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Abstract

A one-dimensional rigorous process model of a single-cell direct methanol fuel cell (DMFC) is presented. Multi-component mass transport
in the diffusion layers and the polymer electrolyte membrane (PEM) is described using the generalised Maxwell-Stefan (MS) equation for
porous structures. In the PEM, also local swelling behaviour and non-idealities are accounted for by a Flory—Huggins model for the activities
of the mobile species inside the pores of the PEM. Phase equilibria between the pore liquid inside the PEM and those inside the pores of both
catalyst layer are formulated based on literature data and activity models. Although two-phase behaviour in both diffusion layers is neglected,
the model shows good agreement to own experimental data over a wide range of operating conditions, with respect to methanol and water
crossover fluxes as well as to current—voltage characteristics. Only for very low current densities and in the limiting current regime significant
deviations between model and experiments are found.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Abbreviations:A, anode compartment (supply channel structure); AC, Since first direct methanol fuel cell (DMFC) systems are
anode catalyst layer; ACP, polymer-phase within (AC); AD, anode diffu- commercially available for special outdoor and professional
sion layer; BV, Butler-Volmer type rate expressidralfle 1); C, cathode applications (e.g. from SmartFuelCell GmbH, Germany), the
compartment (supply channel structure); CC, cathode catalyst layer; CCP‘prOSpeCtS of this type of fuel cell are gaining an even higher

polymer-phase within (CC); CD, cathode diffusion layer; dc, drag coeffi- . t tin th lect ics industry. The first
cient mass transport modé@igble J); dyn., dynamic{able J; DMFC, direct Interest in theé consumer electronics inaustry. € first com-

methanol fuel cell; eff., effectivelable J); F, Fick diffusion model{able J); mercial systems prove the practical value and applicability
g, gas; irrev., irreversibleTable J); I, liquid; M, membrane (PEM); MEA, of the DMFC, but also the challenges still ahead. The fuel
membrane electrode assembly (DMFC core component); MS, Maxwell- efficiencies and the power densities are still very low, and
Stefan mass transport mod@aple 1); NP, Nernst—Planck mass transport a reliable dynamic operation without a significant buffer for

model (Table J); PEM, polymer electrolyte membrane; PEMFC, polymer lectrical lik batt it h
electrolyte membrane fuel cell; PTFE, polytetrafluoeethylene, TEFLON™; electrical energy ( Ike €.9. a battery or a supercapacl Or) as

scbm, standard cubic metre Inideal gas atl' = 25°C, p = 1bar); S, not yet been reported.
Schigl approach to convective mass transpdaile J; SD, surface diffu- The necessary improvements in DMFC performance and
sion mass transport modeligble J; s.s., steady-statdgble J; TD, ther- operation do not only place the demand for better materi-

modynamics Table 1) IS, i
i.e. better catalysts an lymer electrolyte membran
* Corresponding author. Tel.: +49 391 6110 351; fax: +49 391 6110 353. als, i.e. bette catalysts a dapoy erelectrolyte me brane

E-mail addresssundmacher@mpi-magdeburg mpg.de (PEM) less or even impermeable for m_ethanol and water,
(K. Sundmacher). but also for sophisticated controller designs. Only the lat-

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.02.036
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Nomenclature

activity (-)

water vapour activity (-)

cell cross-sectional area @n

parameter in empirical correlations (-)
transport matrix

permeability coefficient (mR)

parameter in empirical correlations (-)
molar concentration in fluid-phase (mot)
molar pseudo-concentration w.r.t. total volum
(in porous structures only) (molmi)
parameter in empirical correlations (-)
mass-based heat capacity at constant press
(Jkg K1)

molar heat capacity at constant pressu
(Imoltk—1

molar heat capacity change of reaction at co
stant pressure (J motK —1)

thickness, diameter (m)

diffusion coefficient (mris™1)
Maxwell-Stefan binary diffusion coefficient
(m?s™1)

parameter in empirical correlations (-)
enthalpy flux density (J?s~1)
activation energy (J mof)

parameter in empirical correlations (-)
Faraday’s constant,

9648 Asmol1(Asmol 1)

Gibbs energy of formation (from the elements
(Imot1)

Gibbs energy of reaction (J mol)

specific enthalpy (J mof)

enthalpy of formation (from the elements
(Imot1)

reaction enthalpy (J mot)

current density (A m?)

individual molar flux density (mol m?s—1)
index for control volumes (discretised mode
)

friction terms (s M2)

mass flux density (kg m?s—1)

mass (kg)

molar mass (kg moft)

overall molar flux density (mol m? s~1)
number of moles (mol)

mole density (loading, used only in polyme
material) (mol nT?2)

number of chain units between two polyme
cross-links (-)

pressure (Pa)
saturation pressure (Pa)
parachor (crig®2°s9-9)

F =

D

ure

re

-

o]

Q1O

o -
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NN
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Greek symbols

o

g, oc  Charge transfer coefficients (anodic, cathodi
-)

avignes thermodynamic factor (Vignes method) (-)

o viscous selectivity factor (—)

K ratio of specific heat capacities, chapter A.8 (

r volumetric charge production (CTs 1)

e volume fraction (pore volume fraction = poros
ity) (=)

n overpotential (V)

nvis dynamic viscosity (Pas)

A thermal conductivity coefficient (W m K1)

A relative water content in membrane (-)

w chemical potential (J mof')

w'is  kinematic viscosity (mris1)

v stoichiometric coefficient (-)

0 mass density (kg r?)

T tortuosity factor (-)

¢ electrical potential (V)

X non-ideality coefficient in Flory—Huggins ac-
tivity model (-)

Superscripts

A anode compartment (supply channel structur

AC anode catalyst layer

ACP  polymer phase within (AC)

AD anode diffusion layer

AF anode feed

heat flux density (due to thermal conductior
(dm2s1

charge (C=As)

charge density w.rt. cross-sectional arg
(Cm~2)

volumetric charge density w.r.t. total volume

(Cm=3)

reaction rate (molm3s-1)

ideal gas constantR = 8.314Jmot1K-1
(Imol1K-1

time (s)

temperature (K)

voltage (V)

velocity (ms™?)

volume (n?)

molar volume (M mol—1)

atomic diffusion volumes (cAmol—1)

mass fraction (-)

mole fraction in liquid-phase (-)

mole fraction in gas-phase (-)

cell coordinate perpendicular to cell plane (m
number of transferred electrons/single charg

)

heat transfer coefficient (Wnf K1)

pa

~

1
~
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C
ture)
CcC cathode catalyst layer
CCP  polymer phase within (CC)
CD cathode diffusion layer
CF cathode feed
eff effective
M membrane (PEM)
Vis viscosity
0 at standard conditiong?? = 298K,
p? = 10°Pa
Subscripts
a anode
air air
BET  BET surface
c cathode
carbon carbon material
cat catalyst
cat.layer catalyst layer
cell cell
Cross  crossover
cu polymer chain unit

cathode compartment (supply channel struc-

CH30H methanol

CO, carbon dioxide
dry dry

eff effective

eq equilibrium

F feed

gas gas

(9) in gas state
graphite graphite material
Ht proton

H-O water

i counting index

J counting index
Joule  Joule heating
liquid liquid

() in liquid state

M solid matrix in porous materials
P nitrogen

0)) oxygen

p at constant pressure
pores in pore(s)

P polymer

PTFE PTFE (polytetrafluorethylene, TEFLON™)
PTFE-treated Toray TORAY™ carbon paper, treated
with PTFE

sat
sound

untreated Toray TORAY™ carbon paper, as supplied
by manufacturer

wet

saturated
sound

wet
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ter could e.g. enable reliable dynamic operation with a min-
imised buffer for electrical energy, as long as no significantly
improved materials for the DMFC are available. Also, clever
control strategies could possibly enhance the power density
and thus the fuel efficiendjt].

Both tasks, material development as well as controller
design, can only be effectively addressed if realistic math-
ematical process models are available. In the field of fuel
cells in general, a number of publications address this topic,
but mainly in the area of hydrogen-fed polymer electrolyte
membrane fuel cells (PEMFC). For the liquid-fed DMFC (I-
DMFC) only a small number of mathematical models has
been publishedTable 1shows a systematic comparison of
recent publications (since 1997) with respect to the key fea-
tures of mathematical fuel cell models. In the first column of
the table the respective reference numbers are given.

The second column ofable 1shows whether the pre-
sented models are dynamic (dyn.) or steady-state (s.s.). Here
it becomes evident, that except for publications from our
group[1,2] (also including this paper), all published mod-
els are steady-state, i.e. they are used to predict steady-state
current voltage characteristics and concentration profiles.

The next block of seven columns presents the dimension-
ality of the models in the seven functional layers of a DMFC
(A=anode compartment/flow channels, AD =anode diffu-
sion layer, AC =anode catalyst layer, M =membrane/PEM,
CC=cathode catalyst layer, CD =cathode diffusion layer,
C =cathode compartment/flow channels). A blank indicates
that this part of the DMFC is notincluded in the model, a zero
means that this element is described by a lumped parameter
model (usually as an ideally mixed-phase) and a “1” means
that this element is modeled one-dimensional. In case of the
flow channels (A,C) this usually means along the channel,
while for the inner layers of the DMFC this means perpen-
dicular to the cell plane. One can see fréable 1, that with
respect to the spatial model structure the different models
vary significantly, depending on the focus of the respective
work. A number of models does not account for the cathode
side gas transport to the cathode catalyst layer, assuming this
contribution not to be dominating for the respective operating
conditiong[1,3-7,2] The model to be presented in this work
covers all structural layers of the DMFC.

In the next two columns ofable 1, the type of the applied
electrode kinetic expressions is presented. In most I-DMFC
models simple Tafel type rate expressions are applied, only
few papers use Butler—\Volmer (BV) type expressifins,2]
which are also able to predict open-circuit overpotentials.
Some models even use more realistic, complex multi-step
reaction kinetics for the electrochemical methanol oxidation
[1,2,6,8-11]

The next two columns ofable 1compare the descrip-
tion of the phase situation in the anode and cathode pore
structures. It is well known that in the I-DMFC under a va-
riety of operating conditions, on the anode as well as on the
cathode side a liquid (l) and a gas (g) phase can coexist. On
the anode side this is due to the production of carbon diox-
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Table 1

Comparison of I-DMFC models published since 1997

Membrdtreergy

Mass transport models

Phase situation

Electrode kinetics

Dimensionality

()

dyn./s.s.

Reference

balance

swelling

Cathode

Membrane

NP +S

Anode
ff.F

Anode Cathode

Cathode

(AC) (M) (CC) (CD) (C) Anode

(AD)

Isothermal
Isothermal

e

BV
Tafel

Complex
Tafel

dyn.
S.S.

1,2

NP +dc
NP +dc

NP +S

Isothermal
Isothermal

eff.F

Tafel g+l

BV

Tafel
BV

S.S.

NP +S
NP

g+l

S.S.

Isothermal
Isothermal

NP +dc
NP +dc

Complex
Tafel

S.S.

NP

S.S.

T. Schultz, K. S

Isothermal
Isotherma

Empiric

NP +irrev.TD  SD(I),MS(g)

MS

NP(1),MS(g)
NP(1),MS(g)

Complex Tafel g+l g+l
NP

0

S.S.

TD model

MS

g+l

Tafel
Tafel

Complex
Tafel

S.S.
S.S.

9+10+11

12
13
14

Isothermal
Isothermal

NP(I),MS(g)

eff.F

NP +S

g+l

g+l

0
0
1

eff.F

g+l g+l
[

Tafel

Tafel

S.S.

Isothermal
Full balanc

NP +dc
MS

Tafel
BV

BV: Butler—Volmer; dc: drag coefficient; dyn.: dynamic; eff.: effective; F: Fick’ g: gas; irrev.: irreversible; I: liquid; MS: Maxwell-Stefan ayridith Nernst—Planck (

surface diffusion; s.s.: steady-state; TD: Thermodynamics.

Tafel

S.S.
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e

TD model
Fick + convection); S: Sagil SD:

MS

MS

BV

dyn.

This paper

ide in the anode catalyst layer and the low solubility of this
gas in liquid water methanol solutions, especially at elevated
temperatures. Therefore, carbon dioxide bubbles are formed.
Whether this takes place within the porous catalyst and dif-
fusion layer structures or only within the flow channels is
still under discussion, but a variety of models assumes two-
phase flow inside the anode pore struc{4rg,8—13] Inside

the cathode pore structure, product water may condense and
block the way for fresh oxygen. This phenomenon is usually
referred to as cathode flooding. Also here it is not fully clear,
whether such condensation can occur within the (usually hy-
drophobic) cathode diffusion layer, or only on the surface
of the diffusion layer inside the flow channels. Nonetheless,
such two-phase behaviour on the cathode side is covered by a
few modelq8,12,13] All other models assume pure liquid-
phase on the anode side, and pure gas-phase on the cathode
side of the I-DMFC.

A very important feature of each I-DMFC model are the
chosen mass transport descriptions in the anode and cathode
structures and inside the polymer electrolyte membrane. Sev-
eral types of mass transport models are applied. Simple Fick
diffusion models (F) and effective Fick models (eff.F) (us-
ing — usually experimentally determined — effective transport
coefficients instead of Fick diffusivities) do not account for
convective flow contributionfd ,2,4,13,14] Therefore, many
models feature Nernst—Planck (NP) mass transport expres-
sions, which combine Fick diffusion with a superposed con-
vective flow[1-12,14] The latter is usually calculated from
Darcy’s law using different formulations of the hydraulic
permeability coefficient. Instead of Darcy’s law, also some
models use Schjl’'s formulation (S) for the convective flow
[1,2,5,12] This also accounts for electro-osmotic flow and
can thus also be used for mass transport inside the PEM. An
alternative, very simple way of incorporating electro-osmotic
flow in the membrane mass transport is applying so-called
drag coefficient models (dc) which assume a proportionality
of the convective water and methanol flow to the proton flow
[3,4,6,7,14] The last popular type of mass transport descrip-
tion is the Maxwell-Stefan formulation for multi-component
mixtures. But it is often only applied to gas-phase transport
[8,12]. Only one model so far (except for this paper) uses
this formulation also for (liquid-phase) mass transport in-
side the PEM9-11]. Rarely used for liquid flow are surface
diffusion models (50), or models derived from irreversible
thermodynamics (irrev.TD]8]. All mass transport models
applying effective transport coefficients and drag coefficients
(F, eff.F, NP, S) usually only yield good approximations to
experimental data for a very limited range of operating con-
ditions, unless the coefficients are formulated as functions of
the operating conditions (most important is the temperature
dependence of all mass transport parameters).

The second last column dBble 1presents, whether the
I-DMFC models account for varying water contents inside
the PEM, i.e. the swelling behaviour of these materials. Most
models assume a fully hydrated PEM, as on the anode side
liquid water as excess component is present. Only few mod-
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els skip this assumption. In one cd8¢the water uptake of  influence all materials and structures within the DMFC. In
the PEM is described by an empiric correlation (developed the following, the miniplant and the in-house DMFC design
from experimental data), in anothi®-11] a thorough ther-  will be shortly presented.

modynamic (TD) model is formulated based on change of

free Gibbs energy inside the PEM according to local water 2.1. Applied in-house DMFC design

content. Also in this paper, a thermodynamic model will be

presented to account for local PEM swelling. The experiments were carried out using a single cell
Finally, the last column ofable 1compares the published  DMFC fed with air and liquid—-methanol-water solutions. A
I-DMFC models with respect to inclusion of energy balances. detailed description of the DMFC design can be found in
Obviously all published models assume an isothermal cell [15].
operation, therefore no energy balances are formulated. The = The identical anode and cathode monopolar plates are
model to be presented in this paper is the first comprising @ made from graphite material (thickness 7 mm, material code
full energy balance. FU4369) supplied by Schunk Kohlenstofftechnik (Germany).
Summing up, in this work a one-dimensional model of The necessary flowbed structures for the reactant distribution
a I-DMFC will be presented, which is different from so-far  overthe MEA surface are millcutinto the plat&q. 1). They
published models in several respects: consist of parallel channels of 2mm width and 2 mm depth,

e The model is dynamic, allowing also to predict dynamic With 1 mm wide ribs between them. A distributd¥ig. 1,
operation (not presented in this paper). top) and collector channek{g. 1, bottom) connect the par-

e The model consequently uses a Maxwell-Stefan model allel channels to the inlet and outlet ports, respectively. The
for all types of mass transport in all functional layers. This Media (@ir and methanol-water solution) are supplied in one
enables to predict mass transport correctly for a vast rangeS0rner of the rectangular flowbed and leave at the opposite

of operating conditions (especially cell temperatures be- COMer (flow direction indicated iRig. 1). The flowbed itself
tween ambient and 9TC) with one single set of mass has the outer dimensions 65 mu?0 mm, identical to the

transport parameters. catalyst layer on the MEAs, which leads to an active area of

S _

e Membrane water uptake and (local) swelling behaviour A®= 26 sz_'
are accounted for by applying a Flory—Huggins activity _ AS diffusion layers PTFE-coated TORAY carbon paper
model. (TGP-H-060) is used, with a PTFE loading between 20 and

e Heat conduction and local heat production are fully ac- 2> Mass% with respect to the uncoated material.

counted for by a complete energy balancing. Finally, the membrane electrode assembll_es (MEA)_ are

prepared from NAFION™ N-105 membrane foil, onto which

The mean simplifications of the model are: the catalyst layers are applied using an airbrush technique
refined by ZSW Ulm (Germany)L6]. The anode catalyst
layer features a catalyst loading of 5 mgchfunsupported)
platinum ruthenium black (Alfa Aesar Johnson Matthey
HISPEC™ 6000) and a NAFION™ content of 15 mass%
relative to the metal loading (i.e. 0.75 mgtf). The cathode

catalyst layer has the same metal loading, but as catalyst
To evaluate the model, experiments were performed in

which methanol and water crossover fluxes through the PEM
were measured (together with the cell voltage) under a variety | parallel channels
of operating conditions (anode feed temperatures from 30 to
90°C, full range of cell current densities).

In this paper, the focus will be on describing the struc-
ture of the model and presenting the results. More detalils,
especially with respect to the mass transport and the Flory—
Huggins activity model of the PEM, phase equilibria between
PEM and the catalyst layers, the derivation of all model pa-
rameters, as well as a number of additional experimental re-
sults can be found ifiL5].

e Assumption of pure liquid-phase in the anode structures
and pure gas phase in the cathode structures.

¢ No spatial discretisation of catalyst layers.

e Application of Butler—Volmer type rate expressions for
both electrode reactions.

2. Experiments

To be able to measure methanol and water crossover fluxe
ina DMFC, afully a.Utomated miniplant Was constructed and Fig. 1. Photo of monopolar plate showing inlet, outlet and flow direction in
an own DMFC design was developed in order to be able to fiowbed structure.
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(unsupported) platinum black is used (Alfa Aesar Johnson also the relative humidity of the air is measured (Q202, type
Matthey HISPEC™ 1000) and the NAFION™ content is HygroClip IE by rotronic AG, Switzerland). Finally the cath-
10 mass% relative to the metal loading (i.e. 0.5 mgém ode exhaust air enters a condensor, where itis dried to reach a
The DMFC is completed by gold-plated copper plates as dew point below 10C (condensate is collected). The dry air
current collectors and stainless steel plates for bracing theis sent into a fume hood, while its oxygen and carbon diox-
whole sandwich structure. A torque of 5Nm is exerted on ide contents are measured. The oxygen sensor (Q204) is a
the screws, which hold together the steel back plates. After paramagnetic sensor (PAROX 1000 H by MBE AG, Switzer-
assembly, each DMFC is conditioned and evaluated by oper-land), while carbon dioxide is measured using an FT-IR-
ation with pure humidified hydrogen and air for three times sensor (Q203, type OEM-NDIR EGC-5% by Pewatron AG,

8 h, before it is operated on methanol solutions. Switzerland).
Onthe DMFC anode side, a liquid recycle loop is installed.
2.2. Experimental setup It consists of two alternative cycles, one for methanol-water

solution and one for pure water. The purpose of this is to

For automated testing of DMFCs, a miniplant was de- enable a stepped or pulsed periodic operation of the DMFC,
signed using the process control system PC-S7/WIinCC bywhere the anode feed is changed stepwise between methanol—
Siemens. It enables automatic testing procedures, with a spewater solution and pure water automatically. Both branches of
cial focus on dynamic operatiofig. 2 shows a simplified  the anode cycle feature vessels for pressure equilibration and
flowsheet of the miniplant. All details can be foundirb]. carbon dioxide removal (B1 and B2), gear pumps (P401 and

The DMFC cathode is supplied with dry air (dew point P402) and heat exchangers (W403 and W406). Flow rates
~3°C) at flow rates between 0.4 and 5.0 scbm lfmass between 0.3 and 5dhmin— can be achieved. Automatic
flow controller F101, type Mass6020 byukkert AG, Ger- valves (V403/V404 and V408/V409) enable a flexible and
many) at cathode outlet pressures of ambient up to 5 barspractically immediate change between methanol-water so-
absolute (15 x 10° Pa). The air is pre-heated in a plate heat lution and pure water anode feed without causing significant
exchanger (W101), air temperatures and pressures are meadisturbances in liquid flow rate and pressure. The flow rate
sured at the cathode inlet and outlet. At the cathode outlet,is measured by a Coriolis-type sensor (F401, type MASS

I N,+CO
|
|
V409 V408
N O
2 nitrogen purge v v | I
A 4 B1 v B2
_ Ko <
CH.OH recycle + HZO

H,0 CH,OH

h 4

degassing
vessels

gas
sensors
Q203

storage
tanks

Potentiostat/
Galvanostat

F401
i I
o Anode ! 2
F101 CH,OH V403 condensor
. sensor |
- concentration o e @ Z
sensor |
air Cathode (o ity >
mass flow
W10 1 sensor
controlfer

DMFC Q202

condensate

Fig. 2. Flow sheet (simplified) of DMFC miniplant with major components and sensors.
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2100 DI6 by Danfoss, Denmark). Like on the cathode side, 2.3. Performed experiments

the medium temperature and pressure are measured at the

cell inlet and outlet. The methanol concentration of the an-  The online balancing function of the miniplant allows to

ode inlet medium is measured online using an ultrasound measure the steady-state methanol and water crossover fluxes

sensor (Q401, type LiquiSonic30 by SensoTech GmbH, Ger-through the PEM of the DMFC. These crossover fluxes (to-

many), based on the influence of the methanol concentra-gether with the current—voltage characteristics) were mea-

tion on the speed of sound in methanol-water solutions. sured for a broad range of cell temperatures (30-90as

This sensor is used in a methanol concentration controller, functions of the cell current density. The experimental results

which as actuators uses two dosing pumps for pure methanolare presented in chapter 4 (model validation) in comparison

(P351) and pure water (P301) (mzr-2905 by HNP Mikrosys- to simulation data. All operating conditions are given there.

teme, Germany). Methanol concentrations between 0 and

1.5mol dn13 can be detected and controlled. The flow rates

of the dosing pumps can be controlled in the range from 0.2 3 pModel formulation

up to 18 cnimin—1. To adjust the anode pressure and also

to strip off carbon dioxide, the recycle vessels are equipped | this chapter, a dynamic model of a single cell DMFC

with a nitrogen purge/blanket. The anode pressure can beyj|| be presented. This model represents the cross-sectional

controlled in the range between ambient and 5bars abso-strycture of the DMFC, which is depictedfiy. 3. The model

lute (15 x 10°Pa). The liquid inlet temperature (which is s one-dimensional, perpendicular to the cross-sectional area

also the DMFC temperature due to the applied high flow ofthe cell. All state variables are assumed to be constantin the

rates) can be controlled in the range betwe@@ and +90C other two space coordinates. As can be seéign3, on this

(253 ..., 363K). level of decomposition the cell consists of seven sequentially
The DMFC is electrically connected to a potentiostat connected phases: anode and cathode compartments (i.e. the

(HP60-50 by Wenking GmbH, Germany), which enables op- fiowbeds), both diffusion and catalyst layers and the PEM in
eration of fuel cells from below 1 W upto 1 kW atamaximum  ihe middie.

current of 50 A. Galvanostatic as well as potentiostatic op-
eration is possible, with the possibility to automatically run
user-defined load scenarios.

The array of sensors around the DMFC, i.e. potentiostat,
flow rates, inlet and outlet concentrations of key components
(oxygen, methanol, water, carbon dioxide) enables full online
material balancing of these components. Assuming full and ® all gas phases obey the ideal gas law,
immediate oxidation of crossover methanol on the cathode® allinertgases (components of air, like nitrogen, argon etc.)
catalyst, from the sensor information also the methanol and are merged to “nitrogen”,
water crossover fluxes from anode to cathode (i.e. throughe in liquid phases nonideal mixing behaviour is not
the PEM) can be calculated (for details $&8]). accounted for, variations of activity coefficients are

3.1. Basic model assumptions

The basic model assumptions, which apply to all elements,

process unit level:

phase level:

anode anode anode’ /| proton cathode =5 cathode cathode
compart-~"  diffusioi  _-catalyst / ‘exchange  catalyst- ~ diffision -compart-
vrientd - -layer .- _“layer /, membrane , ‘. layer - layér. .. ¥Yment4
) LG &M L Co o)l

¥ v L. s & - } v

phase boundaries
(internal boundary conditions)

Fig. 3. Schematic of DMFC layers, component mass fluxes and model structure.
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neglected due to the strong dilution of methanol in water tric potential field¢ (V) (migration). On the right hand side
(this assumption is not valid in the PEM), are two terms describing friction forces: the sum accounts for

¢ ineach element, only the existence of one thermodynamicthe friction between specig¢sand all other mobile speciés
phase is assumed, i.e. on the anode side formation of(x are mole fractionsy are flux densities in (mol m¢ s~1)),
carbon dioxide bubbles is neglected, on the cathode and the second term represents friction between spiemies
side the formation of a liquid-phase due to condensation the (stationary) solid matrix (lower index “M”).

(so-called cathode flooding), The most important parameters in this equation are the bi-
¢ all charge balances are quasi-stationary, nary Maxwell-Stefan diffusion coefficients P &rs1). The
e electroneutrality is assumed in the PEM, lower indices denote the two respective species, an upper in-
e and finally, ohmic losses other than in the PEM are dex “eff” means that this is an effective diffusion coefficient
neglected. taking into account the porosity(—) and the tortuosity (-)

. . . of the solid matrix, while those diffusion coefficients without
To assume ideal gas behaviour seems justified, as the max:

i t d t d 5 bars 16° P the index “eff” are valid for free space binary interactions.
P SYS o PTSSSUTES £ oL Sreee ars 3) For a more detailed treatment of the binary diffusion coef-
and the temperature range does not exceed.1090°C

ficients refer toAppendix A.9 The other parameters of the
(283 ...,363K). Also all components (methanol, water, bp P

bon dioxid 4 nit h | | presented form of the generalised Maxwell-Stefan equations
f;ﬁyv?/gindhiar on dioxide and nitrogen) have a low molecu- are explained in the respective following sections and in the

. . . . list of symbols.
The assumption of solely single-phase behaviour is the ! y

or simolificati f th 4el. Und : ; The modeling concept is based upon a finite volume
major simplincation ot theé modet. L/nder a variety o Prac- iscretisation along only one spatial coordinaté&or finite
tical operating conditions it has been observed, that liquid

. volume element simulations it is well known, that the simul-
water forms in the cathode compartment and gas bubbles of

bon dioxide f inth d ¢ CTh I’ taneous treatment of diffusive fluxes and convective flow can
carbon dioxide form I the anode comparntment. 1he qUestion, o, 4 1o nymerical problems if the viscous flow contribution
which phase situation is present within the porous diffusion

d catalvst | though. h tvet b d satis in relation to the overall mass transport is high. To prevent
gctocrﬁyays ayers, thougn, has notyet been answered salisg -, problems, the viscous flow term (term three on the left

h f Eq(l k the M [I-Stef
The final assumption that no chmic drops are accounted and side) of Eq(1) is skipped and the Maxwell-Stefan

. . equation is formulated only for the individual driving forces

for otherthaq thatinthe PEMis based_on the fact that. all glec— acting on the speciggdiffusion and migration)
tron conducting parts of the DMFC (bipolar plates, diffusion
layers, catalyst layers) are made from very good electroncon- ¢; [ du; cj = dp F 0¢

. . . . (=L - Ly iz —2L
ducting materials (graphite, noble metals), and thatespecially Rr7 \ 4; rp RT 1oz ) RT 87
the diffusion and catalyst layers are very thin, while having )
a large contact area. XiJj — ij, i

9 =2 gt @)

i#] M

3.2. Mass transport and balancin
P J In Eqg. (2) in the friction terms on the right hand side not

the overall flux densitiea; appear but only the individual
flux densities;;.

The overall flux densities are then calculated from the
individual flux densities and an additive term for the pressure-
driven convective contribution:

For the description of mass transport in porous structures,
the generalised Maxwell-Stefan approach is used, in the for-
mulation proposed by Krishna and Wesselifiyih, 18] It is
based on a mechanical equilibrium between driving forces
acting on a specigsand friction forces between this species
and all other specidsaround it:

nj=jj+¢cvp. 3)
/
VTpM/ < ViVp— ¢ Cj%vp _ cjzjiwp Here not the _molar Concentration_ with respect to the_ vol-
RT RT Bim 'n RT ume of the fluid phase (mol m~3), is used, but a modified
xinj — x,n, n; concentratiore {mol m—3) with respect to the total volume
= Z B + pef 1) including the porous matrixv, is the convective velocity
i#] M (ms™1), which is a function of the total pressure gradient
On the left hand side of Eq1) are four terms describing ~ &ccording to Darcy’s law:
the driving forces. Term one and two describe diffusive driv- Bo dp
ing forces resulting from gradients in the chemical potentials Vp = _W&' 4)

wi(J mol1) (first term: at constant pressure, second term:

pressure influence), term three is the driving force due to a The parameters are the dynamic viscosit§ (Pas) of the
superficial viscous flow resulting from a gradient in the total mixture and the hydraulic permeability coefficieft (m?).
pressur@ (Pa) and the fourth term represents the electrostatic The latter has to be determined experimentally, but for some
force acting on charged species due to a gradient of the elecsimple geometries correlations are known. The simplest case
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is the flow through parallel straight tubular pores (Poiseuille
flow):

_ dgore
327
In the following, this (simplifying) approach will be used.

Bo )]

443
3.3. Energy transport and balancing

Within the DMFC, not only a variety of different mass
transport phenomena occur simultaneously. The same is true
for energy transport and production. As the DMFC consists
of porous layers in which mobile species are transported, en-

In the implementation of the transport equations for a spa- €19y transport can take place both due to transport bound to
tially discretised model, an upwind scheme is used which the moving species and thermal conduction. The latter takes

always uses the “upwind” concentrations, i.e. the concen-

trations in the left or the right neighbouring control vol-
ume depending on the direction of the convective flux,
to calculate the convective contribution to the molar flux
densities.

Using the overall flux densities, the general form of the
component mass balances is

+) (k- via)
k

with the reaction rates; of all occurring (electro-) chemical
reactions (molm?3 s~1) and the stoichiometric coefficients
v;« (=) of component in reactionk.

86']' _ an

i (6)

place in the mobile phase as well as in the stationary solid
matrices in the different layers. Additionally, chemical and
electrochemical reactions take place in the catalyst layers
(AC) and (CC), and finally within the membrane (M) a spa-
tially distributed heat production, Joule heating, occurs, due
to the transport of charged species in an electric field.

To get a most simple model description of all these phe-
nomena, it makes sense to formulate two independent energy
flux densities: enthalpy flux densities

€=Z€j=anhj(T)
J

(Im2s~1), which are coupled to the mass flux densities

(12)
J

Finally a total mass balance can be formulated based on”; (molm-2s~1) of the mobile species and their specific

the continuity equation:

ap

” ()

0
= —a*Z(PU)

wherep (kg m~3) is the fluid mixture density and (ms™1)

is the mean (superficial) mixture velocity. For compressible

enthalpied: ; (J mot~1), and heat flux densities

T
g= el (13)

a0z

(Im?s~1) due to thermal conduction (Fourier law).
In Eq. (13) AT (Wm~1K~1) stands for the local effec-

fluids the relation between pressure and density at constantive thermal conductivity coefficient. The upper index “eff”
entropy (which is the case for moderate pressures as typicaldenotes that it is dealt with a mixture of a fluid and a solid-

for DMFC operation) is given by

(%),
3/) s sound

wherevsound (M s™1) is the speed of sound in the fluid (see
Appendix A) and p (Pa) is the local pressure.

Finally, the product of mean mixture density and mean
velocity is the total mass flux density (kgths™1):

(8)

9)

Combining Egs(7)—(9)one can formulate the total mass

Mot = PV

balance in terms of the pressure as variable, and its time

derivative as a function of the total mass flux density:

ap o Omiot
o = _UsouncTZ' (10)

In the simulation, the total mass flux density is cal-

culated simply as the sum of the component mass flux

densities, which in turn are the products of the molar
flux densities and the respective molecular weights
(kg mol~1y:

Miot = anMj. (11)
J

phase, which both contribute to the thermal conduction. The
effective thermal conductivity has to be calculated from the
thermal conductivities of both phases taking into account
their volume fractions. These calculations can be found in
Appendix C

The specific enthalpies of the mobile species are calcu-
lated from the specific enthalpies of formatiokg H;, and
the mean heat capaciti€y, ;:

T
hj:AFHer/TQ Cpj(T)AT ~ ApH + (T = T%) - C

(14)

By using enthalpy fluxes, all heats of reactions are ac-
counted for automatically without the need for a heat pro-
duction term in the energy balances of the respective DMFC
layers.

Finally, Joule heatingjoule (W m—3) due to charge trans-
port is described by the general equation

¢

€loule=1--,

0z (19)

(Wm™3). Itis always positive and independent of the direc-
tion of the charge flux.
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Combining all three energy flux densities yields the gen-  In the PEM no charge production occurs and local elec-
eral energy balance: troneutrality is assumed, therefore one ends up with the quasi-
stationary charge balance:

T 1 [ de g

8t (,OCp) BZ BZ Joule ( ) _ ﬂ (22)
. . " 0z
The local effective volumetric heat capacitigs () are

caclulated from the local porosities, concentrations and heat3.5. Overpotentials and cell voltage

capacities of the present components. The calculation is pre-

sented inAppendix D For the formulation of rate equations for the electrochem-
ical electrode reactions, one needs a definition for the elec-

3.4. Charge transport and balancing trode overpotentials, which is given by:
n=Ad— Aplg (23)

Charge transport in the DMFC is bound to protons within
the membrane material (proton conductor) and electrons  The overpotentialg (V) are defined as the difference be-
in the electrical circuit (electron conductor). Therefore, the tween the real electrode potentisd (V) (w.r.t. standard hy-
charge flux density (A m~2) within the proton conductoris  drogen electrode) and that at open circuit condition (i.e. no
coupled to the molar flux density of protons by Faradays law cell current,i = 0) and thermodynamic standard conditions
(z* =number of single charges exchanged per molecule):  (pressure 19Pa, temperature 298 K, all reactants activities
equal one, upper inde}. For the DMFC the following values
can be found in the literature:

Charge production/consumption due to electrochemical ~Anodic methanol oxidation:
reactions is similarly linked to the reaction rates with respect A¢Y .o =0.02V (24)
to the pore volumery, (molm—3s™1), of the respective elec- &i=0
trochemical reactions (as function of the respective overpo-  Cathodic oxygen reduction:
tentialn (V)):

i = zjjs Fngr = Fnye. a7

AgY o =123V (25)
pores
ik(n) = zp+ Fop+ k() —5—- (18) Then the cell voltage can be calculated from the reversible
A open circuit cell voltage at the above mentioned standard con-
In both, the membrane and the catalyst layers, charge bal-ditions (Ugell.i:O ~ 1.21V), the anode and cathode overpo-

ances have to be formulated accounting for the outer electri-tentials, 7, and 5 (V), respectively, and the Ohmic losses
cal cell current densitjcen (Am~—2) as well as for the above  within the membrane represented by the total difference in
mentioned current densities resulting from proton flux in the the polymer-phase electrical potentialg™ (V):
membrane and the charge production in both catalyst layers. P M
The general form of the charge balances is Ucell = Ucelli=o — Mat 1lc — AP (26)

90 di

=g T (19)

3.6. Anode compartment (A)

The anode compartment is assumed to be a spatially con-
centrated phase element (ideally mixed, CSTR behaviour).
It has one inlet (feed, index AF) and one outlet, and it is
connected to the anode diffusion layer (AD). Fresh water
r) = Z in(n). (20) methanol solytiqn is fed at the inlet, with a supposedly very

. low carbon dioxide content. Methanol and water are trans-

. o . ported through the anode diffusion layer towards the anode
Simplifyingly it is assumed that the charge balances are catalyst, while produced carbon dioxide is transported in

fast compared to all other balances (material and energy)he gpposite direction to leave the diffusion layer into (A),

which leads to quasi-stationary formulations. In the catalyst 5nq on this way being removed through the anode outlet
layers, when balancing the electrons, only the charge flux to (seeFig. 3. The material balances are:

or from the adjacent diffusion layer (electron conductor) oc-

curs, which is the cell current density). Within the catalyst dc]A- 1
layers electrons are produced or consumed by the electro- g — W(
chemical reactions as described above. Therefore, the final 1
quasi-stationary charge balances have the form: ~yalF AR — ) + AP (AP = 0)) (27)

where 0 is the volumetric charge density (CT¥) and I"
is the volumetric charge production (Cths™1) by electro-
chemical reactions:

FAFC'}“F - FAC?‘ + Asn?D(ZAD =0))

0 =icel — Zik(n)~ (21) with j = H,0, CHOH, CQp. In Eq. (27) FAF is the feed
k volume flow rate (Ms™1), VA is the total volume of the
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channels (rﬁ), Cj/‘,\F are the feed concentrations (mo‘[’ﬁ) and It is assumed that the complete pore space is filled with
FA is the outlet volume flow rate (s~1). The difference liquid methanol-water solution and soluted carbon dioxide.

between the two flow rate€*F andF2 can be assumedtobe Formation of a gas phase from carbon dioxide is neglected

small, therefore it is neglected which results in the simplified (SE€ 8ssumptions in Sectir).
formulation given in the second line of E@7). For the three species water {8l), methanol (CHOH)

The anode pressurg” as well as the temperatue® and carbon dioxide (C§), the material balances (formulated
are given as input parameters which are known from the ex- " molar concentrations) are:

periments. Therefore, no total mass and energy balances arQ;CAD 1 3,1?D (30)
formulated here. =
ot Ség)res 9z

with j = H,0, CH;OH, COp

3.7. Cathode compartment (C
P © The total mass balance, analogue to @), is given by

The cathode compartment’s structure is similar to that of ,AD » OmfDd
the anode compartment. The inletis fed with air with the com- —5— —(vEoun P (31)
ponents oxygen, nitrogen (including all other inert gases),
water and carbon dioxide. Oxygen enters the cathode diffu-

Finally, the energy balance is

sion layer (CD) while water and carbon dioxide produced 57AD 1 3P 9ghP
in the cathode catalyst layer (CC) are transported out of the a0 ( ) ) (32)
i ((pe)p0 \ 9z o

DMFC (seeFig. 3 p

The material balances are: analogue to Eq16), but Joule heating due to electron trans-

c port is neglected as the Ohmic resistance (and therefore the
d“ij _ T(FCFCCF_ FCC 4 ASuGP(;CP — 4CP)) (28) electric potential .gradient) in the carbon paper can be as-

d Vv 1 J sumed to be negligible.

In Eq.(32) the molar mixture heat capacityd,)"P is ap-
proximated by the value for pure water (fggpendix D). ¢AP
represents the sum of the enthalpy flux densities connected
with the material fluxes angfP is the heat flux density due
to thermal conduction in the liquid mixture and the pore walls
(carbon fibres).

For constant activity coefficients and pure liquid-phase the
Maxwell-Stefan mass transport equation, &j). simplifies

with j = Ny, Oz, H,0, COp.
Here FCF is the feed volume flow rate (rs™1), VC is
the total volume of the channels $nc5* are the feed con-

centrations (molm®) and FC is the outlet volume flow rate
(m3s~1). The latter can be calculated from the inlet flow rate
and the molar fluxes exchanged with the diffusion layer (CD)
(quasi-stationary total material balance):

c_ qcF, RTC s CD;.CD _ ,CD ©
F-=F"4+—/FA E n:-(z7" =d-") (29) 9 AD xAD jAD _ 4AD jAD
pC — ) AD _ Jj XjJi J] 33
J ~Ctot 32 = Z DAD e toroer (33
i#] ij M

with j = N, Oy, H20, COp. o
The cathode pressupé& as well as the gas and the bipolar With j = H20, CHOH, CO,.

; : . AD 3y
plate temperatureg,® and7g,, ., respectively (explanation The total concer)tratl.on{j)t (molm™) is the sum of all
for two temperatures in Sectich9), are input parameters ~ SPECIES concentrations:
known from experiments. Therefore, as in (A), no ener AD

p (A) 9y (AL —Z (34)

and no total mass balances are necessary.

with j = H,0, CHsOH, CO,

As demonstrated by Krishna and Wesselirig8], this
flux-implicit set of transport equations can be transformed to
get explicit formulations for the flux densities:

3.8. Anode diffusion layer (AD)

The anode diffusion layer connects the anode compart-
ment (A) and the anode catalyst layer (AC) (5&g 3). It con-
sists of a chemically inert carbon fibre material coated with ( APy = ctot D1 AP~y (xAP) (35)
a certain amount of PTFE (20-25wt.%). It supplies educts
(methanol and water) to the anode catalyst and removes the
carbon dioxide from there. It also collects the electrons from

where the elements of the transport matrBWP] are:

the anode reaction and ensures good electric contact withdiagonal elements 8/° = AD. eff Z AD —Aoer:  (36)
the bipolar plate (current collector). All fluxes are assumed M i Dk

to occur only perpendicular to the surface plane (i.ezin LAD

direction). Data about porosity and other physical parametersall other elements B0 = —W~ (37)

are given inAppendix B
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Pressure-driven convective transport is described sepa-
rately by adding a term to the diffusion flux densities to get —

the overall molar flux densitieg}® (mol m~? s™1), analogue
to Eq.(3):

AD :AD
=T

~AD AD
n Cj Up

(38)

with j = H,0, CH;OH, CGOp.

The convective velocity,° (ms™) is calculated as pre-
sented in SectioB.2(Eqs.(4) and (5). As the carbon dioxide
and methanol concentrations in the liquid mixture in (AD) are
small compared to the water concentration, for the dynamic

. . . &
viscosity as function of local temperature and pressure a cor-pCD.eff _ ~pores

relation for pure water is used (calculation sgpendix A.5.

The binary diffusion coefficients related to species-species
interaction were determined from literature correlations (see
Appendix A.9. The binary diffusion coefficients related to
species—matrix interaction are unknown. But for liquid-phase
transport in large pores (in the diffusion layers the pore
diameters are in the order of 10-10f) species—matrix
interactions are small compared to the species—specie
interactions for diffusive transport. But simply skipping the
terms with the species—matrix binary diffusion coefficients
in Eq. (36) leads to numerical problems, as the resulting
transport matrix pAP] can not be inverted by MatLab due to
ill conditioning (too close to singular). Therefore, the values
for the binary species—matrix diffusion coefficients were
set to values which are three orders of magnitude higher

than those of the species—species interactions. Thus, the

numerical problem were solved while the influence of the
wall friction on the individual flux densitieg;? becomes
negligible.

The total mass flux densities, enthalpy flux densities and

conductive heat flux densities are calculated as described in

Sections3.2 and 3.3

3.9. Cathode diffusion layer (CD)
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R ) il 0 S I S
RTCD 97 > pCD-ef t coer (40
i#] ij M

with j = Na, Os, H20O, COy; Wherej?D are the diffusive
mass flux densities in (mol#2s!) and y$P are the gas
mole fractions.

The binary diffusion coefficients can be easily and quite
reliably derived from several correlations (gggendix A.9
or alternatively from the kinetic gas theory. The species—
matrix diffusion coefficients are calculated using the equation
for Knudsen diffusion:

poresdpore |BRTP (41)
M - TCD 3 ITMj

with j = N, Oy, H20, COp.

In Eq.(41) M; are the molecular weights (kg mdi) and
dme (M) is the mean pore diameter in the matrix.

The mass flux densities can be obtained from the transport

equations following the same numerical method as described

for (AD). Also the calculation of the total mass, enthalpy and

Sheat flux densities is analogous. Only one major difference to

the anode side has to be accounted for. On the anode side, a
liquid mixture (mainly water) is pumped through the channels
of (A). Due to the high heat capacity of water and the rela-
tively high heat transfer coefficients between the liquid mix-
ture and the channel walls, a uniform temperattftecan be
assumed. On the cathode side the situation is totally different

in this respect, as the gas mixture has a heat capacity of only

kg

J J
which is negligible compared to that of the bipolar plate

kg J
(¢ p) graphite ™ 200% : 711kg K

~ 1422 105TJ.
m>K
(43)

The effect of this situation, observed in the experiments,
is that the air pumped through the cathode bipolar plate

Material and energy balances are formulated analogue tochanges its temperature only marginally (around 1-2 K max-

(AD). The mobile species are oxygen{Qnitrogen (N),
water (HO) and carbon dioxide (C£).

The major difference to (AD) results from the fact, that
here the mixture is an ideal gas and not a liquid. Therefore,

imum, see also basic model assumptions) and remains at 30—
35°C, while the temperature of the bipolar plate is nearly
the same as that on the anode side (up t6®t the pre-
sented experiments). Thermal energy is transported with low

no total mass balance is needed and the local total pressuréesistance through the planar contact areas at the outer gas-

pP is given by the sum of the local partial pressupé®’
(Pa):

pCD — Z p?D — RTCD Z C?D (39)
J J

with j = N3, Oz, H20, CO,.
For diffusive one-dimensional mass transport in a mixture
of ideal gases, the Maxwell-Stefan Eg) simplifies to:

kets and through the solid materials of the MEA. Therefore,
on the cathode side, two temperatures have to be accounted
for as boundary/operating conditions: The gas temperature,
which nearly equals the feed temperatiife (simplifyingly
assumed to be equal), and the solid temperafg,,, For

the calculation of the enthalpy flux (convective heat flux)
between (CD) and (C), the gas temperatures have to be ac-
counted for, as the gases are the mobile species. For the cal-
culation of the conductive heat flux, the temperatures of the
solid matrices have to be used, as thermal conduction through
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the gas-phase can be neglected in comparison to that through In Eq.(44)for the polymer material the lower index “M” is
the solid materials. used. For each pair of species, a non-ideality paramegtés

But this distinction is only necessary for the energy fluxes required. Crosslinking of the polymer material is accounted
between (CD) and (C). Within the diffusion layer (CD) still for in the last term on the right hand sid¥j ¢, is the num-
a uniform temperature valid for gas and solid matrix can be ber of sequential single polymer chain units (i.e. monomer
assumed, as here the flow velocity is some orders of magni-units) within the main polymer chain between two cross-
tude lower as in the gas channels of (C) and due to the smalllinks, Vix.cu is the molar volume of such a single chain unit
pore diameters and high pore tortuosity an intense heat ex-in (m®mol—1). As the molar volume of the polymer is some
change between gas and solid can be expected. Therefore, therders of magnitude higher than those of the mobile species,
temperature can also be expected to show only a slight slopethe term (1— V;/V;) is approximately 1. In the following,
within (CD), whereas at the interface between (CD) and the three species are accounted for: The polymer backbone, wa-
gas channels in (C) it can change dramatically, depending onter and methanol. Therefore, three non-ideality parameters

the cathode and anode feed temperatures.

3.10. Membrane electrode assembly

The MEA consists of the polymer electrolyte membrane
(M) and the anode and cathode catalyst layers (AD) and
(CD), respectively. These three layers are highly inter-
connected by the proton-conducting membrane material
content within the catalyst layers, therefore they can not be
treated separately. Strains of polymer material are running
through the catalyst layers, connecting catalyst particles to
the membrane on the ionic conductor level. These strains
not only form an ionic connection for mobile protons to the
membrane (M), but also with respect to all species which can

enter the pores within this material. In the case of NAFION™  ACP
these species are water and methanol, whereas the membrane °
is assumed to be impermeable for all gases (carbon dioxide,

oxygen, nitrogen). This assumption is justified by the fact
that the maximum content of these gases in the pore fluid
of the membrane is limited by their solubility in water (and
methanol), which is very low, especially at high operating
temperatures.

As the pore volume of the polymer-phase within the cat-
alyst layers is small compared to its surface open to the free
pores within the catalyst layers, it will be furthermore as-
sumed that, at this interface between the catalyst layers an
the membrane, phase equilibrium is always established.

On the anode side, the phase equilibrium can be describe
applying a UNIFAC activity mode[19] for the liquid in
the free pores of (AC), and a Flory—Huggins activity model
[17,20]for the liquid inside the polymer-phase (for a detailed
description segl5]). In the latter, the activity of a specigs
is given as a function of the volume fractiongof all mo-
bile species and the polymer backbone, treating the polymer
backbone and the mobile species as a liquid mixture (typical
polymers are undercooled liquids):

(

+ =
2. NM,cu' VM,cu M

1— 2

V. 2
v )¢ + Xji€;

aj=¢jexps Y

i#]

1

(44)

are needed, which were determined from swelling experi-
ments[15] as

xH,om = 0.7177, xcr,onm = 0.1348 andyw,o,chon = 1.3.

The protons, strictly speaking, are also a mobile species,
but they are treated separately, as will be presented later.

The anode phase equilibrium for water and methanol,
obtained from a dynamic mass balance model using both,
UNIFAC and Flory—Huggins activity models, can be ap-
proximated by the following fitting functions for (AC) pore
methanol mole fractions below 0.03 (i.e. typical operation
range of a DMFCJ]15]:

h = 254831 (xCH.0H

AC
CH3OH

o )% +4.2821. (x )2

+1.6354- xfi.0n (45)
£fo = —1049956- (xf,0n)° + 20.9052: (x(F,0n)2
+2.6349- X85, oy + 0.4601 (46)

The temperature influence was found to be negligible: Ac-
tivity coefficients predicted from the UNIFAC model for this
system show only a weak temperature dependence, and in the

cflory—Huggins model temperature influences only the molar

volumes, which are also nearly independent of temperature

Jor liquids.

A second phase equilibrium model has to be formulated
for the interface between the membrane (M) and the cath-
ode catalyst layer (CC) pores. Here it is assumed, that in the
pores of (CC) a gas-phase is predominant (i.e. condensation
of water is neglected). Experimental data are available from
the literature (e.g21,22) for the equilibrium relative water
content of NAFION™ (with respect to the number of fixed
sulfonic acid groups —S£J):

AM _ NHMzo

— MO 47)
Nr_so;~

as function of the “water vapour activity” (ideal gas, defined
as in the referencd21,22)):

PH,0

T (49)

* J—
H,0(9) =
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It is possible to fit a polynomial to these data describing and is not changing significantly. Due to the very complex

the phase equilibrium hefé5]: reaction mechanism this rate equation can of course be only a
o «.CC 3 first approach. More realistic models of the reaction kinetics
A =285 (“H’zogg) —0.35) have to account for methanol oxidation reaction intermedi-
#,CC ates and adsorption and desorption phenomena on the bina
+5- (a,0() ~035)+3 (49) anode catalyst.pSuch more detrz)ailed FI)<inetic models were e.gr.y
with proposed irl,2], but the number of free model parameters to
cc be determined is considerable, as is the increase in required
SHCC _ _ PHo (50) computation time.
H20() ™ peat (1CC) The concentrations of water and methanol in the polymer-

phase within (A) (denoted as ACP) are calculated assuming

Finally some attention is pa_ld _to viscous flow in the mem- phase equilibrium with the pores in (AC), as described above
brane material. As the pores within NAFION ™ are extremely (Section3.10

small (in the range of a fe_:w nanometers) the question _arises The total mass balance in (AC) is given by
whether small pressure differences over the DMFC (typically

maximum 2 bars) can lead to a significant viscous flow con- dp”A® vgound M/ M AD AD
tribution. This question can be addressed by some simple g, — ~ jAC (’"tot(Z =0)—mp(z™ =d ))
calculationg15]. The outcome is, that a pressure difference (54)

of roughly ApM ~ 25 bars would be required to obtain water

crossover fluxes of the order of magnitude, which was ob-  As the cell is operated galvanostatically (i.e. the cell cur-
served in the experiments. As in real DMFC operation the rent densityice) is @ known operating parameter), the charge
maximum pressure differences do not exceed 1-2 bars, onébalance can be formulated quasi-stationary:

can conclude that viscous flow can only contribute a few per- . M, M

cent to the measured membrane crossover fluxes. Therefore? = icell — " (2" = 0). (55)

itis justified to neglect pressure-driven flow in the membrane  pye to the quasi-stationarity of the charge balance, the

model. mass and charge balances are not coupled. Therefore, the
current density of the anodic reactiagp, expressed in terms
3.10.1. Anode catalyst layer (AC) of the anodic rate expression, E&3), is identical to the

In the anode catalyst layer one finds several phases whichknown cell current density:
are highly interconnected: free pores, polymer-phase and AC AC .
electron conductor. Water, methanol and carbon dioxide areia =4 - €pores 6+ F - ra(1a) = icell. (56)

the mobile species within the free pores. The catalyst layers Eq.(56) and the anodic rate expression, E53)

are modelled as concentrated parameter systems. The Specigfie anqde overpotential can be calculated numerically by re-
mass balances of (AC) are given by: cursion

deAC pAD(ZAD — gADY _ pM(;:M — () Finally, the energy flux densities at the interfaces between
dj = ACAC / +vajra (51) (AC) and (AD) and (AC) and (M), respectively, are accounted
d Epored! for in the energy balance of (AC):
with j = H,O, CH3OH, CQ, and the stoichiometric coeffi- MM _ AD(,AD _ jJAD
; : : e (" (2" =0) = ™ ("F =d™))
cients of the anodic electrochemical methanol oxidation: AC Mr_M AD7.AD AD
dr + (MM = 0)— ¢"P("° = a*P)))

Va,CHsOH = —1 vaH,0=—1 d ([’)E;)ACdAC - (37

vaco, =+1 vap+ =46 (52)

3.10.2. Cathode catalyst layer (CC)
The rate of the electrochemical methanol oxidation is for-  Very similar to (AC) also in (CC) spatially concentrated

mulated as a Butler—Volmer equation: balances for mass, charge and energy are formulated. The
oBF mass balances for oxygen, nitrogen, water vapour and carbon

AC a . . . . .

Fa = ka [XCHgoH exp <RTACna> dioxide in terms of molar concentrations are:

cc M(,M _ My _ CD( M _
AC (1— a)6F dej™ _ nj @ =d") —n;"G" =0)
xS exp( 2R N 53 & £CC_ o

RTAC

, + v, jre + v i 58
In Eq. (53) kg is the rate constant (molmis1) (value GJTC T TCross) Teross (°8)

for simulationka = 6 x 103 molm—3s71),aisthecharge  with j = Np, Oz, H20, CO,

transfer coefficient (set i@, = 0.1) andn, is the anode over- In EqQ. (58) not only the desired electrochemical oxygen
potential (V). The water mole fraction is not included in Eq. reduction hasto be accounted for, butalso the undesired direct
(53)due to the fact that it can be assumed to be close to unity methanol oxidation:
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(a) Oxygen reduction (consumes tand €):

150, + 6H" + 66" — 3H,0 (59)
(b) Methanol oxidation (produces'Hand e):
CH30OH + 0.50, — CO, + 4H" + 4™ (60)

The stoichiometric coefficients of these reactions are

449

As atthe cathode two electrochemical reactions take place
simultaneously (oxygen reduction with the charge production
raterc, and methanol oxidation with the charge production
ratercros9, @ charge balance has to be formulated either for
the electron or the proton conductor-phase. For the electron
conductor phase this quasi-stationary charge balance is given

by:

V6o, = =15 ven, = 0 VeHp0 = 43 0 = icell + (icrosst ic)- (65)
Voo, =0 vgp+ = —6 In_ Eq. (65)_the_cur_rent density of the cathode oxygen re-
duction reaction is given by
and cc.cc
ic =d-"¢e 56FVC (66)
VerossO, = -05 VerossN, = 0 VerossH,O = 0 pore

(6 exchanged electrons per net reaction) and the current den-
sity of the oxidation of crossover methanol analogous by

It ig known that the r'eac'tion meghanism.of the electro- ; — dCC:CE Ay (67)
chemical oxygen reduction is complicated with several pos- “°°s® pores™~ 7 Cross

sible intermediates. However, as in (AC), in order to keep the (4 exchanged electrons per net reaction). From E&f)—
number of gnkpown parameters small, again a Butler—Volmer (67) together with the cathode rate expression, B4), the
type equation is applied: cathode overpotentigl. can be determined numerically in a

cc \ 15 recursion, similar to the anode overpotential.
e = k Po, ex Finally, analogue to (AC), the energy balance for (CC) is
c — Rc p
10° Pa
L

formulated as:
((eCD(ZCD — 0) — M (ZM — dM))
+ @ =0) — g = "))
(pc,)CCdcC :

In Eq. (61) k¢ is the rate constant (molmis™1) (value
for simulation: kc = 1.27 x 1072t molm—3s1), « is the
charge transfer coefficient (sete = 0.5) ands is the cath-
ode overpotential (V).

Methanol is assumed to be immediately consumed when
coming into contact with the cathode. Therefore, its concen- §cM
tration in (CCP) and (CC) drops to zero. Under these con-
ditions the rate of the direct oxidation of methanol at the
cathodercrossis proportional to the methanol flux from (M)

VerossCO, = +1 Verossh+ = +4.

ac6F
- RTCC Nc

(1 — ac)6F

cC
s (61) & _

dr B

(68)

3.10.3. Polymer electrolyte membrane (M)

The PEM (M) is a one-dimensional transport element like
the diffusion layers (AD) and (CD). The mass balances for
water and methanol are given by:

M
anj

B

with j = H,0, CH;OH.

Yy (69)

to (CC): But the material structure and the occurring physical phe-
" " " nomena are much more complex. The PEM has not a con-

- . nCHgOH(Z =d") (62) stant porosity, but one that strongly depends on the local

oSS dCCCE water and methanol content. The relative water content

Eq. (47), can have values betweeh= 0 (totally dry mem-
brane) andt ~ 30 (fully swollen with water and methanol at
room temperature), depending on temperature and other con-
ditions. Different water and methanol contents result in dif-
ferentdegrees of swelling, and therefore different thicknesses
and porosities. Therefore, itis not suitable to formulate mass
balances in molar concentrations, as these refer to a constant
overall volume. It is more convenient to use a concentration

] ) measure which refers to the constant cross-sectional area of
Following the same argumentation as for (AC), the total he cell, AS (m2). This molar densityV; (mol m~2) is defined

charge balance is formulated quasi-stationary, and is decoug quotient of the total molar amount of spegie®; (mol),
pled from the mass balances as the cell is operated galvanozn( the cell cross-sectional area: '

statically:

0 = ice|| — lM(ZM = dM)

The concentration of water in (CCP) is calculated from
the equilibrium condition presented in Sect®i0

The overall pressurg©C is calculated from the concen-
trations of all four gas specie§c according to the ideal gas
law:

pCC — RTCCZ C?’C
J

(63)

N.
N; /

=4 (70)

(64)
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For the mass transport equations (see below) a varietyspecies within the membrane pores, i.e. the gradients of
of other concentration measures are needed. The necessarhe chemical potentials have to be used as driving force,
conversions are given ippendix E which are equal to the gradients in the species activities

Using this introduced molar density, the mass balances for (calculated using the presented Flory—Huggins activity
the control volumes (indek) in the discretised model have model). The pressure-dependency of the chemical potentials

the form as well as viscous flow due to pressure differences across the
diM membrane can be neglected as was shown in Segtidh
Pk M _ M (71) All this leaves the following form of the Maxwell-Stefan
dr Jk Jk+1

equations for the mobile species£ H*, H,O, CHzOH):
with j = H20, CHsOH.

In Eq.(71), swelling of the membrane is assumed to be in _M A
the steady state. A total mass balance is not formulated, as a'}" Z 77 RTM 3z
pressures are not discussed within the membrane.

) . . _ M, M MM M
The charge balance is considered in steady state (quasi- __ Z I T n nj (75)
: . - M, eff M, eff
stationary): Py 12 123
oM o
=% (72) In Eq. (75), as superficial viscous flow due to pressure

gradients is not accounted for, the total molar flux densities
As the mass balances, the energy balance is quite similar:; appear in the friction terms on the right hand side of the
to that in the diffusion |ayer3. The Only difference is thatit has equa‘[ion_ Three of the six binary diffusion Coefﬁcien%’gf

to account not only for convective and conductive heat fluxes, are taken from the literatuf@3] as a starting point, using the
butalso for Joule heating resulting from the electric resistance general expression

of the membrane caused by friction between mobile charged

species and the immobilised counter charges at the pore walls. EA /1 1

The heat production due to Joule heatifly, (I m3sY),is BT, AM) = DY AM exp |- —7 5
. . Jople . J J R \T T

proportional to the electric current densityand the gradient

of the electric potentiap™:

(76)

with the reference temperatuf@ = 298 K. The values of
MM @ (73) the standard diffusion coefficients and the activation energies
Joule oz are given inTable 2 The two additional binary diffusion co-
efficients for methanol/pore wall and methanol/protons are
formulated in the same way, using the literature values for
oM 1 M agM M - water/pore wall and water/protons as a first estimate, respec-
o (eepM 9z oz T oz | (74) tively. The coefficient for methanol/water is calculated using
the free solution correlation of &¥puk and MiNHas for so-
In the following, transport equations for mass and energy |ytes in aqueous solutiof34d]:
are formulated for (M). The charge transport is expressed in
terms of the proton flux. Mass transport is described using DCH;0H.H,0 ~ D?:OHgoH,Hzo
the Maxwell-Stefan approach, as has already been done

With all this, the energy balance finally is

for the diffusion layers. But in the PEM, a more complex = 1.25- 10" (Vg 3.6} — 0.292)7%%(n}S0)* (77)
formulation of the driving forces has to be chosen. First,
the migration term has to be included, as one of the mobile . 9.58
. . P with €* = —-112.
species (protons) is charged and an electric field is present VCH50H

within the membrane. Second, the diffusive term has to  Alldetails onderivation of the binary diffusion coefficients
account for the highly non-ideal behaviour of the mobile are given inAppendix A.9

Table 2
Parameters for calculation of binary diffusion coefficients in Nafion™ (M represents solid matrix/pore wall)
Species pairi(j) Original (* =[23]) parameters Adjusted parameters

B, (m?s™h) Ef} (kImolt) B, (m’s™) Ef} (kJmol™)
H,O/H+ 0.85 x 10710 (%) 10.54 (%) 0.15x 10710 10.54
H,0/M 0.55 x 10711 (%) 20.25 (*) 0.20x 10711 50.25
H*/M 0.22 x 10710 (*) 10.54 (*) 0.22x 10710 10.54
CH3OH/H* Identical to HO/H* 0.60 x 10710 8.43
CH3OH/M Identical to HO/M 5.00 x 10711 25.13

CHzOH/H,O 125x 10712 - 500x 10712 -




T. Schultz, K. Sundmacher / Journal of Power Sources 145 (2005) 435-462

As the flux density of protorvs“H’L is given by the electric
current densityce| Using Faraday’s law

Leell

F F

only the flux densities of water and methanol have to be de-
termined. In this case, the flux-implicit transport equations,
Eq. (75), can be easily transformed into a flux-explicit form
by rearranging:

M iM

nH+ =

: (78)

Lw,0 + LcHzoH — np+ L1 — nH,0L2

M
NCHZ0H = I3 (79)
Ln,0 —np+(La — (L1Le/L3))
Mo~ (L2 + L3)(Le/L3) (80)
H20 Ls — (L2Le/L3)
with
M M
CH,0 94,0
LHZO = _LIMZ BZZ 5 (81)
H,0
M M
CCHz0H JCH0H
L === 82
CH3OH Mo (82)
X0 XCHzOH
Ll - _Deﬁ - Deﬁ 3 (83)
H*,H20 H+,CH30H
XH+ 1
Ly = i + Bef and (84)
H+,H0 HoO,M
XH+ 1
L3= —¢ + — , (85)
DRt cHon  PCHzonM
XH,0
Ly= —Deﬁiz, (86)
H+,H,0
_Xp+ XCH4OH
Ly = i i Bef and (87)
H+,H,0 H0,CH3OH Ho0,M
Lo= H,0 (88)

o
DHZO,CH30H

The electric potential gradienig™/3z in the mem-

brane material, due to the transport resistance to the proton

flux (*Ohmic drop” over membrane) is obtained from the
Maxwell-Stefan equation for the protons as:

oM RTM
—— = ——w = (Lu+ +nu+ L7 + nh0Ls + ncH;oHLo)
0z Cryr
(89)
with
M oM
Yy 0a .
Ly+ = -8 TH (90)
a9z
_ XH0 XCH3OH 1
L7 Deﬁ Deﬁ + Deff ’ (91)
H+ H,0 H+. CHsOH H+.M

451
Lg = —Déx% and (92)
H+,H0
XH+
Lg= —Deﬁi. (93)
H+,CH3OH

The problem with Eq(89)is, that for the protons no Flory—
Huggins non-ideality parameters are known. Therefore, inthe
above equations, the activity of protons is approximated by
the mole fraction of protons in the pore quuitﬂ+.

For the energy balance in (M), transport equations are
needed for thermal conduction and convective heat transport.
Both are similar to the equations for (AD) and (CD):

M
0T

Conductive heat flux g™ = —axM-€ o
z

(94)

Enthalpy flux (convective heat flux)e™ = > " n''h;(T™).
J

(95)

4. Simulation results

The presented DMFC model was implemented in MatLab
using the solver ode15s to carry out dynamic simulations into
steady state at a variety of operating conditions. The param-
eters which were varied are the anode feed temperattfre
and the cell current densitye. Fig. 4 presents some of the
results of these steady state simulations and corresponding
experimental data for anode feed temperatures from 30 up
to 90°C at varying cell current densities. All other operating
conditions are given in the figure. It has to be emphasised that
all simulation results are obtained using the same set of pa-
rameters (presented in the preceding sections and the respec-
tive appendices). The parameters for the calculation of the
binary diffusion coefficients are based on those found in the
literature[23], but have been slightly adjusted in order to get
a better fit of the experimental data (values givemable 2.

The activation energies used (right columable 2 are in

the typical range for diffusive transport. Interesting is the high
value for the pair water/membrane. Here possibly additional
thermal effects are reflected, like those related with solvation.

As one can see frorkig. 4, in general a reasonable ap-
proximation to the experimental steady state results has been
achieved. The simulation results for the membrane crossover
flux densities as well as for the current—voltage curves are
in the orders of the experimental data. Also the trends are
predicted correctly, i.e. water crossover fluxes increase with
current density and methanol crossover fluxes decrease with
current density. Especially for the methanol crossover, all
simulation results are within or close to the error bars of the
experimental data (error bars based on evaluation of the ac-
curacy of the sensors used to determine the crossover fluxes
[15]). As the methanol crossover plays a key role for the
performance of the DMFC, its correct prediction is one of
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Fig. 4. Experimental (symbols) and simulated results (lines) for a single-cell DMFC. Left: crossover flux densitigsafeft HO, right y-axis:

CH3OH); right: current—voltage-curvestF = 30,...,90°C, p» = p€ = 1.7 bar, “éﬁaoH = 1moldnt3, ¢
FCF = 0.5 scbm i1, cathode feed: air with dew point® at 1 bar).

cCo, =

1umoldm3, FAF = 0.5dn? min—1,

the most important benchmarks of any mathematical DMFC very high temperatures. The experimental crossover water

process model.

fluxes through the membrane show an increasing gradient

Significant deviations from the experimental observations with increasing current density. Such a behaviour can not
exist for the crossover water flux densities at very low and be explained by the Maxwell-Stefan model, as the model
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allows an utmost only linear dependency between flux and situation at both electrodes, would significantly enhance the
current density. Also the binary diffusion coefficients within prediction of the current—voltage curves.
the membrane material are formulated such, that they are  Nonetheless, for moderate cell currentdensities, the model
increasing linearly with the local relative water content (a predicts slopes of the current—voltage curves, which are close
very recent publication supports this assumpf{i4l). Fur- to the experimental results. In this regime, the cell behaviour
ther optimisation of the parameters for the calculation of the is dominated by mass transfer phenomena within the mem-
binary diffusion coefficients can be expected to yield even brane, which seems to be reasonably represented by the
better approximations to the experimental crossover fluxes.model.
For this purpose, numerical optimisation methods can be ap- At high cell current densities, finally, the predicted cell
plied. But for this task, first the computational time of the voltages are much higher than the observed experimental val-
model should be reduced by either optimising the source ues. Also, the experimental results show a typical limiting
code, or implementing the model in other, faster solver tools current behaviour (breakdown of the cell voltage), while the
than MatLab. Finally, also the applied Flory—Huggins activ- model shows such limiting current behaviour only for signif-
ity model influences the simulation results in terms of the icantly higher cell current densities (not shown in the plots in
membrane crossover fluxes. The Flory—Huggins model wasFig. 4). Here it becomes evident that the model is based on
originally formulated for mixtures of uncharged polymers severe simplifications with respect to mass transport in both
and uncharged solvents, therefore its application to a poly- diffusion layers. The model does not account for the possi-
mer electrolyte demands further discussion. ble coexistence of two phases (gas and liquid) within both
After analysing the simulated crossover fluxes, now diffusion and catalyst layers, although it is well-known from
the simulated current—voltage curves, overpotentials andvarious experimental observations. Carbon dioxide bubbles
potentials drops over the membrane are discussed. Theare released from the anode diffusion lafj25,26], conden-
results are presented in the left columnFdg. 4. Generally sation of water can occur inside the cathode pore structure
it can be observed that the cathode overpotentials are very(so-called cathode floodingf]. Both phenomena lead to in-
high, even for open circuit conditions. This is due to the creased transport resistances for the fuel (methanol) and ox-
oxidation of crossover methanol at the cathode, and theidant (oxygen) to the respective electrodes and they are both
resulting mixed potential formation. The influence of the cell most important for high current densities, i.e. for the limit-
current density on the cathode overpotential is only small. In ing current behaviour. Such two-phase transport behaviour
contrast to this, the anode overpotential varies significantly has therefore to be included in a DMFC model if a realistic
with the cell current density. At open circuit conditions, simulation of the limiting current behaviour is to be achieved.
the anode overpotential is close to zero, for high current  Asthe model is one-dimensional perpendicular to the cell
densities, values around 0.25V are found. Finally, the total plane, profiles through the DMFC are obtained for concen-
potential drop over the membrane shows a nearly linear trations, temperature, pressure and all presented fluxes. Ex-
increase with only a small slope. What seems remarkable isemplarily selected steady state profiles are presentEdyin
the fact, that it is not zero at open circuit conditions. This 5 for an anode feed temperature of €D and a cell current
can be explained with the diffusive flux of water through the density of 200 mA cm?. All other parameters are the same
membrane, which also takes place when there is no electricalas those given ifrig. 4. In Fig. 5the ordinates show the real
current flow. The water molecules exert a drag on the protonscell geometry with respect to the thicknesses of the different
in the membrane, but the protons are withheld by electro- layers of the DMFC. The vertical lines represent the limits of
static forces between them and their counter-ions boundthe control volumes, illustrating the spatial discretisation of
to the membrane material. An electric field is produced by both diffusion layers (AD, CD) and the membrane (M). One
this phenomenon, which is often referred to as streaming can see that both diffusion layers are represented by five con-
potential. trol volumes each, and that the membrane is discretised into
Another observation frorfrig. 4is, that the experimental  ten control volumes. It is also apparent that the thicknesses
open circuit cell voltages increase with the cell temperature, (i.e. the volumes) of the diffusion layer control volumes are
while the model predicts a decrease. This is to a large extentconstant, as these layers consist of a rigid solid matrix. In
due to the fact, that in the model the open circuit cell voltage contrast to this, the thicknesses (and therefore also the total
is calculated from thermodynamics using some simplifying volumes) ofthe membrane control volumes change due to dif-
assumption$l5]. These thermodynamic relations exhibit a ferentwater and methanol contents, representing the swelling
decrease of the open circuit cell voltage with increasing tem- behaviour of the membrane material. Simplifyingly, in the
perature. The difference between the thermodynamic and themodel all volume changes due to swelling only influence the
real behaviour results from the fact, that in reality not a one- thicknesses of the control volumes along the model coordi-
step total methanol oxidation takes place at the anode (as imate perpendicular to the cell plane. It has to be mentioned
assumed in the thermodynamic considerations), but a verythat the thicknesses of the anode and cathode channels, (A)
complex, multi-step network of adsorption and desorption and (C), respectively, do not represent their real dimensions.
processes and reaction intermediates exists. A better predic- One can see that for the diffusion layers,(AD) and (CD),
tion of the open circuit voltage, based on a more realistic nearly linear concentration and partial pressure profiles are
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obtained. The slopes of the partial pressure profiles in (CD) thickness of the membrane control volumes from anode
are only small. Also the total pressure differences betweento cathode.
the supply channels and the respective catalyst layers are The conductivity of the membrane is given by the friction
only in the order of a few mPa. Obviously, according to the exerted on the moving protons. This friction is represented
here applied model, mass transport in the diffusion layers by the binary diffusion coefficients, which in turn are func-
is quite fast, especially on the cathode (i.e. gas) side (as wadions of the local water content. Therefore, also the proton
already pointed out above referring to the limiting current conductivity is a function of the local water content and thus
behaviour). varies locally. The same is true for the potential gradient in
Shown inFig. 5are also the phase equilibria for water and the membrane.
methanol within the catalyst layers between the free pore Finally, the temperature profile exhibits only very small
concentrations and the equilibrium concentrations within the gradients over the inner layers of the DMFC. The total tem-
membrane material (as described in chapter 3). One can se@erature difference between anode channels and outer side of
thaton the anode side the methanol concentration in the mem-+he cathode diffusion layer (CD) is less than 3 K. Only the air
brane pores is slightly higher than that in the free pores, while in the cathode channels has a much lower temperature close
the water concentration in the membrane pores is alittle lower to its inlet temperature, due to the short residence time and
than thatin the free pores (see circles in the upper two plots ofthe small heat exchange coefficients between channel walls
Fig. 5. The phase equilibrium for water in the cathode cata- and gas (see discussion in Sect8).
lyst layer (CC) is also highlighted by circles in the respective ~ From the simulation results, it is possible to evaluate
plots. the importance of the different mass transport contributions
The mostinteresting concentration profiles develop within (driving forces and friction) in the generalised Maxwell—
the membrane (dashed concentration profiles in the upper twoStefan framework, Eq1). Table 3presents the quintessence
diagrams ofrig. 5). The methanol pore concentration shows of this evaluation. In the top line, the complete Ety) is
a strongly bent profile in the direction of the overall flow, i.e. given. In the following rows the importance of the individual
towards the cathode. This makes sense as methanolis draggetgrms of the generalised Maxwell-Stefan equation is indi-
along with the water flow (diffusion and electro-osmosis). cated for each of the three mass transport related layers of the
Also the water profile is slightly bent in the same manner due DMFC and each mobile species by “++" (very important),
to electro-osmotic transport. Nonetheless, diffusion remains “+” (moderately important) and blanks (not important/
the major mode of transport for methanol and water. Most negligible).
interesting is the big difference in the water content between  Obviously, multi-component diffusion represented by the
anode and cathode side of the membrane. While on thegradient in the chemical potentials as driving force, left term,
anode side a relative water content of around 26 is reached and both friction terms (species-species and species—matrix),
on the cathode side only values around 4 are found. This isright side of Eq(1), are the mostimportantinfluencing factors
due to the operation of the cell with dry air at high flow rates. for mass transport of all mobile species.
Water is transported away from the cathode catalyst layer The pressure-dependence of the chemical potentials
(CC) very efficiently, drying out this side of the membrane (second driving force term on the left hand side of Ek)
according to the phase equilibrium relation (E4P)). This is negligible in all DMFC layers. This is generally justified
change in water content is also illustrated by the decreasingfor liquid phases if no large pressure gradients exist. This

Table 3
Importance of mass transport contributions in 8q.(driving forces and friction terms): ++ = very important= important, blanks= not important/negligible
!
L‘_/‘ i Cj —. a_,' . BO ) F _ x,-nj —xjn,- }’lj
_EVTJ’M/ —EV,VP _ﬂC/TVp —C/Zjﬁv(f) —ZT +Deﬁ
. ij M
i#j
AD
H>O ++ ++ ++ +
CH3OH ++ + ++ +
CO; ++ + ++ +
M
Ht ++ ++ ++ ++
H,O ++ ++ ++
CH3OH ++ ++ +
CD
N2 ++ ++ ++ +
(0]} ++ + ++ +
H,O ++ + ++ +
CO; ++ + ++ +
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term is only relevant for applications with extremely high e Influence of pressure differences between anode and
pressure differences as they can be found e.g. in reverse cathode on the water and methanol transport through the
osmosis and pervaporation processes. On the gas side of membrane: can the respective term for pressure-driven

the presented model, i.e. in the cathode diffusion layer
(CD), it is also negligible due to the very low pressure
gradient.

The third driving force is pressure-driven convection. This
is accounted for in both diffusion layers and has shown to play
an important role especially for the excess components in the
respective fluid mixtures, i.e. water in (AD) and nitrogen in

convection in the Maxwell-Stefan equations really be
neglected? Several experimental studies (also own, yet
unpublished, results) have shown an increase in cell
performance when on the cathode side of a DMFC a
higher pressure is applied than on the anode side. Is this
due to decreased methanol crossover, or due to the higher
oxygen partial pressure at the cathode?

(CD). Within the polymer electrolyte membrane this termis e
neglected due to the low hydraulic permeability.

Finally, the electric field as driving force only applies to
protons as the only mobile charged species. .

Is osmotic pressure (which has not been discussed in
this paper at all) intrinsically accounted for using the

Flory—Huggins activity model?

More realistic models for the anode and cathode re-
action kinetics accounting for reaction intermediates,

adsorption/desorption phenomena etc.

5. Conclusions

Based on a systematic approach, a one-dimensional pro'Appendix A. Physical properties of pure substances
cess model of a DMFC has been developed. In this model,

mass transport within the different porous structures of the 5 1 pensities
DMFC is described using the generalised Maxwell-Stefan

equations. For the membrane an activity model based on 1,4 gensities of all liquid and solid materials are assumed

the Flory-Huggins approach is used accounting for swelling y, pe independent of temperature and pressure. They are col-

phenomena, related non-idealities and phase equilibria alecteq inTable 4 All gases are assumed to be ideal, therefore
the boundary between me_mbrane material gnd _CatalyStthe density of dry air can be calculated using the ideal gas
layer pores. The model yields good approximations to |5

experimental data with respect to mass transport (crossover)
and also reasonable results with respect to steady-state _
- . Pair(p, T) =

current voltage characteristics. It has to be pointed out,
that all simulations were carried out with one single set of . 1v.1
parameters. with the specific gas _constant of &g, = ?87.22J kg*K

The most significant deviations between simulated and ex- [31]: temperature T in (K) and pressipen (Pa).
perimental crossover fluxes occur for high current densities, 1 N€ density of the mixed anode catalyst can be calculated
in the limiting current regime. To get more realistic simulation ffom the mass fractions of both metals and their densities:
results in this respect, two-phase flow in the anode (carbon
dioxide bubble formation) and cathode (condensation of wa-
ter = cathode flooding) pore structures has to be accounted
for in an improved model.

Also significant deviations exist for the current-voltage
characteristics. This can be attributed to the use of simple A.2. Heat capacities
Butler-Volmer rate equations for both electrode reactions.
As the real reaction mechanisms are known to be com- Literature data for pure substances are giveiidhle 5
plex reaction networks with several intermediates, side For air as a standard mixture of mainly nitrogen and oxygen,
and parallel reactions and coupled adsorption/desorption
phenomena, a Butler-Volmer approach means a significant;ape 4
simplification, and thus can lead to less realistic simulation mass densities
results, especially in the kinetically dominated region of ;m5oneng
the current—voltage curves (i.e. for low current densities)

(A.1)

PPtRU = WPYPt + WRuPRY = 0.66 - 21400+ 0.34- 12400
= 18300kgm® (A2)

Densityp; (kg m—%)

Liquid water, HO (1) 997[27d]
(seeTables 4-1) . ~ Liquid methanol, CHOH () 791[27d]
Summing up, further model refinement and analysis will carbon/graphite (base material 2000
address the following issues: of TORAY™ carbon paper)
Teflon™, PTFE 219(28]
) o Dry Nafion™ 197030]
e Coexistence of two phases (gas and liquid) in the anode Piatinum, Pt 2140(r9]
and the cathode diffusion and catalyst layers. Ruthenium, Ru 1240[29]
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Table 5 Table 6
Heat capacities Standard enthalpies of formati¢2i7b]
Componentj Heat capacity Componentj ARHY (kImol™)

Cp,j (MoK~

Cp,j (‘] kgl Kil)

Liquid water, HO (I) [27b]
Carbon/graphite (material of
TORAY™ carbon paper)

Teflon™, PTFE

Platinum, Pt

Ruthenium, Ru

Oxygen, Q(9)

Nitrogen, N>(Q)

Water vapour, HO(g)
Carbon dioxide gas, C£g)

75.29[27b]
8.23[32]

29.36[27b]
29.13[27h]
33.5827b]
37.11[27h]

4183[27D]
685[32]

101(08]
13029]
23[9]

a mean heat capacity can be assumed:

Cpair=0.79-Cpn, +021-Cp o, = 2918 Imol 1K1,

(A.3)

the molar masses of oxygen and nitrogen:

CpN
Cp.air = 0.79- % +0.21-

N2

CP, O2
Oz

A.3. Thermal conductivities

[33b]). The thermal conductivity is showing a nearly linear %S = 10-2 exp
increase with temperature. Linear regressions yield the fol-

=1015Jkgt K1

(A.4)

lowing simple expressions (with temperatdria (K) andA ;

Liquid water, HO (1)
Oxygen, Q(g)

Nitrogen, N(g)

Water vapour, HO (g)
Carbon dioxide gas, C£Xg)

—285.83
0
0
—241.82
—393.51

of formation, A,:H? (Imol?t K

—1y at standard tempera-

ture 7% = 29815K, and the specific heat capacitiégj

(Imor1K—1:
hj = ApHY + Cp (T — T9).

(A.8)

The values for the heat capacities are given in Section
A.2. The standard enthalpies of formation are presented

in Table 6

For liquid methanol, no standard enthalpy of formation

. ) was found, but absolute values of the specific enthalpy for
The mass-based value can be obtained by accounting folyigterent temperaturg83c]. A linear regression and conver-

sion from mass to molar basis yields the expression

heryon() = —3726+ 48.8T

(A.9)

with hcr,ong) in (Jmoft) andTin (K).

A.5. Viscosities

According to[34a] the viscosity of pure liquids in (Pas)
For liquid water and air data for different temperatures can be calculated from expressions of the type
are given in the literature (e.g. for watdB3a], for air:

A+ Bi 2
j+ =+ CT+ DT

(A.10)

with temperaturd in (K). Table 7presents the values of the

in (Wm~tK=1)): parameters for water, methanol and carbon dioxide as well
_ 4 as the temperature range, for which they are valid.
0@ = 0.341+926x 107 T (A-5) At pressures well below 10 bars @1Pa), the viscosity of
Aair = 0.0034+ 7.6 x 10°°. T (A.6) most gases and gas mixt_ures is nearly independe_nt of the
. _ _ pressure, but only a function of temperature. For air values
For wet Nafion™, in the literature a value of for different temperatures (at a pressure of 1 bars>PH)
Dot Nafion = 0.43 W 1K1 (A7) are available in the literature. These data show a nearly lin-

ear dependence between viscosity and temperature. A linear
regression yields the expression

U — (4.65+ 0.0464-T) - 1078

is reported23].
A.4. Specific enthalpies (A.11)

where the temperatuieis in (K) and the viscosity results in
The specific enthalpieg; (JmoltK=1) of the fluid (Pa's). The relative error compared to the literature values is
components are calculated from the standard enthalpieshelow 0.4%.

Table 7

Parameters for calculation of liquid viscositi@gla]

Component T (°C) Aj Bj Cj Dj

Water, HO(l) 0to +370 —24.700 4209 0.04527 —3.376x 10°°
Methanol, CHOH(l) —40to +239 —39.350 4826 0.10910 —1.127x 10~*
Carbon dioxide, CXl) —56 to +30 —3.097 48.86 0.02381 —7.840% 10°°
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Table 8 _ _ The speed of sound in water in the respective temper-
Antoine equation parameters for calculation of vapour pres$aggs ature and pressure range is nearly constant at a value of
Temperature range Aj B; C; UsoundH,0 = 1500 m sl
Water, HO

304-333K 5.20389 1733.926 —39.485 e .

334-363K 5.07680 1659.793 _ss854 A9 Diffusion coefficients
Methanol, CHOH . . . ..

288356 83K 5.20400 1581 341 _33.500 Two types of binary diffusion coefficients are necessary

353.4-512.63 K 5.15853 1569.613 _34.846 for the modeling of mass transfer using the Maxwell-Stefan
approach: One for each pair of the mobile species and one for
each mobile species’ interaction with the wall of the porous
structure. In general, all binary diffusion coefficients depend
on the temperature and the overall composition.

A.6. Vapour pressures

The vapour pressures of water and methanol can be cal-

culated using the Antoine equati3?] A.9.1. Diffusion coefficients in the polymer electrolyte
membrane (M)
l0gy0 (psatj (bar) = A; — Bj (A.12) For Nafion™, extensive studies have been made to de-
' T (T(K) +C termine those diffusion coefficients from experimental data.

In [23] such expressions are presented. But as most re-
search in polymer electrolyte membrane fuel cells is focused
on hydrogen-consuming cells, these expressions are not ac-
counting for methanol but just water within the ionomer
pores. The expressions are of an Arrhenius type to account

The parameterd ;, B, C; are given inTable 8
A.7. Liquid molar volumes

For water and methanol, literature values are available

[34b]: forthe temperature influence. As only composition influence,
o the relative water contertM as ratio between water and
Vi,0 = 187 x 10 ®m®*mol ! (A.13) sulfonic acid groups’ mole fraction is accounted for. As the

_ 63 1 sulfonic acid groups at the pore walls are not balanced, it is
VeHgoH = 42.5 x 107> m”mol ™. (A.14) more convenient to use the proton mole fraction instead (elec-

The value for carbon dioxide can be calculated using the troneutrality). The general expression for the binary diffusion
method of SchroeddB4c] as coefficients in (M s~1) according td23] is:

Vco, = 3+ 2)- 7enPmol ! = 35 x 1078 m®mol 2. EA/1 1
“r\r7mw)| *19

D1, AM) = DY AM exp

(A.15)
Applying the same method, a proton has a molar volume yith the reference temperaturé = 298 K. The values of the
of standard diffusion coefficients and the activation energies are
Vir = 7 x 107 m3mol 2. (A1e) ~ gveninTable2

Asinthe case of the DMFC also methanol is present within
the membrane pores, three more binary diffusion coefficients
are necessary for the pairs (gBIH/H,0), (CH:OH/HT) and
(CH3OH/M). As for the latter two no literature data are avail-
able, they have to be estimated and fitted. As the methanol
concentration is very low compared to that of water, an er-
ror in these two diffusion coefficients should have only a
weak influence on the diffusion of water and protons. But

k;jRT the diffusion of methanol is of course severely depending
Ksoundj = | =5 (A.17) on these three values. Nonetheless, as methanol is in many
/ respects not so different from water (highly polar, small com-

For air, the heat capacity ratio in the important temperature pact molecule) as afirst approach it is assumed that methanol
range (300. .., 400 K) and pressure range$lx 10° Pa) is has the same diffusion properties as water, consequently the
nearly constant at a value of 133f]. same parameters are used as starting point for the fitting pro-

The molar mass of air can be approximated assuming aircedure. They are shown Fable 2
consisting only of oxygen and nitrogen with the respective ~ The remaining binary diffusion coefficient for the pair
mole fractionsyo, = 0.21 andYy, = 0.79: (H2O/CH3OH) is calculated assuming a free solution of
_ _ _ methanol in water at infinite dilution (correlation of Hayduk
Mair ~ yo, Mo, + yn, Mn, = 28.84gmol . (A.18) and Minhas for solutes in aqueous soluti@4d], diffusion

A.8. Speed of sound

For ideal gases the speed of sound is related to the ratio
of the specific heat capacities= C,/C,, the temperaturé
in (K), the molar mas3/; in (kg/mol) and the universal gas
constantk = 8.314 J/(mol K)[33e]:
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coefficient in (nfs~1)):

~ o0
BcHzoH,H0 & DCh,oH,H,0
=_019

= 1.25x 107 2(Vg 6 — 0.292)r22(niSo)*  (A.20)
with the exponent
oo 208 1.12, (A.21)
VcHsoH

the molar volume of methanOFCH30H = 425cm® mol~1
and the viscosity of pure watef}>, in (cP= 10°Pas).

A.9.2. Diffusion coefficients in the anode diffusion layer
(AD)

The binary diffusion coefficients of the mobile species
in the anode diffusion layer (AD) are calculated using the
Tyn-Calus method34ejfor diffusion coefficients in liquid
solutions at infinite dilution (in (As™1)):

T

Vi P\
DY =893x 10 1| — <’>
J V? P; n

— (A.22)
J

vis”
J
Here componentis the solute anglis the solvent. The

molar volumesV; are in (cn¥ mol~1), the viscosities)'® in
(cP= 10°Pas) and the temperatufen (K). P; and P; are

so-called parachors, which are related to the quuid surface peff _ fdﬂe i@
tension, but can also be estimated from a groups contribution ’ T 3 M

method developed by Quaye4e]. For water, methanol and
carbon dioxide, this method leads to parachor values of

Pi,o=2-Py+ Po.-=2x155+20

=51cn?P g®?5s05, (A.23)
Pchz;0H = PcHs + Pon = 555+ 29.8
= 853cnP g??°s703, (A.24)

Pco, = Pc+2- Po =942 x 20=49cn? ¢*%°5705,
(A.25)

According to the literature, if water is the solute, the para-
chor and molar volume values of water shall be doubled (wa-
ter is treated as a dimer).

With the help of Eq(A.22), all six diffusion coefficients
at infinite dilution for the three species (water, methanol, car-

bon dioxide) can be calculated. To get the necessary three

binary diffusion coefficients, each pair of the former six val-

ues belonging to the same two species are combined using{Ne

the method of Vigneg34f]:

Dij IS Dl] = Ol\ﬁgnes[(Diojo)xj(D?l-o xi]. (A26)

Both mole fractions;; andx; are set to 0.5, the thermo-
dynamic factorryignes is assumed to be 1 (ideal mixing be-
haviour of the two species), leaving the expression

B;j = (DY D). (A.27)

459

As the mass transport takes place within a porous ma-
trix, effective diffusion coefficients are needed. To convert
the gained values into effective coefficients, it has to be ac-
counted for the morphology of the solid matrix represented
by the porositys and the tortuosity coefficient[18]. (Note
that there is a mistake in the mentioned reference: there both
diffusion coefficient’s indices have been confused.)

_ EDU. (A.28)

To describe the ratio between tortuosity coefficient and
porosity, many approximations exist. According18],o0ne
of the most commonly used is based on the approximation
that the tortuosity is only a function of the porosity (and not
of the size of the mobile species):

=¢ 15 (A.29)

T
A.9.3. Diffusion coefficients in the cathode diffusion
layer (CD)

In the cathode diffusion layer it is assumed that all mobile
species (oxygen, nitrogen, water vapour and carbon dioxide)
are ideal gases. The diffusion coefficients describing the in-
fluence of the pore wall are calculated using the Knudsen
equation (according tA.8]),

(A.30)

although here, strictly speaking, no Knudsen diffusion takes
place due to the big mean pore diameter in the carbon pa-
per which is some orders of magnitude bigger than the gas
molecule diameters. It turns out that the coefficients calcu-
lated from Eq(A.30) are of such an order of magnitude, that
in the end there is no significant influence of the wall friction
on diffusion.

The pair diffusion coefficients of the mobile species are
calculated according to the method of Fuller, Schettler and
Giddings in free gas phag@3d](in (m?s~1)):

1077711'75\/(]\711' + M])/MIM]
PV + (S v

Here the temperatuiiis in (K), M are the molecular weights

in (g/mol), p is the pressure in (atm10° Pa) and the sum
terms are sums of atomic diffusion volumes, which are tab-
ulated for many simple gase®able 9. To get effective dif-

~
~

Py ~ Dy = (A.31)

fusion coefficients, also here E@.28) is used.

In the simulations, the presented diffusion coefficients
re used as starting values. In order to get a better fit to
experimental data, some of these values have been slightly
adjusted, as presentediable 2

Table 9

Parameter values for EGA.31) (atomic diffusion volumes taken frof83d])
O, N2 H,O CO

M; (gmol?) 32 28 18 44

v, (emPmolt) 16.6 17.9 12.7 26.9
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Table 10

Physical properties of TGP-H-060 carbon paj3&]

Thickness um)  Electrical resistivity (r2 cm) Thermal conductivity (W m!t K1) Porosity (<)  Bulk density
Through plane  In plane Through plane (ZD) In plane (20C)  in plane (100C) (gem™)

190 (170% 80 5.8 1.7 21 23 0.78 0.44

a20wn measurement used for further calculations.

Appendix B. Porosities and volume fractions and PTFEpptre = 2.19 g/cn? andocarbon= 2.0 g/cn? the

porosity of the PTFE-treated TORAY ™ paper results as
i I 1 ™ -
The major physical properties of TORAY™ paper TGP PTFE-treated Toray_ () 77 (8.9)

H-060 (according to data sheet supplied by Toray Deutsch- €pores
land GmbH) are given iTable 10 As the carbon paper is
PTFE treated prior to use in the DMFC, the real porosity has
to be calculated as a function of the PTFE content. The t0- epr l—c¢

g pores
tal volume of the carbon paper is the sum of the carbon, the PTEE-treated Torar
PTFE and the free pore volume: — €carbon = 0.07. (B.10)

The PTFE volume fraction is then finally

PTFE-treated Toray__ PTFE-treated Toray

Viot = Vearbon+ VPTFE+ Vpores (B.1) Also the porosity of the catalyst layers has to be deter-
mined. It can be calculated as the sum of the volumes of
The carbon volume can be expressed by the porosity of 5| dry materials within the catalyst layer (i.e. catalyst and
the untreated carbon paper (Seble 10: NAFION™) divided by the total volume of the catalyst layer.
Vearbon= (1 — 8gg%esated Torayy, (B.2) The catalystand NAFION™ volumes are calculated from the
masses and the densities:
The carbon volume fraction is consequently

untreated Toray PTFE-treated Toray total volume— catalyst volume- NAFION volume
carbon = €carbon &= total volume
= 1— gppreatedToray_ g 22 (B.3) (B.11)
The PTFE mass fraction One ends up with an equation using the catalyst and
MPTFE NAFION™ loadingswcatandw andthe catalyst layer

w == B.4 cat NAFION

PTFE mcarb0n+ MPpTFE ( ) th|CkneSSdcatlayer

tl
can be rearranged to get the PTFE mass o 1/ AS(Vige " — (meay/ peat) — (MNAFION/ PNAFION))
WPTFE S(v. cat.laye|
MPTFE = 7————Mcarhon (B.5) 1/A%(Vior 5
1— wetre

d°AYCT_ (1 car/ pear) — (WNAFION/ PNAFION
Substituting masses by bulk densities times volumes and = (wealpcad — / )- (B.12)

' dcatlayer
rearranging we get the PTFE volume
WPTFE  Pcarbon
VeTrE= Vearbon (B.6) Table 11 _ . 3
1 — wpTFE PPTFE Physical properties of catalyst layers and calculation of porosities
Substituting the carbon volume using EB.2) one gets Property AC cC
Thickness gcat'aye) 35pm 35um
WPTFE  Pcarb )
VeTEE = camony — ggtrrssated Torayy: . (B.7) Catalyst loadingca) 5mgcnt2 5mgcnt?
1— wpTrE PPTFE Catalyst densitydcar) 0.66x 214+ 0.34x  21.4gcn3 (Pt)
. . . . — 3
The resulting porosity (i.e. the pore volume fraction) of 124 =183gcnm
N (Pt:Ru mass ratio
the PTFE-treated material is then 66:34)
SPTFEftreated Toray NAFION™ loading 0.15wcat = 0.10wcat =
pores (wNAFION) 0.75mg cnr? 0.5mg cnr?
V. NAFION™ density 1.97gcnr3 1.97gcenr3
__ Ypores Euntreated Toray ( )
- ‘/tOt = ©pores PNAFION
Calculation of volume fractions
w
. PTFE_ fearbory _ untreated Tor (B.8) Catalyst 0.08 0.07
1 — wpTrE PPTFE (solid metal)
NAFION™ 0.11 0.07
With the parameters given ifable 11 the typical PTFE Free pore 0.81 0.86

mass contenbprre = 0.25 and the bulk densities of carbon space= porosity ¢)
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For the applied MEASs the resulting calculations are shown Appendix D. Volumetric effective heat capacities
in Table 11
In the energy balances of the simulation model, the vol-
umetric overall heat capacities in all control volumes are
Appendix C. Effective thermal conductivities needed. These are calculated from the densitigkg m=3),
the mass-based heat capacitigs; (J kg~ K~1) and volume
From Toray Corporation a value for the through-plane fractionse; (=) of all present materials and reactants:
thermal conductivity is available (s&able 10. But this value ——
is only valid for the pores being filled with air, at 2G. There- ~ (°Cp) = Y £0;Cp.j- (D.1)
fore, this value is not applicable for the anode diffusion layer J
(AD) where the pores are filled with water (and traces of  The pores in the anode diffusion layer (AD) are assumed to
methanol and carbon dioxide). Also, as the thermal conduc- pe filled with liquid water and small amounts of methanol and
tivity of air is temperature dependent, using this value for the carhon dioxide. As the mole fractions of the latter two are each
cathode diffusion layer seems problematic. Therefore, first ye|| below 0.05, their influence on the overall heat capacity
the thermal conductivity of the carbon fibres alone shall be js neglected. It is only accounted for the carbon material and

calculated. Generally, assuming parallel thermal conductionthe PTFE forming the solid porous structure as well as the
through all present materials, the effective thermal conduc- water inside the pores:
tivity can be calculated from

—\AD PTFE-treated Toray
(pCp) = €carbon PcarborC p,carbon

eff _ >
AT = E gjhj. (C.1) PTFE-treated Toray
’ + epTEE PPTFEC p,PTFE

Using this expression for TORAY ™ paper at2Dwe get +ehores T, 00)C . Ho0(): (D.2)

the (assumed temperature-independent) thermal conductivity The identical equation is applied to the cathode diffusion

Or]: TOR;\ ™ pape_rlin tr|1e yacuum (i.e. the contribution from layer (CD). The only difference is that the pores are filled
the carbon material only): with air instead of liquid water.

;eff20°C _ untreated Toray 20°C Asinthe anode diffusion layer (AD), a_II pores inthe anode
AMoray = Toray-+ air unpt:)e:tsed — air catalyst layer (AC) are assumed to be filled with pure water.
1 — epores y Methanol and carbon dioxide are again neglected. Here the
11 solid matrix is formed from the catalyst particles and ionomer
=7.63Wm K (C.2) (Nafion™):

The thermal conductivity of air at Z@T is calculated from SC)AC _ AC (o~ AC (Y
Eq. (A.6). The other values are taken frorable 11 (oCp) Pl PCp)PiRut ENclion(Cp)nafon

Using the value calculated in E¢C.2) and the volume +8Qge30HzO(l)Cp,HzO(l) (D-3)
fractions of carbon fibres and PTFE as well as the porosity
(see Appendix B), the effective thermal conductivity can be
calculated accounting for the material filling the pores and =
for the temperature. (0Cp)ptru= 0.660ptC ), pt + 0.34pruC p,Ru

In the anode diffusion layer (AD) the pores are assumed 3,1
to be filled with a liquid mixture, which mainly consists of =2.84x 10° I m 3K (D.4)

water. For simplicity, the influence of methanol and carbon |, the literature[23] for wet NAFION™ one finds a vol-
dioxide is neglected. The resulting expression is umetric heat capacity of

with the heat capacity of the PtRu catalyst calculated from
the mass fractions of both metals:

PTFE-treated T PTFE-treated T — 3,
A6ffAD _ Pl reate OraX\Toray‘i‘ il reated Tora PTFE (,OCp)Nafion —24%x1073m3K1L. (D.5)
+ggngeE—treatedTOfaxHZO(T) (C.39) For the cathode catalyst layer (CC) the same reason-

o ] ing is valid as for the anode catalyst layer (AC), except
For the thermal conductivity of water, the literature value {hat the pores are filled with air, and the catalyst is pure

Eq.(A.5) is used. platinum.
In the cathode diffusion layer (CD) the pores are assumed

to be filled with air. Eq(A.6) is used for the thermal conduc-

tivity of air. Appendix E. Concentration measures within the
ff.CD PTFE-treated Tora PTFE-treated Tora PEM
)eMeD = €carbon XToray‘f‘ E€PTFE XPTFE
+ ggc')rrlglg—treated Toraxair(T) (C.4) To convert the concentration measures used in the PEM

model, the concentration with respect to the total volume
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including the polymer backbong (moIAm*3) is useful. It
can be calculated from the molar densi'\tyk in the spatially
discretised model as

M
~M Jik
C: = E.l
Jik AZIEA (E.1)
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