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Abstract

An analysis of transport phenomena in a proton exchange membrane fuel cell (PEMFC) is presented, with a focus on the modelling and

assessment of non-isothermal and non-isobaric effects that have been neglected in previous studies. A model is formulated for a complete
fuel cell taking into account diffusion through the porous electrodes of the humidified fyel0® and HO™)) and oxidant gases ()
N, and HO®): the convective and electro-osmotic transport of liquid water in the electrodes and the membrane; and heat generation and
transfer in the fuel cell. The thermodynamic equilibrium potential is calculated using the Nernst equation, and reaction kinetics is determined
using the Butler—Volmer equation. Non-uniform distribution of gas pressure in the porous gas-diffusing electrodes and micro-hydrodynamics
in very small pores (Knudsen diffusion) are also taken into account.

The model is solved numerically to analyze fuel cell performance and water transport over a range of operating current densities. Non-
uniform temperature and pressure distributions are found to have a large impact on the predicted liquid water and vapour fluxes in the anode
and cathode diffusion layers. In particular, the results indicate that water management requirements (i.e., humidification or water removal) to
prevent potential membrane dehydration or electrode flooding are much more conservative than predicted assuming isothermal conditions.
Finally, it is found that, in the range of permeabilities of the porous electrodes used in PEMFT}Q-(l(T17 m2), Knudsen diffusion has
to be taken into account in modelling gas transpor2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction eration, and portable electronic appliances. The feasibility
and potential of PEMFC technology has for instance been
Fuel cells (FCs) are electrochemical devices that con- demonstrated in the Ballard transit bus [1].
vert directly into electricity the chemical energy of reaction A PEMFC consists of a polymer electrolyte, sandwiched
of a fuel and an oxidant (usually hydrogen and oxygen). between two electrodes to form a membrane-electrode
In contrast with batteries, which are energy storage device,assembly (MEA). The MEA is placed between two graphite
fuel cells provide powecontinuously, as long as supplied bipolar plates with machined groves that provide flow
with fuel. Since the only by-products of the electrochemi- channels for the distribution of fuel (hydrogen) and oxidant
cal reaction in a fuel cell are heat and water, FC technol- (oxigen from air) as shown schematically in Fig. 1. To
ogy offers the prospect of zero-emission energy production produce the desired level of power, single cells are connected
for applications ranging from stationary power generation in series to form a fuel celstack. The MEA which is
for electric utilities, to urban transportation. In this paper, at the heart of a single cell consists of a perfluorinated
we consider Proton-Exchange Membrane Fuel Cells (PEM- nolymer backbone with sulphonic acid side chains. Such
FCs). Low operating temperatures 80°C) and arelatively  mempranes are highly resistant to chemical attacks, have
simple design make PEMFCs strong candidates to providegoog mechanical properties, are electronically insulating,
pow_erforabroad range of syste_ms, inclgding the next gen-and, when well hydrated, are good conductors of H
eration of non-polluting automobiles, distributed power gen- ions. The typical polymer electrolyte thickness is of the

order of 200 microns, with a recent trend towards thinner
* Correspondence and reprints. membranes. The electrodes are made of PTFE (Teflon)
E-mail address: ndjilali@uvic.ca (N. Dijilali). coated carbon cloth or paper of about 200—300 microns
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Nomenclature

specific heat
concentration of a species

diffusivity of a component or a gas pair
inamixture.............ooiii...
diameter or size
cell equilibrium potential .................. \%
faraday’s constant 96487
enthalpy..........cooviiiiiiin... kgt
currentdensity...................... .
thermal conductivity ............
Knudsen number

permeability
molecular weight.................
molar flux of a species.........
stoichiometric coefficient
PrESSUME .. . e vttt e et
heat transfer rate :
gasconstant.................. kdhol~1.K—
temperature
VeloCity . ..o
mole fraction of a species

mass fraction of a species

charge number of a species
co-ordinate in cell sandwich direction

Greek letters

voidage

electrode surface potential . ................ \%
protonic conductivity
mean free path of molecules...............
viscosity
volumetric ratio of pores in a membrane

or electrode

electricpotential .. ............. ... Y

T °Aa

Nwa:qumzzgwé;wm}ﬁm&

T > AR

<

) deNnSity ......viee e kg3

o electric conductivity ............... Q1tm-1

T tortuosity

Superscripts

d values in electrode diffusers

eff effective value

m values in the membrane

sat saturation

* dissolved gases

0 reference

Subscripts

a anode

act activation

c cathode

f ions bonded to the membrane matrix

g gas phase

ag Knudsen diffusion

i species

ij gas pait, j in a mixture

I liquid water

lg phase change between liquid and vapor water

ohm ohmic resistance

p (i) constant pressure for specific heat,
(i) hydraulic quantity

po pores

r reaction

S superficial values

sol solid phase

T thermal diffusion

w water

1) electronic parameter

0 inlet values

_Collector
Plate

___—Electfrode

4 —— Catalyst
Layer

Fig. 1. Schematic of a PEM Fuel Cell.

matrix allows collection and flow of the electrons. Another
key element in the structure of the MEA is the interface
between the membrane and the electrodes, consisting of
a platinum catalysts, in the form of very fine particles
supported on larger carbon black particles. This structure
maximizes the contact area between the catalyst and the
reactants. This catalyst is applied directly to the carbon
paper or cloth electrode, and PTFE is often added to ensure
that product water is expelled to the electrode-gas channel
interface where it can evaporate. Many variants exist for the
structure of the materials, and the construction of the MEA
and bipolar plates; interested readers are referred to, e.g.,
Larminie and Dicks [2].
The operating principle of a PEMFC is illustrated in

thickness. The porous structure allows diffusion of the fuel Fig. 2. At the anode, fuel (}) is oxidized liberating
and oxidant gases, evacuation of the product water thanks toelectrons and producing protons. The free electrons flow
the hydrophobic properties of the PTFE. The solid carbon to the cathode, via an external circuit, where they combine
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Electric current

— tion [3]) in order to prevent drying out of the membrane
and excessive operating temperatures. The small tempera-
ture differentials between the fuel cell stack and the oper-
T ating environment make thermal management a challenging
problem in PEMFCs. In practice forced convection cooling
2 2 is required. This entails pumping of a coolant into separate
gty | | - cooling channels, thus adding to complexity and cost, and re-
i oM | i ducing system efficiency. Mass transport limitations are as-
xo sociated with the use of air as the cathodic reactant, and are
e 42 >H, 0 responsible for a drastic deterioration in performance (po-
larization) above a certain current density. This is attributed
to the lack of oxygen reaching the catalyst, creating oxygen
under-stoichiometry or “starvation” at the cathode. In prac-
\ / tice, this problem is alleviated by pressurizing the air, again
Catalyst at the cost of reduced system efficiency.
50 ol oW Several modelling studies have been undertaken to inves-
) . tigate the water transport mechanisms and/or thermal effects
Fig. 2. Operating principle of a proton exchange membrane fuel cell. in fuel cells and to provide guidance for design and opti-
mization. The problems are challenging and involve multi-
with the protons and the dissolved oxidang @ produce component and multi-phase flow, heat and mass transfer in
water and heat. The electric circuit is completed by the porous media with electro-chemical reactions. The models
transfer of protons from the anode to the cathode via the of Verbrugge and Hill [4], Springer et. al. [5], Bernardi
solid electrolyte (membrane). The overall reaction at the and Verbrugge [6,7], Fuller and Newman [8], Nguyen and

Load

Anode o g s oHt 1205+ 2H*
reaction = =

Anode Electrolyte Cathode

anode and cathode is given by White [9], and West and Fuller [10], and more recently Wohr

" B et al. [11] have provided very useful insight and reasonable
2Hz — 4H" +4e7 (1) predictions of the cell performance under controlled labo-
Op +4H' +4e™ — 2H,O(+Heay  (I1) ratory conditions. These models are, however, limited by

the isothermal assumption (in Ref. [8], thermal gradients are
only accounted for along the flow channels using a global
energy balance) and, except in [11], the neglect of the po-
tentially significant gas pressure drop within the electrodes.
Further, with the exception of the model of Bernardi and Ver-

brugge [7], all the models are formulated for the membrane
or membrane-cathode assembly only. Although FC polariza-
tion caused by anode overpotential is often negligible, due

Several coupled fluid flow, heat and mass transport
processes occur in a fuel cell. Two particularly important
issues are

(i) thermal and water management, and
(ii) mass transport limitations.

Water management ensures that the polymer electrolyte . s
membrane remains fully hydrated to ensure good ionic con- 1© the relatively fast transport and reaction rates of the
ductivity and performance. Water content is determined by 2n0de transport processes may have to be accounted for in
the balance between water production with three water trans-Order to obtain a reliable estimate of water balance in a fuel
port processes: electro-osmotic drag of water, associated®€ll: Since transport of water in the anode can be in either
with proton migration from anode to cathode; back diffu- Vapour or liquid phase due to humidification, evaporation
sion from the cathode; and diffusion of water to/from the @nd removal of the product water.
oxidant/fuel gas streams. Without control, an imbalance be- ~ Thermal and water managementis a key issue in PEMFC
tween production and removal rates of water can occur. This design and the underlying heat and mass transport processes
results in either dehydration of the membrane, or flooding are coupled. The thermal gradients within a fuel cell are
of the electrodes; both phenomena have a very detrimentaisufficiently large to warrant an investigation of the impact
effect on performance and fuel cells have to be Carefu”y of non-isothermal conditions on water flux predictions. The
designed to avoid their occurrence. In current PEMFC de- omission of gas pressure gradients in an electrode is based
signs water content is maintained by humidifying the reac- on the argument that the gas viscosity is usually an
tant gas. At higher current densities, the excess product wa-order of magnitude less than that of liquid water, and hence
ter is removed by convection via the air stream, and the ratethe associated pressure dropgddz = —ug(,ug/kgs) is
of removal is controlled by judiciously adjusting moisture negligible. Further examination reveals that the gas velocity
content, pressure drop and temperature in the flow chan-in an electrode is often one or two orders of magnitude
nels. Thermal management is also required to remove thefaster than that associated with liquid water transport, and
heat produced by the electrochemical reaction (up 0% the differential in gas pressure in fuel cells and/or its effect
of the energy produced during high power density opera- on transport processes may, therefore, be important.
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Based on the above review of transport processes ingas transport are considered to take place in separate pores
fuel cells and previous theoretical studies in this area, the with no interaction. Finally, the catalyst layers, which are
objectives of this work are then to assess the significancemuch thinner than either the electrode diffuser or membrane,
of non-isothermal and non-isobaric effects on performance are treated as interfaces in this study.
and on water management, and to develop a model that The following transport phenomena are taken into ac-
can serve as a basis for more comprehensive simulationsount:
and design analyses. The model presented consists of a

complete PEM fuel cell, including the anode diffusion e multi-component diffusion of gaseous species through

layer neglected in most previous studies. The model is
implemented numerically and one-dimensional simulations
are presented over a range of parameters to investigate
the effect of temperature and gas pressure gradients on e
fuel cell performance and water management. This work

is the first theoretical investigation on the effect of non-
uniform distribution of temperature and gas pressure on
mass transport in PEM fuel cells.

the porous anode and cathode, allowing for the effect
of non-uniform gas pressure and cell temperature, and
Knudsen diffusion;

flow of water in both liquid and vapour phases through
anode and cathode;

transport of electrons through the carbon electrodes;

e migration of proton through the membrane;
e transport of water through the membrane via diffusion

and electro-osmotic convection;
e electrochemical reaction at the catalyst layer interface;
2. Mathematical formulation e heat transfer in all the components of the cell.

A single PEM fuel cell, shown in Fig. 3 is considered. The basic equations used in the model are given below
The fuel cell is assumed to operate under steady stateand are complemented with a detailed description of the
conditions. The focus of this work is to assess the relative mathematical model in Appendix A. The coordinate system
importance of non-isothermal and non-isobaric effects, and and the sign convention for the various fluxes in the cell
following the bulk of the models available in the literature are illustrated in Fig. 3, and the symbols are described in
we consider the transport processes to be one-dimensionaihe Nomenclature. The species indi¢és2, 3) correspond
(z-direction) in the membrane-electrode assembly. Two- respectively to (H, CO,, HoOV) in the anode and (£ No,
dimensional effects are discussed in Ref. [12]. The local H,0V) in the cathode.
heat transfer rates between fluids, and between fluid and  The diffusion of the multi-component gases through the
solid phases are sufficiently high for the various phases electrodes is represented using the following mass balance
to have a homogeneous local temperature, Ig(z) = equation (see Ref. [13])

Ti(z) = Tsoi(z) = T (z). Gases in the electrodes are assumed
perfect and saturated with moisture. It is also assumed thatqy; iq 3. RT
the diffusion of dissolved gases in the membrane and the [~ = Z Deﬁ (xigNjg — xjgNig) + Ai
effect of dissolved gases on water balance is negligible. The j=1P9
modelling of both membrane and gas diffusion electrodes ;=23 1)
follows that of Bernardi and Verbrugge [6,7] with extensions
to account for heat transfer and pressure gradients. Water andVith
Ng-Gas phase [luxes Ai — (ylg — xi_g) %
N, - Liquid phase flux Pg dz
q - Heat [lux by conduction Xingg DTJ DTl. 1 dT
Anode Membrane Cathode + |:,0 Def (y— - >i| Td (2)
=1L Pralij j9  Yig 2
N N
. —— N ‘NL The first and second terms on the right hand side of equa-
B M - 2 tion (2) represent the effect of gas pressure gradient and
02 Ny the Soret effect (thermal diffusion due to temperature gradi-
0 H,0 ents), respectively. Under isothermal and isobaric conditions

qk dk

0 Za‘n\ / Zem
Channel Catalyst

laycers

A; =0, and equation (1) reduces to the well-known Stefan—
Maxwell equation, used in many of the previous modeling
studies discussed in the Introduction.

The gas mixture flow in the porous electrodes is governed

by

kd D
Mg

7.
Channcl

Fig. 3. Co-ordinate system and sign convention for the various fluxes used
in the PEMFC model.

dpg

dz 3
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where the first term on the right is the Darcy pressure equations take the following form for the membrane and
drop, and the second accounts for Knudsen diffusion [13], electrode respectively,

i.e., the diffusion process associated with the collision of dr

individual gas molecules with the walls of the pores. This l1’m,0|u|me,|d—

effect becomes significant when the Knudsen number (ratio ¢

of molecular mean free path to pore diametém)= 14/dpo " o oom BT i?
is of order one or greater. An estimatekai under practical =[v"Ki+(1-v )Ksol]@ + o (10)
cell operating conditions, shows that this usually occurs for so
the gases in a PEMFC when the permeabilfly< 1016- 3 T
1071 m?. ForAg/dpo < 1 the Knudsen diffusion effect can (Z pjgi jgCp,jg+ pluﬂSCpJ) «
be neglected, and equation (3) reduces to Darcy’s law. j=1
The liquid water transport in the electrodes is governed q & d2r
by Darcy’s law =[¥(akg+ 1 -a)K))+ (1 )Ksol]@
k4 d arp = i?

d ps Upi d
g4 — _pslp 4 —a¥ ' —— 4+ —+ 0 (11)

= T (4) & g Tl

and liquid water flow in the membrane is governed by the \yhere the source termg/oso are associated with Ohmic

Schlogl equation, where, in addition to the Darcy pressure heating and phase change, @i represents the Dufour
drop, a term that accounts for the electro-osmotic drag of effect (see Appendix A).

water associated with proton migration is included [14] The equations expressing mass conservation for species,
k dp kI'd current continuity, and energy conservation together with
m_5%, p2?_p U0 5 o ; : o
u- = " fcf d (5) auxiliary equations (equation of state for gases, equilibrium

potential of a cell) are combined with the above equations to

The Knudsen diffusion process is negligible for liquid  gptain the complete model. The complete set of governing

water @ /dpo < 1). o _equations and associated boundary conditions are given in
The flux of protons migrating through the membrane is Appendix A.
given by the Nernst-Planck equation [15] The coupled, non-linear set of governing equations is
F do de; m discretized using a staggered-grid finite volume method.
N;i=-Z; ﬁDicl’d—Z s +ciuj The equations are solved numerically 10§, Nig, pg, uldS
. u", pi, ¢, and T using a fully implicit iterative solution
i=12....m (6) algorithm with under-relaxation. At each iteration level, the

where the three terms on the right hand side represent, re-System of algebraic equations is solved using the standard
spectively, the fluxes due to the electric field, the concen- Thomas algorithm for tri-diagonal matrix inversion. The
tration gradients, and the convective transport. The flow of iterations are stopped and the solution considered converged

charged species is related to electric current by based on a check of the overall mass and energy balances.
m The influence of grid resolution on the accuracy of the
. N numerical solution was investigated over a range of cell
i=F) ZN; @) _ » . . |
Py operating conditions using various mesh spacings. A non-

uniform grid with 10-9-10 control volumes (corresponding
to anode-membrane-cathode) was found to provide adequate
resolution. This grid density was used in all the numerical

i = io[e*“"F'?/RT - e(lfa)"F’I/RT] (8) calculations presented in this paper.

The reaction kinetics is taken to be first order and
described by the Butler—\Volmer equation [16]

where the exchange current density is a function of

temperature and reactant concentration, and is given by: 3 pagjits and discussion

. .reff Cop 702 [ Cue \ M 9 . . . .
0=10 |\ oref cref (©) The focus of the numerical simulations presented in
0Oz H* this paper is mainly on the effects of temperature and

The concentration of the hydrogen protons can be as-gas pressure gradients on the fuel cell performance and
sumed constant throughout the reaction layer, so that the secmass transport characteristics, particularly with respect to
ond term of equation (9) is equal to unity. The reference ex- product water. The physical properties of the membrane
change current densityf’ and the transfer coefficientare  and electrodes are the same as those given in Bernardi and
taken as 0.6 Am~2 and 0.5 for the anode reaction layer, Verbrugge [7], subsequently referred to as BV, and the values
and 44 x 107 A-cm~2 and 1 for the cathode reaction layer. of the base case operating parameters are given in Table 1;in

The equations governing heat transfer in a fuel cell are the discussion “base case” will be used to refer to isothermal
obtained from an energy balance in the fuel cell; these and isobaric conditions.
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6.5

Table 1 Anode Membrane Cathode
Base case conditions and parameters 6l ]
Parameter Value
wet membrane thickness 0.023 cm AS ° — Present model
gas diffusion electrode thickness 0.026 cm g sk ase cases
relative humidity of fuel 100% e ~ - Bermgrdi & Verbrugge
relative humidity of Air 100% 8,5 ]
cell temperature 8oC e
anode stoichiometric flow ratigg 1.3 T§ o |
cathode stoichiometric flow ratigc 3.0 %
X| .
%' channel inlet 8% 3.5} 0.105A/cm2 1
xco,, channel inlet 5 ppm 4
anode chamber pressysgg 3.0atm 3 S— —
cathode chamber Pressurgy 5.0 atm
I S e S
Distance (m) x10™

3.1. Model validation: Isothermal and isobaric conditions

o . Fig. 5. Comparison of the hydraulic pressure profiles computed under iso-
In the limit of uniform temperature X — oo) and baric/isothermal conditions with the results of Bernardi and Verbrugge [6].

constant pressure%@ﬁ = 0), the present numerical model

is equivalent to the 1-D isothermal model of BV. In order The directions of the water fluxes changes accordingly,

to validate the numerical model, simulations are therefore g|v|ng rise to two of the distinct water management regimes

performed first for constant temperature and gas pressure tqjocumented by BV and by Singh et al. [12].

allow comparison with the results of BV. Fig. 4 compares the

polarization curves (voltages. current) computed with the 32 Effect of non-uniform temperature and gas pressure
two models to the measurements of Ticianelli et. al. [17].
The results of the present model are in good overall Tenperature distribution. Electrodes typically consist of
agreement with both those of BV and experimental data; the porous carbon paper which has been impregnated with plat-
slight difference between the two can be attributed to the j,um and made hydrophobic by coating with an appropri-
different treatments of the catalyst layer and anode: in the 44 compound (usually TeflB). The thermal conductivity
present model (i) the catalyst layers are treated as interfacesyf the solid portion of an electrode can vary significantly
and (i) the anode diffusion layer is included. from sample to sample due to the variability in manufactur-

The hydraulic pressure profiles obtained with the model ing techniques, carbon paper grades and amounts of partic-
at both low and high current densities are almost identical |, 5, compounds. Based on the material composition of the
with those of BV as shown in Fig. 5. Examination of the g|ecirodes, the thermal conductivity was estimated to be in
profiles shows reversal of the hydraulic pressure gradients;o range 0.1 to 1.6 wh~1.K~L. The numerical simulations
from positive to negative within the anode and cathode as the 5o performed for several values in this range.
current density is increased froim= 0.105 to 0.6 Acm™2. In order to calculate the temperature field in the fuel cell,
a constant temperature boundary condition is imposed at
both anode-channel and cathode-channel interfaces. These
temperatures are taken here as$@0which corresponds to
about the middle of the range of usual operating tempera-
tures. Within the iterative procedure, the numerical tolerance
to meet the cathode-channel thermal boundary condition is
set to+0.06°C.

The computed distribution of temperature shown in Fig. 6
clearly illustrate the non-uniform nature of the thermal
field, with the higher temperatures achieved inside the

o
©
T

Cell Voltage (v)
o
o

=]
'S
T

—— Present model, base cases

-~ Bemardi & Verbrugge model cell, particularly at the cathode/membrane interface where

O Experimental results

the exothermic electrochemical reaction takes place. These
results indicate that a typical temperature difference of the
order of 1-3C may be expected, depending on current
o 01 02 03 04 05 06 07 08 09 1 density and the thermal conductivity of the electrodes.
Current Density (Alom2) The higher the current density, the greater the temperature
Fig. 4. Comparison of predicted isothermalfisobaric performance curves dradient. As the thermal conductivity decreases, temperature
with the experimental data of Ticianelli et al. [15] and the model of Bernardi  distribution becomes more and more non-uniform. We note
and Verbrugge [6]. the slight departure from linearity of the profile (convexity),

0.2

0
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3.14 T T T T T
—1=0.2 Alcm"2 — base case
= -1=0.6 Alcm"2 - - = Pg variable, K=inf. large
8151 = I=1 Alem"2 - 1 3.12F = Pgvariable, K=1.6W/MK b
Piid RN Pg variable, K=0.1W/MK
Pa0=3, Pc0=5 atm e «
K=1.6W/MK s N
,
\ = 31F 1
81 S’ N 1 g
7 - . AR o 1=1 Alem2
, -7 S \ ®
/ I N \ 23.081 b
805k S e NN _ 8 Pa0=3, Pa0=5 atm
: , - oo o Ta0=Ta0=80 C
7’ - ~ \ (%]
7 - - N \ 8
S ey A 3.06[ IR
‘,/ AN T
80 N s
Anode Membrane Cathode 304 4
79.5 L L L L L L —‘—;—_““—>—__~_
0 1 2 3 4 6 7 3,02 . . ‘ . .
Distance (m) 4 0 0.5 1 1.5 2 25
x10
Anode Length (m) 107
@) *
@
86 T T T T T
x10°
5.1 T T
85 — 1=0.2 AlemA2 . E N
. N~
s F S ,
- -1=0.6 A/lcm"2 //' N 5 Sl -
= 1=1 Alemn2 L ' SO
841 \ 1 AN
L7 \ 4.9r SN R
~
Pa0=3, Pc0=5 atm / * @ e
K=0.1W/MK ’ \ | oy al DN Pa0=3, Pc0=5 atm
83 L ) \ . = 48 AN ~._ Ta0=Tc0=80C 1
¢ -7 AN N E =1 Alem2 S ~
K4 - N \ 2 AN N
sl 7 -7 N\ \ i &4t ~ ~ ,
, - N : a AN RS
/ AN \ o — base case S N
’ \ \ - - Pgvariable, K=inf. large S S
ST AN 481 .~ Pgvariable, K=1.6W/MK R ~
81 s AN Pg variable, K=0.1W/MK S o
s \ ~
N ~
/ /. Anode Membrane Ca \\\,\ 45+ N J
80 pas 1 L 1 L 1 L X ~ ~
0 1 2 3 4 6 7 h
Distance (m -4 4.4 : ! ! - :
m x10 0 05 1 1.5 2 25
(b) Cathode Length (m) X107

Fig. 6. Computed temperature profiles for different electrode thermal

conductivities: (a)kd, = 1.6 W-m~1.K~1; (b) K

d _
sol —

0.1 wm-lk-1,

(b)

thermal conductivities at=1 A-cm™2, (a) anode; (b) cathode.

particularly inside the membrane, due to a combination of
Joule heating and convective heat transfer associated with(K = 1.6 W-m~1.K~1). The difference between the liquid

the liquid water transport. Overall, the effect of the heat and gas phases pressures sustained in the porous electrodes
source terms in the energy equation appears minimal.

Gas pressure distribution.
cathode for a current density of 1.-é&m~2. The solid lines

lations were first performed for isothermal conditiois£

is illustrated in Fig. 8.

linear effects become noticeable at the highest conductivity into account or not.

35

Fig. 7. Gas pressure distribution in the electrodes computed for various

Fig. 7 present the computed The effects of T and py gradients on performance. Fig. 9
pressure distribution of the gas mixture in the anode and shows the polarization curves obtained under various as-
sumptions. It appears that the effect of temperature and gas
correspond to the base case (isothermal and isobaric). Simupressure gradients on the cell output is insignificant at low
current densities and minimal at higher ones. This is reason-
oo) and then for two non-isothermal cases to investigate the able in view of the relatively small temperature and gas pres-
effect of heat transfer. As a result of enhanced water evapora-sure differentials shown in the previous section, but it should
tion predicted when thermal gradients are taken into account,be stressed that the current model does not account for po-
temperature non-uniformity compensates the Darcy isother-tential dehydration of the membrane, and thus the predicted
mal pressure drop. The resulting pressure gradientis reducegerformance curve assume adequate water management. In
in the cathode, whereas in the anode the negative pressuréhe next subsection, it will be shown that the predicted hu-
gradient obtained under isothermal conditions becomes pos-midification requirements to achieve this are quite different
itive when thermal gradients are taken into account. Non- depending whether thermal and pressure gradients are taken
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5 T T T T T T
7x 10
' N ' Pa0=3, Pc0=5 atm athode Anode.
AN~ Ta0=Tc0=80 C concentration activation
651  I=1 Almn2 J ~ 1 06 K=1.6 W/MK 1
’ So
61 7 'R 4
/] S 0.5 Anode Ohm electrodes g
/ ~ = concentration
55F Pa0=3, Pc0=5 atm ; SO =
Ta0=Tc0=80 C ’ N 0]
/ 2041 R
= 5F  K=1.6WMK , 9 K
o / ° Membrane
(=2}
% 45F // 4 s 03
& ]
8 — Gas pressure /’ >
O 4F - -Hydraulic pressure / B g Cathode activation
7
7 0.2 -
3.5 ’ il
7
7
7 -
3=~ / 0.1f R
T /
25 I :
Anode 7 Membrane Cathode 0 I I I I I I
2 L L L L L L L 0 0.2 0.4 0.6 0.8 1 1.2
0 1 2 3 4 5 6 7 Current Density (A/lcm/2)
Distance (m) x107*

Fig. 10. Computed contributions to overall cell voltage loss.
Fig. 8. Comparison of gas and liquid water pressure profiles in the
membrane-electrode assembly.
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Fig. 9. Direct effect of non-uniform temperature and pressure on predicted Current Density (A/cm"2)
fuel cell performance. ()
px107 . . . .
The various contributions to cell potential loss are plotted
in Fig. 10 over a range of current densities. The cathode .| Pa0=3, Pc0=5 atm ,
overpotential appears to be the dominant factor in cell _ Ta0=Tc0=80C
performance, followed by membrane resistance and then fg i i
by ohmic losses. The electrodes concentration potentials %
are negligible at most practical current densities, especially  os} i
for the anode. Dehydration of the membrane would impact £
severely on membrane resistance, which is already the § o=
second most significant loss contributor. 3 Tmssl
05 It 1
Effects of T and pg gradients on water transport.  Fig. 11 ¢ T b ki, targe e T
shows the computed vapour and liquid water fluxes at the -1} =~ Pg variable, K=1.6W/MK T
. . . - Pg variable, K=0.1W/MK
anode-channel boundary. We note that the negative liquid :

water flux (flow from cathode to anode) under open circuit %3702 03 o0z o5 08 07 08 09 1
conditions (zero current) is due to the differential pressure Current Densily (A/em2)

between anode and cathode gas streams. In contrast with ()

the polarization results; and pg gradients have both a sig-  Fig. 11. Effects of non-uniform temperature and gas pressure on water flux
nificant influence on water transport in the cell, due to the atthe anode-channel boundary: (a) liquid water flux; (b) vapour flux.
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high sensitivity of water content in a gas carrier to varia-  These regimes have been observed by BV but with sig-
tions of temperature and gas pressure. Compared to the basaificantly different boundaries. The current density sepa-
case, thermal and gas pressure gradients both result in rerating regimes 1 and 2 obtained by BV is approximately
duced liquid water fluxes out of the anode at low current 0.15 Acm~2, while that demarcating regimes 2 and 3 is ap-
densities and displace the boundary at which water startsproximately 0.55 Acm~2. The present model in the isother-
diffusing from anode to cathode to lower current densities. mal/isobaric limits also obtains similar results. The effect of
At the higher current densities, the water fluxes obtained temperature and gas pressure gradients is to shift the bound-
under non-isothermal and non-isobaric conditions are 100-aries of regimes 1-2 and 2-3 to higher and lower current den-
200% higher than those obtained under base conditions. Hu-Sities respectively, thus narrowing the range of regime 2. The
midification requirements to prevent membrane dehydration 0verall predicted water management requirements are more
are therefore significantly augmented, and are in fact ex- conservative, with humidification beginning to be required at
acerbated by the higher evaporation into the gas mixture & lower current density, and significantly increased amounts

favoured by the variation of temperature and gas pressure®f hydration required at higher current densities.
illustrated in Fig. 11(b). An interesting observation is that water vapour flows

out of both anode and cathode at all current densities as

shown in Fig. 12. This implies that liquid water may be

the most effective phase for humidification. We also note
that it is common practice to use a water-saturated reactant
stream at a temperature a few or even up to tens of degrees
above the cell operating temperature (see, e.g., Bernardi
and Verbrugge [7] and Ticianelli et al. [17]). Models using
isothermal and isobaric assumptions, which yield vapour
fluxes into both sides of the cell, cannot be used to simulate
this operating procedure.

The earlier discussion on the relative insensitivity of the
fuel cell performance to temperature and pressure gradients
has to be considered in the light of the water management
requirements. Inadequate humidification, based on isother-
) TeaReY - - mal/isobaric assumptions, can cause premature dehydration

there is no need for humidification at either side of the q fjoding and result in severe polarization. We also note

fuel cell sandwich. that while the very minor contribution of anode concentra-

e wheni > 0.38 A-cm2, liquid water flows fromthe an- o overpotential to losses (Fig. 10) justifies performance
ode to the cathode. Hence humidification is required at ,qdels which neglect the anode diffusion layer, it is neces-
the anode side to prevent the membrane from dehydra-sary to account for the transport processes in the anode for
tion. water transport predictions.

The liquid water and vapour fluxes on the cathode side are
shown in Fig. 12 together with the anode fluxes for one of the
non-isothermal/non-isobaric cases € 1.6 W-m—1.K~1).
Examining the liquid water fluxes at the two boundaries,
three regimes can be identified:

e Liquid water when < 0.23 A-cm~2, liquid water flows
from cathode to anode. This indicates that additional
liquid water is required at the cathode-channel interface
while there are no humidification requirements at the
anode side since water is removed through the anode.

e when 0.23 Acm=2 < i < 0.38 A-cm™2, liquid water
flows out of both anode and cathode. The water pro-
duced by the @reduction reaction is partitioned. Hence

3.3. Knudsen diffusion effect

4

x 10
12 T T T T T T T T T
— Water liquid at a-ch boundary In porous media, when the permeability becomes suffi-
— — Water liquid at c—ch boundary P .
T0p T Yyater vapor at a-ch boundary P ciently small the mean free path of the molecules becomes
comparable to the pore sizZ€r{= A /dpo 2 1), and collisions
@ 8 Pg variable, K=1.6W/MK I b . . i
& of molecules with the walls start to significantly affect the
Sl RS | transport process via K_nudsen <_jiffusion. _To assess the po-
2 tential importance of this effect in modelling gas transport
5 4t 7 1 processes in the porous electrodes, an order of magnitude es-
[ - . . .
z e timate of Kn was performed and is presented in Table 2 for a
Kl L e i ey . .
g2 v range of electrode permeabilities. The estimate is performed
o I - .
- for a nominal pressure of 5 atmosphere (operating pressure
LTI e e ] of oxidant stream) hold approximately for either oxidant or
P o - ] fuel streamsKn becomes of order (1) fokgs < 10~16-
- . 1017 m?. For a system at lower pressure, the effect is ex-
“0 01 0z 03 04 05 06 07 08 08 1 pected to be more important sinzg increases as pressure
Current Density (A/cm”2) fal |S
Fig. 12. Variation with current density of water fluxes at anode-channel and ~ F19. 13 compares the distribution of fiir pressure in
cathode-channel boundaries. Non-isothermig{ = 1.6 W-m~1.K~1) the cathode of a PEMFC calculated considering Knudsen

and non-isobaric computations. diffusion with that obtained without accounting for the
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Table 2 e assuming fully hydrated conditions are maintained,
Estimate of Knudesn numbéfn = Ag/dpo, at 80°C and 5 atm polarization is not affected significantly by temperature
and pressure non-uniformity;
e Wwater transport is strongly affected by non-uniform
Kn 0.0062 0062 02 062 62 temperature and gas pressure distributions, and conse-
quently these have to be taken into account to devise
. effective water management schemes;

kGs (m?) 10718 10715 10716 10717 10719

B ‘ ‘ ' ' o the model yields more conservative humidification re-
sl T T A T AT AT R AT A TR quirements than indicated by isothermal/isobaric mod-
S T * els;
osp T - * 1 e although anode concentration overpotential is negligi-
g |7 * ble, the anode diffusion layer needs to be included in
24-95‘ * 1 the cell model to properly account for water transport;
E o : | o for electrodes with low permeabilitycfs < 10716 m?),
g T=80C * Knudsen diffusion becomes significant and has to be
%.’_4.85* ¥ 1 taken into account to properly model gas transport.
2 .
(&)
A R e modied = Doy o The focus of this study was to assess the effect of
| R e tmodtedy Doy o temperature and pressure gradients in fuel cells, an issue
that had not been addressed previously. The need to account
a7 o . o g 2 for these effects has been established in the context of
z(m) <10 a relatively simplified numerical model. The model does

' o not account for multi-dimensional effects, for convective
Fig. 13. Effect of Knudsen diffusion on the computed gas pressure transport within the flow channels or for variable water
distribution in the cathode. . . .

content in the membrane (dehydration). Work is under way
to incorporate membrane dehydration into the model, to

phenomenon. The effect becomes noticeablekggh 3 x implement the model presented into a multi-dimensional
1016 m2 and is very significant f0k85= 3% 1017 m2. code [12] and to couple it with a CFD model of convective

This is consistent with the estimate presented in Table 2. Thetransportin the flow channels.
permeability values of an electrode reported in the literature
are in the range 10%-10-1° m2, and correspond to values
where Knudsen diffusion becomes important. In fact non-
physical solutions were obtained with the present model for
which the Knudsen term was neglected, and it was found that
unrealistic solution were obtained fbfs < 10718 m2 when

the Knudsen term is neglected. The importance of Knudsen
diffusion has not been noted or accounted for in previous
PEMFC modelling studies.
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) Appendix A. Complete mathematical model and
4, Concluding remarks boundary conditions

A theoretical model of transport phenomena in a PEM Transportsin electrodes (anode and cathode)
fuel cell was formulated. The model takes into account diffu-
sion of humidified fuel and oxidant gases through the porous Gas transport
electrodes, water transport through the electrodes and mem- The gas phase transport in the electrodes is represented
brane, as well as heat transfer and gas pressure gradients ihy equation (1), presented in the main body of the paper,
the fuel cell. The micro-hydrodynamic phenomena associ- i.e.,
ated with small electrode permeability are also taken into 3
account. _The model was implemented in a 1-D code, and a9 _ Z RTeﬁ (xigNjg — XjgNig) + Ai, i =2,3 (A1)
parametric study was performed and results compared and dz -1 pgD;;
validated against available data. It is found that: .
whereA; is given by
e temperature and gas pressure variations in a fuel cell are (yig — xig) dpg
important; Ai = TE



N. Djilali, D. Lu/ Int. J. Therm. Sci. 41 (2002) 2940 39

3
XigXjg [ DT1;j D 1dT
(T r e (A2)
Ly

=1 Yig Vg

Species(1, 2, 3) represent (i, COp, H2OV) in the case of

the anode and (& N2, H2OV) in the case of the cathode.

Applying the principle of mass conservation, we obtain

i
Nig=— o (A.3)

Nog=0 (A.4)

where the stoichiometric coefficient is setite= 2 for the
anode and = 4 for the cathode.

where the Dufour effect terrff D which accounts for heat
fluxes associated with concentration gradients and is very
small in most cases considered here, is given by

TD= RTZZXJQ 1 (ig — ujg)

ll/l ]

(A.13)

The last two terms in equation (A.12) correspond to Joule
heating an the heat of evaporation, which is obtained from

dn:
%9 g (A.14)

ng = _d—z

The reactant gases are assumed to be saturated with water, The thermal conductivity of the gas mixture is calculated

hence
_ .sat_ p\?vat
X3g=Xpyg = — - (A.5)
Py
from which follows
drag dp\?vat satdPg 2
= — = — A.6
& <Pg @ g /pg (A.6)
The gas mixture also satisfies the condition
3
Zx ig=1 (A7)

and the flow of a gas mixture in an electrode is governed by |,

Darcy and Knudsen diffusion (see equation (3))

k4 Dqq\ d

ug=—<is+al1’d gg) P (A.8)
Mg dz

with

Ug= Z YigH jg (A.9)

Liquid water transport

The transport of liquid water in the porous electrodes is &py -0

governed by Darcy’s law

kd dp

d ps UpI
A.10
s 7] dz ( )

and mass conservation of the liquid phase, taking into d_¢_

account phase change,

d®p 1 dN3g

= A1l
dz2 ke dz (A-11)
Energy conservation
Energy balance in an electrode yields
> 4 . \dT
Z pjgit jgCp, jg + piut) sCp,l @
j=1
d &’r
= [lp (O‘Kg + (1_0‘)Kl) + (1_ v )Ksol] dz2
arp %
d

Osol

using
3

Kg= ijngg
j=1

(A.15)

Transportsin the membrane

Water and proton transports
Under normal PEMFC operating conditions, water in the
membrane is in the liquid phase. Its transport is described by
combining the Schldégl and Nernst—Planck equations (5), (6)
M — (kg /1K) Zsct F
T T (k) (Ziei F)2
N —(kEn/MI) dp
1+ (kg/mik)(Ztcr F)? dz
wherex is the proton conductivity and is expressed as

(A.17)

(A.16)

k = F?Dyrct/RT

The hydraulic pressure may be obtained from the condition
of liquid water incompressibility

o7 (A.18)

It can also be shown, from the Nernst—Planck equation (6),
electro-neutrality and equation (A.16), that

—i/k + (Fkp'/ k) Zte (dpi /dz)

= A.19
dz 1+ (k¢/,u|/c)(ZfoF)2 ( )
Energy conservation

Energy balance in the membrane yields
dr
llfmp|u|me,| E
m m d2 i2
= (VK + (- KG Gz o (A-20)

sol

where the termjz/crSoI accounts for Joule heating.
Once the operation parameters are specifie@, (co,
Ta0, Tco, x2a0, X2¢0, ), the above equations are solved, sub-

ject to the boundary conditions given below, to obtaig,
ng! pg; MES’ M{ny Pl Pl ¢! andT-



40 N. Djilali, D. Lu/ Int. J. Therm. Sci. 41 (2002) 2940

Boundary conditions tions (A.25), (A.27)), noting that at the cathode-membra-
ne interface, in addition to phase change, water is produced

Refering to Fig. 3, boundary conditions are required at the from the electrochemical reaction.

anode-channel and cathode-channel interfaces fi.e.0 At z = z¢ (Cathode—Fuel Channel Interface):
andz = z¢, respectively), as well as at the anode-membrane

) ) Xig = Xico, [=2,3 A.33
interface ¢ = zam) and cathode-membrane interface= ig = tico (A.33)
Zem)- Pg = Pl = Pco (A.34)
At z = 0 (Anode—Fuel Channel Interface): T =Tco (A.35)
Xig = Xia0 i = 2, 3 (A21)
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