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Abstract

Models for mass transport inside a porous SOFC anode were developed based on Fick’s model (FM), the dusty-gas model (DGM)
and the Stefan—Maxwell model (SMM) to predict the concentration overpotential. All models were validated with experimental data for
Ho—H,O-Ar and CO-CQ systems. The effect of pore size on all model predictions was discussed. It was concluded that the dusty-gas
model is the most appropriate model to simulate gas transport phenomena inside a SOFC anode. However, this model requires numerical
solution, whereas Fick’s and Stefan—Maxwell's do not. It was found that the SMM, rather than the FM, is a good approximation of the
dusty-gas model for b+-H,O system, except in the case of high current density, lgvedhcentration and low porosity, where only the
DGM is recommended. For the CO-g8ystem, there is no simple rule for selecting an alternate model to DGM. Depending on the CO
concentration, porosity and current density, the FM or the SMM could be used. The only restriction is for small porosities where only the
DGM should be used. This paper also demonstrated that only the DGM is recommended for a multicomponent systgdHEO-CQ).
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction overpotential at the anode side. This can be explained by
the fact that, at high demands, the requirement for the
Solid oxide fuel cells (SOFCs) promise electricity gener- reactant exceeds its capability to diffuse through the rel-
ating processes for stationary applications in the mid-term atively thick porous ceramic anode to the reaction site at
future. This is because the electrical efficiency typically the vicinity of the anode—electrolyte interfafs. For this
achieved in a SOFC is much greater than that obtainedreason, the accurate prediction of the anodic concentration
from a conventional heat engine and any other type of fuel overpotential is extremely important. In particular, for a
cells [1]. Furthermore, additional efficiency can be gained tubular anode-supported SOFC where high fuel utilization
by adding a bottoming cycle to recover heat from hot gas is required, a small error in the concentration overpoten-
exhausted from a SOFC. Another key advantage is that atial calculation may cause a dramatic change to its design
SOFC can operate with CO, which is a poison in other types performance.
of fuel cells. Nowadays, three basic designs are studied; The anodic concentration overpotential considers the dif-
they are cathode-, electrolyte- and anode-supported designsierence in gas concentrations between the anode—electrolyte
The latter design has been considered to be better than anynterface and the bulk. Mass transport models inside the
other designs because it can operate at lower temperaturgporous SOFC anode must be applied to estimate gas concen-
and the highest performance can be achidzed]. trations at the anode—electrolyte interface. However, such a
It has been reportefB,4] that the performance of an mass transport model needs to be sophisticated enough so
anode-supported SOFC at high operating current densitythat it can take into account parameters such as complex
or high fuel utilization is governed by the concentration functions of temperature, pressure, gas concentrations, and
the physical properties of SOFC materials like porosity,
mpon ding author. Tekt 1-519-888-4567x6472: tortuosity and pore size of the electrode materials.
fax: +1-519-746-4979. The transport of gaseous components through porous me-
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Nomenclature

Bo pore characteristics

Deff overall effective diffusion coefficient of
component (cré/s)

peft molecular diffusion coefficient of componeint
in all other components present in the mixture
(créls)

Df}f knudsen diffusion coefficient of component
(créls)

DGM  dusty-gas model

F Faraday’s constant (96500 C/mol)

FM Fick's model

J operating current density (A/ch

M; molecular weight of componemt

N; mol flux of gas species(mol/(cn? s))

P operating pressure (atm)

R gas constant (8.31441 J/(mol K))

r; rate of reaction inside porous media
(mol/(m?3s))

SMM  Stefan—Maxwell model

T operating temperature (K)

\ mole fraction of componerit

Greek letters

o parameter defined biq. (18)

e porosity (fraction)

NConc concentration overpotential (mV)

n viscosity (N/ms)

T tortuosity

Subscripts and superscripts

AE interface between anode and electrolyte

B binary component system

T ternary component system

in many reference$6—8]. In general, mass transport of

components inside porous media can be described using ei3.

ther the extended Fick’s model (FM) or the dusty-gas model
(DGM) as explained ifi8]. Both FM and the DGM are mass

transport equations taking into account Knudsen diffusion,
molecular diffusion and the effect of a finite pressure gra-
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in that the flux ratio in DGM depends on the square-root of
gas molecular weight. From a literature review, although the
DGM is superior to FM in its capability to predict the fluxes
inside porous mediQ], FM is more frequently used be-
cause it allows explicit analytical expressions to be derived
for fluxes. Furthermore, Veldsink et §L0] claimed that the
deviation between FM and the DGM can be neglected for
the description of transport and reactions in a porous cata-
lyst. In SOFC modelling, numerous studies on gas transport
phenomend2,4,11,12] have been carried out using FM.
Some other referenced3,14] eliminated out the effect

of Knudsen diffusion leaving on by the Stefan—Maxwell
model in their mass transport equations. Only Yakabe et al.
[3] and Lehnert et al[5] used more complex mass trans-
port models, which were similar to the DGM. However,
their mass transport models were complex and required
numerical methods to obtain the solution. Consequently,
the objective of this paper is to evaluate the various mass
transport models by validating them with the measured con-
centration overpotential data obtained from Yakabe et al.
[3]. The binary systems of HH,O and CO-CQ as well

as the ternary systems obHH,O—Ar are considered.

2. Model development
2.1. Modelling assumptions

The modelling assumptions are consistent with those used
by Yakabe et al[3], and they are as follows:

1. Hp and CO are the anodic reactants. Only binary gas
mixtures of CO-CQ@ and H—H,O and a ternary gas
mixture of HL—H,O—-Ar are considered.

. Gas concentrations are uniform along the fuel channel.

This assumption is valid because the length of the fuel

channel is very small (20 mm). Fuel utilization is less

than 5% and, therefore, assumed to be constant. Accord-
ingly, only a 1D model in the-direction was examined

as shown irFig. 1

The current density is uniform over the entire electrodes.

This assumption is valid as long as the gas concentration

is assumed to be uniform along the fuel channel, because

the current density produced is related to the amount of
reactant gas diffusing into the anode layer.

dient. The key feature of the DGM differs from that of FM 4. Steady-state condition.
Fuel channel
Gas inl
as inlet  — Gas diffsion |:‘,> Gas outlet
c LYYV vy vy vy v vyl
o
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Electrolyte \\

Reaction site

Fig. 1. A SOFC geometry used in model development. The model is focused on diffusion inside a porous anode layer.
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5. Temperature and total pressure are constant throughougiven by:
the entire electrode. The total pressure gradient inside the
electrode is assumed to be negligible. This assumption is . — 1 (_D_eff d(yi P) n Boyz'P£> (=1 "
; e

quite reasonable since there is no net change in the num- 0z no 0z

ber of moles in the gas phaf due to electrochemical 3)

reactions. Consider the electrochemical reactions of H . . o off )

and CO at the anode: whergBo is the permeablllty coeffluen"rl,)i the effective
diffusivity of specied, andu the viscosity of the gas. The

Hz + 0% — H0+ 2~ (@) first and second terms on the right-hand side account for dif-

CO+ 0% —s CO, + 26 (b) fusion and convection transport, respectively. It is noted that

the convection transport term is described by the Darcy equa-

6. From reactions (a) and (b), it is found that there is no net tion. However, it is assumed that the total pressure change
change in the number of moles in the gas phase. within the pore is insignificant (8/dz ~ 0). Thus, only the
7. Finally, Lehnert et al[5] reported that the electrochem- diffusion transport is necessary to determine the rate of mass
ical conversion occurs in the vicinity of the electrolyte— {ransporteq. (3)reduces to:
anode interface. The depth of the reaction zone is about — D 3(y; P)
50um above the anode—electrolyte interface. Thisis very N; = RTl o
small compared to the 2 mm anode thickness in the SOFC
from Yakabe et al[3]. Therefore, it can be assumed that The diffusion process within a pore can be typically di-
the electrochemical reaction is a heterogeneous reactionyided into two diffusion mechanisms: molecular diffusion
which takes place at the anode—electrolyte interface.  and Knudsen diffusion. Molecular diffusion is dominant for
large pore sizes and high system pressures while Knudsen
2.2. Mass transport equations diffusion becomes significant when the mean-free path of
the molecular species is much larger than the pore size.
Mass transport through porous medium can be determinedTherefore, DS can be written by combining the effective
using concepts described[i®,10]. For a single component, molecular diffusion Df’nffl) and effective Knudsen diffusion

(i=1...,n )

the mass transport equation can be written as (Dieg) coefficients as follows (Bosanquet formu[ap]:
Ay P -
£ 00 g N 4 molm3sY 1) 1 1\
RT o pef = — + = (5)
: : Dt~ pet
wheree andN; represent the porosity and the rate of mass im ik

transport, respectively, into porous medias the rate of re-
a_cdt|or_1 |n5||<_jde thﬁ porou? m((jadlutmi The term onr;thg I?l_f:]'haf_ndtanode (porosity, particle size and tortuosity) and on the op-
Side 1S valid when unsteady state Is approached. The 1irs erating conditions (temperature and pressure). The calcula-
and second terms on the right-hand side represent the diffu-

. i d the rate of tion inside th di tion of these parameters are described3p]. It is noted
sion rate and the rate of reaction Inside the porous Medium. y, ,, Dfﬁ given inEq. (5)is derived from the assumption of

Itwas assumed earlier that the diffusion process is at Steadyequimolar counter diffusion of reactant and product species.

state and that the electrochemical reactions take place at :
. For binary component systems 4#)-HO(2) and
the boundary of the anode—electrolyte interface rather thanCO(l)—CQ(Z)), Eq. (4)becomes

throughout the porous medium. Therefore, within the an-

DM and DEM depend on the microstructure of the porous

ode, only the first term on the right-hand side is significant, D¢t p dy1

Ny == (6)
Eqg. (1) therefore, becomes RT dz
V-N;=0 (2)

WhereD’fffB represents the effective diffusion for binary sys-

The rate of mass transpofy;, generally depends on the ©€ms as follows:

operating conditions (reactant concentration, temperature 1 1 -1
and pressure) and the microstructure of material (poro- D‘iﬁB = ( ) @)
sity, tortuosity and pore size). Three models were used to

develop expressions fay;: Fick's, the dusty-gas and the

Stefan—Maxwell models.

—_ + —_
ff ff
Df; D}
At the anode—electrolyte interface € I, seeFig. 1), the
amount of current density produced is governed by the rate of
reactant diffusing into the porous anode, M.= —J/2F,

whereld is the operating current density aRdhe Faraday’s
constant. Therefore,

2.2.1. Fick's model

FM is the simplest form used to describe the transport
of components through the gas phase and within porous
media. The general extended form of this mode€l] takes % _ JRT (8)
into account diffusion and convection transport and is dz |, 2FD‘ffBP
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InsertingEq. (6)into Eq. (2)and solving yields to the fol-
lowing mole fraction profile:

(9)

whereC1 andC; are constants. By using the Neuman bound-
ary condition atz = I3 (Eq. (8) and the Dirichlet boundary
condition y;|,—o = yipulk, C1 and Cy are determined and
Eqg. (9)becomes:

JRT
- Z
2FD§,BP

yv1=C1+Caz

Y1 = Y1bulk — (10)

y> can be determined by the fact that+ y» = 1.

For ternary component systemsy(#)-H,O(2)-Ar), the
formula used to calculatg; andy, are similar to the one
indicated inEg. (10)except that the overall effective diffu-
sion coefficient for the ternary component systdhﬂ_) is
derived from the Stefan—Maxwell relation. The mole frac-

1
N1
tion of component 1 inside the porous anode is expressed (Dfﬂ

as follows:
JRT

_ _ _ 11
Y1 = Y1,bulk ZFD,iﬁTPZ (11)
where

o= -

' (l/D )+(1/D1Ar)+((1/D - (l/D;LAr))(l_YAr)

(12)

and, WhereD‘if/Kr is the effective binary diffusion coefficient
of component 1 in argonya, represents the mole fraction

of argon present in the gaseous mixtures.

2.2.2. Dusty-gas model (DGM)

The DGM includes the Stefan—Maxwell formulation and
takes into account Knudsen diffusigh5]. It is assumed
from this model that pore walls consist of giant molecules

(‘dust’) uniformly distributed in space. These dust molecules
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For diffusion with heterogeneous chemical reaction, the flux
ratios are governed by reaction stoichiometry. Summing
Eq. (14)over then species leads to the Graham’s law of
diffusion in gaseous mixturgs].

n
ZNi\/ﬁi =0
i=1

(15)

whereM,; is the molecular weight of component
For two binary component systems y(#)—H,O(2) and
CO(1)-CQ(2)), Eq. (14)becomes

N1 y2N1— 1N P dy;
of o “RT s (16)
D7k D7, <
Rearrangind=q. (16)gives,
y2 — y1N2/N1> P dy;
+ e a7
ff
Dsh RT dz
Becausey; = 1 — y; andNy/N1 = —/M1/M> (Graham’s
law), N; can be written as follow:
-1
Pll1—ay 1 dy;
Nl = — == ff ff ] I (18)
RT |: D5 Dik dz
where
M\ Y2
a=1- ( 1>
M>
SubstitutingEg. (18)into Eq. (2)gives
-1
2 1-— 1 dy1 )2
ozt o [ e } (32) -0 ao
Z Dy | Dip D75 <

Eqg. (19)is in the form of an ordinary differential equation,
which can be solved by using the two following initial con-
ditions:

are considered to be a dummy, or pseudo, species in the

mixture. The general form of the DGM is shownkiq. (13)

Z y] Deffyl

eff

D J=1j#i
1 dy; dpP BoP

=——_|pP=Z 1 13
RT( dz +y’dz< +D$§ju>> 13)

IC.1: y1l;=0 = Y1bulk
o dyn JRT | 1— ay1 pulk 1
IC.2 : d_ = _ﬁ Deff Def‘f
Z 1z2=0 12 1k

Similarly, for ternary component systems(H)—H,O(2)—
Ar), the differential equation for componentlerived from
Eqg. (16)is as follows

The second term on the right-hand side is called the perme-

ation flux and is applied to take into account the effect of

2
total pressure gradient on mass transport. However, it is as- d—2 + = |: !
sumed in this study that the total pressure is uniform over
the entire depth of the porous anode. Thus, the definite total
pressure gradient term can be ignored. Consequently, only

the diffusion flux is addresseéq. (13)reduces to:

Z yj yl

J=Lj#i D'

P dy;
RT dz

(14)
i, k

+

1 1
ERNE S S W
ff ff Heff ff - peff
D(132 Dik D?Ar D(132 D?Ar
oyl

SR
_ ?} (%) =0
D7, Z

The two initial conditions are:

(20)

IC.1:  yil;=0 = Yibulk



R. Suwanwarangkul et al./Journal of Power Sources 122 (2003) 9-18 13

2.3.1. Fick's model
The concentration overpotential for FM can be addressed
by insertingEq. (10)for the binary component system and
_ _E 1 1 1— i 1 _an Eqg. (11)for the ternary component system at= [, into
- ff + ff +( yAf) ff
2PF| DT, Df D Eq. (24)

dy;

IC2: —
dz

z=0

eff  peff
1Ar D12 Dl Ar

It ij d(i;f(i)c)ultT it10 fi?d anatla/ticac:_ f(faxpre:slions fdif.qs. (19) M RT |:(y1,bu|k—(JRT/2FfoBP)la)(l—yl,bmk)
an erefore, the differential equations were "lconcB=" 5% 1+ (JRT/2FDET. Py —
solved numerically in MATLAE [16] using the provided YLbulk(L+IRT/ 16P)la=YLbuk)

Runge—Kutta methocb@le45). (25)
2.2.3. Sefan-Maxwell model (SMM) m __ RT
The SMM is a well-known mass transport model applied IconeT = ~5F

to nlonpo(;ous Imehdiu;n. ;Nhel\r/ll the Klr(tjj_(:fsen diffusion te;fm is n (yl,bulk—(JRT/ZFfoTP)la)(1—y1,bu|k—yAr,bu|k)
neglected, only the Stefan—-Maxwell diffusion term is effec- X off
tive. Then,Eq. (14)simplifies to: yl,bulk(l"‘(‘]RT/ZFD]_,TP)la_yl,bulk_yAr,bulk)

- N, N Pd (26)
YjtNi = YilVj Vi ) ) )
> e~ RTdr (21)  whereD$, and DS are the overall effective diffusion co-
J=1j#i 1) efficients for binary and ternary components, respectively,

Eq. (21)can be solved easily using the same concept as de-2S defined byEas. (7) and (12)

scribed previously for FM. In this case, analytical solutions

; - 1.2.3.2. Dusty-gas model
for binary and ternary component systems can be obtained:
y y P y For the dusty-gas moddkg. (19)for the binary compo-

JRT . nent system anétq. (20)for the ternary component system
YL = YLbulk = S e p ¢ (binary component system were solved numerically using the Runge—Kutta method to
12 (22) obtain the gas compositions at the reaction site. Afterwards,
the calculated gas compositions were inserted igo(24)
of o to calculate the concentration overpotential.
V1= V1 pulk — JRT(DlAr(l — yAr) + D;|_2}’Ar)Z
' 2Fprf2f D(ff/fxr 2.3.3. Stefan—Maxv_veII model _
(ternary component system (23) The concentration overpotential when only the Stefan—

Maxwell diffusion term is considered is determined by sub-

2.3. Calculation of the concentration overpotential stituting Egs. (22) and (23nto Eq. (24) The results are as

follows:
The concentrgtlon overpotential used to v_alldate .the per- M RT (yl’bu”(—(JRT/ZFD‘ffZf P)la) (1—y1 bulk)
formance of various mass transport models is the differencenggncg= — >F o
between ideal and real cell voltage (when corrected for Y1.bulk(1+(IRT/2FD 33 P)la—y1,bulk)
Ohmic and activation overpotentials). Using the Nernst (27)
yom_ _ _RT Ok — IRT(DSM (1 — yar) + DS8 yar) /2FPDSS DS™ )ia) (1 — y1.bulk — YAr,bulk) 28)
ConcT = ~ 51
one 2F y1bulk (1 + GRT(DE™ (1 — yar) + DSTyar) /2FPDEN DEM Yia — y1 buik — Yar bulk)

potential and mole fractions of each component at the inter-

faces between anode and electrolyte, and mole fraction of3. Results and discussion
each component in the bulk, the concentration overpotential

is defined as: 3.1. Model validation

RT I:)’1,A/Ey2,bulki|

Nconc= — 5 In (24) All input parameters used in this model calculation were
Y1,bulkyY2,A/E

extracted from the experimental data of Yakabe ef3las
wherey; 4, andy; 4,r are mole fractions of components listed in Table 1

1 and 2 at the interface between anode and electrolyte, The concentration overpotentials obtained from FM, the
respectively. The concentration overpotential for binary and DGM and the SMM are compared with Yakabe’s exper-
ternary components for each model is calculated by insert-imental data as illustrated iRigs. 2 and 3 These figures

ing the mole fractions of components 1 and 2zat I represent experimental data and calculated concentration
resulting from each model intRq. (24) overpotential for the b-H,O-Ar and CO-CQ systems,

2F
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Table 1
Input parameters

R. Suwanwarangkul et al./Journal of Power Sources 122 (2003) 9-18

Parameter

Symbol Value
Operating temperature ) T 750
Operating pressure(atm) P 1
Current density (A/cr) J 0.30, 0.70, 1.0 for

Porosity (fraction)
Average pore sizep(m)
Tortuosity

Anode thickness (mm)

S QI ™

Ho—HyO—-Ar system
0.10, 0.30, 0.50 for
CO-CQ system
0.46

2.6

4.5 (fitted to
experimental data)
2

overpotential gconcg- The horizontal axis is the reactant
concentration. According to Yakabe et §B], nconco iS
measured at §J(H2 + H20 + Ar) = 0.8 for Ho—H,O-Ar
and at CQ(CO + COp) = 0.64 for CO-CQ system. For
Ho—HoO—-Ar system, a ratio of biH,0 is kept at 4:1 and the
concentration of Klin the system is varied by the degree of
dilution of Argon. This means thajiconcois measured when
no argon is present in the system. In this simulation, the
tortuosity factor is treated as a variable parameter necessary
to fit the experimental results. The results frosHHL,O—Ar
system as illustrated iRig. 2 are used to identify the tor-
tuosity factor. The best fitted tortuosity factor is about 4.5,
which is in the range of reported value between 3 afiti3f
and is the same as the value reported by Yakabe[8&].al.
FromFigs. 2 and 3nconc increases as concentrations of

respectively. The aim of this experiment is to investigate H, and CO decrease. The increase)gfnc for low reactant
the effect of reactant concentration on the concentration concentration is greater than that for high reactant concen-
overpotential. The vertical axis represents the concentra-tration. In other words, the changesjgaonc for low reactant

tion overpotential fcong Minus its basis concentration

N Conc=T]Conco (mV)

400

300

200

100

0

concentration is more sensitive to the change of reactant

LMY T Nl T T T T
¥ ‘-
P
L —— 0.3 Alem?
= I N i
: 0.7 Alem> —'
0.7 A/cmz—[ . ",‘\_ I A/cm?
Al l |
- R | . .
0.7 AlemZ__\ 1\ . . 1 Adem?
" 7 "\:
L .:'1 { ‘.\- -II.'\ . -
0.3 Alemico~ | Qo
/em< ~ T — \“ _______
l B s - ENC S
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
H,/(H,+H,0+Ar)

Fig. 2. Comparison between the experimental data and calculated concentration overpotential feiH@-tAr system: symbols represent experimental
data, lines simulated ones®j 0.3 A/cn?, (A) 0.7 A/cn?, (M) 1.0 Alen?; (---) FM, (—---) DGM, (—) SMM.

N Conc=NcConco (MV)

300

200

100

0.3

0.4

0.7

CO/(CO+CO,)

Fig. 3. Comparison of the experimented and calculated concentration overpotential for the £6ygf#n: symbols represent experimental data, lines
simulated ones; ) 0.1 Alcn?, (A) 0.3A/cn?, (M) 0.5A/cn?; (---) FM, (—--—) DGM, (—) SMM.
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concentration than that for high reactant concentration. that the Knudsen diffusivity pn, » ~ 28.5 cn?/s) is about
When compared among current densities, the increase infour times greater than the binary diffusivitp,—,0 ~
current density results in increasingonc. The explanation 7.1 cné/s). However, the molecular diffusion depends not
is that nconc has a greater impact at low fuel concentra- only on binary diffusivity but reactant concentration as well.
tions and high operating current densities than at high fuel The low molecular diffusion effect is obtained for low reac-
concentrations and low operating current densities. This is tant concentration. Therefore, the Knudsen diffusion can be
because at high fuel concentration and low operating currentcrucial to the overall diffusion for low reactant concentra-
densities, the bulk gas contains sufficient reactants to diffusetion. This explains the reason why the DGM is better than
directly to the anode—electrolyte interface. Consequently, the SMM for predictingjconc at low H, concentrations.
the amount of reactant gas at the anode—electrolyte interface For the CO-C® system, as illustrated iRig. 3, the per-
is not much lower than that in the bulk gas. This results in formance of FM and the SMM is as good as that of the
loweringnconc ON the other hand, at low fuel concentration DGM over the whole range of CO concentration at low
and high operating current density, the amount of reactantcurrent density (0.1 A/c). For moderate current densities
in the bulk gas is not sufficient to attain the desired operat- (0.3 A/cn?), both the DGM and FM are somewhat better
ing current density. Then, the reactants diffuse slowly to the than that of the SMM especially at low concentration. This
anode—electrolyte interface. This results in starving reac- can be explained by the fact that the flux ratio of CO to
tants at the reaction site (anode—electrolyte interface). It canco, is closer to—1 (Nco/Nco, = —+/44/28 = —1.25).
be noted from experimental and model results that there is aThis means that the assumption of equimolar counter diffu-
low concentration limit depending on the operating current sjon used in FM becomes more valid. In addition, FM takes
density below whichnconc increases dramatically. When  into account Knudsen diffusion, which is not considered for
concentrations of bland CO are near this threshold limit, a  SMM. In Fig. 3 it is also shown that all models provide
small decrease in gas concentration has a tremendous effeqsad predictions of the measured data at a current density
on thencone This means that the accuracy iigonc pre- of 0.50 A/cnf. One possible reason for this is that at high
diction is crucial for low reactant concentration. Therefore, current density, the concentration profile of CO along fuel
although the fuel utilization from Yakabe’s experiment is channel is so different that the assumption of uniform gas
less than 5%, the assumption of constant current density isdistribution is in valid since the diffusion rate of CO is slow.
not valid when the fuel concentration is close to its thresh-
old limit. Therefore, the 1-D model is adequate only for 3.2, Effect of pore size
fuel concentrations much greater than the threshold limit.
However, near the threshold limit a 2-D model is required.  The influence of pore size is one of the key parameters
FromFig. 2, it is found that for B—H,O-Ar system, the  used to evaluate different mass transport models. This is
performance of the DGM in predicting experimentgshnc because an appropriate mass transport model for large pore
is as good as that of SMM for high and moderateddncen- size may be not suitable for small pore sikégs. 4 and
tration. However, its performance is superior to that of the 5 depict the relationship between pore size and the con-
SMM for low H» concentration. FM, on the other hand, pro- centration overpotentialhtong for Ho—H>O and CO-CQ
vides the worst matched results especially at lancbincen- systems, respectively. The current densities remain at
trations. The reason is that FM uses the concept of equimo-1 A/cn? for Ho—H,O system and 0.30 A/cfrfor CO-CQ
lar counter diffusion (flux ratio is equal tel) to derive the system. The typical range of pore size is varied fropni
overall effective diffusion coefficient as indicatedkiq. (5) (standard size of anode materif]) to 2.6pm [3]. This
This concept is no longer valid when Knudsen diffusion is investigation is performed at high, moderate and low reac-
dominant. In this case, Graham'’s law, which is derived from tant concentrations. The mole fractions of reactants are kept
the DGM, must be applied to calculate flux ratios. Graham’s at 0.8, 0.4 and 0.25 for high, moderate and low reactant
law states that the flux ratio of diffusion inside porous media concentrations, respectively. Figs. 4 and 5it is obvious
relies inversely on the square-root of molecular weight of gas that pore size has no effect with using the SMM, which is
at which the flux ratio is calculated. For the-+H,O—Ar sys- to be expected since Knudsen diffusion is not taken into
tem, Nn,/Nu,0 = —+/18/2 = —3 (argon is a stagnant gas), ~ consideration. The variablgconc estimated from both FM
which is very different from—21. Therefore, the assump- and the DGM, in contrast, have the same pattern where it
tion of equimolar counter diffusion is not valid. The SMM, increases as pore size decreases. This means that when pore
on the other hand, can satisfactory assume that equimolarsize is reduced, the Knudsen diffusion becomes predomi-
counter diffusion occurs since the porous medium is treated nant due to the decreasing capability of gas to diffuse inside
as a stagnant gas film. The Knudsen diffusion term is not the porous structure. Therefore, theonc estimated from
taken into account in the SMM. However, this model is not both FM and DGM should be equal to or higher than the
applicable for modeling gas transport phenomena through nconc obtained from the SMM. However, it is observed that
small pore sizes. Fortunately, the effect of Knudsen diffu- nconc calculated from the DGM is belowconc obtained
sion from this model validation is not so critical when com- from the SMM for large pore size and highyldoncentra-
pared to molecular diffusion because the pore size is so largetion as shown irFig. 4(a)in the case of B-H,O system.
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(a) CO/(CO+ COy) = 0.80; (b) CO(CO+ CO) = 040; (c)
CO/(CO+ COy) = 0.25.

It is observed that there are two parameters that make the
DGM different from the SMM;Dﬁf; , andyw, . For large pore
sizes and high concentrations, Knudsen diffusion becomes
negligible (J/DEE . — 0) andEq. (29)becomes:
ff
D, i,0P  dyn,

— forthe DGM
RT(1— 0.67yn,) dz

Ny, =

(381

ComparingEgs. (30) and (31)it is apparent that the hydro-
gen molar flux is greater when determined with the DGM
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Table 2
Criteria for choosing appropriate mass transport models for CQ-€6tem
CO concentration (%) Low current density (0.1 ABm High current density (0.3 A/cR)

Pore size Pore size

Small (<1.5um) Intermediate (1.5-240m) Large (>2.Qum) Small (<1.5um) Intermediate (1.5-2,0m) Large (>2.Qum)
Low (25%) FM FM FM DGM only DGM only FM
Intermediate (40%) FM FM FM FM FM FM
High (80%) DGM only SMM SMM DGM only SMM SMM

Remark: DGM is the most accurate model in every case. When FM or SMM s indicated in the table, it means that the results from these models are
within 15% of the results obtained from DGM.

than with the SMM. Therefore, for large pore sizeonc is three key parameters specifying the criteria for choosing an
lower for the DGM than for the SMM. appropriate mass transport model: current density, reactant

This behaviour does not occur in the CO—-LC€ystem concentration and pore size. Although the DGM can predict
as can be observed Fig. 5. This is because the flux ratio  nconc accurately, it requires a numerical method to solve.
used in the DGM is almost similar to that used in SMM. Based on this study, it can be concluded that SMM is a good
Furthermore, the CO molecule is much larger than that of approximation of the DGM for the $+H,O system except
H>. Therefore, Knudsen diffusion has more impact on the in the case of high current densities, low hydrogen concen-
overall diffusion rate even at large pore size. It is also noted trations and small pore sizes where only the DGM is recom-
that FM always predictgconc higher than the DGM. The  mended. For the CO-CGsystem, the criteria for choosing
reason for this is that the flux ratio used in FM is lower the appropriate mass transport models are summarized in
than that used in DGM. Table 2

From Fig. 4(a) and (b)it is shown that discrepancies For multicomponent systems such as the-H,O—CO-
between DGM and SMM are smaller than that between CO, system, the flux ratios among gas species are so compli-
the DGM and FM over the entire range of pore size. This cated that the equimolar counter diffusion assumption is no
means that the SMM is a good approximation of the DGM longer valid. In this case, it is recommended to use the DGM
for high and moderate Hconcentrations. At low bl con- rather than either FM or the SMM. According to the DGM,
centrations, as exhibited iRig. 4(c) it was found that the  asdefined ifEq. (14) to derive the flux of each gas species in
SMM is an appropriate model for only moderate and large Ho—H,O—-CO-CQ system, it is needed to determine flux ra-
pore size. This is not an appropriate model for small pore tios of Ny,/NH,0, Nco/Nco,, Nco/NH,, Nco/NH,0, and
size since the impact of Knudsen diffusion overcomes the Nco,/NH,. From Graham’s law of diffusiotVy, /Ny,0 =
molecular diffusion. In this case, it is recommended to use —3 andNco/Nco, = —1.25. The electrochemical reactions
the DGM rather than either FM or the SMM. At high CO  of Hy (Hs + 0>~ — H,0 + 2e7) and CO (CO+ 0> —
concentrations in the CO-GOsystem, as illustrated in  CO; 4 2e™) occur simultaneously. Therefore, the flux ratio
Fig. 5(a) the performance of the SMM in predictingonc of CO to H, can be related to the current density produced
is superior to that of FM for moderate and large pore sizes. by CO (Jco) to that generated by HJh,), i.e. Nco/Nh, =
On the other hand, its performance is a somewhat lower Jco/JH,. Finally, Nco/Nn,o0 and Nco,/NH, are functions
than the performance of FM for small pore sizes. However, of both Jco and J4, and are determined to be3Jco/ Jh,
either FM or the SMM can be applied without significant and—0.8Jco/JH,, respectively. From this flux ratio calcula-
loss of accuracy. At moderate CO concentrations, as showntion, it is demonstrated that the equimolar counter diffusion
in Fig. 5(b), it seems that the difference between the DGM approach cannot be applied to this system.
and FM is smaller than that between DGM and SMM over
the whole range of pore size. Consequently, it is recom-
mended to use FM in moderate CO concentrations. At low 4. Conclusions
CO concentrations, as depictedhig. 5(c) FM is a good
approximation of the DGM for large pore size. However,  Mass transport models based on FM, the DGM and the
as pore size decreases, both FM and the SMM show largesmm were developed to predict the concentration over-
deviations Compared to the DGM. Therefore, it is recom- potentia| inside a SOFC anode. There are a Variety of
mended to use the DGM for small and moderate pore sizes.gjfferences between the models. First of all, the SMM does

not include the Knudsen diffusion term to account for pore
3.3. Criteria for choosing an appropriate size effect while both FM and the DGM do. Secondly, the
mass transport mode! equimolar counter diffusion is assumed to determine the
flux ratio in both FM and the SMM. By contrast, the flux

From the performance comparison of the DGM, FM and ratio in the dusty-gas model is calculated from the ratio of

the SMM for predictingncone it is found that there are  the square-root of the gas molecular weight. This is derived
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