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Abstract
The interface of the microporous layer (MPL) and catalyst layer (CL) in a polymer
electrolyte fuel cell (PEFC) plays an important role in reactant transport and cathode water
management. It is believed that there may be a connection between the in-plane permeability of
fluids at this interface and cathode mass transport losses that limit PEFC performance.
Experimental work, however, is needed to validate and confirm this hypothesis.
The goal of this project was to design, construct, and validate a test device to study the
effects of MPL and CL selection, operating temperature, and permeating fluid on interfacial
permeability. A radial flow device was designed and constructed to measure the pressure drop
and flow rate across a compressed MPL|CL interface using both water and air as the
impregnating fluid. Initial testing was performed on an MPL|CL sample, and the results were
compared to a permeability model for radial, incompressible flow. The results of the air
experiments were in strong agreement with the linear relationship between the pressure gradient
and flow rate given by the model. A non-linear trend, however, was observed when testing with
water as the impregnating liquid, indicating the need for improvements to the experiment or a
lack of complete physical description in the theoretical model. Future work should include
adding temperature and compression controls and extensive testing on a variety of MPL and CL
combinations in order to better evaluate the correlation between interfacial permeability and
mass transport losses.
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Chapter 1
Introduction
One of the greatest challenges faced by scientists and engineers today is the development
of affordable and efficient alternative energy technologies to compete with traditional energy
sources. In response to environmental concerns surrounding global warming, the threat of
depleted fossil fuels, and increasing energy consumption caused by rapid global industrialization,
the demand for these technologies is greater than ever. Many researchers and developers are
looking to fuel cells as a potential source for future energy. One type of fuel cell, the polymer
electrolyte fuel cell (PEFC), is particularly attractive because of its solid electrolyte, high
efficiency, and relatively low operating temperature. Several technological challenges must be
overcome, however, before the PEFC is commercially viable.

1.1

Background and History
The invention of the fuel cell is attributed to Sir William Grove, who first demonstrated

the technology in 1839 through the reverse electrolysis of water. [1] Early fuel cell development
was motivated by the increasing demand for electric power generation at the turn of the 20th
century and the desire for a technology that was more efficient than the conventional coal-fired
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steam generators and turbines. Initial research investigated methods of using coal as a fuel
source, but these efforts were plagued by problems including catalyst poisoning from gas
impurities and the high cost of the platinum catalyst. In the early 1930s, Sir Francis Bacon
developed a hydrogen-oxygen fuel cell that used a liquid alkaline electrolyte. In comparison to
its predecessors, Bacon’s alkaline fuel cell (AFC) cleared several key technological hurdles,
producing a high power density (1.11 A/cm2 at 0.6V) at low operating temperatures (around 240
°C). It was not until the launch of Sputnik in 1957 and the ensuing space race, however, that the
fuel cell found its first practical application. Whereas traditional combustible fuels were heavy
and cumbersome, fuel cells met the lightweight, low power density requirements necessary for
space travel. 1959, the AFC design was licensed to Pratt and Whitney, who developed the
technology into the fuel cell system used in the U.S. Apollo Space Program. [2]
In 1955, William Grubb invented the polymer electrolyte fuel cell (PEFC) at General
Electric. Unlike the liquid or molten carbon electrolytes employed in other fuel cell systems,
PEFCs utilize a solid electrolyte membrane. Though the first PEFCs operated at lower
temperatures than AFCs, their hydrocarbon-based polymers degraded rapidly and the Pt loaded
catalysts were very expensive. They were used in the U.S. Gemini program starting in 1962.
Since Gemini, two technological developments have had a major impact on the growth of the
PEFC. The first was the switch from hydrocarbon-based membranes to perfluorosulfonic –acid
membranes, which drastically improved the lifetime of the electrolyte. The second was a new
technique of electrode production that increased the interfacial area of the catalyst layer. This
technique, developed in the 1980s at Los Alamos National Laboratory, allowed for an order of
magnitude decrease in the level of catalyst layer loading without sacrificing cell performance. [2]
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While fuel cells have played an important role in specialty applications, commercial
success of the technology has been comparatively limited. UTC Power, a spin-off of the Pratt
and Whitney team who developed the AFC for NASA, is currently the only producer of a
commercial fuel cell power plant. This station utilizes a phosphoric acid electrolyte. Reasons for
the limited commercial success of the technology include high costs and limited availability of
pure fuels and air (H2 and O2). However, there has been an increase in research and market
attention for fuel cells over the past fifteen years. The automotive industry, in particular, has
focused their attention on PEFCs as the next evolution of engines. Fuel cells offer increased
efficiencies and lower emissions than combustion engines, an appealing combination in a market
with growing concern surrounding shrinking oil reserves and climate change. Their high power
density and low operating temperatures have driven several automakers to direct significant
research investments towards developing PEFC systems for their next generation automobiles.

1.2

PEFC Operating Principles
Fuel cells belong to a family of energy producing devices called electrochemical engines,

or devices that convert energy stored in chemical bonds into electrical work. Similar to batteries,
fuel cells produce an electric current from the transfer of electrons along an external path or
circuit between a separated fuel and oxidizer in a controlled oxidation-reduction reaction. This
differs than the methods employed by traditional heat engines, which generate power from the
same bond energy but through combustion cycles that involve several intermediate steps. Unlike
batteries, which operate on a finite supply of reactants, fuel cells receive a continuous supply of
chemical fuel and oxidizer. This eliminates the need for re-charging and allows fuel cells to
reach a true steady state, two distinct advantages over batteries.
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1.2.1 The generic fuel cell
Figure 1.1 shows a schematic of a fuel cell, which includes the four fundamental
components: the anode, cathode, electrolyte, and current collectors. The anode is the negative
electrode of the cell, where electrons are separated from the fuel through chemical oxidation
(loss of electrons). The cathode is the positive electrode, where the electrons are reunited with
the oxidizer through chemical reduction (gaining of electrons). The current collector is an
electrical conductor that serves as an external connection between the two electrodes, allowing
the electrons produced via oxidation at the anode to travel to the cathode. The final component,
the electrolyte, serves to complete the circuit by transporting positive ions produced in the anodic
reaction to the cathode reaction site.

Figure 1.1 Generic fuel cell schematic and operation, from [1].
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1.2.2 Technical description of a PEFC
Like all other types of fuel cells, the PEFC derives its name from the type of electrolyte
employed. The PEFC electrolyte consists of a traditional electrolyte solution that is integrated
into an inert polymer matrix. Whereas many fuel cell electrolytes are liquid solutions, this
polymer matrix allows the electrolyte to function within a thin membrane, enhancing the support
and structure of the design. A PEFC assembly and its components are shown in Figure 1.2.

Figure 1.2. Basic operation and structure of a PEFC, from [3].

The four main components discussed earlier are all present, though they are given titles
unique to their use in the PEFC. Starting at the center and working outwards, the following
provides a description of each component and its function:
Polymer electrolyte (or proton exchange membrane)
The polymer electrolyte is a thin membrane (usually 18-25 microns thick) that separates
the electrodes and conducts protons. It is composed of two separate sub-structures: a
perflourinated polymer and sulfonated side chains. The polymer backbone, usually
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polytetrafluoroethylene (PTFE), serves as an inert support for attached sulfonic acid clusters
(SO3-), which conduct protons when adequately hydrated. One of the most common ionomers
used in PEFCs is Nafion!, developed by DuPont, Co. The operating temperature limit of the
solid electrolyte is about 120 °C. [1]
Catalyst layer
PEFC electrodes are often called catalyst layers (CL), because they employ platinum
catalysts in order to enhance the fuel and oxidizer reactions at the low operating temperatures.
CLs are usually deposited directly onto the surface of the membrane. They consist of a thin,
porous carbon matrix (roughly 5-30 microns thick) doped with platinum particles, PTFE, and
some of the ionomer. The function of the CL is extremely complicated. It must provide transport
for reactants and products to and from the reaction site and conduct electrons and ions to the
diffusion media and electrolyte, respectively. [1] In most PEFCs, the membrane and electrodes
are manufactured as a single component called the membrane electrode assembly, or MEA.
Diffusion media
The diffusion media (DM) of a PEFC is a 200-500 micron-thick layer of carbon paper or
carbon fiber that is sandwiched between the CL and bi-polar plate. The DM serves several major
purposes, including facilitating the supply of reactant gases to the CL, removing products back
out to the flow channels, and transporting electrons and heat between the active area (the CL
surface where the reaction occurs) and the current collector. Traditional DM design employs a
bi-layer structure, consisting of a macroporous, graphite fiber substrate that is treated with PTFE
to create a heterogeneous mixture of hydrophobic and hydrophilic pores. The graphite material is
hydrophilic, while the PTFE is hydrophobic. One surface of the DM is coated with a micro-
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porous layer (MPL), a thin layer (40-60 µm) of dispersed carbon black and fluoropolymer
particles. The MPL serves to enhance the electrical conductivity and water management at the
CL|DM interface. [1]
Bi-polar plate/flow field
The bi-polar plates are graphite or metal plates that provide structure to the cell and serve
as the positive and negative terminal connectors for the external circuit. Each cell consists of two
plates, which interface with the DM at the flow field on both sides of the membrane. A flow field
is a channel etched into the surface of the bi-polar plate that transports the fuel and oxidizer into
the cell to the surface of the DM. The flow field also receives reaction products as they emerge
from the DM, where they are transported out of the cell with the excess reactants. [1]

1.2.3 PEFC operation
The PEFC generates electricity through the electrochemical reaction of fuel (e.g.
hydrogen or methanol) and oxygen (normally air). Consider a hydrogen PEFC. The reactants are
transferred from external sources into the cell through the anode/cathode flow field channels,
where they are permitted to diffuse from the surface of the DM down to the electrodes. At the
anode CL, hydrogen molecules (H2 ) are separated into protons (H+ ) and elections (e-) in the
presence of the Pt catalyst. The ionomer membrane accepts the flow of protons but rejects
electrons, forcing them to travel back through the DM, anode bi-polar plate, and external circuit
connection to the cathode side. At the cathode, the electrons are reunited with the protons in the
presence of O2, creating product water vapor and waste heat. Through diffusion, most of the
water travels from the CL surface, through the DM and out of the cell via the cathode flow field
channel.
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The anode and cathode half-reaction reaction steps are listed below along with the overall
hydrogen/oxygen oxidation-reduction reaction.

1.3

Anode Reaction:

2H2 !! 4H+ + 2e-

(1.1)

Cathode Reaction:

O2 + 4H+ !!2H2O

(1.2)

Overall Reaction:

2H2 + O2 !! 2H2O

(1.3)

Performance Analysis of a PEFC
The performance characteristics of a fuel cell are described by the polarization curve,

which is a plot of the cell voltage at various current densities (see Figure 1.3). For PEFCs, the
polarization curve can be broken down into four major regions, each dominated by a different
cause of overpotential or voltage loss. These regions are listed below:
I.
II.
III.
IV.

Open circuit losses
Activation polarization
Ohmic polarization
Concentration polarization

A fifth region, the departure from the cell thermal voltage, is not shown in Figure 1.3. It
represents the maximum voltage obtainable if all of the chemical bond energy in the reactants
could be transformed into electrical potential. From the second law of thermodynamics, it is
impossible for a fuel cell to achieve this potential.

9

Figure 1.3. Typical polarization curve for a PEFC, showing four key loss regions, from [4].
The maximum possible open circuit voltage (OCV) for hydrogen PEFCs can be
expressed by the Nernst equation, which is written as:
E°(T ,P) = "

#G $ (T ) RuT & a %AA a %BB )
+
ln(
+
nF
nF ' aC%C a %DD *

(1.4)

where "G is the change in Gibb’s free energy for the global cell reaction, n represents the
!
number of electrons transferred per mole of fuel reacted (n = 2 for Hydrogen PEFC), F is

Faraday’s constant (96,485 C/mole-eq), Ru is the universal gas constant (8.314 kJ/kmol-K), T is
the reaction temperature in K, the # subscripts are the stoichiometric coefficients of the balanced
overall cell reaction, and the $ terms represent the thermodynamic activity coefficients for the
reacting species. The Nernst equation states that the open circuit voltage is a function of both the
temperature and pressure of the reactants. From Equation 1.4, the maximum expected OCV for a
hydrogen/air fuel cell using the low heating value of for water formation is about 1.184 V. [1]
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Region I represents a departure from the maximum theoretical open circuit voltage
caused by electrical short circuits within the cell and reactant crossover through the electrolyte.
In most cells, these losses reduce the observed OCV to 1.0 V, as shown in Figure 1.3. [1]
Activation polarization, which dominates in Region II of the polarization curve, is the
loss in potential associated with overcoming the activation energy required to initiate the
electrochemical reaction. These losses, which are observed at both the anode and cathode, can be
modeled using the Butler-Volmer equation (1.5) at each electrode [1]:
+ $ " nF
'
$ " nF
'.
i = i o- exp& A
#act ) * exp& A #act )0
(
% RT
(/
, % RT

(1.5)

For the Butler-Volmer equation, i represents the net current density (A/cm2), io is the exchange
!
current density, !A is the anodic transfer coefficient, !C is the cathodic transfer coefficient, and

"act is the activation overpotential.
Ohmic losses play a major role in polarization in the 0.4 - 1.5 A/cm2 current density range
(Region III). Equation (1.6) represents the net ohmic polarization [1],

$ n '
"r = iA&& rk ))
% k=1 (

#

(1.6)

with rk representing the particular resistance of individual fuel cell components, including the

! bi-polar plates, and contact resistance between mating surfaces.
membrane, diffusion media,
Electrolyte conductivity, which is highly dependent on membrane and CL hydration, is the
dominating source of ohmic polarization. The membrane must remain wet in order to transfer
protons, making water management a critical performance criterion for PEFC operation [1].
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Finally, Region IV is characterized by concentration polarizations. At high current
densities, the rate at which reactant species are consumed at the catalyst layer becomes greater
than the rate at which they are transported to the reaction site. This increases the concentration
gradient between the flow channels and the catalyst layer surfaces, shifting the thermodynamic
equilibrium and lowering the potential at each electrode. Ignoring kinetic losses, the
concentration polarization at each electrode is expressed by the following form of the Nernst
equation:

"m =

RuT $
i '
ln&1# )
nF % i L (

(1.7)

where iL is the limiting current density of the cell. iL is used to specify a cell’s maximum useful
reactant supply rate. !
[1]
Concentration losses are typically higher at the cathode for a few key reasons, including
reactant diffusion rates and cathode liquid blockage. Reactant transport at the cathode is much
slower than that at the anode due to the lower diffusivity of the large oxygen molecules.
Additionally, liquid blockage at the cathode as a result of net water generation and vapor
condensation in the DM can block gaseous reactants from traveling through the DM pores and
reaching the CL reaction sites. Researchers are becoming more aware of the effects of the
interface between the MPL and CL on a cell’s mass transport losses. Mass transport at MPL|CL
interface will be discussed in greater detail in the later sections.
The operating voltage of a PEFC is the remaining voltage at a given current density after
accounting for all polarization losses. It is often shown as a departure from the maximum Nernst
OCV [1],

Ecell = E°(T ,P) " #a ,a " #a ,c " #r " #m,a " #m,c " #x

!

(1.8)
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where %x is the typical symbol used to represent the hydrogen crossover losses discussed in
Region I.

1.4

Cathode Mass Transport and Water Management
The transport of products and reactants between the channels and the CL plays a critical

role in PEFC performance, especially at higher current densities where two-phase flow and
cathode flooding become prevalent.

1.4.1 Diffusion media pore characteristics
The macroporous DM carbon substrate contains a combination of hydrophobic and
hydrophilic pores with a mean radius of about 10 µm. [5] Porosimetry studies have shown that
the typical range of hydrophobic to hydrophilic pores in PTFE-coated DM is around 20-40%
hydrophilic and 60-80% hydrophobic, indicating a net hydrophobic pore structure. [1] The
micro-porous surface layer has a much finer pore structure than the bulk substrate. Typical pore
sizes range from 100-500 nm in size. [1, 5] The PTFE additive creates a highly net hydrophobic
behavior to enhance the uptake of liquid water generated within the CL surface.

1.4.2 MPL|CL interfacial characteristics
MPL|CL interfacial morphology is dependent on the CL and MPL surface profiles,
interfacial compression, and material properties. Optical profilimetry has been used to capture
the surface roughness and cracking. [6] These results indicate that the MPL surface is rougher
and exhibits larger, more dense cracking than the CL. Whereas CL cracks are aligned in the same
direction, MPL cracks have random orientations and in some cases are an order of magnitude
larger than the MPL mean pore size (up to 60 microns wide). Both CL and MPL cracks can
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extend through the entire layer thickness. [6] Figure 1.4 shows a three-dimensional
representation of the MPL and CL surface, respectively, taken using optical profilimetry.

a)

b)
Figure 1.4. 3-D surface images of a) SGL 10BB diffusion media and b) CL surface obtained using optical
profilimetry, from [6].

1.4.3 Cathode mass transport and water management
In order to maintain the electrochemical reaction, reactant gases must be transported
through the DM pores and across the MPL|CL interface to the reaction sites. At the cathode,
product water vapor must be allowed to traverse back through the diffusion media, into the flow
channels, and out of the cell to avoid a functional reduction in active area at the reaction site.
Water saturation plays a critical role in mass transport at the CL surface and within the diffusion
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media pores, especially at higher current densities where the vapor pressure approaches the
saturation pressure for this phase. Here, any slight reduction in cell temperature (commonly
occurring throughout the diffusion media) causes a reduction in the saturation pressure, resulting
in water condensation. The accumulation of liquid water within the DM pores and at the
MPL|CL interface blocks the transport of oxygen and is referred to as cathode flooding. [1] The
large cracks in the MPL and CL surfaces described earlier may also serve as water accumulation
sites.

1.4.4 Permeability
Permeability, k, is an intrinsic material property that quantifies the ease at which fluids
pass a through porous material. The intrinsic permeability of a material is defined as

k = Cd 2

(1.9)

where d is the average pore diameter and C is a dimensionless constant associated with the flow

!
path configuration. The permeability
constant increases with a material’s mass transport
capabilities; thus, diffusion media with high k values are favored. A common unit for
permeability is the darcy, where 1 darcy equals about 10-12 m2. [1]
Darcy’s law, shown below for an incompressible fluid in a rectilinear coordinate system,
is a common relationship used to estimate the permeability of a material:

Q=

"kA #P
(1.10)
µ L

This equation states that the volumetric flow rate Q of a fluid through porous media with cross-

!
sectional area A and permeability
k is proportional to the pressure gradient (!P/L) across the
material with thickness L and inversely proportional to the dynamic viscosity (µ) of the
permeating fluid. [1]

15
Diffusion media permeability is broken down into two fundamental flow directions:
through-plane and in-plane. Through-plane flow is that which travels in a direction normal to the
surface of the CL and diffusion media. In-plane flow is any flow that travels in a direction
parallel to these surfaces. This project is concerned with measuring in-plane permeability. A
useful form of Darcy’s law for modeling in-plane permeability in a radial coordinate system was
derived in an article by Feser et al. [7] and is given by:

Qout

"k i h $ Pi 2 # Po2 '
=
&
)
µ ln(ro / ri ) % Po (

(1.11)

where Qout is the volumetric flow rate, ki is the in-plane permeability, µ is the dynamic viscosity,

! of the porous media, r is the radial distance, P is the pressure, and the
h is the thickness
subscripts i and o indicate the inner and outer radial boundary conditions. This model can be
used for compressible flows under the assumptions that the permeability is homogeneous and
isotropic. For incompressible flows, Equation 1.11 can be linearized with respect to P to give:

Qout =

1.5

2"k i h
( Pi # Po ) (1.12)
µ ln(ro / ri )

Statement of Purpose
!

The objective of this project was to design, construct, and certify an experimental test
station to measure the effect of the MPL|CL interface on in-plane permeability in a polymer
electrolyte fuel cell. The work is motivated by the need for a better understanding of the
relationship between in-plane permeability at the MPL|CL interface and PEFC mass transport
losses. The device will be used in future work to measure the affects of both cell temperature and
material selection on permeability.
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1.6

Literature Review

1.6.1 MPL|CL interfacial permeability and mass transport losses
As indicated in a recent article by Swamy et al., there are few experimental studies that
address polarization losses related to a distinct MPL|CL interface. [8] Kleemann et al. studied the
effect of cell compression on a measurement of coupled CL contact and MPL in-plane resistance
but did not measure any mass transport losses. [9] An MPL|CL interfacial contact model based
on surface morphologies, material properties, and compression developed by Swamy et al.
suggests that MPL|CL interfacial voids, which are relatively larger than the average MPL and CL
pore size, could hold between 6-18% of a PEFC’s total liquid water content. [8]
It has been commonly observed that certain manufacturer’s DM perform differently when
used with a common MEA, but the reason for this is not yet understood. One theory is that the
in-plane permeability is a controlling factor. We hypothesize that the presence of an MPL may
reduce mass transport losses by reducing fluid flow along the MPL|CL interface. In this case,
factors such as MPL and MEA surface characteristics, interfacial temperature, and the type of
permeating fluid (water or air) could all play a role in this behavior.

1.6.2 In-plane permeability devices
Since a major component of this project was to construct an experimental device to
measure in-plane permeability, a survey of designs used by industry suppliers and found in the
methods of published literature was conducted.
Porous Materials, Inc. (PMI), manufacturers and sells an in-plane gas porometer that can
be used to evaluate the pore characteristics and in-plane permeability of fuel cell diffusion
media. Though it was not possible to access this equipment or any detailed drawings, the listed
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specifications were useful in generating some initial ideas concerning typical sample sizes,
pressure levels and flow rates for gas permeability. [10]
The methods from publications on DM in-plane permeability experiments were also
examined to assist in generating the design. [7, 11, 12] Two studies were found that measured inplane permeability using annular samples and a radial flow path. [7, 11] Feser et al. stressed the
importance of eliminating the inhomogeneity in compression caused by surface defects on the
compression plates and of choosing a large enough permeation length scale in improving the
accuracy of in-plane permeability measurements. [7] Gostick et al. built a novel device that used
a one dimensional flow path to study the effect of sample orientation on the in-plane
permeability readings. [12] Both of these studies, however, concentrated on characterizing the
permeability of the bulk diffusion media. Neither have examined the effect of temperature or the
MPL|CL interface on in-plane permeability measurements.
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Chapter 2
Experimental Design and Procedure
An experimental model was designed and constructed in order to study in-plane
permeability at the MPL|CL interface. The device, illustrated in Figure 2.1, is not an operating
fuel cell; rather, it models the mass transport behavior at one electrode interface. The station can
be used to examine the effect of different MPL|CL combinations and interface temperature on
the permeation of both water and air.

2.1

In-plane Permeation Experimental Device
The in-plane permeation device is an assembly of two mating aluminum platen, the

diffusion media and MEA samples, a fiberglass gasket, and double-sided adhesive (not shown).
Figure 2.1 shows the assembled device; the exploded assembly; and a section-view, which
highlights the path of the flow through the assembly.
The compression plates are 4.5 cm-thick blocks fabricated from Aluminum 6061. This
material was selected because of its balance of cost, ease of machining, and mechanical strength.
The top plate contains the inlet orifice and low-pressure port. The bottom plate contains the
outlet port. Both plates have mating bolt patterns, low-pressure channel rings, and compression
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surfaces. The compression surfaces are 10 cm in diameter and have a 1/32 mil surface finish to
reduce the influence of surface roughness on flow across the compressed samples. The channel
rings have a 10 cm inner diameter (ID), a 12 cm outer diameter (OD), and are 1 mm thick.
Additionally, each plate contains a thermocouple probe port for cell temperature measurement.

a)

b)

a)

c)
Figure 2.1. The in-plane permeation device, shown in an a) exploded view, b) assembled form, and c) a
cross-section illustrating flow through the device.
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The maximum OD sample that can be tested in this device is 12 cm, limited by the size of
the compression surface. Both the MEA and diffusion media samples are cut to the same OD to
ensure uniformity the radial flow path. The annular DM rests on top of the MEA and has an
inner circle cut to allow incoming flow to reach the MPL|CL interface without having to diffuse
through the DM pores. An industrial-grade, double-sided adhesive and a PTFE-coated fiberglass
gasket are used to minimize flow along the compression surfaces and prevent leaking. The
gasket is placed around the outer edge of the low-pressure channel and upon compression
prevents air and water from leaking between the plates. The adhesive material creates a seal
between the outer surfaces of the DM/MEA samples and the compression surfaces to minimize
undesired flow at these interfaces.

2.2

Experimental Setup
Two different experimental configurations have been designed for measuring the in-plane

permeability across the DM|MEA samples, each unique to the respective permeating fluid (water
and air). Experimental controls for both include the differential pressure across the annular
samples and the flow rate of the permeating fluid.

2.2.1 Air permeation experiment
The setup for the air experiments is illustrated in Figure 2.2. Compressed air is supplied
to the interfacial device from a pressure-regulated bottle. The volumetric flow rate, Q, is
controlled by a Swagelok L-Series metering valve located between the permeation device outlet
and atmosphere and is measured upstream of the experimental test station using an Omega FMA1600 mass flow meter. The measurement is read off of a digital display on the meter. Air
temperature and absolute pressure are measured just upstream of the inlet orifice using an
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Ashcroft test gauge and a Type-T thermocouple probe, respectively. The high- and low-pressure
sides of the permeation station are connected by four, parallel hydraulic circuit branches. The
primary branch contains the permeation device. A second branch contains an Omega PX2300
wet/wet differential pressure transducer, which provides a 4-20 mA linear current output over a
0-70 kPa (0-10 psid) operating range. The output signal of the sensor was connected to a load
resistance of 250 ohms to convert the current into an appreciable DC voltage (1-5 V) that was
read using a both a multimeter and a National Instruments SCXI 1000 data acquisition device.
An air calibration test was conducted to correlate the voltage output at 24V DC supply to
accurate differential pressure readings. The last two branches contain a bypass valve and an
adjustable check valve (set to crack at 70 kPa) for circumventing the permeation device and
protecting the sensor from over pressure damage.

Figure 2.2. Experimental setup for air permeation testing
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2.2.2 Water permeation experiment
The hydraulic circuit layout for the water experiment, illustrated in Figure 2.3, is similar
to that used for air. A Harvard Apparatus PHD 2000 syringe pump is used to supply water to the
device and control the flow rate. The same high-low pressure branch structure, pressure
transducer, and check valve are utilized; however, the hose and tubing sizes are smaller,
reflecting a volumetric limit on the water supply imposed by the syringes selected (120 mL total
from two, 60 mL Sherwood Monoject plastic syringes). These syringes were chosen for their
optimal balance of volume capacity and maximum supply pressure, both important
considerations in the experimental design. Gauge pressure, cell temperature, and fluid
temperature are measured at the same locations and with the same equipment as in the air
experiment.

Figure 2.3. Experimental setup for water permeation testing
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2.2.3 Sample selection and preparation
Air and water permeation testing was conducted on the MPL|CL interface between
SIGRACET! SGL 10BB diffusion media and the cathode CL of a catalyst-coated Nafion 115
MEA manufactured by Ion Power, Inc. The SGL 10BB DM is 420 µm thick, has a 5% PTFE
hydrophobic treatment, and is coated on one side with a carbon-PTFE MPL. Knowledge of the
cathode Pt-loading of the MEA samples was unknown but was not important for the purposes of
these validation tests. All MEA samples tested were manufactured in the same batch and are thus
assumed to have identical properties.
The annular diffusion media and circular electrode samples were prepared in the
laboratory using a non-contact, circle-cutting tool. The electrode samples were cut from MEAs
with a 50 cm2 active area, so the maximum sample diameter possible was around 7 cm. A
diameter of around 6.8 cm (2 1116 in) was chosen based on the scale of the circle-cutting tool.
This value was also used as the outer diameter for the DM annulus. The inner diameter (ID) of

! cm (1 in). One side of the adhesive was applied to non-mating surfaces
the DM was cut to 2.54
DM and electrode samples before cutting to ensure accurate alignment and a good seal. The
blade of the circle cutter used was large and sharp enough to cut through both the sample and
adhesive in one pass. In order to ensure concentric cuts in the DM, the inner diameter was cut
first.
The following procedure for loading the electrode and DM samples was followed for
both air and water permeation tests. First, the electrode was adhered to the compression surface
on the bottom aluminum plate using the second side of the adhesive tape. Next, the adhesive
laminate on the DM annulus was carefully removed, and the sample was placed directly on top
of the electrode with the MPL facing downward and the adhesive facing up. The gasket was
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placed on the plate between the bolt pattern and low-pressure channel ring, and the top plate was
aligned and lowered onto the gasket and samples. Threaded rods were placed through each hole
in the bolt pattern to properly align the plates while the top was lowered, ensuring that the DM
annulus was centered on top compression surface. Finally, the plates were compressed by
tightening each compression bolt using a torque wrench.
Figure 2.4 shows the DM and MEA samples adhered onto the their respective
compression plates. An image of the assembled permeation device is provided in Figure 2.5.

DM annulus
2 1116 ” OD, 1” ID

MEA sample
2 1116 ” OD

Figure 2.4. DM annulus and MEA samples, shown loaded onto the top and bottom compression plates,
respectively.

!

!
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Figure 2.5. Image of the permeation device with the plates mated. The device is shown uncompressed.

2.3

Test Description

Air permeation
Table 2.1 shows the materials, controls, and operating conditions for the air permeation
tests. The experiments involved recording the flow rate across the sample at 8 kPa (1 psid)
increments between 14 and 70 kPa (2-10 psid). The 14 kPa minimum pressure reflects the limit
of accuracy of the analog test gauge used in calibrating the sensor. The flow rate at each
differential pressure was collected twice: once for rising pressures and once for falling pressures.
This was to check for any hysteresis effects.
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The air experiment was run three times on the same sample to test the repeatability of the
results. The compression bolts were tightened to 3.4 N-m (30 in-lb) for each test. The fluid and
plate temperatures were also recorded using the thermocouple probes.

Table 2.1. Test conditions for air permeation experiments
MEA sample
DM sample
Differential pressure (kPa)
Cell compression
Temperature

Ion Power, Nafion 115, Platinum loaded
SGL 10 BB w/ MPL
0-70 kPa (0-10 psid), at 1 psi intervals
3.4 N-m (30 in-lb) bolt torque
Ambient temperature for air and plates

Water permeation
For water permeation tests, the differential pressure across the sample was measured at
different volumetric flow rates supplied by the syringe pump. The flow rates ranged from 0-2
mL/min and were determined through preliminary testing to encompass the 0-70 kPa (0-10 psid)
operating span of the differential pressure sensor. The fluid and plate temperatures were recorded
using the thermocouples.

Table 2.2 Test conditions for water permeation experiments
MEA sample
DM sample
Flow rates (mL/min)
Cell compression
Temperature

Ion Power, Nafion 115, Platinum loaded
SGL 10 BB w/ MPL
0-2; 0.1 mL/min interval from 0 - 0.5, 0.25
mL/min interval from 0.25 through 2
3.4 N-m (30 in-lb) bolt torque
Ambient temperature for air and plates
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Chapter 3
Results and Discussion
3.1

Results

3.1.1 Air permeation tests
Figure 3.1 shows the results of the air permeation experiments for rising pressures
measured across the interface of the SGL 10BB and Ion Power MEA samples. The diamonds
represent the raw data collected from two identical tests, and the circles represent the values
averaged from this data. The fluid temperature at each data point was 27 °C and average
temperature of the permeability station was 26.9 °C.
Figure 3.2 shows flow rates averaged from two rising and falling differential pressure
tests conducted on the same sample interface. Figure 3.3 is a comparison plot of flow rate versus
increasing differential pressure for two different check valve cracking pressures: a 70 kPa
threshold and one much greater than 70 kPa. A linear regression was performed on the data from
the high cracking pressure test (>70 kPa), which is presented in Figure 3.4.
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Figure 3.1. Air flow rate measured across the MPL|CL sample interface at rising differential pressure
increments. Diamonds show the raw data, while circles are averaged values.

Figure 3.2. Comparison of average air flow rates measured across the MPL|CL sample interface for rising
and falling differential pressure tests.
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Figure 3.3. Comparison of rising flow rate versus pressure data for two different check valve cracking
pressures.

Figure 3.4. Results of the linear regression performed on data from high cracking pressure air
permeability test (>70 kPa).
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3.1.2 Water permeation tests
Results of the water permeation validation test conducted on the SGL 10BB/Ion Power
cathode sample are given in Figure 3.5. For each measurement, the water and plate temperature
were assumed to remain at a constant temperature.

Figure 3.5. Flow rate versus differential pressure for water permeation across the MPL|CL interface.
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3.2

Discussion

3.2.1 Air permeation tests
The results from the air permeation experiment provided in Figure 3.1 show a linear
relationship between differential pressure and flow rate from 14 through 62 kPa (2-9 psid),
indicating that permeable flow obeys the incompressible Darcy’s law relationship given in
Equation 1.12 for radial flow over this range. There is a drastic increase in the slope beginning at
55 kPa, which is a result of the opening of the check valve. Figure 3.3 illustrates this clearly.
When the check valve cracking pressure is increased to a value much greater than 70 kPa, the
check valve does not open and the spike in flow rate is not observed. In this case, the data points
fall onto a straight line with a very accurate fit, shown in Figure 3.4 (R squared = 0.9906).
The results of the rising and falling pressure tests shown in Figure 3.2 illustrate minor
hysteresis. The flow rates for the falling differential pressures appear to be slightly higher than
those at the corresponding rising pressures, which may be explained by incomplete resealing of
the check valve.

3.2.2 Water permeation tests
The results of the water permeation test (Figure 3.5) show a nonlinear relationship
between pressure drop and water flow rate across the SGL 10BB/Ion Power cathode sample.
This was the only validation test run for water permeation. From the incompressible form of
Darcy’s law for radial flow (Equation 1.12), it is expected that this relationship should be linear.
Thus, there is either a significant source of error in the data or some other unexpected form of
mass transport is being observed.
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There are several possible sources of error in this reading. First, air bubbles trapped
inside the supply lines could have affected the differential pressure reading. Though the
experimental setup involved bleeding the high and low ports of the pressure sensor to remove
excess air, the stainless steel tubing used made it difficult to ensure that all air was removed
before testing. Secondly, it is possible that the adhesive on the outer MEA and DM surfaces did
not seal well against the aluminum plates, which could have allowed for a preferred viscous flow
path along these surfaces. Additionally, water leakage between the plates was observed when the
system was sealed and pressurized. Finally, it is possible that the sensor output could have been
shifted from overpressurization or through applying a backpressure across the ports while filling
the lines with water.
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Chapter 4
Conclusions and Future Work
4.1

Conclusions
This project involved the design, construction, and validation testing of an experimental

device for measuring the in-plane permeability of air and water across the MPL|CL interface in a
PEFC. The device built is not an operating cell; rather, it simulates different conditions under
which in-plane permeation may occur. The design uses an annular diffusion media sample and
measures the pressure drop and flow rate across a radial flow path. The following conclusions
can be drawn from the initial validation testing:
1. The device measures a repeatable, increasing linear relationship between pressure drop
and flow rate at a constant compression and temperature, which matches the theoretical
permeability model for radial, incompressible flow.
2. A diffusion media sample with an OD of 6.8 cm (2 1116 ) in used is large enough to
measure a pressure gradient within the operational limits of the differential pressure
sensor used.

!
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3. The device is not yet ready for conducting water permeation experiments on the MPL|CL
interface, given the large discrepancy between the expected theoretical relationship
between flow rate and pressure gradient and that observed upon initial testing. Additional
work and understanding of the fluid behavior here are needed.

4.2

Recommended Improvements
The results of the air and water permeation tests indicate the need for several

improvements to the experimental setup, permeation device, and sample preparation procedure
before further testing should be conducted.

4.2.1 Permeation device
The following modifications should be made to improve the permeation device.
•

A suitable o-ring should be selected and installed to improve the seal between the plates
and eliminate any leaking between the fiberglass gaskets.

•

The aluminum compression surfaces should be polished to a finer finish to eliminate any
uneven compression at the MPL|CL interface caused by surface defects and roughness.
Another method of ensuring even compression could also be employed, though no
speculations are offered at this time.

•

A load cell or other suitable device should be installed and used to measure the
compression of the plates. This will allow for a more accurate recreation of PEFC bipolar plate compression (~2.5 MPa).
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4.2.2 Experimental setup
The following improvements should be made to the air and water experimental setups.
•

For the water experiment, the use of 1/8” stainless steel tubing should be exchanged for
PFA or Tygon tubing wherever possible to make air bubble removal easier.

•

For the water experiment, a bleed valve should be installed at a high elevation in the
turbine to facilitate in the removal of air bubbles.

•

For the water experiment, an additional inlet port should be added and connected to an
elevated water reservoir to fill the lines without having to use the syringe pump. This
will reduce the amount of time required to prepare the system for testing.

•

A more accurate analog gauge for calibrating the differential pressure sensor should be
used to increase the accuracy of the readings over the entire operating span. This will
also improve the resolution of the readings at low pressures (0-14 kPa).

4.3

Future Work
It was originally intended that fluid and plate temperature controls would be incorporated

into the permeation device and experimental design in order to record the affect of fluid and
interfacial temperature on the MPL|CL in-plane permeability. Thus, future work should include
installing appropriate heaters into the device and the air/water supply lines. Once the
aforementioned improvements have been made and the device is further validated, a wide range
of diffusion media and MEAs should be tested for both water and air across a range of
temperatures and compression levels to experimentally determine the effect of material selection,
temperature, and compression on the MPL|CL interfacial permeability.
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Appendix A: Pressure sensor calibration
Before running any experiments, it was necessary to perform a full-span calibration of the
differential pressure sensor to account for any shifts in the linear output range. To calibrate the
sensor, the high-pressure port was connected in series with a compressed air tank and analog
pressure gauge, while the low port was left open to atmosphere. The voltage output of the sensor
was measured at one 1 psi pressure steps between 0 and 70 kPa (10 psid). Figure A.1 shows a
plot of the calibration data. A linear regression was performed to determine the line of best fit.
Due to poor resolution in the 0-14 kPa (0-2 psid) range of the analog gauge used in the
calibration, it was not possible to get an accurate measure of the voltage output at 1 psid. Thus,
the linear regression included only those voltages measured at pressures between 14 and 70 kPa
(2-10 psid). The coefficients of the line of best fit were used to convert the sensor output to
differential pressures for the air and water experiments.

Figure A.1. Plot of the pressure calibration data, shown with a line of best fit. The equation for this line
was used to convert voltage output to differential pressure in the permeation experiments.
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