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Abstract

A two-dimensional, one-phase model for hydrogen and water vapor transport inside a hydrogen—hydrogen cell is presented. The model was used
to analyze the results of water transport measurements. As a result, the concentration dependence of the diffusion coefficient of water in membrane
of Gore"" Primea® Series 58 MEA was achieved. Temperature differences inside a hydrogen—hydrogen cell were studied with modeling approach

and it was found that the cell can be treated as an isothermal system.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Perfluorosulfonic acid polymer membranes used in polymer
electrolyte membrane fuel cells need water to conduct protons
properly. However, excess water may result in electrode flooding
causing mass transport limitations. Thus, it is important to find
a balance between these two opposite factors to maximize the
cell performance. In order to be able to develop and choose
materials for fuel cells, their water transport properties must be
known.

The use of a symmetrical H,—Hj cell is one possible method
to study water transport properties of polymer membrane.
H,—H; cell enables the measurement of water transport through
the membrane under the similar conditions as PEMFC is operat-
ing (same components, same assembly pressure, same transport
mechanism). With Ho—H» cell it is possible to directly mea-
sure the diffusive water flux through the membrane, whereas
with ex situ measurements (NMR) the diffusive water flux is
not measured, and the diffusion coefficient is calculated from
other measurement parameters. The conditions of ex situ mea-
surements are different than in operating fuel cell. However, the
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concentration of water in the membrane is not uniform when
Hy—Hj; cell technique is used to study water transport prop-
erties and only average values for diffusion coefficient can be
achieved directly from such measurement results. Thus, model-
ing work is needed in order to achieve more accurate parameter
values.

In this work, a theoretical model for water transport inside
the cell components is presented and used to analyze results
of net water flux measurements conducted with a Hy—H cell.
The model includes one-phase transport of hydrogen and water
vapor in porous cell components and diffusive water transport
through the membrane. The measurement results given in [1]
are used as material parameters and boundary conditions. Mea-
surements were made using Gore' Primea® Series 58 MEA.
As a result of the modeling work, the concentration depen-
dence of the diffusion coefficient of water in the membrane is
obtained.

Most of the transport and electrochemical processes are
temperature dependent. Therefore, temperature distribution
inside a hydrogen—hydrogen cell was also modeled and it was
noticed that the cell can be treated as an isothermal system. Heat
was assumed to be transferred by conduction and convection,
and produced by reaction entropy, activation losses, water
phase change, and ohmic heating both in bulk components and
at interfaces.


mailto:olli.himanen@tkk.fi
dx.doi.org/10.1016/j.electacta.2006.05.037

582 O. Himanen, T. Hottinen / Electrochimica Acta 52 (2006) 581-588

2. 2D-model for water transport inside the cell

The calculation of the membrane transport properties requires
that the water concentration profile at the membrane surface is
known. Using the measurement technique described in [1], the
concentrations of water at the inlet and outlet can be measured,
but the concentration profile of water inside the cell and espe-
cially along the membrane surface is unknown. A 2D-model
for the mass transport was developed to gain insight into the
water distribution inside the Hp—H> cell used in [1]. The model
was also used to find out the concentration dependence of the
diffusion coefficient of water in the membrane.

The model is isothermal and includes transport phenomena
of hydrogen and water vapor inside the flow field nets, gas dif-
fusion backings, and electrodes, and also water transport inside
the membrane. Mass transport inside the flow field nets, gas
diffusion backings, and electrodes are modeled using Darcy’s
equation for convective transport, Fick’s equation for diffusive
transport, and the continuity equation. Liquid water transport
and phase change phenomena are not taken into account in this
model, and therefore the modeling is limited to one-phase condi-
tions. Because of this limitation only those measurement results
in [1], which were achieved under one-phase conditions were
analyzed with this model. The dew point-temperature of water
vapor was at least 2 °C lower than the temperature of the cell
components. Therefore all water should be in vapor form inside
the cell. The measurements, in which the dew-point temperature
of the water vapor was higher than the cell temperature, were
not used in the determination of diffusion coefficient of water.

The model geometry is illustrated in Fig. 1. Because the
Hy—H; cell used in the measurements [1] is cylindrically sym-
metric, only half of the cross-section of the cell has to be
modeled. Left boundary of the model geometry in Fig. 1 is the
centre line of the cell and is treated with symmetry boundary
conditions.

Hydrogen—water vapor mixture is fed into the cell through
the inlet boundaries. The gas mixture flows inside the flow

inlet

| outlet
—
membrane 18 mm
electrode 10 mm
gas diffusion backing 220 mm
» outlet
5mm
flow field net 440 mm 14 mm —
1 mm
___T?J
inlet

Fig. 1. Modeled geometry. Gas inlet and outlet boundaries are marked with
dashed lines.

field nets, gas diffusion backings and electrodes towards the
outlet boundaries. When the water vapor is in contact with the
membrane surface, the membrane absorbs a certain amount of
water. The relation between the concentration of water inside
the membrane and in the gas phase is called a water uptake
isotherm. The concentration gradient of water across the mem-
brane causes water to diffuse through the membrane. The water
flux through the membrane is modeled with the Fick diffusion
equation assuming that the diffusion coefficient of water in the
membrane is concentration dependent. The dependence of the
diffusion coefficient was varied until the concentrations of water
vapor in the outlet gas streams matched the measurement results.
The equations used in the model are described in the following
subchapters.

2.1. Flow field nets, gas diffusion backings and electrodes

The convective velocity of hydrogen—water vapor mixture is
assumed to be the same as the convective velocity of hydro-
gen because the amount of water in the mixture is relatively
small. The validity of this assumption will be discussed in the
results chapter. The convective mass flux of hydrogen is calcu-
lated using the Darcy equation and the continuity equation
Voon=v-(-224g,) —o 1

<(pv) = < RT 7 p>—, (H
where p is the density of hydrogen, ¥ the convective velocity
of hydrogen in the laboratory coordinate system, p the pressure
of hydrogen, M the molar weight of hydrogen, R the molar gas
constant, 7 the absolute temperature, x the hydraulic permeabil-
ity of the media, and 7 the dynamic viscosity of hydrogen. All
parameters are calculated at 35 °C and 100 kPa.

The convective flux at the inlet is assumed to be fully devel-
oped Poiseuille flow, and can be calculated from the known total
volumetric flow of hydrogen. Thus, the boundary condition for
the velocity profile at the inlet is

v(r) =2.65 x 10°m™ ' s7!(1 x 1070 m? — /?), )

where r is the distance from the center of the inlet channel, i.e.
from the left boundary of the modeled geometry.

At the outlet boundaries the pressure is fixed to the ambient
pressure, 100 kPa. Due to the cell geometry, symmetry condition
is applied onto the left boundary, and thus all fluxes through
that boundary are set to zero. The membrane is assumed to be
gas impermeable, and therefore convective velocities through
the boundaries between the membrane and electrodes are set
to zero. Hence, the only flux through the membrane—electrode
boundary is the diffusive water flux. The remaining boundaries
are bounded by current collectors, cell body or gaskets, and
therefore the fluxes through these boundaries are set to zero.

Molar flux of water vapor is calculated as a sum of convective
and diffusive fluxes

7 > 1.5
JHzO = UCH,0 — DHz,HzO‘g VCHQOa (3)

where Jy,0 is the molar flux of water, cy,0 is the concentration
of water vapor, Dy, H,0 is the diffusion coefficient between
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hydrogen and water vapor and ¢ is the porosity of media. The
Bruggemann correlation is used to take into account the effects
of porosity and tortuosity on the diffusion coefficient. The diffu-
sion coefficient between hydrogen and water vapor is calculated
using the Fuller correlation [2].

Because there are no water sources or sinks in the flow field
nets, gas diffusion backings and electrodes, the divergence of
the water flux is zero

V.(¥en,0 — Dy 08> Ven,0) = 0 4

Boundary conditions are the known concentration of water vapor
at the inlet boundaries and an assumption that the diffusion flux
is zero at the outlet boundary. This boundary condition means
that the concentration of water vapor at the outlet boundary is
not fixed and is dependent on the water transport through the
membrane. This allows the fitting of the model into measurement
results.

2.2. The membrane

The only mechanism for water transport through the mem-
brane is assumed to be Fick diffusion. Water transport measure-
ments were made in open-circuit mode and therefore current
through the membrane and water transport by electro-osmotic
drag are zero. Water transport by hydraulic permeation is also
nonexistent, because there is no pressure gradient over the mem-
brane. Water flux in the membrane is calculated with the Fick
diffusion equation

JH20 = _DHZO,membrane VCHgO,membrane’ (5)

where DH,0,membrane 1 the Fick diffusion coefficient of water in
the membrane, and ¢H,0,membrane 15 the concentration of water
in the membrane. There are no water sources or sinks in the
membrane, and thus the divergence of the water flux is zero

V. (_DHgO,membraneVCHQO,membrane) =0. (6)

The boundary condition at the membrane—electrode interface is
based on the water uptake of the membrane

WU(CHZO)pmembrane
Mu,0

; (N

CH,0O,membrane =

where Pmembrane 1S the density of the dry membrane and
WU(ch,0) is the water uptake of the membrane calculated from
the concentration of water vapor at the electrode—membrane
boundary. It must be noted that the water uptake of membrane
without the electrodes was not measured and was assumed to be
the same as the water uptake of the whole MEA [1]. The water
uptake was measured to be [1]

WU(c,0) = 0.0012 — 0.00043¢,0 + 0.014cH,0. 8)

The dependence of the diffusion coefficient of water on the con-
centration of water was assumed to obey an exponential relation

CH,0,membrane
DHgO,membrane = Do (1 — exp ()) , 9)
CH,0,sat

where Dy is the parameter of the model, cH,0 membrane 1S the
concentration of water in the membrane and ¢y, 0 sat is the con-
centration of water in the membrane stabilized with saturated
water vapor. The value of cH,0 st can be calculated using Eqs.
(7) and (8) and it is 7521 molm—3. The dependence given in
Eq. (9) was developed because it has only one free parameter
to be fitted and it gives qualitatively similar behavior as that
measured for water self-diffusion coefficient in Nafion® 117 by
Zawodzinski et al. [3].

2.3. Computational methods and parameter values

The objective of the modeling work was to solve the water
distribution inside the cell and to find the dependence of the
water diffusion coefficient in the membrane on water concen-
tration. The equation system described in Sections 2.1 and 2.2
was solved with a commercial finite element method solver
COMSOL MultiphysicsTM running on a computer equipped with
AMDO64 3500+ processor, 4 GB RAM, and SUSE Linux 9.1
AMDG64 operating system.

Parameter values used in the modeling are given in Table 1.
The porosity of the compressed gas diffusion backing is cal-
culated from the porosity of uncompressed GDB given in [4],
assuming that the porosity is directly related to the thickness.
The porosity and thickness of uncopressed SGL-10BA GDB
are, 0.877 and 380 wm. The thickness of compressed GDB was
220 pm and therefore its porosity was estimated to be 0.51.

Table 1

Parameter values used in the water transport model

Parameter Value Reference

Porosity of gas diffusion backing (¢gpgp) 0.51 Calculated from [4]
Porosity of flow field net (ener) 0.427 Manufacturer of the net
Porosity of electrode (€electrode) 04 Used in [5]
Permeability of flow field net (kpet) 42 x 10710 m? [1]

Permeability of gas diffusion backing (kGpp) 12x 1071 m? [1]

Permeability of electrode (kelectrode) 1.26 x 10713 m? [1]

Diffusion coefficient of Hy in HO (D, H,0) 943 x 109 m2s~! Fuller correlation [2]
Dynamic viscosity of Hy at 300K (1) 9x 10 0kgm~!s~! [6]

Density of dry membrane (pmembrane) 1980kgm~3 [7] for Nafion® 117
Saturation concentration of H>O in the membrane (cH,0,sat) 7521 molm—3 [1]
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3. Temperature distribution inside the cell
3.1. Model properties

The temperature distribution inside the hydrogen—hydrogen
cell used in this work was modeled in order to see when the
non-isothermal effects should be included. Heat production by
ohmic heating, activation losses, reaction entropy, and water
phase change were taken into account. The produced heat was
assumed to be transferred by conduction and convection. Both
electrical and thermal contact resistances between different cell
components were taken into account. GDB-electrode and GDB-
flow field net boundaries were modeled as thin layers, and the
conductivities of these layers were calculated from the values
of the contact resistances. In order to be able to calculate the
heat production rates and electro-osmotic water transport, the
potentials of electron and proton conductors were also mod-
eled. The average current density was 0.7 Acm™2, which was
the maximum current density at which the solution converged.
The details of the model are described in the following subchap-
ters. Humidity conditions are the same as in measurement 17 in
[1], i.e. dew-point temperatures of inlet gases are 33 °C.

3.2. Reaction kinetics and charge and mass transfer

Reaction kinetics is modeled with a linearized Butler—Volmer
equation. The charge transfer rate at the anode is

J0ZFNanode _ JjozF(ps — dm)
RT RT ’

and at the cathode

J0Z Fncathode _ JozF(dm — ¢s)
RT RT ’

where jo is the exchange current density, z is the number of
electrons participating in the reaction, F is the Faraday constant,
n is the activation overpotential, R is the molar gas constant, 7'
is the absolute temperature, and ¢y and ¢s are the potentials of
proton and electron conductor, respectively.

Charge transfer in bulk components is modeled with the fol-
lowing equation

(10)

j anode —

(1D

jcathode =

i= -0V, 12)

where i is the current density and o is the conductivity.

There are current sources in the electrodes and therefore the
divergence of current density at the electrodes is equal to the
charge transfer rate

V. (—oV¢) = %], (13)

where the sign depends on the charge carrier and on the elec-
trode. There are no current sources or sinks in any other com-
ponent and therefore the divergence of current density is zero in
other components.

Significant losses occur in a Hy—H»> cell at the interfaces
between cell components. Typically electrical contact losses are
either neglected or modeled as stepwise discontinuities. Step-
wise discontinuity makes it very challenging to take interfacial

heating into account and it makes the numerical solution more
time-consuming. Because of these reasons, interfaces were mod-
eled as thin layers. The thickness of the layers was chosen to be
1 wm and their thermal and electrical conductivities were calcu-
lated from the contact resistance values. The contact resistance
values were found from the literature only for graphite—gas dif-
fusion backing contact and this value was used also for other
interfaces.

The potential of electron conductor at the interface between
the steel net and the graphite current collector was set to cell
voltage at the anode side and to zero at the cathode side. Current
carried by electrons through other boundaries was set to zero
because of symmetry or insulation conditions. The protons can-
not leave the MEA and therefore current carried by protons was
set to zero at electrode-gas diffusion backing boundaries. The
protonic current through other boundaries is also zero because
of either symmetry or insulation condition.

Water and hydrogen transport was calculated with the same
equations and boundary conditions as explained in Section 2,
with the exception that water transport by electro-osmotic drag
was also taken into account here. Water flux in the membrane
was calculated with the following equation

N Ao
JHZO = _DHgO,membraneVCHzO,membrane - ?V(ﬁM’ (14)

where X is the electro-osmotic drag coefficient (number of water
molecules transferred with one proton), and other symbols as
described previously. Authors are not aware of published data for
electro-osmotic drag coefficient of Gore membrane and there-
fore we used value 0.9, which was given for Nafion 117 stabilized
with water vapor at 30 °C [3]. Because of the water transport
by the electro-osmotic drag, the concentration of water vapor
at cathode exceeds 2.2 mol m—3, which is the concentration of
saturated water vapor at 35 °C. Oversaturated water vapor was
assumed to be condensed evenly on the cathode electrode. This
condensation was notified only as heat source term. Different
transport properties of liquid water were not taken into account
in this model and its effects on the effective porosity of cell
components were also neglected.

3.3. Heat production and transfer

The heat transfer mechanisms included in this model are
conduction and convection. The total heat flux is the sum of
conductive and convective heat fluxes. The conductive heat flux
was calculated with the Fourier law

Z]Cond = —kVT, (15)

where gcong is the conductive heat flux and k is the thermal
conductivity.

Convective heat flux geony Was calculated with the following
equation

Z]Conv = jiMiCiTs (16)

where 7,- is the molar flux, M; is the molar mass, C; is the heat
capacity of component i (hydrogen or water). The heat capacity
of water vapor was used for water.
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There is ohmic heat production in every component and also
in the boundary layers,

Potmiic = 0(V§)°. a7
It must be noted that at the electrodes there is ohmic heat pro-
duction caused by both electronic and protonic currents. Heat is
produced at the electrodes also by activation losses
Dact = J, (18)
and due to reaction entropy production or consumption

JTAS

zF

ps = ; 19)
where AS is positive for endothermic anode reaction and nega-
tive for exothermic cathode reaction.

There is also heat production by condensation of oversatu-
rated water vapor on the cathode. The condensation rate was
calculated as a proportion of oversaturated water vapor from the
total mass flow of water going out from the cathode side of the
cell, i.e.
mcondensation = Mﬁmzo (20)

CH,0
where cp,0 is the concentration of water vapor, cgy is the con-
centration of saturated water vapor at 35 °C, and ri1y, o is the total
mass flow of water going out from the cathode side of the cell.
The value of riy,0 was calculated by integrating the water flux
through the outlet boundary. Heat production by condensation
was calculated with the following equation

_ T condensation Lcondensation 2
Pcondensation = , 2D
Velectrode

where Lcondensation 18 the specific latent heat of condensation, and
Velectrode 18 the volume of one electrode, i.e. the volume where
condensation was assumed to take place.

The different heating mechanisms are sources of heat flux,

v.i=>»p. (22)

The electrical and thermal parameter values and their references
used in this modeling work are given in Table 2. The electrical
and thermal conductivities of the boundary layers were calcu-
lated from the contact resistances so that the total through-plane
resistance of boundary layer equals the contact resistance. The
exchange current density for anode and cathode reactions was
assumed to be the same and it was calculated from the values of
charge transfer resistance, r», given in [1].

4. Results and discussion
4.1. Diffusion coefficient of water in the membrane

The only free parameter of the model was Dy, which was
fitted into the measurement results obtained under one-phase
conditions, i.e. measurements 1, 2, 5, 6, and 9 in [1]. The
value of Dy was varied with 1 x 10710m?s~! steps until the
difference between measured and modeled concentrations of
water vapor reached its minimum. The resulting value for Dy
is 1.5+ 0.3 x 1072 m? s~ 1. Diffusion coefficient of water in the
membrane and its error limits as a function of membrane water
concentration were calculated using Eq. (9) and are illustrated
in Fig. 2. The diffusion coeffient illustrated in Fig. 2 is of same
order of magnitude, but a little higher than the one reported
in [3]. Differences can be explained with different membrane
materials and various methods.

The modeled water concentration of measurement 2 in [1]
is illustrated in Fig. 3 as an example. Measurement 2 was
chosen, because it has the largest water flux and water con-
centration difference among the measurements conducted under
one-phase conditions. The dew-point temperature of the gas
entering the cell on side 1 was 33.4°C, and the gas on side 2
was dry. Modeling result shows that in this case the water vapor

Table 2

Parameter values used to model temperature distribution

Parameter Value Reference
Electrical conductivity of gas diffusion backing (cGpg) 100002~ ! m~! [8]

Electrical conductivity of boundary layer (o cont) 1Q 'm™! Calculated from [8]
Electrical conductivity of electrode (os) 5702 'm™! Used in [5]
Electrical conductivity of steel net, opet 13x100Q 'm™! 1/3 of pure AISI316
Ionic conductivity of membrane (0'membrane) 0.00065 m?mol~! 271 . CH,0,membrane [1]

Volume fraction of proton conducting phase in electrode (&membrane) 0.24 Used in [9]

ITonic conductivity of electrode (om) Emembrane ‘O menibrane

Thermal conductivity of steel net (knet) 5Wm ! K! 1/3 of pure AISI316
Thermal conductivity of gas diffusion backing (kgpg) 7Wm~ ! K! [8]

Thermal conductivity of boundary layer (kcont) 2x 103 Wm 1 K! Calculated from [8]
Thermal conductivity of electrode (keje) 13Wm—' K! Used in [5]
Thermal conductivity of membrane (kmembrane) 0455Wm 1 K™! Used in [5]
Exchange current density of anode and cathode reactions (jo) 1.7x10° Am—3 Calculated from [1]
Entropy change of anode and cathode reactions (AS) 40.104 Jmol "' K~! [10]
Electro-osmotic drag coefficient (1) 0.9 [3]

Heat capacity of hydrogen (Ch,) 29.9Jmol~ ! K~! [6]

Heat capacity of water vapor (Cy,0) 204017J kg’1 K-! [6]

Specific latent heat of condensation (Lcondensation)

2.444 % 10° T kg™! Calculated from [6]
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Fig. 2. Calculated Dy,0 membrane as a function of membrane water concentra-
tion.

concentration along the membrane surfaces varies from 1.3 to
1.6molm~3 on side 1 and from 0.3 to 0.7 molm~3 on side 2.
Differences are quite large and lead into significant concentra-
tion differences inside the membrane in the direction parallel to
the membrane surfaces. The driving force for the diffusive water
flux through the membrane is the concentration gradient, when
also the diffusion coefficient is concentration dependent, the
water flux through the membrane cannot be assumed uniform.
This means that when the measurement technique explained in
[1] is used to determine the membrane water transport prop-
erties, the modeling work is a very essential part of the result
analysis.

It was assumed that the convective velocity of hydrogen—
water vapor mixture is same as the convective velocity of hydro-
gen. The largest density changes occur in the conditions of
measurement 2. It can be calculated from the modeling results

lgas in
21201918171615

gas out
steel net % _—
A
GDB 13
electrode
membrane
W
N
gas out

0.1 02 03 04 05

T gas in

Fig. 3. Calculated water vapor concentration inside the cell. Numbers refer to
the concentrations at contour lines (mol m—3).

Table 3
Calculated and measured total membrane area-specific resistances

Measurement Calculated area-specific Measured area-specific
resistance (107° @ m?) resistance (1070 Q@ m2)

1 27.2 19.8

2 19.2 19.0

5 6.9 6.9

6 5.7 6.3

Measurement refers to the measurement conditions given in [1].

that the maximum changes in the density of the fluid are 10%
and the assumption is valid.

4.2. Membrane conductivity

The conductivity of the membrane as a function of water
concentration was calculated from the results of impedance mea-
surements conducted with constant water concentration (mea-
surements 15—17 in [1]). Eq. (13) and the modeling results for
water concentration can be used to calculate the resistance of the
membrane with a non-constant water concentration profile, i.e.
for measurements 1, 2, 5, and 6 in [1], to cross-check the results.
Calculation was done with COMSOL MultiphysicsTM using the
calculated water concentration profiles and adding a potential
variable into the model. Potential profile was calculated using
Eq. (13) for the membrane. Divergence of the current density
is zero in the membrane. Potential difference over the mem-
brane was fixed. Current through the side boundaries was fixed
to zero.

Total current was calculated from the solution and the total
resistance of the membrane was calculated using the Ohm law.
Calculated total area-specific resistances are given in Table 3.
The total area-specific resistances of the membrane achieved
from the impedance measurements in [1] are also given in Table 3
and they are similar with calculated values. Taking into account
the assumptions of the model and the accuracy of the measure-
ments, this supports the consistency between the model and
measurements.

4.3. Temperature distribution

The modeled temperature profile through the cell in dc-mode
with 0.7 A cm~2 average current density is illustrated in Fig. 4.
The temperature profile is plotted along the left boundary of
the modeled geometry. 0.7 A cm™~2 average current density was
chosen, because it was the highest current density at which the
solution converged. The maximum temperature inside the cell
is approximately 1°C larger than the temperature of the cell
body, which implies that the cell can be treated as an isothermal
system. The differences inside the bulk material are negligibly
small, 0.1 °C at maximum. The temperature at the cathode side
of the cell is slightly higher than the anode side, because of
heat released in the condensation of water vapor at the cathode.
The largest changes occur at the interfaces between the cell
components, which indicate that the poor thermal conductivity
of the boundary layers is the main reason for the temperature
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Fig. 4. Temperature profile through the cell at 0.7 A cm~2 average current den-
sity.

differences inside the cell. Therefore it is important to take
interfacial losses into account in the modeling of the cell.

5. Summary and conclusions

Two-dimensional one-phase model for hydrogen and water
transport in hydrogen-hydrogen cell was developed to deter-
mine the diffusion coefficient of water in the membrane as a
function of humidity. Temperature distribution inside the cell
was also modeled with a separate model to see if the cell can
be treated isothermally. The modeled geometry was similar to
the experimental cell used in [1] and the measurement results
achieved in [1] were used for material parameters or boundary
conditions.

A one-parameter exponential dependence for the diffusion
coefficient of water on the humidity was developed and included
into the transport model. This was the only free parameter of the
model and it was varied until the modeling results matched the
measurements. As a result, an estimate for the dependence of
the diffusion coefficient of water on the humidity was found.
The dependence can be used with Gore " Primea® Series 58
MEA, which was used in the measurements. It must be noted
that the value of the diffusion coefficient was calculated using
the water uptake values of whole MEA. The given equation for
the diffusion coefficient is valid only when the water uptake Eq.
(8) is used.

The modeling results showed that there are significant con-
centration gradients along the membrane surfaces, which causes
variation in water flux in transverse direction. Therefore mod-
eling work is necessary if one wants to determine the diffusion
coefficient of water with the presented method, i.e. by measuring
the net water flux though the membrane. Without the modeling
work one could get only cell-specific averaged value for the
diffusion coefficient.

The resistance of the membrane was calculated using the
modeled water concentration profiles and measured conductiv-
ity of the membrane. This was done to cross-check the modeling

results, i.e. if the modeled water concentrations are realistic, cal-
culated membrane resistances should be close to the measured
values. Calculated and measured membrane resistances were in
agreement.

The temperature distribution inside the hydrogen—hydrogen
cell was modeled assuming that heat is transferred by conduc-
tion and convection and produced by resistive, activation, and
reaction entropy losses, and also by heat released in the conden-
sation of water vapor at the cathode. Temperature differences
inside the cell were small even at 0.7 Acm™2 average current
density and therefore the cell can be treated isothermally.
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Appendix A. Nomenclature

concentration (mol m—?)

heat capacity (Jmol~! K—1)

diffusion coefficient (m%s—1)

the Faraday constant (96,485 C mol™1)
current density (A m_2)

charge transfer rate (A m?)

exchange current density (A m™3)

molar flux (molm2s1)

thermal conductivity (Wm~! K~1)
specific latent heat (Jkg™!)

total mass flow (kg s

molar mass (kg mol~ 1)

pressure (Pa) or heat production (W m™3)
heat flux (W m~2)

distance (m) or area-specific resistance (£2 m?)
the molar gas constant (8.314Jmol~1 K1)
entropy (Jmol~! K—1)

temperature (K or °C)

velocity (m s—h

volume (m3)

water uptake

number of electrons

€<Cl'ﬂhw\r&l"§ gg.hw&¢3~\-~l~qbﬁq

c

Greek letters

A change

e porosity

n dynamic viscosity (kgm~!s~!) or activation overpo-
tential (V)

hydraulic permeability (m?)

electro-osmotic drag coefficient

density (kgm™)

conductivity (' m~1)

potential (V)

S QD >

Superscripts and subscripts
calc calculated
cond conductive
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conv convective

H>O,membrane water in the membrane
meas  measured

M proton conductor

sat saturation

S electron conductor
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