to under the channels, water tended to 
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flow in the channels on the sidewalls, which allowed for more stable current densities. 

Controlling the water direction was accomplished by creating a single large pore (400 

µm) in the GDL. These modifications can be varied depending on the conditions, such as 

at low or high humidity.  

The compression ratio is also a controllable parameter that can improve fuel cell 

performance [109]. The compression ratio is the change in MEA thickness divided by the 

sum of the original thickness of the CCM, anode GDL, and cathode GDL. In the 

compression ratio range of 10-35%, peak power was found at a compression ratio of 30% 

for the GDLs with and without an MPL.  

Cho et al. [110] also studied voltage stability during transient responses to a change in 

load. The group found that aged GDLs have lower performance than new GDLs due to 

increased hydrophilicity in the GDL with aging. This increase in hydrophilicity leads to 

water ‘lakes’ in the GDL, which increase mass transport problems and lead to more 

unstable voltage signals. A similar study could be done with the anode water removal 

(AWR) [111] technique to see how the voltage responds with new and aged GDLs. 

Visualization of the water in the flow channel has also been coupled with 

photographs of frozen GDL cross-sections to reveal where water is under specific 

operating conditions [112]. The study focused on using GDLs with a fiber orientation, 

which were aligned either parallel or perpendicular to the gas flow direction in the 

serpentine flow field channel. It was found that the perpendicular orientation had higher 

performance. The perpendicular orientation facilitated sidewall droplets, which facilitated 

water removal, while the parallel orientation created large droplets on the GDL surface. 

These flow patterns are due to water being removed from under the landing width with 
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the perpendicular fibers. With the parallel fibers, water accumulates under the land, 

leading to higher GDL saturation and lower electrochemical performance. These results 

are likely due to the direction/magnitude of cross-channel air communication through the 

GDL. These results are consistent with the GDL modification work (large GDL pores 

under the channel vs. land) by Kimball et al. [113]. 

Another strategy for improving the water transport inside fuel cells is by using a thin 

microporous layer (MPL) on the surface of the GDL that faces the catalyst layer and the 

membrane. This layer is made with carbon black particles and PTFE (i.e., the layer is 

hydrophobic), and is usually deposited only on one side of the GDL surfaces, forming a 

double-layer diffusion layer. The MPL forms smaller pores and acts as another 

mechanism to reject water, which is critical when the fuel cell is operated at high 

humidity levels [114]. Microporous layers are now commonly used to improve the 

overall performance and voltage stability of fuel cells [115].   

However, it is still unclear exactly how the MPL affects the water transport 

mechanism inside the GDL and the MEA. Kim et al. [119] used electrochemical 

impedance spectroscopy to study the effect of the MPL by analyzing the cases where the 

anode and cathode both had an MPL, only the cathode had an MPL, and neither anode 

nor cathode had an MPL. These results were coupled with water collection to determine 

the crossover rate. These results showed that the MPL on the cathode only pushed more 

water from the cathode to the anode. This result is due to the small pore radius and high 

hydrophobicity, which increases the capillary pressure on the cathode, creating a pressure 

differential between anode and cathode. Neutron radiography has also validated the role 

of the MPL as a barrier to water transport when using serpentine flow channels.  At 
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current densities of 750 and 1000 mA cm-2, not all of the water could pass through the 

MPL and water was forced toward the anode [116]. Sasabe et al. [117] also found this 

conclusion by soft X-ray radiography with parallel channels. The MPL functioned as a 

capillary barrier that prevented liquid water in the large pores of the GDL from reaching 

the hydrophilic catalyst layer. A carbon cloth GDL was also examined with an MPL and 

had better performance than the carbon fiber paper GDL with MPL. This result was due 

to water concentrating at the weaves (large pores) of the carbon cloth, which allowed for 

effective water removal and diffusion of oxygen through the small pores of the cloth 

fibers. An important result from Owejan et al. [118] showed that the influence of the 

MPL was to allow water vapor to pass from the cathode catalyst layer toward the cathode 

flow field channel but also act as a liquid water barrier to prevent condensed water in the 

GDL from reaching the catalyst layer. The thermal conductivity of the GDL thus played a 

central role, where temperature gradients across the GDL ranged from 2 to 9 K at high 

current densities depending on the specific GDL used.  Kim et al. [119] provide a table 

with different experimental/modeling approaches to determining the role of the MPL, 

along with qualifying comments where appropriate. More experimental work is necessary 

in order to investigate how the MPL helps the performance of the fuel cell [120]. 

Figure 20 shows the performance of a fuel cell with and without an MPL on the 

cathode GDL. It is obvious that at most current densities (and at the peak power density) 

the MPL has a significant influence on the performance of the cell due to improved water 

removal and management.  
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Figure 20. Comparison between gas diffusion layers (GDLs) with and without micro-porous layers. The 
MEA was composed of a Gore 5510 Primea Series membrane (0.4 mg Pt cm-2 in each side), SGL 25 BD 
GDL for the anode side, and the cathode GDLs were SGL 25BC (with MPL) and 25BA (without MPL). 
The active area was 50 cm2. Schematic of a typical transparent PEM Fuel Cell (reprinted from Anderson et 
al. [2] with permission from Elsevier) 

The hydrophobic particles in the MPL can be distributed along the GDL surface such 

that certain areas have more (or less) hydrophobicity, creating a gradient that can 

manipulate the water transport. Chen et al. [120] designed a non-uniform MPL that was 

able to keep the relative humidity inside the whole MEA stable within a specific range 

instead of letting it increase between the inlet and outlet regions. Thus, the proton 

exchange membrane was kept uniformly hydrated, which resulted in superior 

performance at high current densities. 

Another approach to MPL design is to create a microstructure in the MPL and spray 

catalyst onto this layer. This increase in available surface area allows performance to 

increase at higher current densities because the water surface inside the catalyst layer can 

extend more towards the MPL [121]. The MPL may also benefit this process by not 

letting condensed water in the GDL reach these sites as well [116,117].  
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In addition to MPLs, liquid water barriers have also been used to extend the fuel 

cell’s operating time under dry conditions (no humidity for the anode or cathode gases) 

[122]. A stainless steel sheet with perforations placed between the GDL and flow field 

channel was able to increase cell lifetime by ~ 5 hours. This is significant as the cell 

voltage approached zero after ~1.5 hrs when the GDL had no MPL and ~2 hrs when the 

GDL did have an MPL. These barriers exacerbated flooding in the dry cell, which 

allowed for better catalyst layer and membrane hydration and thus longer operating 

times.  The material and design (number of holes, open area) of the liquid water barriers 

need further optimization before its full potential is realized. 

2.4.2.2  Flow field design and configuration 

The flow field channels distribute the reactant gases over the electrode surfaces as 

uniformly as possible in order to utilize as much of the active catalyst area as possible. 

These channels also have to collect and remove the product water in order to minimize 

any water flooding. In addition, the flow fields have fixed channel geometries and fixed 

active areas, which determine the reactant flow characteristics over the operating range of 

the fuel cell.  

The most common flow field designs are parallel, serpentine, and interdigitated 

channels [123,124,125,126]. The parallel design is made of a number of straight channels 

connected to common inlet and outlet headers. One issue associated with this design is 

that the pressure drop is too low to remove the water, and water tends to accumulate in 

the channels [82,124]. This issue leads to the maldistribution of the reactant gases in the 

flow field, causing reactant starvation in some channels and an excess of reactant in other 

channels.  
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Serpentine flow fields have one or more continuous channels connected to an inlet 

and outlet header and typically follow a path with several bends. These flow fields 

generally have longer channel lengths and a greater pressure drop along the channels due 

to the bends, which facilitates water removal.  Multiple serpentine channels are used for 

large active areas in order to avoid excessively high pressure drops [125]. Li et al. [127] 

presented a method for designing serpentine flow fields based on an appropriate flow 

channel pressure drop so that all of the liquid water is evaporated and removed from the 

cell through the flow fields. However, it is important to note that the cells designed 

through this method exhibited inferior performance compared to similar cells found in the 

literature and that the pressure drop can result in a significant parasitic loss for the fuel 

cell system. New serpentine flow fields can also be designed in light of recent results in 

two-phase flow literature. Donaldson et al. [128] studied the radius of curvature of the 

serpentine channel bend in an air-water system where liquid water was the continuous 

phase. Though this phase configuration is opposite that of the PEM fuel cell flow 

channel, the results indicate that the Weber number can be used to determine bubble 

breakup and that a smaller radius of curvature enhanced breakup. Similar studies should 

be pursued in systems more relevant to PEM fuel cells to aid in the design of serpentine 

channels, especially considering flooding often occurs in the bends of the flow channels. 

In interdigitated (or discontinuous) flow fields, there are a number of parallel 

discontinuous channels (i.e., the channels are discontinuous from the inlet header to the 

outlet header). The reactant gases are forced to flow through the porous GDL in order to 

reach the channels connected to the outlet manifolds. Since the gases are forced along a 

short path through the GDL and catalyst layer, the liquid water is removed more 
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efficiently, resulting in better performance at higher current densities. However, these 

flow fields do not remove the water located at the inlet of the channels properly, and the 

voltage stability at low loads (current densities) is very poor [126]. In general, this flow 

field type is most ideal for high current densities, but it increases the parasitic losses due 

to larger pressure drops. 

It is important to note that the direction in which the flow fields (coolant included) of 

a fuel cell are placed also has an influence on the overall water management and 

performance of the cell. Depending on the application, it may be desirable for the coolest 

region of the coolant channels to coincide with the area in which the oxygen 

concentration in the cathode channels is the highest and where there is the least amount 

of water in the cell. Wilkinson et al. [95] used this approach to create a thermal gradient 

from cathode inlet to outlet to keep the product water in the vapor phase. They also 

operated a fuel cell with dry gases by using the cathode and coolant flow field in co-flow 

and the anode in counter-flow. Similarly, cross-flow operation between the fuel and the 

oxidant channels may be preferred to co-flow or counter-flow configurations (see Figure 

21).  
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Figure 21. Comparison between co-flow, cross-flow and counter-flow configurations between the anode 
and cathode flow fields. The MEA was composed of a Gore 5510 Primea Series membrane (0.4 mg Pt cm-2 
in each side), SGL 25 DC GDL for the anode and SGL 25 BC GDL for the cathode. The active area was 50 
cm2. Schematic of a typical transparent PEM Fuel Cell (reprinted from Anderson et al. [2] with permission 
from Elsevier) 

The cross sectional shape of the flow field channels also plays a key role in the 

effective water removal inside the flow field plates. For example, Trabold et al. [129,130] 

demonstrated how triangular shaped flow field channels can have designated localized 

water collection regions. The water then accumulates away from the gas diffusion layer, 

which allows more gas to reach the catalyst layer. In addition, the cross section of the 

channels can be designed to change gradually along the length of the channel, modifying 

the pressure drop and gas distribution along the active area [131]. Johnson et al. [132] 

developed a differential pressure flow field for water removal by changing the shape of 

the flow field channels with respect to each other. In micro-fuel cells, Metz et al. 

[133,134] developed a passive water management system by using capillary 

microstructures as flow field channels in the cathode plate. These channels are 

hydrophilic with a tapered cross-section, allowing them to remove liquid water from the 

GDL.  
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The flow field channels can also be modified with respect to their hydrophobicity. 

Hydrophilic channels may improve the transport of gases to the reactant sites by 

facilitating the water transport on the edges and surfaces of the channels [200]. However, 

very hydrophilic channels result in greater pressure drops due to liquid water blockage. 

The wetting capabilities of the channels can be modified by using different cross-

sectional geometries or by altering the surface characteristics of the bipolar plate 

materials [135], as discussed in Section 2.3.3.   

2.5 Summary and outlook 

Water management is a critical issue to PEM fuel cell performance and has received 

substantial attention in the literature. This review focused specifically on water 

management related to gas-water flow in the flow field channels.  

Visualization cells allow an observer to see the liquid water form and serve as a basis 

for understanding and characterizing two-phase flow in fuel cells.  However, the results 

are often mainly specific to a given system. Often, the specific contact angles for the flow 

field plate, GDL material, and transparent plate of a visualization cell are dissimilar to 

those in a typical graphite bipolar plate fuel cell. Since surface properties are important to 

two-phase flow on this scale, the specificity of the results must be considered. Steps 

should be taken, perhaps through dimensionless correlations, to make the results of these 

novel systems applicable to other fuel cells.  

 In-situ studies have covered a wide range of variables including the PTFE content of 

the GDL, the inclusion of an MPL, flow field design, reactant gas stoichiometry, gas 

relative humidity, and temperature. While the influence of these parameters on fuel cell 

performance has been well documented, less attention has been paid to the flow field 
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channel hydrodynamics. Thorough analysis of the channel hydrodynamics is still lacking 

in terms of two-phase flow regimes, two-phase flow distribution, and two-phase pressure 

drop. These studies are important because the flow regime affects the behavior of the 

water and access of reactant to the catalyst sites, and a large two-phase pressure drop 

represents a parasitic power loss in fuel cell operation. Furthermore, flow maldistribution 

must be considered as some flow field channels may receive insufficient reactant for the 

electrochemical reaction, causing starvation and underutilization of the active catalyst 

area. Hydrodynamics will thus play an increasingly important role in PEM fuel cell water 

management studies.  

The current ex-situ experimental studies have been carried out to understand flow 

distributions, pressure drop, flow patterns, droplet formation, and water removal in flow 

field channels under flow conditions relevant to fuel cell operation. In the literature, 

typical two-phase flow patterns found in ex-situ experiments are slug flow, slug to 

stratified flow, and stratified/annular flow. Among those, stratified flow or annular flow 

is desirable in terms of water management and operating stability of a real fuel cell. Slug 

flow should be avoided in operation since it can lead to channel blockage and flooding as 

well as pressure fluctuations. Therefore, high gas stoichiometry is required to achieve the 

desired flow pattern. Flow instability, flow maldistribution, and flow hysteresis have been 

found in both ex-situ and in-situ studies on two-phase flow in parallel channels due to 

many factors such as channel geometry, intrusion of the compressed GDL in channels, 

and gas/liquid flow rates. In order to achieve even flow distribution and to overcome flow 

hysteresis phenomena, high gas velocities are desirable. However, high gas flows are not 

desirable in practical systems because of the parasitic power loss.  
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A unique aspect of two-phase flow phenomena in fuel cell flow fields is that the 

liquid water emerges from porous GDLs and accumulates along the flow channels. 

Therefore, the two-phase flow pressure drop of such flow systems is not accurately 

predicted by most of the existing correlations or models. Consequently, these correlations 

should be revisited for two-phase flow in the fuel cell. There has been some success in 

obtaining information on instantaneous gas flow rates in individual channels through an 

entrance pressure drop measurement technique. However, extensive studies are still 

required to be related to a broader range of operating conditions such as channel 

dimensions, gas and liquid flow rates (corresponding to current density and gas 

stoichiometry), and channel surface properties. In addition, a theoretical foundation to 

elucidate flow distribution in parallel channels is lacking, especially for two-phase flow.  

 In order to avoid or reduce water management issues inside the fuel cell, a number of 

water mitigation strategies have been developed. Some of these methods consist of 

varying the operating conditions of the fuel cell (e.g., temperature, pressure, relative 

humidities, etc.) or designing the different components inside the cell for water 

management. Unfortunately, there are no water mitigation methods to date that can deal 

with water management effectively without affecting other components, especially the 

membrane and catalyst layers. Thus, more research has to be performed in order to 

achieve ideal designs and mitigation strategies specific for certain operating conditions 

and fuel cell applications.   

Overall, water management studies are shifting from parametrically based studies that 

couple water behavior with overall fuel cell performance to specific studies on water 

management in the catalyst layer, GDL, and flow field channels. These more specific 
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studies provide an understanding of the hydrodynamics in a fuel cell. To study the two-

phase flow in PEM fuel cell flow field channels, work must continue in all of the major 

research areas: ex-situ approaches, in-situ testing, and numerical simulation. A combined 

effort of ex-situ and in-situ experiments can help to validate current numerical 

simulations and help numerical simulations more accurately reflect the actual two-phase 

flow phenomena that occur. A greater understanding of two-phase flows experimentally 

and numerically will allow more effective water management strategies to be developed 

and implemented. Specific areas that need to be better understood include work on flow 

patterns, pressure drops, flow maldistribution, and two-phase flow hysteresis. 

Improvements in these areas will eventually lead to higher overall PEM fuel cell 

performance and efficiency, making the PEM fuel cell a more viable technology for the 

future.   

2.6 Research objectives and thesis layout 
 

It is clear from the literature review that PEM fuel cell water management is an 

active and important area of research. This work focuses on these issues by addressing 

the hydrodynamics in the cathode flow field channels, investigating the specific two-

phase flow phenomenon of pressure drop hysteresis, and exploring the anode water 

removal method to diagnose cathode GDL flooding. The specific aims and parameters in 

these studies are explained here. 

To establish a relevant baseline, this work firstly aims at understanding the 

hydrodynamics of air and liquid water in the cathode flow field channels, and the 

following central question was posed: 
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1. What are the relevant hydrodynamics in an operating and non-operating PEM 

fuel cell based on flow rates (stoichiometry), GDL properties, and 

temperature? 

The parameters listed in this question have an effect on the two-phase flow pressure 

drop and the two-phase flow patterns. Specific considerations include measuring and 

predicting (via the Lockhart-Martinelli approach) the two-phase pressure drop. This 

overall hydrodynamic characterization is done in conjunction with the following more 

specific question relating to two-phase flow in PEM fuel cell flow channels: 

2. What is the mechanism of pressure drop hysteresis in a PEM fuel cell and 

how does it change with respect to main fuel cell operating parameters such 

as GDL, air flow rate, and temperature? 

Pressure drop hysteresis is the central topic of Chapter 4 and Chapter 5. Chapter 4 

focuses on a non-operating (ex-situ) approach where water is injected externally (not 

produced electrochemically) to simplify the system to better understand the fundamental 

hydrodynamics. Section 4.1 focuses on ambient temperature and pressure conditions with 

dry air, while Section 4.2 focuses on temperatures and relative humidities relevant to 

operating PEM fuel cells. Chapter 5 studies this topic in the operating PEM fuel cell 

where water is produced electrochemically. Other studies relevant to pressure drop 

hysteresis are examined as well in these chapters.  

The second specific topic related to PEM fuel cell water management investigates the 

anode water removal method (AWR), and the results are explained in Chapter 6. The 

central question this study aims to answer is: 



 73

3. How can AWR be used to understand cathode GDL flooding in a PEM fuel 

cell? 

A series of tests were performed varying relevant variables in the AWR process, 

including: cathode relative humidity, GDL properties, and temperature. To further 

explore this method, flooding was intentionally exacerbated in the GDL layer and flow 

field channel by placing an extra GDL on the cathode side and injecting water into the 

flow field channel, respectively. Through this combination of tests, it was determined that 

AWR is strongly suited to determine when cathode GDL flooding is lowering PEM fuel 

cell performance. 

Chapter 7 presents conclusions and recommendations. The recommendations focus 

on specific considerations for pressure drop hysteresis, anode water removal, and overall 

water management in PEM fuel cells.  

Schematically, the thesis is shown in Figure 22.  

 
Figure 22. Thesis outline of ‘Characterization of Gas-Liquid Two-Phase Flow in a Proton Exchange 
Membrane Fuel Cell’ 
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3 Experimental approach 

This chapter first focuses on the visualization fuel cell designed for the pressure drop 

hysteresis study. It then discusses the experimental approaches for the non-operating cold 

model, the non-operating hot model, and the operating PEM fuel cell, all of which relate 

to pressure drop hysteresis. The last section explains the experimental approach to anode 

water removal.  

3.1 Visualization fuel cell design 
 
 A novel diagnostic fuel cell was designed, and fabrication was completed by Tandem 

Technologies Ltd. and VACCO Industries Inc (flow field plates). An exploded view of 

the fuel cell is shown in Figure 23. 

 
Figure 23. Visualization PEM fuel cell schematic showing an exploded view of all relevant components 

The anode and cathode flow field design incorporates 4 parallel channels with 

dimensions 1 mm x 1 mm x 300 mm. Each flow-field plate is identical and is made of 
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stainless steel, which is then coated with 5 microns of gold on top of 2 microns of silver. 

These materials are typical of visualization fuel cells [2]. Etching through the 1mm thick 

piece of stainless steel creates the 1 mm x 1 mm flow field channels. The length of each 

flow-field channel is 300 mm.  At the beginning and end of the flow field channel are 20 

mm long half-etched grooves, which correspond to the gas entrance areas in the manifold 

above. This area helps facilitate fully developed flow upon entering the flow channels 

and also serves as the exit connection to the manifold. Thus, the total length of the cell is 

378 mm. The landing widths, which contact the GDL for current collection, are also 1 

mm wide. A 2 mm seal groove runs around the four channels, which defines the active 

MEA area, which is 35.7 cm2. These components are shown in Figure 24. MEA 

fabrication is detailed in Appendix B.1.  
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Figure 24. Flow field design showing the overall plate with the entrance area zoomed in to show the 
channel dimensions and flow development region that contacts the manifold entrance (all measurements are 
in millimeters) 

The anode and cathode manifolds are identical pieces of acrylic, which allow them to be 

optically transparent to thus allow visualization into the cell. The visualization fuel cell 

was utilized to observe two-phase flow in the cathode flow field channels. A Pixelink PL-

A774 camera with an Edmund Optics VZM 300 lens and a MI-150 high intensity 

illumination system was used to capture images of the two-phase flow. The manifold is 

shown in Figure 25. 
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Figure 25. Transparent manifold for anode and cathode showing the gas entrance region and thermocouple 
ports 

The reactant gases enter via a common inlet, which has been magnified in Figure 25. The 

manifold then contains four channels, which distribute the gases individually to the flow 

channels’ entrance area in the flow-field plates (as described above in Figure 24). The 

dashed arrows show the path of the gas. The manifold also contains four ports for 

thermocouples, which are used to measure an approximate temperature in the flow field: 

one in the entrance, two in the middle evenly spaced around the compression screws, and 

one at the exit.   

Kapton heaters (Omega KH Series) are added to the external area of each flow field 

plate to ensure proper heating. Each plate has two heaters, one on each side, which 

connect to a common connection for use in the test station. The test station controllers are 

able to keep these heaters at a set point based on a thermocouple in the flow field buss 

plate  

 Compression is obtained with a piston and cylinder system. Nitrogen displaces the 

piston upward over the base of the cell. Six bolts that screw directly into the compression 

cylinder after passing through the manifolds and flow field plates also hold the cell 
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together. The guide rods ensure proper alignment of all the components. Finally, an 

additional steel bar is placed on top of the cathode manifold (not shown) so the acrylic 

manifold does not crack under compression. The bar is machined so the flow channels 

are still completely visualized. For the non-operating experiments, a compression 

pressure of 105 psig is used, while for the operating experiments, a compression pressure 

of 90 psig is used. The reduced pressure helps minimize damage to the membrane. The 

operating compression pressure was obtained experimentally by plotting the voltage and 

overall resistance vs. the compression pressure, shown in Figure 26.  

 

 
Figure 26. Cell voltage and resistance at constant current vs. compression pressure to determine the ideal 
compression pressure (TGPH-030 GDLs) 

Above 90 psig, there is little gain in electrochemical performance with increased 

compression. Also, an attempt was made to minimize the compression pressure to ensure 

the manifold would not be overstressed, which could lead to manifold damage.  

A buss plate is used for current collection and can be easily added/removed to/from 

the cell to simplify cell assembly. Current can be collected at three locations along the 

length of the channel (entrance, middle, exit). These also correspond to the areas in the 
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manifold where the temperature is monitored. For simpler setup in the test station, the 

current is collected at the exit location.  

The actual assembled cell is shown in Figure 27. This fuel cell was used in all 

pressure drop hysteresis studies, the results of which are in Chapter 4 and Chapter 5.  

 

 
Figure 27. Assembled visualization fuel cell from the schematic in Figure 23 

3.2 Pressure drop hysteresis testing: Non-operating cold model 

 These experimental conditions were used for the tests in Section 4.2. The non-

operating cold model cell was run at ambient temperature (hence ‘cold model’), the 

cathode exit was at atmospheric pressure, and the cell was compressed to 105 psig. Air 

(Praxair Al 0.0XD Extra Dry) was not humidified or heated, with its flow rate controlled 

by a rotameter and measured by a digital mass flow meter (AALBORG GFM17; 0-5 

SLPM). The air entered the cathode manifold where it was distributed to the flow field 

channels before leaving from the cathode manifold exit. A GDL was placed between the 
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anode and cathode flow field plates to mimic the actual water injection methods and 

surface properties of an operational fuel cell. The water was pumped into the anode flow 

field via a syringe pump (Cole-Parmer 780100C), and it then was forced through the 

GDL as the syringe pumped at a given volumetric flow rate (mL hr-1). The anode exit 

was closed, allowing the water pumped into the anode to reach the cathode. A schematic 

of the non-operational experimental setup is shown in Figure 28.  

 
Figure 28. Non-operating cold model experimental setup where the anode flow field channels are utilized 
as a chamber to inject water through a GDL into the cathode flow field channels, simulating 
electrochemical water production (reprinted from Anderson et al. [142] with permission from Elsevier) 

The GDLs and relevant specifications considered in this set of experiments are shown 

in Table 3. These vary the inclusion of a microporous layer, PTFE content, and thickness.  

Table 3 Gas diffusion layers and specifications relating to MPL inclusion, PTFE content, and thickness 
(reprinted from Anderson et al. [142] with permission from Elsevier) 

Company GDL MPL PTFE 
Content 

Thickness 
(µm) 

SGL Carbon 25 BC Yes 5% 235 
SGL Carbon 25 BA No 5% 190 
SGL Carbon 25 DC Yes 20% 231 
Toray  TGPH-030 No 20% 110 
Toray TGPH-030 No 0% 110 
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 Faraday’s Law governs the water injection rate and needed gas flow rates at each 

current density, as discussed in Section 1.4. In this way, the corresponding water 

injection rate and necessary cathode air flow rate were set for a given simulated current 

density (simulated since the cell is not electrochemically active). To determine the 

needed air flow rate from the needed oxygen flow rate, the oxygen flow rate is divided by 

the concentration of oxygen in air (0.21). The air stoichiometry, λair, was utilized to 

define the actual gas flow rate. For example, a stoichiometry of 2 uses the same liquid 

water injection rate at a given current density as a stoichiometry of 1, but with twice the 

air flow. All stoichiometries here refer only to air on the cathode side (no hydrogen was 

used in the non-operating tests). Table 4 shows the water production rates associated with 

each current density typically used in these experiments for an active cell area of 35.7 

cm2. 

Table 4 Water injection rates for simulated current densities based on an active area of 35.7 cm2 (reprinted 
from Anderson et al. [142] with permission from Elsevier) 

Current 
Density 

(mA cm-2) 

Volumetric liquid water  
injection rate 

(mL hr-1) 
50 0.6 
100 1.2 
200 2.5 
400 4.9 
600 7.4 
800 9.9 

 

 The air flow rate and water injection rates for the simulated current densities in Table 

4 were run in both an ascending and descending manner to determine the extent of 

hysteresis in the two-phase pressure drop. In each case, the gas was first increased in the 

ascending manner and then decreased along the same path. The term ascending approach 

describes the path by which the simulated current density is increased, which is as 
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follows: 50, 100, 200, 400, 600, 800 mA cm-2. The descending approach is this path in 

reverse, which is: 600, 400, 200, 100, 50 mA cm-2. The flows at each current density 

were held for approximately 8 minutes (approximate due to manually changing the flow 

rate of air and water), which gives the pressure drop sufficient time to reach a steady 

state. An Omega 164PC01D37 pressure transducer (0-2,500 Pa) was used to measure the 

cathode flow channels’ pressure drop. The single-phase pressure drop is from the same 

gas flows but without the water injection.  

 This experimental setup was used to study pressure drop hysteresis in terms of: the air 

stoichiometry, the GDL properties, the range of current densities, the effect of decreasing 

step size, and the effect of initial state (dry vs. flooded flow field channels). These are 

further detailed in Section 4.2. Triplicate experiments were done at each current density, 

and these are the values reported experimentally.   

3.3 Pressure drop hysteresis testing: Non-operating hot model 
 

These experimental conditions were used for the tests in Section 4.3. In the non-

operating hot model, a Hydrogenics™ test station (Model no. G100) was used to control 

relevant operating variables including air flow rate, air temperature (hence ‘hot model’), 

air dew point temperature, and cell temperature. The cell was compressed to 100 psig. 

Since these experiments are non-operating, the liquid water was injected externally via a 

syringe pump (Cole-Parmer 780100C). As in the non-operating cold mode, a GDL was 

placed between the anode and cathode flow field plates. The anode end was blocked and 

the syringe pump injected water via the anode inlet. The water was forced through the 

GDL, where it reached the cathode flow field channel to simulate water injection of an 

operating fuel cell. The air inlet and outlet lines were insulated and dry air was used 
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between trials to remove excess water and ensure a dry initial condition. This setup is 

shown schematically in Figure 29.  

 
Figure 29. Non-operating hot model (no electrochemical reaction) experimental setup schematic where a 
fuel cell test station is utilized to control the air humidity and temperature (reprinted from Anderson et al. 
[144] with permission from Elsevier) 

The water injection rates and air flow rates are governed at each simulated current 

density by Faraday’s law as discussed previously. Again, since the setup is non-

operating, these current densities are referred to as simulated current densities. The water 

injection rate assumes all water produced moves into the cathode channel (i.e., no back 

diffusion term). The water injection rate and air flow rate, in accordance with the 

simulated current density, were run in an ascending manner and then in a descending 

manner to determine the extent of hysteresis in the pressure drop. The ascending 

approach, describing the path by which the simulated current density is increased, was: 

50, 100, 200, 400, 600, 800 mA cm-2. The following descending approach was: 600, 400, 

200, 100, 50 mA cm-2. The ascending and descending path studied here is identical to the 

one done in the non-operating cold model pressure drop hysteresis study. Each simulated 

current was held for approximately 8 minutes to allow the pressure drop to achieve steady 
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state behavior, and the pressure drop data was sampled at 20 Hz. An Omega 

164PC01D37 pressure transducer (0-2,500 Pa) was used to measure the cathode flow 

channel’s pressure drop. Setting the needed gas flow rate but not injecting liquid water 

obtained the single-phase pressure drop. Unless otherwise noted, the results are an 

average of three individual trials at each set of conditions.  

The gas diffusion layers are the same as those from the non-operating cold model, 

and their relevant specifications are provided in Table 3. Those GDLs were chosen to 

study the inclusion/exclusion of the MPL, the PTFE content (hydrophobicity), and 

thickness. The relevant baseline conditions for all operating variables are listed in Table 

5.  

Table 5 Baseline conditions for all relevant operating variables in the non-operating hot model (reprinted 
from Anderson et al. [144] with permission from Elsevier) 

Operating Variable Baseline Value 
Tcell, Tgas, Tdew point 75oC 
Relative Humidity 100 % 

Gas Diffusion Layer SGL Carbon 25 BC 
Cathode gas Air 
Flow Fields 4 parallel, square channels 

Compression pressure 100 psig 
Air stoichiometry (λair) 2 

 

These experiments focused on the following variables, which are further explained in 

Section 4.3: the temperature, GDL properties, and air stoichiometry.  

3.4 Pressure drop hysteresis testing: Operating fuel cell 

 A Hydrogenics™ test station (Model no. G100) was used to control and measure 

relevant operating variables including the air and hydrogen flow rate, operating 

temperatures, the load, and the voltage. These results are presented in Chapter 5. The cell 

was compressed to 90 psig.  An Omega 164PC01D37 pressure transducer (0-2,500 Pa) 
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separate from the test station was used to measure the cathode flow channels’ pressure 

drop. The experimental setup is shown schematically in Figure 30.  

 
Figure 30. Operating PEM fuel cell experimental schematic focusing on a) General data acquisition 
schematic; b) Cathode flow ∆P schematic (reprinted from Anderson et al. [148] with permission from 
Elsevier); all other controls are provided by the Hydrogenics™ test station (Model no. G100) 

 The current density, i, was run in an ascending manner and then in a descending 

manner to determine the extent of hysteresis in the pressure drop. The ascending 

approach was as follows: 50, 100, 200, 400, 600, 800, 1000 mA cm-2. The additional 

point (compared to the non-operating tests) on the ascending approach to 1000 mA cm-2 

was done to approach the fuel cell’s limiting current density. The descending approach 

was this path in reverse starting at 800 mA cm-2. Thus, the air and water flow rates were 

determined via Faradays law and the air stoichiometry for each current density. The 

single-phase pressure drop at each condition is the gas flow only pressure drop where the 

fuel cell is held at the open circuit voltage, and the corresponding gas flow rate is 

increased in accordance with Faraday’s law and the stoichiometry.  
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 Each current density was held for approximately 10 minutes. The voltage signal was 

sampled at 1 Hz and the pressure drop data was sampled at 20 Hz. The gas inlet and 

outlet lines were insulated, and dry gas was used between trials to remove excess water 

for a dry initial condition. The results presented are an average of three trials at each set 

of conditions and indicate that good repeatability was achieved.  Examples of the 

standard deviation from three trials for the pressure drop measurements are shown in 

Figure 57a and for the electrochemical performance are shown in Figure 59b.  

The relevant baseline conditions for all operating variables are listed in Table 6.  

Table 6 Baseline conditions for all relevant variables in the operating PEM fuel cell (reprinted from 
Anderson et al. [148] with permission from Elsevier) 

Operating Variable Baseline Value 
Tcell, Tgas, Tdew point 75oC 
Relative humidity (cathode and anode) 100 % 
Cathode GDL SGL Carbon 25 BC 
Anode GDL SGL Carbon 25 DC 
Catalyst Coated Membrane (Pt loading) Gore Primea Series 5510 (0.4 mg Pt cm-2) 
Air stoichiometry (λair) 2 
H2 stoichiometry 1.5 
Cathode gas Air 
Flow fields 4 parallel, square channels 
Compression pressure 620 kPag (90 psig) 
Gas inlet pressure 206.8 kPag 

 

The temperatures studied were 30, 50, 75, and 90oC and the air stoichiometries 

studied were 1.5, 2, 3, and 4. These operating conditions are in a narrow range relevant to 

PEM fuel cells as defined by the US Fuel Cell Council [136]. The gas diffusion layers 

with their relevant specifications are provided in Table 7. The SGL 25 BC and 25 BA 

GDLs were chosen to study the impact of an MPL on hysteresis. The SGL 25 DC GDL is 

used on the anode side for all experiments. Fewer GDLs were used in the operating fuel 

cell study based on the hydrodynamic results of the non-operating tests (presented in 

Chapter 4). 
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Table 7 Gas diffusion layers and specifications focusing on MPL inclusion, PTFE content, and thickness 
(reprinted from Anderson et al. [148] with permission from Elsevier) 

Company GDL MPL PTFE 
Content 

Thickness 
(µm) 

SGL Carbon 25 BC Yes 5% 235 
SGL Carbon 25 BA No 5% 190 
SGL Carbon 25 DC Yes 20% 231 

 
To ensure the results reached steady state, ascending and descending polarization 

curves were made at baseline conditions with each current density being held for 15 

minutes. The results for the ascending approach are shown in Figure 31. The current 

densities on the right of the figure are listed in mA cm-2. The dashed lines indicate 5 and 

10 minutes. At moderate to high current densities, there is some noticeable dynamics in 

the voltage signal (sample frequency = 10 Hz; limit of test station). The increased voltage 

variance with increased current density is consistent with the influence of water at higher 

current densities, as shown in Figure 8 [6].  

 
Figure 31. Voltage signals for 15 minutes at each current density of a typical polarization curve (the  
current densities on the right are in mA cm-2) 



 88

To see how this dynamic behavior influenced the voltage averages at each current 

density, the following averages and standard deviations were taken: full 15 minutes, first 

10 minutes, first 5 minutes, last 10 minutes, and last 5 minutes. These results are shown 

in Figure 32. While in some cases the standard deviation is higher if only the first five 

minutes are averaged (i.e. 700 mA cm-2), the results in each averaging scheme are 

similar. To ensure a sufficient sampling time while performing reasonably long tests, 10 

minutes was chosen as a suitable sampling time and the average of the entire signal is 

taken. Five minutes of testing was not pursued in the event a particular operating 

condition had excessively dynamic behavior (such as in a large flooding condition).  

 
Figure 32. Average voltage at each current density through five averaging schemes to determine the 
duration of each point when testing 

Another example of dynamic voltage data is when the cathode stoichiometry is 1.5 at 

low current densities (low air flows). At these lower flows, the fuel cell performance 

tends to fail due to insufficient amounts of oxygen reaching the active catalyst sites and 

then to recover. An example of this behavior is shown in Figure 33. With this behavior, 

the average (arithmetic mean) is markedly lower than the values expected on a typical 
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polarization curve with a large standard deviation. To present more realistic and 

representative results, the median is used in these cases. Figure 33 shows the difference 

between the mean and median for both approaches over the course of a ten minute trial. 

The median is only used in cases of low air flow (current density ≤ 100 mA cm-2
 ; λair < 

2).  

 
Figure 33. Dynamic voltage behavior at low air flows (λair = 1.5, i = 50 mA cm-2) showing the difference 
between the mean and median results; the electrochemical performance is more unstable on the descending 
approach  

As in the non-operating cold studies, majors variables studied include: the air 

stoichiometry, temperature, and inclusion of a microporous layer (MPL). These are 

further detailed in Chapter 5. This experimental setup was also used to explore a purging 

method that can lower the pressure drop hysteresis effect.  

3.5 Anode water removal experimental methods 

An operating 49 cm2 fuel cell, TP50 [104], was used for all the tests in this study, and 

the results are presented in Chapter 6. A Hydrogenics™ test station (Model no. G100) 

was used to control all fuel cell operating conditions. The conditions for the AWR tests 

are shown in Table 8.  
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Table 8 Baseline operating conditions and fuel cell specifications for the anode water removal (AWR) tests 

Operating Variable Baseline Value 
Tcell, Tgas 75oC 
Relative humidity (cathode:anode) 100:0 % 
Anode GDL SGL Carbon 25 DC 
Catalyst Coated Membrane (Pt loading on both sides) Gore Primea Series 5510 (0.4 mg Pt cm-2) 
Active area 49 cm2 
Air stoichiometry (λair) 2 
H2 stoichiometries (AWR) 1.5-15 
Cathode gas Air 
Cathode flow field design Single-serpentine, 27 bends  
Cathode channel cross sectional area Trapezoidal (1.56 mm2) 
Cell compression pressure 110 psig 
Gas inlet pressure 206.8 kPag 

 
The inlet cathode gas was fully humidified and the inlet anode gas was completely 

dry during the AWR tests. Thus, the water concentration gradient favors water transport 

from the cathode to the anode. This is shown schematically in Figure 34.  

 
Figure 34. AWR fuel cell schematic showing the net direction of water movement from the cathode toward 
the anode 

The anode stoichiometry was increased throughout the AWR test with all other 

operating conditions remaining constant, and each anode stoichiometry was sampled for 

114 seconds. The test was run until the anode stoichiometry reached 15 or the anode 

pressure drop exceeded 146.8 kPa. All tests were run at 1,000 mA cm-2 with a constant 

air stoichiometry of 2.  This current density was chosen since it represents a reasonably 

high water production rate. Also, since the anode stoichiometry is increased in the AWR 
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tests, this high but moderate current density was chosen so a reasonable pressure drop 

could be obtained at high hydrogen stoichiometries.  

The AWR tests used 6 different GDLs on the cathode, which are shown in Table 9. In 

all tests, the anode GDL was SGL Carbon 25 DC (20% PTFE with an MPL). 

Table 9 GDLs used in AWR tests; varying MPL inclusion, hydrophobicity, and thickness 

SGL Carbon 
Cathode GDL 

GDL 
PTFE (%) 

MPL Hydrophobicity Thickness 
(µm) 

25 BC 5 Yes   Hydrophobic 235 
25 BA 5 No   Hydrophobic 190 
25 BL 5/0 Yes   Hydrophobic GDL/    

  Hydrophilic MPL 
235 

25 BANitric -- No   Mixed Hydrophobic/  
  Hydrophilic 

190 

25 AA  0 No   Mixed Hydrophilic/   
  Hydrophobic; water 
ingress 

190 

35 BA 5 No   Hydrophobic 300 
 

 The baseline GDL for these tests was the 25 BA GDL, with 5% PTFE and no MPL. 

The 25 BC GDL has the same properties as the 25 BA GDL but contains an MPL. The 25 

BL GDL contains 5% PTFE in the GDL but has a hydrophilic MPL; these tests examine 

the effectiveness of AWR when the cathode MPL is prone to flooding. The nitric acid 

treated 25 BA GDL (25 BANitric) had a mixed hydrophobicity, with some sections 

hydrophilic (since the PTFE is removed) and others hydrophobic (due to surface 

roughness), which promoted some additional flooding in the cathode GDL. The nitric 

acid treatment was accomplished by immersing the 25 BA GDL in boiling HNO3 for 1 

hour and then rinsing it with DI water. The 25 AA GDL also has mixed hydrophobicity, 

with small droplets beading up on the surface in a hydrophobic manner and larger 

droplets quickly entering the GDL (this water ingress causes high GDL saturation).  
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Tests were also performed with an additional 25 BA GDL placed on top of the 

existing cathode GDL. This test was done for all of the GDLs in Table 9 to exacerbate the 

influence of GDL flooding on the fuel cell’s performance. The discontinuity in GDL 

caused by the additional GDL layer can promote additional flooding, and thus more 

clearly shows how AWR behaves over a range of operating conditions.  

Exacerbated flooding was also accomplished by external water injection, which was 

accomplished by pumping deionized water at ambient temperature with a Masterflex L/S 

pump (model # 77390-00) through a rotameter. The exit of the rotameter was connected 

to the cathode gas inlet before the gas entered the cell. The rotameter was utilized to 

ensure that an accurate water injection rate could be determined. The water injection rate 

was approximately 145 mL hr-1, which was found to sufficiently reduce the fuel cell’s 

electrochemical performance while still allowing for safe and controlled water injection. 

Additional tests were done with the 25 BC and 25 BA GDLs, focused on the effect of 

temperature (25, 50, 75, and 90oC) and cathode relative humidity (25, 50, 75, and 100%). 

This was a useful comparison because the only difference between the GDLs was the 

MPL layer. The temperatures are important because the amount of water in the fully 

humidified gas stream increases exponentially with temperature, greatly affecting the 

gradient in the AWR process. The dew points temperatures for the air at 75oC for RHs of 

25, 50, 75, and 100% are 45.1, 59.3, 68.3, and 75oC, respectively.  

The operating current density was studied as well to determine the effect of the water 

production rate on AWR (higher current densities produce more water on the cathode). 

The current densities studied include 100, 500, 750, 1000 (baseline) and 1500 mA cm-2.  
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For each test, the high frequency resistance (HFR) was studied at a frequency of 1 

kHz (GW-Instek LCR-819). These results provided additional data to the voltage data 

collected during the AWR process (an example is shown in Figure 94). The resistance 

measurement was taken from the anode and cathode current collectors. The flow field 

channel pressure drop was measured on both the anode (∆Pan) and the cathode (∆Pcat) by 

the test station at a sampling rate of 1 Hz.  

The AWR performance repeatability was explored using the 25 BC GDL results at 75 

oC and 100 % cathode humidification by running the test five separate times (includes 

two repeat tests with the same membrane electrode assembly (MEA) and two new 

MEAs). The percentage error from these five tests was within 2% for the voltage, 10% 

for the cathode pressure drop, and 8% for the anode pressure drop over the range of 

hydrogen stoichiometries tested. The error bars shown for the remaining results represent 

the standard deviation of the signal. 
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4 Pressure drop hysteresis in a non-operating fuel cell: results for cold 

and hot studies 

Chapter 4 pertains to pressure drop hysteresis in non-operating fuel cell experiments 

for both cold model (Section 4.2) and hot model (4.3) studies. A brief introduction is 

given to further explore the relevance of this topic. 

4.1 Introduction to pressure drop hysteresis 

As discussed, the proton exchange membrane fuel cell has received attention as an 

energy conversion device due to its high energy efficiency, low operating temperature, 

and little to zero emissions during operation. As evident from the literature review, one 

major technical issue that has received extensive research is proper water management. A 

specific consideration within water management is the impact of gas-liquid two-phase 

flow in the gas flow channels. A higher pressure drop represents a larger system parasitic 

power loss [39], prompting additional study into two-phase flow. Another problem 

associated with two-phase flow in flow channels is reactant maldistribution [56] and 

current maldistribution [137], which can lower overall cell performance.  

To address two-phase flow in flow field channels in a simplified setup, non-

operating experiments [70,193 ,75] can be run to mimic the behavior of operational 

(operating) fuel cells [38, 71,10]. Non-operating experiments possess the advantage of 

being able to control relevant operating conditions while decoupling reaction and 

heat/mass transfer from the hydrodynamics. In general, water in non-operating 

experiments is injected through a GDL into the air flow field channel (simulating the 

cathode flow field channel) to observe relevant two-phase flow behavior. Operating then 

refers to running the cell electrochemically to produce water. Borrelli et al. [70] showed 

that the non-operating experiments exhibit similar droplet behavior to operating cells.  
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Once the droplets emerge into the flow field channels, non-operating experiments 

have shown various two-phase flow patterns including slug, film, corner, and mist flows 

depending on the superficial air velocity and GDL properties [75]. Film flow or stratified 

flow is considered as a desirable pattern in fuel cells because water is only covering the 

channel walls, leaving the GDL surface exposed for gas diffusion. However, the 

superficial velocity needed to achieve this flow pattern varies with experimental setup, 

with Trabold et al. [6] pointing out that a superficial gas velocity of 5-6 m s-1 is needed 

and Lu et al. [56] recommending more than 3 m s-1. The value of the needed superficial 

velocity may also change with operating current density [22]. 

A recently studied two-phase flow phenomenon is pressure drop hysteresis [50, 55]. 

This behavior occurs when the gas and liquid flow rates (determined by a given current 

density) are increased along a set path and then decreased along the same path with 

differing pressure drops. An application exhibiting increasing and decreasing currents is 

the automobile, where the load varies based on the driving cycle [138, 139]. Since the 

load varies, the corresponding gas flow rates and water production rate vary as well via 

Faraday’s Law (Eqn. 17 and Eqn. 34). An example automotive load profile studied by 

Automotive Fuel Cell Cooperation (AFCC) is shown in Figure 35, which shows increases 

and decreases in the load.   
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Figure 35. Example automotive load profile from AFCC showing repeated increase and decreases in load, 
which correspond to increases and decreases in flow rates (reprinted from Kundu et al. [138] with 
permission from Elsevier) 

Additionally, flow regime hysteresis has been observed in minichannels bounded by a 

porous wall, where the transition between flow regime depended on whether the air flow 

rate was varied in an ascending or descending manner [54]. This is relevant to PEM fuel 

cells due to the porous GDL structure defining one wall of the flow field channel.  

Previous work examined the pressure drop hysteresis phenomena over a wide range 

of operating conditions, and an example result of an ex-situ study performed in acrylic 

channels is shown in Figure 36 [55].  
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Figure 36. Pressure drop hysteresis with air and water in two parallel minichannels from ascending and 
descending gas flow rates (reprinted from Zhang et al. [55] with permission from Elsevier) 

These results show a clear difference in pressure drop depending on the ascending or 

descending approach. The pressure drop hysteresis region (superficial gas velocities 

between ~1.5 and 3 m s-1) occurs here because of flow pattern changes: in the flow 

descending approach the flow pattern is stratified flow in both channels, but is stratified 

flow in one channel and stagnant liquid in the other channel during the gas ascending 

approach. It should be noted this mechanism is not assumed to be the pressure drop 

hysteresis mechanism in an operating fuel cell, as will be discussed throughout Chapters 

4 and 5. It is also important to note that these results could only be confirmed with optical 

visualization of the flow pattern.  

This chapter explores pressure drop hysteresis in two distinct stages: non-operating 

‘cold’ (Section 4.2) and non-operating ‘hot’ (Section 4.3). Cold and hot refer to the test 

conditions for the non-operating investigations; cold experiments were studied at ambient 

temperature and pressure with dry air, while the hot experiments were studied at relevant 

temperatures with humidified air. The specific test conditions for this chapter are 
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explained in Section 3.2 (cold) and 3.3 (hot). This progression allowed the establishment 

of a hydrodynamic baseline, to which results could then be compared as the conditions 

became more relevant to an operating PEM fuel cell. Pressure drop hysteresis in an 

operating fuel cell is analyzed in Chapter 5.  

The results of this thesis show that pressure drop hysteresis is important at low 

current densities (both simulated and operating). The pressure drop behavior is important 

at lower current densities because low loads are often used for high energy conversion 

efficiency [29,205]. Also, dynamic automotive fuel cells can operate at less than 20% of 

the rated power, with Barbir [140] noting an average power of 12% of maximum power 

from the U.S. EPA Urban Dynamometer Driving Schedule (2005), making the regime of 

lower gas flow important [141]. The compressor work can be related to the pressure drop 

via Eqn. 44, 
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where P2 is the pressure after compression (including pressure drop), P1 is the pressure 

before compression, and k is the ratio of specific heats (1.4 for diatomic gases). A higher 

pressure drop results in more compressor work, and this work is a parasitic power loss, 

which lowers overall fuel cell efficiency as discussed [39]. Thus, the pressure drop 

hysteresis work in Chapter 4 and Chapter 5 is focused on understanding the pressure drop 

towards the ends of higher total system efficiency, not as a diagnostic tool. By better 

understanding mechanisms that raise the pressure drop, unnecessary power losses to the 

compressor can be avoided, raising overall system efficiency. Further discussion on this 

topic is given in the overall conclusions in Chapter 7.  
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4.2 Pressure drop hysteresis in a non-operating cold fuel cell3 
 
For clarity, the flow approaches are defined again as follows in terms of the 

‘simulated’ current density (the current density defines the relative flow rates of water 

and air; simulated means the setup is non-operating). The ascending approach is 50, 100, 

200, 400, 600, 800 mA cm-2. The corresponding descending approach is: 600, 400, 200, 

100, 50 mA cm-2. It should be noted that this simplified approach to the load cycle 

(compared to Figure 35) is used to combine a typical polarization plot (increasing current 

density) with an ascending and descending profile that would be seen in automotive 

applications. While this simplified profile is then artificial, it is a reasonable baseline 

profile for experimental investigation and is used throughout the pressure drop hysteresis 

study. The specific operating conditions and fuel cell designs of this motivating 

application (i.e. the automobile) should not be confused with our experimental setup 

where simplifications are necessary to understand the complex two-phase flow. 

4.2.1 Results and discussion 

This section explains pressure drop hysteresis in a non-operating cold fuel cell [142]. 

The non-operating approach taken here injects water through a GDL into the cathode 

flow field channel with gases that are neither humidified nor heated. The experimental 

conditions for these tests are described in Section 3.2. To understand the principles of this 

pressure drop hysteresis behavior, the non-operating approach examined several variables 

including: the effect of air stoichiometry (Section 4.2.1.1), the GDL properties (the 

inclusion of an MPL Section 4.2.1.2.1 and PTFE content Section 4.2.1.2.2), the range of 

                                                 
3 These results were published in [142]: R. Anderson, D.P. Wilkinson, X. Bi, L. Zhang, Two-phase flow 
pressure drop hysteresis in parallel channels of a proton exchange membrane fuel cell, J. Power Sources 
195 (2010) 4168-4176. 
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current densities (Section 4.2.1.3), the effect of decreasing step size (Section 4.2.1.4), and 

the effect of initial state (dry vs. flooded; Section 4.2.1.5).   

4.2.1.1 Effect of stoichiometry in the non-operating fuel cell 
 
 The ascending and descending pressure drop results for stoichiometries of 1 to 5, 

which cover a typical range of fuel cell operations [146], are shown in Figure 37a. SGL 

25 BC was chosen as the GDL because it is a typical GDL used on the cathode side of the 

operating fuel cell. Triplicate experiments were done at each current density, and these 

are the values reported in Figure 37a. Figure 37b and Table 10 show an individual result 

for the third trial of the 25 BC GDL at a stoichiometry of 2.  

Table 10 Pressure drop results for the ascending and descending process for one experimental trial (25 BC 
GDL,  λair = 2, Trial 3 result) (reprinted from Anderson et al. [142] with permission from Elsevier) 

Ascending 
Process (isim) 

Pressure 
Drop (Pa) 

Standard 
Deviation (Pa) 

% Error 

50 33 2 7 
100 75 2 3 
200 159 2 1 
400 359 6 2 
600 673 70 10 
800 1085 36 3 

Descending 
Process (isim) 

Pressure 
Drop (Pa) 

Standard 
Deviation (Pa) 

% Error 

600 763 32 4 
400 532 21 4 
200 233 17 7 
100 115 24 21 
50 61 32 52 

 

The ascending case has a small percentage error (ratio of standard deviation to overall 

pressure drop). The high percentage error at low simulated current densities during the 

descending approach is a result of the large oscillations in pressure drop signal due to the 

flow type. More discussion on the signal fluctuations is in Section 4.2.1.4.   
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Figure 37. Effect of gas stoichiometry on two-phase pressure drop hysteresis for the 25 BC GDL [Pgas = 0 
kPag, Tgas = 20oC, dry air] (reprinted from Anderson et al. [142] with permission from Elsevier) 

The ascending pressure drop and descending pressure drop are not identical for 

stoichiometries in the range of 1-4. However, at a stoichiometry of 5, the pressure drops 

from flow ascending and descending approaches match each other. This pressure drop 

hysteresis effect can be explained by how water enters and leaves the cathode flow field 

channels. At low simulated current densities, no water is being introduced and the fluid 

flow in the channels is essentially single-phase air flow. Figure 37b shows the results for 

single phase flow (air only) with the 25 BC GDL at a stoichiometry of 2, which illustrates 

how the ascending pressure drop and single phase pressure drop at the same when the 

simulated current density is ≤ 400 mA cm-2. Water breakthrough is evident at a higher 

simulated current density ≥ 600 mA cm-2. In this setup, it is not until these rates that a 

critical breakthrough pressure is reached, as discussed by Bazylak et al. [193]. As the air 

flow is lowered in the descending approach, the injected water is unable to be removed 

from the channels convectively, and the residual water causes a higher pressure drop. 
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This explanation is true for lower stoichiometries that are less than or equal to four. At a 

stoichiometry of 5, the air flow is sufficient to remove all injected water and, as a result, 

residual water is not accumulated. Due to the equilibrium addition and quick removal of 

water, the ascending and descending pressure drops do not display a hysteresis in this 

higher stoichiometric range. It is also important to note from other ex-situ work that once 

breakthrough occurs, water continues to flow through the GDL even without the syringe 

pumping in more water to maintain the same hydrostatic pressure [74]. Thus, flooding 

can be greater after breakthrough has occurred.  

 The extent of pressure drop hysteresis can be quantified by the percentage change 

between the descending and ascending pressure drops, as shown in Figure 38. This is a 

useful metric as it relates the two approaches to one another directly; it is a direct 

comparison of how the descending path changes compared to the ascending path, 

regardless of how the ascending path’s behavior differs from the single-phase flow case. 

The percentage change is defined as: 
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i.e. a higher percentage change from ascending to descending pressure drops indicates a 

more pronounced pressure drop hysteresis. Note the analysis does not rely on the total 

magnitude of the pressure drop hysteresis. One reason is that the comparison is often 

inconclusive since such a wide range of overall pressure drops is studied (from 
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does not increase the compressor work appreciably. However, the magnitude of the 

pressure drop increase would be more important when considering a full stack where the 

total flow and total pressure drop would be substantially higher.   

 
Figure 38. Percentage change in ascending and descending pressure drops showing hysteresis is a larger 
problem at lower air stoichiometries (lower air flow rates) (reprinted from Anderson et al. [142] with 
permission from Elsevier) 

Three different zones are drawn in this figure for illustrative purposes. At a stoichiometry 

of 1, the hysteresis effect is large for all simulated current densities because the low air 

flows are unable to remove the residual water in the descending case (Zone 3). Operation 

for stoichiometries in the range of 2-4 falls into Zone 2, where the hysteresis effect is not 

noted at high current densities (≥ 600 mA cm-2). However, at lower simulated current 

densities, the air is unable to remove residual water in the descending case and two-phase 

flow hysteresis appears. For a higher stoichiometry of 5 (Zone 1), the hysteresis effect is 

eliminated because the air flow is sufficiently high to prevent the accumulation of 

residual water. In this region, the percentage change between ascending and descending 

pressure drop is consistently below 10%.  
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 These results clearly show higher air flow rates are needed to shear liquid water out 

of the flow field channels, which relates back to the adhesion forces and shear forces 

developed in 2.3.3. Droplet removal will only occur if enough force is applied to the 

droplet to remove it from the channels, a criterion that is met with increasing air flow.  

4.2.1.2 Effect of GDL type: MPL inclusion and hydrophobicity  
 
 Five different GDLs were tested and compared at a stoichiometry of 2 (the baseline 

cathode stoichiometry for the operational fuel cell). These GDLs were chosen to 

investigate the effect of a microporous layer (with and without MPL) and PTFE content 

(0, 5, 20%) on pressure drop hysteresis. Lee et al. [54] have shown these parameters to 

have an impact on observed flow regime in fuel cell flow channels. The GDLs used in 

this research and their relevant specifications are shown in Table 3.  

4.2.1.2.1 Effect of MPL 
 
 Figure 39 shows the effect of the MPL by comparing SGL 25 BC (with MPL) and 25 

BA (no MPL), which have the same PTFE treatment but a different thickness due to the 

inclusion of an MPL.  
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Figure 39. Effect of MPL on pressure drop: 25 BC (with MPL) vs. 25 BA (withouth MPL) at a 
stoichiometry of 2 [Pgas = 0 kPag, Tgas = ambient, dry air] (reprinted from Anderson et al. [142] with 
permission from Elsevier) 

These results show that both GDLs share similar descending pressure drops but different 

ascending pressure drops. At the same descending air flow, the similar capability of 

expelling the residual water suggests that the droplet detachment/removal dynamics are 

similar for the two types of GDLs, which have the same PTFE content. The ascending 

pressure drop for the 25 BA GDL (no MPL) is lower, leading to a larger percentage 

hysteresis effect when compared with the descending approach (Figure 41). This is a 

combination of water injection and single-phase pressure drop, as the 25 BC GDL has a 

higher single-phase pressure drop than the 25 BA GDL (~17% higher on average). Thus, 

the percentage change appears smaller for the 25 BC GDL due to the higher ascending 

pressure drop.  

 The effect of the MPL on two-phase flow hysteresis was also studied by comparing 

the 25 DC (20% PTFE, MPL) and TGPH-030 with 20% PTFE GDL (no MPL). These 

results at a stoichiometry of 2 are shown in Figure 40. 
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Figure 40. Effect of MPL on pressure drop : 25 DC (with MPL) vs. TGPH-030 20% PTFE (without MPL) 
at a stoichiometry of 2 [Pgas = 0 kPag, Tgas = ambient, dry air] (reprinted from Anderson et al. [142] with 
permission from Elsevier) 

Both GDLs exhibit pressure drop hysteresis. In this case, the 25 DC GDL has a higher 

overall pressure drop in either approach. However, this does not directly show the 

relative effect of the pressure drop hysteresis. To address this, Figure 41 shows the 

percentage change between the descending and ascending case for the four GDLs. The 

data shows that the 25 DC GDL and 25 BC GDL (both with MPL) allow for water 

breakthrough at a lower simulated current density [143], which reduces the difference 

between the ascending and descending pressure drop since the water influences both 

approaches. For the GDLs with no MPL, the later injection during the ascending 

approach leads to a lower ascending pressure drop and therefore more hysteresis once the 

water breaks through. 
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Figure 41. Percentage change in pressure drop for four GDLs varying PTFE and MPL inclusion(reprinted 
from Anderson et al. [142] with permission from Elsevier) 

However, the results for the TGPH-030 20% PTFE GDL (without MPL) and the 25 DC 

GDL (20 % PTFE with MPL) are quite similar, so it remains uncertain if MPL is a major 

parameter affecting the extent of pressure drop hysteresis.  This is more explicitly 

addressed in Section 4.2.1.2.3.  

4.2.1.2.2 Effect of hydrophobicity 

 Figure 42 b, c, and d show the effect of PTFE treatment by comparing TGPH-030 

with 0% PTFE, TGPH-030 with 20% PTFE, and 25 BA with 5% PTFE respectively 

(none with MPL). The single-phase pressure drop result for each GDL is also included to 

show the influence of two-phase flow on the pressure drop.  
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Figure 42. Effect of PTFE treatment on pressure drop: a) Three GDLs b) THPG-030 with 0% PTFE c) 
TGPH-030 with 20% PTFE d) and 25 BA with 5% PTFE [Pgas = 0 kPag, Tgas = ambient, dry Air] (reprinted 
from Anderson et al. [142] with permission from Elsevier) 

Water breaks through the plain TGPH GDL at a lower flow rate than the TGPH 20% 

PTFE coated GDL, leading to a higher ascending pressure drop (Figure 42a). Due to the 

higher pressure drop in the ascending case, the hysteresis effect is only noted for the plain 

GDL at simulated current densities of 200 mA cm-2 and lower. Water is more efficiently 

removed from the GDL surface with increasing PTFE, and the TGPH-030 20% PTFE 

coated GDL led to a lower ascending pressure drop and therefore a wider hysteresis zone 

when water accumulates in the descending approach. At current densities below 200 mA 

cm-2, the plain GDL also exhibits a larger pressure drop in the descending approach 

compared to the TGPH-030 20% PTFE coated GDL. This may be a result of the reduced 
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PTFE content, which would hinder the droplet’s detachment from the GDL surface due to 

higher hydrophilicity (wetting of the surface) [69].  The 25 BA GDL shows very similar 

results to the TGPH-030 20% PTFE coated GDL. The percentage difference between 

these GDLS, defined as: 

 

 

(46) 

is on average less than 4%. This result indicates that additional PTFE (20% vs. 5%) does 

not influence the extent of the hysteresis. 

 The percentage change between the descending and ascending approach pressure 

drop for the three GDLs in Figure 42 are shown in Figure 43.  

 
Figure 43. Percentage change between the descending and ascending pressure drop for three GDLs with 
PTFE content of 0, 5, and 20% (reprinted from Anderson et al. [142] with permission from Elsevier) 

This figure shows no clear trend, indicating the PTFE treatment is not a major 

consideration in pressure drop hysteresis. Thus, it is important to study each GDL 

individually and evaluate the results in terms of the single-phase pressure drop and the 

percentage change between approaches.  
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4.2.1.2.3 Physical interpretation of GDL results 

As has been discussed, the hysteresis results depend not only on the amount of 

accumulation in the descending approach but also the breakthrough point of liquid water. 

The total amount of water injected into the cathode flow field channels based on the 

volumetric injection rate in Table 4 is shown in Table 11.  

Table 11 Cumulative water injection rates for the entire ascending and descending cycle for simulated 
current densities based on an active area of 35.7 cm2  

Current Density 
(mA cm-2) 

Volumetric liquid 
water  injection rate 

(mL hr-1) 

Cumulative water 
injection (mL) 

50 (ascending) 0.6 0.1 
100 (ascending) 1.2 0.2 
200 (ascending) 2.5 0.6 
400 (ascending) 4.9 1.2 
600 (ascending) 7.4 2.2 
800 (ascending) 9.9 3.5 
600 (descending) 7.4 4.5 
400 (descending) 4.9 5.2 
200 (descending) 2.5 5.5 
100 (descending) 1.2 5.7 
50 (descending) 0.6 5.7 

 
This is important because each GDL can lend itself to a different saturation point before 

breakthrough occurs. Each GDL has its own specific properties: PTFE loading, thickness, 

porosity, air diffusivity, MPL inclusion etc. These properties affect how water breaks 

through from the anode chamber into the cathode flow field channels during the non-

operating tests. To study this point, a given isim was run until breakthrough occurred for 

the 25 BC and TGPH-030 20% PTFE GDLs. The breakthrough time was noted when the 

pressure drop signal suddenly changed, and an example is shown in Figure 44.  
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Figure 44. Breakthrough determination from pressure transducer signals for flow rates corresponding to 
400, 600, and 800 mA cm-2; the breakthrough point occurs when the signal transitions from relatively stable 
to high frequency oscillations (25 BC GDL) 

The x-axis in this case is total data points collected at a frequency of 20 Hz, which for the  

analysis is converted into seconds, and the y-axis is the pressure transducer signal in 

volts. The results shown here make sense; the 400 mA cm-2 test takes longer for water to 

break into the GDL because it has half the volumetric flow rate of the 800 mA cm-2 

simulated current density. The time until injection plotted against isim (25 BC GDL, 

λair=2, T=ambient, dry gas) is shown in Figure 45.  



 112

 
Figure 45. Breakthrough times a) vs. isim b) vs. water injection rate corresponding to a given isim with a 
power law curve fit (25 BC GDL) 

The results in a) and b) have the same shape because the isim and water injection rate are 

coupled Faradaically. The curve fit shows a power law where the exponent is –1.1403. 

This exponent is approximately –1, implying that the injection rate x time is a constant 

value. This result means that each GDL has a specific saturation point (water volume) 

before water breakthrough will occur under a given set of conditions. The implication to 

hysteresis is that the two-phase pressure drop is not noted until water injection has 

occurred. Only then do the removal/accumulation dynamics become important. 

Experimentally, it was determined on average that the total injected volume before 

breakthrough was 1.6 mL under these conditions. However, the coefficient on the curve 

fit (which represents the fitted amount of water injected), is only 0.63 mL. This 

difference is due to the exponent not being –1 exactly. When refitted with the exponent as 

–1 and the coefficient set to 1.6 mL, the following plot was found: 
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Figure 46. Breakthrough times a) vs. isim b) vs. water injection rate corresponding to a given isim with the 
first power law curve fit and a modified power law curve fit with an exponent of –1 and a coefficient of 1.6 
mL (25 BC GDL) 

As shown in Figure 46b, the curve fit with an exponent of –1 and a coefficient of 1.6 mL 

(as found experimentally) is still in good agreement with the data. This agreement means 

that the physical interpretation of the results is adequate; each GDL has a constant water 

saturation volume before breakthrough. Physically, the 25 BC GDL can only hold a 

volume of 0.72 mL (25 BC GDL; l x w x h = 340.1 x 10.4 x 0.235 mm; porosity = 80%), 

which means that the additional water builds up the pressure on the anode side until 

breakthrough can occur. This pressure buildup is likely a function of the aforementioned 

parameters. The pressure drop on the cathode side also increases slightly before the 

breakthrough, as shown in Figure 44. The flooded GDL may act like an impermeable 

solid, which would increase the pressure drop (this is discussed in Appendix C.1.1). 

 This analysis was also done with the TGPH-030 20% GDL with the same result, 

except the coefficient is 1.95 mL (found experimentally). The exact set of factors that 

contribute to this constant saturation volume are not clear. Compared to the 25 BC GDL, 
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the GDL properties are varied (20% PTFE, no MPL, 80% porosity, 0.110 mm thickness), 

and the breakthrough may also be related to the pressure in the cathode channels, which 

is a function of the operating conditions. The unique properties of each GDL further 

highlight why studying pressure drop hysteresis in each GDL is needed and why no 

dominant trends are noted in the percentage change results for the GDLs (varying MPL 

and PTFE).   

4.2.1.3 Effect of simulated current density range 

 The range of the simulated current density was varied by studying ascending 

approaches up to 400 mA cm-2 and up to 1600 mA cm-2. The baseline GDL (SGL 25 BC) 

and baseline operating conditions (dry gas, ambient temperature, λair = 2) were used in 

this study. The results for the final ascending current densities to 1600 mA cm-2, 800 mA 

cm-2 (baseline), and 400 mA cm-2 are shown in Figure 47 a, b, and c, respectively. 
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Figure 47.  Effect of final current density on pressure drop (three ascending/descending approaches): a) 
max isim at 1600 mA cm-2; b) max isim at 800 mA cm-2; c) max isim at 400 mA cm-2 [Pgas = 0 kPag, Tgas = 
ambient, dry air] (reprinted from Anderson et al. [142] with permission from Elsevier) 

If a minimum water injection rate is not reached, as in the case of 400 mA cm-2, there is 

no water breakthrough so no hysteresis is observed. The breakthrough results for 25 BC 

show a 1.6 mL water injection is needed for breakthrough, which is not reached when the 

maximum simulated current density is only 400 mA cm-2 (Table 11). The average 

percentage difference between descending and ascending approaches in this case is only 

6 +/- 1%. For a final current density of 800 mA cm-2, the breakthrough of water causes 

accumulation that cannot be removed effectively by the descending airflow, leading to 

hysteresis. The case of 1600 mA cm-2 follows similar hysteresis behavior in the same 

zone as the 800 mA cm-2 case. However, above a current density of 800 mA cm-2, the air 

flow is able to remove the injected water at a sufficient rate in either approach (similar to 
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the results of using an air stoichiometry of 5). Thus, there is no hysteresis effect in the 

high flow rate range. Below 600 mA cm-2, the high air flow does not remove the liquid 

water, so accumulated water in the channels at lower air flows (below 600 mA cm-2) 

causes a higher pressure drop in the descending case. This establishes two-phase pressure 

drop hysteresis. Compared to the same points in the case of 400 mA cm-2, the average 

percentage change between descending and ascending approach is 56 +/- 12%. 

 Thus, as explained in the GDL breakthrough section, the hysteresis effect is first 

explained by breakthrough, which is GDL dependant, and then by the water removal 

ability of the gas at a given flow rate.  

4.2.1.4 Effect of descending step size 

 In the previous experiments, the simulated current density was incrementally 

increased to 800 mA cm-2 and then descended along the same path (600, 400, 200, 100, 

50 mA cm-2). Four experiments were run to analyze the effect of the initial descending 

step size. Each experiment began at 800 mA cm-2 (no ascending approach) and the 

descending approach step size was changed, with each setting held for approximately 8 

minutes. The experimental approaches are given in Table 12. 

Table 12 Five descending approach experiments to determine the effect of  decreasing step size on pressure 
drop (reprinted from Anderson et al. [142] with permission from Elsevier) 

Trial Number Descending Approach (mA cm-2) 
0 (previous baseline) 800�600�400�200�100�50 

1 800�400�200�100�50 
2 800�200�100�50 
3 800�100�50 
4 800�50 

  

Each cluster of results in Figure 48 shows the total difference in pressure drop between 

the pressure drop at 800 mA cm-2 and the pressure drop at each current density i.e., ∆P800 
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mAcm-2 –∆P50mAcm-2. For example, 800 � 50 mA cm-2 contains five boxes since each trial 

ended at 50 mA cm-2 and 800�600 mA cm-2 only has one box since only one trial 

includes the 600 mA cm-2 operating point.  

 
Figure 48. Difference in pressure drop from the 800 mA cm-2 pressure drop for the five approaches 
described in Table 12 (reprinted from Anderson et al. [142] with permission from Elsevier) 

The results show that the decrease in pressure drop from the pressure drop at  

800 mA cm-2 to each lower current density is similar within experimental error regardless 

of the size of the jump. For example, the pressure drop at 50 mA cm-2 is the same 

whether the path goes from 800�400�200�100�50 mA cm-2 or simply from 800�50 

mA cm-2. This result implies that the balance of water introduced and subsequently 

accumulated at each operating condition quickly reaches equilibrium. However, the 

dynamic behavior of the pressure drop signals is different depending on the size of the 

descending step change, as reflected in the pressure drop signals shown in Figure 49 for 

the two cases of Trial 1 and Trial 4 at 50 mA cm-2. 
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Figure 49. Pressure fluctuation signals for the Trial 1 and Trial 4 approaches (Table 12) to 50 mA cm-2 
(reprinted from Anderson et al. [142] with permission from Elsevier) 

The average pressure drops are within the standard deviation of the data set despite 

clearly different dynamic behavior. The average value and standard deviations of the 

pressure signals for both approaches are calculated and shown in Table 13. 

Table 13 Pressure drop and standard deviations for Trial 1 and Trial 4 paths (Table 12) to 50 mA cm-2 
(reprinted from Anderson et al. [142] with permission from Elsevier) 

 

 

The average value of the pressure drop at 50 mA cm-2 is similar for both cases. However, 

when a multi-step approach is used (800 to 400,200,100,50 mA cm-2), the resulting 

pressure drop at 50 mA cm-2 fluctuates much more than the single-step approach to 50 

Simulated i 
(mA cm-2) 

Pressure Drop 
(Pa) 

∆ P St.dev 
(Pa) 

50 88 57 
100 108 37 
200 199 26 
400 525 23 
800 1074 31 

Simulated i 
(mA cm-2) 

Pressure Drop 
(Pa) 

∆ P St.dev 
(Pa) 

50 59 25 
800 1123 38 
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mA cm-2 from 800 mA cm-2 (standard deviations of 57 and 25 Pa, respectively).  From 

visual inspection using the optical window in the fuel cell, no noticeable/quantitative 

difference was observed in the flow pattern and no large slugs were noticeable. However, 

it is likely more water was accumulated with more steps, hence a slightly larger pressure 

drop and greater oscillations in the pressure drop signal, which is consistent with the 

work of Ma et al. [32]. This is due to the total amount of injected water in each case, 

which is shown in Table 14. In the case of the Trial 1 path, nearly 2.5 mL of water is 

injected vs. only 1.4 mL in the case of the Trial 4 path. 

Table 14 Water injection rates and total cumulative injection amount based on 8 minutes per point for Trial 
1 and Trial 4 from Table 12 and Figure 49  

Current density 
(mA cm-2)-Trial 

1 path 

Volumetric 
liquid water  
injection rate 

(mL hr-1) 

Cumulative 
liquid water 

injection (mL) 
Current density 
(mA cm-2)-Trial 

4 path  

Volumetric 
liquid water  
injection rate 

(mL hr-1) 

Cumulative 
liquid water 

injection (mL) 

800 9.9 1.3 800 9.9 1.3 
400 4.9 2.0 50 0.6 1.4 
200 2.5 2.3    
100 1.2 2.5    
50 0.6 2.5    

 
It should be noted that the potential for additional accumulation would be difficult to see 

visually since the total volume of water injected is so small, but a potential for additional 

accumulation does explain the observed results.  

4.2.1.5 Effect of an initially flooded state 

All previous experiments began with dry cathode flow field channels. However, it is 

also important to explore the pressure drop hysteresis when the channels are already 

flooded since the current density of an operational fuel cell will likely be changed in 

either an ascending or descending manner once water is already in the channels. Initial 

flooding in the channels was accomplished by injecting the cathode flow channel full of 

water with the syringe pump injecting water through the GDL into the channel. Once air 
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flow began, the initial condition in all flooding cases quickly became a combination of 

droplets on the GDL surface, liquid slugs (water droplets touching all four walls), and 

annular droplets (water film on the gold-coated channel walls).  

 The initially flooded case exhibited pressure drop hysteresis, but the ascending 

pressure drop was higher than the descending case. This result is the opposite of the dry 

start case. A typical case is shown in Figure 50 for the SGL 25 BC GDL at an air 

stoichiometry of 2.  

 
Figure 50. Effect of initial condition on pressure drop: dry vs. flooded for the SGL 25 BC GDL [Pgas = 0 
kPag, Tgas = ambient, dry air] (reprinted from Anderson et al. [142] with permission from Elsevier) 

In the dry case, the pressure drop for the ascending case is lower than the descending case 

because the accumulated water from the descending approach is not removed by the 

lower air flow rates. Since the amount of water initially present in the flooded channels is 

greater than the amount accumulating from water breakthrough after a dry start, the 

ascending pressure drop for a flooded start was higher than the initially dry ascending or 

descending pressure drop. Once a sufficient air flow is reached in the initially flooded 

ascending case (e.g. λair=2, i = 800 mA cm-2), most of the initial water is expelled from 

the channels, lowering the pressure drop of the subsequent descending approach. Enough 
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water accumulates in the channel in either case to cause the descending approaches to be 

higher than the ascending approach from a dry start.  The higher descending approach 

from a flooded start can be attributed to the continuous flow of water through the GDL 

since the flooded start begins after breakthrough has already occurred. Thus, more total 

water can enter and subsequently accumulate in the flow field channels in this case.  

 Similar results were observed with the SGL 25 BA (5% PTFE) and TGPH-030 (20% 

PTFE) GDLs. In both cases, the ascending pressure drop was higher than the descending 

pressure drop when the channels were initially flooded. However, a different behavior 

was observed with the plain TGPH-030 (0% PTFE) GDL. The less hydrophobic nature of 

this GDL did not facilitate water removal like the others and no hysteresis effect was 

noted between the ascending and descending cases of the initially flooded experiments.  

 All of these specific results also depend on the surface wettability of the landings and 

channel walls. Bazylak et al. [77] studied surface wettability and showed a hydrophilic 

solid surface, like the gold coated flow field used in this study, favors droplet spreading 

and liquid water entrapment between the GDL and landing width. These observations 

help explain why water spreads in the initial startup of the flooded experiments. In 

addition, land touching droplets tend to grow faster in an operating fuel cell as shown by 

Ous et al. [11], which complicates the water removal mechanism and can influence the 

pressure drop.   

4.2.1.6 Non-operating cold study conclusions  

 Two-phase flow pressure drop hysteresis was studied in a fuel cell in non-operating 

cold model conditions. Hysteresis is noted when the air flow rate and water injection rate 

(determined from Faraday’s law) are increased and then decreased along the same path.  
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Initially, little water is able to enter the channel because the pressure barrier through the 

GDL is too high. At sufficiently high current densities, enough water is forced into the 

cathode flow field channels to cause two-phase flow. As the air flow rate decreases along 

the same path, the water is not sufficiently expelled and remains in the channels, leading 

to a higher pressure drop. This results in pressure drop hysteresis between the ascending 

and descending cases.  The following conclusions were drawn from the non-operating 

experiment:  

1. Two-phase flow hysteresis is noted only once a critical simulated current density 

(water injection rate) is reached to allow sufficient water to enter the channels. 

Thus, a hysteresis zone is only noted when enough water has entered the channels 

and the subsequent descending air flow is too low for water to be removed.  

2.  Two-phase flow hysteresis is eliminated at a stoichiometry of 5. Sufficient air 

flow is able to remove the same amount of water entering the channels in the 

ascending and descending case at this stoichiometry, leaving no residual water to 

induce two-phase pressure drop hysteresis. Stoichiometries less than 5 here lead 

to accumulation at lower air flow rates, causing pressure drop hysteresis.  

3. The inclusion of an MPL and PTFE coating changed the ascending pressure drop. 

In some cases, water is able to break through the GDLs with MPL at lower 

ascending current densities, reducing the extent of the hysteresis. While the GDLs 

with differing PTFE content can have different pressure drops, there is no 

consistent trend between the pressure drop hysteresis results for the GDLs with 0, 

5, and 20% PTFE when no MPL is used. Due to the dissimilar breakthrough 

characteristics, each GDL should be evaluated individually. 
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4. The step size in the descending approach does not affect the magnitude of the 

two-phase flow pressure drop hysteresis. However, the pressure drop signal with a 

large decreasing step size shows lower fluctuations than the signal with more 

small steps.  

5. The hysteresis effect is inverted when the channel starts as initially flooded for the 

25 BA, 25 BC, and TGPH-030 with 20% PTFE GDLs. When water is originally 

in the channels, the ascending pressure drop is higher than the descending case 

since the air flow at low current densities is insufficient to remove the initial 

water. An exception to this is the plain GDL, where no hysteresis is noted for an 

initially flooded case. 

4.3 Pressure drop hysteresis in a non-operating hot model fuel cell4 

This section explores pressure drop hysteresis in a non-operating fuel cell but at 

practical fuel cell operating temperatures with fully humidified air [144]. Thus, it is 

referred to as the non-operating hot model. This section continues the work from Section 

4.2 by making the conditions more relevant to an operating PEM fuel cell. The 

temperature [10,83 ,41], GDL properties [145,16,31], and air stoichiometry [10,83 

,146,38] were chosen for investigation due to their relevance to fuel cell performance 

[10,146,145,16,31] and two-phase flow pressure drop [83,41,38,69]. This section again 

focuses on the GDL, specifically the PTFE content and the inclusion of a microporous 

layer (MPL), since the hydrodynamic conditions in the flow channels differ from those of 

non-operating cold study (Section 4.2). 

                                                 
4 These results were published in [144]: R. Anderson, D.P. Wilkinson, X. Bi, L. Zhang, Two-Phase Flow 
Pressure Drop Hysteresis under Typical Operating Conditions for a Proton Exchange Membrane Fuel Cell, 
ECS Trans. 28 (2010) 127-137. 
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4.3.1 Results and discussion 

The baseline pressure drop hysteresis results explaining this phenomenon are shown 

in Figure 51. The same mechanism is noted for hysteresis in these conditions as was 

discussed in the non-operating cold model case. This is relevant because other pressure 

drop hysteresis results [55] were based on different flow patterns depending on the 

direction the gas flow rates were changed. Here, at simulated current densities < 400 mA 

cm-2, the injected water does not break through the GDL and the pressure drop is similar 

to the behavior of single-phase flow. Breakthrough is first noted at 400 mA cm-2, and the 

two-phase pressure drop for 600 mA cm-2 and 800 mA cm-2 are higher than the single-

phase case. As the simulated current density is lowered on the descending path, the 

pressure drop is greater than both the single-phase case and the ascending approach. This 

behavior occurs when the air cannot convectively remove the water that enters the 

channels. As the water is not removed, the descending pressure drop is continually higher 

than the ascending counterpart. This difference is referred to as the pressure drop 

hysteresis. Exacerbating this problem is the condensation of liquid water, which must be 

considered here as an additional water source [10]. This source is a particular problem 

when fully saturated air is used, since the rate of condensation is much greater than the 

rate of evaporation when the gas stream is fully humidified [147]. 



 125

 

Figure 51. a) Photographs of cathode flow channels at baseline conditions (Table 5) for the ascending and 
descending case of the 50 mA cm-2 simulated current density b) Pressure drop results for the ascending and 
descending paths depicted in (a) (reprinted from Anderson et al. [144] reproduced by permission from 
Elsevier) 

In the 50 mA cm-2 ascending photograph, no liquid water is present due to the low water 

injection rate not producing breakthrough, and only single-phase behavior is observed. In 

the 50 mA cm-2 descending photograph, water not removed by the air flow has 

accumulated in the channels. A closer view into the 50 mA cm-2 descending case shows a 

combination of droplets and film flow developing on the channel walls. The liquid water 

blockage increases the pressure drop, causing the pressure drop hysteresis. In Figure 51b, 

the error bars represent the standard deviation of the data set for the one trial in Figure 

51a. Before water breaks through the GDL (isim < 400 mA cm-2), the pressure drop signal 

is steady and the standard deviation is low, while after this point the two-phase flow 

creates a more oscillatory pressure drop signal, which is indicated in the larger error bars. 

The results are also repeatable between trials, and the error bars in Figure 53d are the 

standard deviation from three trials for the baseline operating case.  
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4.3.1.1 Effect of gas diffusion layer on pressure drop hysteresis 

The chosen GDLs (listed in Table 3) address varying the PTFE content (GDL 

hydrophobicity) and including or excluding a microporous layer (MPL). The remaining 

operating variables are set to the baseline conditions from Section 3.3. These are similar 

to the results shown in the non-operating cold model discussion, but are included here 

since the temperature and relative humidity of the air stream effect the hydrodynamics in 

the channel. Thus, the droplet detachment behavior may differ, warranting further study 

into these GDLs. Each GDL also alters the water injection into the flow field channel, as 

discussed in Section 4.2.1.2.3 on the physical interpretation of the GDL results.  

4.3.1.1.1 Effect of PTFE content on pressure drop hysteresis  

The PTFE results show that the hydrophobicity alone cannot sufficiently describe the 

pressure drop hysteresis, and the water breakthrough point must be considered. These 

results are shown in Figure 52 a-d, which highlights GDLs with 0, 5, and 20% PTFE.  
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Figure 52. a) Percentage change between descending and ascending approach for 3 GDLS b) Pressure drop 
hysteresis for TGPH-030 0% PTFE c) Pressure drop hysteresis for TGPH-030 20% PTFE (d) Pressure drop 
hysteresis for 25 BA 5% PTFE (reprinted from Anderson et al. [144] reproduced by permission of ECS-
The Electrochemical Society) 

Figure 52a shows the percentage change between the descending and ascending pressure 

drops for a given simulated current density (Eqn. 45). These results show that the relative 

degree of pressure drop hysteresis in terms of percentage change is not a function of 

PTFE content. This is consistent with the results of the non-operating cold model study in 

Section 4.2.1.2. Also consistent with previous results, the hysteresis effect is lower at 

higher simulated current densities (higher air flow) due to the convective removal of the 

injected water and higher at lower simulated current densities due to accumulating water 

in the descending approach.  
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Figure 52 b-d show the pressure drop of single-phase flow and two-phase flow for the 

ascending and descending approach for 0, 5, and 20% PTFE GDLs. These results show 

how the hysteresis varies between GDLs due to a differing breakthrough point of liquid 

water, which is apparent when the ascending pressure drop becomes higher than the 

single-phase pressure drop at a given current density. For the 25 BA GDL with 5 % 

PTFE and the TGPH-030 GDL with 20% PTFE, breakthrough occurs for isim ≥ 400 mA 

cm-2, while for the TGPH-030 GDL with no PTFE the breakthrough occurs sooner at isim 

≥ 200 mA cm-2. An earlier breakthrough, as in the case of no PTFE, means the water can 

increase the two-phase pressure drop earlier in the ascending pressure drop, implying that 

the relative increase in the descending approach is lower.  

4.3.1.1.2 Effect of MPL on pressure drop hysteresis 

The inclusion of a microporous layer (MPL) also dictates how water enters the 

cathode flow field channels. The hysteresis results are highlighted in Figure 53.  
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Figure 53. a) Percentage change between descending and ascending approach for 5% PTFE GDLs 25 BA 
and 25 BC b) Percentage change between descending and ascending approach for 20% PTFE GDLs 25 DC 
and TGPH-030 20% PTFE c) Pressure drop hysteresis for 25 DC GDL (d)  Pressure drop hysteresis for 25 
BC GDL (reprinted from Anderson et al. [144] reproduced by permission of ECS-The Electrochemical 
Society) 

Figure 53a and Figure 53b show no correlation between the inclusion of an MPL and the 

pressure drop hysteresis (with PTFE content held constant in each figure). There is also 

no clear trend in terms of the point of water breakthrough, which has an influence on the 

extent of the pressure drop hysteresis. An interesting example of this behavior helps 

explain the results in Figure 53a, where the percentage change both decreases and 

increases with isim for the 25 BA GDL. Particularly interesting is the percentage change 

for the 25 BA GDL at 200 mA cm-2. The pressure drop results that explain this behavior 

are shown in Figure 54; the results highlighted in Figure 54a are examined more closely 

in Figure 54b.  
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Figure 54. a) Pressure drop for the 25 BC and 25 BA GDLs for single-phase, ascending approach, and 
descending approach at all simulated current densities and b)  pressure drop for the 25 BC and 25 BA 
GDLs for single-phase, ascending approach, and descending approach at 200 mA cm-2 (isim) 

The results in Figure 54b show two important points: the 25 BA ascending pressure drop 

is the same as the single-phase pressure drop while the 25 BC GDL has experienced 

breakthrough and its ascending pressure drop is higher than the single-phase; the 

difference between ascending and descending approach is much higher for the 25 BA 

GDL due to the lower ascending pressure drop. Thus, a large percentage change is noted 

at 200 mA cm-2 with the 25 BA GDL, causing the increased hysteresis noted in Figure 

53a. This behavior is consistent over the three trials.  

Overall, the pressure drop hysteresis effect must be evaluated for each GDL due to 

the differing water breakthrough points. These results also suggest that water condensing 

from the humidified air stream plays a role in the accumulation of liquid water, since this 

accumulation can occur independently of the MPL or individual GDL properties.  

4.3.1.2 Effect of air stoichiometry on pressure drop hysteresis 

Air stoichiometry is an important variable in pressure drop hysteresis because a 

sufficiently high air flow can convectively remove residual injected water, negating the 

hysteresis [142]. The results for stoichiometries 1-4 are shown in Figure 55. This variable 
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is important to consider again (having already been established in the non-operating cold 

model study, Section 4.2.1.1) since the temperature and relative humidity effects alter the 

water removal abilities of the air steam. The percentage change between the descending 

and ascending approach is shown in Figure 55a, and the pressure drop hysteresis results 

for stoichiometries 1 and 4 are shown in Figure 55b. All other variables are held at the 

baseline conditions.  

 
Figure 55. Effect of air stoichiometry on pressure drop hysteresis: a) Percentage change between the 
descending and ascending pressure drop at baseline conditions for air stoichiometries 1 through 4, b) 
Pressure drop results for air stoichiometries 1 and 4 (reprinted from Anderson et al. [144] reproduced by 
permission of ECS-The Electrochemical Society) 

To clearly illustrate the relative effect of pressure drop hysteresis, Figure 55a identifies 

three zones (1, 2, and 3) that represent qualitative levels of hysteresis: zone 1 indicates 

low hysteresis while 3 represents high hysteresis. These results show that the higher air 

stoichiometry of 4 is more successful at removing excess water, which reduces the 

overall degree of hysteresis. For a stoichiometry of 4 at simulated current densities ≥ 200 

mA cm-2, the hysteresis is low, while for a stoichiometry of 1 the hysteresis is always at 

least moderate and is high for simulated current densities ≤ 400 mA cm-2. The hysteresis 
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effect is high for isim < 200 mA cm-2 for all stoichiometries studied, even at the higher 

stoichiometries. While higher flows can reduce the hysteresis, it should be noted that high 

stoichiometries are coupled with an additional parasitic power loss due to an increased 

overall pressure drop. Compared to the non-operating cold model (Figure 38), the 

percentage change is higher due to more water accumulation on the descending approach 

from condensation.  

4.3.1.3 Effect of temperature on pressure drop hysteresis 

The effect of temperature is seen on both the overall magnitude of the pressure drop 

and the extent of the pressure drop hysteresis. The temperatures studied were 30oC, 50oC, 

75oC, and 90oC with all other variables at baseline conditions (air stoichiometry = 2, RH 

= 100%, 25 BC GDL). Figure 56a presents the results for the percentage change between 

the descending and ascending curves and Figure 56b shows the pressure drop hysteresis 

results for 30oC and 90oC.  

 
Figure 56. Effect of temperature on pressure drop hysteresis a) Percentage change between the descending 
and ascending pressure drop at 30, 50, 75, and 90oC, b) Pressure drop results for 30oC and 90oC (reprinted 
from Anderson et al. [144] reproduced by permission of ECS-The Electrochemical Society) 
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As shown in Figure 56b, the pressure drop at 90oC in either the ascending or descending 

approach is higher than at 30oC due to the increased gas viscosity and gas velocity at 

higher temperatures. Regardless of the temperature used in this study, at a stoichiometry 

of 2 the Reynolds number of the air is still in the laminar region (for λair = 2, isim = 800 

mA cm-2,T = 90oC, Re ≈ 400). Hysteresis is noted in either case, though it is unclear, 

especially at current densities < 200 mA cm-2, what the relative magnitude of the effect is 

based on Figure 56b alone. Figure 56a addresses this issue by showing the percentage 

change between the descending and ascending pressure drop at a given simulated current 

density for each temperature studied. Lines have again been drawn in Figure 56a for 

qualitative purposes to divide the figure into three regions, 1, 2, and 3, to further show the 

extent of hysteresis. In zone 3, the hysteresis has a major effect relative to the ascending 

pressure drop (>50%). This zone is of particular concern at low temperatures (30oC) and 

low air flows (isim < 200 mA cm-2) because the low air flow rate is insufficient to remove 

excess water and more condensation can occur at lower temperatures. Conversely, zone 1 

has a diminished hysteresis effect (<10%) because the air flow rate is sufficiently high to 

remove residual water injected into the channels. Zone 2 has intermediate hysteresis 

because the moderate air flows can remove some but not all of the residual water, causing 

a higher pressure drop for the descending approach.  

These results show that at 90oC for isim ≤ 200 mA cm-2 the percentage increase in 

pressure drop is between approximately 40 and 60%, while at 30oC the percentage 

increase is between approximately 60 and 200%. This result means a higher temperature 

lowers the relative degree of the pressure drop hysteresis at low isim. However, above 200 
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mA cm-2, the results in Figure 56a show a similar trend and there is no clear influence of 

temperature on the relative influence of the hysteresis effect.   

These results are consistent with theory about water accumulation in the flow field 

channel. Firstly, the higher temperature leads to a slight increase in the gas velocity, 

which increases the convective water removal ability of the air, offsetting accumulation. 

Secondly, the increase in temperature lowers the surface tension of the water [18], 

allowing it to be removed more easily from the flow field channels, again lowering 

accumulation. Finally, the higher temperature gas can evaporate water more readily than 

the lower temperature gas (both in terms of the rate of evaporation and the total amount 

of water vapor that can exist in the gas stream). Thus, 30oC is more prone to additional 

condensation while 90oC is more prone to additional evaporation if there are any local 

deviations from 100% RH.  

4.3.2 Non-operating hot study conclusions 

This work is an extension of the hydrodynamic baseline established in the non-

operating cold model, and here pressure drop hysteresis was noted over a range of 

conditions relevant to an operating fuel cell.  

• Higher air flow rates (either via higher simulated current density or higher air 

stoichiometry) can reduce the extent of the hysteresis. This is because the 

higher air flow rate can convectively remove more water from the descending 

approach, mitigating the accumulation of liquid water. However, the overall 

pressure drop is increased and thus increased stoichiometry alone may not be 

a suitable mitigation strategy.  
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• While the water detachment mechanism can be influenced by the 

hydrophobicity of the GDL due to increased PTFE content, the hysteresis is 

largely related to the mechanism of water accumulation in the descending 

approach. Condensation, which can occur in the flow field channels regardless 

of the GDL, plays a large role in addition to the water breakthrough, which is 

a function of the GDL. The higher two-phase pressure drop occurs once water 

enters the channels, and the breakthrough point can occur at different isim 

depending on the GDL. Thus, each GDL must be studied individually.  

• A higher temperature lowers the relative influence of the pressure drop 

hysteresis, but more energy is needed to sustain higher temperatures, which 

represents another potential parasitic power loss. Greater pressure drop 

hysteresis at lower temperature is due to increased condensation, higher 

surface tension, and lower gas flow rates at lower temperatures, which 

increases the accumulation of liquid water on the descending approach.  
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5 Two-phase flow pressure drop hysteresis in an operating proton 

exchange membrane fuel cell5 

The hydrodynamic baseline for pressure drop hysteresis was established in Chapter 4. 

This chapter explores pressure drop hysteresis in an operating fuel cell at practical fuel 

cell operating conditions [148].The current density is no longer ‘simulated’ since the 

water is produced electrochemically. This is an extension of the work done in the non-

operating setup (Sections 4.2 and 4.3). 

5.1 Introduction 

 As in Chapter 4, pressure drop hysteresis is explored in ascending and descending 

approaches. The ascending approach was as follows: 50, 100, 200, 400, 600, 800, 1000 

mA cm-2. The descending approach was this path in reverse beginning at 800 mA cm-2. 

This includes an additional point on the ascending approach (1000 mA cm-2) compared to 

the path studied in the non-operating setup. This was taken as the approximate maximum 

current density since under these baseline conditions it is close to the limiting current 

density, thus the range covers all current densities possible in this experimental setup. 

The experimental conditions are described in Section 3.4. 

 As in Section 4.3, variables studied include the air stoichiometry, temperature, and 

inclusion of a microporous layer (MPL). The temperature [10,83 ,41], GDL properties 

[145,16 ,31], and air stoichiometry [10,83 ,146 ,38] were chosen for investigation due to 

their relevance to fuel cell performance [10,145 ,16 ,31 ,146] and two-phase flow 

pressure drop [83,41 ,38 ,69]. An empirical approach to predicting the two-phase pressure 

drop based on the Lockhart-Martinelli approach is presented. A purging method is also 

                                                 
5 Portions of these results were published in [148]: R. Anderson, D.P. Wilkinson, X. Bi, L. Zhang, Two-
phase flow pressure drop hysteresis in an operating proton exchange membrane fuel cell, J. Power Sources 
196 (2011) 8031– 8040.  
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presented that can lower the pressure drop hysteresis. This chapter also includes a 

summary and comparison of the three experimental approaches (non-operating cold 

through operating) with a focus on dimensionless correlations. This work concludes with 

a preliminary study into pressure drop hysteresis in a more typical (non-visualization) 

fuel cell.  

5.2 Experimental results and discussion 

 Pressure drop data and polarization curves are presented for the variables studied. It 

should be noted that while the ascending and descending approaches show differences in 

pressure drop, the electrochemical performance in either approach is generally within 10 

mV at a given current density. Thus, only the ascending approaches of the 

electrochemical polarization curves are presented for clarity unless otherwise noted. Also, 

in the visualization cell, the limiting current density is approached or reached at 

approximately 1000 mA cm-2, leading to low repeatability and accuracy at these points. 

These data points are included only to indicate that the fuel cell has reached the limiting 

current density. The results also indicate that this fuel cell performs as well as or better 

than other visualization cells with parallel channels in the literature [10], where it is noted 

that visualization cells have lower performance than traditional fuel cells [149]. These 

losses are often attributed to ohmic losses due to the novel materials used in transparent 

cells. However, this effect is not limiting behavior here since the gold coating of the flow 

field plates provides sufficient conductivity. For the visualization cell in this thesis, there 

are losses at higher current densities due to reactant movement between flow field 

channels due to imperfect sealing and compression between the optical manifold and the 

flow field plate. Since the transparent fuel cells allow direct observation of the water in 
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the cathode channels, the reduction in performance towards higher current densities is 

considered acceptable.  

 The pressure drop data is presented as the percentage change between the descending 

and ascending approach (Eqn. 45) and also as the two-phase flow multiplier (Eqn. 37). 

The two-phase flow multiplier is utilized in the operating fuel cell pressure drop analysis 

because the overall pressure drop is closely tied to the overall efficiency of the fuel cell. 

Thus, the relevance to the PEM fuel cell is more clearly highlighted.  

5.2.1 Causes of pressure drop hysteresis in an operating fuel cell 

 Pressure drop hysteresis results for air stoichiometry 1.5 are shown in Figure 57a. A 

stoichiometry of 1 was not considered due to unstable electrochemical performance. The 

highlighted area focuses on the hysteresis, where the descending pressure drop is higher 

than the ascending pressure drop at current densities  < 200 mA cm-2. The magnitude of 

the pressure drop is consistent with fuel cell literature for parallel channels [149,150]. 

Figure 57b shows the ratio of the descending pressure drop to the single-phase pressure 

drop at all stoichiometries studied and at each current density (descending two-phase 

flow multiplier). The fitted surface plot is provided for visualization purposes. It is 

apparent that there is a sharp increase in pressure drop at lower current densities and 

stoichiometries. The pressure drop behavior is important at lower current densities 

because low loads are often used for high energy conversion efficiency [205] and 

dynamic automotive fuel cells often operate at less than 20% of the rated power, making 

the regime of lower gas flow important [151]. Lu et al. [62] also showed that flow 

fluctuation is greatest at low flow and the two-phase flow multiplier (in the range of 1.5-

2.5) is also higher at lower air flow. 
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Figure 57. a) Pressure drop results for λair = 1.5; b) Ratio of the descending pressure drop to single-phase 
pressure drop at λair = 1.5, 2, 3, 4 for all current densities (reprinted from Anderson et al. [148] with 
permission from Elsevier) 

At an air stoichiometry of 1.5, the two-phase pressure drop in both the ascending and 

descending approach is higher than the single-phase pressure drop at current densities ≥ 

200 mA cm-2. Also, at i > 200 mA cm-2, the ascending and descending approach exhibit 

similar behavior, meaning that there is similar two-phase behavior in either approach. 

However, below 200 mA cm-2, the descending pressure drop is noticeably higher at the 

lower stoichiometry due to more liquid water accumulating in the descending approach. 

As in the case of the non-operating hot model, water enters the flow field channels via 

two mechanisms: i) liquid water breakthrough from the GDL and ii) humidified gas 

condensation. Condensation is a particular problem since the rate of condensation is 

greater than the rate of evaporation when the gas stream is at 100% relative humidity 

[152]. These relative rates of evaporation and condensation mean the liquid water must 

be removed convectively.  

 The hysteresis highlighted in Figure 57a is explained by an accumulation of liquid 

water in the descending approach that is greater than the accumulation in the ascending 

approach. Water accumulation during the ascending and descending approaches at 50 mA 
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cm-2 at baseline conditions (Table 6) is shown in Figure 58a and Figure 58b, respectively. 

The same location is photographed in both approaches at the channels’ exit.  

 
Figure 58. a) Cathode flow channels at 50 mA cm-2 for an ascending path; b) Cathode flow channels at 50 
mA cm-2 for a descending path; λair = 1.5 with all other conditions at the baseline (Table 6) (reprinted from 
Anderson et al. [148] with permission from Elsevier) 

In the ascending approach, the only two-phase flow pattern is a mist flow that develops 

on the manifold surface (top wall). In the descending approach, accumulated liquid water 

led to a combination of slugs, films, wall droplets, and manifold droplets. It is also 

interesting to note that these descending flow patterns vary with channel, indicative of 

two-phase flow maldistribution. The increased flooding causes an increase in the pressure 

drop, resulting in pressure drop hysteresis. Spernjak et al. [149] found a similar flooding 

mechanism in parallel channels via neutron imaging, where stationary droplets grew over 

time to form slugs before expulsion. Cathode water accumulation is also noted by 

Kimball et al. [71] when the cathode is facing ‘up’, where gravity acts to pull the droplet 

onto the GDL perpendicular to the direction of flow. By a similar mechanism, the slightly 
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higher ascending pressure drop (at 400 and 600 mA cm-2) is likely due to some water 

condensation at the lower flow rates. This water is convectively removed by higher air 

flow rates later in the ascending approach (800 mA cm-2) and does not re-accumulate in 

the descending approach at the moderate to high current densities (at i ≥ 400 mA cm-2 the 

higher flow rates are less prone to this condensation). 

 The mechanism described here qualitatively matches the experimental results from 

the non-operating studies [142,144]. A comparison between the current operating study 

and the non-operating hot model fuel cell results are shown in Figure 59a and Figure 59b, 

respectively. Both experiments are with the 25 BC GDL at 75oC with fully humidified air 

and an air stoichiometry of 2. However, in the non-operating case, the pressure is ambient 

(vs. 206.8 kPag in the operating cell) and water was injected externally into the cathode 

to simulate water production under the assumption that all of the water would enter the 

cathode. As that assumption is removed in the operating fuel cell, the hysteresis zone 

changes but is still a relevant consideration. In the non-operating case, the overall 

pressure drop increases due to the increased gas velocity (no increased backpressure). 

GDL saturation and water breakthrough dynamics can also be alerted in the operating 

case since electrochemically produced water is distributed with the current distribution. 

Also in the operating cell, water can move toward the anode, which limits the amount of 

water entering the cathode, reducing the impact of two-phase flow. However, this 

transport mechanism is likely small when both anode and cathode gas streams are fully 

humidified. Thus, in fuel cells experiencing little anode water removal, cathode pressure 

drop hysteresis may be a greater concern.   
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Figure 59. Pressure drop results at the baseline conditions for a) the operating fuel cell (baseline conditions 
from Table 6); b) the non-operating hot fuel cell (T = 75oC, RH = 100%, GDL = SGL 25 BC, Pgas = 0 
kPag) (reprinted from Anderson et al. [148] with permission from Elsevier) 

 These results are also relevant to fuel cells with typical graphite bipolar plates. The 

water emerging from the hydrophobic GDL surface can spread to the hydrophilic walls as 

shown in Figure 58b. In this study, the contact angles of the gold-coated flow field plates 

and the clear manifold are both ~60o. These values are comparable to typical graphite 

plates where the contact angle is between 70-80o [23], with some experimental graphite 

plates measured lower at 46o [77]. Graphite plate fuel cells thus approximately match the 

wetting properties of the experimental apparatus utilized in this study. Preliminary 

pressure drop hysteresis results in typical graphite plates are discussed in Section 5.5.  

5.2.2 Effect of stoichiometry 

The additional accumulation of water between descending and ascending approaches 

depends on the ability of the air to convectively remove the liquid water, which is 

dependent on the gas velocity and therefore gas stoichiometry. Air stoichiometries of 1.5, 

2, 3, and 4 were studied as practical fuel cell stoichiometries. This variable is again 

studied in pressure drop hysteresis (having previously been explored in Chapter 4) 
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because the increased backpressure reduces the velocity of the air, altering the 

hydrodynamics in the flow field channels. The remaining operating conditions were set to 

the baseline conditions described in Table 6. To gauge the extent of the hysteresis, the 

percentage change between the descending and ascending approach is used, which is 

defined previously in Eqn. 45.  

The results of this analysis are shown in Figure 60a along with the electrochemical 

performance results shown in Figure 60b. The pressure drop hysteresis is clearly noted at 

current densities < 200 mA cm-2.  In this region, the percentage change between 

approaches is most noted for the lowest stoichiometry, 1.5, and is reduced with each 

increase in air flow rate. The increasing air flow rate (and therefore increasing convective 

water removal ability) allows less accumulation of liquid water in the descending 

approach, causing the hysteresis to diminish; the air velocity at a stoichiometry of 1.5 is 

0.08 m s-1 and at a stoichiometry of 4 is 0.21 m s-1. The Reynolds number for this 

situation is discussed in greater depth in Section 5.3.1 (Figure 77).  

A percentage change less than zero (200-600 mA cm-2) indicates the descending 

pressure drop is lower than the ascending pressure drop, which is the result of slight 

condensed water accumulation on the ascending approach that is subsequently removed 

before the descending approach. However, this is a minor effect compared to the lower 

current densities.   
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Figure 60. a) Percentage change between descending and ascending pressure drop for λair = 1.5, 2, 3, 4; b) 
Ascending polarization curves for λair = 1.5, 2, 3, 4 (reprinted from Anderson et al. [148] with permission 
from Elsevier) 

The two-phase flow multiplier for the ascending and descending approaches is 

highlighted in Figure 61a and Figure 61b, respectively. The ascending approach 

highlights the increased pressure drop due to two-phase flow, meaning that the product 

water and condensation are increasing the pressure drop. This influence is seen at all 

stoichiometries, which implies that the product water represents an inevitable parasitic 

power loss for the system due to an increased pressure drop. The descending approach 

two-phase flow multiplier shows a large increase in the multiplier in the hysteresis zone 

(< 400 mA cm-2). As discussed, it is at these lower current densities where additional 

water accumulates since the low air flow cannot convectively remove the liquid water. 

The descending two-phase multiplier is also shown in Figure 57b for describing the 

general mechanism of pressure drop hysteresis.  



 145

 

Figure 61. Two-phase flow multiplier for air stoichiometries of 1.5-4 for a) the ascending approach and b) 
the descending approach with the higher two-phase flow multiplier at low air flow rates highlighted 
(reprinted from Anderson et al. [148] with permission from Elsevier) 

 In addition to larger pressure drop hysteresis, the fuel cell does not perform as well  

electrochemically at an air stoichiometry of 1.5 compared to higher stoichiometries. The 

lower performance is further exacerbated by voltage signal fluctuations at low current 

densities, which improve with increasing air stoichiometry as shown in Figure 62. The 

voltages signals at 100 mA cm-2 are shown in Figure 62 for the stoichiometries studied.  
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Figure 62. Voltage signals at 100 mA cm-2 at a) λair =1.5; b) λair = 2; c) λair = 3; d) λair = 4 showing 
improved stability with stoichiometry (reprinted from Anderson et al. [148] with permission from Elsevier) 

While there is not a direct relationship between the pressure drop hysteresis behavior and 

the overall voltage signal, increased flooding at lower flow rates clearly affects the 

overall stability of the voltage signal. Lower flows can also cause maldistribution in flow 

field channels and from cell to cell in stacks. A stable signal is advantageous in operation, 

so mitigating flooding in either approach (ascending or descending) is a priority.  

5.2.3 Effect of temperature 

 The pressure drop hysteresis and cell performance were measured at 50, 75, and 

90oC. All other operating conditions were set to the baseline conditions in Table 6. The 

percentage change between the descending and ascending approaches at these 

temperatures and the electrochemical performance are shown in Figure 63a and Figure 

63b, respectively. It should be noted that at high current densities (around 1000 mA cm-2) 

the voltage oscillations were very large and not every trial was able to sustain the voltage. 

Thus, the accuracy of these high current density values is reduced and the data is shown 

only to point out the limiting current density behavior.  
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Figure 63. a) Percentage change between descending and ascending approaches for T = 50, 75, 90oC and 
b) Ascending polarization curves for T = 50, 75, 90oC (reprinted from Anderson et al. [148] with 
permission from Elsevier) 

The lowest temperature has the highest extent of hysteresis, and the hysteresis is reduced 

with increasing temperature until at 90oC there is little hysteresis. These results are due to 

the increased air velocity and lower surface tension at higher temperatures, which results 

in higher convective removal abilities. The increased hysteresis at lower temperatures is 

also due to the increased condensation rates at lower temperature, resulting in more liquid 

water accumulation. Also, air at 90oC can evaporate liquid water (if the RH drops below 

100% locally) at a faster rate than 50oC [152], which lessens the accumulation at higher 

temperatures. The higher overall pressure drop at 90oC also means more water can exist 

in the vapor phase in the gas stream, lowering the effect of condensation in the channels. 

More liquid water present in the flow channels at lower operating temperatures also 

agrees with the work of Liu et al. [10] and Owejan et al. [151], who noted liquid water is 

a problem for automotive applications traveling short distances where lower temperature 

operation is expected.  
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As with the stoichiometry, the two-phase flow multiplier provides additional insight 

into the influence of the two-phase flow pressure drop. Figure 64a and Figure 64b show 

the two-phase flow multiplier for the ascending and descending approaches, respectively, 

at 50, 75, and 90oC. For all the temperatures during the ascending approach, the value of 

φ2-phase stays less than 2 and in some cases is approximately 1. This increase in pressure 

drop from the single-phase is caused by the two-phase flow resulting from water 

breakthrough and humidified gas condensation. However, in the descending approach at 

these temperatures, additional water accumulates and increases the pressure drop, shown 

by the increased φ2-phase for current densities < 400 mA cm-2.  This corresponds directly 

with the hysteresis zone in Figure 63a.  

 
Figure 64. a) Two-phase flow multipliers for a) the ascending approach; b) the descending approach with 
the higher multipliers at low air flow rates and low temperatures highlighted (reprinted from Anderson et 
al. [148] with permission from Elsevier) 

5.2.3.1 Hysteresis at low temperatures, 30oC 

The value of the two-phase flow multiplier for 30oC rises higher than the other 

temperatures on the ascending approach due to the increase in the cell temperature caused 
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by the heat of reaction. This issue is further noted in the descending case where the two-

phase flow multiplier at 30oC ranges from 2-5, highlighting the combined effects of 

higher temperature gas and liquid water accumulation. The temperature profiles for the 

30oC trial and the 75oC baseline are shown in Figure 65, indicating that the heat from the 

reaction heats the fuel cell even though the temperature is set at 30oC (the surrounding air 

is unable to remove the additional heat). A higher current produces more heat, and thus 

the temperature rises and falls with an increase and decrease in the operating current. 

Dillet et al. [137] noted significant thermal gradients in their visualization cell as well. 

The additional heat increases the air temperature, causing an increase in the air viscosity 

and velocity, which results in a higher pressure drop.  

 
Figure 65. Effect of heat of reaction with an increase in current density on cathode plate temperature: a) 
Cathode plate temperature profile for Tsetpoint = 30oC b) Cathode plate temperature profile for Tsetpoint = 75oC 

Since the temperature at 30oC could not be controlled, the results were not further 

analyzed, and no other electrochemical studies were performed at 30oC.  

5.2.4 Effect of microporous layer (MPL) 

 Lu et al. [153] studied the breakthrough and two-phase flow characteristics of GDLs 

with and without a microporous layer. Their work shows that GDLs with an MPL exhibit 



 150

lower GDL saturation and that the MPL promotes stable water paths with fewer water 

entry points into the GDL. Conversely, GDLs without an MPL exhibit greater saturation 

and dynamic breakthrough locations into the flow channels. The observed effect on two-

phase flow in the flow channels was that GDLs without an MPL had more uniform water 

breakthrough over the GDL surface, leading to film flow on the channel walls, while the 

GDLs with an MPL tend toward the formation of slug flow.  

 The results for SGL 25 BC (with MPL) and SGL 25 BA (without MPL) on the 

cathode side are presented in Figure 66. All other operating conditions are at the baseline 

conditions shown in Table 6. While the 25 BC GDL outperforms the 25 BA GDL 

electrochemically, which is consistent with the literature [16,31], there is no clear 

difference in the pressure drop hysteresis, which is consistent with the results of the non-

operating hysteresis studies in Section 4.2 and 4.3. The percentage change shows similar 

behavior between descending and ascending pressure drop for the two GDLs, with each 

GDL exhibiting hysteresis behavior at current densities < 200 mA cm-2.  
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Figure 66. Effect of MPL on a) Percentage change between descending and ascending pressure drop for 25 
BC (MPL) and 25 BA (no MPL) and b) Polarization curves at baseline conditions for 25 BC (MPL) and 25 
BA (no MPL) (reprinted from Anderson et al. [148] with permission from Elsevier) 

With or without MPL, Figure 67b shows both GDLs exhibit similar single-phase 

behavior (gas-phase only with no electrochemical reaction) and show similar ascending 

and descending pressure drop behavior. This result means that while the method of water 

injection may differ, the bulk influence of the liquid water on the two-phase flow 

pressure drop is similar. The similar influence of the two-phase flow is highlighted in 

Figure 67a, where the two-phase flow multiplier is similar for either GDL for both the 

ascending and descending approach, with the major influence of the liquid water being 

consistently noted below 200 mA cm-2. These results do not necessarily contradict the 

MPL influence/flow pattern developments discussed previously by Lu et al. [153] 

because for the superficial gas and liquid velocities in this work, our results are consistent 

with their flow pattern map, where slug flow is expected with either the 25 BC or 25 BA 

GDL. It should also be noted that those results were obtained with an ex-situ apparatus 

(no electrochemical reaction, external water injection), and Lu et al. [153] pointed out 
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that in-situ results [23,154] have shown more droplets on the GDL surface due to water 

vapor being transported from the active catalyst layer through the MPL, which is 

consistent with this work.   

 
Figure 67. Effect of MPL on a) Two-phase flow multiplier and b) Pressure drop results for 25 BA and 25 
BC for single and two-phase flow (reprinted from Anderson et al. [148] with permission from Elsevier) 

5.2.5 Further investigation into low current densities 

As the hysteresis effect is not large at higher current densities, additional current 

densities were studied below 200 mA cm-2. These results are presented here in Figure 68, 

which shows the percentage change between descending and ascending approach for the 

baseline case and the case with additional data points at low current densities. The 

behavior in both tests is similar with the inclusion of the additional data points.  
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Figure 68. Percentage change between the descending and ascending pressure drop for the baseline case 
(50, 100, 200, 400, 600 mA cm-2) and the case with more low current densities (50, 75, 100, 125, 150, 200, 
400, 600 mA cm-2) 

Since the magnitude of the pressure drop can be path dependant, the two-phase flow 

multiplier for the baseline and path with additional low current densities is shown in 

Figure 69.  

 
Figure 69. Two-phase flow multiplier comparing the baseline path (50, 100, 200, 400, 600 mA cm-2) to the 
new path (50, 75, 100, 125, 150, 200, 400, 600 mA cm-2) for a) the ascending approach and b) the 
descending approach 
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The new path raises the pressure drop more than the baseline path in both the ascending 

and descending cases. This is due to more water breaking through the GDL at the lower 

current densities and additional water condensation from humidified reactants. This is 

particularly relevant in the ascending approach. 

5.2.6 Two-phase flow pressure drop prediction 

While the single-phase pressure drop in laminar conditions is well predicted and 

understood, predicting the two-phase pressure drop relies on empirical approaches. The 

Lockhart-Martinelli (LM) approach is often used to predict the two-phase flow pressure 

drop. The LM approach uses the two-phase flow multiplier, which is the ratio of the two-

phase pressure drop to the single-phase pressure drop as discussed in the experimental 

results (Eqn. 37). The two-phase multiplier is correlated to the Martinelli parameter, χ
2, 

which is defined by: 

 

g

l2

∆P

∆P
=χ  

(47) 

Chisholm correlated φ2-phase as a function of χ2 with a constant, C, where C is a flow-

regime dependant parameter.  

 

g

gl2
phase2

∆P

∆P
χCχ1φ =++=−  

(48) 

For laminar liquids and gases, a value of C = 5 is typically used, though English and 

Kandlikar [53] modified C for non-circular minichannels.   

 However, Zhang et al. [155] found that this correlation did not match experimental 

data when permeable walls were considered. Thus, these correlations are not appropriate 

for fuel cells due to the porous GDL. To correct this problem, they proposed a variation 
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of liquid water velocity along the channel, which should more closely resemble the actual 

water flow in a PEM fuel cell. This type of flow is shown in Figure 70.   

 

Figure 70. Fuel cell water injection schematic showing water injection rate as a function of channel length 
(reprinted from Anderson et al. [148] with permission from Elsevier) 

Assuming liquid is introduced continuously from a permeable wall, the pressure drop can 

be expressed as: 

 dx∆P)χCχ(1dx∆PφPP gx
2

g2dxxx ++==− +  (49) 

where the χ2 parameter is determined by the local liquid velocity: 
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x

2

µu

µ|u
|χ =  

(50) 

where µ refers to the viscosity and u refers to the velocity of the respective fluids. In 

theory, the liquid velocity should follow a linear relationship with the pressure difference 

assuming the water flowing through the porous media obeys Darcy’s law. Integrating the 

above expression for a uniform and non-uniform (linear relationship with pressure) case, 

the expressions for the two-phase pressure drop predications for both uniform and non-

uniform injection are [156]: 

uniform:  

 ( ) ( )( )2
ggl χ1/2Cχ2/31∆P∆P ++=  (51) 
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non-uniform: 

 ( ) ( )( )2
ggl χ1/3Cχ1/21∆P∆P ++=  (52) 

 The Martinelli parameter is particularly interesting in fuel cells because for a given 

set of conditions it is constant at every current density due to the coupling of the gas and 

liquid flow rates via Faraday’s law. For typical fuel cell operating conditions, χ
2 < 0.1. 

For the operating conditions studied during the electrochemically active hysteresis 

experiments (T = 50-90 oC, λair = 1.5-4), typical values were χ
2 < 0.02. The results of this 

analysis are shown in Figure 71 with the classic approach, uniform injection approach, 

and non-uniform injection approach highlighted. The two-phase flow multiplier presented 

here is the average multiplier at a given condition for the ascending approach, excluding 

the initial 50 mA cm-2 data point since this is confirmed as single-phase flow (φ2-phase = 

1).  The liquid water velocity is calculated from the volumetric water production rate 

divided by the cross sectional area of the channels, which assumes all product water 

enters the cathode channels.  
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Figure 71. Ascending approach experimental data and two-phase flow pressure drop prediction for the 
classic, non-uniform, and uniform approaches (reprinted from Anderson et al. [148] with permission from 
Elsevier) 

There is some agreement between the data and the modified predictions for non-uniform 

and uniform water introduction. Generally, the classic approach over-predicts the data. 

The descending approach is currently neglected since the models do not take into account 

the additional accumulation of liquid water in the flow field channels during the 

descending approach, which greatly raises the experimental values of φ2-phase. Two-phase 

flow multipliers reaching as high as 10 at low gas velocities (where liquid water 

accumulation is highest) [157] have been studied in ex-situ experiments, though it should 

be noted that study only had reasonable agreement with the LM approach at high gas 

flow rates, and the multiplier values are high compared to other studies [38].  

While the prediction here is satisfactory on the ascending approach, the model fails to 

capture all of the water transport phenomena occurring within the fuel cell. In particular, 

it neglects the effect of condensation on the total amount of water in the channel. Also, 

the magnitude of the constant C may be optimized for fuel cell applications, where 
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multiple and changing flow patterns can exist. These results illustrate a method to 

establish expected two-phase pressure drop values due to the unavoidable influence of 

liquid water in the fuel cell.  

5.3 Comparing the three hysteresis sections 

The three hysteresis sections increased in complexity and relevance to PEM fuel cells 

from external water injection at ambient conditions to electrochemical water production 

at typical PEM operating conditions. The sections were analyzed separately due to the 

largely different operating conditions. These differences included water 

injection/production method, gas temperature and pressure (therefore gas velocity), and 

gas humidification (another potential water source term). Furthermore, no dimensionless 

analysis (such as using the gas-phase Re) was able to normalize the data for a direct 

comparison. However, it is still useful to compare the results together to further 

understand the results and differences. Two common variables studied in each case are 

air stoichiometry and GDL. This section focuses on the baseline air stoichiometry of 2 

(most typical of fuel cell operation) and the 25 BC vs. 25 BA GDL (MPL vs. no MPL).  

The single-phase pressure drop at the baseline conditions and an air stoichiometry of 

2 are shown in Figure 72. These results show the inherent differences in flow conditions 

between the three hysteresis studies.  
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Figure 72. Comparing the pressure drop at baseline conditions for the three hysteresis sections (non-
operating cold model, non-operating hot model, and operating); all at λair = 2 with the 25 BC GDL 

The non-operating cold fuel cell (ambient conditions) has the lowest pressure drop. When 

the gas was heated and humidified, as was the case of the non-operating hot fuel cell, the 

change in gas properties and the potential for condensation caused the pressure drop to 

greatly increase. However, since the operating fuel cell operates at 206.8 kPag 

backpressure, the gas velocity decreases.  The lower velocity decreases the pressure drop 

back to a value near the non-operating cold fuel cell. These variables factor into the 

single-phase Reynolds number. Any changes in the hysteresis behavior have to be 

analyzed with this context in mind. 

The percentage change between descending and ascending approach along with the 

two-phase flow multiplier for each approach is shown in Figure 73. Lu et al. [62] show 

results of similar magnitude for two-phase flow multiplier in an ex-situ approach (in the 

range of 2-3 at low flow rates). In each case here, the same air stoichiometry, GDL, and 

flow field is used.  
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Figure 73. Comparing the three hysteresis studies (non-operating cold model, non-operating hot model, 
and operating) in terms of: a) Percentage change between descending and ascending approach b) two-phase 
flow multiplier for the ascending and descending approach  

The two-phase flow multiplier is highest in the ascending approach for the non-operating 

cold model fuel cell. This result can be explained by the lowest experimental single-phase 

pressure drop in Figure 72. Since the single-phase pressure drop is so low, the influence 

of the injected liquid water is more pronounced. Also, the descending approach two-

phase flow multiplier is the lowest in this study. Thus, the percentage change between 

approaches is diminished. Conversely, in the active fuel cell the ascending two-phase 

flow multiplier is lowest and the descending two-phase flow multiplier is highest. The 

higher descending multiplier is explained by the low air velocity, which causes an 

increase in condensation and a decrease in the convective removal abilities (increase in 

accumulation). Thus, the percentage change between approaches appears very high. 

These results stress the importance of initial condition, single-phase pressure drop, and 

water injection/accumulation method.  
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Each study also compared the 25 BC and 25 BA results. In each case, the effect of 

MPL was ambiguous. Comparing the results in terms of percentage change between 

descending and ascending approach, Figure 74 shows no clear trends. As with the case of 

the stoichiometry, each study changed the gas properties and velocities, which had an 

influence on the results. The effect of the MPL was not consistent between trials.  

 
Figure 74. Percentage change results for all three studies (non-operating cold model, non-operating hot 
model, and operating) for the 25 BC GDL vs. 25 BA GDL 

This may be due to the changes in water injection method, changes in GDL saturation, 

and changes in the resultant flow patterns in the channel. The spread in the data does not 

seem to support any consistent trend, showing the complexity and often debated effects 

of the MPL.  

5.3.1 Additional dimensionless groups 

The Quraishi-Fahidy method is a simplified dimensional analysis procedure that is useful 

when the equations involved contain a large number of parameters [158,159]. Quraishi-

Fahidy used this method for the single-phase continuity equation and the equation of 

motion as governing equations. They note several dimensionless variables relevant to 
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Newtonian fluid flow, including the Reynolds number (Re), Froude number (Fr), Weber 

number (We), friction factor (f), and Euler number (Eu). Algebraic combinations of these 

groups can then form other dimensionless groups, including the Bond number (Bo i.e. 

Eötvös number), Laplace number (La), and Capillary number (Ca). An explanation of 

dimensionless groups studied in literature relevant to PEM fuel cells is shown in Table 

15.  

Table 15 Relevant dimensionless groups in fuel cell flow channel analysis including the relevant forces 
considered and typical values in PEM fuel cells 

Dimensionless Group Equation Forces in Ratio Explanation/Values 
Reynolds (Re) 

η

vD

µ

vρD
Re ==  

Inertia: Viscous Stoich 2, ambient conditions 
Re < 500 
 
 

Bond (Bo) 

σ

ρgL
Bo

2

=  
Body: Surface tension Liquid water holdup is a 

concern for low Bond number 
(10-4

≤Bo≤10-1) numbers [10] 
 

Weber (We) 

σ

Lvρ
We

2

=  
Inertia: Surface tension Plug to stratified transition 

~0.25 (specific GDL setup) [54] 

    
Capillary (Ca) 

σ

vµ
Ca =  

Viscous: Surface 
tensions 

0.014 to 0.219, droplet 
deformation was a strong 
function of Ca when it is large 
[79] 
 

Laplace (La) 

2
µ

ρL
La

σ=  
Surface tension: 
momentum 

Liquid water holdup is a 
concern for low La numbers:  
(103

≤La≤105) [10] 
 
As was discussed in the literature review, these numbers are particularity difficult to 

introduce into the fuel cell flow channel because 1) the gas-liquid ratio is so large 2) the 

contact angles vary 3) the GDL is porous and the water introduction is from this GDL 

surface. The various contact angles used in this study are displayed in Figure 75. 
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Figure 75. Schematic of the hydrophobicity of the materials in the visualization cell flow channels 
including the GDL (‘bottom’ wall), gold coated flow field plate (‘side’ walls), and acrylic manifold (‘top’ 
wall) 

The visualization cell has shown that the water often collects on the gold sidewalls and 

the top acrylic manifold. This problem is in addition to water breaking through the GDL. 

Thus, dimensionless numbers relying on surface tension are not directly applicable to the 

PEM fuel cell to help normalize the three sets of experiments, suggesting the pressure 

drop hysteresis should be examined on a case-by-case basis depending on the 

experimental setup.  

 The results for the Re vs. the percentage change between approaches are shown in 

Figure 76, as they do not rely on the surface tension.   
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Figure 76. Comparing the three hysteresis studies (non-operating cold model, non-operating hot model, 
and operating) in terms of: a) Percentage change between descending and ascending approach b) two-phase 
flow multiplier for the ascending and descending approach 

These values refer to the baseline testing conditions for each of the three hysteresis 

studies. As can be seen, the Re does not predict the results. This is because the two-phase 

behavior is not captured by this dimensionless parameter.  

While it is difficult to use dimensionless numbers to compare the three approaches 

(active, non-operating hot, non-operating cold), the Re number analysis is very consistent 

between the 4 stoichiometries studied in the active cell (1.5, 2, 3, and 4) and is somewhat 

consistent between the three temperatures (50, 75, and 90oC). The percentage change 

between descending and ascending approaches at the gas-phase Re for each of these trials 

is shown in Figure 77.  

 



 165

 
Figure 77. Percentage change between approaches vs. gas-phase Re for a) temperatures studied b) 
stoichiometries studied 

In Figure 77b, the percentage change clearly follows the Re. In some cases, the same Re 

occurs twice (ex. stoichiometry of 2 at i = 400 mA cm-2 and stoichiometry of 4 at i = 200 

mA cm-2), and the percentage change results are very similar. However, in Figure 77a at 

Re < 50, the percentage change between approaches does not exactly follow Re. This is 

because the condensation/evaporation rates and the surface tension change with 

temperature, where lower temperatures exacerbate the flooding problem. Thus, the 

hysteresis problem cannot be analyzed in terms of the Re in these cases. 

5.4 Operating fuel cell: Mitigation via purging 

 A purging strategy is proposed that can reduce the two-phase flow hysteresis for the 

baseline operating conditions in the operating fuel cell. The purge consists of temporarily 

increasing the gas stoichiometry to remove accumulated water in the flow field channels. 

This strategy works because the drag force on the liquid water in the channels increases 

with the gas velocity, which can cause droplet instability and eventually detachment [69]. 

However, an excessively long purge will increase the overall pressure drop, while too 

short of a purge will not remove enough liquid water. Longer purges can also dry out the 
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membrane, which would cause an undesirable increase in the membrane resistance 

[86,102,85]. While several purging strategies were examined (varying duration and flow 

rate), not all were able to reduce the pressure drop hysteresis, and only one successful 

strategy is presented in this section.  

 A stoichiometry of 5 was used at each current density for both air and hydrogen 

during the purge. Since the water produced by electrochemical reaction can also proceed 

to the anode side, a preemptive purge on the anode side was utilized to mitigate possible 

water accumulation in conjunction with the air purge. As each current density is held for 

10 minutes, the middle purges refer to tmin:sec = 4:40-5:00 and the end purges refer to 

tmin:sec = 9:40-10:00. The gas is switched from fully humidified to dry 10 seconds before 

each purge and remains dry only for the duration of the purge, which adds an additional 

water removal mechanism via evaporation [102]. This total purge duration (40 seconds) 

represents purging for 6.7% of the total 10 minute operating time. The resulting Reynolds 

number in the cathode flow field channels under these conditions are presented in Table 

16, which shows that the Reynolds number at each current density is increased by a factor 

of 1.6. It was important to maintain such a small increase as not to increase the single-

phase (gas) pressure drop too much, which would have the undesirable effect of raising 

the net pressure drop over 10 minutes.  

Table 16 Air Reynolds numbers on the descending approach for the baseline (Table 6) and purging method 

Descending Current 
Density (mA cm-2) 

Reynolds Number 
Baseline 

Reynolds Number 
Purging 

600 98 152 
400 65 101 
200 33 51 
100 16 25 
50 8 13 
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 Tests revealed that a 20 second purge of dry gas with both anode and cathode 

stoichiometries at 5 during only the descending approach significantly lowered the ∆P 

hysteresis, as shown in Figure 78. This result is due to the accumulating water being 

convectively removed during the purge, which lowers the net pressure drop over the 10 

minutes. Shorter purge times and only a single purge were unable to have the same effect. 

It was also found that the purge had to be done at each current density on the descending 

approach to ensure less water accumulation at the lower current densities.  

 

Figure 78. a) Percentage change between descending and ascending approach for the baseline and the 
purging strategy; b) Ascending and descending approach polarization curve for the baseline and descending 
approach polarization curve for the purging strategy 

This purging strategy on the descending approach lowered the percentage change 

between descending and ascending pressure drop at 50 mA cm-2 from 242 % to 56 %. 

Purging on only the descending approach also has the benefit of not increasing the 

ascending pressure drop unnecessarily, since the influence of two-phase flow is not as 

pronounced in the ascending approach. The results show that the short purges on the 

descending approach do not dry out the membrane since the electrochemical performance 
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is the same as the baseline results (Figure 78b). This strategy is a recommendation that 

would have to be optimized for a particular system/set of conditions to be successful.  

5.5 Pressure drop hysteresis in a serpentine channel fuel cell  

As has been explained, the results in Chapter 4 and previous results in this chapter 

were studied in a visualization fuel cell with a specialized design. To further confirm the 

relevancy to realistic PEM fuel cells, preliminary tests were carried out in a larger fuel 

cell with traditional plates in serpentine flow fields. The remaining conditions were at the 

baseline operating conditions from the operating hysteresis study in parallel channels 

(Table 6; 25 BC GDL on the cathode, T = 75oC, RH = 100%, Pgas = 206.8 kPag).), which 

are consistent with standard protocols [136]. An ascending and descending polarization 

curve was performed in a TP50 fuel cell (the same fuel cell as the AWR results in 

Chapter 6 [104]). This fuel cell uses a 27-pass serpentine flow channel on both the anode 

and cathode and reaches limiting current densities at approximately 2,000 mA cm-2. The 

channels are machined into traditional graphite plates. The pressure transducers on the 

Hydrogenics station (model no. G100) are not as accurate at low flows, so a curve fit has 

been used in both approaches for the pressure drop data. The results were tested in 

constant flow and constant stoichiometry mode.  
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Figure 79. Two-phase flow multiplier results for serpentine flow field channels in graphite at: a) Constant 
air flow and b) constant air stoichiometry 

The results in Figure 79a show that under constant flow conditions (based on i = 

1800 mA cm-2, λair = 2, λH2= 1.5) the cathode two-phase flow multiplier steadily increases 

as the influence of the liquid water becomes more relevant. On the anode side, since the 

hydrogen is a pure gas and the stoichiometry is relatively low, the consumption of the gas 

causes the two-phase flow multiplier to be less than one. Thus, two-phase flow is a 

relevant consideration in this traditional fuel cell. The results in Figure 79b show the 

results under constant stoichiometry operation (λair = 2, λH2= 1.5) to compare the two-

phase flow multipliers in an ascending and descending approach. On the anode side, the 

two-phase flow multiplier is always less than one due to consumption in the reaction. 

However, on the cathode side, both the ascending and descending approaches show large 

two-phase flow multipliers. These results corroborate with the parallel channel 

visualization cell because the descending approach multipliers are higher than the 

ascending approach multipliers. 
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Figure 80. Percentage change between descending and ascending pressure drop in graphite flow fields with 
serpentine channels 

Figure 80 shows the percentage change in pressure drop between descending and 

ascending approach. While the percentage change is not as high at low current densities 

as was seen in the visualization cell, the change is still approximately 22% higher. 

Though visualization was not accomplished in these channels, the hysteresis is likely due 

to water accumulation in the descending approach in the serpentine bends where flooding 

is most common. Flooding in these bends may also be responsible for the high two-phase 

flow multiplier in the ascending approach. The lower percentage change is attributed to 

the larger convective water removal abilities of the single serpentine channel, where the 

single-phase air Reynolds number is approximately 77 at 50 mA cm-2, which is much 

higher than the Reynolds number in the visualization cell (Re = 10 at 50 mA cm-2; Figure 

77). Also, the total magnitude of the pressure drop hysteresis is higher with the serpentine 

channels, so the system efficiency may still decrease via additional compressor work 

(Eqn. 44) even at lower percentage changes. Thus, pressure drop hysteresis is a relevant 

consideration in PEM fuel cells. 
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5.6 Operating fuel cell conclusions 

 Two-phase flow pressure drop hysteresis occurs when the pressure drop differs 

depending on the path by which the current density is changed in an operating fuel cell. 

When the current density is increased, water from the electrochemical reaction and 

condensation of humidified air enters the cathode flow field channels and causes the 

pressure drop to increase over the single-phase pressure drop. However, when the current 

density is subsequently decreased, additional water accumulates in the flow field 

channels, causing the pressure drop at low current densities (generally < 400 mA cm-2) to 

be higher than both the single-phase and ascending two-phase pressure drop. The water 

accumulates further in the descending approach since the lower air flow rate cannot 

remove as much residual water (from the previous current density) convectively. This 

mechanism was confirmed with direct visual observation of the cathode flow field 

channels and is consistent with the non-operating results in Sections 4.2 and 4.3. Main 

observations include: 

1. Increased air stoichiometry (in the range of 1.5-4) decreases the extent of the 

pressure drop hysteresis. This behavior occurs because the ability of the gas to 

convectively remove water increases with increased flow rate, causing the 

ascending and descending pressure drops to be the same. However, higher air 

flow rates cause the total magnitude of the pressure drop to increase. 

2. Increased operating temperature (50-90oC) decreases the extent of the pressure 

drop hysteresis. This result occurs because the increased air temperature increases 

the convective water removal capabilities of the gas (higher velocity and lower 

surface tension), and the condensation rate is lower at higher temperatures when 
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fully humidified reactants are used. Conversely, lower temperatures increase the 

condensation rate and decrease the gas velocity, which increases the accumulation 

of liquid water on the descending approach.  

3. The inclusion/exclusion of an MPL does not change the pressure drop hysteresis. 

Though the mechanism of water injection may differ, liquid water entering the 

channels increases the two-phase pressure drop in a similar manner due to the 

same flow patterns.  

4. A modified Lockhart-Martinelli (LM) approach can be used to moderately predict 

the two-phase pressure drop hysteresis. The modification takes into account how 

liquid water enters the flow channels from a porous GDL wall, which leads to 

deviations from the classic LM approach. Further work is needed to predict the 

descending approach due to the accumulation of liquid water along this path.  

5. Dimensionless numbers that rely on surface tension are difficult to use in practical 

PEM fuel cells due to multiple surfaces in the flow field channels. Furthermore, 

the single-phase Re number is unable to normalize the hysteresis results between 

the three experimental approaches (non-operating cold, non-operating hot, 

operating). However, the single-phase Re number does show consistent results in 

a given experimental approach (e.g. operating) when comparing the hysteresis 

effect at different stoichiometries and temperatures. 

6. A purging strategy has been developed that relies on two short purges during each 

current density during the descending approach. These short purges can remove 

residual water, lowering the overall pressure drop at a given current density 

during the duration of the test. The purge was able to lower the percentage change 
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between descending and ascending pressure drop to 56% from 242% at 50 mA 

cm-2.  
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6 Anode water removal in an active PEM fuel cell 

The pressure drop hysteresis work fits into the broad category of PEM fuel cell water 

management. In a similar theme, this study on anode water removal (AWR) furthers the 

understanding of water management in fuel cells. Anode water removal was used as a 

diagnostic tool to determine maximum performance in the absence of cathode mass 

transport limitations.  

6.1 Introduction 
 

To have a better understanding of how different conditions and fuel cell components 

(e.g., the GDL and MPL) improve the water management of the fuel cell, researchers 

have developed a number of diagnostic tools designed to visualize water transport inside 

the cell. These techniques include neutron radiography [160,161], magnetic resonance 

imaging (MRI) [162], x-ray micro tomography [163], and direct optical visualization 

[164,165]. Unfortunately, most of these techniques are expensive and/or require the fuel 

cell to be designed differently from practical fuel cells. Therefore, there is a need for a 

diagnostic technique that is easily used and allows the researcher to have a better idea of 

where the liquid water accumulation is occurring, depending on the conditions and fuel 

cell components.  

To achieve this goal, Wilkinson et al. at Ballard Power Systems first proposed a 

method called anode water removal (AWR), which was used to understand mass 

transport issues inside fuel cells [166,167,168]. In this method, water in the cathode is 

drawn by a concentration gradient across the membrane to a dry anode stream. Therefore, 

the effects due to water accumulation in the cathode are reduced or eliminated, 

consequently separating mass transport from other effects. This diagnostic technique is 

accomplished by creating a pressure gradient along the anode flow field channel in order 
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to increase the ability of the fuel stream to carry water vapor [167]. By observing how the 

cell voltage increases with higher fuel flow rates, conclusions can be made regarding the 

different components used in the cell, especially on the cathode side. A schematic of this 

voltage increase with hydrogen stoichiometry is shown in Figure 81 with previous 

literature results noted in Figure 17.   

 
Figure 81. Schematic of AWR voltage results where the increase in dry hydrogen stoichiometry leads to an 
increase in voltage until membrane dehydration becomes limiting 

A clear advantage of this method, especially if the fuel cell system recycles the hydrogen, 

is that it does not increase the parasitic losses involved with the use of high air flow rates. 

However, one concern with this approach is the possible degradation (and possible 

rupture) of the membrane caused by the pressure differences between the anode and 

cathode sides. Another issue with this method is the parasitic losses involved with the 

increase of the hydrogen flow rate and the direct impact that this has on the overall fuel 

efficiency in the system. 

This chapter describes in detail how the anode water removal method can be used as a 

simple diagnostic tool to understand liquid water accumulation and transport within a 

PEM fuel cell. In particular, it is found that this method is effective at determining when 

cathode GDL flooding is lowering the cell voltage. Variables studied include various 

cathode GDLs (with and without MPLs), operating temperature (25, 50, 75, and 90oC), 
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and cathode relative humidity (25, 50, 75, and 100%).  An additional GDL layer on the 

cathode side was also used to exacerbate GDL flooding to determine how AWR isolates 

GDL flooding. Injecting water into the cathode flow field also exacerbated flooding to 

further gauge the effectiveness of AWR. 

 The analysis examines the change in voltage during the AWR process (i.e. Figure 81) 

and also utilizes the pressure drop multiplier. The pressure drop multiplier is defined here 

as a separate parameter from the two-phase flow multiplier of Eqn. 37. The two-phase 

flow multiplier isolates the effect of liquid water on the pressure drop. Here, the pressure 

drop multiplier (Φ∆P; Eqn. 53) is used since the AWR pressure drop may increase due to 

the addition of water vapor to the dry anode stream or decrease due to the removal of 

liquid water from the cathode flow channels: 
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This multiplier is the ratio of the pressure drop during the AWR test (at constant current 

density i.e. 1000 mA cm-2) to the pressure drop of the single-phase gas at the same flow 

rates (run at the open circuit voltage). This pressure drop multiplier is calculated based on 

both the anode and cathode pressure drops. As will be noted, the anode pressure drop 

multiplier in the AWR experiments tends to level out with an increase in anode 

stoichiometry, indicative of saturation but not necessarily anode channel flooding.    

The experimental details for these tests are described in Section 3.5. It should be 

noted that the fuel cell used in the AWR tests is not the visualization cell from Chapters 4 

and 5. This uses the TP50 (no visualization) with serpentine flow field channels on both 

the anode and cathode. This was chosen for continuity with previous work [104], the 



 177

ability to operate over a larger range of current densities (ilim > 2000 mA cm-2), and the 

higher pressure drop associated with serpentine channels on the anode, which aids in the 

AWR process.  

6.2 Results and discussion 

Anode water removal can be utilized by increasing the pressure drop in the anode. 

The water vapor content in a gas stream (fraction by volume), rH2O, is given by: 

 

P

P*φ
r vsgas

VolO,H2
=  

(54) 

where φgas is the relative humidity of the gas stream, Pvs is the saturated vapor pressure, 

and P is the total pressure. As the flow rate of hydrogen is increased, the pressure drop 

increases. Thus, the average pressure in the channels, P, is decreased, leading to an 

increase in the volume fraction of water vapor in the gas stream. Also, as the hydrogen 

stoichiometry is increased, the volumetric flow rate of the hydrogen gas increases. 

Combined with the increasing volume fraction from Eqn. 54, the water removal ability of 

the gas increases exponentially. Furthermore, the saturation pressure (in Pa) increases 

exponentially with temperature, as shown in Eqn. 55. Thus, an increase in the operating 

temperature leads to an exponential increase in rH2O.  

 fln(T)eTdTcTbaT
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An example of the amount of water vapor that can be removed by the hydrogen 

stream is shown in Figure 82. The water production rate, assuming the water is in the 

vapor phase, is also depicted. In this case, the hydrogen stream can remove all of the 

product water (fully humidifying the hydrogen steam) at a stoichiometry of 

approximately 6.  
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Figure 82. Water removal capability of the dry hydrogen stream as a function of hydrogen stoichiometry. 
The dashed line is the water production rate at 1000 mA cm-2 (assuming vapor is formed). The pressure 
drop results are from the 25 BA GDL results (Figure 84). 

However, while the hydrogen has the capacity to remove product water in the vapor 

phase, it is limited by resistance to mass transfer. The rate of convective mass transfer 

into the gas phase can be described by: 

 ( )vsm0H ρρhm 2 −=
•

 
(56) 

where ρs is the density of saturated vapor on the membrane surface assuming the water 

and vapor are in equilibrium in saturated gas, ρv is the density of water vapor in the bulk 

gas stream, and hm is the convective mass transfer coefficient. This expression is 

analogous to convective heat transfer, and as such, the Sherwood (Sh) number is 

described analogously to the heat transfer Nusselt number: 

 

D
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(57) 
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where l is a characteristic length and D is the water vapor diffusivity in the gas. Several 

empirical relationships exist for the Sherwood number as a positive function of the 

Reynolds (Re) number and the Schmidt (Sc) number.  
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As the gas velocity increases with an increase in hydrogen stoichiometry, the Reynolds 

number increases. This in turn increases the Sherwood number and thus the mass transfer 

coefficient. Thus, AWR is a function of removal potential and convective water removal 

ability. Additionally, while the hydrogen stream has the potential to remove water vapor, 

it must overcome the resistances in individual layers of the MEA as water from the 

cathode must be drawn through the cathode catalyst later, membrane, and anode catalyst 

layer.   

6.2.1 Effect of cathode GDL properties on voltage 

The GDLs, listed in Table 9, vary with the inclusion/exclusion of an MPL, the GDL 

hydrophobicity, the MPL hydrophobicity, and thickness. The polarization curves (non-

AWR results) for each GDL studied are shown in Figure 83. Each curve was produced at 

the same baseline operating conditions listed in Table 8, except the anode gas is 

humidified and the anode stoichiometry is constant at 1.5. These tests were done to 

ensure reasonable electrochemical performance of each GDL before further study in the 

AWR tests.  
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Figure 83. Polarization curves for the 6 GDLs studied to determine baseline electrochemical performance; 
N.B. the anode and cathode relative humidities are both set to 100%, which is different than the AWR tests 
where the anode humidity is 0% (dry gas) 

These GDLs show similar performance in the kinetically controlled regime but differ in 

the ohmic and mass transfer limiting regimes of fuel cell operation (for these tests ikinetic < 

150 mA cm-2; 150 mA cm-2 < iohmic < 1400 mA cm-2; imass transfer > 1400 mA cm-2). In 

general, the 25 BA nitric acid treated GDL (25 BAnitric) and 25 AA GDLs performed 

worse due to the hydrophilic nature of the GDL. The 35 BA GDL performed best in these 

baseline conditions, and this may be due to reduced overall GDL saturation due to a 

larger total volume in this thicker GDL. This MEA would be considered as the optimum 

of the six GDLs for those particular operating conditions. Highlighted in the figure are 

the results at 1000 mA cm-2, where the baseline AWR tests were subsequently performed. 

This voltage was chosen for a reasonably high water production rate. Also, since the 

anode stoichiometry is increasing in the AWR tests, this moderate current density was 

chosen so a reasonable pressure drop could be obtained at high hydrogen stoichiometries. 
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The change in voltage (∆V) during the AWR process for each GDL is shown in 

Figure 84. 

 
Figure 84. Anode water removal voltage results comparing the effect of GDL properties (Table 9) on cell 
voltage at 1000 mA cm-2 

At 1000 mA cm-2, the GDLs with the higher initial electrochemical performances show 

inherent enhanced water management capabilities (35 BA, 25 BC, 25 BL) and reduced 

ohmic resistance. These GDLs with superior water management capabilities (in this 

setup) underwent little improvement through the AWR process. However, the GDLs with 

relatively poor water management capabilities (25 BA, 25 BAnitric) show a much larger 

response to the AWR process, and improved performance by approximately 70 mV. 

Neutron radiography has shown that at moderate current densities, such as at 1,000 mA 

cm-2, the water produced at the cathode cannot permeate through the cathode MPL 

towards the cathode flow field channel, and instead water is forced through the 

membrane toward the anode [169]. The MPL may also act as a liquid water barrier to 

prevent liquid water in the cathode GDL from reaching and flooding the cathode catalyst 
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layer [118]. This helps explain why the GDLs with MPL have higher cell performance 

and show little response in the AWR process. Conversely, without an MPL, more water 

is likely to enter the cathode GDL and flood the cathode MEAs. Since these GDLs 

without MPL have such a large increase in voltage with the AWR process, the poor 

performance initially at lower hydrogen stoichiometries is attributed to GDL flooding. 

The 25 AA GDL shows modest improvement (~20 mV), which shows that this GDL 

suffers some flooding issues, but the water ingress and high saturation is not entirely 

mitigated by the AWR process.  

At the end of the AWR process, the GDLs without MPL tend to have higher 

performance (35 BA, 25 BA, 25 BAnitric). This is attributed to better oxygen access to the 

catalyst later when there is no water blockage and no additional resistance to gas 

transport from the MPL.  

These results can also be evaluated in the absence of ohmic losses via a resistance 

correction for each MEA. The average gain in voltage from ohmic correction for the six 

GDLs studied is 14 +/- 6 mV. While this is a small gain, it can mask the AWR effect in 

the cases where there is little observed voltage gain such as with the 25 BL GDL.  

Table 17 Change in voltage via the AWR process for all six GDLs  (Table 9) comparing the non-resistance 
corrected data to the corrected resistance data 

 25 BC 25 BA 25 BL 25 BAnitric 25 AA 35 BA 
Initial voltage (V) 0.626 0.586 0.637 0.583 0.596 0.653 
Peak voltage (V) 0.628 0.655 0.637 0.654 0.617 0.662 
Uncorrected ∆V (mV) No gain 69 No gain 71 21 9 
Corrected ∆V (mV) 9 83 18 87 26 31 

  
It is important to note these results with the correction for ohmic losses match the trend of 

the results without the resistance correction. For example, there is little voltage gain for 

the 25 BC GDL in either case, and a very large change in voltage for the 25 BA and 25 
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BAnitric GDLs in either case. It is interesting to note that the 25 BL and 35 BA GDLs 

show a modest voltage improvement with AWR when the data is corrected for resistance 

losses. This shows that these GDLs had larger resistance losses that masked the voltage 

gain via AWR. The voltage gain is due to AWR overcoming flooding issues due to the 

hydrophilic MPL (25 BL) and utilizing a GDL without MPL (35 BA). Once corrected, 

the results are consistent with GDLs without an MPL being more susceptible to flooding 

and thus voltage improvement during the AWR process and GDLs with an MPL 

exhibiting enhanced water management capabilities and thus showing little voltage 

improvement during the AWR process.  

These GDL results are consistent with Lu et al. [153], who have shown that GDLs 

without an MPL have higher water saturation than GDLs with an MPL, which is 

schematically shown in Figure 85.  

 
Figure 85. GDL saturation for a) a GDL without MPL and b) a GDL with MPL (reprinted from Lu et al. 
[153] with permission from Elsevier) 

The AWR process is thus a good diagnostic tool to identify whether cathode GDL 

flooding is an issue. It also shows how well a fuel cell can perform in the absence of 
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cathode GDL flooding, which aids in the design of novel MEAs. Thus, AWR can be a 

valuable design tool for GDL/MEA development that is easy to implement and test.  

6.2.2 Effect of multiple cathode GDL layers and external water injection 

The 25 BA GDL was used as an additional layer on top of the existing MEA 

structures to test the effect of multiple GDLs on the AWR results. By creating a 

discontinuity in the GDL, this additional layer can exacerbate the influence of GDL 

flooding, further confirming the role of GDL water in the AWR process.  

The voltage results and pressure drop multiplier results for one and two 25 BA 

cathode GDLs are shown in Figure 86 and Figure 87, respectively. 

 
Figure 86. a) Comparison of the AWR voltage results for one and two 25 BA GDLs on the cathode side b) 
Comparison of the AWR voltage signals for one and two 25 BA GDLs on the cathode side 

When using the 25 BA GDL, the use of an additional GDL layer initially lowers the 

voltage substantially due to mass transport limitations. Through the AWR process, the 

voltage increases by 201 mV compared to 69 mV with only one GDL. The nearly 

identical final voltages through AWR mean that the voltage loss with the two GDLs at 

low hydrogen stoichiometries mainly resulted from GDL flooding, i.e. the dry anode 

removes the excess cathode GDL water, resulting in comparable final voltages. Further 

confirming the mass transport differences between these two cases, the total cell ohmic 
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resistance on average over the course of the entire AWR process is nearly identical for 

one or two GDLs.  It is also interesting to compare the voltage signals for one versus two 

GDLs, as shown in Figure 86b. With two GDLs, the voltage instability due to GDL 

flooding at low hydrogen stoichiometries is consistent with the work of Cho et al. [110]. 

With 2 GDLs, the voltage signal also increases substantially at hydrogen stoichiometries 

3-7. This leads to the larger error bars depicted at those points in Figure 86a.  

The pressure drop results further confirm this analysis. At higher anode hydrogen 

stoichiometries (≥9), the pressure drop multipliers are similar, indicating the AWR 

process removes a similar amount of water in either case. At hydrogen stoichiometries > 

9, the voltage results are similar as well (Figure 86a), suggesting the absence of GDL 

flooding in either case. Initially, the pressure drop multiplier for 2 GDLs is lower. This is 

because the 2 GDLs lead to more cathode GDL flooding, so less water goes to the anode 

(initially lessened influence of water on the anode pressure drop). Above a hydrogen 

stoichiometry of 6, the anode can remove this water, which means more total water is 

going to the anode with 2 GDLs than with 1 GDL above that point. This leads to the 

higher pressure drop multiplier with 2 GDLs above a hydrogen stoichiometry of 6. It 

should be noted that this analysis refers to the transient response of the system to the 

changes in hydrogen stoichiometry.  
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Figure 87. Pressure drop multiplier for one and two 25 BA GDLs on the cathode side (all at RHcathode = 
100%) 

It is also interesting to note that in general the anode pressure drop multiplier values level 

off after the initial increase. This is likely related to the point where the anode has 

removed all of the product water in the system (above the dashed water production line in 

Figure 82), thus the influence of water on the anode side would have already reached a 

maximum.   

This exacerbated GDL flooding has a much larger effect when using GDLs without 

an MPL. When an extra 25 BA layer is placed on top of a 25 BL layer, the increase in 

voltage with peak AWR is only ~8 mV, and when an extra 25 BA layer is placed on top 

of a 25 BC layer, the increase in voltage is ~22 mV. The results for an additional 25 BA 

GDL on the 25 BC GDL are shown in Figure 88. It is interesting to note that the cathode 

GDL thickness plays a more important role in this setup than the inclusion of an MPL 

layer alone. The cases of the 25 BC with a 25 BA GDL (425 µm thick with MPL) and the 

35 BA (300 µm thick without MPL) both show improved performance with AWR when 
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compared to a single 25 BC (with MPL) GDL (235 µm thick with MPL). The 25 

BC/25BA double GDL and the 35 BA GDL both show signs of GDL flooding, since they 

both increase in voltage during the AWR process. The peak voltages with AWR for these 

GDLs are also similar to the peak voltage results from the single and double 25 BA 

GDLs, shown in Figure 86. It should be noted that the difference in performance between 

the 35 BA GDL and the 25 BC GDL are not ohmic alone; resistance correction does not 

lead to similar voltages for the two GDLs.  

 
Figure 88. AWR voltage results for 25 BC with 1 GDL and 2 GDLs (an additional 25 BA layer on top on 
the cathode side), and the results for the 35 BA GDL 

To further understand the extent to which AWR can remove water from the cathode 

to the anode, water was externally injected into the cathode flow field channels. The work 

was studied with the 25 BA GDL, where AWR has a more significant effect due to 

higher GDL saturation. These results are shown in Figure 89a and Figure 89b. The water 

injection clearly lowers the electrochemical performance compared to the case of no 

water injection, but the AWR process is able to increase the voltage substantially (48 

mV) by removing water from the flooded GDL. The voltage oscillations are also lowered 
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through AWR (Figure 89b), showing the AWR process is overcoming the flooding 

process.  

 

Figure 89. AWR voltage results for the 25 BA GDL (without MPL) with and without external water 
injection, and b) AWR voltage signals for the 25 BA GDL with and without external water injection 

However, the AWR effect does not necessarily reach the cathode flow field where the 

water was injected. The pressure drop multipliers for anode and cathode for the cases 

with and without injection are shown in Figure 90.  
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Figure 90. AWR pressure drop multiplier results for the anode and cathode for the 25 BA GDL (without 
MPL) with and without external water injection 

The multiplier is higher on the anode when the water injection happens, indicating the 

anode does remove more water. However, not enough water is removed to clear the 

cathode flow field channels of water since the cathode pressure drop multiplier remains 

constant with the injection (though, the amount of injected water was much higher than 

the removal ability of the dry anode stream, even at the highest hydrogen 

stoichiometries). The injected water keeps the cathode GDL saturated (hence the lower 

final voltage), but the AWR process helps remove some saturation, hence the gain in 

voltage through AWR. This further confirms the AWR process helps determine the 

extent to which cathode GDL flooding hinders fuel cell performance.  

6.2.3 Effect of relative humidity (RH) 

The water vapor content in the gas is directly proportional to the relative humidity 

(Eqn. 54).  Since the AWR process depends on the water concentration gradient between 

the anode and cathode, the relative humidity of the cathode gas stream is important in the 
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AWR process. When liquid water is formed, some of it can enter the vapor phase when 

the cathode RH is less than 100%. Cathode RHs of 25, 50, 75, and 100% were studied at 

75oC with the results presented here focusing on the case with the 25 BC (MPL) and 25 

BA (no MPL) GDLs. The anode inlet relative humidity remained 0% (dry) in all cases.  

The voltage results in Figure 91 for the 25 BC GDL with an MPL do not show much 

voltage improvement due to AWR. Furthermore, as the membrane dries, the voltage 

drops, and the voltage drop is greater for drier cathode streams (i.e. the lower cathode RH 

dries out the membrane more). When the cathode gas stream is not fully saturated (RH < 

100%), the cathode gas can remove some of the product water, and the voltages are 

similar.  

 
Figure 91. Anode water removal cell voltage results with the 25 BC GDL (w/MPL) for cathode RH = 25, 
50, 75, and 100%  

The AWR results are much more dramatic with the 25 BA GDL (without the 

inclusion of the MPL layer), indicating GDL flooding is a problem. The results in Figure 

92a show the voltages at each RH begin at a comparable level and all rise with increasing 

hydrogen stoichiometry.  
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Figure 92. a) Anode water removal cell voltage results with the 25 BA GDL (w/o MPL) for cathode RH = 
25, 50, 75, and 100% b) maximum voltage increase as a function of cathode relative humidity 

The maximum change in voltage achieved via AWR increases linearly with RH, as 

shown in Figure 92b. This is because the increased water content with increased cathode 

RH allows the membrane to maintain hydration longer, which extends the useful range of 

the AWR improvement. Also, the voltage improvement occurs more quickly at lower 

cathode RH (Table 18). This is because there is more water removal potential on the 

cathode with lower RH, so the cathode GDL flooding can be reduced at a lower hydrogen 

stoichiometry. This potential is further explained in Figure 93, where the removal 

capabilities are based on the pressure drops using the 25 BA GDL. A relatively drier 

cathode stream (i.e. 25% RH vs. 100% RH) can remove product water in addition to the 

anode. Thus, a lower anode stoichiometry is needed to completely remove all of the 

product water. Thus, the rate of voltage improvement in Figure 92 is higher when a lower 

cathode relative humidity is utilized. 
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Figure 93. Total water vapor removal capacity with a dry hydrogen steam and varying cathode 
humidification along with the electrochemical water production rate (vapor phase) at 1000 mA cm-2

 with all 
other conditions at the baseline (25 BA GDL) 

The voltage at lower cathode RHs reaches a maximum at a lower hydrogen 

stoichiometry due to increased membrane resistance with the dry anode and a relatively 

drier cathode. The ratio of resistance at each stoichiometry to the initial resistance for a 

given RH is shown in Figure 94a. This ratio is utilized to highlight the magnitude of the 

change in resistance. The first hydrogen stoichiometry after the maximum voltage, where 

the resistance offsets the AWR impact, is labeled in the figure. The overall cell resistance 

data for these ratios are shown in Figure 94b. 
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Figure 94. a) Ratio of resistance at a given hydrogen stoichiometry to initial resistance for the 25 BA GDL 
at cathode RH = 25, 50, 75, and 100% b) experimental resistance measurements at cathode RH = 25, 50, 
75, and 100% 

When corrected for resistance losses, the gain in voltage during the AWR process is very 

similar at each RH, 79 +/- 5 mV, as shown in Table 18. Thus, in the absence of mass 

transport losses in the cathode GDL and in the absence of resistance losses, the peak 

voltages are comparable. This result makes sense since the MEA is constant for each 

cathode RH studied, so the peak corrected voltages should be similar.  

Table 18 Change in voltage via the AWR process for four cathode relative humidities comparing the non-
resistance corrected data to the corrected resistance data 

 25 % 50 % 75 % 100 % 
Initial voltage (V) 0.581 0.578 0.582 0.586 
Peak voltage (V) 0.627 0.635 0.647 0.655 
Uncorrected ∆V 
(mV) 46 56 65 69 
Corrected ∆V 
(mV) 82 83 78 72 
Hydrogen stoich at 
peak voltage 7 8 9 10 

 

Figure 95a and Figure 95b show the anode and cathode pressure drop multipliers, 

respectively. The general trend is that the higher RH values have a higher pressure drop 

multiplier, which is indicative of the additional water entering the fuel cell via the 

humidified gas stream at higher cathode relative humidities. Particularly interesting is at 
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high hydrogen stoichiometries (≥10) the cathode pressure drop multipliers are all 

approximately equal, while on the anode side the multipliers generally increase with 

increasing relative humidity. This is because more water is available for transport from 

the cathode to anode at higher cathode relative humidities, which increases the amount of 

water transport to the anode side.   

 
Figure 95. a) Anode pressure drop multiplier results for cathode RH = 25, 50, 75, and 100% b) Cathode 
pressure drop multiplier for cathode RH = 25, 50, 75, and 100% (baseline conditions with 25 BA GDL) 

6.2.4 Effect of temperature  

The temperature influences the water concentration gradient since the water volume 

capacity in the gas stream increases exponentially with temperature. At 90oC the water 

volume content in the air stream is nearly 6 times more than at 50oC. This has a 

significant effect on the gas properties and the AWR water vapor gradient. As with the 

RH section, the results presented here focus on the case of the 25 BC and 25 BA GDLs 

with all material properties held constant except for MPL inclusion.  

For the 25 BC GDL, the increased water concentration gradient at 90oC causes an 

initial increase in the voltage compared to the lower temperatures (Figure 96). The 

voltage gain at 75oC was 2 mV and the gain at 90oC was 14 mV. The cases at 25 and 
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50oC show no influence of the AWR process on voltage, and instead the increased 

hydrogen stoichiometry lowers the voltage due to the membrane drying out.  

 
Figure 96. AWR voltage results at T = 25, 50, 75, and 90oC for the 25 BC GDL (all at RHcathode = 100%) 

The voltage results with the 25 BA GDL at 75 and 90oC are shown in Figure 97a. 

Results at 25 and 50oC are not shown because a steady voltage signal could not be 

achieved at the lower hydrogen stoichiometries.  

 
Figure 97. a) Voltages results for the 25 BA GDL at T = 75 and 90oC b) Anode and cathode pressure drop 
multiplier results for the 25 BA GDL at T = 75 and 90oC (all at RHcathode = 100%) 

As in the case of the 25 BC GDL, the higher temperature leads to a greater water 

concentration gradient between the anode and cathode, and a higher anode carrying 
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capacity for water vapor (Eqn. 55).  The total water removal ability of the hydrogen 

stream at 75oC and 90oC is shown in Figure 98, and it should be noted the amount of 

water vapor that can be removed at 90oC is 1.96 +/- 0.02 times more than the amount at 

75oC over the range of hydrogen stoichiometry studied. The hydrogen stream at 90oC has 

the ability to remove all of the product water at a much lower stoichiometry than at 75oC 

(~3 vs. ~6, respectively). Thus, the results in Figure 97a show a much quicker response to 

the AWR process at 90oC. 

 
Figure 98. Water vapor removal capability of hydrogen at 75oC and 90oC for the pressure drops at baseline 
conditions and the 25 BA GDL 

However, there is increased membrane drying at higher stoichiometries at 90oC. This 

leads to a decrease in voltage after a hydrogen stoichiometry of 6 (Figure 97), which is 

similar to results with 25 BC at 90oC. The resistance at 75oC shows very little increase 

with an increase in the hydrogen stoichiometry (same resistance value for the cathode RH 

= 100% case in Figure 94a). However, the resistance at 90oC increases with hydrogen 

stoichiometry and is 8% higher than the initial resistance at a hydrogen stoichiometry of 7 

and is 15% higher than the initial resistance at a hydrogen stoichiometry of 10. 
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The anode and cathode pressure drop multipliers are shown in Figure 97b. As the 

hydrogen stoichiometry increases, the cathode pressure drop multiplier decreases, which 

shows the influence of water in the cathode channels is reduced during the AWR process. 

The anode pressure drop multiplier is higher at 90oC compared to 75oC above a hydrogen 

stoichiometry of 5, which is due to the increased ability of hydrogen to remove water at 

higher temperatures and more water entering the cell via the fully humidified air stream. 

Water is likely also coming from the membrane itself, as evidenced by the large drop in 

voltage due to membrane dehydration. This leads to the larger pressure drop multiplier in 

the anode.  

6.2.5 Effect of operating current density 

Changing the current density changes both the air flow rate and the water production rate, 

influencing the water gradient for the AWR process. Figure 99 shows the results for the 

25 BA GDL at several current densities, including the baseline results at 1000 mA cm-2.   

 
Figure 99. AWR voltage results at 100, 500, 750, 1000, and 1500 mA cm-2 for the 25 BA GDL (without 
MPL) 

It can be seen that there is no increase in voltage for the 25 BA GDL when the current 

density is low (100 mA cm-2). This result is because not enough water is produced to 
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substantially reduce performance through mass transfer losses. This result is also true for 

the 25 BC GDL (results not shown). These results are consistent with low current density 

voltage losses being due to kinetic effects from slow oxygen reduction. Tests were also 

performed with the 25 BA GDL at 500, 750, 1000, and 1500 mA cm-2 where more water 

is produced, which can increase GDL saturation and reduce performance. The voltage 

gains from the AWR process for these four current densities were approximately 13, 26, 

69, and 61 mV, respectively. Increased water production is associated with higher GDL 

flooding, which is removed by AWR, leading to larger gains in voltage. 

6.3 Conclusions 

Anode water removal (AWR) is a powerful diagnostic tool to evaluate cathode GDL 

flooding. By using a dry anode stream and increasing the water removal capability with 

increasing anode stoichiometry, liquid water saturating the cathode GDL can be removed 

via the anode. This reduces voltage losses due to water flooding in the cathode GDL. The 

major results from this study are: 

1. The largest voltage gains with AWR occur with the use of GDLs without an 

MPL. GDLs without MPL are more prone to flooding, and this water is removed 

during the AWR process. Multiple GDLs on the cathode result in more 

flooding/GDL saturation when GDLs without an MPL are used. This leads to a 

steep drop in cell voltage that is fully recovered with the AWR process. Thus, 

when the AWR process shows a large voltage gain, the voltage failure mechanism 

can be attributed to cathode GDL saturation.  

2. The cathode air RH plays a key role in the AWR process when the GDL does not 

have an MPL. A lower cathode RH can also remove water in addition to the 
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anode, so the peak voltage is reached at a lower hydrogen stoichiometry. While 

the lower RH leads to additional resistance losses, correction for resistance shows 

a similar voltage gain for all four cathode RHs studied (25%, 50%, 75%, 100%).  

3. An increase in temperature from 75oC to 90oC causes the voltage to improve 

faster with increasing hydrogen stoichiometry. This can be attributed to the larger 

water removal capability of the anode at higher temperatures. However, 

membrane dehydration occurs at moderate hydrogen stoichiometries with higher 

temperatures. 

4. At lower current densities (100 mA cm-2), not enough water is produced 

electrochemically to flood the GDL, and no gain in voltage is noted. However, as 

the current is increased, and thus the water production rate, the AWR process can 

increase the voltage. These results are due to mass transport limitations being a 

greater factor at higher current densities, which are then removed in the AWR 

process.  

The AWR method can be used to evaluate and design novel GDL structures to minimize 

mass transport losses in the GDL. The maximum voltage from this AWR process 

indicates how well a fuel cell can perform in the absence of cathode GDL mass transport 

issues.  
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7 Conclusions and recommendations 

The conclusions and recommendations here reflect the work done on pressure drop 

hysteresis (Chapters 4 and 5) and anode water removal (Chapter 6). Both studies are 

important in PEM fuel cell water management, and the major results are highlighted.  

7.1 Conclusions 

Our group has studied a new problem within the field of PEM fuel cell water 

management: pressure drop hysteresis. This study is the first time this phenomenon has 

been examined in PEM fuel cells, and the results are relevant to water management as a 

whole.  

• Pressure drop hysteresis occurs when the gas and liquid flow rates, uniquely 

coupled in a PEM fuel cell via Faraday’s law, are increased along a set path 

and then decreased along the same path but show a different pressure drop. 

The general mechanism for the pressure drop hysteresis is unique to PEM fuel 

cells. When starting from dry initial conditions, low flows of water are not 

able to break through the GDL. When water breakthrough does occur at 

moderate flows (current densities), the air flow rate is high enough to remove 

the water convectively. This leads to a larger two-phase flow pressure drop, 

but not necessarily accumulation. As the load is subsequently decreased, water 

can accumulate in the flow channel. Thus, the pressure drop in the descending 

approach can be higher than in the ascending approach. 

• Three distinct experimental approaches to this hydrodynamic problem allowed 

us to understand the problem fundamentally and then apply the results to the 

most realistic system.  The first approach explored this phenomenon in a fuel 
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cell’s flow channels under non-operating conditions at ambient temperature 

and pressure to establish the hydrodynamic baseline. The results were then 

explored in a non-operating setup with humidified and heated gases to 

understand the pressure drop hysteresis in terms of more relevant fuel cell 

operating conditions. Finally, the pressure drop hysteresis was studied in an 

operating PEM fuel cell in a narrow range of most relevant conditions. This 

phenomena was explored through several variables relevant to PEM fuel cells, 

including: GDL properties, MPL inclusion, gas stoichiometry, and 

temperature.  

• In general, the GDL properties are not a main factor in pressure drop 

hysteresis. While the mechanism of water reaching the cathode can change 

depending on the GDL and MPL, the bulk influence of water in the flow 

channels in terms of accumulation for pressure drop hysteresis is similar.  

• The gas stoichiometry is the most important parameter as it largely defines the 

convective removal abilities of the cathode air stream. Higher air flow rates 

(such as at an air stoichiometry of 5) can remove the same amount of water in 

either ascending or descending approach, removing the pressure drop 

hysteresis.  

• The temperature also plays an important role, especially with fully humidified 

air, as condensation can exacerbate the flooding problem, and the 

condensation occurs more readily at lower temperatures. Also, the gas 

velocity decreases and the surface tension of water increases with lower 
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temperatures, causing more water accumulation. Thus, more hysteresis is 

noted at 30oC than at 90oC.  

The problems associated with excess water accumulation are well documented: increased 

parasitic power losses due to an increased pressure drop, gas maldistribution, and 

decreased reactant transport to active catalyst sites. These concepts can also be problems 

in fuel cell stacks, where low cells in particular can lower system performance in stacks. 

Thus, research groups considering applications where the load cycles should be aware of 

this problem. A practical consideration would be to measure the pressure drop during 

actual operation of a load cycle to determine if any differences in pressure drop exist. 

From this thesis, it is likely that an increase in pressure drop would be due to additional 

liquid water accumulation, not just flow pattern changes. This mechanism of hysteresis is 

distinctively different, which is important for an operator to know for long term stability 

and durability.  

Anode water removal was also studied as an important issue in PEM fuel cell water 

management. By increasing the flow rate of a dry anode stream, the water removal 

capabilities of the anode increase. As water is removed from the cathode by the anode, 

the voltage of the cell can increase, giving an indication of maximum performance in the 

absence of mass transfer limitations.  

• Larger voltage gains occur during the AWR process with the use of GDLs 

without an MPL. GDLs without MPL are more prone to flooding/high 

saturation, which is removed during the AWR process. Cathode GDL flooding 

can be exacerbated when multiple GDLs are used on the cathode side and 

when water is injected externally into the cathode flow field channels. These 
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lead to a drop in cell voltage that is recovered with the AWR process. Thus, 

the performance failure mechanism when large voltage gains are noted can be 

attributed to cathode GDL saturation.  

• The cathode air relative humidity is an important parameter in the anode water 

removal process when considering a GDL without an MPL. A reduced 

cathode gas RH (< 100%) can remove water in addition to the anode gas, so 

the peak voltage without mass transfer limitations is reached at a lower 

hydrogen stoichiometry.  

• An increase in temperature from 75oC to 90oC causes the voltage to improve 

faster with increasing hydrogen stoichiometry. This result is attributed to the 

larger water vapor removal ability of the anode gas at a higher temperature. 

However, membrane drying can occur faster at the higher temperatures, and 

thus the voltage decreases from the peak value at moderate hydrogen 

stoichiometries. 

• The operating current density dictates the water production rate and is thus an 

important consideration in AWR. At low current densities (100 mA cm-2), not 

enough water is produced to substantially flood the GDL so no voltage 

improvement is noted. As the current density is increased, the GDL flooding 

can increase, which is followed by increasingly larger voltage gains during 

AWR.  

The AWR method is well suited to determine if GDL flooding mass transport limitations 

are causing a decrease in cell voltage. By knowing the maximum performance in the 

absence of GDL flooding problems, novel GDLs can be further understood and 



 204

advanced. Thus, AWR is a useful and quick diagnostic tool for an operator when 

considering performance losses associated with GDLs.  

7.2 Recommendations 

Recommendations are provided for pressure drop hysteresis, anode water removal, and 

water management studies in general.  

7.2.1 Pressure drop hysteresis 

• Explore purging methods in more depth to mitigate the effect of the hysteresis. 

Purges on the descending approach can raise the pressure drop significantly for a 

short period, but then remove the accumulated liquid water in the flow field 

channels. The overall pressure drop is then reduced and additional accumulation 

on the descending approach is substantially lessened. However, this method 

requires potentially unrealistic controls, and thus more study is needed.  

• Now that the mechanism of pressure drop hysteresis in a PEM fuel cell is 

understood, it would be interesting to study these results in a serpentine flow 

field, where the overall pressure drop, and thus parasitic loss, is much higher. 

Preliminary results show some pressure drop hysteresis does exist at baseline 

conditions in the TP50 fuel cell, which is discussed in Section 5.5. More accurate 

pressure transducers should be used with the Hydrogenics™ station if this work is 

to be done accurately. The transducers for the parallel channels will not be 

suitable due to the very large pressure drops at higher current densities in the 

serpentine channels.  

• It would be useful to perform the pressure drop hysteresis tests in a PEM fuel cell 

stack, particularly in one that employs parallel channels since this flow field type 
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has already been characterized in this work. The magnitude of the pressure drop 

difference is low in a single cell with parallel channels, thus the potential parasitic 

power loss is not well characterized. Operating with an entire fuel cell stack 

where the total pressure drop is higher would further quantify the relevance of this 

topic in PEM fuel cell water management.  

• The two-phase flow pressure drop has not been predicted via the Lockhart-

Martinelli equation for the descending approach. A modification is needed to take 

into account water accumulation at low air flow rates, which greatly increases the 

two-phase flow multiplier. Quantifying the amount of water accumulating in the 

channel during the descending approach would help form this parameter. One 

method to accomplish this would be to perform the pressure drop hysteresis test 

and then purge the cell quickly to a water collection chamber. If purged fast 

enough, only accumulated water will be collected and additional condensation 

from the humidified air can be avoided. This would be time consuming though 

since one collection test would be needed for each point on the descending 

approach for each operating condition. Then, the process would have to begin 

again from the first point in the ascending approach.   

7.2.2 Anode water removal 

• Perform the AWR tests with parallel channel flow fields. Graphite plates for the 

TP50 have been fabricated already with the same channel cross-sectional 

dimensions as the cathode’s serpentine channels, but the serpentine bends were 

connected to act as flow distributors to form parallel channels. However, this plate 

cannot be used in conjunction with the serpentine anode channels because the 
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larger pressure drop on the anode causes an unsafe pressure differential between 

the parallel channel cathode and the serpentine channel anode. A parallel channel 

anode is needed before this test can be performed.  

• Perform the AWR tests in the transparent visualization cell used during the 

pressure drop hysteresis tests. It would be interesting to see how AWR effects a 

flooded cathode flow field channel. While tests were done to inject external water, 

it would be interesting to see any flow patterns changes in the cathode during 

AWR. Also, the anode could be visualized to see if more liquid water enters the 

anode flow field.  

• Perform the AWR tests with an anode GDL that does not contain an MPL. It 

would be interesting to see how the anode MPL affects the overall water balance. 

The current anode GDL is the 25 DC GDL, which contains 20% PTFE and an 

MPL. A suitable anode GDL to test next would be the 25 DA GDL, which would 

keep the PTFE content at 20% but exclude the MPL.  

7.2.3 PEM fuel cell water management 

• Current work is being done by our group on flow maldistribution mitigation in 

parallel, non-operating channels. Numerical simulations have looked at putting 

small connections in the channel divider (i.e. the landing width) of two-parallel 

channels. The simulation results have suggested that when the communications 

are close to the channel size, 1 x 1 mm for instance, the maldistribution problem 

becomes worse since the gas phase utilizes the communication instead of the 

liquid. However, at smaller connection sizes, 0.25 mm x 1 mm, the liquid water 

fills the connection completely to bridge the two channels, allowing water to more 
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evenly distribute between two channels. This then reduces the gas maldistribution. 

Work is ongoing to validate the numerical results experimentally via entrance 

pressure drop measurements to quantify the maldistribution.  
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Appendix A CFD literature review1  

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

Weber and Newman [170] presented various types of transport and corresponding models 

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

and two-phase flow in gas channels was not taken into account. Wang [171] summarized 

fundamental models for PEM fuel cell engineering but limited the review to 

computational fluid dynamic (CFD) methods only. Biyikoglu [172] presented a review 

about different aspects of modeling and simulation, including CFD modeling and flow 

field design. Tao et al. [173] presented a comprehensive review of mathematical 

modeling of PEM fuel cells, which especially focused on model validation and parameter 

influence. Djilali et al. [174] gave a critical discussion about computational strategies for 

the polymer electrolyte membrane, porous gas diffusion electrodes, and microchannels. 

Multi-scale strategies were also discussed. Most recently, Siegel [175] presented a 

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

and commonly used model assumptions.  However, no review has been written to the 

authors’ knowledge focusing on the presence of two-phase flow in the gas channels of 

PEM fuel cells.  

A.1.1 Gas-liquid two-phase flow models for PEM fuel cells 

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

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

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

electrochemical reactions, and is affected by the material properties in different 
                                                 
1 This section was written by Y. Ding and edited by R. Anderson in the following publication [2]:  R. 
Anderson, L. Zhang, Y. Ding, M. Blanco, X. Bi, D.P. Wilkinson, A critical review of two-phase flow in 
gas flow channels of proton exchange membrane fuel cells, J. Power Sources 195 (2010) 4531-4553. 
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components. Therefore, CFD models can be effective tools for the numerical 

investigation of two-phase flow phenomena in PEM fuel cells. Liquid water transport 

was first incorporated in fuel cell modeling in early 2000, with these works treating the 

liquid water as a solid species that only occupies a certain volume fraction [176] or 

neglecting the convective transport of liquid water [177]. As computational power 

increased, more complex two-phase flow models have been applied to the PEM fuel cell 

modeling. In this section, several two-phase flow models applied to PEM fuel cells are 

reviewed, including the multi-fluid model, mixture model, volume of fraction method 

(VOF), and Lattice Boltzmann method (LBM). Table 19 summarizes the current 

literature on CFD simulations of gas-liquid two-phase flow in PEM fuel cells. 

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

Djilali [178]. In this model, each phase is represented by one complete set of 

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

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

number of dependent variables, and the coupling of the phases can lead to unstable 

solutions [179].  

The mixture model was first used to model PEM fuel cells by Wang et al. [180] and 

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

individual mass conservation equation, but a single momentum equation is solved to 

obtain the velocity field of the mixture, of which physical properties are the average of 

the two phases. Each phase velocity can then be extracted from the mixture velocity in 

the post processing. Recently, Gurau et al. [181] commented that the mixture model was 

limited to flows without phase transitions or phase production because the momentum 
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term due to phase change is neglected. For more complex situations, such as in PEM fuel 

cells, this model may lead to predictions of unrealistic velocity and scalar fields. 

Although Wang’s group [182] responded that the “missing” term was relatively small 

compared with the Darcy term, Gurau [183] insisted that the missing term possibly had 

the same order of magnitude as the Darcy term.  

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

to simulate complicated free boundaries [184] and this method has become popular in 

simulating gas-liquid flows in fuel cell gas flow channels since Quan et al. [185] first 

incorporated it. The model can simulate immiscible fluids by solving a single set of 

momentum equations and then tracks the volume fraction of each of the fluids throughout 

the domain. Due to its capacity to consider surface tension and wall adhesion effects, 

liquid droplet behaviors can be captured and traced. Thus, this model is especially suited 

for surface tension dominated flows and flows in channels with different wall materials. 

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

been only applied to gas flow channel simulations, and it is difficult to couple to the 

electrochemical reactions in the fuel cell. 

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

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

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

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

interfaces between gas and liquid phases, into the macroscopic Navier–Stokes equation. 

However, in the LBM, the particulate kinetics provide a relatively easy and consistent 

way to consider the microscopic interactions by modifying the collision operator [186]. 
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Thus, this method shows great potential to simulate the two-phase flows in PEM fuel 

cells. However, as a mesoscopic model, it is difficult to apply this method to large length 

scales, and coupling this model with heat transfer and reactions is still a challenge. 
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Table 19 Selected studies on modeling gas-liquid two-phase flow in PEM fuel cells (reprinted from Anderson et al. [2] with permission from Elsevier) 

Models Authors Research Aspects Remarks 

Mechanistic 
Model 

Chen, Hickner et al. (2005) [187] 
Effects of gas flow velocity, flow channel length and 
height, and contact angle hysteresis on the droplet 
detachment diameter 

No water injected, single sphere 
droplet 

Chen (2007) [188] 
Effects of channel height, contact angle hysteresis and 
water-droplet size on the critical gas flow velocity 

No water injected, single sphere 
droplet 

Multi-fluid Model He, Ming et al. (2007) [189] Effects of wettability on the droplet detachment diameter  Single droplet 

                                           
VOF Theodorakakos, Ous et al. (2006) [18] Effects of temperature on the droplet detachment Single water inject pipe 

Zhan, Xiao et al. (2006) [190] 
Effects of gas flow velocity, wettability and flow channels 
on the droplet removal 

Liquid water was injected from the 
same inlet as gas 

Cai, Hu et al. (2006) [191] Effects of wettability on the droplet removal. 
Liquid droplet was initially attached 
to the GDL surface 

Shirani and Masoomi (2008) [79] 
Effects of gas velocity, the density and viscosity of water, 
and the surface tension coefficient on the flow pattern 

No water injected, single droplet 

Zhu, Sui et al. (2007) [192] 
Effects of channel size and pore diameter on the water 
droplet motion 

Single pore, high liquid flow rates 

Bazylak, Sinton et al. (2008) [193] Effects of GDL microstructure on the droplets motion Only two water inject pipes 

Zhu, Sui et al. (2008) [194] 
Effects of wettability of channel walls, pore diameter, gas 
velocity, and liquid water velocity 

Single pore, high liquid flow rates 

Zhu, Sui et al. (2008) [195] 
Effects of air and water velocity, pore diameter and the 
wettability of the GDL surface 

Single pore, high liquid flow rates 

 Fang, Hidrovo et al. (2008) [78] Effects of contact angle hysteresis Single water inject pipe 
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Le and Zhou (2008) [196] A 3D general model of PEM fuel cell coupled VOF 
method 

Homogenous GDL and electrode 

Le and Zhou (2009) [197] 
Flow behaviors of liquid water in serpentine-parallel flow 
channels 

Homogenous GDL and electrode 

Quan, Zhou et al. (2005) [185] 
Behavior of liquid water in a U-shaped serpentine gas 
channel 

Liquid water was initially attached to 
the GDL surface 

Jiao, Zhou et al. (2006) [198] 
Behavior of liquid water in a complex parallel serpentine 
channel 

Liquid water was initially attached to 
the GDL surface 

Jiao, Zhou et al. (2006) [199] Air-water flow in a 3D straight micro-parallel-channel 
Liquid water was initially attached to 
the GDL surface 

Quan and Lai (2007) [200] 
Effects of channel wettability, channel geometry, and air 
inlet velocity on water behavior 

Homogenous GDL 

Jiao and Zhou (2007) [201] 
Investigation on three innovative GDLs micro-structure 
designs 

Homogenous catalyst layer 

Jiao and Zhou (2008) [202] Effects of electrode wettability  Homogenous catalyst layer 

Ding et al. (2008) [210] 
Two-phase flow pattern, Effects of GDL microstructure, 
surface wettability, liquid flow rates 

Multiple pores, simplified GDL 
surface 

LBM Hao and Cheng (2009) [203] Effects of gas velocity and GDL wettability Single pore 

Mixture Model 

Wang, Basu et al. (2008) [204] Effects of air stoichiometry and relative humidity Homogenous electrode and GDL 

Basu, Li et al. (2009) [205] Effect of GDL intrusion at the edge channels Homogenous electrode and GDL 

 Basu, Wang et al. (2009) [206] Maldistribution effects in parallel channels Steady-state and isothermal 

Models Authors Research Aspects Remarks 
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A.1.1.1 Droplet behavior 

Understanding the liquid water motion in gas flow channels is essential for effective 

water management in a PEM fuel cell. Early two-phase flow models always assumed the 

liquid water moving at the same velocity as the gas flow, called mist flow [207-208]. 

However, as discussed in Section 2.2, in-situ experimental results showed that water 

emerging from the GDL surface formed droplets rather than mists (Figure 100), 

especially at a high current density or a low gas stoichiometric ratio. Therefore, the 

droplet behavior in the gas flow channel must be well understood to accurately 

characterize two-phase flow in the gas channels. 

 

Figure 100. Visualized water droplet formation and detachment from the GDL surface (reprinted from 
Theodorakakos et al. [18] with permission from Elsevier) 

The critical detachment diameter of a droplet is different with respect to changing 

operating conditions, channel design, or using different materials. Chen et al. [187] 

developed a two-dimensional simplified cylindrical droplet model to predict the 

instability of a single water droplet based on macroscopic force balances and a droplet-

geometry approximation. Their qualitative results indicated that increasing the flow 

channel length or mean gas flow velocity, decreasing channel height or contact angle 

hysteresis, or making the GDL surface more hydrophobic would reduce the critical 

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

predicted the critical gas velocity required for a spherical water droplet to detach from the 
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GDL surface [188]. It was found that the critical gas velocity varied inversely with water-

droplet size (to the 2/3 power), and decreased with increasing GDL surface 

hydrophobicity, decreasing contact-angle hysteresis, and lowering the channel height. 

However, the geometry approximation used in this simplified model would result in an 

inaccurate drag force on the droplet, especially at high gas flow velocity. Parametric 

studies with the VOF method [192] showed that the height of the channel as well as the 

width of the pore had a significant impact on the detachment of the water droplet. The 

critical velocity was found to decrease with increasing droplet size and decreasing GDL 

pore diameter. Zhu et al. [209] also investigated the effects of channel geometry on the 

droplet dynamics. Lower aspect ratios reduce the GDL coverage ratio due to droplets 

attaching to the top wall, but lower aspect ratios also increase the pressure drop. A 

rectangular channel with a curved bottom wall was found to have a minimum coverage 

ratio and water saturation, and a moderate pressure drop.  However, the liquid flow rates 

in their simulations were much higher (several orders) than those in a realistic PEM fuel 

cell, and the droplet motion may be quite different at low liquid flow rates corresponding 

to real fuel cell operation.  

More hydrophobic GDL surfaces aid in droplet detachment because of lower 

capillary forces, as shown by He et al. [189] using the multi-fluid model. These results 

are in agreement with Hao et al. [203], who applied a multiphase LBM approach to show 

that high gas flow velocities and a more hydrophobic GDL surface were beneficial for the 

water removal. An analytical model based on a force balance was also developed to 

predict the droplet detachment size. Zhu et al. [194] found that the critical air velocity for 

detachment decreased with increasing hydrophobicity of the surface and increasing the 
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initial size of the droplets. Temperature also has an effect on the droplet’s detachment 

[18]. Experimentally measured contact angles and operating conditions were input into a 

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

The results showed that higher temperatures facilitate the droplet’s detachment due to 

lower surface tension and adhesion forces. Contact angle hysteresis plays a major role in 

droplet detachment dynamics. Fang et al. [78] investigated the effects of contact angle 

hysteresis on the droplet detachment height using the VOF method and showed that 

without considering the contact angle hysteresis, the droplet’s detachment height was 

quite different from what was observed in the experiments. These results are shown in 

Figure 101. The results also implied that the contact angle distribution along the droplet 

can be approximated by piecewise linear functions.  

 
Figure 101. Droplet detachment height versus air velocity; both contact angle hysteresis and non-contact 
angle hysteresis results are presented for comparison with experimental results, which highlights contact 
angle hysteresis must be considered (reprinted from Fang et al. [78] with permission from Elsevier) 

After detachment, a liquid droplet may have different behavior while moving along 

the gas flow channel because of different operating conditions or materials (different 

wettabilities of channel surfaces). A hydrophobic GDL surface and hydrophilic channel 
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sidewall, which is a common condition in PEM fuel cells, turns dispersed droplets into 

thin water films attached to the channel sidewalls [191]. Shirani et al. [79] also used the 

VOF method to investigate the motion of a liquid droplet. By studying the effects of gas 

velocity, the density and viscosity of water, and the surface tension on the droplet 

deformation, it was found that the droplet shape strongly depended on the capillary 

number when the capillary number was large, and it poorly correlated with the Reynolds 

number.  

A.1.1.2 Flow patterns in a PEM fuel cell 

In the above section, the focus was mainly on the dynamics of a single droplet. 

However, in PEM fuel cell gas channels, droplets always emerge from GDL surface at 

multiple sites. Thus, the two-phase flow pattern can be different from the single droplet 

behaviors discussed above due to the coalescence of droplets.  

Bazylak et al. [193] studied multi-droplet effects by employing two pipes to represent 

the microstructure of the GDL. With an initially dry GDL and gas channel, slug flow and 

channel flooding followed the motion of individual droplets. More recently, Ding et al. 

[210] studied the effect of the GDL surface microstructure by varying the pore diameters 

and the number of pores with the VOF method. Three stages were identified during the 

droplet formation: droplets merging on the GDL surface, accumulation on the channel 

sidewalls, and detachment from the top wall. These results are shown in Figure 102. The 

results also showed that different GDL surfaces would result in significantly different 

two-phase flow patterns. However, when the pore size was small enough (and the pore 

number was large enough), the flow pattern would not change with further reduction in 

the pore diameter. This result suggested that the GDL surface microstructure could be 



 236

simplified by increasing the pore size to reduce the computational time. The material 

wettability had a strong impact on the two-phase flow pattern and pressure drop, where 

more hydrophilic sidewalls or more hydrophobic GDL surfaces were beneficial for water 

removal.  

   

(a) (b) (c) 

Figure 102. Three stages of the emerging water droplet into a single channel: (a) merging, (b) 
accumulating, (c) detaching (reprinted from Ding et al. [210] with permission from Elsevier) 

Jiao et al. [201] used several small cubes or trapezoids with the same volume to represent 

the pores from which liquid water could emerge from a GDL. The results indicated that 

the trapezoidal porous holes with the minimum area facing the gas flow channel were 

beneficial to the liquid removal due to enhanced air flow inside the GDL. Furthermore 

for these microstructure designs, the hydrophobicity level of the catalyst layer must be 

greater than or equal to the GDL in order expel liquid water into the gas flow channel 

[202].  

Channel design is another key factor that affects the two-phase flow pattern. In fact, 

the appropriate design of flow channels has been considered the most successful strategy 

in addressing water flooding issues [5]. Three commonly used flow fields in PEM fuel 

cells are parallel/straight channels, serpentine channels, and interdigitated channels.  
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Zhan et al. [190] showed that straight channels with high air velocities and more 

hydrophobic surfaces are beneficial to the liquid water removal. However, in this study 

liquid water was injected with the inlet gas, which is different from droplets emerging 

from GDL surfaces in real PEM fuel cells. Simulation results using the VOF method 

indicated that the bend area inside a U-shaped micro-channel played an important role in 

determining water behavior [185]. Water flooding could occur in the “after-bend” 

section, and, with larger amounts of water, the water distribution following the U-bend 

can block the reactant transport inside the flow channel. However, liquid droplets were 

initially placed in the channel, which is different from an actual PEM fuel cell where the 

droplets emerge from GDL surfaces. Jiao et al. [198] presented a numerical investigation 

of two-phase flow in a more complex parallel serpentine channel format with manifolds 

with water droplets initially placed in the channel. Using the VOF model, the serpentine 

gas flow channel's “collecting-and-separating-effect” facilitated water drainage, and it 

was recommended that keeping the area that has the higher amount of water close to the 

outlet manifold was beneficial for water drainage. Jiao et al. [199] further simulated a 3-

D straight micro-parallel-channel format with PEM fuel cell stack inlet and outlet 

manifolds. It was found that the outflow manifold might be easily blocked by water even 

if the amount of water was small. A curved channel wall was suggested to prevent water 

from flowing back to the air inlet, allowing water to move into the flow field channels 

faster.  

Quan et al. [200] numerically investigated the effects of channel surface wettability, 

channel geometry, and air inlet velocity on water behavior, water content inside the 

channel, and two-phase pressure drop. The results showed that the pressure drop was 
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caused by channel blockage and the gas-liquid drag force. A hydrophilic channel surface 

could benefit the transport of reactants to the reaction sites, but would also introduce a 

significantly higher pressure drop. A sharp corner channel could be a better design option 

since it would provide a space for water accumulation and paths for water to climb onto 

upper surfaces. Increasing the inlet velocity could facilitate water management, but the 

corresponding pressure drop was also increased linearly.  

Non-uniform flow distribution (maldistribution) in multiple channels is another major 

concern in channel design. Wang et al. [204] developed a mixture model to simulate the 

simultaneous flow of liquid water and gaseous reactants in straight mini-channels of a 

PEM fuel cell. The results showed that under fully humidified inlet conditions, liquid 

water built up quickly at the inlet and was followed by a slow increase downstream. 

Water was found to stick around the region with a geometrical heterogeneity. They [206] 

also examined the maldistribution effects in parallel channels of PEM fuel cells, where 

GDL intrusion into the channels was found to cause severe flow maldistribution. 

Employing flow splitters in the inlet manifold can mitigate such flow maldistribution. 

However, their simulation results were steady-state and isothermal, and droplet formation 

cannot be captured using this two-phase flow model. 

A.1.1.3 PEM fuel cell performance 

The literature discussed above mainly focused on the hydrodynamic behavior of two-

phase flow in the gas channel without considering electrochemical reactions. Although 

these studies can provide a fundamental view of liquid water evolvement into the flow 

field channel, the lack of reaction makes it difficult to predict the complicated two-phase 

phenomena happening in a real PEM fuel cell. The non-uniform reaction in the catalyst 
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layer results in a non-uniform water generation rate and thus has a great impact on the 

subsequent two-phase flow in the flow field channels. Meanwhile, non-uniform water 

distribution in flow field channels also affects the diffusion of reactants, which reduces 

the PEM fuel cell performance. 

A general 3-D model of a PEM fuel cell has been developed by Le et al. [196], which 

couples the VOF method with electrochemical reaction, heat transfer, and species 

transport. Liquid droplets were initially located on the side walls of a single serpentine 

cathode channel and the two-phase flow patterns, effects of channel structure, current 

density, and temperature distribution were discussed in detail. Furthermore, they applied 

this model to investigate the flow behavior of liquid water in serpentine-parallel flow 

channels [197] and in interdigitated flow channels [211]. The results showed that the 

liquid droplets caused high pressure-drop, decreased the local cell temperature, and 

blocked the pathway of reactants, but the droplets also increased the ionic conductivity of 

the catalyst layers and the membrane. However, the GDL, catalyst layer, and membrane 

were all assumed to be homogenous media, and it is not appropriate to apply the VOF 

method to a homogenous porous region. To improve the cell performance, the flow 

channel aspect ratio can be modified to increase the sub-rib convection. This increase 

resulted in higher reactant velocity, faster liquid water removal, and better cell 

performance [212]. However, excessive sub-rib convection may also dry out the 

membrane.  

Flow maldistribution is an issue in an operating PEM fuel cell, as shown by Basu et 

al. [205] via an integrated mixture model with electrochemical reactions. The model was 

validated against experimental data of the wetted area on the GDL surface and pressure 
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drop on the cathode side. The effect of GDL intrusion at the edge channels, which can 

lead to flow maldistribution, was numerically studied and the results are shown in Figure 

103.  

  
Figure 103. Plots of local stoichiometry for different channels at different GDL intrusion percentages on a) 
the cathode side and b) the anode side (reprinted from Basu et al. [205] with permission from Elsevier) 

At low flow rates, channel intrusion blocks the GDL surface and makes the edge regions 

starved of reactants. Innovative flow field designs, such as those developed by Wilkinson 

et al. [213], are required to mitigate this type of flow maldistribution of gas reactants.
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Appendix B  MEA fabrication and conditioning 

This section details both membrane electrode assembly (MEA) fabrication and the 

needed conditioning steps before the MEA can be used to produce accurate data. 

Consistent fabrication and conditioning are important to ensure reproducible results.  

B.1 MEA fabrication 

A Membrane Electrode Assembly (MEA) is formed by combining the membrane, 

catalyst layers, and gas diffusion layers (GDL). In this case, the membrane is a catalyst-

coated membrane (CCM; Gore Primea 5510) and thus the MEA consists of the two GDL 

layers sandwiching the CCM.   

Consistent production of the MEA was guaranteed by designing rule dies to act as 

cutters for the CCM, GDL, and final MEA. The general procedure is described with a 

schematic of the steps presented in Figure 104. The schematic is specific to the 

visualization cell (Section 3.1), but the same method works for other fuel cells (such as 

the TP50) that would use cutters specific to that fuel cell.  

1. Two rectangular steel plates open in the center are covered with a layer of 
Kapton.  

2. Each Kapton film is cut with the GDL cutter 
a. GDL cutter matches the active area of the fuel cell (in this case the area 

inside the seals) 
3. The CCM is cut with the CCM cutter 

a. CCM cutter matches the outer seal dimensions (Active area + seals) 
4. The CCM is placed on the Kapton in the open space left by the GDL cutter 

a. A few millimeter clearance (here 2.4 mm) on each side allows sufficient 
adhesion of the CCM to the Kapton 

5. The second layer of Kapton is affixed to the CCM 
a. The CCM is thus sealed inside two pieces of Kapton with the active area 

of the fuel cell exposed 
6. The MEA is cut from this with the MEA cutter 

a. The MEA cutter leaves a MEA the size of the entire fuel cell (defined by 
the manifold) with holes for the alignment pins and compression screws 

7. The GDL cutter is used to cut appropriately sized GDLs  
a. The appropriate size is the active area of the fuel cell 
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Figure 104. MEA fabrication schematic corresponding to the general procedure described in steps 1 
through 7 

The GDL layers are not permanently fixed to the CCM piece before entering the fuel cell. 

Once the cell is operated under the compressed conditions, the GDLs adhere to the CCM 

and the final MEA piece is created.  

The three cutters are 3/4" thick Plexiglas, allowing the operator to see what is being 

cut. While the CCM and GDL could simply be cut to the size of the cell (defined by the 

manifold size), the active area is much smaller and thus using CCM and GDL the size of 

the manifold would waste material unnecessarily.  

B.2 MEA conditioning 

An unused (new) membrane must be conditioned before testing to ensure proper 

electrochemical performance. The conditioning test takes place by running the fuel cell at 

800 mA cm-2 (28.6 A) for 8 hours under the baseline electrochemical operating 

conditions listed in Table 20, which are specific to the transparent fuel cell. A constant 

current is chosen so that the voltage does not go below ~0.5 V, which is satisfied by the 

800 mA cm-2 current density. The conditioning can also be accomplished at 600 mA cm-2 
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(21.5 A), where the goal is to keep the conditioning voltage between 0.5 and 0.6 V. To 

satisfy this voltage, a higher current density is used to condition the TP50 fuel cell (up to 

1000 mA cm-2). 

Table 20 Baseline conditions for all relevant operating variables in MEA conditioning 

Operating Variable Baseline Value 
Tcell, Tgas, Tdew point 75oC 

Relative humidity (cathode 
and anode) 

100 % 

Cathode GDL SGL Carbon 25 BC 
Anode GDL SGL Carbon 25 DC 

Catalyst Coated Membrane 
(Pt loading) 

Gore Primea Series 5510  
(0.4 mg Pt cm-2) 

Air stoichiometry (λair) 2 
H2 stoichiometry 1.5 

Cathode gas Air 
Flow fields 4 parallel, square 

channels 
Compression pressure 90 psig 

Gas backpressure 30 psig 
 
Over the 8-hour period, the voltage increases. Generally, a conditioning test is considered 

complete when the final hour of operating has voltage oscillations are less than +/- 5 mV. 

For the conditioning results in Figure 105, the final hour voltage is 0.594 V +/- 8 mV. For 

the electrochemical performance of this novel visualization cell, the 8 mV oscillation is 

acceptable. The resulting OCV after this conditioning was 0.96 V (measured for 10 

minutes).  
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Figure 105. MEA conditioning voltage results over 8 hrs at 800 mA cm-2  (all other conditions at the 
baseline in Table 20) 

The MEA must also be reconditioned before starting a new set of electrochemical 

experiments. It is assumed that the membrane remains conditioned between individual 

experiments on a given day. To recondition, the same baseline conditions are set as in the 

conditioning procedure. However, the recondition only needs to run for 0.5- 1 hr to 

ensure a stable voltage signal.  

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 



 245

Appendix C Additional pressure drop hysteresis tests 

In addition to the work presented in Chapters 4 and 5, additional studies were 

examined relevant to pressure drop hysteresis. This includes work from the non-operating 

cold model, non-operating hot model, and the operating fuel cell. Those results are shown 

here.  

C.1 Work completed in the non-operating cold model 

 This section discusses supplemental data obtained during the non-operating cold 

model study. This work focuses on the use of solid (non-porous) GDL inserts. 

C.1.1 Non-operating cold model: Solid GDL inserts 

Tests were done to see how gas diffusion into the GDL affects the single-phase 

pressure drop. The open spaces in the GDL offer a path for gas flow in addition to the 

flow field channels. This increase in area could mean the measured pressure drop is lower 

than expected based only on the cross section of the channels. To measure this influence, 

solid inserts of typical GDL thickness were used in place of actual GDLs, which means 

gas can only flow in the channels. The inserts used were 108, 172, and 226 µm thick 

(comparable to the thickness of GDLs in Table 3). The experiments used dry gas at room 

temperature and an air stoichiometry of 2 in the simulated current density range of 50-

800 mA cm-2. The cell was compressed with the nitrogen bladder to 100 psig. The solid 

inserts were made with a polyimide film (Kapton©).  

Three scenarios in addition to thickness were analyzed that used the 25 BC GDL (235 

µm): 

1. The anode chamber open to the atmosphere at both ends 

2. The anode chamber closed on both ends with air filling the anode chamber 



 246

3. The anode chamber closed on both ends with water filling the anode chamber 

These tests were done to see how diffusion into the GDL depends on the anode chamber 

conditions. These results are shown in Figure 106a.  

 
Figure 106. Pressure drop results for a) varying anode configurations from Figure 28 (anode exit open, 
anode closed and filled with air, anode closed and filled with water) b) effect of solid insert thickness 

The results in Figure 106a confirm that the pores in the GDL effectively add to the cross 

sectional area of the flow channels. The highest pressure drop is found for the solid GDL 

insert when compared to an actual 25 BC GDL. The lowest pressure drop occurred when 

both anode ends were open to the atmosphere because air could diffuse through the GDL 

and exit via the anode manifold. In between these cases are the 25 BC GDL with the 

anode ends closed but filled with a fluid. It does not matter if the fluid is liquid water or 

air. Also, the solid insert thickness does not matter, as shown in Figure 106b.  

 The pressure drop is indicative of the amount of air flowing in the channel. The 

percentage the pressure drop is lowered due to the GDL pores relates to the rate of air 

flowing into the pores instead of the flow field channels. These results are shown in Table 

21.  
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Table 21 Percentage difference in pressure drop between solid insert (226 µm) and 25 BC GDL 

∆P 25 BC GDL  
(235 µm; anode closed with 

H2O in chamber) 

∆P solid insert  
(226 µm) 

% Difference 

41 45 8 
80 92 13 
168 183 8 
374 416 10 
606 672 10 
891 982 9 

 

These results show that in general the 25 BC GDL allows an 8-13% reduction of the 

cathode flow channel pressure drop.  

C.2 Work completed in the non-operating hot model 

This section explains other experiments performed during the non-operating hot 

model testing. While the results of temperature, GDL, and stoichiometry were presented 

at ECS 217 and published by ECST, the scope of the experiments included the effect of 

backpressure, inclination angle, and the maximum isim.  Each of these studies is addressed 

in this section. Unless otherwise noted, the baseline conditions from Table 5 are used 

with fully humidified gas at 75oC with the 25 BC GDL at an air stoichiometry of 2. Each 

point runs for ~ 8 minutes, and the pressure drop is sampled at 20 Hz. The visualization 

fuel cell with 4 parallel channels is used in each test.  

C.2.1 Non-operating hot model: Backpressure 

When run electrochemically, the fuel cell gas pressure is usually set to 206.8  kPag for 

increased electrochemical performance. However, the syringe pump used to inject water 

from the anode channels to the cathode channels could not overcome the pressure 

difference caused by the backpressure, and no water could be injected. Thus, the non-

operating fuel cell experiments were run without cathode backpressure. This meant that 

the velocity of the gas changed inversely with the change in backpressure (via the ideal 
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gas law). To see if there would be a large effect due to backpressure, a pressure of 50 

kPag was set as a minimum to hopefully allow water breakthrough. However, several 

problems were still noted: 

• Even at this low backpressure, the syringe pump could not inject any water into 

the cathode flow field channels due to the large pressure difference between the 

anode and cathode 

• The manifold showed signs of leaking at low flow rates (isim = 50 mA cm-2 and 

100 mA cm-2 with an air stoichiometry of 2) 

o At 50 mA cm-2 with λair=2, the pressure dropped to 17.3 kPag within 5 

minutes and settled at the end of the test (~8 minutes) to 16 kPag 

o The leak ‘confused’ the pressure transducer calibration, resulting in 

negative pressure drops at low air flows 

Due to the inaccuracy, this topic was not pursued further.  

C.2.2 Non-operating hot model: Inclination angle 

The inclination angle was expected to change the droplet detachment dynamics. If the 

outlet was pointed downward, it was expected that the droplets would more easily be 

expelled, while if the outlet was pointed upward, the additional gravitational force would 

hinder droplet detachment. This theory was tested by putting the fuel cell outlet at a ~15o 

angle (calculated 13.8o) downward to facilitate water removal with the goal of lowering 

the pressure drop hysteresis effect. A schematic of this setup is shown in Figure 107.  
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Figure 107. Inclination angle schematics for a) no inclination angle and b) 15o inclination angle with the 
manifold inlet above the outlet 

The results from this experiment are shown in Figure 108, and it is apparent that the 

hysteresis effect is still noted. The error bars represent the standard deviation of the data 

set for one trial. Since inclination angle is not a largely studied fuel cell operating 

variable and these results were not encouraging for hysteresis reduction, further 

experiments were not performed. It is also unclear how accumulation in the manifold’s 

exit at this angle influences the results. However, by modifying the current apparatus, it 

would be interesting to see the results of an entirely vertical setup (inclination angle at 

90o).  
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Figure 108. 15o inclination angle pressure results for the ascending and descending approaches 

C.2.3 Non-operating hot model: Max isim 

The effect of the maximum value of the isim on the descending approach was shown to 

affect the hysteresis in the cold model non-operating experiments. In that study at low 

maximum isim (400 mA cm-2), the injected water could not break through the GDL and no 

hysteresis was observed. At high maximum isim (1400 mA cm-2), the water could break 

through the GDL, but the convective water removal capabilities of the higher air flows 

could remove the same amount of water in the ascending and descending case, which led 

to no hysteresis in the pressure drop at the higher isim. In the case of a high maximum isim, 

hysteresis was again noted at lower isim on the descending approach.  

 These results were also studied in the hot model approach to see if the heated and 

humidified air altered these results. The maximum isim was set to 1400 mA cm-2, and the 

results are shown in Figure 109.  
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Figure 109. Max isim results to 1400 mA cm-2 including the average results and results of three individual 
trials: a) Average of three trials b) Trial 1 c) Trial 2 d) Trial 3 

The error bars in Figure 109a are from the standard deviation of the three trials shown in 

Figure 109b-d. The results agree with the analysis from the cold model non-operating 

testing: no hysteresis is noted at high isim due to the higher convective water removal 

abilities of the air but hysteresis is noted at moderate and low isim due to the accumulation 

of liquid water in the descending approach. 

 The varying behavior at higher isim is likely due to the addition of condensed water in 

the gas inlet lines. The higher gas flow rates can also convectively bring in liquid water 

from the gas inlet lines to the fuel cell flow channels. This addition of water can lead to 

an increased ascending pressure drop, inverting the hysteresis results at higher isim (Figure 

109b and Figure 109d).  



 252

 

As these results agree with the previous cold model non-operating results, further testing 

was not considered. Also, the visualization fuel cell cannot reach an operating current 

density of 1400 mA cm-2, so further testing was not warranted.  

C.2.4 Non-operating hot model: Ascending/descending isim cycles 

The hysteresis behavior during the descending approach is due to the accumulation of 

liquid water in the cathode flow field channels relative to the dry channels before 

breakthrough on the ascending approach. Cycles were performed to see how the second 

ascending approach would change if the accumulated water was present in the channels 

and to see what effect this new ascending path would have on the overall hysteresis. The 

results are shown in Figure 110 with all conditions at the baseline (Table 5).  

 
Figure 110. Results of two successive ascending/descending cycles with the 25 BC GDL 

The pressure drop for low isim on cycle 2 ascending is higher than the cycle 1 descending 

case because of the additional liquid water accumulation. However, by isim ≥ 400 mA cm-

2, the higher air flow rates convectively remove the water and the pressure drops on the 

ascending approach for cycle 1 and 2 are similar. The subsequent pressure drop on the 
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descending approach of cycle 2 is then similar to the descending approach of cycle 1. 

Thus, cycling is most important at low isim, which is generally where hysteresis is most 

prevalent.  

C.3 Work completed in the operating fuel cell  

In addition to the results in Chapter 5 [148], additional experiments were performed 

to understand pressure drop hysteresis in an operating PEM fuel cell. These tests included 

further exploration of the LM approach, mitigation strategies via dynamic RH control, 

and constant air flow rate vs. constant stoichiometry.  

C.3.1 Operating fuel cell: Further exploration of the LM approach 

The LM approach results were also used in “Gas-liquid two-phase flow behavior in 

minichannels bounded with a permeable wall” by L. Zhang et al. [156]. The operating 

results from Chapter 5 were compared with the results of Lu et al. [56]. Figure 10b from 

reference [156] is shown in Figure 111, with equation 10 referring to the uniform 

injection method and equation 11 referring to the non-uniform injection method 

(discussed in 5.2.6).  

 

 



 254

 
Figure 111. Comparing the LM approach to Lu et al. [56] data and Anderson et al. data (modified from 
[148]) with three versions of the LM method (modified from Zhang et al. [156] with permission from 
Elsevier) 

This comparison is made here for further validation of the experimental results presented 

throughout 5.2.6. The values from Lu et al. [56] were from an ex-situ experiment, but 

they still are reasonably close to the two-phase flow multipliers determined here. The 

experimental results from Chapter 5 are from an average of the temperature and 

stoichiometry results (the standard deviation is from the average of all current densities at 

a given condition since they all have the same χ
2). This reasonable agreement with Lu et 

al. provides more confidence in the accuracy of the experimental results.  

C.3.2 Operating fuel cell: Mitigation via dynamic RH control 

Using the dynamic relative humidity control algorithm from Hussaini et al. [102], the 

times required at 4 distinct cycles (in order: GDL saturation, GDL drying, membrane 

dehydration, membrane hydration) could be solved for at the baseline experimental 

operating conditions in this study. The cycles are based on water firstly accumulating in 

the anode and cathode GDLs due to product water and condensing water from the 

humidified gases. Dry gases are then used to evaporate this water, but this causes the 
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membrane to dry, which then results in a loss of voltage. A critical voltage loss (in this 

case 10 mV) can be used to determine the time it will take for the dry membrane to cause 

that voltage loss (due to increased resistance) at which point humidified gas is used to re-

hydrate the membrane.  The total hydration and dehydration times at each current density 

for the baseline conditions from Table 6 are shown in Table 22. The cycles are repeated 

throughout the 10 minutes at each current density. If an individual hydration/dehydration 

cycle was not completed in the 10 minutes, the percentage time remaining of that cycle 

was continued at the next current density. The ascending and descending approach was 

used to a maximum of 800 mA cm-2. Beyond this current density, the times at each cycle 

were too quick to be manually changed reliably.  

Table 22 Cycle times for MEA hydration/dehydration based on Hussaini/Wang method [102] 

i 
(mA cm-2) 

Dehydration 
(s) 

Hydration 
(s) 

50 286 202 
100 143 101 
200 72 50 
400 36 25 
600 24 17 
800 18 13 

 
The pressure drop hysteresis was not mitigated via this method. Thus, further results are 

not presented here.  

C.3.3 Operating fuel cell: Constant flow results 

The air has a convective removal ability that carries away the liquid water. In the 

typical case, a constant stoichiometry is used (cathode stoichiometry of 2), and the 

coupled gas and liquid flow rates increase and decrease together. To further understand 

the convective process, a constant air flow test was done at the highest current density 

(800 mA cm-2) for λair = 2. The results, shown in Figure 112, show little hysteresis as 

expected. At all current densities studied, the two-phase pressure drop is higher than the 
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single-phase pressure drop. This is true even at low current densities where the water 

production is low, meaning the condensation of liquid water in constant flow experiments 

is an issue. When compared to the constant stoichiometry case with λair = 2, the 

percentage change between approaches is much smaller. This result is because the higher 

constant air flow case consistently removes the flow channel water convectively, 

resulting in little accumulation at any current density. Thus, no hysteresis is seen.  

 

Figure 112. a) Constant flow pressure drop results for the ascending and descending approach b) 
Percentage change between approaches for constant air flow and constant air stoichiometry methods 

 


