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ABSTRACT
The current state of fuel cell technology faces a number of technical challenges
for automotive application that must be surmounted in order to compete against the
internal combustion engine. Among those, control of water amount in the fuel cell is the
major bottle neck for achieving durable operation from sub-freezing temperature. When
the fuel cell is shutdown to a frozen state without proper removal of water, the pore
structure of the porous media (diffusion media (DM) and catalyst layer) can be damaged
due to volume expansion of the residual water, and catalyst layer can be delaminated
from the membrane due to frost heave, leading to degradation of the fuel cell.
To remove water from the cell after shutdown, a gas purge has generally been
applied into the cell. However, the common method of gas purge is just applied without
much fundamental consideration of water removal. Therefore, the conventional method
(i.e., purge with nitrogen gas or air into both side of cell after cell shutdown) generally
takes a relatively long time to remove water from the cell sufficiently, resulting in
significant parasitic loss and reduced system efficiency. Additionally in some case the
purges can be conducted without control of the drying distribution, which causes the
MEA to be degraded at an accelerated rate. Requirements for adequate gas purge are as
follows; it should be performed in short time without major parasitic loss, and it should
selectively remove water from the porous media and channels without causing
degradation of the membrane via over drying.
These purge issues can be solved in part through fundamental understanding of
water removal during purge. The purge/water removal relationship should be understood
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in actual system to do optimize design, and those behaviors should be interpreted with a
fundamental understanding of evaporative water removal in individual fuel cell
components.
In the first part of this study, water removal behavior was investigated in a full
sized fuel cell, and compared for various purge conditions. With concurrent utilization of
neutron radiography and high frequency resistance, membrane dryness could be
compared along with water removal from the cell during purge. The results showed gas
purge could be performed while maintaining membrane durability by a controlled RH
and flow rate condition for anode and cathode, respectively.
In the second part of this study, the characteristic water removal of each fuel cell
component and coupled effect of each component on evaporative water removal were
investigated in a novel test cell. The DM is known to store a significant fraction of the
total liquid water, but quantitative fundamental research examining water removal
behavior from DM is not yet available in literature. Therefore, a fundamental study was
conducted to characterize the water removal behavior of the DM with newly designed
test rig. Effects of purge flow rate, DM material properties, and flow field structure on
water removal rate were investigated. From this new fundamental understanding, an
advanced purge method was proposed to achieve highly efficient and durable purge with
reduced energy consumption. The proposed protocol was validated experimentally with
high resolution neutron radiography. The fundamental and applied understanding in this
study can be utilized to provide guidelines for an optimized purge protocol for actual
systems.
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Chapter 1
Introduction

1.1 Fuel Cells as Electrochemical Engines
The fuel cell is an electrochemical device which converts the chemical energy of
fuel and oxidizer into electrical energy through electrochemical reactions.

Fig. 1.1

represents a schematic of a generic fuel cell. Separate liquid- or gas-phase fuel and
oxidizer streams enter through flow channels, separated by electrolyte/electrode
assembly. Reactants are transported by diffusion and/or convection to the catalyst layer
(electrode), where electrochemical reactions take place to generate current. Especially, in
polymer electrolyte fuel cells (PEFCs), electrically conductive carbon paper or cloth
diffusion medium (DM) layer serves this purpose, and a DM covers the anode and
cathode catalyst layer. At the anode electrode, the electrochemical oxidation of the fuel
produces electrons that flow through the bipolar plate to the external circuit, while the
ions generated migrate through the electrolyte to complete the circuit. The electrons in
the external circuit drive the load and return to the cathode catalyst where they recombine
with the oxidizer in the cathodic oxidizer reduction reaction (ORR).
A number of fuel cell varieties have been developed to differing degrees, and the
fuel cells are classified according to the electrolyte material utilized. Therefore, a solid
oxide fuel cell (SOFC) has a solid ceramic oxide electrolyte, and a PEFC has a flexible
polymer electrolyte, as described in Table 1.1.

Each fuel cell variant has certain

advantages that engineer use for particular applications [1]. The primary advantages of
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low-temperature fuel cells such as PEFCs and alkaline fuel cells (AFCs) include more
rapid start-up and potential for higher efficiency. However, low-temperature systems
generally require more expensive catalysts and much larger heat exchangers to eliminate
waste heat due to the low temperature difference with the environment. High-temperature
fuel cells (e.g., SOFC, MCFC) have an advantage in raw material (catalyst) cost and ease
of rejection of wast heat.

Currently, the PEFC and SOFC are the most promising

candidates for conventional power system replacement, with the MCFC also under
continued development.

1.2 Electrochemical Reaction
The fuel cells of interest in this work are referred to as proton exchange
membrane fuel cells (PEFCs) because the membrane separating the electrodes permits
the exchange of protons from the anode to the cathode. The electrochemical reactions
occur on the electrode surfaces. Hydrogen, or other fuel, is supplied to the anode side of
the fuel cell while the oxidant, usually the oxygen gas taken from the air, is delivered at
the cathode side. The electrochemical oxidation reaction at the anode side occurs by the
hydrogen gas splitting into hydrogen ions H+, and free electrons e-. The produced
electrons flow through an external circuit connected to a load and produce electrical
power.

The hydrogen ions pass from anode side to cathode side through a semi-

permeable polymer membrane which is not conductive to electrons but has high ionic
conductivity. At the cathode side, the electrons, hydrogen ions and oxygen gas are
combined and oxygen reduction reaction takes place forming the product water. The
following electrochemical reaction takes place in the PEFC [1]:
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Anode Reaction:

2 H 2  4 H   4e 

(1.1)

Cathode Reaction:

O2  4 H   4e   2 H 2 O

(1.2)

Overall Cell Reaction:
H2 

1
O2  H 2 O
2

(1.3)

1.3 Components of a PEFC
In Fig. 1.1, the basic components of a PEFC are also shown. In the center of the
diagram, there is the ion conductive polymer electrolyte membrane which usually varies
between 18-175μm in thickness. The electrolyte most commonly used by PEFCs today is
a polyperfluorosulfonic acid membrane. DuPont produces the industry’s most widely
used membrane called Nafion® , although other similar products exist including Gore
Technologies Primea® series of membranes.

Nafion® contains a polytetrafluoro-

ethylene (PTFE or Teflon® ) backbone with sulfonic acid groups attached to the
perfluorinated-vinyl-polyether side chains.

In the presence of water, these highly

hydrophilic sulfonic acid groups will absorb water and ionize to enable more facile H+
ion transfer through the membrane.
As shown in Fig. 1.3, the catalyst layers are implemented on each side of the
membrane, which typically consists of platinum powder roughly 2-4nm in size and
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supported by the larger (~40nm) carbon particles. The electrochemical reactions take
place in these layers; therefore they are also referred as the reaction sites. The total
thickness of the catalyst layer is on the order of 10-30μm. The combined structure of
membrane and two catalyst layers are usually referred as the membrane electrode
assembly (MEA) or three layer structure.
Outside the MEA structure, there are backing layers or gas diffusion media
(DM). Fig. 1.4 shows the Scanning Electron Microscopy (SEM) images of two different
DM of carbon cloth (woven) and carbon paper. The carbon cloth DM consists of fibers
woven in some pattern as shown in Fig. 1.4 (a) whereas, carbon fiber paper consists of
fibers aligned in random direction and is shown in Fig. 1.4 (b). The main purpose of DM
is for the transport of reactant gas from the flow channels to the catalyst layer. In
addition, with the carbon structure of the DM, it allows the necessary electron conduction
from the catalyst layer to the external load. Another important feature of this component
is to remove the product liquid and gas-phase water from the catalyst layer into the flow
channel.
The flow channels, or the bi-polar plates, are made of an electrically conductive
material such as graphite or metal. They distribute the reactants through the overall
assembly, provide electron conductivity between the electrodes, and necessary robustness
and strength to support the whole fuel cell structure. Typical bipolar plates utilized for
PEFC are shown in Fig. 1.5.
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1.4 Performance Characterization of Fuel Cell Systems
The performance of a PEFC is generally defined through a polarization curve,
which is a graphical representation of the cell voltage output versus the operating current
of the cell. The polarization curve can be analyzed further in five regions as shown in
Fig. 1.6. The losses in region I are dominated by the activation (kinetic) overpotential at
the electrodes. Activation polarization, which dominates losses at low current density, is
the voltage overpotential required to overcome the activation energy of the
electrochemical reaction on the catalyst surface, and it is influenced by reaction
mechanism, catalyst type, catalyst layer morphology, operating parameter, impurities and
poisons, species concentrations, age, and operating history [1].

The activation

polarization represents the rate of an electrochemical reaction controlled by sluggish
electrode kinetics in the low current density region.

Similar to chemical reactions,

electrochemical reactions in fuel cells also involve an activation energy that must be
overcome by the reacting species. In other words, electronic barriers must be overcome
prior to the current generation and ion transport.

Activation over potential can be

described by the Butler-Volmer equation for an electrode [1]:

   nF
  nF


i  i0 exp A  act   exp  C  act 

 RT

  RT

(1.4)

where i represents the current density (A m-2), F is the Faraday’s constant, i0 is the
exchange current density (A m-2),  act is the activation over potential (V), n is the number
of electrons transferred in the elementary electrode reaction, and  A and  C are the
anodic and cathodic charge transfer coefficient.
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Losses in region II of Fig. 1.6 are dominated by the ohmic polarization of the fuel
cell. This includes all electrical and ionic conduction losses through the electrolyte,
catalyst layers, cell interconnects, and contacts. The ohmic losses are more pronounced
at moderate and high current density operation, and are strongly affected by the hydration
level of the membrane. The ohmic loss can be expressed by Ohm’s law [1]:
n

ohm  i  R j  iRtotal

(1.5)

j

where R j is the each resistance component of a fuel cell, such as the contact resistance
and the ionic resistance, Rtotal is total resistance of a fuel cell, and i is the current density
The losses in region III of Fig. 1.6 are dominated by the concentration
polarization of the fuel cell, mainly caused by mass transport limitations of the reactants
to the electrodes (there can also be some electrolyte concentration polarization, but it is
low).

During the cell operation, the generated water may condense and block the

available pore for gas transport in the DM. As a result, the reactant gas fluxes can not
diffuse to the active reaction sites in the catalyst layer. The diffusive and other transport
limitations in the DM and other porous media result in a reduced concentration at the
catalyst surface, and subsequently causes a reduced electrode potential. According the
Nernst equation, the thermodynamic concentration overpotential can be written from the
thermodynamic activity [1]:

 conc 

RT
nF


i 
1  
 iL 

(1.6)
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where iL is the limiting current density (A m-2), indicating the maximum rate at which
reactant can be supplied to an electrode and T is the local temperature (K). It should be
noted that there is also a kinetic polarization resulting from concentration limitations that
is in addition to this thermodynamic adjustment.
The losses in region IV of Fig. 1.6 represent the departure from the Nernst
thermodynamic equilibrium potential. This loss can be very significant and can be due to
undesired species crossover through the electrolyte, internal currents from electron
leakage through the electrolyte, or other contamination or impurity. Finally, the losses in
region V of Fig. 1.6 represent the departure from the maximum thermal voltage, a result
of entropy change which cannot be engineered. If the entropy change is positive, the
Nernst voltage is actually greater than the thermal voltage, and the heat generation by
entropy change in negative. In general, the operating voltage of a fuel cell can be
represented as the departure from ideal voltage caused by the various polarizations [1]:
Ecell  E 0 (T , P)   a ,a  a ,c  r  m,a   m,c   x

(1.7)

where E 0 (T , P) is the theoretical equilibrium open-circuit potential of the cell, calculated
from the Nernst equation,  a,a ,  a,c ,  r ,  m,a ,  m,c ,and  x are activation over potential of
anode and cathode, ohmic (resistive) polarization, concentration polarization at the andoe
and cathode, and departure from the Nernst equilibrium voltage.
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1.5 Gas Purge
1.5.1 Problem Overview
The current state of fuel cell technology faces a number of technical challenges
for automotive application that must be surmounted in order to compete against the
internal combustion engine. Among those, control of water amount in the fuel cell is the
major bottle neck for achieving durable operation from sub-freezing temperature. When
the fuel cell is shutdown to a frozen state without proper removal of water from the cell,
pore structure of porous media (DM and catalyst layer) may be damaged due to volume
expansion of the residual water [2-6], and the catalyst layer can be delaminated from
membrane due to frost heave [7, 8], leading to degradation of the fuel cell performance.
To remove water from the cell after shutdown, gas purge generally has been
applied into the cell.

However, the gas purge was just applied without much

considerations of water removal mechanism. Therefore, the conventional method (i.e.,
purge with nitrogen gas or air into both side of cell after cell shutdown ) generally takes
relatively long time to remove water from the cell sufficiently, resulting in serious
parasitic loss. Sometimes those purges were conducted without delicate control of drying
effect, which causes MEA to be degraded due to excess local dryout. Requirements for
adequate gas purge are as follows; it should be performed in short time without major
parasitic loss, and it should selectively remove water from the porous media and channels
without causing degradation of the membrane via over drying. These purge issues can be
solved by fundamental understanding of water removal during purge. It is the main
motive of the current work.
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1.5.2 Literature Survey
After cell shutdown, use of an active gas purge is the most generally accepted
method to sustain the high performance, cold-start ability and durability of fuel cell.
Methods of purge can be classified into three main categories, according to application;
First, a purge can be applied to eliminate local buildup of liquid water or nitrogen in the
cell during operation [9-11]. A sporadic purge is generally applied to push the locally
accumulated water out of flow field to allow reactants gases to access into catalysts for
maintaining stable performance during operation. The condition for purge initiation can
be actuated by monitoring the pressure buildup in the channel as well as the drop of
voltage due to the local plugging of the water in the channel and/or dilution of fuel gases
concentration at the catalyst [9, 10]. The method is typically adopted for dead-end
operation for relieving accumulation of nitrogen and water, especially in anode side [11].
A second type of purge is used for removing residual hydrogen during shutdown
and preventing the degradation in carbon black cathode catalyst support in the fuel cell
[12-14]. Partial mixing of hydrogen and oxygen in the anode side was found to cause
reverse flow of current and increased the cathode interfacial potential difference, greatly
accelerating carbon support corrosion [15, 16]. Lee et al. investigated the degradation of
the MEAs operating with repetitive on/off cycles with or without anode hydrogen purge.
The degradation was reduced significantly by purging the anode gas channel with air
prior to shutdown [17].
The third general type of purge is applied to remove the residual water before
cooling to subfreezing temperature. Durable operation for sub-freeze temperature cannot
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be guaranteed as long as the water remains in the cell after shutdown due to damage of
pore structure by volume expansion [2-6] as well as delamination of the electrodes from
membrane by frost heave [7, 8]. Many studies have examined gas purge for removing
water from the cell before freezing [3, 18-21]. Cho et al. observed no performance
degradation after freeze/thaw cycling when the cell was purged with dry gas for 20
minutes [19]. Guo et al. found no apparent damage to the catalyst layer (CL) after 1
minute dry purge, whereas the cathode CL was cracked in a non purged cell [2]. Hou et
al. observed no performance loss and no damage to CL after 20 freeze/thaw cycles in a
cell purged with RH 58% gas [3]. Several research groups found that cold start capability
could be increased by some drying of the membrane to provide additional water uptake
capacity generated during cold start [18, 21-24].
Detailed analysis of water removal behavior with gas purge has been conducted.
Sinha et al. conducted a model of gas purge, but did not consider compression effect on
pore structure of GDL under land region or the effect of the micro porous layer (MPL)
[25].

Hao et al. performed the purge test with dry fuel gases, and described the

characteristic behavior of purge with HFR variation of membrane [26]. Ballard Power
Systems Inc. observed the variation of membrane resistance by temperature and flow
rate, and described the optimal purge condition as occurring directly before the onset of a
rapid increase of the resistance, which occurs in parallel with membrane dryout [27].
Tajiri et al. performed further gas purge experiments with high flow purge gas
(stoichiometric ratio of 18 and 21.6 for H2 and air) to minimize the residual liquid water
in the cell before applying purge [28]. With this approach, water removal during purge
was mainly through evaporation.
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Purge analysis based on the actual fuel cell stack was conducted by researchers in
Ballard Power Systems Inc. [27, 29, 30]. They suggested how to control the water
amount in the fuel cell without causing excessive membrane dryout before shutdown [27,
30]. Before shutdown, they applied a few hours operation of fuel cell with inlet gas
conditions decided based on calculation of the water mass balance in the cell. By
performing this operation, the water amount in the cell was decreased, and the operation
was terminated at the point of decrease of voltage, indicating decrease of water content in
the membrane. They also showed a hot purge (cell temperature of 85℃) can cause severe
performance degradation due to membrane dryout [29, 30].
A saturation pressure gradient can be utilized to minimize the residual water in
the cell. General Motors Corporation (GM) invented the method of removing free water
(i.e. not contained within the membrane) with a vacuum pump [31]. Lee et al. applied a
controlled low pressure to evaporate the residual water after operation. By measuring the
saturation pressure of the water evaporated from the cell for extended period, the amount
of water remaining in the cell could be calculated [32].
Recently, water was shown to be transported through the membrane electrolyte
assembly (MEA) by temperature gradient [33-37]. Bradean et al. showed evidence that
for a proper stack design, a temperature gradient could be developed that drained the
residual water effectively during shut down [33]. UTC Fuel Cells, LLC. showed reduced
cold start performance in the cells near the end plate of the stack. They invented a
method to mitigate this loss by cooling the cell to shutdown temperature while
maintaining a substantially uniform water vapor pressure through the cell whereby
migration of water is reduced, preventing buildup of water in fuel cell components
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adjacent the end plates of the fuel cell assembly [38]. Cho et al. showed the effectiveness
of a pulse purge after shutdown for rapid residual water removal using neutron imaging
[39]. By controlling the pulse time, water can be removed more efficiently than with a
conventional purge.
Among the extensive studies on water removal, disagreement was found in how
much the cell should be dried for improving the cold start performance. Cold start
capability was found to be improved by some membrane drying at shutdown to a frozen
state, and some believe purge should be performed to remove water from membrane and
catalyst layer to provide more available storage for water generated during frozen start [4,
18, 22-24]. However, others have indicated that membrane dryout, especially uneven
dryout, degrades the membrane, and should be avoided [27, 29-31, 38].

Current

understanding cannot delinate which insist is true, but it is clear that the fuel cell should
be dry for enhancing cold start performance, but the membrane should not be overly or
unevenly dried during purge. The key parameters for the optimal purge can be obtained
by detailed understanding of physics of gas purge which is not yet identified in fuel cell
literature.

1.6 Motivation and Objective
From the previous section, it is clear that the water should be removed from the
cell for increasing cold start performance and durability, and a parasitic gas purge is
considered a potential method of water removal.

But, a gas purge still has some

challenging engineering requirements for application. Those purge issues can be solved
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by fundamental understanding of water removal during purge, and is the main motivation
of the current study.
This study consists of two parts. In the first part, the gas purge will be conducted
with a full size fuel cell to determine the impact of purge protocol on applied systems.
The results obtained from the actual system are further applied to investigate the
fundamentals of gas purge as a function of materials and operational protocol. Diffusion
media (DM) stores a significant fraction of the total liquid water in the fuel cell during
operation, but quantitative fundamental research examining water removal behavior from
the DM is not yet available. In this study, new test methods were developed to enable a
more fundamental understanding of the evaporative water removal from DM. From the
fundamental understanding, an advanced purge method can be proposed for achieving a
high efficient and durable purge.

The main objectives of the current work can be

summarized as follows;

I. Applied study of a full size fuel cell purge using neutron imaging experiment.
1. Perform the gas purge, and compare the effect of flow rate and relative humidity.
2. Analyze the characteristic water removal for each purge condition, and suggest the
possibility of selective water removal for sustaining durability.

II. Fundamental study of evaporative water removal rate from DM in an ex-situ model
fuel cell
1. Develop new test method to measure directly water removal rate from diffusion media
during gas purge.
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2. Characterize the water removal behavior from DM during evaporation, investigate the
effect of purge gas flow rate, and develop a semi-empirical relation of evaporative
water removal rate with respect to applied purge flow rate.
3. Investigate the effect of material properties such as liquid water wettability and pore
geometric structure of DM on water removal behavior in DM.
4. Investigate the coupled effect of flow channel (ratio of land to channel) and DM
material properties.

III. Evaluation of purge protocol in typical fuel cell conditions
1. Analyze water removal behavior of fuel cell components, suggest the method for
efficient and durable purge, and evaluate it.

It is my thesis that fuel cells can achieve an improved efficiency, intrinsically more
durable purge through advanced fundamental and applied study.
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Table 1.1. Fuel cell types, descriptions, and basic data [1]
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Fig. 1.1. Schematic of a generic fuel cell [1].
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Fig. 1.2. Cross-sectional view of a PEFC [40].
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Fig. 1.3. A TEM image showing model structure of Pt/ionomer/C microstructure that
creates the critical 3-phase interfaces [41].
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(
a)

(
b)

Fig. 1.4. SEM images of (a) carbon cloth and (b) carbon paper.
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Fig. 1.5. Bipolar plates for PEFCs [42].
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Chapter 2
Theory of Transport of Water in PEFC

2.1 Transport in the Polymer Electrolyte Membrane
In a solid polymer electrolyte, ion mobility is a result of an electrolyte solution
integrated into an inert polymer matrix. Early electrolyte membranes developed for the
United States space program consisted of treated hydrocarbons, which resulted in poor
longevity due to the relatively weaker hydrocarbon bonds [43]. Most modern solid
electrolytes are perfluorinated ionomers with a fixed side chain of sulfonic acid bonded
covalently to the inert, but chemically stable, polymer polytetrafluoroethylene (PTFE)
structure. The most studied perflourinated ionomers for fuel cell is Nafion® developed
by E. I. DuPont de Nemours and Company. The membrane consists of two very different
sub-structures: 1) a hydrophilic and ionically conductive phase related to the bonded
sulfonic acid group that absorbs water, and 2) a hydrophobic and relatively inert polymer
backbone that is not ionically conductive but provides chemical stability and durability.
Proton transport in membrane can be categorized in two modes: vehicular diffusion
mechanism and Grotthus proton hopping mechanism. Under low water content, the
ionically conductive hydrated proton of the membranes behave as nearly isolated clusters,
and proton transport is dominated by a vehicular mechanism or diffusion, as shown in
Fig. 2.1 (a). However, as shown in Fig. 2.1 (b), at high hydration in the electrolyte, a
proton hopping, or Grotthuss mechanism [44] is observed, with concomitantly higher
effective proton conductivity. In this mode of transport, protons “hop” from one H3O+ to
another along a connected pathway in the ionomer structure.
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The ionic conductivity of the electrolyte is related to the clustering of the sulfonic
acid side groups and hydration level. A measure of this structural relationship is the
equivalent weight (EW) [43]:

 g
EW    100    446
 eq 

(2.1)

where  is the number of tetraflouroethylene groups per polymer chain.
Water uptake is commonly referenced in terms of water molecules per sulfonic acid site:



H 2O
SO3 H

(2.2)

Water-soaked values range from ~30 for an EW of 900, to ~20 for an EW of 100. For
contact with a gas-phase flow stream, the water uptake of Nafion 1100 EW at 30C has
been correlated as [45]:

  0.043  17.18a  39.85a 2  36.0a3

For 0 < a ≤ 1

(2.3)

where a is water vapor activity, which is the relative humidity RH:

a  RH 

yv P
Psat (T )

(2.4)

Maximum water uptake value can be obtained from Eq. 2.2 at fully humidified
conditions of λ = 14, whereas the value is much higher when equilibrated with liquid
water. The sharp difference in water uptake between a membrane equilibrated with vapor
and liquid water is known as Schroeder’s paradox. This phenomenon is of critical
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importance, since the abrupt change in water content results in a similarly abrupt variance
in ionic conductivity, swelling, and other important transport parameters.
Nafion ionic conductivity is strongly related to the hydration level of the
membrane. The ionic conductivity of Nafion 1100 EW ionomer was correlated based on
measurement of conductivity over 25 – 90 ℃ and a full humidity range [45]:


1 
 S 
 1
 0.005193  0.00326 
  exp1268
 cm 
 303 T 


i

(2.5)

Plots of the ionic conductivity as a function of water uptake and temperature are
shown in Fig. 2.2 (a) and (b). It should be noted that high impact of humidity on the
conductivity is especially in the region above RH = 60%. One of the major limitations of
perflourinated ionomers is the high hydration level needed to sustain performance. At
high temperatures, the water vapor mole fraction becomes excessively large in the gasphase which can limit reactant transport. For a well-hydrated PEFC membrane, typical
conductivities are around 10 S cm-1.

2.2 Modes of Water Transport of Membrane
Membrane properties, such as density, proton conductivity, gas permeability and
diffusion coefficient are strong function of membrane hydration. In PEFC operation,
water is generally carried into the fuel cell by pre-humidified reactant gas streams. Some
water passes through the DM, and reaches the membrane in the form of vapor or liquid,
which in turn, increases the hydration level of the membrane. In addition to the input
streams, the water vapor is also generated in the cathode catalyst layer by the electrode
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reaction. Water transport across the membrane originates from the imbalance in water
concentration and static pressure across the membrane. Therefore, the water transport
mechanism across the membrane is a controlling factor that determines the level of
membrane hydration. The various water transport mode in the membrane are discussed
in the following sections.

2.2.1 Diffusion
The diffusion of water between the electrodes is caused by the water
concentration gradient (ΔCc-a) across the membrane.

In this model, membrane is

assumed to be a homogenous single phase media, and the water transport is governed by
the activity gradient. This model was first proposed for PEFC application by Springer et
al. [46], and Fuller and Newman [47], and later modified for chemical potential gradient
by Janssen [48]. The water diffusive flux (qw,diff) can be represented by Fick’s Law [49]:
q w,diff   Dw ( )

dC w
dx

(2.6)

where Dw is the diffusion coefficient (function of local water content of the membrane,
λ), and dCw/dx is the water concentration gradient across the membrane.
Water can diffuse across the membrane in either direction. However, water
concentration is usually higher at the cathode due to the water generation in the cathode
CL. As a result, in the conventional fuel cell operation, water generally tends to diffuse
toward the anode side. The water transport from cathode to anode is called backdiffusion. Bi-directional water diffusion driven by an activity gradient plays an important
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role in maintaining the water balance of the PEFCs. In an operating PEFC, the anode
tends to dry out because water is transported to the cathode by electro-osmotic drag, and
the cathode tends to be flooded because both electro-osmotic drag and water production
caused to accumulate an excess amount of water at the cathode side. Back-diffusion of
water from cathode to anode compensate for the water loss of the anode, and tends to
flatten the water activity profile across the membrane, therefore preventing the anode
dry-out and reducing the cathode flooding phenomena.

2.2.2 Hydraulic Permeation
Water may also be transported through membrane by hydraulic permeation,
which is caused by the differences in the pressure of the gas reactants across the
membrane. In this model, membrane is treated as a two phase porous medium and
Darcy’s law is used to explain the water transport. This model was initially applied for
PEFC by Bernardi and Vebrugge [50] and later modified to include effects of saturation,
pore size distribution and hydrophobicity by Eikerling et al.[51].

The water flux

transported by hydraulic permeation (qw,hyd) is directly related to the pressure gradient
across the membrane, and can be described :

qw, hyd  

k hyd ( ) dP
 dx

(2.7)

where khyd is the hydraulic permeability coefficient of the electrolyte membrane (function
of membrane water content, λ), μ is viscosity of water, and dP/dx represents the pressure
gradient across the membrane. For operating conditions when both reactant gas pressures
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(anode and cathode) are relatively equal, as is a common practice in PEFCs, the hydraulic
permeation rate approaches to zero, thus can be neglected.
It is important to mention that both type of model (diffusion and hydraulic) can be
made to agree with the experimental data, but neither describes the full range of data nor
all observed effects, like Schroeder’s Paradox. Weber and Newman [52, 53] hybrid
model is a combination of both diffusion and hydraulic model. They used the diffusion
mode between the unconnected clusters and, for the water pathways between the clusters,
capillary pressure gradient was used.

2.2.3 Electro-Osmotic Drag
When H+ ions migrate from the anode to the cathode, they tend to attract and drag
water molecules along with them across the electrolyte. This phenomenon is referred to
as electro-osmotic drag. The number of water molecules transported per hydrogen proton
(H+) is called the drag coefficient (nd). The drag coefficient commonly ranges from 1 to
2.5 for Nafion membranes, as reported by Janssen and Overvelde [48].
Gottesfeld [54]

Ren and

have reported the drag coefficients as high as 5 H2O/H+ for fully

hydrated Nafion 117 membranes, and they observed that the drag coefficient is a linearly
increasing function of temperature within the range of 20 to 120℃. The water flux
driven by electro-osmotic drag (qw,ele-osm) is proportional to the proton flux under a given
condition (hydration level, temperature etc.), and is described :
qw, ele osm  nd ( )

i
F

(2.8)
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where i is the local current density, F is Faraday’s constant and λ is the water content of
membrane, which indicates the number of water molecules absorbed by each sulfonic
acid group. nd is a proportional constant named as “electro-osmotic drag coefficient”,
which physically indicates the number of water molecules dragged by each proton. The
drag coefficient strongly depends on the water content of the membrane (λ) since
membrane exhibits the structural changes in various states of hydration. The rate of
electro-osmotic drag from the anode to the cathode is directly proportional to the
operating current density. Especially at high current densities, the electro-osmotic drag
increases, and can result in a dry anode side, while the cathode side is flooded.

2.2.4 Temperature Driven Flow (Thermo-osmosis)
Thermo-osmotic volume flux across the membrane is observed when there is a
temperature difference on both sides of the membrane separated solutions.

Both

solutions may have same species and concentration. The volume flux, qw,therm-osm under a
temperature difference can be written [55]:
q w,thermoosm   D(T )T   D(T )

T
x

(2.9)

where D is the thermo-osmotic coefficient and it depends on the hydraulic permeability,
mean membrane temperature and partial molar volume of the solvent [55, 56].
Depending on the type of membrane, thermo-osmotic coefficient may have positive or
negative values, indicating the direction of water transport.
Tasaka et al. [57] observed water transfer through various hydrophilic and
hydrophobic polymer membranes and analyzed them by a theory based on non
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equilibrium thermodynamics. They observed the movement of water from the cold to hot
side through a hydrophilic membrane, and water flux direction was reversed for
hydrophobic membrane.

The Nafion membrane has a negative thermo-osmotic

coefficient, which means water moves from cold side to hot side. Tasaka et al. [58]
measured thermo-osmotic coefficient -0.357 * 10-7 gcm-2 s-1K-1 for Nafion 417 and
Villaluenga et al. [56] measured -0.75*10-7 gcm-2s-1K-1 for Nafion 117, respectively.
Most of the fuel cell modeling literature does not account for the thermo-osmotic
phenomenon in the PEFC. Recent experimental observation by Bradean et al. [33] and
Zaffou et al. [34, 35] reported water movement from hot to cold side through MEA of a
PEFC, which is in disagreement with the measurements of Tasaka et al. [58] and
Villaluenga et al. [56]. S. Kim and M. Mench experimentally measusred the membrane
thermo-osmotic coefficient and correlated results with an Arrhenius function for different
membrane materials [59].

2.3 Water Transport in Porous Media
Detailed understanding of water and thermal transport in the diffusion media
(DM) is very necessary to optimize the PEFC performance, both at normal and sub-zero
operating conditions. This section provides a detailed description of the fundamentals of
multi-phase flow, immiscible flow theory, and evaporation in the porous media.

2.3.1 Porosity
Porous media (PM) is composed of a solid backbone material and void pores.
Porosity (ε) is defined as the ratio of void space to the bulk volume of porous media. To
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further distinguish the connected and isolated pore sites, another term called effective
porosity (εeff) is used in soil science. Effective porosity represents the interconnected
pore volume that contributes to fluid flow within the porous media, and excludes the
isolated pores. Bulk porosity is defined [60]:
ε=

Void Volume
Bulk Volume of Porous Media

(2.10)

Effective porosity is defined:
εeff =

Interconnected Void Volume
Bulk Volume of Porous Media

(2.11)

2.3.2 Saturation
In multi-phase mixture in the porous media, the volume fraction of total pore
volume occupied by a phase is called saturation. Saturation (s) is a key parameter for
multi-phase flow because it represents the available pore space that the gas phase can
diffuse. Phase saturation, sj is expressed [60]:
sj =

Volume occupied by phase j
Total available pore volume

(2.12)

It is evident from the definition of saturation that it can vary from 0 to 1 for a particular
phase and sum of all phases should add up to unity.

2.3.3 Contact Angle and Surface Tension

31
Contact angle is a critical parameter in two-phase flow and is defined as the angle
between the gas-liquid interface and solid surface. It is measured at the triple point,
where all three phase intersect. It can be interpreted as the measure of wetting of a
surface by a liquid. Contact angles depend on the base material’s surface and surface
morphology (roughness). The liquid droplet contact angle on any solid surface can be
defined by the mechanical equilibrium of the droplet under the action of three interfacial
tensions [60]. The interfacial tension ζjk is defined as the amount of work that must be
performed in order to separate a unit area of the fluid j from k. The term ζj is the surface
tension between substance j and its own vapor phase. The work to separate two phase is
expressed :
W jk   j   k   jk

(2.13)

Fig. 2.3 represents a droplet of liquid (ℓ) on top of solid (s), equilibrated with gas
(v). A simple force balance on the droplet contact surfaces in the x-direction gives the
surface tension components of the solid material, and their relation is described in the
Young’s equation [60]:
cos 

 sv   sl
 lv

(2.14)

where ζlv, ζsl, ζsv represents the liquid-vapor, solid-liquid and solid-vapor surface
tensions, respectively. Depending on the molecular force balance at the contact line, the
surface tends to either contract or stretch the liquid droplet like an elastic membrane. In
the above equation, θ is the contact angle and ζlv cosθ is called the adhesion tension. A
surface can be considered as hydrophilic when contact angle (θ) is smaller than 90º
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(liquid will be wetting fluid), whereas a surface is defined as hydrophobic for contact
angles greater than 90º (liquid will be non-wetting fluid). On a hydrophilic surface,
liquid water droplets tend to spread over the surface, whereas on a hydrophobic surface,
the droplets tend to be more of a sphere-like shape, covering less surface area.

2.3.4 Capillary Pressure
The interface of two fluids is balanced by the pressure of the two fluids, together
with the surface tension of the interface ζ. The capillary pressure, pc is defined as the
pressure difference between the non-wetting and wetting fluids, known as the Laplace
equation:
1 1 
pc  p nw  p w     
 r ' r" 

(2.15.a)

where, r’ and r” are the two principle radii of the interface, as shown in Fig. 2.4 r is the
mean radius, which is of the order of magnitude of the pore size. For a capillary tube
model, in which the PM is composed of capillary tubes of different radii, when the mean
radius of the capillary tube is r*, the capillary force can be written as:

pc 

2 2

cos 
r
r*

(2.15.b)

Interfacial tension and wettability also depend on whether a fluid-fluid interface is
advancing or receding on a solid surface. The phenomenon is called hysteresis. Fig. 2.5
shows two hysteresis effects. The ink-bottle effect takes place in pores with non-uniform
width, as can be expected in DM and CL. Wetting an initially dry pore or drying an
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initially wet capillary pore gives two different stable configurations. The raindrop effect
shows the different advancing and receding contact angles for a droplet on a declining
surface.
The process for wetting fluid replacing non-wetting fluid in a PM is called imbibition. The opposite process is called drainage. Fig. 2.6 shows a typical capillary
pressure and wetting fluid saturation relationship, pc=pc(sw), during imbibition and
drainage for a porous soil medium. sw0 is called the irreducible saturation of the wetting
fluid, which represents the quantity of wetting fluid remaining in the PM even at high
capillary pressure. Similarly, snw0 is called the residual saturation of the non-wetting
fluid. Point A shows the bubbling pressure, pb, which means the minimum pressure
needed to initiate displacement of wetting fluid by non-wetting fluid.
Leverett [61] proposed a semi-empirical equation to relate the curves, ignoring
hysteresis:

p  k
J  J (sw )   c 
  

(2.16)

where, (k/ε)1/2 is the empirical mean pore diameter for a PM. Due to the hysteresis, the JLeverett function is not unique. From the Leverett experimental data [61], Udell [62]
proposed the functional form of J-Leverett function for hydrophilic porous media:
J ( s w )  1.417 s w  2.120 s w2  1.263s w3

(2.17)

Some fuel cell models pick another type of Leverett function [63, 64], which is based on
the capillary tube model and thus includes the contact angle effect as described:
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 pc  k
J  J (sw )  

  cos   

(2.18)

Kumbur et al. [65] presented a study on the effectiveness of the Leverett function for the
fuel cell diffusion media and found it inappropriate especially at the high saturation
values.

Kumbur et al. [66-68] also determined the appropriate equivalent Leverett

function for commercial fuel cell DM and investigated the effect of temperature,
compression and PTFE on the capillary pressure.

2.3.5 Permeability and Darcy’s Law
Permeability refers to the tendency of a porous material to allow fluid to move
through its pores. Permeability of a porous medium is one of the controlling factors that
affect the rate at which fluids travels through the pores of the porous medium. For
instance, porous media with higher permeability facilitates the transport of reactants and
products. The intrinsic permeability is a property of the porous media only, not the
flowing fluid, and is defined as:
k  Cd 2

(2.19)

where k and d are the intrinsic permeability and average pore diameter. C represents the
dimensionless constant describing the configuration of the flow path. Permeability is
either measured directly or empirically estimated using Darcy’s law. Darcy’s law was
established by Henry Darcy, and it states that the flow rate through a porous body is
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equal to the product of permeability of the medium and pressure gradient across the
porous body divided by the viscosity of the flowing fluid [60]. Darcy’s law is defined:

Q

Kkr A P
 L

(2.20)

where Q, A, and μ represents the flow rate, cross-sectional area to flow and viscosity of
the fluid. ΔP/L is the pressure gradient across the porous medium having a thickness of L,
K and k r are the absolute permeability and relative permeability, respectively. For PEFC
application, there exists no experimental data of the relative permeability

When a

measured value of absolute permeability is unavailable, Kozeny [69, 70] equation shown
below can be used to estimate the absolute permeability of the porous medium.

K

r 2 3
18 (1   )

(2.21)

where, r, ε and η are the mean radius of the pores, porosity and tortuosity of the medium,
respectively.
In a multi-phase flow in porous media, the available pore space is shared by all
the phases e.g., liquid and gas, thus the effective cross sectional area available for each
fluid is less than the total available pore space. This effect is taken into account by the
relative permeability parameter (kr), which is defined as the ratio of the intrinsic
permeability for a phase (kj) to the total intrinsic permeability (kabs) of the porous media.
Fig. 2.7 shows a typical relation of the relative permeability versus liquid saturation for
unconsolidated sands. Estimation like k r , w  s w3 have been used [63, 71, 72].
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2.3.6 Transport Processes for Evaporation
When a gaseous medium bounds a partially saturated porous medium, then
interfacial heat and mass transfer can occur across this interface.

This interfacial

convective heat and mass transfer requires temperature and concentration gradients and
fluid motion. This interface is not planar and the distribution of the phases on this
interface is very complex and depends on the surface saturation, the solid topology, the
wettability, and the history.

The porous medium gaseous phase moves due to the

concentration and the total gas phase pressure gradients. The liquid phase, in addition to
the saturation gradient, can undergo motion due to the gradient of the surface tension,
buoyancy, wind-shear, solid-fluid surface forces, or combination of these forces. In the
subsequent sections, the elements and existing treatments of the interfacial transport
across partially saturated surfaces will be discussed.

2.3.6.1 Mass Diffusion Adjacent to a Partially Saturated Surface
A one dimensional model based on the combined effect of the Fickian diffusion
and convection can be used to examine the effect of the surface saturation on the
evaporation.

(A) Diffusion layer [73]
As shown in Fig. 2.8, 0 ≤ y≤ Δ, the vapor molecules diffuse through a variable
area Ag channel. This diffusion is given:
m g ( s1 )   Ag NDm

dcg
dy

= constant

(2.22)
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The boundary condition is

 cg   cg 0

at y=0

(2.23)

cg   cg

at y=Δ

(2.24)

where Dm is the binary mass diffusion coefficient for component c diffusing through the
inert component and N is the number of particles per unit area.
By integrating Eq. 2.22 and by using this variable area, we have the following equation.
For detailed description, refer to the ref.[73].

m g ( s1 )  2 RNDm

cg 0  cg

(2.25)

a1

where

a1 


2  1  1 
1  1   / R 

 tan    tan 
a2 
 a2 
 a2 
1/ 2

4 
a2    1



(2.26)

(2.27)

(B) Convection-Diffusion Layer [73]
The local boundary-layer thickness can be utilized for mass transport equation

g

dcg
dy

 Dm

d 2 cg
dy 2

Boundary conditions,

(2.28)
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 Dm

dcg
dy

 m g  cg g

at y=Δ, η=0

(2.29)

cg  cg

at y=Δ, η=0

(2.30)

 cg   cg 0

at y=Δ+δ, η=δ

(2.31)

where η=y-Δ. By solving Eq. 2.28, we obtain the mass transfer rate as

m g 

 g Dm   g  cga 

ln
  

g
cg




(2.32)

For s1=1, we have
.

m g ( s1  1) 

 g Dm   g  cga 

ln
  

g
cg
0



(2.33)

(C) Determination of ρcgΔ [73]
From Eq. 2.25, Eq. 2.32, and Eq. 2.33 with N=1/(4R2)
m g ( s1 )
m g ( s1  1)



 (  cg 0   cg )
    cga 

2 R g a1 ln g
  
g
cg
0




ln g

  
 g
 f  s1 ,



 2R 
ln g

 g

  cg 

  cg 0 
  cga 

  cg 0 

Also, by using Eq. 2.25 and Eq. 2.32, we have

(2.34)
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   cga  cg 0  cg

ln g
  
2 Ra1
cg 
 g

(2.35)

From these relations, effect of the surface saturation on mass transfer rate for evaporation
can be calculated for various values of δ/2R.
In the case of convection from heterogeneous surfaces, normalized mass transfer rate can
be described:

m g ( s1 )
m g ( s1  1)

= f(s1, θc, Bo, Solid Structure, Ma, Ra, Re, etc.)

(2.36)

where,
Ma 

 (T ) R
T    

Ra 

g  (T ) R 3

Bo 

g  R 2

  



(2.37)

(2.38)

(2.39)

where, Ma is Marangoni number which is ratio of surface tension forces and viscous
forces, Ra is Rayleigh which represents relationship between buoyancy and viscosity, Bo
is bond number which is ratio of gravitational and surface tension forces.
Generally those terms can be neglected if we can assume isothermal condition.
Therefore, the normalized mass transfer rate can be given as followings for a designated
type of porous media (contact angle, and porous structure)
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m g ( s1 )
m g ( s1  1)

 f s1 , Re, Sc   f ( s1 , Sh)

(2.40)

where Sherwood number is defined as:

Sh 

m g R
( cgo  cga ) Dm

(2.41)

These relations can be applied for correlating empirical results with equations for mass
transfer from heterogeneous surfaces.

2.3.6.2 Consideration of Moving Evaporation Front in Porous Medium
Surface convective heating of partially saturated porous medium results in both
surface and internal evaporations. As described in Fig. 2.9, in the first period where s >
sirr (irreducible saturation) everywhere, the liquid flows toward the surface (called
funicular regime). This period is followed by a period where s ≤ sirr in a region adjacent
to the heated boundary and an evaporation front develops (called moving-front regime).
For the case of T(x) < Ts (saturation temperature), the funicular regime ends after a
critical time (tc) where the saturation at and near the surface falls below sirr. After critical
time, the vapor generated at the evaporation front diffuses toward the heated surface.

2.3.6.2.1 Funicular Regime
In this regime, the liquid phase is connected, and the period is realized from t=0
where s = s0(x) to t=t0 where s1=s(x=L)=sirr. The marking of the end of this period, the
critical time, will depend on internal (partially saturated PM) and external (ambient)
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variables.

Governing equations are discussed briefly here for liquid, and gas

(condensable and non-condensable). For detailed description, refer to the ref. [74].
- Momentum equation,

u  

K   p


   g   K  

   x
x


(2.42)

ug  

K g  p g


  g g 
 g  x


(2.43)

- Species conservation equation.

 


s
u
      n
t
x

 g (1  s )
t

 ng (1  s)
t





 g u g
x

(2.44)

 n



  ng
 ng u g  Dm  g
x
x
x  g

(2.45)

(2.46)

where, u i the superficial velocities (averaged over the entire pore volume), Ki absolute
permeability, μi viscosity, pi pressure, ζi surface tension, ε porosity, s liquid saturation Dm
mass diffusion coefficient, g gravitational for l(liquid), g(gas), ng(non-condensable gas)
respectively.
- Energy equation,

( c p ) cg  ( c p ) ng  T
1   C  s   (1  s )

( c p ) 

 t

( c p ) cg  ( c p ) ng  T

T
 u  
ug 
 ig n 
Dh
 s
( c p ) 
x
x
 x


(2.47)
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where, C is (ρcp)s/(ρcp)l , Dh is effective thermal diffusivity, ilg specific heat of
vaporization, s is heat source.
Boundary conditions at the surface x=L and at the lower, adiabatic, impermeable surface
x=0,

m 1  u  cg u g   g Dm

 cg
 hmpa ( cg  cg 0 )
x  g

at x=L,

p cg  p ng  p ga ,

q1   uig  ke

 cg
x



 ng
x



T
 hpa (Ta  T )
x

(2.48)

(2.49)

at x=L

s
T
 u  u g 
0
x
x

at x=0

(2.50)

(2.51)

The initial saturation distribution s0(x) is obtained from Eq. 2.42,
dp c ( s 0 )
 (   g )g  0
dx

(2.52)

For the funicular regime, the analogy between the interfacial heat and mass transfer
remains nearly valid, and the coefficients hmpa and hpa are related:
hmpa 

h pa
( c p ) g L2 / 3

(2.53)

Fig. 2.10 and 2.10 show the predicted and measured results of m 1 (t ) and T1(t) of Rogers
and Kaviany [74]. For 0≤ t ≤ tc,(t = tc at s = sirr), heat is initially transferred to the surface
from the bed as well as the ambient air, resulting in a larger rate of evaporation.
Eventually the surface temperature rises and the heat penetrates (against the liquid flow)
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into the bed and increases the sensible heat of the bed. For t > tc, the surface dries out
and the surface temperature rises leading to a smaller heat transfer rate q1 and a smaller
m 1 (t ) .

2.3.6.2.2 Moving-Interface Regime
If a moving evaporation front is assumed to be formed right after t=tc, we impose
the conservation energy and species across the interface, x=xi in Fig. 2.8, to get following
relations [73]:

ke

T
x

 ke

xi

T
x

xi

  

 

 ig cg ucg xi  ucg xi

cg ucg xi   ucg xi   u ( xi )  s

 
 

(2.54)

xi
t

(2.55)
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(2.56)

(2.57)

The saturation at x=xi is sirr. The interfacial temperature, interfacial position, and
interfacial value of the density of the non-condensible gas can be obtained from Eq. 2.54,
Eq. 2.55, and Eq. 2.57.

The vapor is treated as being at equilibrium at x=xi, but

superheated for x > xi. The saturation is zero, and the single-phase gaseous flow and heat
transfer occur for x>xi.
Those theoretical considerations have been conducted in the soil science. By
adopting the theories for the fuel cell, we can understand the physics of water removal in
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the DM of the fuel cell when gas purge is conducted. When dry gas is applied to the fuel
cell, water removal takes place in funicular regime first until saturation level drop down
to irreducible range, and then evaporation front starts to penetrate the DM. Therefore, the
water removal depends on transport of vapor and liquid water in the DM as well as on the
surface tension and pore structure of DM.
However, the theories of soil science cannot be exactly applied to fuel cell due to
the structural difference of porous media of fuel cell from that of soil science. In order to
understand the gas purge in the fuel cell, fundamental experiment for correlating water
removal with key parameters should be performed.
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Fig. 2.1. Schematic of connected sulfonated side chains which enable proton conduction
through (a) Grotthuss and (b) vehicular mechanisms in wet and dry PEFC electrolyte
membranes, respectively [44].
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Fig. 2.2. (a) Water uptake isotherms from the modified chemical model for a membrane
in contact with water vapor, the temperature are 25, 45, 65, 85℃. (b) Evolution of the
membrane structure as a function of water content λ. The pictures are cross-sectional
representations of the membrane where the gray area is the fluorocarbon matrix, the black
is the polymer side chain, the light gray is the liquid water, and the dotted line is a
collapsed channel [52].
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Fig. 2.3. Schematic of a droplet: (a) on a hydrophilic surface and (b) on a hydrophobic
surface.
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(a)

(b)

Fig. 2.4. Equilibrium at a curved interface and interfacial tension between two immiscible
fluids [60] .
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(a)

(b)

Fig. 2.5. Illustration of hysteresis effects: (a) Ink-bottle effect (b) Rain-drop effect [60].
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(a)

(b)

Fig. 2.6. Typical wetting/drying curves illustrating hysteresis: (a) hydrophilic porous
media, (b) hydrophobic porous media [60].
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Fig. 2.7. Typical relative permeability as function of saturation pressure [60].
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Fig. 2.8. A surface model for a partially liquid-covered surface. The model is for small
Knudsen numbers [75].
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Fig. 2.9. Schematic of the problem considered and the distribution of saturation and
temperature during : (a) the funicular regime, (b) the evaporative, moving front regime
[75].
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Fig. 2.10. Predicted and measured mass transfer rate for a bed of glass spheres initially
filled with ethanol and then convectively heated by the ambient air [74, 75].
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Fig. 2.11. Predicted and measured surface temperature variation with respect to time
(same condition as Figure 2.8) [74, 75].
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Chapter 3
Investigation of Water Removal in Actual Fuel Cell

3.1 Introduction
In this chapter, the characteristic water removal from the fuel cell is analyzed in a
full sized fuel cell with realistic thermal boundary conditions. High frequency resistance
(HFR) along with neutron radiography (NR) is used to elucidate the characteristic
variation of water content in the membrane and in the other components in the fuel cell
during operation and purge. During operation, water amount variation is investigated for
different relative humidity (RH) conditions, and the principal mode for water removal is
discussed for each operating condition. The effect of purge is analyzed by shutting the
current off and holding reactant flow rate at constant. Water removal is compared for
various flow rates, RH, and purge duration.

3.2 Method of Approach
The purge experiments were conducted with the following three considerations.
First, variation of water content in the membrane as well as in the other components of
fuel cell should be analyzed simultaneously during purge in order to characterize water
removal from the fuel cell. Concurrent use of high frequency resistance (HFR) and
neutron radiography (NR) was used to achieve this. NR is the most advanced in-situ
diagnostic tool to investigate the water storage in a non-altered fuel cell with realistic heat
transfer boundary condition during operation. Since the first use of NR on fuel cells by
Bellows et al. [76], NR has been applied to analyze the characteristic behavior of water in
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the cell by many researchers [77-97]. HFR is a diagnostic tool to measure the ohmic
resistance of a fuel cell [98], and has been utilized extensively to analyze the membrane
resistance [21, 23, 24, 28, 99, 100] during operation.
A second consideration is to perform the experiment in realistic operating and
shutdown. Small, 50cm2 and lower sized cells have been used for many studies, but the
generally different thermal boundary conditions when compared to full sized stack leads
to significant ambiguity, especially on issues of water management. Therefore, the purge
effect should be investigated in a full sized cell without modifications. This can be
simulated utilizing a full sized cell with real coolant flow channels, as opposed to
cartridge heating. However, due to the high attenuation of neutrons, regular de-ionized
coolant water (DI-water) can not be applied for neutron radiographic analysis. D2O
(heavy water) has nearly identical thermal properties as DI-water, but it is almost
transparent to the neutron beam by comparison. By utilizing D2O as a coolant for the full
sized cell, the thermal boundary conditions simulate an actual fuel cell in a stack.
A third consideration is the effect of the operating history before purge. The state
of water in the cell is sensitive to the previous operating condition, and for exact analysis
of purge, proper and repeatable pre-test conditioning protocol was developed by trialand-error to achieve a repeatable initial condition.

3.3 Experimental
All the experiments were conducted with a full scale fuel cell designed for NR
diagnosis. The end plates were made of aluminum due to its low attenuation to neutrons.
The gas and coolant flow fields were made from fuel cell grade machined graphite and
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were assembled with a commercially available MEA (18μm thickness, reinforced
membrane type MEA) and gas diffusion media (DM) (carbon felt type, 420μm thickness
5wt% PTFE with microporous layer on one side).
Water quantification was conducted with the neutron radiography system of the
Breazeale Nuclear Reactor at Penn State University [77, 101]. This facility is optimized
for large cell testing. It has a maximum operating current of 1000A with dual level
separate anode and cathode liquid coolant (D2O) control. The scintillation screen is
254*254 cm2 in size, with a 12 bit Peltier cooled CCD camera. The theoretical minimum
detectable water thickness achievable is 4μm. Power normalization, beam flattening, and
image averaging (averaged images over 54 seconds of exposure) are used to improve
image quality and precision.

Water calibration is achieved by using a liquid-filled

wedge, and the neutron attenuation values recorded for these known liquid thicknesses
are used to calibrate the pixel luminance recorded. A second wedge with known water
thickness was also used as a standard to make sure all software was functioning properly.
The uncertainty in the calculated water amounts between the calibration and standard
wedge was measured to be between 4 and 7%.
The total cell resistance was measured with milliohm meter (Agilent, 4338B at
1kHz). Due to its parallel electric connection to the cell as well as to load bank, the
results for this device are only stable in the OCV (current-off) condition. In this study,
high frequency resistance (HFR) values were obtained for analysis after shutting the
current off during purge, so this limitation did not affect results.
The fuel cell was mounted on a hydraulically actuated test stand inside of beam
cave and inlet/outlet lines of gases and coolant were connected to fuel cell. The cell was
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heated by circulating anode and cathode side coolant to 65℃. A dry image of the cell
was taken as background image for water quantification. Activation (or break-in) of the
cell was carried out until the cell recorded stable and steady performance.
The variation of water storage in the cell is considered to be affected by flow rate,
pressure, and relative humidity of purge gases and cell temperature. Temperature in the
cell was fixed with high flow rate circulating coolant that reached only 2℃ deviation
from inlet temperature at maximum current of 1.4A/cm2. The stoichiometric ratio of
anode and cathode was 1.5 and 2.0, and pressure differences for the anode and cathode
sides were almost negligible, even at the maximum flow rate. Therefore, the variation of
water storage by purge could be analyzed for the effect of flow rate and relative humidity.
Ultra high pure hydrogen and commercial air (79% N2 and 21% O2) were used for
reactant gas. Humidification of each gas was controlled by a calibrated membrane-type
humidifier, and the relative humidity of supplied gas was calculated based on the cell
inlet temperature.
The effect of flow rate and relative humidity were compared during polarization
experiments at various relative humidity conditions (RH for anode /cathode ), 100/100,
100/0, 0/100, 50/50. Purge was simulated at each current density by shutting the current
off, while the flow rate was maintained at the same conditions before shutdown.

3.4 Results and Discussion
3.4.1 Baseline Test for HFR and NR
HFR measures the total ohmic resistance(Rtot) of the cell which consists of (a)
resistance to ion migration within the electrolyte(Rmem), (b) resistance to electron
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transport(Relect) within the cell components(electrode, gas diffusion layer, and flow
field/current collectors), and (c) contact resistances(Rcontt) between component materials
in the fuel cell [98].
HFRmeasured  Rtot  Rmem  Rcont  Relect

Rmem 

Thick mem
Conductivi ty mem

Rcont  Relect  Rtot  Rmem

(3.1)

(3.2)

(3.3)

In order to obtain the resistance of membrane alone (Rmem), Springer’s relation
[46] was applied. The membrane resistance in Eq. 3.2 was used for calculating the
resistance of contact and electronic transport from Eq. 3.3 at a given condition where the
exact Rmem was known. The contact and electronic resistances were assumed to be
constant in all other experiments, so that membrane resistance at an unknown state could
be calculated from Eq. 3.1.
The water stored in the cell which can be measured from NR was found to be very
sensitive to the operating condition and history. From trial and error experiments, the cell
was found to have repeatable water storage amount after operation at 1A/cm2 for more
than 15 minutes at a fully humid condition, as shown in Fig. 3.1. In this study, operation
for 30 minutes at 1A/cm2 for a fully humidified condition was applied as the initial
condition before start up of polarization tests, to assure repeatable results.
After initializing the cell with the standard condition, the cell was treated further
with conditions which were used for subsequent polarization experiments. By performing
this precondition, the initial state of the cell was assumed to be similar between
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successive experiments and the results of water removal behavior can be interpreted as
the intrinsic water behavior of the applied condition. Purge was applied after 15 minutes
operation at each current density by shutting the current off without changing type of gas,
flow rate, relative humidity, and cell temperature.

3.4.2 Variation of Water Content in the Fuel Cell during Operation
Fig. 3.2 shows the variation of water in the cell for various operating conditions.
The exact values of water amount at each condition are compared in Table 4.1.
As shown in Fig. 3.2-(a), the liquid water stored in the cell was at a maximum at
low current density, and then decreased with increasing current, even with a lack of
evaporative forces at the fully humidified condition.

This result indicates the drag

removal from the channel and DM is dominant in responsible for the observed decreasing
slope of stored water versus current, which is consistent with previous NR imaging
studies [94, 97]. The drag force on the water slugs in the cell is proportional to the square
of velocity of supplied gas [1], and as the current (i.e. flow rate at constant stoichiometry,
as is the case here) increases, the force to drag water out of the cell also increased,
resulting in a net decrease of water amount in the cell.
The effect of evaporation was analyzed with different RH conditions on the anode
and cathode. As shown in Fig. 3.2, a dry condition on the cathode side (RH100/0) was
very effective for water removal from the cell (-40 - 45% water decreased with respect to
that of RH100/100), whereas the dry condition on anode side (RH0/100) removed water
nearly linearly with current (-5.14% to -19.45% water amount decreased with respect to
that of RH100/100). In the partial dry condition for anode and cathode side (RH50/50),
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the water amount in the cell reached to a minimum of 8.9mg/cm2 at 0.64A/cm2, and was
maintained even for the higher current density condition, indicating the fuel cell is less
sensible to flow rate at this inlet RH.
The membrane resistance during operation (current-on condition) was obtained by
measuring the HFR immediately after shutting current off, where the values are not
significantly different from the current-on values due to the relatively fast scan rate.
Although the water level in the cell decreases with flow rate in the fully
humidified condition, the water level in the membrane remains almost constant in this
non-evaporative environment.

For the case of RH0/100 and RH50/50, membrane

resistance increased almost linearly with current density, as shown in Fig 3.2-(a). For the
case of RH100/0, membrane resistance was increased significantly even at low current
density (146% increase with respect to RH 100/100 condition at 0.16A/cm2 in Table 2.1(b)) along with significant decrease of water amount in the cell as shown in Fig. 3.2-(b).
In summary, by utilizing various operating conditions, it was seen that water
amount in the cell could be controlled during operation, and membrane resistance was
varied differently with change of water amount, which indicates water content can be
controlled separately in components by utilizing the operation with proper RH condition.

3.4.3 Purge Effect on Water Removal from the Fuel Cells
The effect of gas purge was simulated by shutting the current off after 15 minutes
operation while holding constant the other conditions, such as type of gas, relative
humidity, flow rates and cell temperature. The water amount was measured every one
minute for five minutes with NR and HFR simultaneously to determine the transient
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behavior of water removal in the cell and in the membrane, respectively, during purge
process.

3.4.3.1 Purge with Fully Humidified Gases
Water removal can be conducted by drag force, exerted on water droplets and
films and evaporation, which is driven by a saturation pressure gradient. To isolate the
purely drag forces on water removal, test were conducted with fully humidified gas
(RH100/100).
Fig. 3.3 indicates the variation of water amount and membrane resistance during 5
minutes purge. It was seen that some liquid water slugs were accumulated in the cell
channel at low flow rate, and removal was increased as flow rate increased, while purge
time did not affect removal of these slugs. This behavior was compared quantitatively
with the removal rate at each purge condition in Table 3.2-(a). For the all flow rate
regions, the highest removal rate was obtained in the initial one minute. This is a result
of dependence of drag force on the projected area of droplet normal to the flow direction.
Before applying purge, liquid water is accumulated locally as slugs in the flow field. As
the purge proceeds, the liquid water remaining in the cell that can be removed by drag
forces is reduced. Thus drag removal from the cell is a factor of flow rate and time, and
can be effective on a short time scale, whereas evaporative forces require a longer time to
remove similar amount of water.

3.4.3.2 Purge with Dry Gas for Anode Side
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The effect of evaporation was investigated by applying dry hydrogen into the
anode side while supplying the saturated air into cathode side (RH 0/100). The change of
water amount during purge is compared in Fig. 3.4, and the rate of water removal is
summarized in Table 3.2-(b). As shown in Fig. 3.4, the cell water was continuously
decreased with purge duration for the low flow rates, whereas it was decreased to a
minimum in two minutes purge for a high flow rate (1 A/cm2 and 1.4 A/cm2). This
removal behavior is compared in terms of removal rate in Table 2-(b). In the low flow
rate condition (0.16 and 0.32 A/cm2), water removal rate was equal for three minute
purge, but for high flow rate, water removal was chiefly conducted in the initial one
minute purge.
In the low flow rate, water is removed chiefly by evaporation mode, so water was
removed at equal removal rate for purge duration. However, as flow rate increase, drag
force (which is proportional to square of velocity) becomes dominant, so water was
removed chiefly in the initial short purge.
Membrane resistance was varied with purge gas (Fig. 3.4), which means water
was removed from the membrane by evaporation in anode side. Effect of water removal
was found to be increased as flow rate increases due to the enhanced evaporating force.

3.4.3.3 Purge with Dry Gas for Cathode Side
The effect of cathode-side evaporation on water removal was investigated with an
RH condition at 100/0. As shown in Fig. 3.5, the water amount was reduced into a
minimum of 4-5mg/cm2 with flow rate greater than 0.16A/cm2. Water removal rate was
compared in Table 3.2-(c), and water was removed at equal removal rate for purge
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duration in the low flow rate, whereas the rate was the highest in the initial one minute in
the high flow rate, which is similar to the trend for the dry anode case.
Variation of membrane resistance is also seen in Fig. 5. Interestingly, the HFR is
the highest at the lowest flow rate of 0.16A/cm2 although the water amount in the cell at
this condition was larger than any other conditions after 5 minutes purge. This is due to
the precondition before purge: At low current conditions, there is not enough water
produced in CL before purge to hydrate the membrane, whereas the driving force for
water removal is significant due to evaporation in cathode side. However, at high
current, the water generated in CL during preconditioning is sufficient to hydrate the
membrane before purge. Therefore, membrane can maintain water content to some
degree while the other component in the cell such as flow field and DM lose water to dry
purge gas. This indicates the fuel cell can be controlled in components level by utilizing
the proper precondition before purge.

3.4.3.4 Purge with Partial Dry Gas for Anode and Cathode
A partially saturated purge (RH 50/50) condition was utilized to investigate the
effect of partial evaporation from both sides of anode and cathode on water removal. Fig.
3.6 shows the water amount decreased from 11.2 to 8.9mg/cm2 (-20.6%) after 5 minutes
purge for a purge flow rate of 0.16A/cm2 and for the flow rate greater than 0.64/cm2, an
identical water removal was obtained in which water decreased to the minimum (from 8.8
to 5.6mg/cm2, -36% decrease) after 2 minutes purge. The rate of water removal is
compared in Table 3.2-(d). Similarly to the case of RH100/0 and RH0/100, initial short
purge was more efficient as flow rate increased. Membrane resistance was increased
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with flow rate (Fig. 3.6) due to the increased evaporation effect. In summary, effects of
purge are compared briefly in Table 3.3 for each RH condition. In following section,
water removal will be analyzed in detail for membrane and for the total fuel cell.

3.4.3.5 Humidity Controlled Purge at Flow Rate Equivalent to 1Acm-2
In order to determine the difference of water removal for the controlled purge, the
change of water was compared at the fixed flow rate condition of 1A/cm2 for the
membrane and for the cell at each RH condition, as shown in Fig. 3.7.
The water amount was controlled by performing cell operation at the different RH
condition before applying gas purge. Precondition at RH100/0 reduced the water amount
significantly by -45.7% with respect to RH100/100, and the water amount was reduced to
4.5mg/cm2 by subsequent 5 minutes purge. The condition of RH0/100 and RH50/50
showed similar water removal behavior during precondition (-14.3% and -15.5% water
removal, respectively), and the water amount was reduced to 5.6 mg/cm2 for both
conditions by subsequent 5 minutes purge.
Variation of membrane resistance during purge is compared in Fig. 3-8. The
resistance was increased to 63.5% by preconditioning at RH100/0, and significantly
increased to 335.7% from subsequent 5 minutes purge. Purge of RH0/100 and RH50/50
showed different behavior of resistance change. The resistance was increased to 48% for
purge of RH0/100 whereas it was increased to 157.8% for RH50/50 purge.
The different water removal behaviors from the membrane in the RH0/100 and
RH50/50 purge indicate selective control of water amount in the components in the cell
are achievable by utilizing intelligent purge conditions. By performing the conditioned
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operation (which is pre-purge condition) before purge, the water amount could be
reduced efficiently, which indicates the pre-purge condition is very important step before
applying purge, and the pre-purge condition should also be considered with subsequent
purge to increase effectiveness of purge.

3.4.3.6 Purge Effect on Water Removal
In the previous section, it was clearly seen that different behavior of water
removal from the membrane and from the cell is possible depending on purge conditions.
In order to characterize the water removal behavior at each RH condition, all the data
obtained during purge were utilized in Figure 14, where cell water amount (which was
obtained from NR) was compared with water content in membrane (which was obtained
from HFR data) during operation and purge for the different RH conditions. The water
content (  

N ( H 2 O)
) was plotted again in Fig. 3-8 by utilizing the Springer relation
N ( SO3 H )

[46]. By utilizing the purge with fully humidified gas, the water amount in the cell was
decreased without significant change of water content in the membrane, but water
removal was not as effective. The water amount could be decreased to 8.7 mg/cm2 with
the maximum flow rate of purge. Purge with a dry anode (RH0/100) reduced the water
amount to 4.77 mg/cm2, with a little change of membrane resistance (38.6 mohm cm2 or
 =6.5). Cathode dry purge (RH100/0) decreased water amount in the cell significantly
to 4mg/cm2, with a simultaneously big change of membrane resistance to 166 mohm cm2
or =1.3. Partial dry purge showed water removal behavior between RH0/100 and
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RH100/0, and water amount was decreased to 5.5mg/cm2, and membrane resistance
increased to 70 mohm cm2 or =3.8.
The result shows the water removal from the membrane which is characteristic of
each RH purge condition.

The effect of the controlled purge with proper relative

humidity can be explained with the following hypothetical example. If the water amount
in the cell required is 6mg/cm2, the water content in the membrane () will be 7.5 by
purge with RH0/100, 5.8 with RH100/0, and 4.5 with RH50/50.

3.4.3.7 Proposed Mechanism of Controlled Water Removal with Purge
The different water removal behavior from the cell and from the membrane can
be explained with characteristic water distribution through the cell after shutdown and
relative water removal effect of purge on each side.
At the RH0/100 purge condition, dry gas removed water in anode side, resulting
in a water concentration gradient in membrane from which water transported through
cathode to anode, and then it was removed by dry anode gas. Due to the high flow rate of
fully humidified cathode gas (SR is 1.5 and 2.0 for anode and cathode gas, respectively),
the water concentration gradient was maintained while the water in the cell was
decreased as described in Fig. 3.9-(a).
At the RH100/0 condition, excess water remaining in cathode side can be
removed due to the high flow rate of dry gas for cathode side, and then it start to remove
water from the membrane, but the water concentration gradient cannot be maintained due
to low flow rate of anode. Therefore, water content in the membrane is decreased along
with decrease of total water amount in the cell as described in Fig. 3.9-(b). These
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behaviors of water removal indicate that separate water control of the cell from
membrane can be achievable by applying appropriate RH condition. Advanced purge
protocol can be developed to control water amount in the components of the fuel cell
separately according to the system and durability requirements.

3.5 Conclusions
To investigate the purge effect in actual conditions, a full-scaled fuel cell was
utilized by simulating realistic thermal boundary conditions with coolant flow. Water
behavior was analyzed comprehensively during operation (current-on condition) and
purge (current-off condition) for a wide range of flow rate conditions.

HFR and NR

combined analysis were used to elucidate that characteristic water removal behavior in
the cell and in the membrane.
During the cell operation, effects of operating conditions were compared, and
water amount was decreased even with fully saturated operation. It was determined that
capillary flow was dominant when the liquid saturation of the DM was high, but as the
saturation level decreased, and temperature difference between CL and flow field
increased, water transport due to a saturation pressure gradient became dominant.
Purge with a fully humidified gas (RH100/100) decreased the water amount from
the cell without changing water content in the membrane. Purge with dry anode gas
(RH0/100) decreased water amount from the cell as well as from membrane (which
increased the resistance) gradually with increasing flow rate and purge time. Longer
purge was effective in the low flow rate whereas short purge was effective for high flow
rate. Cathode dry purge (RH100/0) significantly decreased water amount from the cell,
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as well as from membrane simultaneously. As flow rate increased, short purge become
efficient for water removal, as it was dominated by drag forces. Partial dry purge
(RH50/50) showed water removal behavior between RH0/100 and RH100/0.
Purge effectiveness for water removal from the cell and from the membrane was
compared for each RH condition. Purge with dry gas for anode and fully humidified gas
for cathode (RH0/100) can remove water from the cell while maintaining membrane
hydration. However, purge with dry gas for cathode and fully humidified gas for anode
(RH100/0) resulted in significant water removal from the cell as well as from the
membrane. It is due to the difference of amount of water supplied and removed with
purge. By controlling the amount of water supplied on both sides of anode and cathode,
the water amount in the cell and membrane can be separately controlled.
By performing the properly conditioned operation (which is pre-purge condition)
before purge, water amount can be efficiently reduced, which indicates the pre-purge
condition is very important step before applying purge, and the pre-purge condition
should be considered with subsequent purge to increase effectiveness of purge.

71
Table 3.1. Summary of water amount and membrane resistance during operation.
(a) Summary of water amount during operation for different RH conditions
Water amount (mg cm-2)
Current
density
(Acm-2)

1

RH 100/01

RH 0/1001

RH 50/501

RH 100/100
Value

(%)

Value

(%)

Value

(%)

0.16

12.19

7.19

-40.97

11.56

-5.14

11.27

-7.56

0.64

11.06

6.36

-42.47

9.99

-9.74

8.95

-19.06

1

10.41

5.65

-45.68

8.92

-14.27

8.79

-15.51

1.4

9.86

5.64

-42.73

7.94

-19.45

8.71

-11.66

percent rate of change with respect to the condition of RH100/100

(b) Summary of membrane resistance during operation for different RH conditions.
Membrane resistance (mohm cm-2)
Current
density
(Acm-2)

2

RH 100/02

RH 0/1002

RH 50/502

RH 100/100
Value

(%)

Value

(%)

Value

(%)

0.16

18.08

44.51

146.25

18.38

1.68

19.75

9.26

0.64

17.92

45.51

153.99

23.39

30.54

25.00

39.52

1

17.91

29.26

63.37

23.89

33.39

25.50

42.38

1.4

18.31

42.46

130.83

27.18

48.46

25.50

39.28

percent rate of change with respect to the condition of RH100/100
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Table 3.2. Summary of water removal rate during purge at the different RH conditioned
gases.
(a) Water removal rate during purge with fully humidified gases.
Current
density
(Acm-2)

Water amount
before purge
(mg cm-2)

0.16

Water amount (mg cm-2min-1)
1 min.

2 min.

3 min.

5 min.

12.19

-1.27

-0.68

-0.55

-0.41

0.32

11.75

-0.71

-0.51

-0.46

-0.34

0.64

11.06

-0.82

-0.34

-0.37

-0.17

1.4

9.86

-0.93

-0.42

-0.37

-0.16

(b) Water removal rate during purge with RH0/100(A/C) gases.
Current
density
(Acm-2)

Water amount
before purge
(mg cm-2)

0.16

Water amount (mg cm-2min-1)
1 min.

2 min.

3 min.

5 min.

11.56

-0.83

-0.90

-0.70

-0.55

0.32

10.44

-0.79

-0.81

-0.79

-0.53

0.64

9.99

-1.48

-1.12

-1.00

-0.74

1

8.92

-1.65

-1.37

-1.08

-0.65

1.4

7.94

-1.50

-1.38

-0.97

-0.63
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(c) Water removal rate during purge with RH100/0(A/C) gases.
Current
density
(Acm-2)

Water amount
before purge
(mg cm-2)

0.16

Water amount (mg cm-2min-1)
1 min.

2 min.

3 min.

5 min.

7.19

-0.65

-0.61

-0.57

-0.42

0.64

6.36

-

-1.00

-0.63

-0.48

1

5.65

-1.18

-0.78

-0.40

-0.23

1.4

5.64

-1.14

-0.56

-

-

(d) Water removal rate during purge with RH50/50(A/C) gases.
Current
density
(Acm-2)

Water amount
before purge
(mg cm-2)

0.16

Water amount (mg cm-2min-1)
1 min.

2 min.

3 min.

5 min.

11.27

-0.16

-0.51

-0.59

-0.47

0.32

10.31

-1.51

-1.47

-1.27

-0.85

0.64

8.95

-1.87

-1.80

-1.01

-0.63

1

8.79

-1.98

-1.56

-1.04

-0.64

1.4

8.71

-2.4

-1.42

-0.99

-0.58
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Table 3.3. Summary of purge effects for different relative humidity conditions.
Total water amount
Fully humidified

- Water amount decrease linearly

purge

with increasing flow rate

(RH 100/100)

- Short purge is more efficient for

Membrane resistance
- No change of resistance

whole flow rate range
Anode dry purge

- Water amount decrease gradually - Gradual increase with flow

(RH 0/100)

with flow rate

rate

- Long purge is efficient for low
flow rate, and short purge for high
flow rate
Cathode dry purge

- Water amount decrease

- Increase with flow rate

(RH 100/0)

significantly

- Resistance was affected by

- Long purge is efficient for low

precondition before onset of

flow rate, and short purge for high

purge

flow rate
Partial dry purge

- Water removal behavior between

- Gradual increase with flow

(RH 50/50)

RH 0/100 and RH 100/0

rate

75

14

Cell Water Amount (mg/cm 2)

12

Dry Purge 1

Dry Purge 2

Dry Purge 4

Dry Purge 5

Dry Purge 3

10

8

Precondition
for 15min

6

Precondition
for 30min

Precondition
for 15min

Precondition
for 15min

4
Purge 1

Purge 2

Purge 3

Purge 4

Purge 5

2
0

20

40

60

80

100

120

Elpased Time (min)

Fig. 3.1. Repeatability test for the initial water amount in the fuel cell by utilizing the
standard precondition (operation at 1A/cm2 with fully humidified gases). The conditions
for each dry purge were arbitrarily selected to check if the initial water value was
repeatable by applying standard condition.
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(a)

(b)

Fig. 3.2. Variation of water amount and membrane resistance: (a) at different current
conditions and (b) at the different RH conditions.
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Fig. 3.3. Variation of water amount in the cell during 5 minutes purge with fully
humidified gases (RH100/100(A/C))
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Fig. 3.4. Variation of water amount in the cell during 5 minutes purge with dry condition
for anode (RH 0/100).
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Fig. 3.5. Variation of water amount in the cell during 5 minutes purge with dry condition
for cathode (RH100/0).
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Fig. 3.6. Variation of water amount in the cell during 5 minutes purge with partial dry
condition (RH50/50).
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Fig. 3.7. Comparison of water amount before and after purge at 1A/cm2 operation and
purge flow rate equivalent for the various RH conditions.
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Fig. 3.8. Comparison of membrane resistance before and after purge at 1A/cm2 operation
and purge flow equivalent for the various RH conditions.
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Fig. 3.9. Comparison of cell water amount with respect to membrane resistance during
purge at the various RH conditions.
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Fig. 3.10. Comparison of cell water amount with respect to water content in membrane
during purge at the various RH conditions.
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(a) Water removal behavior at the purge condition of RH0/100.

(b) Water removal behavior at the purge condition of RH100/0.
Fig. 3.11. Schematic drawing of water removal behavior during purge.
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Chapter 4
Fundamentals of Evaporative Water Removal
from Fuel Cell Diffusion Media

4.1 Introduction
This chapter presents the fundamental behavior of evaporative water removal
from fuel cell diffusion media with a special test rig developed to minimize in-plane
gradients so that through plane evaporative behavior can be analyzed. Evaporative water
removal was characterized by a surface evaporation region, a constant evaporation rate
region characterized by capillary flow to the evaporation front, and a falling rate region
characterized by separated evaporating droplets. A semi-empirical correlation for the
characteristic water removal, a generic plot of purge efficiency which describes the
effectiveness of purge parameters, and a potential scheme for a more durable and less
parasitic purge which describes characteristic water removal of each fuel cell component
were developed. The results of this study can be used to predict and understand water
removal from diffusion media and help develop a less parasitic purge protocol than
presently utilized.

4.2 Experimental
4.2.1 Artificial Saturation of DM
Diffusion media were saturated with de-ionized (DI) water by immersion in DI
water contained in transparent plastic cylinders, and then depressurized to 26 cmHg by
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vacuum pump (WELCHTM Model 25618-50).

Through the pressure difference

developed between air in the pores and DI water, along with frequent vibration, the DI
water was fully imbibed into the pores in DM. It should be noted that to facilitate
examination of the evaporative behavior of the media under a wide range of saturation,
the media were initially saturated to higher values (0.5 to 1.0) of saturation than are
typical in PEFCs. Based on previous studies using neutron imaging [97], the normal
range of saturation in the DM in operating cells is around 0-0.3.

4.2.2 Determination of Initial Saturation of DM
At shutdown, depending on the operating history, water can remain at different
saturation levels in DM. Therefore, the effect of initial residual water saturation in DM
was investigated by utilizing the artificial saturation method with vacuum pump
previously described, the DM 1 were slightly oversaturated with DI water, and installed in
the evaporation test rig. By applying dry air at very slow rate (less than 0.1 SLPM) into
the top surface of wet DM, the weight decreased to the point at which the DM had an
amount of water equivalent to the desired initial saturation of DM, as calculated below.
Saturation (s) =

Pore volume filled with liquid water
Total dry pore volume of DM

=

(mwet , DM  mdry , DM ) /  w

VDM

(4.1)

where mwet,DM is weight of wet DM, mdry,DM is weight of dry DM, ρw is density of water,
ε is porosity of DM, and VDM is volume of DM.

1

DM were dried under vacuum condition after die-cutting from a sheet of DM material.
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When saturation of DM approached 20% more than the desired saturation level, the air
supply was stopped, and the remaining water was removed by vapor diffusion. Water
content decreased at very slow rate, typically reaching the desired saturation level in
about 30 minutes. By performing this treatment, temperature and water before initiating
the experiment could be assumed to be uniformly redistributed in DM [74, 102].

4.2.3 Evaporation Test Setup
A test rig was developed for directly measuring the evaporative water removal
rate of DM, as shown in Fig. 4.1. The main objective in the design was to facilitate
understanding and analysis of the fundamental evaporation from the diffusion media, thus,
all in-plane gradients were minimized while maintaining a fully developed hydrodynamic
and thermal boundary layer over the sample. The flow rate of purge gas was controlled
by two mass flow controllers (MKSTM mass flow controllers, 2 SLPM (standard liter per
minute at 0 oC and 1atm) and 10 SLPM, respectively), and monitored with two flow
meters (OmegaTM mass flow meter, 2 SLPM and 10 SLPM, respectively).
The test rig consists of a straight channel (ⓐ) and a sample holding plate (ⓑ) to
investigate gas purge in stream-wise direction of fuel cell, as shown in Fig. 4.1-(b).
Acrylic material was utilized for the cell fixture due to its transparency and low density.
The channel (ⓐ) is 15 mm in depth and 25 mm in width, and the depth-to-width ratio of
0.6 simulates a typical flow field design. The hydraulic entrance length is 350 mm,
which is enough to achieve the fully developed laminar flow condition up to a Reynolds
number of 370 (7 SLPM). In the experiments conducted, flow rate was varied in the
range of 0.25 SLPM to 7 SLPM. Therefore, a fully developed laminar condition at the
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leading edge of the DM sample was achieved for all test conditions. The results of this
study are therefore applicable for laminar flow regimes, and additionally study would be
needed to assess the impact of turbulent flow. However, in an actual fuel cell stack, the
purge flow rate does not normally exceed the flow rate needed for the maximum
operation condition (generally less than 1.5 A cm-2), and the maximum flow rate for
purge is therefore within the laminar range in the flow field. Based on the actual gas flow
rate used in stacks, and actual channel geometries that are typical, a flow rate in this
range was decided (for example, the 7 SLPM is equivalent to gas flow rate (Reynolds
number) needed for operation at 1.5A cm-2).
The end region of the channel (ⓐ) has an open bottom side, to which a DM (ⓒ)
was applied with a sample holding plate (ⓑ). In order to reduce the wetting effects on
interfaces between water in bottom of DM and top surface of sample holder, a
hydrophobic DuPontTM Teflon® sheet was applied onto the top surface of sample holder.
The inside and bottom of the channel (ⓐ) which contacts with DM was also coated with
DupontTM Teflon wax, and dried at room temperature for one hour before start of
experiment to reduce any possible wetting between cell channel and water in DM.
As described in Fig. 4.1-(b), the DM was fixed in its position with the cell fixture
by an elastic band at the very low compression pressure of 0.13 psi, and the DM was
maintained as flat during evaporation. Compression of 3 mm width of DM (10.7% of
total DM) is assumed to have a negligible effect on the total evaporation behavior of DM
with an uncompressed 25 mm width (89.3% of total DM) due to the negligible
compression of DM and wetting effect between DM and the channel, and high in-plane
permeability of DM. Temperature change of DM was measured in separate tests under
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identical experimental conditions. As described in Fig. 4.1-(b), the temperature of inlet
purge gas and two locations of DM (5 mm and 45 mm apart from leading edge,
respectively) were measured with thermocouples (OMEGA® T-type thermocouple).
For testing, DM of SGLTM Sigracet® 10 series (10AC) with dimensions of 28 mm
width and 50 mm length were utilized. This width enabled an accurate weight change
measurement with small error while being short enough to minimize any in-plane
temperature, saturation, or vapor pressure gradients that would cause a smearing in the
results, and make any interpretation more difficult. 10AC is porous carbon-felt structure
with micro-porous layer (MPL) on one side, and in experiment, the MPL side was
positioned on to the sample holder, and top surface of the macro-porous layer of DM was
exposed to the purge gas to investigate water removal behavior from the macro-porous
layer. From extensive testing with different sample lengths of DM, 50 mm was
determined to be the proper sample length to ensure near uniform boundary conditions.
Use of a longer sample is inappropriate for this measurement, since the leading edge of
the sample would face very different boundary and internal saturation conditions than the
trailing edge. In a full-size fuel cell, the DM will experience a full range of saturations
and boundary conditions during purge.

The results here can be easily applied to

understand and predict the evaporative removal along the channel during purge with a
discretized control volume approach.
As shown in Fig. 4.1-(a), the weight change of DM during evaporation was
measured with a precise electronic scale (SatoriusTM Model TE214S) with maximum
capacity of 210 g and accuracy of ± 0.1 mg. Weight changes were recorded at 0.2 second
intervals. For the single layer of DM utilized in the experiment, the total weight of water
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saturated in the DM is about 416 mg when fully saturated. Therefore, the scale can be
utilized with a maximum error of ±1%, even down to a low saturation level of 0.02. It is
important to note that in the tests performed, the tests were conducted until the sample
was fully dry. In practice, this is not necessary, would take an excessive amount of
energy, and would also over-dry the membrane. The tests conducted here were continued
until full dry out because the main objective was to understand the fundamental nature of
the evaporation throughout the entire potential saturation range.
The room temperature was controlled to be 26ºC within +0.4ºC, and relative
humidity was maintained between 35% and 40% at room temperature conditions.
Evaporation testing was conducted more than three times for each test condition, and data
were averaged for analysis. The maximum deviation between recorded data was ±1.5%
for the range of moderate saturation level of DM from 0.5 to 0.1, and ±5.8% for lower
saturation level of 0.02. This represents a satisfactory level of repeatability for the tests
conducted.

4.3 Results and Discussion
4.3.1 Characteristic Modes of Water Transport During Purge
Water removal from a saturated DM is characterized by three distinct regimes, as
illustrated in Fig. 4.2; a surface evaporation regime (SER), a constant rate period (CRP)
regime, and finally a falling rate period (FRP) regime. The regime characteristics are
controlled by the combined effects of evaporation at the open surface of DM and liquid
water transport through DM by capillary action. Thermodynamically, water evaporation
at the surface is controlled by a vapor concentration gradient between surface and bulk
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flow of purge gas, as described in Eq. (4.2). The evaporation rate is a function of
Reynolds number (Re) and Schmidt number (Sc) of the purge gas [75]. Those parameters
can be represented by the average Sherwood number ( Sh ) [103].

Therefore, the

theoretical evaporation rate can be related with Sh :

m w,evp  hm As , DM (  w,s   w, )

(4.2)

~ f ( Re, Sc) ~ f ( Sh)

where m w,evp is water evaporation rate, hm is the average mass transfer coefficient, As,DM
is surface area of DM exposed to flow,  w,s is saturated water vapor density on the
surface of DM,  w, is water vapor density in bulk air stream. Note that this does not
take into account surface effects, which can play a role in the phase change process, but
are not believed to be rate limiting in this case.
The motion of liquid water in the DM is governed by gravity, capillary, and
thermo-capillary forces.

Moreover, under isothermal conditions and with negligible

gravity impact (as can be shown to be true in a fuel cell DM under normal conditions [1]),
capillary liquid transport is dominant, which can be described by Darcy’s equation. The
liquid flow (i.e. capillary-driven flow) is controlled by structure of DM such as pore
diameter (d), porosity (ε), permeability (K), tortuosity (η) as usually, surface properties of
the DM including surface tension (ζ), capillary pressure (PC), and saturation (s). Those
parameters can be grouped functionally into property of DM (β) and saturation level of
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DM (s), and finally liquid water transport can be described in a functional relation with β
and s :

 wkw
 K  dP 
P   w kr  C s
w
 w  ds 
~ f [(d ,  , K , ), s ( , PC )]
 f ( , s)

m w,trans  m w, cap  

(4.3)

where m w,trans is liquid water transport rate in the DM, m w,cap is capillary flow rate of
liquid water, ρw is density of liquid water, kw is permeability of liquid water in the DM, μw
is viscosity of liquid water, K is absolute permeability of the DM, and kr is the relative
permeability of the DM.
Water removal from the DM can be characterized as a function of surface
evaporation and liquid water transport through DM, and it can be simplified as function
of Sherwood number ( Sh ) and saturation of DM (s) for a prescribed DM. From those
relations, purge time can be correlated with Sh :

m w, rem ~ ds / dt
~ f (m w, evp , m w, cap )

(4.4)

~ f ( Sh,  , s )  f ( Sh, s )
t purge ~ f ( Sh)

where m
 w, rem is water removal rate, and tpurge is purge time.

(4.5)
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From this, it is expected that evaporative water removal for a prescribed DM can
be correlated for purge time and various purge conditions, as will be shown in the
following sections.

4.3.2 Characteristic Water Removal Curve of DM
When purge gas is supplied to a saturated DM, water residing near the surface is
initially rapidly removed. This behavior of water removal is shown as the surface
evaporation regime (SER) in Fig. 4.2 which illustrates a typical water removal behavior
versus saturation of DM. After this, water is removed from main body of DM, balanced
with internal flow of liquid water to the evaporating surface. In this regime, liquid
transport is a result of capillary flow via hydraulic connections among pores, and it is
rapid enough to balance the rate of water removal at surface, as illustrated in Fig. 4.3-(a).
Therefore, a constant water removal rate period (CRP) is achieved. This level can be
thought of as a maximum sustainable level of water removal achievable for a given
material, and serves as a useful guideline to compare internal capillary flow rates between
different DM designs. This regime of internally connected capillary liquid flow is known
as the funicular regime [74, 104, 105].

As purge proceeds further, the saturation

decreases, and the hydraulic connections between residual liquid diminish, causing the
rate of water displacement to be decreased. Eventually, the maximum capillary supply
rate is equal to the rate of water removal, as shown in Fig. 4.3-(b). This is termed the
critical condition. As purge is continued, more hydraulic connections are broken, and
separated liquid water droplets are trapped inside of pores as droplets. This is known as
the pendular regime [74, 104, 105], and further saturation reduction must be achieved by
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vapor diffusion. As described in Fig. 4.3-(c), at this critical point, liquid water cannot be
transported to the dry front by capillary action any further, and therefore the evaporation
front starts to penetrate into DM to evaporate water droplets trapped in pores, causing the
rate of water removal to significantly decrease. This behavior is known as falling rate
period (FRP) regime in Fig. 4.2. From transition between funicular regime and pendular
regime, irreducible saturation can be obtained.

A detailed description of the

characteristics of evaporation and two phase regimes can be found in refs [74, 102, 104110]. It should be noted that water removal rate decreases significantly after the critical
point, and as a practical consequence, purge becomes less efficient beyond this point.
Therefore, the critical condition can be utilized as a baseline for analyzing evaporative
purge efficiently between water removals.

4.3.3 Impact of Initial Saturation Level on Characteristic Results
Results for tests conducted with a range of initial saturation during gas purge were
shown in Fig. 4.4-(a). In order to understand the transient water removal behavior, the
test results were converted to water removal rate, and compared with respect to saturation
of DM in Fig. 4.4-(b). Evaporation curves for each condition of initial saturation showed
the three distinct evaporation regimes described in previous section. The CRP and FRP
overlapped for each initial saturation condition, and the only difference was the duration
of CRP. The consistent and reliable results for each condition indicate temperature and
water in DM were almost uniformly distributed before start-up of gas purge for each case.
Because all three regimes of evaporative removal could be simulated, and DM are
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generally less than 50% saturated with water in actual fuel cell operation [97], an initial
saturation of 50% was determined to be the baseline for further testing.

4.3.4 Impact of Purge Flow Rate on Water Removal
Water removal behavior was investigated with dry air as a purge gas at room
temperature at flow rates from 0.25 SLPM to 7 SLPM. The measured water removal rate
was compared with respect to purge time, as shown in Fig. 4.5-(a). The critical condition
was obtained more rapidly with higher flow rate, and therefore efficient purge seems to
be achieved with higher flow rate of purge. However, the resulting residual saturation at
the critical time is greater than that at low flow rate. Depending on the desired final
saturation levels (generally, a slight drying of the membrane is desired but incomplete dry
out of the DM is acceptable), it might be beneficial to use a lower flow rate (and lower
energy) purge to achieve a reduced saturation level. That is, the fastest flow rate is not
necessarily the best choice to achieve low saturation.
Effect of flow rate on water removal was further compared with respect to relative
humidity of the exit purge gas. The relative humidity of the exit purge gas was found to
increase from 7 % to 50 % in the CRP regime as flow rate decreased from 7 SLPM to 0.5
SLPM. Detailed calculation of relative humidity of exit purge gas was described in
Appendix C.
By using Eq. (4.1), the water amount in DM was converted to liquid saturation of
DM, as shown in Fig. 4.5-(b). The expected three characteristic regions of water removal
were obtained with respect to saturation and purge flow rate. For higher flow rate of
purge, the range of saturation for CRP regime is reduced, and the critical condition of
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transition between constant and falling evaporation rate regimes was obtained at higher
residual saturation (i.e. higher content of water is left after the transition to a FRP at that
flow rate) in DM. A lower flow rate purge extended the saturation range for CRP to a
lower transition saturation, and the critical condition was obtained at a reduced saturation.
Therefore, although a high flow rate of purge can rapidly reach a critical time, a greater
liquid saturation remains in DM after the critical point. Additionally, doubling the flow
rate does not half the time required to reach a specific saturation value.

4.3.5 Mechanism of Effect of Flow Rate on Water Removal
The water removal rate as a function of flow rate was calculated and is shown in
Fig. 4.6. Normalization was achieved by dividing water removal rate during purge with
water removal rate obtained by extrapolating the tangent lines from CRP to initial
saturation, as shown in Fig. 4.5-(b). Water removal in the SER increased significantly
with flow rate. In this regime, evaporation is mainly conducted on the liquid water
residing on the open surface of DM, and therefore, much larger surface area of the water
can be invaded by purge gas, leading to the very fast water removal and sensitivity to
flow rate. When evaporation starts in the CRP regime, the surface area of liquid exposed
to purge gas is varied by combined effects of open boundary and liquid water supply to
the drying front. For low flow rate of purge, the surface area of water exposed to purge
gas is maintained due to the rapid capillary flow rate to the evaporating surface.
However, for a higher purge flow rate, the surface area can be reduced due to higher
evaporation rate at the open boundary. Those effects of surface area variation on water
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removal rate can be observed in Fig 4.6-(b), where CRP regime slightly deviated from the
expected plateau for higher flow rate.
Another characteristic effect of flow rate was found in the transition from CRP to
FRP. As discussed, the transition from CRP to FRP was generated at higher saturation
level of DM for a higher flow rate of purge gas. This can be explained by considering the
concept of hydraulic connectivity through pores. When a slow flow rate of purge gas is
applied, evaporation rate is slow, and therefore capillary liquid transport in DM can
readily balance the evaporation in the open boundary and still maintain a hydraulic
connection between pores until a lower DM saturation as illustrated in Fig. 4.7-(b).
Therefore, the transition to FRP is generated at a lower saturation level for a lower flow
rate purge.
However, when the purge flow rate is very high, the evaporation rate in the open
boundary becomes very rapid, and liquid supply through DM cannot balance the rate of
evaporation, even when DM has a higher saturation. Therefore, the evaporation front
starts to penetrate into pores, resulting in sudden drop of water removal rate, as illustrated
in Fig. 4.7-(c). As a result, the transition is generated at higher saturation level for higher
flow rate of purge gas. Vapor diffusion in DM is another mode of water removal, but due
to the low water removal rate, it is only a dominant mode in the FRP regime, where
capillary liquid transport does not exist.

4.3.6 Thermal Analysis and Empirical Relation
Drying involves phase change from liquid to vapor phase, and energy is required
for the phase change. The coupled effects of heat and mass transfer were investigated by
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measuring temperature variation of the DM during purge. Due to the experimental
limitations, temperature measurement of DM could not be simultaneously conducted with
weight change measurement. In order to precisely measure the water variation in the DM,
the test fixture on the electronic scale should be stand-alone, mechanically isolated from
other components. When thermocouples are utilized during evaporation, the
thermocouples applied to the test rig are connected to thermometer by the sensing cables
to monitor and record the temperature variation, leading to inaccurate weight change
measurement. Therefore, temperature measurement was conducted separately, but under
identical experimental conditions. Temperatures of inlet purge gas and two locations of
DM (5 mm and 45 mm apart from leading edge, respectively) were measured with
thermocouples, as shown in Fig. 4.1-(b).
As shown in Fig. 4.8, the temperature of DM varied in a similar manner to that of
water removal rate, as expected. Temperature decreased in the SER regime due to rapid
evaporation of water, and then decreased steadily in the CRP regime. As purge further
proceeded, water removal by evaporation was decreased, and evaporative heat loss
becomes lower than the heat supply into the DM, causing the temperature of the DM to
increase back to the ambient conditions. Temperature was decreased by a maximum of 5.5ºC for 7 SLPM, -4.7ºC for 1.5 SLPM, and -4ºC for 0.5 SLPM. The temperature
difference between TC2 and TC3 in Fig. 4.1-(b) was measured to be less than 0.8ºC, even
at the most severe condition of the highest flow rate of purge. Therefore, the in-plane
direction of DM during the purge experiments can be considered to be nearly isothermal,
which is consentient with the desire to minimize in-plane gradients that can make
interpretation of the results difficult. The through-plane temperature difference can be
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assumed to be negligible due to the thinness and high thermal conductivity of DM. This
assumption can be easily verified, as addressed in Appendix A. Therefore, although the
DM temperature changes during the experiment, it can be considered as spatially uniform
in temperature. Heat transfer due to conduction from the channel wall can be assumed to
be negligible, and the heat loss due to evaporation can be related solely with convection
heat from air stream, as described in Appendix B.
From analogy between mass and heat transfer [74, 103], the mass transfer
coefficient can be obtained.
hm 

hconv
( c p ) a Le 2 / 3

(4.6)

where, Le   a
D
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D(T , P)  D(Tref , Pref )
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where hm is average mass transfer coefficient,  a is density of air, c p, a is heat capacity
of air, Le is Lewis number,  a is thermal diffusivity of air, D is binary diffusion
coefficient of water into air, Tref is reference temperature (298 K), and Pref is reference
pressure (1 atm).
The average Sherwood number ( Sh D ) is calculated as shown below, and the results were
plotted in Fig. 9 with respect to purge time. The material and transport properties used
for the calculation are described in Table 4.1.

ShD 

hm Dh
D

(4.9)
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where Dh is hydraulic diameter of test rig channel.
Purge time was normalized with the critical time for each flow rate, and compared
with Sh D in the log-log plot of Fig 10-(a). Sh D was found to be clearly related with
normalized time for each flow rate condition. By normalizing with Ren, all the relations
of Sh D for each flow rate collapsed into a characteristic purge curve in Fig. 10-(b), where
n was found to be 0.2 from regression analysis.

 ShD 
  0.19(t *2  1.2t *  5.6)
log  0.2
Re



R 2  0.99

(4.10)

where t* is log(t/tCR).
It should be noted that water removal during gas purge decreases significantly at
the critical condition, and purge effectiveness decreases substantially. Therefore, gas
purge is most efficient if terminated at the critical condition, and a quantified relation for
gas purge until onset of critical condition is needed. An empirical relation was developed
for the regions from initial purge to onset of the critical condition. This equation is a
characteristic relation between evaporative water removal rate and purge time for SGL 10
series DM (10AC), and can be generally utilized for other purge conditions for this
material even though it was developed from purge gas of dry air and room temperature,
because the right hand side of Eq. (4.11) has terms normalizing the effect of different
type of purge gas, flow rate, relative humidity and temperature.
ShD 

Re 

m w, evp
D (  w, s   w,  )

vDh


(4.11)

(4.12)
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where m
 w,evp is average water evaporation rate, Re is Reynolds number, v is velocity of
purge gas, μ is viscosity of purge gas.
However, there are some limitations for application of this relation. The relation
is valid only for the continuous liquid-phase regime (from initial purge to critical
condition), and therefore for the conditions beyond this regime such as the pendular
regime, or temperature above boiling point of water and temperature below freezing point
of water, the relation is not applicable. This result is appropriate unless other parametric
effects not studied in this paper dominate mass transport and water removal from the DM.
Notably, in full size cells temperature gradients can be established that significantly
impact total evaporative removal rates. Additionally, the effect of land/channel structure
of the flow field was not considered in this study, as the purpose of this study is to
understand the evaporative water removal behavior of DM itself. Further variation of the
system setup to simulate a channel/land structure can be achieved with some
modifications to the sample holder, which will be a topic for the future study.
Attempts at obtaining a similar relationship for evaporation behavior in the falling
rate (pendular) regime were unsuccessful, perhaps due to the multiple regressing
evaporation plane locations at the droplet surfaces in the saturated media.

4.3.7 Purge Efficiency
The impact of purge flow rate on purge efficiency was previously discussed with
respect to purge time and content of water remained in DM at the critical condition.
However, for determining optimal purge protocol, total energy requirement should also
be considered. The energy requirement for purge was calculated for the cell fixture used
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in this study as a qualitative guideline. Detailed equations utilized for calculation of
energy are described in Appendix D.
As described in Fig. 4.11, when higher flow rate of purge was applied, the critical
condition was obtained more rapidly, however the residual saturation in the DM was
larger and more energy was required to achieve the critical condition. Whereas, for the
lower flow rate, the energy requirement and water remained in DM were lower, although
longer purge time was needed to achieve the critical condition. Fig. 4.11 can be used as a
guideline for determining proper purge condition according to individual system
requirements.

4.3.8 Purge for Enhanced Durability
The coupled effects of fuel cell components on evaporative water removal during
gas purge were conceptually investigated by comparing the HFR plot available in
literature [27] and evaporation curve of DM developed in this study. When gas purge is
applied into the fuel cell after shutdown, water is primarily removed from the surface of
DM, and liquid water is supplied from inside the DM and membrane to the evaporating
surface, leading to steady increase of HFR due to the gradual decrease of water content in
the membrane. As purge further proceeds, the hydraulic connections among pores are
broken, and then isolated water is trapped in pores causing the evaporation front to
penetrate into DM. Finally, the evaporation front contacts the membrane, and starts to
remove water directly from membrane, causing HFR to substantially increase, as shown
in Fig. 4.12-(b). Therefore, at the critical condition, water removal rate of DM decreases
significantly, resulting in decrease of purge effectiveness, whereas water removal rate
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from membrane increases substantially, which can result in significant membrane
durability issues.
Effects of purge flow rate on durability in fuel cell condition can be understood
with characteristic water removal behavior of DM to the flow rate of purge.

As

previously described, for higher flow rate of purge, the purge gas will start to remove
water directly from membrane faster, causing HFR to be substantially increased, while
the overall saturation in the DM remains higher. This discovery is evidence that the
assumption of sequential drying is not proper, and HFR cannot be used to estimate the
total water in fuel cell without other diagnostics.
An efficient and durable gas purge can be conceptually described as follows. As
shown in Fig. 4.13, by applying a composite flow rate of purge gas (i.e. a decreasing or
staggered flow rate during purge), the maximum amount of water removal can be
conducted in the CRP regime, without dry-front penetration to the membrane surface.
This composite gas purge can be beneficial in actual fuel cell conditions. Water slugs
residing in flow channel or on the DM can be removed efficiently by short blast purge at
high flow rate, and with a gradually decreasing flow rate, the hydraulic connections
among pores can be maintained until lowest possible saturation level, providing an
efficient purge that reduces membrane moisture gradients that have been shown to
negatively impact durability.

4.4 Conclusions
The objective of this study is to investigate the fundamental behavior of
evaporative water removal from fuel cell diffusion media so that ultimately, purge
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procedures, materials, and design with reduced parasitic losses can be developed. A new
test system was developed to directly characterize and compare evaporative water
removal from diffusion media (DM) during gas purge with minimal in-plane gradients in
saturation, temperature, and vapor pressure for the purpose of fundamental study. From
fundamental understanding of evaporative water removal, critical relations for gas purge
were obtained. Specifically, the following conclusions are drawn from this study:

(1) The water removal was characterized by three different regimes, a rapid surface
evaporation regime (SER), a slower constant rate evaporation period (CRP), and a
much slower falling rate evaporation period (FRP) regime.
(2) At the critical condition between CRP and FRP regimes, water removal rate
decreased significantly, diminishing purge effectiveness. Therefore, the critical
condition is proposed as a key parameter for evaluating purge effectiveness.
(3) An empirical correlation for evaporative water removal was developed for the
continuous liquid-phase regime from initial purge to the onset of the critical
condition, and relates purge to water removal rate.

It can be utilized as a

quantitative relation for determining expected water removal rates for the DM
tested under high initial saturations.
(4) A generic plot of purge efficiency was developed based on results in this study. It
describes the effectiveness of purge parameters including purge time, water
saturation in DM, and energy requirement.

This relation can be used as a

qualitative guideline for designing the overall purge protocol to the requirements
of each system.
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(5) Purge protocol that enhance durability and reduce parasitic losses were
conceptually investigated. For a more durable purge, it was concluded the purge
gas should completely remove water in DM prior to the membrane. This can
more completely be achieved designing materials to maintain hydraulic
connections among pores in DM until a lower saturation, or by reducing purge
flow rate as the critical point is reached.
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Table 4.1. Material and transport properties
Description

Unit

Value

Binary diffusion coefficient of water to air at 298K and
1atm a [49]

m2s-1

0.26 × 10-4

Density of air at 298K and 1atm a [103]

kgm-3

1.17

Density of water at 298K and 1atm [103]

kgm-3

997.10

Heat capacitance of air at 298K and 1atm a [103]

kJkg-1K-1

1.00

Heat capacitance of water at 298K and 1atm [103]

kJkg-1K-1

4.18

m

18.75 × 10-3

kJkg-1

2442.30

Length of cell fixture channel

m

0.45

Porosity of DM [110]

-

0.82 ± 0.5%

m2

1.40 × 10-3

Thermal conductivity of acrylic material [103]

Wm-1K-1

0.2

Thermal conductivity of DM [110]

Wm-1K-1

0.48

Thermal conductivity of water at 298K and 1atm [103]

Wm-1K-1

0.60

m2s-1

22.5 × 10-6

Thickness of diffusion media (measured)

m

(0.37 ± 0.01) × 10-3

Volume of dry diffusion media (measured)

m3

(5.15 ± 0.14) × 10-7

Weight of dry diffusion media (measured)

kg

(0.19 ± 0.004) × 10-3

Hydraulic diameter
Latent heat of evaporation of liquid water at 298K and
1atm a [103]

Surface area of DM (measured)

Thermal diffusivity at 298k and 1atma

a

In the case of non-isothermal condition, values corresponding to each temperature were
applied for calculation.
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Fig. 4.1. Schematic of the evaporation test setup: (a) electronic scale and (b) test rig.
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Fig. 4.2. Characteristic evaporative water removal curve of DM.
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Fig. 4.3. Schematic description of water transport modes in DM during gas purge in
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Fig. 4.4. Water removal behavior for different initial content of water in the DM (28 mm
x 100 mm) at purge gas flow rate of 7 SLPM: (a) variation of water amount (saturation)
in DM during gas purge and (b) variation of water removal rate with respect to initial
saturation of DM.
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Fig. 4.6. Effect of flow rate of purge gas on water removal rate: comparison of water
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Fig. 4.7. Schematic description of water removal from DM for different flow rates of
purge gas: (a) before gas purge, (b) for slow flow rate of purge gas, and (C) for fast flow
rate of purge gas.
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Chapter 5
Effect of Material Properties on Evaporative Water Removal
from Polymer Electrolyte Fuel Cell Diffusion Media

5.1 Introduction
This chapter is devoted to delineating the fundamentals of evaporative water
removal from diffusion media (DM) to achieve highly efficient and durable gas purge.
Multiphase water transport from DM during gas purge is characterized by internal
capillary liquid water flow and water vapor diffusion, which are governed by DM
material wettability and morphology. DM with PTFE content ranging from 0 to 20 wt %,
and DM with three different geometric pore structures are utilized to understand the
material property effect at evaporation.

It is found that evaporative water removal

increases as PTFE content decreases and geometric pore structure changes from two to
three dimensions. This is due to the increase of wettability and porous space favorable
for the water transport. The effect of phase-change-induced (PCI) flow and capillary
flow on water removal is compared, and it is found that PCI flow is dominant at lower
saturation of DM, whereas capillary flow is dominant at higher saturation obtained in
normal operating conditions.

The results of this portion of the study are useful to

understand the competing phenomena of water removal in PEFC DM, and can help guide
material design to achieve purge that preserves system durability with reduced parasitic
losses.
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5.2 Experimental
5.2.1 Porosity Measurement and Evaporation Test
Porosity is a key material property for controlling saturation and multi-phase heat
and mass transfer in porous media. In this study, the method of immersion imbibition
was utilized to measure porosity of tested DM. Five pieces of samples (8 × 80 mm2)
were die-cut from a sheet of DM material, and their dimensions were measured with a
caliper. Then, DM were immersed into the totally wetting fluid (n-hexane) contained in a
scaled cylinder (10mL, PyrexTM), and volume changes before and after the immersion
were measured. Porosity of DM was obtained from the following equation:

Porosity (ε) =


Pore Volume
Total Volume of DM
Vt , DM  Vsolid , DM
Vt , DM



Vt , DM  (Vafter ,imm  Vbefore ,imm )

(5.1)

Vt , DM

where, Vt , DM is total volume of DM, Vsolid , DM is volume of solid phase in DM, Vafter ,imm is
volume of n-hexane after DM immersed, and Vbefore,imm is volume of n-hexane before DM
immersed.
Sonic vibration was continuously applied to the cylinder with a sonic cleaner (VWR
model 50D) to remove residual bubbles and achieve complete saturation. With this
approach, porosity was obtained within a maximum deviation of ± 1.6%.
SGLTM Sigracet® 10 series DM with variable PTFE content from 0, 10, and to 20
weight % were utilized to investigate the effect of PTFE content on the water removal
rate from DM. For the comparison of structure effect, three different types of DM were
selected based on manufacturer information and SEM images of pore structure. In Fig.
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5.1, SGLTM Sigracet® 24 series DM (24AA) which is a carbon paper type DM with fibers
aligned chiefly in 2D planar direction, SGLTM Sigracet® 10 series DM (10AC) which is a
carbon felt type DM with fibers aligned chiefly in x and y direction as well as partially in
z direction, and Carbel CL® which is a carbon cloth type DM with fibers aligned in 3D
direction are displayed. Detailed material properties of DM were summarized in Table
5.1.
DM were artificially saturated with de-ionized (DI) water under vacuum pressure,
and they were implemented into the test rig. By applying controlled gas (dry air at room
temperature) purge flow rates, water was removed convectively from DM and the weight
change of DM was measured with an electronic scale. The unique evaporation test setup
and methodology were described in detail in Ref.[111].

5.3 Results and Discussion
5.3.1 Overall Behavior of Water Removal During Gas Purge
Effect of PTFE content in DM was investigated first. Water removal behavior
during gas purge for SGL 10AC, 10CC, and 10DC was compared at gas purge flow rates
ranging from 0.25 SLPM to 7 SLPM, as shown in Fig. 5.2. The flow rates tested
correspond to Reynolds numbers from 13 to 370, which is a range appropriate for
comparison to normal fuel cell operation in a current density range from 0.05 to 1.50 A
cm-2. All of the tested samples showed similar water removal trends; fast water removal
during the initial purge, followed by steady water removal of which the duration was an
inverse proportion to the gas purge flow rate, and finally a rapid decrease in the water
removal rate when the saturation reaches the critical value. This is consistent with the
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results in Ref.[111]. Interestingly, total purge time was found to be increased with an
increase of PTFE content, which is consistent with literatures [112, 113].
Water removal behavior was compared further with respect to the normalized
water removal rate 2 of Fig. 5.3-(a) and the saturation level of DM of Fig. 5.3-(b),
respectively, where liquid saturation of DM was obtained from the following equation:

Saturation (s) =

Pore volume filled with liquid water
Total dry pore volume of DM

=

(mwet , DM  mdry , DM ) /  w

VDM

(5.2)

where mwet,DM is weight of wet DM, mdry,DM is weight of dry DM, ρw is density of water,
ε is porosity of DM, and VDM is volume of DM.
It was found that for higher PTFE content DM, the transition from the constant
rate period regime (CRP) to the falling rate period regime (FRP) was generated at higher
saturation levels and the transition took place much more slowly in Fig. 5.3-(b). This
resulted in a prolonged gas purge to reach a non-saturated condition, as shown in Fig.
5.3-(a). Next, the effect of geometric pore structure was investigated. The water removal
rate of tested DM was compared with respect to purge time at various purge gas flow
rates in Fig. 5.4. The required purge time increased from 24AA DM, to Carbel CL, and
10AC in the order of increasing water amount stored in DM before gas purge. The
difference in the initial water amount in each DM was normalized by dividing by the
maximum amount of water storable in each DM calculated from Eq. (5.2), and water
removal behaviors were compared with respect to saturation level of DM, as shown in

2

Normalization was performed by dividing with water removal rate obtained by extrapolating the tangent
lines from constant water removal region to initial purge time, as described in detail in ref.[111].
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Fig. 5.5. As shown in Fig. 5.5, the CRP regime could not be achieved at higher gas purge
flow rates for 2D structured DM (i.e. paper type DM.), and the CRP regime became
planar, extending into lower saturation level as DM pore structure changed to 3D (i.e.
cloth type DM). This means that for 2D pore structured DM, internal liquid flow from
the main body of DM to the evaporation front on the surface of DM was not fast enough
to satisfy the water removal taking place at the evaporating front. Therefore, the front
penetrated into the DM even at higher DM saturation levels, causing a lot of water to be
removed in FRP regime where water removal rate is low. The internal liquid transport
was well developed for 3D structured DM, consequently extending the CRP regime into
lower saturation levels, leading to a more rapid water removal rate, and more efficient
purge. Region (R) in Fig. 5.5 indicates water removal behavior at the end of gas purge.
It was found that for 2D structure DM, residual amount of water remained in the DM and
complete water removal was not achieved. But, as the structure of DM changed from 2D
to 3D, complete water removal could be obtained. It should be noted that a complete dry
of DM cannot be achieved in actual fuel cell condition, but the water removal behavior
for complete dry can be utilized to better understand the impact of different pore
structures on water removal.

It also should be noted that 24AA DM does not have a

micro-porous layer (MPL) whereas other DM such as 10AC and Carbel CL have MPLs,
and those differences may cause the water removal behavior of 24AA to differ from other
DM due to the different wetting effects experienced between DM and test fixtures. The
different wetting effect can be removed by inserting an MPL between the bottom of the
24AA and top of the sample holder. A piece of SGL 10EC which has higher PTFE
content (30 wt %) with MPL was applied into the interfaces between DM and sample
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holder, facing MPL side to the bottom of DM. However, micro-water transport between
MPL and the macro-porous layer during evaporation could not be simulated in this test
setup. But, the water transport between MPL and macro-porous layer is not believed to
significantly affect evaporative water removal behavior because water amounts stored in
MPL is very low due to its high hydrophobic nature. The evaporation behavior observed
was found to be in very good trend with other tested DM, indicating the test setup works
well to remove the wetting difference. The detailed effect of MPL on evaporation will be
a research topic in the future.
The general evaporation behaviors can be analyzed further with respect to two
characteristic regimes; funicular regime and pendular regime. In the funicular regime, a
continuous liquid film is connected through the porous matrix, and water removal rate is
dominated by internal liquid flow rate. Therefore, water removal rate in this regime can
be utilized for analyzing the impact of material properties on internal capillary liquid
flow rates and formation of hydraulic connectivity among pores.

Whereas, water

removal in the pendular regime is characterized by liquid water droplets, thus evaporation
is initiated mainly through vapor diffusion, and the impact of the DM properties can be
analyzed primarily as a function of tortuosity. In the following sections, the analysis was
conducted in detail for both regimes.

5.3.2 Internal Liquid Water Flow in DM
Water removal rate at the transition point from CRP to FRP can be utilized to
obtain the internal flow rate of liquid water for each DM during evaporation. As shown
in Fig. 5.6-(a), at this point the evaporative water removal rate at the open boundary is
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exactly balanced with internal liquid water transport rate.

From evaporation plots,

internal liquid flow rates for various saturation levels were obtained, and utilized to
investigate the effect of PTFE content in Fig. 5.6-(b) and geometric pore structure in Fig
5.6-(c).

As shown in Fig. 5.6-(b), internal capillary liquid flow began only when

saturation was above a certain level (which is called the irreducible saturation) and
increased exponentially at the saturation level from 0.13 to 0.16. As DM PTFE content
increased, the required saturation level for the capillary flow rate increased, as shown in
Fig. 5.6-(b).

This effect of wettability on water removal rate can be explained

conceptually.

When liquid water wets the surface pores in DM perfectly, hydraulic

connections among pores can be maintained until low saturation of DM, and through the
hydraulic connections, liquid water can be transported to the open boundary where
evaporation takes place until lower saturation. However, when liquid water does not wet
the surface of pores and forms liquid droplets on surfaces, liquid connection among pores
cannot be maintained, and it will be broken even at the high saturation level of DM.
Therefore, liquid water transport may take place at much higher DM saturation level.
The effects of geometric pore structures were compared in Fig. 5.6-(c), the
internal capillary flow rate increased significantly when saturation approaches at the
value from 0.08 to 0.15. The internal liquid water flow rate increased as pore structure
changed from 2D to 3D geometry. For 2D pore structured DM, carbon fibers are aligned
chiefly in x and y directions as shown in Fig. 5.1-(a). Pore matrix consists of multiple
fiber layers developed in plan direction without fibers aligned in the direction out of DM
which liquid water can move along with, and it is much tortuous in the liquid water flow
direction (z direction). Whereas, 3D pore structured DM has fibers aligned in x, y and z
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direction, and pore matrix is less tortuous and fibers are aligned continuously in the flow
direction (z-direction), as shown in Fig. 5.1-(c). Therefore, liquid water can move along
with the aligned fibers out of DM efficiently for 3D pore structure DM.
The internal capillary flow rate obtained in this study can be further utilized to
understand water transport behavior in an operating fuel cell. Water generated at the CL
transports through DM to the flow field plate by capillary and phase-change-induced
(PCI) modes [36, 37]. The capillary flow is driven by capillary pressure difference when
liquid phase is connected through pores. Whereas, PCI flow is driven by saturated vapor
pressure difference due to temperature difference [37]:

k
J CP   w k rw w PC

(5.3)

w


D
d  Psat (T ) 
J PCI  w,eff

T
Rv dT  T 

(5.4)


where, J CP is water flux by capillary mode, and  w , k rw , k w ,  w , and PC are water

density, water relative permeability, water absolute permeability, water viscosity, and

capillary pressure, respectively. J PCI is water flux by PCI mode, and Dw,eff , Rv , and Psat

are effective diffusivity of vapor, vapor gas constant, and saturation pressure, respectively.
Dw,eff   (1  s)

3/ 2

(5.5)
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3816.44 

psat (bar )  exp11.6832 

T  46.13 


(5.6)

(5.7)
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where,  and s are porosity and saturation of DM, respectively. Dw , Tref , and pref are
binary diffusion coefficient of water vapor in the air, reference temperature, and reference
pressure, respectively.
The water transport of these two modes is compared in Fig. 5.7-(a) with respect to
liquid saturation of the DM. PCI flow through DM was calculated for a temperature
gradient of 0.5 K which can be obtained at the operation between 0.1 and 0.2 Acm-2 [114].
As shown in Fig. 5.7-(a), PCI flow rate decreases as the saturation of DM increases due
to decreasing porous space for vapor transfer, whereas capillary flow rate increases with
saturation of DM due to increasing hydraulic connections among pores for liquid water to
transport. It should be noted that PCI flow is molecular diffusion, whereas capillary flow
is bulk liquid flow driven by capillary pressure, and therefore it increases significantly
much greater than PCI flow rate when the liquid phase is fully connected through pores.
As shown in Fig. 5.7-(a), PCI flow is greater in lower saturation regime (i.e. below
saturation of 0.09 for carbon cloth DM and from 0.13 to 0.17 for carbon paper DM), and
above this saturation, capillary flow dominants. This behavior is consistent with the
experimental results of neutron radiography (NR) [115].
As shown in Fig. 5.7-(b) from ref. [115], water saturation in DM increased
gradually with time during operation at 0.2 Acm-2, and reached a peak water content in
the DM. This supports the theory that the PCI flow is dominant mode at lower saturation,
leading to increase of water amount in DM. As the water saturation approaches a certain
level at which liquid connections among pores are fully developed and fast capillary
liquid flow is generated, capillary flow becomes dominant, resulting in the peak observed.
Saturation distribution in DM was compared further for high current operation at 1 Acm -2
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in which internal temperature difference of DM is known to be from 3 to 4 K [114]. As
shown in Fig. 5.7-(c), the variation of water saturation in DM followed the same trend.
But in this case, the DM approached the steady saturation value much faster. It is very
interesting that even though the high current operation (i.e. 1 Acm-2) has acknowledged
six times greater water transport rate by PCI mode than for low current operation (i.e. 0.2
Acm-2), the steady-state distribution of liquid water was almost identical, indicating the
dominance of capillary flow mode after a certain saturation level. The maximum water
amount at steady condition is around 120 mg cm-3 which corresponds to a DM saturation
of 0.13 (SGL 10BB which is carbon felt type DM) [115].
In this study, an evaporation mass balance method was utilized for measuring
internal capillary flow rate, and the full range of capillary flow rates could not be
obtained. However, the trend of significant increase of capillary flow rate at certain
saturation can be applied up to the operation condition of 1 Acm-2 where temperature
difference of DM was 3 to 4K. Therefore, it can be concluded that PCI flow is dominant
at lower saturation of DM, whereas capillary flow is dominant at higher saturation
obtained in normal operating conditions. However, the water transport mechanism may
be different for much higher operation condition, and therefore full range of capillary
flow rate should be measured to understand the water transport at the higher operation
condition, which will be a research topic in the future.

5.3.3 Diffusive Water Removal in FRP Regime
The evaporation front penetrates into the DM in FRP regime, and vapor diffusion
dominates water removal. Therefore, water removal rate in FRP regime can be described

131
with effective diffusivity and water vapor concentration, as shown in Eq. 5.8 for a onedimensional system.

Effective diffusivity is function of saturation and tortuosity

representing the effect of porosity and DM geometric pore structure. And the surface area
of water and gradient of water vapor concentration are functions of saturation. Those
functional relations can be lumped into functions of saturation and tortuosity. Finally, the
water removal rate can be described with respect to saturation, tortuosity, and a diffusive
water removal relation:

m w, rem  Dw, eff M w As

dcw
dz

 Dw, eff ( s, ( ,  )) M w As ( s )
~ f ( s ) g ( ) Dw M w As

dcw ( s )
dz( s )

(5.8)

dcw
dz

where, Dw,eff is the effective diffusion coefficient of water to air, M w is molecular weight
of water, As is surface area of liquid water and dcw / dz is gradient of water vapor
concentration with respect to depth of DM, s is saturation level of DM,  is the tortuosity
factor,  is pore geometry factor,  is porosity, Dw is the diffusion coefficient of water
to air.
The equation indicates the tortuosity is one of the key parameters for governing water
removal rate in the FRP regime for a prescribed saturation level. Tortuosity should
represent the effect of different material properties of DM due to different PTFE content
and pore geometric structure. It will be validated with following analysis based on
experimental results.
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In Fig. 5.8-(a) and (b), water removal behavior was described in detail in typical
FRP regime (saturation range from 0.1 to 0). As PTEF content in DM decreased and
pore structure changed from two to three dimensions, water removal rate increased, and
the slop of variation of the water removal rate with respect to saturation became steeper,
which indicates water removal efficiency is greater for DM with less PTFE content and
three dimensional pore structure. Those effects of PTFE content and pore structure of
DM can be described with tortuosity which represents the portion of actual path length in
DM through which vapor transports. Tortuosity of each DM were compared in table 5.1,
where empirical relations [116] were utilized for calculation of tortuosity for macroporous layer portion to understand the effect of PTFE content and porous structure, as
described in Appendix E. As tortuosity increased, water removal rate was found to
decrease in Fig. 5.8, validating the concept that the tortuosity in Eq. 5.8 is the key
parameter representing the effects of material properties DM (PTFE content and pore
structure). The effect of DM tortuosity on water removal rate also agrees with the results
of Y. Wang et al. [117].

5.3.4 Novel Method to Measure Irreducible Saturation
Irreducible saturation is the saturation level at the transition between funicular and
pendular regimes. No more water can be drained by capillary mode below this saturation
[75, 105]. Therefore, this parameter is critical for modeling and simulation of multiphase
flows including evaporation and condensation. In this study, a new method is introduced
to obtain the irreducible saturation from the evaporation curve by utilizing a concept
described by Kaviany et al. [74, 104].
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As shown in Fig. 5.9-(a), two tangent lines are extended from each CPR and FRP
regime, and intersection point  between two extended lines is connected to the other
intersection point  between lines which have same slopes as the above extended lines
and one of them going through points at the end of funicular regime (A) and the other
through points at the start of full pendular regime (B), respectively. The newly connected
line between point  and point  makes an intersect point on the graph, which is a point
where isolated droplet evaporation is dominant, and therefore is considered to be the
irreducible point. From the experiment, the irreducible saturations were obtained at
various flow rates. The intrinsic irreducible saturation was obtained by extrapolating the
nominal irreducible saturation obtained at each flow rate to the zero flow rate condition,
as shown in Fig. 5.9-(b) and (c).

sirr  lim sirr , m
 0
m

(5.9)

where sirr is the irreducible saturation of DM, sirr , m is the nominal irreducible saturation
obtained at each flow rate.
Irreducible saturations were found to be increased as PTFE content in DM increased (i.e.
0.052 for 10AC, 0.055 for 10CC, and 0.072 for 10DA), and as geometric pore structure
changed from three to two dimensions (i.e. 0.03 for Carbel CL, 0.052 for 10AC, and 0.07
for 24AA), as shown in Fig. 5.9-(b) and Fig. 5.9-(c), respectively. Those values are in
the same range of results of Fairweather et al. [118] and Gostick et al. [119]. The
irreducible saturation of DM was also found to vary with geometry of flow field in actual
fuel cell system [120]. Depending on the area ratio of land to channel, the irreducible
saturation was varied because amount of immobile water resided under the land is varied
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with the ratio. Therefore, the irreducible saturation (sirr) obtained in this study can be
considered as an intrinsic material property of DM which is not affected by the system.
It should be noted that the nominal irreducible saturation obtained at each flow
rate was found to increase as flow rate of purge gas increased, as shown in Fig. 5.9-(b)
and (c). And therefore, this behavior of nominal irreducible saturation can be utilized for
designing advanced purge protocols. The reason of effect of flow rate on the nominal
irreducible is due to the relative magnitude of internal liquid flow rate to evaporation rate
in open boundary, and detailed description about the effect of flow rate can be found in
ref.[111].

5.3.5 Consideration of PTFE and Pore Structure Effect on Purge Efficiency
The critical purge time (tCR) was normalized by dividing with end of purge time
(tEnd) to understand purge efficiency in terms of utilization of applied purge time, as
shown in Fig. 5.10-(a). If normalized critical purge time (tNCR) is high, it indicates a
much greater portion of the purge time is utilized for water removal in SER and CRP
regime where water removal is achieved faster and much effectively, and therefore purge
efficiency increases. Whereas, in the case of lower tNCR, much greater purge time is used
in FRP regime where water removal is conducted slower and less effectively, resulting in
reduced purge efficiency.
As PTFE content increased and geometric pore structure changed from 3D to 2D,
tNCR decreased, indicating purge efficiency decreased, as shown in Fig. 5.9-(b) and Fig.
5.9-(c), respectively. And lower flow rate of purge gas was found to be more efficient in
terms of utilization of applied purge time.
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5.3.6 Guideline for Effective Purge
Gas purge is required to be conducted in short time with minimal parasitic energy
consumption and cell components degradation. Those requirements can be satisfied from
fundamental understandings of gas purge including effect of purge flow rate as well as
effect of material properties of DM. In order to remove water from DM effectively and
durably, most of water should be removed in CRP regime, and it was found to be
achieved by composite flow rate [111]. Therefore, water slugs residing in flow channel
or on the DM can be removed efficiently by short blast purge at high flow rate, and with
a gradually decreasing flow rate, the hydraulic connections among pores can be
maintained until lowest possible saturation level, providing an efficient purge that
reduces membrane moisture gradients that have been shown to negatively impact
durability [111]. The internal liquid flow rate (capillary flow rate) through hydraulic
connections among pores was found to be increased as PTFE content decreased and pore
structure changed to 3D structure, as described in this study. Therefore, the effective and
durable purge can be achieved by fully utilizing the benefit of water removal in CRP
regime by applying composite flow rate and DM with less hydrophobic treatment and 3D
fiber matrix structure.

5.4 Summary and Conclusions
The effects of polytetrafluoroethylene (PTFE) content in diffusion media (DM)
and geometric pore structure on evaporative water removal from DM were investigated in
this work.

Additionally, new methods to determine internal liquid flow rate and
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irreducible saturation were discussed. The following conclusions are drawn from this
study.
1. The internal liquid flow rate in the DM was obtained from the transition from
constant rate period (CRP) to falling rate period (FRP) of the characteristic water
removal curve. The capillary flow rate was found to increase as PTFE content
decreased and geometric pore structure changed from two to three dimensions. In
operation, phase-change-induced flow was a dominant mode of transport for
saturation below 0.09 for carbon cloth type DM and the range from 0.13 to 0.17
for carbon paper type DM, whereas the capillary mode is dominant mode above
these saturation ranges. These water removal behaviors were compared to our
recent experimental results obtained using neutron radiography from Ref. [115].
2. A new method to measure the intrinsic irreducible saturation was developed, and
the irreducible saturation was obtained in the range from 0.03 to 0.07, which
increased as PTFE content in DM increased and geometric pore structure changes
from three to two dimensions.
3. The effect of PTFE and geometric pore structure on water vapor diffusion was
investigated in the FRP regime where vapor diffusion is dominant mode for water
removal. Tortuosity was found to be a key material property to control the vapor
diffusion, and water removal decreased as tortuosity of DM increased.
4. Water removal efficiency was compared with normalized critical purge time, and
was found to be increased as PTFE content decreased and geometric pore
structure changed to three dimensions, indicating that although PTFE is helpful to
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avoid flooding during normal operation, it can reduce purge efficiency during
shutdown.
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Table 5.1. Diffusion media material properties.

a

Information supplied from manufacturer.

b

Values measured or calculated in this work.
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(a)

(b)

(c)

Fig. 5.1. Comparison of SEM images: (a) carbon paper type DM (2D pore structure), (b)
carbon felt type DM (partial 3D pore structure), and (c) carbon cloth type DM (3D pore
structure).
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Fig. 5.2. Comparison of evaporative water removal rates: (a) for 10AC (0 wt % PTFE),
(b) for 10CC (10 wt % PTFE), and (c) for 10DC (20 wt % PTFE) at various flow rates.
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Fig. 5.3. Effect of PTFE content in DM on evaporative water removal rates: (a)
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Fig. 5.4. Comparison of evaporative water removal rates: (a) for 24AA (2D pore
structure), (b) for 10AC (partial 3D pore structure), and (c) for Carbel CL (3D pore
structure) at various flow rates.
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3D pore structure), and (c) for Carbel CL (3D pore structure). Region (R) indicates water
removal behavior at the end of gas purge.
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Chapter 6
Effect of Flow Field Geometry on Evaporative Water Removal
from Polymer Electrolyte Fuel Cell Diffusion Media

6.1 Introduction
In actual fuel cell systems, various types of flow field structures are applied to
direct reactant gas with the goal to enhance fuel cell performance and reduce local liquid
accumulation and flooding. Typically, a flow field with rectangular land and channel
geometry is utilized in fuel cells due to easy of fabrication. However, depending on the
width ratio of land to channel, the total liquid water storage in the cell, and performance
were found to significantly change [97], requiring fundamental understanding of the flow
field structure effect. The liquid water amount in the cell was reported to be substantially
varied with material properties of DM. J. Kowal et al found carbon paper DM held 174%
more water per volume of DM than cloth, and that residual liquid water was removed
more readily with the cloth DM [88]. However, fundamental studies to understand the
coupled effect of flow field geometry and DM properties on evaporative water removal
from the cell have yet not been published to the author’s knowledge.
In this chapter, the coupled effect on evaporative water removal is investigated
with ex-situ evaporation experiment developed in Chapter 4, and the variation of water
amount in the fuel cell is quantified with in-situ NR experiment to evaluate the proposed
approach for a durable and efficient gas purge.
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6.2 Experimental
6.2.1 Experimental Setup
In order to understand the coupled effect of flow field structure and DM material
properties, three different flow field structures with width ratio of land to channel
(WRLC) ranging from 3 / 25 mm (i.e. the ratio is 0.12), 13 / 25 mm (the ratio is 0.52),
and to 25 / 25 mm (the ratio is 1.00) and two types of DM including carbon paper type
(SGL 10AC)3 and carbon cloth type (Carbel CL) DM were utilized for ex-situ experiment.
DM were die-cut from a sheet and were artificially saturated with de-ionized (DI) water
under vacuum pressure, and then they were implemented into the test rig, as shown in Fig.
6.1. Controlled flow rate of gas (dry air at room temperature) was applied onto the top of
wet DM to remove water convectively, and weight changes of the DM were measured
with an electronic scale. The detailed test setup and methodology were described in ref.
[110, 111].
For visualization of water removal behavior during gas purge, the high resolution
neutron imaging facility at the National Institute of Standards and Technology (NIST)
was utilized, in which the integration time of 54 seconds and pixel resolution of 10 μm ×
10 μm were utilized for each neutron image. The details of the test facility were given in
ref. [89]. The test fixture was made of the gold-plated aluminum, and it has an active
area of 17.2 cm2 and single serpentine flow field with 1mm width and 1mm depth. The
cell was installed vertically on a test stand, and reactant gases were applied from top to
bottom direction during neutron radiography (NR) tests, as shown in Fig. 6.2. A Gore

3

Specifically, SGL 10AC is carbon felt type, but it is generally called carbon paper DM to differentiate it
from woven carbon cloth DM. In this study, the general term was used.
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Primea® 5710 MEA with 0.4 mg cm-2 Pt loading on each electrode, and two SGL 10 BB
diffusion media with 5 weight % polytetrafluoroethylene (PTFE) and micro-porous layer
on one side were used in all experiments.

Before purge experiment, the cell was

preconditioned at 0.4 A cm-2 for 30 minutes with fully humidified hydrogen and air at the
stoichiometric ratios of 2 and 3, respectively. The temperature of the cell was controlled
at 65℃ by coolant (DI water) for all the experiment. After preconditioning the cell, gas
purge was conducted by supplying dry nitrogen gas into both of anode and cathode sides
for 14 minutes at four different flow rate conditions: low flow rate (0.43 SLPM for both
sides of anode and cathode), medium flow rate (0.86 SLPM for both sides of anode and
cathode), high flow rate (1 SLPM and 2.6 SLPM for anode and cathode, respectively),
and mixed flow rate ( high flow rate for 1 min., medium flow rate for 3 min. and low
flow rate for 10 min.). A milliohm meter (Agilent, 433B at 1kHz) was utilized to
measure variation of the total cell resistance simultaneously with NR experiment.

6.3 Results and discussion
6.3.1 Overall water removal behavior
The effect of the width ratio of land to channel (WRLC) on evaporative water
removal was investigated for the carbon paper DM (SGL 10AC) and the carbon cloth
DM (Carbel CL), as shown in Fig. 6.3 and Fig. 6.4, respectively. Water removal for both
of DM was very rapid during the initial purge, followed by constant removal period, and
finally a rapid decrease in the water removal rate characterized by evaporation when the
saturation reaches the critical value. In the region of slow evaporative water removal rate
at the end of purge, isolated water droplets residing under land region were removed by
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slow vapor diffusion. Thus this region became longer as WRLC increased due to the
increase of isolated water droplets and distance under the larger lands. As shown in Fig.
6.3 and 6.4, purge time increased as flow rate decreased and WRLC increased for both of
DM, but absolute value of purge time was much lower for carbon cloth DM.
The effect of flow field structure on water removal behavior was further
compared with respect to saturation level, as shown in Fig. 6.5. Saturation of DM was
obtained by dividing pore volume filled with liquid water with total dry pore volume of
DM, as described in ref. [110, 111]. As shown in Fig. 6.5, the saturation (sCR) at which
the transition from constant water removal period (CRP) regime to falling rate period
(FRP) regime takes place increased as WRLC increased, indicating more water exists in
the form of isolated water droplets in DM which should be removed by slow vapor
diffusion in FRP regime, leading to less efficient gas purge. The different impact of
WRLC on the onset of the transition was analyzed further at 7 SLPM of gas purge in Fig.
6.6. As WRLC increased, carbon paper DM was found to have much slower and longer
transition than carbon cloth DM, resulting in less efficient water removal. It is due to the
effect of geometric pore structure, as described in ref. [110], and 3 D pore structure of
carbon cloth DM was much efficient in water drainage than 2 D pore structured carbon
paper DM for the flow field with larger land portion.

6.3.2 Analysis of water removal behavior in constant rate period (CRP) regime
Evaporative water removal in the CRP regime is dominated by internal capillary
flow, as described in ref. [110, 111]. Therefore, from study of water removal in this
regime, the coupled effect of flow field structure and DM material properties on internal
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water flow rate in DM can be investigated. By utilizing the methods developed in ref.
[110], internal water flow rate was compared in Fig. 6.7. As shown in Fig. 6.7, water
removal rates for all tested samples could be represented by a characteristic single line. It
indicates water removal rate in CRP regime was determined dominantly by applied flow
rate rather than the type of DM and flow field structure. It should be noted that equal
water removal rate in the CRP regime does not mean saturation and water distribution in
DM at critical point are same for all the tested DM.
The saturation of DM at critical point (sCR) was compared for all the tested
samples with respect to purge flow rate per DM surface area, as shown in Fig. 6.8. As
described previously, sCR increased as purge flow rate and WRLC increased. Effect of
flow field structure was not significant until WRLC of 0.52 for both types of DM, and
carbon paper type DM was found to have much higher sCR than carbon cloth type DM.
These sCR values were utilized further to analyze the water distribution in DM at the
critical point under the assumption that the greater amount of water in DM for the case of
higher WRLC cell is due to the existence of the larger land region, and the excess water
compared to the lower WRLC cell was considered to reside under the larger land region.
From this analysis, characteristic water distribution in DM at critical point (i.e. water
state in DM before onset of dry front penetration into DM in ref. [111]) could be
understood.
Fig. 6.9-(a) and (b) show the effect of WRLC and purge flow rate on water
distribution in DM at critical point for carbon paper and carbon cloth DM, respectively.
The amount of water in DM under the land was found to significantly change with
WRLC and purge flow rate. In the case of carbon paper DM, an average water amount of
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0.6 mg cm-2 exists in DM under the channel, whereas DM water amount under the land
was in the range from 0.64 to 0.84 mg cm-2 (about 40% greater than under channel area)
for 0.52 WRLC case and from 1.0 to 1.1 mg cm-2 (about 83% greater than under channel
area) for 1.00 WRLC cases, respectively. For the case of carbon cloth DM, 0.37 mg cm-2
of water exists under the channel, whereas water amount under the land was found to be
in the range from 0.4 to 0.45 mg cm-2 (about 21% greater than under channel area) for
0.52 WRLC case and from 0.56 to 0.62 mg cm-2 (about 67% greater than under channel
area) for 1.00 WRLC cases, respectively. Therefore, carbon cloth DM was much less in
DM water amount under land and non-uniformity of water distribution through the cell
than carbon paper case, indicating much less impact of WRLC on water drainage for
carbon cloth case. The effect of DM type on water accumulation under land and channel
was consistent with the results of ref. [88].
It was also found that water amount in DM under the land changed with flow rate
of purge gas, as shown in Fig. 6.9-(a) and (b). The effect of purge gas flow rate could be
explained with results in the previous study [111]. By applying low flow rate of purge
gas, liquid connection through pores from DM under land to DM in channel can be
maintained until low saturation level, and through the liquid connection water can be
displaced by capillary mode, resulting in lower s CR for lower flow rate case. But due to
increasingly longer capillary flow paths, the benefit of low flow rate diminishes as
distance between DM under land to DM in channel increases for the higher WRLC case.
However, when the high flow rate purge gas is applied to the cell, liquid connection
through pores from DM under land to DM in channel is broken at the higher saturation
and approaches to the critical point at which higher water content remains in DM under
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land region as shown in Fig. 6.9-(a) and (b). As the high flow purge continues further,
the dry front penetrates into DM and removes directly water trapped in pores of DM and
in MEA, causing the local fuel cell resistance and internal stress in membrane or between
membrane and catalyst layer to increase significantly, which has a negative impact on
MEA durability. These water removal behaviors were analyzed further with experiments
combined of NR and HFR, as discussed in subsequent sections.

6.3.3 Effect of falling rate period (FRP) regime on purge efficiency
Water removal rate in falling rate period (FRP) regime is very low due to the
dominant effect of diffusion, and therefore the duration of this region substantially affects
the purge efficiency to achieve a final saturation value required for each system. The
effect of the FRP regime was investigated with normalized critical purge time (t NCR)
which was obtained by dividing the critical purge time (tCR) with end of purge time (tEnd),
as described in the previous study [110]. From this comparison, the applied purge time
utilized for removing water in the FRP regime (i.e. pendular regime), SER and CRP
regimes (i.e. funicular regime) can be analyzed. If the tNCR is high, it indicates much
greater portion of the purge time is utilized for water removal in SER and CRP where
water removal rate is fast, indicating applied purge time is utilized efficiently.
As shown in Fig. 6.10-(a) and (b), the purge efficiency in terms of utilization of
applied purge time was in the range from 0.35 to 0.8 for carbon paper DM and in the
range from 0.5 to 0.9 for carbon cloth DM. The efficiency decreased as WRLC increased
and DM changed to carbon paper type. The effect of flow field structure was not
significant until WRLC of 0.52 for both DM.
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6.3.4 Effect of flow field structure on irreducible saturation
Irreducible saturation is the saturation at which water cannot be further drained by
capillary mode, and can be removed only by vapor diffusion mode. Therefore, this
parameter is very critical for understanding water removal behavior from DM. Effect of
flow field structure on irreducible saturation (sirr) was investigated with the method
developed in the ref. [110], and compared in Fig. 6.11-(a) and (b) for carbon paper DM
and carbon cloth DM, respectively. The effective sirr was found to increase as WRLC
increased due to the increase of immobile water amount residing under the land. The s irr
of carbon paper DM was in the range from 0.05 to 0.11, and was in the range from 0.03
to 0.07 for carbon cloth DM, indicating carbon cloth DM is better to maintain capillary
connections in the DM. The sirr of 0.52 WRLC case increased only by 0.01 from that of
0.12 WRLC case, whereas for 1.00 WRLC case, it increased nearly two times greater
than that for 0.12 WRLC case for both types of DM.

6.3.5 Investigation of gas purge with neutron radiography (NR) experiment
Water removal behavior in a fuel cell during gas purge was investigated with the
NR facility at NIST. Typical images of water distribution in fuel cell during gas purge
are compared in Fig. 6.12 where dry nitrogen at the flow rate of 0.43 SLPM for both
sides of anode and cathode was supplied into the cell of which temperature maintained at
65℃. As shown in Fig. 6.12, water removal in the cell can be characterized in two
typical regions: significant water removal in the initial purge time in which water droplets
residing on the flow field and DM were removed by drag force of supplied gas and
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subsequent steady and slow water removal in which water existing chiefly in DM and
MEA were removed by convective evaporation mode. The characteristic water removal
can be utilized for designing an advanced gas purge. For the initial purge period, water
slugs residing in the channel and on the DM should be removed and therefore fast and
blast purge is required to drag them out. For the steady and slow water removal region,
water in DM and MEA should be removed, and a careful purge method is needed for
selectively removing water without significant water removal from MEA. For this region,
mixed purge flow rate utilizing fundamentals observed in our previous study [111] should
be applied.
The characteristic water removal behavior during gas purge was analyzed further
with NR and HFR data, as shown in Fig. 6.13-(a) and (b). NR is used for quantifying the
total amount of water residing in all the components of the fuel cell, whereas HFR is
utilized to indicate variation of water content in one component of the cell, such as
membrane. Therefore, by comparing each data during purge, water removal behavior can
be understood in detail. As shown in Fig. 6.13-(a) and (b), high flow rate purge (i.e. 1
SLPM and 2.6 SLPM for anode and cathode, respectively for 14 min.) was very fast and
efficient for decreasing the residual water amount in the cell, but increased the cell
resistance substantially, raising issues of high energy consumption and possible
degradation of membrane. For the low flow rate purge (0.43 SLPM for both sides of
anode and cathode for 14 min.), cell resistance did not increase severely but water
removal from the cell was not efficient, indicating lower water removal efficiency.
However, in the case of mixed flow rate of purge (high flow rate for 1 min., medium flow
rate for 3 min. and low flow rate for 10 min.), water decreasing rate from the cell was
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almost same as medium flow rate (0.86 SLPM for both sides of anode and cathode for 14
min.), but with less energy consumption (-23%) and reduced increase of membrane
resistance (-91%) than the medium flow rate purge, as shown in Table 6.1. By using the
mixed flow rate, water slugs residing in flow channel or on the DM was efficiently
removed by short blast purge at high flow rate, and with a gradually decreasing flow rate,
the hydraulic connections among pores was maintained and water removal could be
conducted by capillary mode (i.e. water removal in CRP regime) until the lower
saturation level, providing an efficient and durable purge that reduces membrane
moisture gradients that have been shown to negatively impact durability. This result
validates exactly the efficient and durable purge protocol which was predicted from
fundamentals studied in our previous study [111].

6.4 Conclusions
In this study, the effects of land-to-channel ratio and diffusion media properties
on evaporative water removal by capillary and diffusive transport were investigated with
novel methods developed in the previous studies [110, 111] and the high resolution
neutron radiography (NR). The results of this work validate the protocol for efficient and
durable gas purge proposed in the previous study [111]. The following conclusions are
drawn from this work.

Required purge time and the saturation level (sCR) of diffusion media (DM) at
critical condition increased as width ratio of land to channel (WRLC) of flow field
increased, but the effect of land region was most significant for the higher WRLC case
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(WRLC: 1.00). The negative impact of WRLC on water removal was diminished by
utilizing carbon cloth type diffusion media (DM) due to the pore structure well developed
in three dimensions.
Analysis of evaporative water removal was conducted in the constant rate period
(CRP) regime. Water removal rate in this regime was represented by a characteristic
single plot with respect to purge flow rate, indicating water removal rate in CRP regime
was determined dominantly by applied flow rate rather than the type of DM and flow
structure. Water distribution in DM at saturation was analyzed. Carbon cloth DM, lower
WRLC, and proper purge flow rates sustaining water removal in CRP were found to be
favorable factors to reduce water content in DM under the land.
The effective irreducible saturation was found to increase with WRLC due to the
increase of immobile water amount residing under the land. It was in the range from 0.05
to 0.11 for carbon paper DM and 0.03 to 0.07 for carbon cloth DM, respectively,
indicating carbon cloth DM was better choice for decreasing irreducible saturation in DM.
High resolution neutron radiography (NR) facility at the National Institute of
Standards and Technology (NIST) was utilized to validate the gas purge protocol, and the
more efficient and durable gas purge could be achieved by utilizing mixed gas flow rate
(high blast purge followed by gradual decreasing flow rate) to remove the majority of
residual water in CRP regime.
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Table 6.1. Analysis of purge effects
SR at 1.5A cm-2
Cathode

Anode

Energy3
consumption (J)

Low purge
(0.43 SLPM)

1.0

2.4

13.53

10.06

3.34

Medium purge
(0.86 SLPM)

2.0

4.7

53.97

9.88

10.55

High purge
(A/C 1.0/2.6 SLPM)

6.0

5.5

280.28

9.63

10.62

Mixed purge2

1.0-6.0

2.4-5.5

41.25

9.86

0.88

Purge flow rate

1

Water4
(mg cm-2)

HFR4
(m ohm)

1

Gas purge was conducted for 14 minutes.

2

Mixed purge consists of high purge for one minute, medium purge for three minutes,
and low purge for ten minutes.

3 Calculation of energy consumption was described in Appendix D.
4

Cell water amount and HFR after 14 minute gas purge.
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Fig. 6.1. Cell fixtures for ex-situ experiment: (a) cross-sectional view of test fixtures with
various width ratios of land to channel (L/C) and (b) evaporation test setup.
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Fig. 6.3. Evaporative water removal from carbon paper DM for various flow fields with
width ratio of land to channel (L/C): (a) L/C: 0.12, (b) L/C: 0.52, and (c) L/C: 1.00.
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Chapter 7
Conclusions and future work

Extensive research has been conducted on fuel cells for decades to replace the
conventional energy sources such as internal combustion engines. One of the remaining
issues for commercial application of fuel cells into automotive systems is removal of
excess water inside of fuel cells for extended durability. Parasitic gas purge is generally
applied to reduce the excess water from the cell due to easy of application. In this
dissertation, extensive experimental and analytical work was conducted to understand
fundamentals of evaporative water removal in full sized and model cell environments.
From the new understanding of physics, an advanced purge protocol was developed to
achieve high efficient and durable gas purge with less energy consumption.

7. 1 Conclusions
In the first part of study, neutron radiography (NR) was utilized to quantify the
variation of fuel cell water amount during gas purge for a full size fuel cell. From the
combined use of NR and high frequent resistance (HFR), it was found that the water
amount variation in the cell (measured from NR) was not the same trend of that of cell
resistance (measured from HFR), indicating water removal from the cell was not
conducted sequentially from flow field, diffusion media (DM), and membrane electrode
assembly (MEA).

Therefore, the conventional purge approach relying mostly on

variation of full cell HFR could lead to exacerbated performance loss.
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In order to understand the full size system results, the characteristic water removal
of each fuel cell component and coupled effect of each component on evaporative water
removal was studied. The DM is known to store a significant fraction of the total liquid
water, but quantitative fundamental research examining water removal behavior from
DM was not yet available in literature. Results showed the water removal from DM is
dominated by the external boundary condition such as temperature, type of purge gas,
purge flow rate, material properties of DM such as liquid water wetting property and pore
structure of DM, and structure of flow field such as the width ratio of land to channel.
Firstly, the effect of external boundary condition was analyzed, and an empirical relation
was obtained for correlating water removal rate with applied gas purge rate for a
prescribed DM.
The important effect of material properties was elucidated with DM with different
PTFE 4 content ranging from 0 to 20 wt % and DM with three different pore geometric
structures. It was found that the evaporative water removal increased as PTFE content
decreased and pore geometric structure changed from two to three dimensions due to the
increase of wettability and porous space favorable for the water transport. The effect of
phase-change-induced (PCI) flow and capillary flow on water removal was compared,
and it was found that PCI flow was dominant at lower saturation of DM, whereas
capillary flow was dominant at higher saturation obtained in normal operating conditions.
Effect of flow field structure was investigated with three different flow field
structures, and the coupled effect with material properties of DM was elucidated with two

4

The full name of PTFE is polytetrafluoroethlyene.
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different pore structure of DM. It was found the water removal efficiency decreased
slightly for the width ratio of land to channel (WRLC) of 0.5, but decreased significantly
for the higher WRLC of 1.0. By utilizing carbon cloth, negative effect of higher WRLC
on water removal efficiency could be mitigated. The effect of WRLC can change,
depending on compression pressure and surface properties of flow field, but the trend and
fundamental understanding found in this study can be applied to design fuel cell
components.
Water removal behavior from a single cell was also investigated with neutron
radiography facility at the National Institute of Standards and Technology (NIST). From
the fundamental understandings of the evaporative water removal in this study, the new
protocol for efficient and durable purge was proposed, and validated.

7.2 Future Work
In this work, gas purge experiment was conducted with modeled fuel cell fixture
at room temperature, and the results were good to understand the fundamentals of
evaporative water removal from DM and to develop the high efficient and durable gas
purge. However, some additional effects (i.e. temperature and DM compression) in fuel
cell condition should be further investigated to complete the gas purge research.
Temperature of fuel cell changes widely from 80℃ to subzero temperature, depending on
working condition. And DM in fuel cell condition is compressed to reduce contact
resistance between fuel cell components, and therefore porosity of DM will be changed
with flow field structure and compression system.
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And more specific tests should be conducted to understand the detailed physics of water
removal behavior and effect of actual system condition. Water removal from DM in this
study was analyzed in terms of overall bulk behavior, but for the detailed understanding
of the removal behavior, effect of pore size distribution should be understood. Initial
water saturation level of DM was 0.5 which is a little higher range than saturation in the
fuel cell condition to understand behavior of water removal in the wider range of
saturation level, but additional test should be conducted for actual saturation of DM to
understand the effect of actual system condition.
Controlling water amount in the cell can be conducted in active process by
tailoring DM to contain minimal water amount during operation. This material design
can be conducted from understanding of water transport phenomena through DM during
operation. The two phase flow in DM has been described with theories from soil science
[121], and the flow behavior (with low temperature gradients) has been suggested to be
governed by capillary and viscous forces. Their relative magnitude controls the
two‐phase distribution and flow regimes, as shown in Fig. 7.1. From this, two‐phase
flow in DM falls in the regime of capillary fingering [122].
Ca 
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It should be noted that the phase diagram in Fig. 7.1 was obtained from the condition at
which water penetrates porous media in liquid phase (i.e. water transport is conducted
only by capillary flow). However, water transport in DM during fuel cell operation is
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different, and it is conducted by coupled modes of phase‐change‐induced flow and
condensation‐capillary flow [115]. Therefore, the dominating two‐phase flow will be
different depending on fuel cell operating current condition and type of DM.
In previous work by others, water transport through DM was characterized with
hydrogen deuterium contrast neutron radiography by utilizing the different neutron
attenuation strength of hydrogen and deuterium [96]. In order to exploit this to obtain
fundamental data, a PEM fuel cell was alternately fed with deuterium and hydrogen gas.
After switching from hydrogen to deuterium, the deuterium gas is reduced to D2O at the
catalyst and gradually replaced the liquid H2O in the DM and in the flow‐field channels,
as shown in Fig. 7.2. Thus, the radiographic image contrast is a direct measure of the
local H2O content in the fuel cell. From this novel experiment, a new mode of water
transport was suggested, as shown in Fig. 7.3. However, the authors did not take the
side‐view image of fuel cell, and therefore the water transport behavior through DM
could not be analyzed in detail and the theory proven in detail.
In the future study, investigation of the fundamentals of liquid water transport in
various DM (hydrophilic DM and hydrophobic DM) with hydrogen‐deuterium contrast
neutron radiography should be completed.

By utilizing high resolution neutron

radiography at NIST, the two‐phase water transport in DM can be elucidated for different
operating current condition and different PTFE content DM. The results of this work
should provide unique and novel data that can be used to further understand the water
transport mechanisms in the PEFC and suggest design guideline for DM material.

183

Ca 

u nw



M  nw
 wet

Fig. 7.1. Schematic representation of phase diagram of two-phase flow in porous media
[122].
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Fig. 7.2. Neutron radiographs of PEM fuel cell after switching gas feed from H2 to D2.
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Fig. 7. 3. (a) Eruptive water transport mechanism and (b) Filling process of water
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Appendix

Appendix A. Temperature Analysis in the Through-Plane Direction of DM
The isothermal assumption in the through-plane direction can be validated
considering the extreme condition of heat transfer of DM during evaporation. Heat loss
due to evaporation at the surface is assumed as an extreme case to be balanced only by
heat supply due to the through-plane temperature difference of DM (i.e. through-plane
heat conduction of DM) as described in Eq. (A-1). The variation of effective thermal
conductivity of DM (kDM,eff) due to water removal in DM is described in volume averaged
method as in Eq. (A-2).
m w, rem
T
T
hg  kt , DM , eff DM , 2 DM ,1
As , DM
LDM

(A-1)

kt ,DM ,eff  (1   w )kt ,DM   w kt ,w

(A-2)

w 

Vw
VDM

(A-3)

where m
 w,rem is water removal rate from DM, As,DM is surface area of DM, hg is latent
heat of evaporation of water, kt,DM,eff is effective thermal conductivity of DM, kt,DM is
thermal conductivity of DM, TDM,2 is temperature of top surface of DM, TDM,1 is
temperature of bottom surface of DM, LDM is thickness of DM, ψw is volume fraction of
water, kt,w is thermal conductivity of liquid water, Vw is volume of liquid water , and VDM
is volume of DM.
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Even in this extreme case, temperature difference of DM between top surface
(TDM,1) and bottom surface (TDM,2) of DM is less than 0.36ºC for the highest flow rate of
purge gas. Therefore, in actual cases where heat supply due to forced convection is
dominant, the through-plane temperature difference of DM is negligible.
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Appendix B. Calculation of Heat Transfer Coefficient
As shown in Fig. A.1-(a), heat loss due to evaporation is balanced with heat
conduction from channel wall of test rig, heat conduction from DM, and heat convection
from bulk stream of air. However, the temperature variation of the DM is negligible as
described in Appendix A, and therefore conduction heat transfer through DM can be
neglected. Therefore, the heat loss due to evaporation is balanced with heat conduction
from the channel wall and heat supply by forced convection of air stream. Temperature
of the main body of test rig channel ( TCW ,0 ) is considered to be equal to the room
temperature ( T ), and temperature of the channel wall ( TCW ,1 ) contacted with DM is
assumed to be same as that of DM ( TDM ,1 ) in Eq. (B-2). The relative magnitude of heat
transfer due to conduction by the channel wall to convection by air stream was compared
with the ratio of heat transfer, Rq in Eq. (B-5).

A maximum average heat transfer

coefficient was obtained for the case where heat loss due to evaporation is balanced only
by convection heat from purge gas, as shown in Eq. (B-6) and (B-7). The average heat
transfer coefficient was in the range from 570 to 35 Wm-2K-1 for the SER and CRP
regime, and was minimum 7 Wm-2K-1 in FRP regime, which was one to three orders of
magnitude greater than heat conduction from the wall of channel, as calculated from Eq.
(B-5). Moreover, thermal contact resistance between the tip of channel wall and the
surface of DM neglected in the calculation will decrease further conduction heat transfer
from channel wall in the actual case. Therefore, heat transfer due to conduction from the
channel wall can be assumed to be negligible, and the heat loss due to evaporation was
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related solely with convection heat from air stream, as shown in Eq. (B-6). And heat
transfer coefficient could be calculated from Eq. (B-7)
qcond  qconv  qevp

(B-1)

q cond  q cond ,CW  q cond , DM  q cond ,CW
 k t ,CW

As ,CW
LCW

(TCW ,0  TCW ,1 )  k t ,CW

As ,CW
LCW

(T  TDM ,1 )

(B-2)

q conv  hconv As,DM (T  TDM ,1 )

(B-3)

qevp  m w, rem hg

(B-4)

Rq 

kt , CW As , CW 7 kt , CW
q cond
1.4



q conv hconv LCW As , DM
hconv
hconv

qconv  qevp

hconv 

(m w, rem / As , DM )
hg
(T  TDM ,1 )

(B-5)
(B-6)

(B-7)

where, qcond is heat transferred by conduction, qconv is heat transferred by convection,
qevp is heat loss due to evaporation, qcond ,CW is heat supplied into DM by conduction

from the channel wall of test rig, qcond , DM is heat transfer by conduction through DM,
kt ,CW is thermal conductivity of the channel wall (acrylic material), As ,CW is area of the

channel wall contacted with DM, LCW is length of the channel wall, hconv is average heat
transfer coefficient, As , DM is surface area of DM, m
 w,rem is water removal rate from DM,
hg is latent heat of evaporation of water, and Rq is ratio of heat conduction to heat

convection.
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Appendix C. Calculation of Relative Humidity of Exit Purge Gas
Mass balance equations were obtained for the control volume in Fig. A.1-(b):

m a1  m a 3  m a

- Air:

(C-1)

m w1  m evp2  m w3  m a w3
- Water:

m evp2  m a w3

(C-2)

where, m a is air flow rate, m w is water vapor flow rate, m w1 is zero due to dry state of
purge gas, m evp is water evaporation rate, w is absolute humidity defined with Eq. (C-4),
and subscripts 1, 2, and 3 indicate inlet, DM, and outlet region.
Energy balance equations could be obtained for steady state condition:

E in  E out
m a h1  m evp hg 2  m a h3
h1  w3 hg 2  h3

(C-3)

(c p T1  w1 hg1 )  w3 hg 2  c p T3  w3 hg 3
where, E is heat flux, hg is phase change enthalpy from liquid to vapor, c p is heat
capacity of air, T is temperature, and h g is enthalpy of saturated vapor defined by Eq. (C5) [34].
w3 

mv

ma

Water removal rate
Air supplying rate

hg 3  2501.3  1.82T3

From the relations, temperature and relative humidity of exit air can be calculated:

(C-4)

(C-5)
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T3 

1
(c pT1  w3 hg 2  2501.3w3 )
c p  1.82w3


3816.44 
  100
Psat (T3 )  exp 11.6832 
T

46
.
13
3



 ( RH ) 

w3 P3
(0.622  w3 ) Psat (T3 )

(C-6)

(C-7)

(C-8)
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TCW,0

(a)

Test Rig
Channel

Dry Air (T∞)
LCW

qconv

qcond ,CW qevap

TCW,1

TDM,1
DM

qcond , DM

TDM,2

(
(b)

b)

T1
Purge gas w1
inlet
m a ,1

Evaporation

m evp, 2

T3
w3

m a ,3

Purge gas
outlet

T2

Fig. A.1. Schematic description for mass and thermal analysis of DM during evaporation:
(a) the front-view image of test rig for analysis of heat fluxes and (b) the side-view image
of test rig for calculating humidity of exit purge gas.
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Appendix D. Calculation of Power Requirement for Air Compression
The power requirement for air compression was calculated in Eq. (D-1) –(D-3)
[123, 124].
Wcomp

k 1


m a ,inc p , aTin  Pout  k



 1

comp  Pin 



2
LCH  a va ,avg
P  f
Dh
2

f 

64
Re

(D-1)

(D-2)

(D-3)

where Wcomp is power required for adiabatic air compression, m
 a,in is flow rate of purge
air, cp,a is the specific heat of air, Tin is temperature before compression, Pin is pressure
before compression, Pout is pressure after compression, ηcomp is compressor efficiency
(0.7 was applied here), k is the ratio of specific heats, P is pressure difference between
Pout and Pin, f is friction factor, LCH is length of channel, Dh is hydraulic diameter of
channel, ρa is density of air, and va,avg is average velocity of air.
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Appendix E. Calculation of Porosity of Macro-Porous Layer of DM
The porosity of the macro-porous layer of DM was calculated from following
equations. [125]

 macro 

Vmacro, p
Vmacro



 tVt   MPLVMPL

 MPL  (1  rp ,V ) t

rP ,V 

Vmacro, p
Vt , p

Vmacro

tt
t MPL

(E-1)

(E-2)

(E-3)

where  macro is porosity of macro-porous layer of DM, Vmacro, p is pore volume of macroporous layer, Vmacro is volume of macro-porous layer,  t and Vt are total porosity and total
volume of DM including macro-porous layer and micro-porous layer (MPL), respectively,
 MPL and VMPL is porosity and volume of MPL, rp ,V is ratio of pore volume of MPL to pore

volume of total DM (Vt , p ), t t and t MPL are thickness of total DM and thickness of MPL,
respectively.
To obtain MPL porosity, SGL 10BA and 10BC were utilized, which have same
type of macro-porous layer, but only 10BC has MPL. Thickness and porosity of SGL
10BA were 0.32 mm and 0.88, respectively whereas 10BC has 0.42 mm in thickness and
0.82 in porosity, respectively. By utilizing the thickness of MPL which found to be
0.1mm in SEM images, rp ,V and porosity of MPL were determined to be 0.81 and 0.63
from Eq. (E-3) and (E-2), and the porosity of macro-porous layer of each tested DM was
calculated from Eq. (E-1) under the assumption that same type of MPL was applied to
SGL 10AC, 10CC, and 10DC. As shown in Table 5.1, the calculated porosity of macro-
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porous layer of DM was reasonable by comparison of the porosity of 10BA, which has 5
wt % PTFE without MPL. For porosity of MPL of Carbel CL, value of 0.05 was utilized,
which was provided from manufacturer. The tortuosity of the macro-porous layer of DM
was calculated from equation:

  N m

(E-4)

where  is tortuosity,  is porosity, and N m is MacMullin number, N m   3.8 and  1.5 for
carbon paper DM and carbon cloth DM, respectively [116].

196

References

[1]

M. M. Mench, Fuel Cell Engines, John Wiley & Sons, Inc., Hoboken, 2008.

[2]

Q. Guo and Z. Qi, Effect of freeze-thaw cycles on the properties and performance
of membrane-electrode assemblies, J. Power Sources 160 (2006) 1269-1274.

[3]

J. Hou, H. Yu, S. Zhang, S. Sun, H. Wang, B. Yi, and P. Ming, Analysis of
PEMFC freeze degradation at -20 degree C after gas purging, J. Power Sources
162 (2006) 513-520.

[4]

M. Oszcipok, M. Zedda, D. Riemann, and D. Geckeler, Low temperature
operation and influence parameters on the cold start ability of portable PEMFCs,
J. Power Sources 154 (2006) 404-411.

[5]

H. Wang, J. Hou, H. Yu, and S. Sun, Effects of reverse voltage and subzero
startup on the membrane electrode assembly of a PEMFC, J. Power Sources 165
(2007) 287-292.

[6]

R. Alink, D. Gerteisen, and M. Oszcipok, Degradation effects in polymer
electrolyte membrane fuel cell stacks by sub-zero operation--An in situ and ex
situ analysis, J. Power Sources 182 (2008) 175-187.

[7]

S. He and M. M. Mench, One-dimensional transient model for frost heave in
polymer electrolyte fuel cells, J. Electrochem. Soc. 153 (2006) A1724-A1731.

[8]

S. Kim and M. M. Mench, Physical degradation of membrane electrode
assemblies undergoing freeze/thaw cycling: Micro-structure effects, J. Power
Sources 174 (2007) 206-220.

197

[9]

R. H. Barton, T. D. Uong, C. J. Schembri, and G. A. Skinner, Fuel cell purging
method and apparatus, US Patent 6960401B2 (2005).

[10]

F. Yamanashi, Water purge fuel cell system and method, US Patent 6632552B2
(2003).

[11]

R. D. Sawyer, Method for increasing the operational efficiency of a fuel cell
power plant, US Patent 6569549B1 (2003).

[12]

C. A. Reiser, D. Yang, and R. D. Sawyer, Procedure for shutting down a fuel cell
system using air purge, US Patent 6858336B2 (2005).

[13]

L. L. V. Dine, M. M. Steinbugler, C. A. Reiser, and G. W. Scheffler, Procedure
for shutting down a fuel cell system having an anode exhaust recycle loop, US
Patent 6514635B2 (2003).

[14]

C. A. Reiser, D. Yang, and R. D. Sawyer, Procedure for starting up a fuel cell
system using a fuel purge, US Patent 6887599b2 (2005).

[15]

C. A. Reiser, L. Bregoli, T. W. Patterson, J. S. Yi, J. D. Yang, M. L. Perry, and T.
D. Jarvi, A Reverse-Current Decay Mechanism for Fuel Cells, Electrochemical
and Solid-State Letters 8 (2005) A273-A276.

[16]

H. Tang, Z. Qi, M. Ramani, and J. F. Elter, PEM fuel cell cathode carbon
corrosion due to the formation of air/fuel boundary at the anode, J. Power Sources
158 (2006) 1306-1312.

[17]

S.-Y. Lee, E. Cho, J.-H. Lee, H.-J. Kim, T.-H. Lim, I.-H. Oh, and J. Won, Effects
of Purging on the Degradation of PEMFCs Operating with Repetitive On/Off
Cycles, J. Electrochem. Soc. 154 (2007) B194-B200.

198

[18]

M. Oszcipok, D. Riemann, U. Kronenwett, M. Kreideweis, and M. Zedda,
Statistic analysis of operational influences on the cold start behaviour of PEM fuel
cells, J. Power Sources 145 (2005) 407-415.

[19]

E. Cho, J.-J. Ko, H. Y. Ha, S.-A. Hong, K.-Y. Lee, T.-W. Lim, and I.-H. Oh,
Effects of Water Removal on the Performance Degradation of PEMFCs
Repetitively Brought to less than 0 degree C, J. Electrochem. Soc. 151 (2004)
A661-A665.

[20]

Y. Hishinuma, T. Chikahisa, F. Kagami, and T. Ogawa, The design and
performance of a PEFC at a temperature below freezing, JSME International
Journal Series B 47 (2004) 235-241.

[21]

S. Ge and C.-Y. Wang, Characteristics of subzero startup and water/ice formation
on the catalyst layer in a polymer electrolyte fuel cell, Electrochim. Acta 52
(2007) 4825-4835.

[22]

E. L. Thompson, J. Jorne, W. Gu, and H. A. Gasteiger, PEM Fuel Cell Operation
at -20 degree C. I. Electrode and Membrane Water Charge Storage, J.
Electrochem. Soc. 155 (2008) B625-B634.

[23]

C. Chacko, R. Ramasamy, S. Kim, M. Khandelwal, and M. Mench, Characteristic
Behavior of Polymer Electrolyte Fuel Cell Resistance during Cold Start, J.
Electrochem. Soc. 155 (2008) B1145-B1154.

[24]

K. Tajiri, Y. Tabuchi, and C.-Y. Wang, Isothermal Cold Start of Polymer
Electrolyte Fuel Cells, J. Electrochem. Soc. 154 (2007) B147-B152.

[25]

P. K. Sinha and C.-Y. Wang, Gas Purge in a Polymer Electrolyte Fuel Cell, J.
Electrochem. Soc. 154 (2007) B1158-B1166.

199

[26]

L. Hao, H. Yu, J. Hou, W. Song, Z. Shao, and B. Yi, Transient behavior of water
generation in a proton exchange membrane fuel cell, J. Power Sources 177 (2008)
404-411.

[27]

J. St-Pierre, J. Roberts, K. Colbow, S. Campbell, and A. Nelson, PEMFC
operational and design strategies for Sub zero environments, J. New Mater.
Electrochem. Syst. 8 (2005) 163-176.

[28]

K. Tajiri, C.-Y. Wang, and Y. Tabuchi, Water removal from a PEFC during gas
purge, Electrochim. Acta 53 (2008) 6337-6343.

[29]

J. A. Roberts, J. St-Pierre, M. E. v. d. Geest, A. Atbi, and N. J. Fletcher, Method
for improving the cold starting capability of an electrochemical fuel cell, US
Patent 6479177B1 (2002).

[30]

J. St-Pierre, N. Jia, V. D. Geest, A. Atbi, and H. R. Hass, Methods and apparatus
for improving the cold starting capability of a fuel cell, US 7132179B2 (2006).

[31]

R. Fuss, US Patent 6,358,637B1 (2002).

[32]

S.-Y. Lee, S.-U. Kim, H.-J. Kim, J. H. Jang, I.-H. Oh, E. A. Cho, S.-A. Hong, J.
Ko, T.-W. Lim, K.-Y. Lee, and T.-H. Lim, Water removal characteristics of
proton exchange membrane fuel cells using a dry gas purging method, J. Power
Sources 180 (2008) 784-790.

[33]

R. Bradean, H. Haas, K. Eggen, C. Richards, and T. Vrba, Stack Models and
Designs for Improving Fuel Cell Startup From Freezing Temperatures, ECS
Trans. 3 (2006) 1159-1168.

[34]

R. Zaffou, J. Yi, R. Kunz, and J. Fenton, Effects of Temperature Difference on
Water Management in PEMFCs, ECS Trans. 1 (2006) 429-438.

200

[35]

R. Zaffou, J. S. Yi, H. R. Kunz, and J. M. Fenton, Temperature-Driven Water
Transport Through Membrane Electrode Assembly of Proton Exchange
Membrane Fuel Cells, Electrochemical and Solid-State Letters 9 (2006) A418A422.

[36]

S. Kim and M. M. Mench, Investigation of Temperature-Driven Water Transport
in Polymer Electrolyte Fuel Cell: Phase-Change-Induced Flow, J. Electrochem.
Soc. 156 (2009) B353-B362.

[37]

M. Khandelwal, S. Lee, and M. M. Mench, Model to Predict Temperature and
Capillary Pressure Driven Water Transport in PEFCs After Shutdown, J.
Electrochem. Soc. 156 (2009) B703-B715.

[38]

G. Resnick and C. A. Reiser, Shutdown procedure to improve startup at subfreezing temperatures, US Patent 6864000 (2005).

[39]

K. T. Cho, J. J. Yoon, S. Kim, J. H. Lee, T. W. Lim, M. M. Mench, and A.
Turhan, Pulse purge technique to remove residual water from fuel cell, US Patent
Application 12/363958 (2008).

[40]

M. Mathias, J. Roth, J. Fleming, and W. Lehnert, in: W. Vielstich, H.A.
Gasteiger, and A. Lamm (Eds.), Diffusion media materials and characterisation,
Handbook of Fuel Cells-Fundamentals, Technology and Applications, Vol. 3, Part
I, Chap. 46, John Wiley & Sons, Ltd, New York, 2003, pp. 517-537.

[41]

K. More, R. Borup, and K. Reeves, Identifying Contributing Degradation
Phenomena in PEM Fuel Cell Membrane Electride Assemblies Via Electron
Microscopy, ECS Trans. 3 (2006) 717-733.

[42]

Engineer Live. Available from: www.engineerlive.com.

201

[43]

M. Doyle and G. Rajendran, in: W. Vielstich, A. Lamm, and H.A. Gasteiger
(Eds.), Perfluorinated Membranes, Handbook of Fuel Cells - Fundamantals,
Technology and Applications, Wiley, New York, 2003, pp. 436-446.

[44]

A. Z. Weber and J. Newman, Transport in Polymer-Electrolyte Membranes, J.
Electrochem. Soc. 150 (2003) A1008-A1015.

[45]

T. A. Zawodzinski, C. Derouin, S. Radzinski, R. J. Sherman, V. T. Smith, T. E.
Springer, and S. Gottesfeld, Water Uptake by and Transport Through Nafion 117
Membranes, J. Electrochem. Soc. 140 (1993) 1041-1047.

[46]

T. E. Springer, T. A. Zawodzinski, and S. Gottesfeld, Polymer Electrolyte Fuel
Cell Model, J. Electrochem. Soc. 138 (1991) 2334-2342.

[47]

T. F. Fuller and J. Newman, Water and Thermal Management in Solid-PolymerElectrolyte Fuel Cells, J. Electrochem. Soc. 140 (1993) 1218-1225.

[48]

G. J. M. Janssen, A Phenomenological Model of Water Transport in a Proton
Exchange Membrane Fuel Cell, J. Electrochem. Soc. 148 (2001) A1313-A1323.

[49]

E. L. Cussler, Diffusion : Mass Transfer in Fluid Systems, Cambridge University
Press, New York, 1984.

[50]

D. M. Bernardi, Water-Balance Calculations for Solid-Polymer-Electrolyte Fuel
Cells, J. Electrochem. Soc. 137 (1990) 3344-3350.

[51]

M. Eikerling, Y. I. Kharkats, A. A. Kornyshev, and Y. M. Volfkovich,
Phenomenological Theory of Electro-osmotic Effect and Water Management in
Polymer Electrolyte Proton-Conducting Membranes, J. Electrochem. Soc. 145
(1998) 2684-2699.

202

[52]

A. Z. Weber and J. Newman, Transport in Polymer-Electrolyte Membranes, J.
Electrochem. Soc. 151 (2004) A311-A325.

[53]

A. Z. Weber and J. Newman, Transport in Polymer-Electrolyte Membranes, J.
Electrochem. Soc. 151 (2004) A326-A339.

[54]

X.

Ren

and

S.

Gottesfeld,

Electro-osmotic

Drag

of

Water

in

Poly(perfluorosulfonic acid) Membranes, J. Electrochem. Soc. 148 (2001) A87A93.
[55]

M. Tasaka, T. Suzuki, R. Kiyono, M. Hamada, and K. Yoshie, Thermoosmosis
and Transported Entropy of Water across Poly(4-vinylpyridine/styrene) and
Poly(N-vinyl-2-methylimidazole/styrene)

Type

Membranes

in

Electrolyte

Solutions, J. Phys. Chem. 100 (1996) 16361-16364.
[56]

J. P. G. Villaluenga, B. Seoane, V. M. Barrag, and C. Ruiz-Bauz, Thermoosmosis of mixtures of water and methanol through a Nafion membrane, J.
Membr. Sci. 274 (2006) 116-122.

[57]

M. Tasaka, T. Mizuta, and O. Sekiguchi, Mass transfer through polymer
membranes due to a temperature gradient, J. Membr. Sci. 54 (1990) 191-204.

[58]

M. Tasaka, T. Hirai, R. Kiyono, and Y. Aki, Solvent transoport across cationexchange membranes under a temperature difference and under an osmotic
pressure difference, J. Membr. Sci. 71 (1992) 151-159.

[59]

S. Kim and M. M. Mench, Investigation of temperature-driven water transport in
polymer electrolyte fuel cell: Thermo-osmosis in membranes, J. Membr. Sci. 328
(2009) 113-120.

203

[60]

J. Bear, Dynamics of Fluids in Porous Media, American Elsevier, New York,
1972.

[61]

M. C. Leverett, Capillary behavior in porous solids, Trans. Am. Inst. Min., Metall.
Pet. Eng 142 (1941) 152-168.

[62]

K. S. Udell, Heat transfer in porous media considering phase change and
capillarity - the heat pipe effect, Int. J. Heat Mass Transfer 28 (1985) 485-495.

[63]

U. Pasaogullari and C. Y. Wang, Liquid Water Transport in Gas Diffusion Layer
of Polymer Electrolyte Fuel Cells, J. Electrochem. Soc. 151 (2004) A399-A406.

[64]

U. Pasaogullari, C.-Y. Wang, and K. S. Chen, Two-Phase Transport in Polymer
Electrolyte Fuel Cells with Bilayer Cathode Gas Diffusion Media, J. Electrochem.
Soc. 152 (2005) A1574-A1582.

[65]

E. C. Kumbur, K. V. Sharp, and M. M. Mench, On the effectiveness of Leverett
approach for describing the water transport in fuel cell diffusion media, J. Power
Sources 168 (2007) 356-368.

[66]

E. C. Kumbur, K. V. Sharp, and M. M. Mench, Validated Leverett Approach for
Multiphase Flow in PEFC Diffusion Media, J. Electrochem. Soc. 154 (2007)
B1295-B1304.

[67]

E. C. Kumbur, K. V. Sharp, and M. M. Mench, Validated Leverett Approach for
Multiphase Flow in PEFC Diffusion Media, J. Electrochem. Soc. 154 (2007)
B1305-B1314.

[68]

E. C. Kumbur, K. V. Sharp, and M. M. Mench, Validated Leverett Approach for
Multiphase Flow in PEFC Diffusion Media, J. Electrochem. Soc. 154 (2007)
B1315-B1324.

204

[69]

P. C. Carman, Fluid flow through a granular bed, Transactions of the Institution
of Chemical Engineers 15 (1937) 150-167.

[70]

M. N. Panda and L. W. Lake, Estimation of single-phase permeability from the
parameters of a particle-size distribution, AAPG Bulletin 78 (1994) 1028-1039.

[71]

S. Um and C. Y. Wang, Three-dimensional analysis of transport and
electrochemical reactions in polymer electrolyte fuel cells, J. Power Sources 125
(2004) 40-51.

[72]

S. Um, C. Y. Wang, and K. S. Chen, Computational Fluid Dynamics Modeling of
Proton Exchange Membrane Fuel Cells, J. Electrochem. Soc. 147 (2000) 44854493.

[73]

Y. X. Tao, Effect of Surface Saturation on Evaporation Rate, Ph.D thesis,
University of Michigan, Ann Arbor, 1991.

[74]

J. A. Rogers and M. Kaviany, Funicular and evaporative-front regimes in
convective drying of granular beds, Int. J. Heat Mass Transfer 35 (1992) 469-480.

[75]

M. Kaviany, Principles of Heat Transfer in Porous Media, second ed, Springer,
1995.

[76]

R. J. Bellows, M. Y. Lin, M. Arif, A. K. Thompson, and D. Jacobson, Neutron
Imaging Technique for In Situ Measurement of Water Transport Gradients within
Nafion in Polymer Electrolyte Fuel Cells, J. Electrochem. Soc. 146 (1999) 10991103.

[77]

N. Pekula, K. Heller, P. A. Chuang, A. Turhan, M. M. Mench, J. S. Brenizer, and
K. l, Study of water distribution and transport in a polymer electrolyte fuel cell

205

using neutron imaging, Nucl. Instrum. Methods Phys. Res., Sect. A 542 (2005)
134-141.
[78]

K. T. Cho, A. Turhan, J. J. Yoon, J. H. Lee, and M. M. Mench. in The 213th
Electrochemical Society Meeting. Phoenix, AZ. May 2008.

[79]

R. Satija, D. L. Jacobson, M. Arif, and S. A. Werner, In situ neutron imaging
technique for evaluation of water management systems in operating PEM fuel
cells, J. Power Sources 129 (2004) 238-245.

[80]

D. Kramer, E. Lehmann, G. Frei, P. Vontobel, A. Wokaun, and G. G. Scherer, An
on-line study of fuel cell behavior by thermal neutrons, Nucl. Instrum. Methods
Phys. Res., Sect. A 542 (2005) 52-60.

[81]

D. Kramer, J. Zhang, R. Shimoi, E. Lehmann, A. Wokaun, K. Shinohara, and G. t.
G. Scherer, In situ diagnostic of two-phase flow phenomena in polymer
electrolyte fuel cells by neutron imaging: Part A. Experimental, data treatment,
and quantification, Electrochim. Acta 50 (2005) 2603-2614.

[82]

T. A. Trabold, J. P. Owejan, D. L. Jacobson, M. Arif, and P. R. Huffman, In situ
investigation of water transport in an operating PEM fuel cell using neutron
radiography: Part 1 - Experimental method and serpentine flow field results, Int.
J. Heat Mass Transfer 49 (2006) 4712-4720.

[83]

J. P. Owejan, T. A. Trabold, D. L. Jacobson, D. R. Baker, D. S. Hussey, and M.
Arif, In situ investigation of water transport in an operating PEM fuel cell using
neutron radiography: Part 2 - Transient water accumulation in an interdigitated
cathode flow field, Int. J. Heat Mass Transfer 49 (2006) 4721-4731.

206

[84]

J. Zhang, D. Kramer, R. Shimoi, Y. Ono, E. Lehmann, A. Wokaun, K. Shinohara,
and G. G. Scherer, In situ diagnostic of two-phase flow phenomena in polymer
electrolyte fuel cells by neutron imaging: Part B. Material variations, Electrochim.
Acta 51 (2006) 2715-2727.

[85]

M. A. Hickner, N. P. Siegel, K. S. Chen, D. N. McBrayer, D. S. Hussey, D. L.
Jacobson, and M. Arif, Real-Time Imaging of Liquid Water in an Operating
Proton Exchange Membrane Fuel Cell, J. Electrochem. Soc. 153 (2006) A902A908.

[86]

D. J. Ludlow, C. M. Calebrese, S. H. Yu, C. S. Dannehy, D. L. Jacobson, D. S.
Hussey, M. Arif, M. K. Jensen, and G. A. Eisman, PEM fuel cell membrane
hydration measurement by neutron imaging, J. Power Sources 162 (2006) 271278.

[87]

A. Turhan, K. Heller, J. S. Brenizer, and M. M. Mench, Quantification of liquid
water accumulation and distribution in a polymer electrolyte fuel cell using
neutron imaging, J. Power Sources 160 (2006) 1195-1203.

[88]

J. J. Kowal, A. Turhan, K. Heller, J. Brenizer, and M. M. Mench, Liquid Water
Storage, Distribution, and Removal from Diffusion Media in PEFCS, J.
Electrochem. Soc. 153 (2006) A1971-A1978.

[89]

D. S. Hussey, D. L. Jacobson, M. Arif, J. P. Owejan, J. J. Gagliardo, and T. A.
Trabold, Neutron images of the through-plane water distribution of an operating
PEM fuel cell, J. Power Sources 172 (2007) 225-228.

207

[90]

Y.-S. Chen, H. Peng, D. S. Hussey, D. L. Jacobson, D. T. Tran, T. Abdel-Baset,
and M. Biernacki, Water distribution measurement for a PEMFC through neutron
radiography, J. Power Sources 170 (2007) 376-386.

[91]

J. P. Owejan, T. A. Trabold, J. J. Gagliardo, D. L. Jacobson, R. N. Carter, D. S.
Hussey, and M. Arif, Voltage instability in a simulated fuel cell stack correlated
to cathode water accumulation, J. Power Sources 171 (2007) 626-633.

[92]

X. Li, I. Sabir, and J. Park, A flow channel design procedure for PEM fuel cells
with effective water removal, J. Power Sources 163 (2007) 933-942.

[93]

K. Yoshizawa, K. Ikezoe, Y. Tasaki, D. Kramer, E. H. Lehmann, and G. G.
Scherer, Analysis of Gas Diffusion Layer and Flow-Field Design in a PEMFC
Using Neutron Radiography, J. Electrochem. Soc. 155 (2008) B223-B227.

[94]

M. A. Hickner, N. P. Siegel, K. S. Chen, D. S. Hussey, D. L. Jacobson, and M.
Arif, Understanding Liquid Water Distribution and Removal Phenomena in an
Operating PEMFC via Neutron Radiography, J. Electrochem. Soc. 155 (2008)
B294-B302.

[95]

M. A. Hickner, N. P. Siegel, K. S. Chen, D. S. Hussey, D. L. Jacobson, and M.
Arif, In Situ High-Resolution Neutron Radiography of Cross-Sectional Liquid
Water Profiles in Proton Exchange Membrane Fuel Cells, J. Electrochem. Soc.
155 (2008) B427-B434.

[96]

C. Hartnig, I. Manke, N. Kardjilov, A. Hilger, M. Gruerbel, J. Kaczerowski, J.
Banhart, and W. Lehnert, Combined neutron radiography and locally resolved
current density measurements of operating PEM fuel cells, J. Power Sources 176
(2008) 452-459.

208

[97]

A. Turhan, K. Heller, J. S. Brenizer, and M. M. Mench, Passive control of liquid
water storage and distribution in a PEFC through flow-field design, J. Power
Sources 180 (2008) 773-783.

[98]

K. R. Cooper and M. Smith, Electrical test methods for on-line fuel cell ohmic
resistance measurement, J. Power Sources 160 (2006) 1088-1095.

[99]

M. F. Mathias and S. A. Gort, System and method for controlling the humidity
level of a fuel cell, US Patent 6376111B1 (2002).

[100] D. J. L. Brett, S. Atkins, N. P. Brandon, N. Vasileiadis, V. Vesovic, and A. R.
Kucernak, Membrane resistance and current distribution measurements under
various operating conditions in a polymer electrolyte fuel cell, J. Power Sources
172 (2007) 2-13.
[101] A. K. Hellen, M.S. Degree, The Pennsylvania State University, 2007.
[102] P. Coussot, Scaling approach of the convective drying of a porous medium, Eur.
Phys. J. B 15 (2000) 557-566.
[103] F. P. Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer,
fourth ed, John Wiley & Sons, New York, 1996.
[104] M. Kaviany and M. Mittal, Funicular state in drying of a porous slab, Int. J. Heat
Mass Transfer 30 (1987) 1407-1418.
[105] S. Litster and N. Djilali, in: B. Sunden and M. Faghri (Eds.), Transport
Phenomena in Fuel Cells, Chap. 5, WIT Press, UK, 2005, pp. 175-213.
[106] A. G. Yiotis, A. K. Stubos, A. G. Boudouvis, I. N. Tsimpanogiannis, and Y. C.
Yortsos, Pore-Network Modeling of Isothermal Drying in Porous Media, Transp.
Porous Media 58 (2005) 63-86.

209

[107] Y. Le Bray and M. Prat, Three-dimensional pore network simulation of drying in
capillary porous media, Int. J. Heat Mass Transfer 42 (1999) 4207-4224.
[108] M. Prat, Recent advances in pore-scale models for drying of porous media, Chem.
Eng. J. 86 (2002) 153-164.
[109] A. G. Yiotis, I. N. Tsimpanogiannis, A. K. Stubos, and Y. C. Yortsos, Porenetwork study of the characteristic periods in the drying of porous materials, J.
Colloid Interface Sci. 297 (2006) 738-748.
[110] K. T. Cho and M. M. Mench, Effect of material properties on evaporative water
removal from polymer electrolylte fuel cell diffusion media, J. Power Sources, In
Press. [doi: 10.1016/j.jpowsour.2010.03.094]
[111] K. T. Cho and M. M. Mench, Fundamental characterization of evaporative water
removal from fuel cell diffusion media, J. Power Sources 195 (2010) 3858-3869.
[112] N. Shahidzadeh-Bonn, A. Azouni, and P. Coussot, Effect of wetting properties on
the kinetics of drying of porous media, J. Phys.: Condens. Matter 19 (2007)
112101.
[113] O. Chapuis, M. Prat, M. Quintard, E. Chane-Kane, O. Guillot, and N. Mayer,
Two-phase flow and evaporation in model fibrous media: Application to the gas
diffusion layer of PEM fuel cells, J. Power Sources 178 (2008) 258-268.
[114] M. Khandelwal and M. M. Mench, Direct measurement of through-plane thermal
conductivity and contact resistance in fuel cell materials, J. Power Sources 161
(2006) 1106-1115.
[115] A. Turhan, S. Kim, M. Hatzell, and M. M. Mench, Impact of Channel Wall
Hydrophobicity on Through-Plane Water Distribution and Flooding Behavior in a

210

Polymer

Electrolyte

Fuel

Cell,

Electrochim.

Acta,

In

Press.

[doi:

10.1016/j.electacta.2009.11.095]
[116] M. J. Martinez, S. Shimpalee, and J. W. Van Zee, Measurement of MacMullin
Numbers for PEMFC Gas-Diffusion Media, J. Electrochem. Soc. 156 (2009) B80B85.
[117] Y. Wang, C.-Y. Wang, and K. S. Chen, Elucidating differences between carbon
paper and carbon cloth in polymer electrolyte fuel cells, Electrochim. Acta 52
(2007) 3965-3975.
[118] J. D. Fairweather, P. Cheung, J. St-Pierre, and D. T. Schwartz, A microfluidic
approach for measuring capillary pressure in PEMFC gas diffusion layers,
Electrochemistry Communications 9 (2007) 2340-2345.
[119] J. T. Gostick, M. A. Ioannidis, M. W. Fowler, and M. D. Pritzker, Direct
measurement of the capillary pressure characteristics of water-air-gas diffusion
layer systems for PEM fuel cells, Electrochemistry Communications 10 (2008)
1520-1523.
[120] K. T. Cho and M. M. Mench, Effect of flow field geometry on evaporative water
removal from polymer electrolyte fuel cell diffusion media, in preparation
[121] R. Lenormand, Liquids in porous media, J. Phys.: Condens. Matter 2 (1990)
SA79-SA88.
[122] P. K. Sinha, P. P. Mukherjee, and C.-Y. Wang, Impact of GDL structure and
wettability on water management in polymer electrolyte fuel cells, 17 (2007)
3089-3103.

211

[123] F. Barbir, PEM Fuel Cells : Theory and Practice, Elsevier Academic Press, San
Diego, 2005.
[124] Y. A.Cengel and J. M.Cimbala, Fluid Mechanics : Fundamentals and
Applications, McGraw Hill, New York, 2006.
[125] J. T. Gostick, M. W. Fowler, M. A. Ioannidis, M. D. Pritzker, Y. M. Volfkovich,
and A. Sakars, Capillary pressure and hydrophilic porosity in gas diffusion layers
for polymer electrolyte fuel cells, J. Power Sources 156 (2006) 375-387.

212

Vita
Kyu Taek Cho
EDUCATION
The Pennsylvania State Univeristy, Ph.D in Mechanical Engineering

May 2010

The Pennsylvania State Univeristy, M.S. in Mechanical Engineering

Dec. 2008

Korea Advanced Institute of Science and Technology (KAIST), M.S. in
Advanced Materials Engineering

Aug. 1997

Kwangwoon University, B.S. in Chemical Engineering

February 1995

EXPERIENCE
Senior research engineer in fuel cell vehicle team of Hyundai Motor
Company

March 2001~
March 2009

Research engineer in material development team of Kia Motor Company

Aug. 1997 ~ Feb.
2001

SELECTED PUBLICATIONS
1. K.T. Cho, and M. M. Mench, “Characterization of Evaporative Water Removal from Polymer
Electrolyte

Fuel

Cell

Diffusion

Media”,

J.

Power

Sources,

In

Press.

[doi:

10.1016/j.jpowsour.2010.03.094].
2. K.T. Cho, and M. M. Mench, “Fundamental Characterization of Evaporative water removal
from Fuel Cell Diffusion Media”, J. Power Sources, 195 (2010) 3858-3869.
3. K.T. Cho, A. Turhan, J. Lee, J. Brenizer, A. Heller, L. Shi, and M. M. Mench, “Probing water
transport in polymer electrolyte fuel cell with neutron radiography”, Nucl. Instrum. Methods
Phys. Res. Sect. A, 605, 119 (2009).
4. Y. Yang, Y. Kim, S. Kim, M. Song , H. Shin, J. Lee, S. Chin, K.T. Cho, “Structure for
improving laminating efficiency of metal-separator for fuel cell”, US Patent NO. 7572540 B2.
5. K.T. Cho, T. Lim, K. Lee, S. Kim, J. Lee, and S. Cho, “Unit cell structure comprising
composite gasket for fuel cell stack”, US Patent NO. 7537855 B2.
6. K.T. Cho, “Components for composite gasket materials for PEM fuel cell”, US Patent NO.
7,121,558 B2.
7. K.T. Cho, J. Yoon, J. Lee, M. M. Mench, and A. Turhan,“Purge technique to remove residual
water selectively from fuel cell”, US Patent Application NO. 12/544816.

