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A model fully coupling the flow, species transport, and electrochemical kinetics in polymer electrolyte fuel cells is presented to
explore operation undergoing very large density and velocity variations. Comparisons are also made to a previous constant-flow
model, which neglects the mass source/sink from the continuity equation and assumes constant gas density. Numerical results
reveal large density>50%) and velocity(>80%) variations occurring in the anode at anode stoichiometry of 1.2. In addition, the
hydrogen concentration remained as high as the inlet owing to deceleration of the anode gas flow. Finally, the constant-flow model
is accurate within 14% under common operating conditiaes,for anode stoichiometry ranging from 1.2 to 2.0.
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Mathematical modeling of polymer electrolyte fuel cells der low-humidity operation. Accurate capturing of water transport
(PEFC$ has been a rapidly growing field of reseafctirossly, and distribution in PEFCs also requires a detailed MEA model,
previous models may be categorized into three groups. The firstvhich was absent in the work of Duttat al!>® Bichi and
group?® mostly earlier work, focused on electrochemical modeling Scheret” experimentally showed a strongly nonlinear water content
in one or pseudo-two dimensions. Gas flow and density along anodgrofile prevailing in the Nafion membrane, and Kulikovkyu-
and cathode channels were either ignored or assumed to remaimerically demonstrated the paramount importance of accounting for
constant and uniform throughout a PEFC. nonlinear water transport through the membrane. Meng and ¥/ang

The second group was based primarily on the computationaffurther pointed out that ohmic and transport losses in the catalyst
fluid dynamics(CFD) approach, where two- or three-dimensional layer are significant, especially for MEAs with thinner membranes,
solutions were obtained by solving transport equations governingsuch that the catalyst layer cannot be treated as an interface without
conservation of mass, momentum, species, energy, and charge. TH@ickness. Most recently, Wang and Wahidicated that water ac-
multidimensional flow fields in anode and cathode gas channel$umulation in a membrane of finite thickness controls the transient
were solved independently and provided as an input to the specie¥¢sponse of a PEFC.. . .
and energy equations. This group of models recognized that, under The objective of this work is twofold. One is to expand upon the
normal operating conditions, flow and density fields in gas channelsingle-phase model of Uret al."™" by including variable density
remain approximately invariable. Thus, a simplification was made to@nd mass source/sink term in the continuity equation. This varla}ble-
neglect the mass source/sink term in the continuity equation andlow model then fully couples flow, transport, and electrochemical

assume a constant gas density in the momentum equation. ThigrOCesses as well as including a detailed MEA model. Our focus

yielded decoupling of the flow field from the species, electric poten-N€re iS t0 apply this comprehensive model to explore PEFC behav-

tial, and temperature fields, thereby significantly accelerating the'orzotmdg ver(;j/ large densityiSO%) andf \lllelociéylve.lrri]atili)ns
calculations. Possible inaccuracy introduced by this splitting of the(~80%0- Second, we compare the present full model with the pre-
vious constant-flow model to ascertain the validity range of the

problem may occur on the anode side; however, the hydrogen con-
centration profile is relatively unimportant as the anode overpoten-latter'
tial is typically negligible. In addition to reducing memory and com-
putational requirements, this splitting of the fuel cell problem has
the added advantage of allowing for the consideration of different The fuel cell to be modeled includes the following subregions:
cell voltages/current densities for the same flow field. Notable workthe gas channels, gas-diffusion layé@DLs), and catalyst layers in
in this category is the single-phase models proposed by Gral the anode and cathode sides, and membrane in the middle. Fuel and
and Wang and co-workefs'! These models included a detailed de- oxidant are conveyed by channel flows and distributed onto the an-
scription of water and proton cotransport as well as electrochemicapde and cathode. Reactants pass through the respective GDLs and
reactions in the membrane electrode assenidgA). Further, the reach the catalyst layers where electrochemical reactions occur. The
model of Umet al®1%'2has been successfully applied to large-scale membrane plays the dual role of a gas separator and an electrolyte,
simulations using parallel computitjas well as to the study of dividing the fuel and oxidant flows, and acting as the proton-
complex flow and transport phenomena in a 5¢ @&FC* conductin_g m_edium. In addition, the_ membrane allows water trans-
The decoupling of flow field from the species concentration field Port by diffusion and electro-osmotic drag so that there is a mass
becomes impossible in PEFCs operated with large density and veeXchange of water through the membrane between the two gas
locity variations,e.g, under ultralow anode stoichiometry. Simula- Streams. _ _ )
tion of such extreme conditions calls for the third group of models A Steady-state, isothermal model of PEFCs consists of four prin-
where the gas flow field is fully coupled with electrochemical and CiPles of conservation: mass, momentum, species, and ¢ridrge
transport equations. A representative work in this category is due to
Duttaet al*>*®who proposed a model considering variable gas den- Continuity V - (pu) = S, [1]
sity and mass source/sink in the continuity equation. Unfortunately,
all simulations in Ref. 15 and 16 were shown for cases with small
densi_ty varigti_or(less than 15%along the channel. In additior!, the MomentumiV S(puu) = -Vp+ V -1+ S, [2]
velocity variation along the channel may affect the water distribu- €?
tion by convection, thus influencing cell performance especially un-

Physical and Numerical Model

SpeciesV - (uCy) =V - (Df'VCy) + S [3]
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Table I. Physical and transport properties.

Quantity Value
Water saturation logyop%dt= —2.1794+ 0.029537 — 273.15)— 9.1837X 107 %(T —
pressuré, ps (Pg 273.15f + 1.4454X 107 7(T — 273.15§
Water activity® a _ GRT
- psat

Membrgne water 0.043+ 17.81a — 39.8%2 + 36.0a° for0<as<1

u N =
content, A (H,0/SQ) 14+ 1.4a — 1) for il<a<3
lonic conductivity of 1 1
membrané,k (S/cm (0.005139 — o.ooazeex;{lzef{g—%— ?”
H,O diffusivity in 3.1X 10 3\ (e>2® — 1) . 2346 for0<A=<3
membranéZ D™ (cn#s) Dy = 4 - 2346/ ;

P Ew 417x 10°\(1 + 161e™) - 1 otherwise
Electro-osmosis 1.0 fora <14
coefficient?® nq

+ ng=1415 )
(H,O/H") ?()\ —14) + 1.0 otherwise
Membrane densit$f p 1.98+ 0.0324A ¢

= —— X

(kg/n) P= Tiooesa 1
O, diffusivity in the 1.22x 10°°
membrané, Dg, (cn¥/s)
Gas diffusion Def = D
coefficient in porous
media, D¢ (cn?/s)
Diffusivity in the gas ( T \32/1

5 2 _ —
channelg? D (m?/s) Do‘353) (p)
H, /H,0 diffusivity in 1.1028% 1074/1.1028% 10~*
anode gas at standard
condition,D p2 o/ Do wa
(m?s)
0, /H,0 diffusivity in 3.2348x 10°°/7.35%X 10°°
cathode gas at standard
condition, D 0o/ Do we
(m?s)
Viscosity of p = 9.88X 106X, + 1.12X 10%X;;0
anode/cathode g8 + 2.01X 105Xy, + 2.3 X 10 %X,
(kg/m 3

where u is the superficial velocity in the porous media and the Comparing with Eq. 1, one has
variable mixture density may be expressed as the function of molar

concentrations of the components S, = V. (2 DEﬁVMka
k

- 2k SM, (8]

p = > CM, (5]
K In the above equations, the diffusion terms contain contributions
from the gas and membrane phases. Assuming the sum of multicom-
The continuity equation for the gas mixture, Eq. 1, also may beponent gas diffusion terms is equal to zero and separating out the
obtained by summing up all species equations. That is, performingvater diffusion term through the membrane phase, one arrives at

operation of2, (M, X Eq.3 yields
Sn= MV - (DGVCI) + D) SMy
k

V. (uEk CMy| =V - (Zk DE'VM,Cy| + }k‘, SMy [6]
= MWV - (DynVC,) + 2 SMy [9]
or
V. (pu)=V.- 2 DEﬂVMka 4 E SM, [7] where C}} is thg molar co.n.centr.atiop of watgr. in the membrgne
K K phase, and,,, is the modified diffusion coefficient for water dif-
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Table Il. Source terms for the conservation equations in each regiof.

S S S Sm
Gas 0 0 — 0
channels
Diffusion mn 0 0 0
layers - u

4 KGDL

Catalyst i i i

b Ng. Skl Sl Ng.
layers 7K—CLu -V (Fle T hE 72 (Mkﬁ> - M,V - (Fle) + My(DymVCy)
Membrane M 0 0 —

_K_mu
Note:

ng is the electro-osmotic drag coefficient for water. Forahd G, ny = 0.

fusion through the ionomer if expressed in terms of the gradient in  The model equations and their physical, transport, and electro-

the gas-phase molar concentration with Bruggeman correlation acehemical properties are summarized in Tables I-Ill in detail.
counting for the tortuosity effect,e. It is instructive to estimate the transverse gas velocity induced by
the mass source/sink and the ensuing convection effect on species
15-mdCw transport. In the one dimension across the GDL and catalyst layer,
Dum = € DWdCW [10] integration of the continuity equation in the anode results in
I M > I
In the catalyst layefe, is the ionomer volume fraction whereas it is pv = Mpooe + My = (T + My = [12]

unity in the membrane. Note also that there is an electro-osmotic

drha%iézlrlm ECOnéa;ﬂgﬂ;{;s“{ﬁaf?ﬁg'ﬁsaffigcj;:Lrgnfsﬁgt?;b?ﬁé ConI:iere,v is the velocity component in the through-plane direction and
phy y EQ. « the net water flux per proton through the membrane, which is a

sumption or production of species due to electrochemical reaCtion%ombined effect of electro-osmotic drag and back diffusion. If we

as we_:ll as the water transport fluxes thro_ugh the membrane due t8efine the Peclet number as a parameter to measure the relative
diffusion and electro-osmotic drag. Details on the water ransporty, .,y of this transverse convection to molecular diffusion, it fol-
model in the membrane have been given in Ref. 8-10, 12 and thu§OWS that
are not repeated here. A similar water transport model through the

membrane was also presented by KulikovEky. Y/ |
We choose Eq. 3 to solve for water and oxygen molar concen- 8 5 F Mya | =86n1
trations, and then calculate the concentrations of hydrogen and ni- pe= —obt _
trogen by ideal gas law D pD
p = 0.031 + 18a)
C = —= - C 11
HIN, = RT k:§1ers k [11] ~ 0.1 [13]

This approach of indirectly solving for the hydrogen concentra- for I = 1.0 A/cm_z, dgpL = 0.3 mm, anda = 0.1. This indicates
tion is valid for a binary gas (5H,0) anode. In this situation, the that the convection effect due to transverse flow is small as com-
H,O species equation along with the ideal gas las., Eq. 1) pared to the diffusive transport.

provides a sufficient number of equations for two unknownsahkd Variable-flow vs. constant-flow modelsNote that the model de-
H,O molar concentrations. Note also that hydrogen is strictly con-scribed above fully couples the mass, momentum, and species equa-
served in this approach. tions through various source terms and variable density. The flow

Table Ill. Electrochemical properties.®

Description Anode Cathode

Transfer current [ Cuo \ Y2/ + « Coo o F

density,j (A/m® ai 3( He ( Z__°F ) —ai E( )ex - )
Y A °4 ool | RT ° Coprat 1| RT "

Surface overpotential, by — b, — U, (with &g = 0) Oy — &, — U, (with g = V)

m (V)

Equilibrium potential, 0 1.23— 0.9X 10 3T — 298)

Uo (V)

Exchange current 1.0x 10° 10t

density X reaction
surface areaaiy (A/m°)

Transfer coefficiente Ayt a.=2 ac=1
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In-plane Table V. Comparison of the results between the two models.
Along-channel direction
Stoich, = 1.2 Stoich = 2.0
C flow model 0.50 A/crhat 0.595 V 0.41 Alcrhat 0.625 V
Thru-plane V flow model 0.50 A/crd at 0.610 V 0.45 Alcrhat 0.625 V

RRRLRLR R
CESNTN IO

Boundary conditions—Seven unknownai, P, Co, Cuw, andd,

are involved in the coupled differential governing equations, Eq. 1
Cathode catalyst layer through 4, that require boundary conditions.

2
7
4
2
7
‘2
z
’

Membrane Flow inlets—The inlet velocityu;, in a gas channel is expressed
e by the respective stoichiometric flow raticg., &, or &, defined at
the reference current density,, as
: Cﬁizuin,aAa d C(c:)zlvlin,cAc [16]
2 | refA ¢ lrefA
" MEA 2F 4F

—> Thickness or x direction
whereA, andA. are the flow cross-sectional areas of the anode and
cathode gas channels, respectively apd anduy, . the inlet veloci-

ties of the channels. The inlet molar concentrati®@sandCy, are
determined by the inlet pressure and humidity according to the ideal
field determined by the mass and momentum equations, Eqg. 1 and @as law.

is strongly affected by the electrochemical processes via the mass
source term,S;,, and variable density. This is hence termed

Figure 1. Computational domain and mesh of a single-channel PEFC.

Outlets—Fully developed or no-flux conditions are applied

variable-flow model. An elegant simplification of this full model is au aCy dde
to neglect the mass source in the continuity equation and assume a m Y on Y Tn T 0 [17]
constant gas density in the momentum equation. It follows that Eq.
1 and 2 are simplified to Walls—No-slip and impermeable velocity condition and no-flux
conditions are applied
V-(uw=0 [14] aCy oP dde
u=0o an 0. an "9n 0 (18]
1 p T Sy . . .
—V.(uu)=-V-+V.—-+ — [15] Numerical procedures-The governing equations are solved by
€? p P p the commercial CFD software package, Flu@eirsion 6.0.12, with

SIMPLE (semi-implicit pressure linked equatipalgorithm?® The

. . . . source terms and physical properties are incorporated into a UDF
Equation 14 and 15 then yield a flow field that is dependent only ON(yser-defined functions based on the software’s user-coding

the inlet flow boundary condition and channel geometry, regardles%apab”ity_zl The mesh of a single-channel PEFC employed in this
of any electrochemical process occurring in a PEFC. This simplified,ork is shown in Fig. 1 with the anode and cathode in coflow.
model, termed the constant-flow model herein, effectively decouplesgeometrical and operating parameters of this PEFC are listed in
the flow field from the speciegwnith reactior) and potential equa- Table IV. About 100,000 (5% 100 X 20) computational cells are
tions, thereby significantly accelerating calculations and reducingused to capture the’complex electrochemical and physical phenom-
memory requirements. BOth.mOdels Wi”. be compared in the next na in the PEFC. In addition, overall species mass balance is
section to assess possible inaccuracy introduced by the consta hecked besides the equation residuals as important convergence
flow model. criteria. These species balance checks also ensure physically mean-
ingful results to be obtained. In all the simulations presented in the
next section, values of species mass imbalaieg H,, O,, and

H,0) are all less than 0.1%.

Table IV. Geometrical and operating parameters.
Results and Discussion

Quantity Value o o )

Two limiting conditions representative of common PEFC opera-
Gas channel depth/width 1.0/1.0mm  tjon,i.e, anode stoichiometry of 1.2 and 2.0, were chosen to display
Shoulder width 1.0 mm detailed calculation results with the cathode stoichiometry fixed at
GDL thicknessdgp, 0.3 mm 2.0. Other operating conditions are listed in Table IV. Particularly,
Catalyst layer thicknes$,c, 0.01 mm we are interested in exploring the low-humidity operati6re.,
'I\:"embra”e(’.\”lz) thickness 0.051 mm RH,/RH, = 50%/0%), where water transport characteristics in the

uel cell height/length 2.0/100.0 mm . .

Anode/cathode inlet pressurd, 2.0/2.0 atm anqde may be altered by var!able flow under large density and.ve-
Cathode stoichiometry (stoigh &. at 0.5 A/cn? 20 locity changes, thereby affecting the cell performance. Table V lists
Temperature of fuel cellT 353 K two comparisons between the two models: one is at the anode sto-
Relative humidity of anode/cathode inlet 50/0% ichiometry of 2.0 at 0.5 A/cfhand under a constant cell voltage of
Porosity of GDLs,e 0.6 0.625V, and the other is at the anode stoichiometry of 1.2 and under
Porosity of catalyst layers, 0.4 a constant current density of 0.5 Algm
Volume fraction of ionomer in catalyst layers,, 0.26 Figure 2 displays the axial profiles of the mass source in the
Permeability of diffusion layers§gp, 1012 m? anode catalyst layer, scaled by the anode inlet flow rate. The total

Permeability of catalyst layer&c, 10 15 m? mass source consists of the contributions from hydrogen consump-
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Total mass source (Stoich,=2.0)
—a—— Mass,, source (Stoich,=2.0)

6 [=—w—— Mass,,,, source by electro-osmotic drag (Stoich,=2.0
——e—— Mass,,,, source by back diffusion (Stoich,=2.0
--a---- Total mass source (Stoich,=1.2)
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Cathode inlet density=1.98 kg/m

)

~

LS

L_X §
~

o N .,
/ Shadow area represents mass flow rate into anode inlet|

3

tyIODensig scaI%d by inlet va!_l.‘le

0
UNLELE

—a— Density-anode
—t— V-anode
-=-=-o---- Density-cathode
--=-a---. V-cathode

~e
-
[ )

Veloci
(e}
o

1 1 l 1 ] ] ]
0.25 05 0.25 05 0.75
Fractional distance from anode inlet Fractional distance from anode inlet

o
o
(=)

Mass source scaled by anode inlet mass flow rate
o

&
o I RESSS

L | L
0.75

Figure 2. Mass sources in the anode catalyst layer scaled by the mas$igure 3. Average axial velocity and density in gas channels predicted by
injection rate in anode predicted by the variable-flow model for stoich the variable-flow model for stoigh= 2.0 and 0.625 V.

= 2.0 (at 0.625 V and 0.45 A/cf and 1.2(at 0.61 V and 0.5 A/crd),

respectively.

variable-flow and constant-flow models. The most remarkable dif-
ference is in the hydrogen concentration profile. The variable-flow
n-model predicts an almost flat profile and, holar concentration

tion, water electro-osmotic drag, and water back diffusion. The i ; i
Jigtains about the inlet value. In contrast, the constant-flow model

tegral of each curve represents the ratio of the total mass source/si . ; . o .
in the catalyst layer to the anode inlet flow rate. For stpieh2.0, ~ Predicts a sharply declined ;Hprofile. This is because in the

the anode Ioses a large amount of mass in the first quarter of thgonstant-flow model, the flow rate does not decrease as in the
channel due to water electro-osmotic drag across the membrane, afy@able-flow model and consequently the concentration must be

gradually gets mass back from back diffusion of water in the latter/0Wered to satisfy hydrogen consumption by the anode reaction.

part of the fuel cell. Compared with the mass source due to water,This dramatic difference in hydrogen concentration, however, does

hydrogen contribution is negligibly small. In addition, it can be seen "0t Impact the overpotential for hydrogen oxidation reactid®R)

in Fig. 2 that the two water sources due to electro-osmotic drag an@S the reaction is sufficiently facile under both concentrations. As

diffusion, respectively, almost cancel each other starting from thecompared with hydrogen, the water concentration profiles predicted

dimensionless distance of 25% into the channel, making the totaPy Poth models are much closer. They look similar also in that the
mass source small in the last three-quarters of the channel. |yvater concentration decreases near the inlet due to dominance of

stoich, = 1.2, it can be seen from Fig. 2 that the anode always loses
mass to the cathode and magnitude of the total mass source is sig-
nificant not only in the first quarter but also the last quarter of the
channel.

Figure 3 shows streamwise variations of the average axial veloc-@1.4
ity and density in gas channels predicted by the variable-flow modelg
for stoich, = 2.0. The density in the cathode decreases only by 4%3
along the channel, while that in the anode deceases by 12% over th21-2
first quarter of the length, then increases back~80% from the £
lowest density. The negligible variation in the cathode gas density is® - -0-8-0- O OG-8
expected as nitrogen is a diluent of dominant composition. The largeg 1 gl ST S S S i SR S
density variation in the anode stems from the large density contrasTg
of hydrogen to water vapor. In addition to the density change, theg
velocity variation along the fuel cell length is more dramatic. Figure >
3 shows that the anode average velocity decreases by nearly 509®
while the cathode velocity changes by 9%. Again, the small varia- 5
tion in the cathode velocity may be explained by the much larger@
density of the cathode gas stream. £

Figure 4 shows the same density and velocity profiles for 804
stoich, = 1.2. Now, the density and velocity changes become much@ ™"
more severe due to the much smaller anode flow rate, amounting t
greater than 50 and 80%, respectively. As a result of the large
change in the axial velocity, species transport in the anode channe ‘ o '25 S 0'5 S 5 '75 e
dominf?ted by convection may be quite different from that in a con- Fractional distance from anode inlet
stant flow.

Figure 5 compares the average water/hydrogen molar concentrasigure 4. Average axial velocity and density in gas channels predicted by
tions along the anode gas channel for stgich2.0, between the the variable-flow model for stoigh= 1.2 and 0.5 Alcrh

Anode inlet velocity=0.112 m/s
Anode inlet density=0.255 kg/m*
Cathode inlet velocity=0.370 m/s,
Cathode inlet density=1.98 kg/m

-.-..g—-ﬂ--ﬂ--b-l'.

Bk T

0.6
[Stoich,=1.2]

——8—— V-anode
—a—— Density-anode
===g--=-- V-cathode
-=-#-=--. Density-cathode

o
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Figure 5. Comparison of average water/hydrogen molar concentrations inFigure 7. Comparison of average water/oxygen molar concentrations in the
the anode gas channel between the constant-flow and variable-flow modelsathode gas channel between the constant-flow and variable-flow models for
for stoich, = 2.0 and 0.625 V. stoich, = 2.0 and 0.625 V.

electro-osmotic drag and then increases due to enhanced back difhe inlet, the middle, and the outlet. In each figure, the velocity
fusion. Figure 6 compares similar profiles for stqieh 1.2. The vectors are presented for stojch 2.0 along with contours of a
same trends discussed above prevail except that the differences bsealar as predicted by the variable-flow model. First, near the anode
tween the two models are enlarged, as expected. inlet, there is a strong transverse flow going from the anode to
Figure 7 presents water/oxygen molar concentrations averaged in
the cathode gas channel for stojeh 2.0. Compared with Fig. 5,
differences on the cathode side between the two models are much

smaller due largely to the lesser variation in density and axial ve- 7 7 7 7 p <% S«
locity in the cathode as shown in Fig. 3. Interestingly, the water \4 Ay N
distributions are almost identical whereas there is little difference in —» ': ; ‘ }96? . A : : Cathode
the oxygen profiles between the two models. Note that the averag %0005 mis g

current densities in this comparison for stqieh 2.0 under constant

cell voltage of 0.625 V are slightly different: 0.41 and 0.45 Afcm

from the constant-flow and variable-flow models, respectively.
Details of the transverse flow in the fuel cell cross section are

shown in Fig. 8 through 10 for three representative axial locations:
14
©-0-B-p-a. .~ DEIEICE LT AR
- “etom, <] sizime| 138 45+ AN VEG G A0 [comone
Ta., R - o ® ) RN & o catalyst
b e, i P A A A AR /*““L-ANA layer
..E: “mi— £ PR YRL R YRNY W IS Sy
- , ] [=} —
= ~ AU TR x T ATA 474
O.n[ A £ NN A A AN 4 4 alx 14n |Anode
10 - ~— — L @ 0 o e
E°F 1% ¢ ooosms | 5} A5} i cﬁ ti\i ! i 13 :%\\eﬁﬂa
5 [ 1 8 Ry oz® A4 434
ET
S sl 1
5 1
Zt Jao & =
g - ——a—— Cflow-H2 1 - y‘g"%/ 0 1| sim;?on
[ ——at—o Cflow-H20 1 =} G )
- ce-0--- Viiow-H2 1 = /4:::)3\ layer
g N ---e-- VowH20 30 2
< 4F ] ,g
2 { 2 =
s I ] b 0.005 m/s
(&) ok —120 5 Anode
[~ N as
[ 1 © ghannel
[ L L L L l L L L L I L L L L I L L L L
0O 0.25 05 0.75 10

Fractional distance from anode inlet

Figure 6. Comparison of average water/hydrogen molar concentrations inFigure 8. Distributions of velocity and density in the cross section near the
the anode gas channel between the constant-flow and variable-flow modeislet (i.e, y = L,/20), predicted by the variable-flow model for stajch
for stoich, = 1.2 and 0.5 A/crh = 2.0 and 0.625 V. The catalyst layers are expanded for clarity.
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' Figure 11. Profiles of hydrogen concentrations in the through-plane direc-
Ve vy Anode tion in the anode for stoigh= 2.0 and 0.625 V, predicted by the variable-
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cathode, as shown in Fig. 8. In the anode GDL, the magnitude of the

Figure 9. Distributions of the velocity and water concentration in the cross VelOCity is about 0.005 m/s, and hence the Peclet nunidey /D,
section at midlength of the PERCe., y = L,/2), predicted by the variable- of ~0.15. This is consistent with the estimate presented in Eq. 13

flow model for stoich = 2.0 and 0.625 V. The catalyst layers are expanded @nd indicates that diffusive transport of species dominates in the
for clarity. GDL. Figure 8 also shows the cross-sectional density distribution

and indicates that the density is smaller in the anode catalyst layer as
a result of the lower water concentration due to electro-osmotic
drag. In addition, density variation in the through-plane direction is
within 7%. On the cathode side, Fig. 8 shows that the transverse
velocity is nearly ten times smaller than that in the anode. Thus, the

" —— ” convection effect in the cathode GDL can be safely ignored. In
NN addition, the density variation in the cathode is less than 2%.
Vb ke Y S v ede Figure 9 shows the cross-sectional velocity vectors and water
- : ‘; : . : N : : : gas concentration contours at the midlength of the cell. At this location,
0.0002 mis AV N strong back diffusion of water occurs, as evident from the higher
rosos ZLEBT A 4w water concentration on the cathode side. The back diffusion then
S S offsets the electro-osmotic drag, thus leading to a much smaller
s ) transverse flow than in Fig. 8.
$\E = E% H § Cathode Figure 10 shows the cross-sectional velocity vectors and pressure
ST £ 2 g layer contours in the outlet region. This location also features strong back
diffusion of water, thus yielding a transverse flow pattern similar to
- Ay . Cathods Fig. 9. In addition, because there is flow in the porous media, there

AX

0.0005 mls'_“—“‘raﬁ_*_‘_ e u—*—ﬁ—r’g/t—f—‘_ atalyst exist pressure variations in GDLs and catalyst layers. The maximum
f f Fiss A I i '1f'27f f v pressure drop across the GDL and catalyst layer is around 12 and

220 Pa, respectively, in comparison to the operating pressure of

ooozme] YV VY v_wg\‘w v 12;; v vé@'fv R Amte 2 % 10 Pa.
= 5ol ¥ layer Another observation from Fig. 10 is that there exists a pressure
difference between the two surfaces of the membrane, even though
SE=2 > T=o2 Anode the gas stream pressures are equal on the two sides. While depend-
32 22 $M; 5T %\ clfusion ing on the permeability of the catalyst layer, a pressure difference of
SESSNIA Bl Y pr e 2 2 ve 220 Pa is possible as presented in Fig. 10.
- —;—ﬁ"‘* LA ar o Figure 11 shows the profiles of hydrogen concentration in the
0.0005 mis Yl al e through-plane direction for stoigh= 2.0 near the inlet and at the
' v * ¥ 1 anode midlength of the_cel_l. Only part of the gas channel is included to
: : : : : gas Sh_ow more details in the porous GDL and catalyst layer. At the_
v N MM R midlength of the cell, both curves under the land and channel exhibit
VoYY Y v v vy a decline from the GDL toward the catalyst layer, indicative of a
by vy voyovov diffusion-reaction process. In addition, there is lower hydrogen con-

centration under the land than the channel due to the land blockage
Figure 10. Distributions of the velocity and pressure in the cross section on species transport. However, near the inlet region, both curves
near the outleti.e., y = (19/20)L,), predicted by the variable-flow model under the land and channel reveal a totally opposite trend: hydrogen
for stoich, = 2.0 and 0.625 V. The catalyst layers are expanded for clarity. concentration increases from the channel, to the GDL, and to the
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Figure 12. Comparison of the water content distributions in the middle
membrane between th@) constant-flow andb) variable-flow models for
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Figure 13. Comparison of current density distributions between tae
constant-flow andb) variable-flow models for stoigh= 2.0 and 0.625 V.

catalyst layer, while the concentration under the land is higher than, mineq the anode stoichiometric ratios of 1.2 and 2.0. As seen from
under the channel. The reverse profile results clearly from the strong:ig_ 14, the differences in the average current density are less than

transverse flow existing in the region. Nonetheless, the weak effec 4 519 10%

for the anode stoichiometry of 1.2 and 2.0, respectively.

of convection leads only to a very slight increase in the H Note also that the two polarization curves at stgiehl.2 are ter-

concentration.

Figure 12 presents contours of water content in the middle mem-
brane for stoich= 2.0, which determines the ionic resistance of the
fuel cell. Here water content is defined as the number of water
molecules per sulfonic group in the membrane. The distributions
from the two models are similar in most parts of the membrane. A
difference appears in the outlet region, where higher water content i
indicated for the variable-flow model, which is ascribed to the
higher water concentration in the anode channel as shown in Fig. 5
In addition, near the inlet area, water content predicted by the
variable-flow model is a little higher, which can be explained by <
convection induced by the transverse flow in the anode GDL asg’
shown in Fig. 8. o

The distributions of local current density from the two models S
are compared in Fig. 13, showing that the current density contourss
are again similar for the most part. Similar to Fig. 12, differences
arise in the outlet and inlet regions. The difference in the averageQ
current density between the two models is less than 10% for
stoich, = 2.0 and 0.625 V.

Using the polarization curve as a figure of merit, Fig. 14 attempts
to establish the validity range of the constant-flow model. First, a
comparison is made in Fig. 14 between the two models for sfoich
= 2.0 at 0.5 A/crd and full humidification of both anode and cath-
ode. No appreciable difference is observed, demonstrating that th
constant-flow model is a physically sound and computationally ad-
vantageous model for PEFCs operated under high to full humidifi-
cation. For low-humidity operatiofe.g., RH,. = 50%/0%), we ex-

0.9 Low humidity 1 (stoich,=2.0): RHa/c=50%/0%
: Low humidity 2 (stoich=1.2): RHa/c=50%/0%
Full humidity (stolch,=3.0): RHalc=100%/100%
0.8

0.7

(o]
o

0.5 ——a—— Vflow - Full humidity
—-—a—-—. Cflow - Full humidity
————— Vflow - Low humidity 2
-------- Cflow - Low humidity 2
0.4
. R 1 [ I 1
0.2 0.4 026 0.8
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Viow - Low humidity 1 TN
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Figure 14. Comparison of polarization curves for the two models.
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minated before 0.6 A/cfawhich is the maximum current density Vee cell potential, V
possible for H stoichiometry of 1.2 at 0.5 A/cfn X mole fraction

. Greek
Conclusions
transfer coefficient; net water flux per proton flux
thickness, m

porosity

A three-dimensional, multicomponent model of PEFCs has been %
developed to fully couple the flow field with transport and electro-
chemical processes, with focus on studying operation with very .+ surface overpotential, v
large density and velocity variations. Numerical simulations were « ionic conductivity, S/m
carried out for a single-channel PEFC operated under common con- * \T:gglff‘”i V}’r";‘]tesr content
qmons with the anode stoichiometry setting to 1.2 an'd 2.0, respec- ‘g stoichio>r/7’1et%ic flow ratio
tively, and the results were compared with the previous constant- [ gensity, kg/n
flow model. Simulation results indicate that the density and velocity + shear stress, Nfn
along the anode channel may change by more than 50 and 80%, ¢ Pphase potential, V
respectively. Deceleration of the anode gas flow under low anodesyperscripts and Subscripts
stoichiometry is a major finding from the present full model. As a
result of anode flow deceleration, the hydrogen concentration re- a anode
mains high. Despite all these dramatic differences in the anode den-_° EZ:ZIO‘itela or
sity, flow, and H concentration, the variable-flow and constant-flow ¢ e|ect¥o|ytey
models yield similar water and current distributions for anode sto- eff effective value
ichiometry as low as 1.2. The error in the average current density 9 gas phase
predicted by the constant-flow model is less than 10 and 14% for thé>- gas-diffusion layer
anode stoichiometry of 2.0 and 1.2, respectively, thus supporting the ' species
applicability of the constant-flow model under common PEFC op- m membrane phase
eration. Selective contours of density, pressure, and water concen- 0 gas channel inlet value; reference value
tration were also provided to illustrate the fundamental flow and 'ef reference value

. . . ., sat saturate value
transport processes occurring in PEFCs undergoing large density ;e
and velocity changes.
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