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Abstract—To analyze the physical phenomena occurring in the Proton Exchange Membrane Fuel Cell (PEMFC)
using Computationa Fluid Dynamics (CFD) technique under an isotherma operating condition, four mgjor governing
equations such as continuity equation, momentum conservation equation, species transport equation and charge con-
servation equation should be solved. Among these governing equations, using the interfacial boundary condition is
necessary for solving the water transport equation properly since the concept of water concentration in membrane/elec-
trode assembly (MEA) and other regionsistotaly different. It was first attempted to solve the water transport equation
directly in the MEA region by using interfacial boundary condition; and physically-meaningful data such as water
content, proton conductivity, etc. were successfully obtained. A detailed problem-solving methodology for PEMFC
is presented and result comparison with experimental datais also implemented in this paper.

Key words: PEMFC, CFD, Modeling

INTRODUCTION

The Praton Exchange Membrane Fud Cdl (PEMFC) isakind
of generator that produces dectricity through eectro-chemica reac-
tions. Since, unlike a bettery, it requires fud geses for generating
electricity, there are severd transport phenomena (eg., fluid con-
vection, species trangport, heet trandfer, etc.) infud cdl [Carrette et
a., 2000, 2001; Larminie et d., 2000]. Beddes, there are mainly
three dectro-chemica reactions in the anode and cathode catalyst
layer such as hydrogen oxidetion reection, oxygen reduction resc-
tion, water generdting reaction. In order to numericdly smulae
these phenomena, five mgor governing eguations such as continu-
ity, momentum conservation, energy conservation, species trangport
and charge conservation equation should be solved Smultaneoudly.
However, Snce isotherma operating condition is assumed in this
paper, the energy conservation equation is currently out of our re-
search focus

In Finite Volume Method (FVM) based computationd fluid dy-
namics (CFD) technique, it is unnecessary to give interfecid bound-
ary conditions since the solver gradudly gpproachesto get the con-
verged numerical solutions by balancing flux values in each con-
trol volume with externd informetion, the so-called boundary con-
dition. So, while using FVM-based CFD technique, we do not have
to condder internal boundary conditions for the reason mentioned
above.

However, when PEMFC s given as a target sysem, the Situa
tion is quite different. Thisis due to complex physica phenomena
in PEMFC. In generd sysems, physicad phenomena are usualy
continuous through the entire computationd domain. However, when
it comes to PEMFC, phenomenaingde PEMFC are not continuous
(i) hydrogen, oxygen and water vapor digribution discontinuity,
(i) liquid weter distribution discontinuity (exiss only in MEA), and
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(iii) dectrolyte potentid distribution discontinuity. To dedl with this
phenomendly discontinuous problem, severd numerica techniques
(eg. source term maximizing) were usad in other researches.

However, even with these numerical technigues, it is nearly im-
possible to ded with water transport phenomenon in MEA since
boundary condiitions between gas diffuson layer and catdys layer
arerequired. Thisisbecause the concept of mass (or mole) fraction
of water membrane isinexplicable-to pargphrase, the value of the
mass fraction in the membrane dways has to be unity snce only
water vapor exigs in thet region. So, though water status in MEA
is not exactly determined, solving the water concentration equation
in the MEA region is necessary in order to get physicaly-reasongble
proton conductivity.

Dutta et d. [2000] and Berning & d. [2002] solved mass frac-
tion-based species trangport equations and dedlt with water ecies
as agas phase They did not consder the MEA region as a com-
putationa domain; in other words, governing eguations were not
solved in the MEA region. Only the catalyst layer was considered
asaface (not asavolume) source because of itsthickness,

Um et d. [2000] solved the whole computational domain indud-
ing the MEA region with a single domain concept. However they
did not solve the water concentration profilein MEA,; ingteed, they
olved the water vapor species trangport equation to get water ac-
tivity valuesin MEA.. In order to obtain the water content vauesin
MEA they used the experimentd relaionship between water activ-
ity and water content thet Springer e d. [1999] had presented. They
used the linear extrapolation method to predict water content vaue
in a range thet water activity is over unity. This is phenomenaly
inexplicable 9nce the weter activity valueis dwaysegud to or less
than unity. Also, the water vapor mass fraction value in the mem-
brane region is physicaly inexplicable snce only one species (water
vapor) exigsin the MEA region, i.e., the common concept of mass
fraction cannot be used in MEA.

In PEMFC modeling, water content is one of the most impor-
tant key factors in predicting current dendty digtribution in MEA
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Fig. 1. A Schematic of PEM fue cdll.

snce proper and physcaly-undersandable water content vaues
give exact dectrolyte potentia digtribution in MEA. Consequently,
current dendty digtribution is caculated by using this eectrolyte
potentia gradient.

From this point of view, water content prediction should be based
on water concentration profile rather than water activity in MEA,
especidly in the PEM region. In order to get the water concentra-
tion profilein MEA, theinterfacid boundary condition between gas
diffusion layer and catdy< layer is necessary.

In this paper, the water concentration profile is directly solved
and water content is taken basad on the calculated weter concentra:
tion. Also, current dengity is numericdly predicted and compared
with experimenta data.

MATHEMATICAL MODEL

Fg. 1 showsasysem schematic of atwo dimensond PEM Fud
Cdl. Whale governing equetion is solved Smultaneoudy in dl seven
layers by finite volume method. However, thereis a phenomendly
discontinuous digtribution of numerica solution in the system. Thet
IS,

1. Hydrogen mass fraction (or mole fraction) exists only in ACH,
AGDL,ACL

2. Oxygen mass fraction (or mole fraction) exigs only in CCH,
CGDL, CCL

3. Water mass fraction (or mole fraction) does not exist in ACL,
PEM, CCL (MEA)

4. Water concentration exigsonly in ACL, PEM, CCL (MEA)

5. Electrolyte potentia existsonly in ACL, PEM, CCL (MEA)

Thereare sverd numerica techniques such as source term max-
imization, diffusion coefficient maximization to solve these discon-
tinuous phenomena. Numericaly, these techniques are for mini-
mizing convection and diffuson effectsin each governing equition.
S0, to some extertt, there is a numerica eror in the computationa
domain. However, if aninterfacia boundary condition isadded be-
tween the gas diffuson layer and catidys layer, we can perfectly

November, 2004

protect numerica diffusion and aso the boundary condition setting
of water concentration at ACL and CCL ispossible.

Though, actudly, dl governing equations are 0lved Smultaneous-
ly, phenomendly-caculated governing equetions are different in
eech layer. So, for better understanding, mathematical modds are
overlapped in each layer.

1. Governing Equations
1-1. Anode How Channd (ACH)

Inthis pgper we do not condder reforming processes and assume
that only pure hydrogen gasis used as fuel. So, in the anode flow
channd, humidified hydrogen gas is supplied. Mass fractions of
two species (hydrogen, water vapor) are cdculated by solving the
species transport equation. Phenomendly, there are fluid convec-
tion and molecular diffusion in the channel. There are no source
terms in each governing equation since the flow channd is not a
porous medium and there are no eectrochemicd reactions.
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where, o is an effective fluid dendity based on species mixing ad
L& means effective fluid viscosity. They are defined based on mass
fraction ratio. Subscript “d’ means anode.
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Also €is unity Snce conoept of porodty or volume fraction is urn-
necessary inthislayer.

1-2. Anode Gas Diffuson Layer (AGDL)

Inthisregion, e vdueisvdid. € isakind of concept of volume
fraction, in other words, how much amount is taken by targeted vol-
umeout of tota volume. Thus, when momentum conservetion and
spedies trangport equiation are conddered in porous media, fluid vol-
ume fraction comes to be so-cdled porosty. All eguations were
formulated based on volume-averaged vel ocity concegpat. Darcy’slaw
was usad to describe momentum sink term and pore digtribution in
G.D.L. is assumed to be homogeneous Source term, S, is defined
inTeblel.
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1-3. Anode Catdys Layer (ACL)

In this region, only molecular diffusion is conddered since the
fluid convection effect in catdyst layer is negligible. In this layer,
the dectron-conductive solid phase (platinum), proton-conductive
eectrolyte phase (ionomer) and gas-diffusible fluid phase co-exig.
In each phase, different physicd phenomena occur: (i) hydrogen
gas diffuses from fluid phase into eectrolyte phase (ionomer) to
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Table 1. Sources of termsfor each equation in each layer
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Fig. 2. Hydrogen gas diffusion mechanism in catalyst layer. @7 ’
make an dectrochemica reaction (see Fig. 2). (i) water diffuses by N
concentration gradient in electrolyte phase. (jii) water migrates by Le;gth

potentid gradient in eectrolyte phase. (iv) dectrolyte-phase poten-
tid exigs in dectrolyte phase. and (v) solid-phase potentid exigts

in 0lid phase (e.g., plainum, graphite).
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Espedidly the dectrolyte-phase and solid-phase potertid are phe-
nomendly relaed to proton conduction and eectron, respectively.
In cther words the potentid gradient in solid phaseisadriving force
for eectron conduction and potentid gradient in eectrolyte phase
isadriving forcefor proton conduction.

This means that there are solid phase potentid vaue and dec-
trolyte phase potentid vaue in one control volume Smultaneoudy
(see Fg. 3) and thus the concept of volume fraction is introduced
in order to handle this physicad phenomenon. These two potertia
vaues are mathematically linked based on the definition of over-
potentid, N=®~,-V,.. So, conceptudly, two charge conservation
equations have to be solved smultaneoudy. However, snce solid-
phase meterid (eg., platinum, graphite) is highly dectron-conduc-
tive, solid-phase potentid istreated as a condart. In the charge con-
servetion eguation, the amount of charge generated in ACL is de-
fined basad on Butler-Volmer’s equation and this equation is hydro-
gen mole fraction dependent. This means the species trangport egua:
tion and charge conservation equaion cannot be solved separatdy
snce variablesin governing equetions are tightly linked.

Fig. 3. Conceptual plot of phase potential distribution.

Also, the mole fraction of each gpeciesis caculated asbeow.
W
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1-4. Proton Exchange Membrane (PEM)

In this region molecular diffusion of weter, water migration and
proton conduction are congdered. Alsp, it is assumed there is no
momentum transfer through the whole membrane phase. The ma-
jor driving force for proton migration is the eectrolyte-phase poten-
tid gradient due to dectrochemicd reaction in the anode and cath-
ode caay<t layer.
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1-5. Cathode Catalyst Layer (CCL)
The concept and numerica trestment are basicdly identica with
anode catayd layer (ACL); only sort of the speciesisdifferent.

O k2 Do, mOh] +&ocuSo, =0 (16)
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Table 2. Boundary conditionsfor momentum conservations equation and scalar transport equations

Momentum W, W, W06 Ciot @,
BCOl —%o lwRTnAue specified value =0 specified value Cio =0 ®,=0
o XzmeF Pin,a Ach,a : HeOl ¢
Bcoz S leRTnAue @,=0 sedifiedvaue  specifiedvalue  C,,=0 ®,=0
xngin4F F>in,c Ach,c 2 HO! €
i a_m_lz = a_% = am_lzo' = a_CH20’| = a¢e =
B.C.03 specifiesvaue 3y 0 3y 0 ABy 0 dy 0 dy 0
i 0w, _ dak, _ 0Whoq _ 0Cuor _ 0P, _
B.C.04 specifiesvaue 3y 3y dy 0 ay 0 dy
ou _ dwy|  _powy 0u, _ 0o _ Py @og oo,
B.C.09 Ix 0 D X |, D x|, ax 0 ax 0 o X Enom ox
u_ 9w, _ Oup| _ouws, 0Whog Pray®hog 0P, _
B.C.10 ox 0 ox D 0X | oo, D 0X |opr ox 0 o *Ehom gy 0

(Note!) Boundary conditionsfor all scalar variables at from B.C.05 to B.C.08 are set as non-flux.
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1-6. Cathode Gas Diffusion Layer (CGDL)
The concept and numerica trestment are basicaly identica with
anode gas diffudon layer (AGDL); only sort of the pediesis different.
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1-7. Cathode How Channd (CCH)
The concept and numerica trestment are basicaly identica with
anode flow channd (ACH); only sort of the speciesis different.

O0p:"d) =0 P
0 [pE"Gd) =-0p +00u"00) (4)
0o Ga,) =00 Do, g D) ()
0 "G 06) =0 {0 Divo60 i 0,0) (26)

Though two Species trangport equetions are dso consdered a
the cathode compartment, there are actudly three kinds of species
(eg. O, H,O, N,). However we do not have to solve whole three
governing equations since the mass fraction of nitrogen can be gain-
ed by 1-(w,,+w,0) & each control volume.

2. Boundary Conditions

InFg. 1, boundary symbols are designated a each boundary. At
the anode and cathode inlet boundary (B.C.01 & B.C.02), the ve-
locity boundary condition is given based on stoichiometry, u=f(¢,
Xi, ligs P Tiny Aviear Ag)- At the anode and cathode outlet bound-
ary, the pressure vaues for the momentum conservation equation
are given as a boundary condition. This is because operating pres-
aurevauesare usudly experimentaly meesured a the outlet. Addi-
tiondly, for other scalar trangport equietions, non-flux boundary con-
dition was used.

At interfacid boundaries between the gas diffusion layer and cat-
ayd layer, basicaly wal-type boundary condition was used. By
giving this boundary into the interfacid region, seven layers are con-
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ceptudly divided into three computetiond domains (i) ACH, ADGL
region, (ii) ACL, PEM, CCL region, and (iii) CGDL, CCH region.

The main purpose for using this interfacid boundary condition
is to give boundary conditions for water concentration and charge
consarvation equetion. Also, because of this boundary condition, it
is eader to solve charge consarvations eguation since numericd dif-
fudon from cady< layer to gas diffusion layer is perfectly blocked.

Additionaly, since awall-type boundary condition is used at
B.C.09 and B.C.10, species diffuson through this boundary is nu-
mericaly impossible. In order to solve this, the flux-coupling meth-
od for H,, O,, H,O(vap.) equationsis used.

More specific mathematica expressons for each boundary are
presented in Teble 2,
3. Water Transport in MEA

Fig. 4 shows the water trangport mechanism introduced in this
peper. Typicaly, there are severd important physicd phenomenato
explain water trangport in membrane:

(i) weter generdtion in cathode catay<t layer

(i) molecular diffusion by concentration gradient
(iii) migration by electrolyte-potentia gradient
(iv) migration by capillary force

AGDL ACL PEM CCL CGDL

Evaporation Adsorption

H20(g) H20(1) H20(1) H20() H20(g)

Water Generation

H20(g)

H20(g)
-~ id

H20(1) H20(1) H20())

Adsorption Evaporation

4— Back diffusion

= Electro-osmotic migration

Fig. 4. Conceptual approach for describing water transport in
MEA.



Numerica Methodology for PEMFC Simulation using CFD Technique 1157

The current modd in this paper covers (i), (i) and (jii) since (i),
(if) and (jii) are the mogt influentia effects in water trangport. It is
smply assumed that gas phase water (water vapor) is condensed
into ACL and CCL through the interfacia boundary between the
gas diffuson layer and catdyd layer. Thus condensed weter vapor
is thought to be adsorbed into membrane. Absorbed water is con-
Sdered as liquid phase and physica properties for the water con-
centration equiation are used based on liquid phase weter.

Though it is not induded in this paper, water date in MEA is
very important in macroscopic modding. In order to solve molec-
ular diffusonin MEA, usng gppropriate physica propertiesis nec-
essary. According to Adam's research [2003], the water Satein mem-
brane is water-content-dependent; thus there is atrangent phase be-
tween gas phase and liquid phase. In order to ded with this physicd
Stuation, a more reliable mathematical expression is needed. For
one example, the dengity of gas phase water and liquid phase water
isextremdy different. So, from this point of view, dedling with the
physca date of water might be very important.

4. Current Density Calculation

Once dectrolyte-phase potentia vaues in each control volume
are caculated, it is possble to cdculate the phase-potentid gradi-
entin MEA.. Also, we know the proton conductivitiesin each con-
trol volume. So, current density and current dendity magnitude cal-
culaion are performed as presented below in each control volume.

> [thg 0d
= +—
I ==K 3y 0 (27)
=y [BPf , OP
‘ ‘_Ke DaXD +|:|6yD (28)

Additiondly, the average current dendity vauein MEA is deter-
mined by

> 1>
lla = 2 llldA (29)

5. Numerical Implementation

In this paper, numericad modeling and Smulation of two dimen-
sond PEMFC wereimplemented with commercidly-availeble CFD
code, FLUENT. However, sShce FLUENT does hot present an dec-
trochemistry modeling module, whole governing equations except
momentum consarvation equation were solved by using User-De-
fined Functions, akind of user subroutine program.

In the case of charge consarvation equiation, source terms are tight-
ly linked with species trangport equations. Also, comparably quite
low under-relaxation factors and proper convergence criteria were
used for table convergence since dope of those source terms are
numericaly very Hiff.

Over 200,000 iterations were taken to reduce each resdud vadue
bdow 10°° and make numerica solutions tabilized. Espedidly, even
though species trangport equeations and charge conservation equa
tions are converged to some degree, more iterations are needed to
meke current dengity values well-converged. This is because cur-
rent dengity vauesin each control volume are s0 sengitively affected
by the dope of potentid profile.

Choosing proper under-r axation factors can sometimes reduce
computation time dramaticaly snce the number of iterationsis gen-
erdly affected by under-rdaxation factors. In this paper, since the

vaue of under-rdaxation factors is very low (eg. 0.001), a huge
number of iterations were required.

A 50x180 (9,000 cdls) mesh sysem was used in dl smulation
cases for the sake of fast convergence. Computation time per each
case requires over 24 hours.

RESULTS AND DISCUSSIONS

Figs. 5 and 6 show hydrogen and oxygen maole fraction distribu-
tionin ACL and CCL, respectively. Phenomendly, the amount and
digribution of hydrogen gas and oxygen gas are among the most
important factors in determining eectrolyte-phase potentia field.
In other words, the dectrolyte-phase potentid in ACL is generated
by hydrogen oxidation reaction and that in CCL is depleted by oxy-
gen reduction reection. Theoreticaly, in ided Sate, amourt of charge
generated in ACL and the amount of current depleted in CCL are
exactly same. Numericdly, generation and depletion are trested as
source termsin each governing eguation.

Asitisshownin Figs 5 and 6, dectrolyte-phase potentia vaues
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Fig. 5. Hydrogen male fraction and dectrolyte-phase patential dis-
tribution in anode catalyst layer (ACL) along x-directional
transverse digance at y=3556cm (U2L) when W 4,=0.6
V,P,=3atm, P=5atm, T,=323K & 353K, {,=2.8, {=30.
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Fig. 6. Oxygen mole fraction and dectrolytephase potential dis
tribution in cathode catalys layer (CCL) along x-directional
transver e digance at y=3.556cm (1/2L) when W =06V,
P,=3atm, P,=5atm, T4,=323K & 353K, {,=2.8, {=30.
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Fig. 7. Water concentration digribution in MEA along x-direction-
al transver e digance at y=3.556 cm (1/2 L) when W ,=0.6
V,P,=3atm, P,=5atm, T,=353K, {,=2.8, {,=3.0.

are dfected by cdl temperature and mole fraction of fud ges. In
this casg, it is not easy to single out the pecific reason for dectro-
lyte-phase potentia digtribution since the potentia vaue is deter-
mined by mixed effects. Moreover, according to Table 1, generdtion
and depletion of dectrolyte-phase potertid are affected by H, mole
fraction, O, molefraction, cdl temperature and even dectrolyte po-
tentid itsdlf. However, in the case of Figs 5 and 6, Snceinlet bound-
ary conditions are equd to eech other, only cdl temperatureisakey
factor in differentiating eectrolyte-phase potentid vaues in MEA,
and the results show generation and depletion of eectrolyte-phase
potentid are inversdy proportiona to the cdll temperature. So, due
to the different cdll temperature, the reaction ratein ACL and CCL
is different, and consequently the male fraction of hydrogen and
oxygen in each caseis different.

Table 3. Physical propertiesand parameters
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Fig. 8. Water content and proton conductivity digribution in MEA
along x-directional transverse distance at y=3556cm (U
2L) when W4,=0.6V, P,=3atm, P.=5atm, T=353K, {,=
28, {.=30.

Fig. 7 showsthe water concentration profilein MEA. In this pa-
per, it was assumed that water vapor is condensed into liquid water
a an interface of ges diffuson layer and catdys layer (see Fig. 1
and Table 2) and the gate of water in MEA isliquid. The concept
of water concentration is different in that solvent is not solid phase
and lute is liquid weter. From this point of view, water concen-
tration in MEA can be congdered as a kind of digtribution of the
amount of liquid water. A sharp drop in CCL region is due to oper-
ating condition since there is no humidification processin the cath-
ode compartment. Though there is a water generating reection in
CCL, the water concentration profile is different from the norma
ca i.e, the generd water concentration profile has a pesk point
in CCL and molecular diffusion by concentration gradient tekes
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place from CCL to ACL. However, thisistotaly operating-condi-
tion-dependent. Thus, according to the operating condition, a peek
vauein weter concentration may exist in ACL. In the case of Fg.
7, as mentioned above, thereis no humidification process a the cath-
ode compartment. So, if the amount of water is comparably abun-
dant & CCL, the peek vaue of water concentration can bein CCL.

Fg. 8 shows water content and proton conductivity profile in
MEA. Asit isshown in Table 3, the water concentration, water con-
tent and proton conductivity are phiydcaly and mathematicaly linked
with each other. Mathematically, water contert is afunction of water
concentration and proton conductivity is a function of water con-
tent. So the shepe of eech graphisvery smilar.

Figs 9 and 10 show anode and cathode over-potentid profilein
ACL and CCL. In this pgper, though open-circuit potentid isafunc-
tion of temperature, snceisotherma operating condition is assumed,
itisakind of congant value. Solid-phase potentid in ACL and CCL
is a0 a condant Snce we do not solve the solid-phase phase po-
tentia equation under an assumption that solid-phase materid is
highly dectron-conductive; thusthere is no potentid gredient. Based
on the definition of over-patentid, n=®,— ®.—-V,,, anode and cath-
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Fig. 9. Anode over-potential digribution along x-directional trans-
ver digance at y=3556cm (1/2L) when W, =06V, P,=
3atm, P.=5atm, T, =353K, {,=2.8, {.=3.0.
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Fig. 10. Cathode over-potential distribution along x-directional
transversedigance at y=3556cm (1/2L) when W 4,=06V,
P,=3atm, P.=5atm, T,=353K, {,=2.8, {,:=3.0.
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Fig. 11. Comparison of smulated and measured polarization curve
@P,=3atm, P=5am, T,,=323K & 353K, {=2.8, {=3.0.

ode over-potertiads are function of dectrolyte-phase potentid. When
eectrolyte-phase potentid profiles in Figs. 5 and 6 are consdered,
the anode and cathode over-potentid profilesin Figs 9 and 10 can
be considered to be properly predicted.

Fg. 11 showsaresult comparison between experimentd and Sm-
ulated data. Experimentd data were taken from Ticiandlli’s [1988]
paper. Each data point stands for averaged-vaue through MEA.
Asit is shown, the current mathematica modd dightly under-pre-
dicts current dengity vaue a a given cdl potentid and needsto be
modified to describe more detailed phenomena However, in agenr
erd manner, our modd and gpproaching methodology are quite ree
sonablefor predicting water concentration profile directly.

CONCLUSIONS

A two dimensiond, isothermd and steedy-state PEMFC modd
was developed by usng a unique numerica technique. To directly
cdculae the water concentration profile in MEA, we firdly intro-
duced an interfecid boundary condition into the interface between
gesdiffuson layer (GDL) and catdyst layer (CL) and a0 atained
physcaly reasonable data.

More specific physca phenomena such aswater Satein MEA,
temperature-changing Stuation should be conddered for more redis
ticmodd devdopment and we are currently focusing on thesetopics

NOMENCLATURE

A surfacearea[m?

ACH : anode flow channel

AGDL : anode gas diffusion layer
ACL : anode catdyst layer

C  :molar concentration [kgmol/m’]
CCH : cathode flow channel

CGDL : cathode gas diffusion layer
CCL : cathode catalyst layer

D :massdiffusion coefficient [m%s]
F  : Faraday constant [C/kgmol]

I : current density [A/nT]

] : volumetric current flow [A/m?]

Korean J. Chem. Eng.(Val. 21, No. 6)
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L  :hydraulic permesability [m?]

M molecular weight (or equivalent weight) [kg/kgmol]
ng :€electro-osmotic drag coefficient

P :pressure[Pq]

PEM : proton exchange membrane

T :temperature[K]

u : velocity vector

V, :open-circuit voltage

X :molefraction

Greek Letters

: transfer coefficient

: fluid porosity (or volume fraction)
: water content [mol H,O/mol SO;]
: density [kg/m’]

: viscosity [kg/m-]

: massfraction

: proton conductivity [S/m]

: phase potentia [V]

: stoichiometry

NBAREED >mQ

Subscripts

a :anode

c : cathode
ch :channd
ca :caays phase

e : electrolyte phase

g :gasphase

in inlet

I : liquid phase

m  : membrane phase

MEA : membrane el ectrode assembly
ref  :referencevalue

S : solid phase
Superscripts

a :anode

c : cathode

eff : effectivevalue
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