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A mathematical model is presented that incorporates the mass transport by diffusion in the porous structure of thick substrate type

solid oxide fuel cell{SOFC$. On the basis of the mean transport pore model a multidimensional study allows for an optimization

of the structural parameters of the substrates with respect to cell performance. Next to the mass transport in the porous substrates
the electrochemical kinetics, methane/steam reforming and shift reaction, and energy equations are integrated in the model and
boundary as well as operation conditions can be varied. Two-dimensional simulations for both anode as well as cathode substrate
type SOFC operating on partially prereformed methane are presented and discussed.
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Mathematical modeling of solid oxide fuel ce{SOFC$ is a describe the extension of the existing model to two dimensions. The
helpful tool in examining various design and operation parametersanalysis emphasizes mass transport in porous electrodes, especially
such as geometry, dimensions, fuels, temperatures, and pressurés.the problematical zone below the interconnect ribs. Furthermore,
With the appropriate models and parameter values influences on gdbe cathode substrate concept is considered as well, which has not
concentration, temperature, current density, and stress distributionseen done before.
can be determined. Results can be used to optimize designs and
select optimal operation conditions. During recent years, a number Model

of mathematical models have been published on mass and heat
. i : L The model was developed for a SOFC based on a planar sub-
transport in SOFC stacks Most models considered the direction strate type concept. The fuel cell is considered to operate on either

of fuel gas fI_ow _only, to determine the concentration and tempera-hydrogen or a(prereformedl methane/steam mixture as fuel and
ture profiles in either a tubular or planar type SOFC. The acmal.ce”oxygen from air as oxidant. Next to the description of the electro-
(anode/edlectrolytte_/catso)tj_qls treattTd as Ene solid co_mp?nent with fchemical reactions, the methane/steam reforming and shift reactions,
averaged properties. Until recently, such an approximation Was SUly,e heat-transfer and the mass-transfer processes are included in the

ficient for the standard planar concept with a relatively thick sup- model. Distinct from previous models, the fuel and oxidant flow,

porting electrolyte, because only the main balances of a cell or stacky “mjiticomponent transport, were developed for a realistic fuel
were analyzed. However, more recently, the planar concept with

%ell comprising porous elements, based on a finite-volume-based

thin electrolyte layer supported on a thick substrate formed by one., ; ; ; ;

X e ; putational fluid dynamic€CFD) approach. For this purpose the
of the electrodes has gained much more intéf@sthis develop-  odel calculations were performed using the commercial CFD-
ment of the so-called substrate concept is aimed at a reduction of thBackage FLUENT.

operation temperature of the SOFC to below 800°C. Thus, the
anode/electrolyte/cathode assembly can no longer be treated as one Model assumptions-ldeal gas mixtures, incompressible and
solid component. Mass transport in the thick substrate, which can béaminar flow due to small gas velocities, and pressure gradients are
either the anode or the cathode, must be considered. The diffusioassumed. The electrodes have a homogeneous, isotropic structure
path length for the gases from the gas channel to the three-phasand no gradients within mechanical properties. The electrolyte is
boundary(TPB) can be as long as 1.5 mm which as a consequenceegarded as an infinite thin layer between anode and cathode. In the
can result in diffusion limitations. Furthermore, an anode substratemodel the mass and heat sources according to the electrochemical
leads to a spatial separation of the reforming reaction and the elecsonversion arise in the boundary cells of the anode next to the elec-
trochemical reactions, the latter being restricted to only a very thintrolyte. The thickness of these boundary cells depends on the trun-
(<20 wm) region at the electrode/electrolyte interface. cation grade of the anode.

Yakabeet al1%!! performed three-dimensional simulations for a

complete anode substrate cell using the parallel pore model to de_ar SOFC concept using either a cathode or an anode substrate. Air

scribe mass transport by diffusion in the thick porous anode. In ou diffuses from the air channels into the cathode and reacts electro-
group a one-dimensional isothermal model was developed previ-

ously, based on the mean transport pore mM3d@iTPM) to de- chemically at the TPB. Gas channels are realized in the interconnect.
scribé mass transport of gases in porous electrodes, and includin he width of the gas channels and the interconnect ribs for current

the reforming reaction and the electrochemistry for an anode sub assage are equivalent. The dimensions of the components used in

state concepk Energy blances were implemenied to consider [ CACUBlons e ghen i Tale | n e cacuations o0y haol,
nonisothermal behavidf The major difference between our calcu-

lations and the aforementioned simulations of Yakabal. is the ~ SYMMetry perpendicular to the direction of the gas flow. The balance
' room as indicated in Fig. 1 thus consists of the porous electrodes

model used to describe the mass transport in the porous electrodes, : e
The MTPM has an advantage over the parallel pore model, that botl hder ;he channel_s and interconnects. Boundar_y conditions are set
' accordingly at the interfaces of the electrodes with the gas channels

the permeability coefficient and the diffusion coefficient are calcu- nd the interconnect ribs
lated from structural parameters of the porous material, which carf :

be determined directly for real components by permeation and dif-. Inlcontragt tto t?e Ctﬁ.thl(()de subst.trate, thg ano((jje stﬁlbstrattke] s(jhov¥_r;]|n
fusion experiments in a Wicke-Kallenbach cell. In this paper we g. L& CONSISIS of a thick supporting anode and a thin cathode. 'he
fuel gas that flows through the fuel gas channel, diffuses into the
porous anode and, in hydrocarbon fuel, is reformed to a mixture
_ _ _ containing the electrochemically active gases CO apd At the
" E'ricstéﬁfhgggfi focéee%QCt;‘éf '\giflgkr’egner and Hvdronen Research BaderS@Me time inside the anode the shift reaction takes place. The prod-
Woerttemberg, Ulm, Germany. o yeres Uct gases diffuse deeper into the anode. At the TPB, which is re-

2 E-mail: 1.g.j.de.haart@fz-juelich.de placed in the model by the last layer of grid nodes in the anode, H

Fuel cell geometry—Figure 1 is a schematic diagram for a pla-
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interconnect interconnect
tuel channels tusl channel Figure 1. Schematic diagram of a pla-
~ U ue s = nar SOFC based ofe) an anode sub-
l strate concept an(h) a cathode substrate
anode anode concept. Dashed regions indicate the bal-
\ T e ance room considered in the simulation
cathode S iEmnRne: cathode calculations.
simulated region | T simulated region | T
‘ — g [—
air channels —=— & air channels —=—
interconnect interconnect

and CO are oxidized. The electrolyte is simplified and integrated aswvherey; is the mole fraction of componentp is the total pressure,

a surface. In both cases the interconnect is not truncated. R is the gas constant, arlthe absolute temperature. The porous
The coordinate system is fixed for all simulations, wheigthe  nature of the medium is represented by the faditan the first term.
direction of the gas flow in the channejsis the direction in the cell Within the MTPM the mass transport is described as the sum of

plane perpendicular to the gas flow channel, anthe direction  a diffusion flux and a permeation flux
normal to the cell plane. The origin is fixed at the intersection point

; - _ N
of the anode and the middle of the gas channel entrance. All simu- N; = N + NP [2]
lations for two-dimensional cases are performed at the entrance of ) o

the gas/air channei,e., atx = 0. Diffusion effects can be either molecular diffusion or Knudsen

) _ diffusion, depending on the size of the pores of the porous medium.
Mass transport—The MTPM? is used to describe the mass |n the transition region both types exist

transport of the gases in the porous substrate. This model is based on o
the assumption that the structure of the porous medium is isotropic. Nd yj~Nid - yi-de dy;
The porous structure can be described by three structural param- DK + Z ~ pm - _CQE (3]
eters:(i) W: the ratio of porosity(e) to tortuosity (1); (i) {r): the Pos I
mean value of pore radii; an@i) (r?): the mean value of squared
pore radii.

The conservation of mass for all components i in the porous
medium, where both mass transpémolar flux densityN;) and

1

The first term of Eq. 3 describes the Knudsen diffusion. The
second term describes the molecular diffusion and is derived from
the Stefan-Maxwell equations.

The effective Knudsen and binary diffusion coefficients are cal-

chemical reactiongreaction rateR;) occur, is given by culated according to
b d(yipg) ‘ 2 [8RT
— = —-V-N, + R <= —\/—
AT dt V-N + R [1] Di =3 Vo [4]
and
Table I. Physical parameters. 1 1
1.01310 2. TH3y/— + —
Anode Cathode DM =y - M; M; [5]
Fuel cell geometry substrate substrate i p[(ZUHTR + (SU)TF?
Anode thicknessgdA [m] 15x 1072 60 X 107 . . .
Cathode thicknessiK [m] 40 % 10°° 06% 10°3 respegtlvely. Explanatlo_n of th_e symbols in the Eq. 4 and 5 and
) s 6 following can be found in the List of Symbols.
Electrolyte thicknessdEl [m] 0(17x 10°°) 0(17x 10°°) Th tion flux d ity is d ibed by D s L
Fuel channel widthfm] 15% 10°2 15% 10°° e permeation flux density is described by Darcy’s Law
Oxidant channel widthim] 15x 1073 1.5x 1073 B; dp
Rib width fuel side[m] 15% 1073 15% 1073 NP = BT d (6]
Rib width oxidant side[m] 1.5% 1078 1.5%x 103 z
Fuel cell operation where the permeability coefficienB; is determined by the
Weber-equatiott
Fuel gas composition, CH, CO H,0 H, CO 2
y; [mol/moll B — D Kn, !(m'mrel,i (ro)vpg 7]
0.171 0.023 0.473 0.283 0.050 i i1+ Kni 1K, 87]9
Oxidant gas composition, o, N,
y; [mol/mol] wherem; is the relative molar mass
0.21 0.79

[ M,
Fuel gas inlet temperaturg] 973 Myej = zy_|lv|_ 8]
il

Oxidant gas inlet temperaturg§] 973

Interconnect wall temperaturg] 973 . .
Heat conductivity coefficient, 3 The MTPM summarizes all mass-transport phenomena in a
N [W/mK] concentration-dependent mati®& The overall mass transport can
Cell voltage,U [V] 0.7 be calculated by
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fuel channel/anode anode/electrolyte in,
0.18 - Reim, = 55 [15]
0.16 -\ €
= 014 - " ico
2 012 F “ Relco= = [16]
£ i R zF
3 0.10 T,
= 0.08 - \"’»‘N where the total current passing through the celljs+ ico. The
§, 0.06 1 "’ah_ current densities can be calculated from voltage and amperage with
0.04 r S | an equivalent circut® The electrochemical reactions have an exo-
0.02 TRARA et thermic character and are producing heat.
0.00
Heat transport—The basic energy equatitnfor porous media
000 025 050 075 1.00 125 150 describes different phenomena such as heat convection by the fluid
position in the anode in z-direction [mm] and heat conduction in the solid
——reflected diffusion coefficient -+~ MTPM dT . ST . ST . BT) B 32T . 82T . 82T
%5t T Ysx T Vsy Va2 el 5x?  5y? | o

Figure 2. Methane concentration profile in a thick anode substrate for a
one-dimensional simulation, comparing exact calculations and approximated +q+ b [17]
reflected diffusion coefficiensee text for explanation
whereq is an energy source term reflecting both the exothermic and
endothermic reactions anfil is a term accounting for energy dissi-

dc pation.
N = —-[G(e)]g; [9] Because only steady-state simulations are performed, the time-
dependent first term can be set to zero. The effective thermal con-
dc; dc, dc, ductivity coefficient\ o4 consists of a solid and a fluid conduction
Ni=0ng, + 9%y, © -+ 9%ng, [10]  part

)\eff = 8)\f + (l - 8))\5 [18]
In Eg. 10 the mass transport flix of one species depends on
the concentration %radients of all components. The one-dimensional In a first estimation the Peclet number was calculated inside the
simulation modéf4 uses the exact MTPM Eq. 9 and 10. In the anode and results showed that heat transport by convection is neg-
two-dimensional model the fluxes of each species were calculatedigible in comparison with the predominating thermal conduction,
using an approximation for the diffusion coefficieDfe; where experimentally determined values for the effective thermal

conductivity coefficient of the anode matetfawere used.
N;

TS Dyefi [171] Parameter values and boundary conditiors'he parameter val-
(j) ues used in the following simulations are summarized in Table I. A
dz cell voltage of 0.7 V is used as boundary condition. The fuel gas

composition used represents a parti@éB@%) prereformed methane/
These so-called reflected diffusion coefficients were calculated fronsteam(33/67 vol %/vol % mixture.
Eqg. 9 and 10 for special boundary conditions, which enclose fraction The structural parameters for porous substrates used in the
of species and structural parameters. The use of the reflected difftMTPM  were determined by diffusion and permeation
sion coefficients was validated in a one-dimensional simulation casexperiments®2° Anode substrategNi/yttrium stabilized zironia
in comparison with the same simulation calculated with the exact(YSZ) cermet$ manufactured at the ForschungszentruilicBuvere
Eg. 9 and 10. Figure 2 shows the concentration profile for methanecharacterized previously:?! Structural parameters for a standard
in a porous anode substrate at the entrance of the fuel channel. Anode substrate NZ40 are listed in Table Il. Cathode substi@tes
good agreement can be observed between the simulation with thdoped LaMnQ) were kindly supplied by the University of
approximated values for the diffusion constant and the exact calcuKarlsruhe. The cathode samples were around @@ thick and
lated values. A similar agreement was observed for the other gasesvere sintered between 1200 and 1300°C. Higher sintering tempera-
tures lead to an increased density of the samples. Figure 3 shows
at with this increasing density the average pore size decreases.
igure 4 shows the values of the factdr (porosity/tortuosity in
ependence of the density and sintering temperature. T1200 is sin-
tered at 1200°C and shows the highest facioras well as the

Reaction kinetics—During operation of the fuel cell with natural
gas, both the endothermic methane/steam reforming Reaction 1
and the exothermic shift Reaction 13, take place in the anode and ira
the gas phase, respectively

CH, + H,0 = CO+ 3H, [12] highest pore radius of this production series. T1275, sintered at
1275°C, is a probe with an averageand pore radius. Because of
CO+ H,0 = CO, + H, [13] the substantial differences depending on the production series, struc-

tural parameters from two different cathode substrate series, as listed
For the description of the reforming reaction a Hougan-Watsonin Table Il, were selected for the simulations.

term is insertetp ~Because these structural parameters could be determined only for
thick substrates, the same values were used for the thin anode and
kKCH4KH20pCH4pH20 cathode layers in the cathode substrate and anode substrate, respec-
R = 17K K 5 [14] tively.
( cH,Pe, H,0PH,0) For each of these substrates the one-dimensional mass transport

according to the exact MTPM Eg. 9 and 10 was simulated using the
Recent experiments have verified the estimation of an equilibriumsoftware tool MATLAB. The reflected diffusion coefficients were
for all components effected by the shift reactién. calculated for the boundary conditions chosen with Eq. 11. The val-
The electrochemical conversion of lind CO is integrated in the ues for the reflected diffusion coefficients, listed in Table II, are used
model according to Faraday’s law in the two-dimensional simulation in FLUENT.
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Table II. Structural parameter and reflected diffusion coefficient.

D, for T = 973-1123 K

Anode substrate (r) (r? CH Dco Do Dh2 Dco
sample v (m) (m?) (m?sh m?s b (m?>s b m?s b (m?s™ Y
NZ40 0.156 1.07x 10°° 3.8x 10718 2.8x 107° 2.6x 107° 3% 10°° 9.5%x 107° 2.3%x 10°°
Cathode substrate ¥ (r) ({ r? Doz

sample (m) (m?) Im?s ™t

A65a 0.037 2.34% 10°° 8.6x 1013 6.6x 10°°

T1200 0.028  3.05x 10°° 1.21x 107%2 52x 10°°

T1275 0.021 1.09x 10°° 5.61x 10 32x 10°

For the cathode substrates the variation in the structural paramdistribution and steepness of the temperature curve depend not only
eters shows that the reflected diffusion coefficient decreases witlon the boundary conditions and reaction kinetics, but also on the
higher sintering temperatures. The main influence on the reflectegroperties of the electrodes, that is, the effective heat conductivity,
diffusion coefficient was the structural paramefer Sample A65a  as was shown in a previous stutfyAt the interface region anode/
refers to another production series sintered at 1200°C with a thickfuel channel the gradient can be higher due to truncation.
ness of about 60@um. The property of T1200 is a higher average The boundary conditions are valid for coflow operation with a
pore size radius and a higher average square compared to A65a, bhibmogeneous temperaturé € 973.15 K) at the interfaces of both
the lower factor¥ results in a lower reflected diffusion coefficient. electrodes with the channels and with the interconnect. Because

. . channel and interconnect are cut in the middle, adiabatic conditions
Results and Discussion exist at the edges of this balance room.

Two-dimensional cases were simulated for both types of anode In the cathode substrate concept the temperature profile in the
and cathode substrate concept SOFC operating on prereformegplid is more homogeneougig. 5h, so that only very small tem-
methane. Figure 5 shows the resulting concentration profiles foperature gradients arise. More problematic is the oxygen distribution
methane, hydrogen, and air as well as the temperature distribution iin the cathode substrate. The oxygen molar fraction decreases from
both cases. Particularly in Fig. 5a the fast reforming reaction is0.21 at the air channel side to 0.07 under the intercon(fégt 59.
reflected by the methane distribution in the porous medium of theFor this case the better structural parameters of sample A65a have
anode substrate. A large amount of methane already reacts in thgeen used in the calculation of the reflected diffusion coefficient. For
boundary region near the gas channel. Detailed one-dimensionad lower porosity and a higher sintering temperature the depletion of
analysis shows the reforming reaction to be confined in a regioroxygen results in an oxygen molar fraction close to zero at the
extending only up to around 3Q@m into the anodéz direction at ~ cathode/electrolyte interface.
the center of the gas channel. This depth is even less below the In Fig. 6 the local current density profile at the cathode/
center of the rib. There is hardly any methane reaching the anodeglectrolyte interface is shown for the simulation case with type A65a
electrolyte interface. However, the anode/electrolyte interface is sufcathode substrate. The current density profile shows a maximum
ficiently supplied with hydrogen resulting from the methane/steamabove the center of the air channgl€ 0) and drops to a minimum
reforming reaction, as can be seen in Fig. 5b. below the center of the interconnect rib. The diffusion of oxygen in

Depending on the degree of prereforming, different temperaturethe thin cathode layer for which the same structural parameters are
gradients arise in the anode substrate. The temperature distributioassumed in the anode substrate case is even more hampered below
inside the anodéFig. 5d reveals a maximum temperature of around the interconnect ribs, as can be seen from the corresponding local
973 K and a minimum temperature of around 971.5 K, which is current density profile shown in Fig. 7. Part of the anode/electrolyte
situated around 0.5 mm in thrdirection from the gas channel at the interface is electrochemically inactive due to the depletion of oxy-
center of the channel. With the assumption of a linear distribution, agen below the interconnect rib. Here the question must be put for-
temperature gradient of around 2-3 K/mm can be calculated. Recerward, whether it is allowed to use the structural parameters deter-
one-dimensional simulatioffsShave shown similar gradients but for mined for relatively thick substrates for these tt® wm) electrode
higher boundary temperatures using a slower reforming kinetic. The
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Figure 4. Value of the factor¥ [ratio of porosity(s) to tortuosity (t)] as
Figure 3. Mean value of pore radii as function of density and sintering function of density and sintering temperature determined for several cathode
temperature determined for several cathode substrates. substrates.
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26707 , Dret,02= 6.68-5 (psi=0.037) with respect to the performance of a fuel cell. The results of this
‘. cathode substrate optimization can have a direct influence on manufacturing methods
2660 . ; below the rib and/or conditions. In a next step an extension to the third dimension
2650 . is planned.
2640 o
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Figure 6. Local current density profile at the cathode/electrolyte interface
for the cathode substrate case.

layers as well. Also one could place a question mark at the structural
parameters for the cathode substrates determined in this study. There
is some difference between the parameters obtained for the cathode
substrates and the anode substrate. In particular the valuek for
[ratio of porosity(e) to tortuosity(t)] ranging from 0.021 to 0.037
seem low. With a tortuosity of 3, which is not uncommon for ce-
ramics, the open porosity is only between 6 and 11%. Thin cathode
layers, as known from our own anode substrate concept, have higher
porosity values. Further experiments will be performed to validate
the structural parameters for these kind of cathode substrates.

Conclusions

A mathematical model has been developed, that offers the pos-
sibility of determining temperature and concentration profiles in po-
rous substrates of an SOFC. The mass transport in the porous sub-
strates is described by the MTPM. The necessary structural
parameters could be obtained by diffusion and permeation experi-
ments. First two-dimensional simulations of substrate type SOFC
operating on partially prereformed methane reveal diffusion limita-
tion of oxygen in the cathode. This may be attributed to the low
porosity-to-tortuosity ratio determined for the cathode substrates.

u, v,

List of symbols

B permeability coefficient, Ris
¢ molar concentration, mol/fn
¢, molar heat capacity, J/mol/K
dA thickness anode, m
dEl thickness electrolyte, m
dK thickness cathode, m
/dx differential coefficient
diffusion coefficient, /s
DX effective Knudsen diffusion coefficient, ¥s
D™ effective molar diffusion coefficient, #s
F Faraday constant, A s/mol
reaction rate constant, kmgl;/moly; /s
Kn; Knudsen numberaverage molecular path length/x pore radiug
K; adsorption equilibrium constant, 1000/Pa
M relative molar weight
M molar mass, kg/kmol
N molar flux density, mol/fis
N9 molar diffusion flux density, mol/fis
NP molar permeation flux density, molffs
p pressure, Pa
(r) mean value of pore radii, m
(r?) mean value of squared pore radii? m
gas constant, 8.314 J/mol/K
reaction rate, mol/fis
source and drain term, WAn
time, s
temperature, K
velocity inx, y, z direction, m/s
dx length, m
y mole fraction, mol/mol
z, number of electrons

D

S 4~0

The model will be used to perform a sensitivity analysis of se- g oq

lected parameters. This will enable an optimization of the mass

transport inside the electrode by changing the structural parameters
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